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Preface

It has been over a century since the first peptide synthesis, as well as the creation
of the term “peptide,” was reported by Fischer and Fourneau. Prior volumes of
Methods in Molecular Biology have included peptide synthesis (#35, #73, #87),
analytical techniques that may be utilized to characterize synthetic peptides
(#36, #60, #73, #146, #159, #211, #251, #276), combinatorial peptide libraries
(#87), and production of antibodies using peptides (#151, chapter 26). However,
this is the first volume of the series dedicated entirely to the characteri-
zation of peptides and their application for study of biochemical systems. The
most recent advances in selected analytical techniques are presented. Among
these is a comprehensive updating of high-performance liquid chromatography
for purification and evaluation of peptides. Mass spectrometry is utilized for
analysis of standard and modified peptides. Recent advances in the synthesis
and characterization of membrane peptides closes out the first section of Peptide
Characterization and Application Protocols.

A variety of specific applications of synthetic peptides compose the
remainder of this volume. Conformationally constrained peptides are described
as potential ligands, substrates, and enzyme inhibitors. Such peptides are also
utilized for proteolytic profiling of melanoma. Drug and siRNA delivery is
enhanced by peptides engineered for these purposes. Finally, peptides serve
as imaging, anti-aggregatory, and antimicrobial agents. Overall, the collected
works presented in this volume represent the systematic manner in which
peptides can be constructed, analyzed, and applied to attack contemporary
problems in biochemistry.

Peptide Characterization and Application Protocols is dedicated to the late
Murray Goodman (1928–2004), a friend and mentor to so many in the peptide
research community. His tireless research efforts covered many aspects of
peptide synthesis, characterization, and application, and were inspirational.

Gregg B. Fields
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HPLC Analysis and Purification of Peptides

Colin T. Mant, Yuxin Chen, Zhe Yan, Traian V. Popa, James M. Kovacs,
Janine B. Mills, Brian P. Tripet, and Robert S. Hodges

Summary

High-performance liquid chromatography (HPLC) has proved extremely versatile over the
past 25 yr for the isolation and purification of peptides varying widely in their sources,
quantity and complexity. This article covers the major modes of HPLC utilized for peptides
(size-exclusion, ion-exchange, and reversed-phase), as well as demonstrating the potential
of a novel mixed-mode hydrophilic interaction/cation-exchange approach developed in this
laboratory. In addition to the value of these HPLC modes for peptide separations, the
value of various HPLC techniques for structural characterization of peptides and proteins
will be addressed, e.g., assessment of oligomerization state of peptides/proteins by size-
exclusion chromatography and monitoring the hydrophilicity/hydrophobicity of amphipathic
�-helical peptides, a vital precursor for the development of novel antimicrobial peptides.
The value of capillary electrophoresis for peptide separations is also demonstrated. Prepar-
ative reversed-phase chromatography purification protocols for sample loads of up to 200 mg
on analytical columns and instrumentation are introduced for both peptides and recombinant
proteins.

Key Words: Peptides; proteins; size-exclusion chromatography (SEC); anion-exchange
chromatography (AEX); cation-exchange chromatography (CEX); mixed-mode hydrophilic
interaction chromatography (HILIC)/cation-exchange chromatography (CEX); reversed-phase
high-performance liquid chromatography (RP-HPLC); preparative RP-HPLC of peptides and
proteins; amino acid side-chain hydrophilicity/hydrophobicity coefficients; amino acid �-helical
propensity values; amino acid side-chain stability coefficients.

From: Methods in Molecular Biology, vol. 386: Peptide Characterization and Application Protocols
Edited by: G. Fields © Humana Press Inc., Totowa, NJ
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1. Introduction
1.1. Scope of Chapter

The development of high-performance liquid chromatography (HPLC)
packings and instrumentation over the past 25 yr has revolutionized the
efficiency and speed of separation of molecules in general and peptides in
particular. This development has also seen a tremendous output of published
literature on the topic of HPLC of peptides, perhaps making the decision as
to how best to approach a particular separation problem seem formidable to
the novice, or even experienced HPLC user. Fortunately, regardless of whether
high-performance approaches are utilized for routine peptide separations or for
such state-of-the-art areas as proteomics, capillary methods, biospecific inter-
actions, and so on, the fundamentals of chromatographic protocols remain the
same. Thus, it is not the purpose of this chapter to present a comprehensive
review of HPLC of peptides. Indeed, there is a wealth of relevant material
accessible in the literature. For instance, several useful articles and reviews on
HPLC of peptides can be found in refs. 1–4. In addition, refs. 5–8 represent
excellent resource books in this area. Finally, ref. 9 offers an extensive source
of information on the early development of HPLC of peptides.

This chapter is aimed at laboratory-based researchers, both experienced
chromatographers and those with limited exposure to high-performance
separation approaches, who wish to learn about peptide analysis by HPLC,
based on representative examples from research carried out in our laboratory
with general applicability. Standard analytical applications in HPLC of peptides
will be stressed, together with novel approaches to separations and modest
scale-up for preparative purification of peptides. In addition, the value of
the complementary technique of capillary electrophoresis (CE) for peptide
separations will be demonstrated. Finally, in order to maximize the “user
friendliness” of this chapter, only nonspecialized columns, mobile phases, and
instrumentation readily available and easily employed by the researcher are
described.

1.2. Properties of Peptides and Proteins and Practical Implications

1.2.1. Properties of Amino Acids

The side-chains of amino acids are generally classified according to their
polarity, i.e., nonpolar or hydrophobic vs polar or hydrophilic. Further, the polar
side-chains are divided into three main groups: uncharged polar, positively
charged, or basic side-chains, and negatively charged or acidic side-chains.
Within any single group, there are considerable variations in the size, shape
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and properties of the side-chains. Peptides containing ionizable (acidic and
basic) side-chains have a characteristic isoelectric point (pI) and the overall
net charge and polarity of a peptide in aqueous solution will vary with pH.
Thus, hydrophilicity/hydrophobicity, as well as the number of charged groups
present, become important factors in the separation of peptides. Intrinsic amino
acid side-chain hydrophilicity/hydrophobicity coefficients have been recently
published (10), and these reversed-phase (RP)-HPLC derived values at pH
2.0 and pH 7.0 are shown in Table 1. “Intrinsic” implies the maximum
possible hydrophilicity/hydrophobicity of side-chains in the absence of nearest-
neighbor or conformational effects that would decrease the full expression
of the side-chain hydrophilicity/hydrophobicity when the side-chain is in
a polypeptide chain. Such a scale is the fundamental starting point for
determining the parameters that affect side-chain hydrophobicity for quanti-
fying such effects in peptides and proteins (e.g., the quantitative evaluation
of the contribution of a specific amino side-chain to ligand–protein and
protein–protein interactions and to protein folding and stability) and in aiding
the development of protocols for optimum separation of polypeptides. The
RP-HPLC-based approach to determining these intrinsic coefficients is des-
cribed under Subheading 3.3.1.

1.2.2. Peptide/Protein Conformation and Stability

Conformation can be an important factor in peptides as well as proteins
and, thus, should always be a consideration when choosing the conditions
for chromatography. Although secondary structure (e.g., �-helix) is generally
absent even in benign (nondenaturing) aqueous conditions for small peptides (up
to about 10 residues), the potential for a defined secondary or tertiary structure
increases with increasing peptide length and, for peptides containing more than
20–30 residues, folding to internalize hydrophobic residues is likely to become
a significant conformational feature. Zhou et al. (11) reported a complete and
accurate scale of the intrinsic �-helical propensities of the 20 naturally occurring
amino acids (Table 2) based on a synthetic model peptide approach whereby
single amino acid substitutions were made in the center of the nonpolar face
of an amphipathic �-helical peptide (Fig. 1) that is small, monomeric and
noninteracting. As shown in Table 2, Ala has the highest side-chain �-helical
propensity and Gly the lowest. A value for Pro could not be determined because
the side-chain of this amino acid completely disrupts �-helical structure, even
in the presence of helix inducing solvents such as trifluoroethanol (TFE). Such
intrinsic propensity values provide a powerful tool for protein design as well
as providing a guide to predicting the potential conformational status of a
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Table 1
Hydrophilicity/Hydrophobicity Coefficients Determined at 25�C by
Reversed-Phase High-Performance Liquid Chromatography of Model
Peptides at pH 2.0 and 7.0a

Amino acid
Substitutionb pH 2.0c �tR(Gly)d pH 7.0c �tR(Gly)d

Trp 32�4 33�0
Phe 29�1 30�1
n-Leu 24�6 25�9
Leu 23�3 24�6
Ile 21�4 22�8
Met 15�7 17�3
n-Val 15�2 16�9
Tyr 14�7 16�0
Val 13�4 15�0
Pro 9�0 10�4
Cys 7�6 9�1
Ala 2�8 4�1
Glue 2.8 −0.4
Lys 2.8 −2.0
Thr 2�3 4�1
Asp 1.6 −0.8
Gln 0�6 1�6
Arg 0.6 4.1
Ser 0�0 1�2
His 0.0 4.7
Gly 0�0 0�0
Asn −0�6 1�0
Orn −0�6 −2�0

a Taken from ref. 10.
b The amino acid substitutions at position X in the peptide sequence Ac-X-G-A-K-G-A-G-V-

G-L-amide; n-Leu, n-Val and Orn denote norleucine, norvaline and ornithine, respectively.
c Conditions: see Subheading 3.3.1.
d �tR(Gly) denotes the change in retention time relative to the Gly-substituted peptide.
e Potentially charged residues (Asp, Glu, Arg, His, Lys, Orn) are in bold; the values between

pH 2.0 and pH 7.0 that differ by more than 2 min are also in bold.

peptide during chromatography. The latter is particularly true of RP-HPLC
because the nonpolar environment characteristic of this HPLC mode make
it a strong inducer of �-helical structure in potentially �-helical amino acid
sequences (12–15).
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Table 2
�-Helical Propensities of Amino Acid
Side-Chains in Peptides

Amino acida ��G (kcal/mole)b

Ala −0�96
Arg −0�90
Leu −0�81
Lys −0�70
Met −0�67
Gln −0�61
Ile −0�59
Trp −0�49
Phe −0�48
Tyr −0�43
Cys −0�43
Val −0�42
Asn −0�33
Ser −0�33
His −0�33
Glu −0�32
Thr −0�28
Asp −0�21
Gly 0

a Single amino acid substitution were made in
the center of the non-polar face of model amphi-
pathic �-helical peptide shown in Fig. 1.

b ��G, taken as a measure of amino acid
�-helical propensity, is the difference in free
energy of �-helix formation (�G) for each substi-
tuted amino acid residue relative to Gly (ref. 11).

Interactions between hydrophobic side-chains are the most important factor
in polypeptide folding and the subsequent stability of the final polypeptide
conformation. Thus, knowledge of the contribution of individual amino acid
side-chains in the hydrophobic core of a folded protein to peptide/protein
conformation and stability is also of importance when considering the effect
of the peptide/protein solubility, conformation, and interactions with the HPLC
matrix during chromatography. Table 3 lists stability coefficients of amino
acids generated from single amino acid substitutions in the “a” or “d” position of
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Fig. 1. Amino acid sequence of model amphipathic �-helical peptide used for
evaluation of �-helical propensities of amino acids. A, Helical wheel representation;
B, helical net representation. Amino acid substitutions were made at position X9, in the
center of the nonpolar face of the �-helix. The �-helical propensities generated from
this model peptide are shown in Table 2. (Reproduced from ref. 11, with permission
from Bentham Science.)

the central heptad of model �-helical coiled coils (heptad positions are denoted
“abcdefg,” where positions “a” and “d” are the nonpolar positions responsible
for the formation and stability of coiled-coils). Such coefficients allow an
assessment of the effect of side-chain substitution in the hydrophobic core,
as well as provide information on the effect of side-chain hydrophobicity and
packing in the hydrophobic core. Although the values shown in Table 3 were
derived from a coiled-coil model (16,17), we had previously shown that the
relative contributions of nonpolar residues to protein stability in two-stranded
�-helical coiled-coils showed an excellent linear correlation with the results
obtained in globular proteins. In both protein types, the mutations were made
in hydrophobic residues involved in the hydrophobic core, which is responsible
for overall protein stability (18). This demonstrates the general applicability of
these results to proteins in general.

1.2.3. Peptide Detection

Peptide bonds absorb light strongly in the far ultraviolet (UV) (<220 nm),
providing a convenient means of detection (generally at 210–220 nm). In
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Table 3
Contribution of Amino Acid Side-Chains to Stability in the
Hydrophobic Core of �-Helical Coiled-Coils

Amino acida
��Gu (Ala)b

(position a)
��Gu (Ala)b

(position d)

Val 4�1 1�1
Ile 3�9 3�0
Leu 3�5 3�8
Met 3�4 3�2
Phe 3�0 1�2
Tyr 2�2 1�4
Asn 0�9 −0�6
Trp 0�8 −0�1
Thr 0�2 −1�2
Ala 0�0 0�0
Gln −0�1 0�5
Lys −0�4 −1�8
Arg −0�8 −2�9
His −1�2 −0�8
Ser −1�3 −1�8
Orn −1�9 −3�1
Glu −2�0 −2�7
Gly −2�5 −3�6
Asp −c −1�8

a Amino acid residue (denoted X) substituted at position 19a of the
sequence Ac-CGGEVGALKAQVGALQAQXGALQKEVGALKKEVGA
LKK-amide or at position 22d of the sequence Ac-CGGEVGALKAEVGAL
KAQIGAXQKQIGALQKEVGALKK-amide; oxidation of the peptides
formed a disulfide-bridged homo-two-stranded �-helical coiled-coil.

b ��Gu (Ala) is the difference in the free energy of unfolding (�Gu)
relative to the Ala-substituted analog; a positive value indicates the substi-
tution provides more stability relative to Ala; a negative value indicates the
substitution is destabilizing relative to Ala.

c A value for the Asp side-chain could not be obtained as a result
of its causing unfolding of the coiled-coil, i.e., it is more destabilizing
than Gly.

addition, the aromatic side-chains of tyrosine, phenylalanine and tryptophan
absorb light in the 250–290 nm UV range; it should be noted, however, that
these aromatic residues are not present in all peptides.
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1.3. HPLC Modes Used in Peptide Separations

The three major modes of HPLC traditionally employed in peptide
separations utilize differences in peptide size (size-exclusion HPLC [SEC]),
net charge (ion-exchange HPLC [IEX]), or hydrophobicity (RP-HPLC) (1–8).
Within these modes, mobile phase conditions may be manipulated to maximize
the separation potential of a particular HPLC column. In addition, a novel
mixed-mode approach to peptide separation termed hydrophilic interaction
chromatography (HILIC)/cation-exchange chromatography (CEX) has also
shown excellent potential as a complement to RP-HPLC in recent years (19–30).

1.3.1. HPLC Supports

Silica-based packings remain the most widely used for the major modes of
HPLC, the rigidity of microparticulate silica allowing the use of high flow
rates of mobile phases. In addition, favorable mass transfer characteristics
allow rapid analyses to be performed. Because most silica-based packings are
limited to a pH range of 2.0–8.0 as a result of silica dissolution in basic
eluents, high-performance column packings based on organic polymers with
a broad pH tolerance (e.g., cross-linked polystyrene-divinylbenzene) are also
being increasingly introduced.

1.3.2. Size-Exclusion HPLC

In the past, the range of required fractionation for peptides (∼100–6,000 Da)
has tended toward the low end of the fractionation ability of commercial
columns, designed mainly for protein separations. However, such columns
have still proven useful in the early stages of a peptide purification
protocol (i.e., in the early stages of a multi-step purification protocol) or for
peptide/protein separations (2,17,31–34). The introduction of a size-exclusion
column designed specifically for peptide separations (molecular weight range
100–7000) has raised the profile of this HPLC mode for peptide analysis in
recent years (35).

1.3.3. Ion-Exchange HPLC

IEX has proven extremely useful for peptide separations since HPLC
packings capable of retaining both basic (net positive charge) or acidic (net
negative charge) peptides have been introduced. Both anion-exchange (AEX)
(2,3,5,8,32,36–40) and cation-exchange (CEX) (2,3,5,8,31,32,34,36,38,41–45)
HPLC have been employed for peptide and protein separations, negatively
charged and positively charged solutes, respectively, being retained by these
ion-exchange modes. Common anion-exchange packings consist of primary,
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secondary, and tertiary (weak AEX) or quaternary amine (strong AEX) groups
adsorbed or covalently bound to a support. These positively charged packings
will interact with acidic (negatively charged) peptide residues (aspartic and
glutamic acid above ∼pH 4.0), as well as the negatively charged C-terminal
�-carboxyl group. Common cation-exchange packings consist of carboxyl
(weak CEX) or sulfonate (strong CEX) groups bound to a support matrix. These
negatively charged packings will interact with the basic (positively charged)
residues (histidine, pH < 6�0; arginine, pH < 12�0, and lysine, pH < 10�0), as
well as the positively charged N-terminal �-amino group. Should a choice need
to be made concerning the type of ion-exchange column for general peptide
applications, a strong cation-exchange column is recommended. The utility of
such a column lies in its ability to retain its negatively charged character in
the acidic and neutral pH range, which is due to the strongly acidic sulfonate
functionality characteristic of such a packing. Most peptides are soluble at low
pH, where the side-chain carboxyl groups of acidic residues (glutamic acid,
aspartic acid) and the free C-terminal �-carboxyl group are protonated (i.e.,
uncharged), thus emphasizing any basic, positively charged character of the
peptides. Ion-exchange columns have proven particularly useful in a multistep
protocol for peptide separations, particularly prior to a final RP-HPLC purifi-
cation and desalting step.

1.3.4. Reversed-Phase High-Performance Liquid Chromatography

RP-HPLC remains the most widely used mode of HPLC for peptide separa-
tions (1–8). It is generally superior to other HPLC modes in both speed and
efficiency. In addition, the availability of volatile mobile phases makes it ideal
for both analytical and preparative separations. The majority of researchers have
tended to carry out HPLC below pH 3.0 to take advantage of acidic volatile
mobile phases (particularly aqueous trifluoroacetic acid [TFA]/acetonitrile
[CH3CN] systems) (1–8). Such mobile phase volatility is particularly useful
when carrying out preparative purification of peptides or when employing
RP-HPLC as a final desalting/purification mode in a multistep protocol. Finally,
acidic pH values prevent undesirable ionic interactions between positively
charged amino acid residues and any underivatized silanol groups (negatively
charged above pH values of 3.0–4.0) on silica-based packings (46), still
the most widely used packing support for RP-HPLC of peptides. Favored
RP-HPLC packings for the vast majority of peptide separations continue to be
silica-based supports containing covalently bound octyl (C8� or octadecyl (C18�
functionalities, with peptides being eluted from these hydrophobic stationary
phases in order of increasing overall peptide hydrophobicity.
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1.3.5. Hydrophilic Interaction/Cation-Exchange Chromatography

The term “hydrophilic interaction chromatography” was originally intro-
duced to describe separations based on solute hydrophilicity (47), with solutes
being eluted from the HILIC column in order of increasing hydrophilicity,
i.e., the opposite of RP-HPLC elution behavior. This concept was taken
a step further by our laboratory by taking advantage of the inherent
hydrophilic character of ion-exchange, specifically strong cation-exchange,
columns. Thus, HILIC/CEX combines the most advantageous aspects of
two widely different separation mechanisms, i.e., a separation based on
hydrophilicity/hydrophobicity differences between peptides overlaid on a
separation based on net charge (19–30). Characteristic of HILIC/CEX separa-
tions is the presence of a high organic modifier concentration (generally,
acetonitrile) to promote hydrophilic interactions between the solute and the
hydrophilic/charged cation-exchange stationary phase. Peptides are then eluted
from the column with a salt gradient. Generally, peptides are eluted in groups
of peptides in order of increasing net positive charge. Within these groups,
peptides are eluted in order of increasing hydrophilicity. Indeed, HILIC/CEX is
basically CEX in the presence of high concentrations of acetonitrile (50–80%).
HILIC/CEX is frequently an excellent complement to RP-HPLC. Indeed, it has
rivaled or even exceeded RP-HPLC for specific peptide mixtures (4,20,27,28).

1.4. Capillary Electrophoresis

Although, as noted above, RP-HPLC remains the favored separation
approach for peptides, CE has also proven itself as a peptide separation
tool in its own right (48–56). CE, specifically capillary zone electrophoresis
(CZE), exploits analyte charge or, more precisely, the mass-to-charge ratio. The
value of these two peptide characteristics for peptide analysis in general, and
peptide mapping in particular, has frequently been demonstrated (57–59), with
RP-HPLC and CZE also proving to complement each other for a multistep
approach to peptide separations (58,60–64).

2. Materials
2.1. Chemical and Solvents

1. Water is either obtained as HPLC-grade (BDH, Poole, UK; J. T. Baker,
Phillipsburg, NJ; or EMD Chemical, Gibbstown, NJ) or purified by an E-pure
water filtration device from Barnstead/Thermolyne (Dubuque, IA).

2. Reagent grade ortho-phosphoric acid (H3PO4� is obtained from Caledon Labora-
tories (Georgetown, Ontario, Canada) or Anachemia (Toronto, Ontario, Canada).
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3. TFA is obtained from Hydrocarbon Products (River Edge, NJ) or Sigma-Aldrich
(St. Louis, MO).

4. Pentafluoropropionic acid (PFPA) and heptafluorobutyric acid (HFBA) are
obtained from Fluka (Buchs, Switzerland) or Sigma-Aldrich.

5. Triethylamine (TEA) is obtained from Anachemia (see Note 1).
6. Sodium chloride (NaCl) is obtained from Sigma-Aldrich or J.T. Baker.
7. Potassium chloride (KCl), potassium dihydrogen phosphate (KH2PO4�, and

reagent-grade urea are obtained from BDH. Extraction of UV-absorbing contam-
inants from analytical-grade phosphate-based buffer salts has occasionally been
required. We have routinely prepared a stock solution (e.g., 1 L of 1 M to 2 M
KH2PO4� and added a chelating resin (e.g., BioRad Chelex-100; BioRad Lab,
Richmond, CA), stirring for 1 h. The phosphate solution is then aliquoted, diluted
as desired, and filtered through a 0.22-�m filter. Reagent-grade urea (much cheaper
than highly purified urea) may be purified to a level suitable for HPLC in a
straightforward procedure: following preparation of a concentrated urea solution
(often 6 M to 8 M range), the solution is stirred over a mixed-bed resin (e.g.,
BioRad AG 501-X8, 20 to 50 mesh) (10 g/L of solution) for 30–60 min; the resin
is then removed by filtration through a sintered glass funnel and the supernatant
subsequently filtered through a 0.22-�m filter.

8. Sodium perchlorate (NaClO4� is obtained from Sigma-Aldrich or BDH (see
Note 2).

9. HPLC-grade acetonitrile (CH3CN) is obtained from Fisher Scientific (Pittsburgh,
PA) or EM Science (Gibbstown, NJ).

10. Dithioerythritol (DTE) is obtained from Fisher Scientific.

2.2. Columns and Capillaries

Except where stated otherwise, all column packings are based on micropar-
ticulate silica supports.

2.2.1. Size-Exclusion HPLC

1. Column 1: Superdex Peptide HR 10/30 (300 × 10 mm inner diameter [ID]; non-
silica-based support; separation range of 100–7000; Pharmacia Biotech, Baie d-
Urfé, Quebec, Canada). This column (and Columns 2 and 3) are fast protein liquid
chromatography (FPLC) columns from Pharmacia with stationary phases packed
into glass rather than stainless steel columns. Such columns work excellently well on
HPLC equipment (as opposed to FPLC equipment) if column pressure restrictions
are noted.

2. Column 2: Superdex 75 HR 10/30 (300 × 10 mm ID; non-silica-based support;
separation range of 3000–70,000 for globular proteins; Pharmacia Biotech, Baie
d-Urfé, Quebec, Canada).
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2.2.2. Ion-Exchange HPLC

1. Column 3: Mono S HR 5/5 strong CEX column (50 × 5 mm ID, non-silica-based
support; 10 �m; Pharmacia, Dorval, Canada).

2. Column 4: Polysulfoethyl A strong CEX column (200 × 2.1 mm ID; 5 �m particle
size, 300 Å pore size; PolyLC, Columbia, MD).

2.2.3. Reversed-Phase HPLC

1. Column 5: Kromasil C18 (150 × 2.1 mm ID; 5 �m, Å 100; Hichrom, Berkshire,
UK).

2. Column 6: Zorbax Eclipse XDB-C8 (150 × 2.1 mm I.D.; 5 �m, 80 Å; Agilent
Technologies, Little Falls, DE); “XDB” denotes “extra dense bonding,” these
columns being designed to be particularly stable at neutral pH and above (65,66),
where dissolution of the silica matrix at neutral and (particularly) higher pH values
has been previously problematic.

3. Column 7: Zorbax SB300-C8 (150 × 2.1 mm ID; 5 �m, 300 Å; Agilent
Technologies); “SB” denotes “stable bond,” these columns being designed to be
particularly stable at highly acidic pH values (pH <3.0) by shielding the siloxane
bonds between the alkyl chains (C8, in this case) and silanol groups of the silica
matrix from hydrolysis (67,68).

4. Column 8: Zorbax SB300-C8 (150 × 1 mm ID; 3.5 �m, 300 Å; Agilent
Technologies).

5. Column 9: Zorbax SB300-C8 (250 × 9.4 mm ID; 6.5 �m, 300 Å; Agilent
Technologies).

2.2.4. Capillary Electrophoresis

Capillary 1: Uncoated capillaries of 60.2 cm × 50 �m ID (50 cm effective
length, i.e., length from injection point to detection point) are provided by
Beckman-Coulter (Fullerton, CA).

2.3. Instrumentation

2.3.1. HPLC

1. Instrument 1: The majority of analytical HPLC runs were carried out on an Agilent
1100 Series liquid chromatograph from Agilent Technologies.

2. Instrument 2: Older runs were carried out on a Varian Vista Series
5000 liquid chromatograph (Varian, Walnut Creek, CA) coupled to a Hewlett-
Packard (Avondale, PA) HP1040A detection system, disc drive, HP2225A Thinkjet
printer and HP7460A plotter.
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3. Instrument 3: Preparative HPLC runs were carried out on a Beckman-Coulter
instrument, comprised of a System Gold 126 Solvent Module and a System Gold
166 Detector.

2.3.2. Capillary Electrophoresis

Instrument 4: CE runs were carried out on a Beckman-Coulter Capillary
Electrophoresis System controlled by 32 karat software (Version 5.0).

3. Methods
3.1. Size-Exclusion HPLC

Aqueous SEC is generally employed for peptide/protein separations and/or
molecular weight determinations. Unique tertiary or quaternary structures can
be demonstrated by molecular weight determinations in the presence and
absence of denaturants in SEC (17,35). Such applications require ideal SEC
behavior, i.e., separations should be based solely on solute size. However,
most modern high-performance SEC columns are anionic (i.e., carry a negative
charge) to a greater or lesser extent (69). Such a property may lead to inter-
action with positively charged side-chains in peptides and proteins unless
such undesirable electrostatic interactions are suppressed. Because electrostatic
effects are minimized above an eluent ionic strength of about 0.05 M , aqueous
phosphate buffers (pH 5.0–7.5) containing 0.1–0.4 M salts are commonly
employed as the mobile phase for SEC of peptides and proteins (2,3,5,8,69).
Of course, peptide–protein or protein–protein interactions may be elimi-
nated if the salt concentration is too high when electrostatic interactions are
a dominating factor to the interaction. A mixture of five model synthetic
peptide standards (10, 20, 30, 40, and 50 residues) with negligible secondary
structure was developed both to detect nonideal retention behavior during
SEC as well as to monitor suppression of such nonideal behavior with
addition of salts (69). Different column materials can exhibit dramatically
different amounts of nonideal behavior. These SEC peptide standards can be
obtained from the Alberta Peptide Institute, University of Alberta, Edmonton,
Alberta, Canada.

3.1.1. SEC of Peptides

1. Figure 2 (top panel) shows the elution profile of six peptides containing 4, 6, 8, 10,
14, and 20 residues on a Superdex Peptide column (Column 1) and Instrument 2.

2. The peptides are separated by isocratic elution with 50 mM aqueous KH2PO4, pH 7,
containing 100 mM KCl at a flow rate of 0.5 mL/min and room temperature.
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3. The excellent resolution of the six peptides illustrates the value of this column for
small peptide separations. In addition, an initial fractionation of complex peptide
mixtures by this column should simplify subsequent IEX and/or RP-HPLC steps.

4. Figure 2 (bottom panel) shows the linear relationship between peptide size (number
of residues) and distribution coefficient (Kd�.

5. Kd values are calculated from the expression Kd = Ve− Vo/Vt-Vo, where Ve is the
elution volume of the solute, Vo is the void volume of the packing (obtained from
the elution volume of blue dextran), and Vt is the total accessible volume of the
column (obtained from the elution volume of �-mercaptoethanol).

Fig. 2. Size-exclusion chromatography of small peptides. Column and condi-
tions described under Subheading 3.1.1. Top, elution profile of peptides; bottom,
relationship between Log10 of the number of residues and Kd (distribution coefficient;
see text in Subheading 3.1.1. for calculation). The sequences of the peptides are
FIPK (4 residues); Ac-GGTAGG-amide (6 residues); PQSPESVD-amide (8 residues);
LKAETEALKA (10 residues); Ac-TDDPASPQSPESVD-amide (14 residues); and
IEALKCEIEALKAEIEALKA-amide (20 residues). (Adapted from ref. 35, with
permission from Elsevier Science.)
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3.1.2. SEC Analysis of Peptide Oligomerization

1. Table 4 presents sequences of native regions and analogs of regions within the
SARS-Coronavirus Spike S glycoprotein that form coiled-coil structures (70).

2. HRN 916–950 and HRC 1150–1185 represent native sequences within the coiled-
coils (where HRN and HRC denote heptad repeat regions) at the N- and C-termini
of a domain within the coronavirus S fusion protein.

3. The linker is attached to the native HRN sequence via a Cys-Gly-Gly spacer
extension at the N-terminal of the HRN 916–950 sequence. The linker and this
HRN sequence are mixed at a molar ratio of 1:4 in phosphate-buffered saline
at pH 7.0, followed by incubation at room temperature for 4 h during which a
covalent bond is formed between the sulfhydryl group in the Cys side-chain of
the peptide and the bromoacetyl groups in the linker, producing a three-stranded
peptide. DTE (5 mM) is then added to the reaction mixture and incubated at room
temperature for 10 min, resulting in reduction of any disulfide-bridged peptides.
The three-stranded peptide and monomeric peptides are subsequently separated
by RP-HPLC and the three-stranded peptide (denoted as “HRN with linker” in
Table 4) characterized by mass spectrometry.

4. In Table 4, the peptide denoted HRN 916–950 (T923I, N937I) represents an
analog of the native HRN sequence whereby Thr-923 and Asn-937 have been
replaced by Ile in the hydrophobic core of the coiled-coil sequence.

5. In Table 4, HRN extended (902–950) represents the HRN 916–950 native
sequence with the inclusion of two more native heptad sequences at the N-terminus.

6. The peptides in Table 4 are subjected to SEC on a Superdex 75 column (Column
2 on Instrument 1) by isocratic elution with 50 mM aqueous phosphate buffer
(NaH2PO4/Na2HPO4� containing 100 mM NaCl at a flow-rate of 0.25 mL/min and
at room temperature; sample mixtures contained 0.2 mM of each peptide with
5 �L applied to the column.

7. Figure 3A illustrates the elution profiles of a mixture of HRN 916–950 (monomer),
HRN linked 3-stranded molecule and the complex of HRC 1150–1185 with
HRN 916–950 (hexamer). Figure 3B shows the elution profiles of a mixture
of HRN 916–950 (monomer), HRN 916–950 (T923I, N937I) (dimer), and HRN
extended (902–950) (trimer). Figure 3C represents the log MW vs retention
time plot (see Table 4 for values) resulting from observed peptide elution
behavior.

8. As shown in Fig. 3, the native HRN 916–950 sequence is eluted as a random coil
monomeric peptide during SEC. However, extending the native sequence by two
heptads to form HRN extended (902–950) results in a stable, fully folded trimeric
coiled-coil (Fig. 3B).

9. Attachment of the HRN 916–950 sequence to the linker (HRN with linker) also
results in a stable, fully folded three-stranded coiled-coil (Fig. 3A).

10. Replacement of two polar residues, Thr and Asn, by the hydrophobic Ile residues in
the native sequence (HRN 916–950) (T923I, N937I) results in a stable, fully folded
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dimeric coiled-coil (Fig. 3B). The Ile residues provide the additional stability in
the hydrophobic core to stabilize the folded coiled-coil, but as a dimer.

11. Interestingly, although the native HRN 916–950 and HRC 1150–1185 sequences
are eluted as unfolded, random coil peptides during SEC, a mixture of these
two peptides produces a fully folded, �-helical six-helix bundle (i.e., a hexamer)
(Fig. 3A).

12. Synthetic model amphipathic �-helical peptide standards designed to monitor the
effect of SEC packings and mobile phases on peptide oligomerization have been
previously described (35).

3.2. Ion-Exchange HPLC

The retention time of a peptide in either AEX or CEX will depend on a
number of factors including buffer pH and the nature and ionic strength of the
anion or cation employed for displacement of acidic (negatively charged) or
basic (positively charged) peptides, respectively. Most ion-exchange separations
are carried out using sodium or potassium ion as the cationic counterion and
chloride ion as the anionic counterion. High-performance IEX packings tend
to exhibit hydrophobic characteristics to varying degrees, perhaps resulting in
significant peak broadening or even nonelution of peptides due to undesirable
interactions with nonpolar residues in the peptide, which can be suppressed
through the addition of an organic modifier (generally, 10–20% CH3CN) to
the mobile phase (42). Synthetic peptide standards are available to monitor
such nonideal effects on CEX columns (sequences shown in Fig. 4 legend)
and to gauge the level of organic modifier required for ideal (i.e., predictable)
elution behavior of peptides on a specific column (42). These CEX peptide
standards can be obtained from the Alberta Peptide Institute, University of
Alberta, Edmonton, Alberta, Canada.

3.2.1. Monitoring of Peptide Chain Length Effects on CEX Using
Synthetic Peptide Standards

1. Two series of synthetic, positively charged peptide standards were subjected to
CEX on a Mono S strong cation-exchange column (Column 3 on Instrument 2): a
series of four 11-residue cation-exchange standards with net charges of +1, +2, +3,
and +4; and a series of five synthetic size-exclusion standards of 10, 20, 30, 40,
and 50 residues in length (net charge of +1, +2, +3, +4, and +5, respectively).
Note that the +2 and +4 CEX standards both contain Tyr, allowing detection at
260–280 nm as well as 210 nm.

2. The peptides were eluted with a linear AB gradient (20 mM salt/min following
10-min isocratic elution with eluent A) at a flow rate of 1 mL/min and a temperature
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of 26�C, where eluent A is 5 mM KH2PO4, pH 6.5, and eluent B is eluent A
containing 0.5 MNaCl, both eluents also containing 40% CH3CN (see Note 3).

3. In Fig. 4, similarly charged species are not necessarily eluted at similar times: the
50-residue peptide (+5; Fig. 4A) is not retained as long as the 11-residue +3 and +4
peptides (Fig. 4B); the 40-residue peptide (+4; Fig. 4A) is eluted prior to the
11-residue +3 peptide (Fig. 4B).

4. The comparative retention behavior of the peptides of different chain length and
charge density is linearized by an elution time vs net charge/1nN plot (N = number
of residues) (Fig. 4C). This simple linearization approach is important for the
prediction of peptide retention behavior where the net charge is known.

3.3. Reversed-Phase HPLC

In the authors’ experience, the best approach to most analytical peptide
separations is to employ aqueous TFA to TFA/CH3CN linear gradients (pH 2.0)
at room temperature. Peptide resolution can be optimized by varying the
steepness of the acetonitrile gradient (generally, 0.5–2.0% CH3CN/min) and
the volatility of TFA eliminates the need for subsequent sample desalting. TFA
is also effective in separating complex peptide mixtures because of its ion-
pairing properties. Peptides are charged molecules at most pH values and the
presence of different counterions will influence their chromatographic behavior.
Thus, anionic counterions (e.g., TFA−, phosphate) will interact with the proto-
nated basic (i.e., positively charged) residues of a peptide. In comparison, a
cationic counterion (e.g., trimethylammonium, triethylammonium, tetrabuty-
lammonium) will show an affinity for ionized carboxyl (i.e., negatively charged)
groups. Recently, we determined the optimum TFA concentration for peptide
separations to be 0.2–0.25% TFA, significantly higher than the traditionally
employed concentration range of 0.05–0.1% (71).

3.3.1. Determination of Intrinsic Hydrophilicity/Hydrophobicity
of Amino Acid Side-Chains by RP-HPLC of Model Peptides

1. A model peptide sequence is designed for quantitation of amino acid side-chain
hydrophilicity/hydrophobicity in the absence of nearest-neighbor or conformational
effects: Ac-X-G-A-K-G-A-G-V-G-L-amide, where X is substituted by the 20 amino
acids plus norvaline (n-Val), norleucine (n-Leu) and ornithine (Orn) (10).

�
Fig. 3. Size-exclusion chromatography analysis of oligomerization states of peptides.

Column and conditions shown in Subheading 3.1.2. A,B, elution profiles of peptides;
C, relationship between Log10 molecular weight of eluted species and their retention
times. The sequences of the peptides are shown in Table 4.
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2. The peptides are eluted from a Kromasil C18 column (Column 5 on Instrument 1) at
pH 2.0 by a linear AB gradient (0.25% CH3CN/min) at a flow-rate of 0.3 mL/min
and a temperature of 25�C, where eluent A is 20 mM aqueous TFA, pH 2.0
containing 2% acetonitrile, and eluent B is 20 mM TFA in CH3CN (Fig. 5A). Some
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“wetting” of the stationary phase, particularly highly hydrophobic and high-ligand-
density phases such as the Kromasil C18 packing, is occasionally required to ensure
reproducible results.

3. These same peptides are eluted from a Zorbax XDB-C8 column (Column 6) at pH
7.0 by a linear AB gradient (0.25% CH3CN/min) at a flow-rate of 0.3 mL/min and
a temperature of 25�C, where eluent A is 10 mM aqueous NaH2PO4, pH 7.0 and
eluent B is eluent A containing 50% CH3CN, both eluents also containing 50 mM
NaCl (Fig. 5B).

4. The resulting intrinsic hydrophilicity/hydrophobicity coefficients are reported in
Table 1 as �tR (Gly) values, where �tR (Gly) denotes the change in retention time
relative to the Gly-substituted peptide. These coefficients are independent of pH,
buffer conditions, ion-pairing reagents, or whether a C8 or C18 column was used
for 17 (uncharged) side-chains and are dependent on pH, buffer conditions, and
ion-pairing reagents for potentially charged side-chains (Orn, Lys, His, Arg, Asp
and Glu) (Fig. 5C). For a detailed discussion of the importance of these side-chain
hydrophilicity/hydrophobicity coefficients in the peptide and protein field, together
with validation of these values, see our recent publication (10).

5. The correlation of the hydrophilicity/hydrophobicity values for the 17 uncharged
side-chains at pH 2.0 and pH 7.0 was excellent as expected 	R = 0�998� (10). The
relative hydrophobicities of the acidic side-chains (Asp and Glu) decrease with an
increase in pH due to deprotonation (ionization) of these side-chains at pH 7.0 (the
pKa of these side-chains is ∼4.0), that is, they become negatively charged and more
hydrophilic. In contrast, the His side-chain is essentially deprotonated at pH 7.0
(pKa ∼6.0) and thus no longer positively charged, i.e., its hydrophobicity increases
dramatically. The dramatic increase in the hydrophobicity of the Arg side-chain
with the change in pH from 2.0 to 7.0 is due to differences in effectiveness of the
counterions TFA and H2PO−2

4 anions to neutralize the positive charge of the Arg
side-chain at pH 2.0 and pH 7.0, respectively. The H2PO−2

4 anion more effectively
neutralizes the positive charge at pH 7.0, thus increasing the relative hydrophobicity
of the Arg side-chain. In the case of the alkyl amino groups on the side-chains of

�
Fig. 4. Strong cation-exchange chromatography of synthetic peptide standards.

Column and conditions shown in Subheading 3.2.1. Top, elution profile of five
synthetic size-exclusion standards (sequences: Ac-(GLGAKGAGVG)n-amide, where
n = 1, 2, 3, 4 or 5; +1, +2, +3, +4 and +5, respectively); middle, elution
profile of four synthetic cation-exchange standards (sequences: Ac-GGGLGGAGGLK-
amide 	+1�, Ac-KYGLGGAGGLK-amide 	+2�, Ac-GGALKALKGLK-amide 	+3�
and Ac-KYALKALKGLK-amide 	+4�; bottom, plot of observed peptide elution time
versus peptide net charge, divided by the logarithm of the number of residues (LnN).
(Adapted from ref. 42, with permission from Elsevier Science.)
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Fig. 5. Determination of intrinsic hydrophilicity/hydrophobicity of amino acid side-
chains by reversed-phase high-performance liquid chromatography of model peptides.
Column and conditions shown in Subheading 3.3.1. A, pH 2.0 elution profile; B, pH
7.0 elution profile; C, correlation of amino acid side-chain coefficients obtained at pH
2.0 vs pH 7.0. Peptide sequences shown under Subheading 3.3.1.



HPLC and Peptide Purification 25

Orn and Lys, the increase in hydrophilicity (decrease in hydrophobicity) at pH 7.0
relative to pH 2.0 is again due to differences in the effectiveness of these two
anions to ion-pair with these side-chains. The side-chains of Lys and Orn more
effectively ion-pair with the TFA anion (hydrophobic ion-pairing reagent) than the
H2PO−2

4 ; thus, these side-chains are more hydrophobic at pH 2.0 than pH 7.0. The
physicochemical properties of the guanidinium group of Arg and the alkyl amino
groups of Lys and Orn are quite different. These results clearly demonstrate that Arg
and Lys side-chains, although both positively charged at pH 2.0 and pH 7.0, behave
differently with buffer anions, which affects their hydrophilicities/hydrophobicities
differently. Thus, Arg and Lys residues on the surface of proteins should not be
considered equivalent at neutral pH.

3.3.2. Effect of Anionic Ion-Pairing Reagent Hydrophobicity
on Selectivity of Peptide Separations

1. The perfluorinated homologous series of acids (TFA, PFPA, and HFBA) represents
a useful series of anionic ion-pairing reagents used for peptide separations (72,73).

2. The order of counterion hydrophobicity is TFA− < PFPA− < HFBA−.
3. RP-HPLC is applied to a mixture of three series of four synthetic peptides: a +1

series (i.e., each peptide in the series has a net charge of +1), a +3 series, and a +5
series (Table 5).

Table 5
Sequences and Denotions of Synthetic Peptide Standards (see Subheading 3.3.2)

Peptide Seriesa Peptide Denotion Peptide Sequenceb

+1 1a Ac- G G G G G L G L G K – amide
1b Ac- G G A G G L G L G K – amide
1c Ac- G G A A G L G L G K – amide
1d Ac- G G V G G L G L G K – amide

+3 3a Ac- G R G G K L G L G K – amide
3b Ac- G R A G K L G L G K – amide
3c Ac- G R A A K L G L G K – amide
3d Ac- G R V G K L G L G K – amide

+5 5a NH+
3 - R R G G K L G L G K – amide

5e NH+
3 - R R V A K L G L G K – amide

5h NH+
3 - R R V V K L G L G K – amide

5i NH+
3 - R R I I K L G L G K – amide

a The charge on the peptide is shown at pH 2.0.
b The different amino acid substitutions are shown in bold letters.
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4. As shown in Table 5, within each peptide series there is only a subtle increase in
hydrophobicity between adjacent peptides: 1a < 1b < 1c < 1d (+1 series); 3a <
3b < 3c < 3d (+3 series); 5a < 5e < 5h < 5j (+5 series); this is particularly
true of the +1 and +3 series, where there is a difference of only one carbon atom
between adjacent peptides.

5. The mixture of peptides is eluted from a Zorbax SB300-C8 column (Column 7
on Instrument 1) by a linear AB gradient (0.5% CH3CN/min) at a flow rate of
0.3 mL/min and a temperature of 25�C, where eluent A is 30 mM aqueous TFA,
PFPA, or 10 mM aqueous HFBA, pH 2.0 and eluent B is the corresponding reagent
concentration in CH3CN.

6. As shown in Fig. 6, increasing counterion hydrophobicity (TFA− < PFPA− <
HFBA−) results in increasing peptide retention time; in addition, there is a

Fig. 6. Effect of anionic ion-pairing reagent hydrophobicity on reversed-phase high-
performance liquid chromatography of positively charged peptides. Column and condi-
tions described under Subheading 3.3.2. Peptide sequences shown in Table 5. (Adapted
from ref. 73, with permission from Elsevier Science.)
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general overall peak shape improvement with increasing counterion concen-
tration (not shown).

7. As the hydrophobicity of the counterion increases, the relative hydrophobicity
of the peptides is increasing in the order of +1 peptides < +3 peptides < +5
peptides, resulting in a change in peptide elution order with increasing counterion
hydrophobicity and culminating in the excellent resolution of all 12 peptides in the
presence of 10 mM HFBA whereby the peptides are separated by charged groups
and hydrophobicity within these groups.

3.3.3. Effect of Temperature on RP-HPLC of Peptides

1. The effect of temperature on the elution behavior of a mixture of nine synthetic
random coil peptides is shown in Fig. 7.

Fig. 7. Effect of temperature on reversed-phase high-performance liquid chromato-
graphy of peptides (+3 net charge). Column and conditions described under
Subheading 3.3.3. Peptide sequences shown in Table 6.
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2. The nine 10-residue peptides each have a net charge of +3 with just a subtle
variation in hydrophobicity between adjacent peptides (Table 6). Indeed, there is
generally a change of just one carbon atom between adjacent peptides of the +3
peptides; the only exceptions are peptides 3e and 3f, which have identical numbers
of carbon atoms.

3. The peptides are eluted from a Zorbax SB300-C8 microbore column (Column 8 on
Instrument 1) by a linear AB gradient (1% CH3CN/min) at a flow rate of 0.1 mL/min
and a temperature of 10�C, 25�C, and 70�C, where eluent A is 0.2% aqueous TFA,
pH 2.0, and eluent B is 0.2% TFA in CH3CN.

4. The elution order of the peptides is based on their increasing hydrophobicity (3a <
3b < 3c < 3d < 3e < 3f < 3g < 3h < 3i).

5. As shown in Fig. 7, increasing temperature results in decreasing peptide retention
time and a decrease in peak width. Such results reflect the general effects of
increasing temperature, i.e., increased solubility of the solute in the mobile phase
as the temperature rises as well as an increase in mass transfer between the mobile
and stationary phases (74,75).

6. As shown in Fig. 7, an increase in temperature clearly improves overall peak
resolution; indeed two pairs of peptides barely resolved as doublets at 10�C are
baseline resolved at 70�C: 3d/3e and 3f/3g.

3.3.4. Effect of Temperature on RP-HPLC of Random Coil vs �-Helical
Peptides

1. Figure 8 compares the RP-HPLC separation of random coil and �-helical l- or
d-peptides around the optimum temperatures for overall separation of the peptide
mixtures (76).

2. The synthetic random coil peptides have the sequence Ac-X-L-G-A-K-G-A-G-V-
G-amide, where X is substituted with the 19 l- and d-amino acids and Gly.

3. The synthetic amphipathic �-helical peptides have the sequence Ac-E-A-E-K-A-
A-K-E-X-E-K-A-A-K-E-A-E-K-amide, where X is substituted with the 19 l- and
d-amino acids and Gly.

4. Mixtures of the peptides are subjected to RP-HPLC on a Zorbax SB300-C8 column
(Column 7 on Instrument 1) using a linear AB gradient (0.5% CH3CN/min) at a
flow rate of 0.25 mL/min at various temperatures, where eluent A is 0.05% aqueous
TFA and eluent B is 0.05% TFA in CH3CN.

5. The hydrophobicity of the RP-HPLC column, together with the nonpolar organic
modifier (acetonitrile) in the mobile phase, will induce �-helical structure in peptides
with that inherent �-helical potential (12–15). Thus, unlike random coil peptides,
amphipathic �-helical peptides will exhibit preferred binding for their nonpolar face
with the hydrophobic stationary phase (12) (see Note 4).

6. Both random coil and helical peptide analogs exhibited the trend of a reduction
in retention time with increasing temperature 	10–80�C�. However, temper-
ature has a greater effect on the l-/d-helical peptide analogs compared to the
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l-/d-random peptide analogs, likely due to differences in peptide structural changes
with temperature variations (unfolding of the �-helix with increasing temper-
ature) (78).

7. As shown in Fig. 8, excellent separations of mixtures of l- and d-peptides are
obtained at 21�C and 62�5�C, respectively, in contrast to the presence of co-eluted
peaks at higher and lower temperatures, indicated by the arrows.

Fig. 8. Effect of temperature on reversed-phase high-performance liquid chromato-
graphy of random coil vs �-helical peptides. The subscript R and H denote random coil and
helical peptides, respectively. Column, conditions, and peptide sequences described under
Subheading 3.3.4. (Reproduced from ref. 76, with permission from Elsevier Science.)
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8. Thus, in contrast to the optimum elution profiles in Fig. 8, the chromatograms
at higher or lower temperature represent the sensitivity of a temperature variation
approach to influence the selectivity of RP-HPLC for separation of peptides with
conformational differences.

3.4. HILIC/CEX

It is important to note that different ion-exchange packings exhibit differing
degrees of hydrophobic characteristics (42). In order to gain the full benefit
of peptide separations by the HILIC mode in mixed-mode HILIC/CEX, it is
important to overcome unwanted hydrophobic properties of the matrix with as
low a level of organic modifier (CH3CN) as possible, i.e., the ion-exchange
matrix should be as hydrophilic as possible. In this way, there is a greater
organic modifier range open to the researcher to effect mixed-mode HILIC/CEX
peptide separations. Concomitant with this hydrophilic character, it is desirable
for the column to retain even weakly charged species 	+1� to obtain full benefit
of retention based on ion-exchange as well as hydrophilic characteristics.

3.4.1. HILIC/CEX of Proteomic Peptide Standards

1. HILIC/CEX is applied to the separation of a mixture of three groups of synthetic
model peptides designed as two-dimensional CEX/RP-HPLC peptide standards, i.e.,
proteomics standards (Table 6): +1, +2 and +3 groups of peptides, each containing
nine peptides, where peptide hydrophobicity increases in the order a < b < c <
d < e < f < g < h < i.

2. From Table 6, peptides within the +1, +2 and (as noted above under
Subheading 3.3.3.) +3 groups vary only subtly in hydrophobicity: in general, there
is just a one-carbon difference between adjacent peptides except for peptide pairs
1e/1f, 2e/2f and 3e/3f which contain identical numbers of carbon atoms and for
peptide pairs 1g/1h, 2g/2h and 3g/3h which differ by two carbon atoms.

3. The 27-peptide mixture was subjected to HILIC/CEX on a Polysulfoethyl
A strong CEX column (Column 4 on Instrument 1) using a linear AB gradient
(1 mMNaClO4/min) at a flow-rate of 0.3 mL/min and a temperature of 25�C, where
eluent A is 5 mM aqueous triethylammonium phosphate, pH 4.5, and eluent B is
eluent A plus 200 mM NaClO4, both eluents also containing 60% (v/v) CH3CN.

4. NaClO4 is particularly useful for this mixed-mode approach as a result of its high
solubility in organic modifier, which allows the use of high levels of organic modifier.

5. As shown in Fig. 9, an excellent separation of the 27-peptide mixture is obtained,
with just the 1e/1f peptide pair not being completely resolved. Indeed, this separation
is superior to that obtained by both RP-HPLC and CE (see Subheading 3.5).

6. The peptide separation shown in Fig. 9 is achieved by a mixed-mode or bidimen-
sional mechanism: the three groups of peptides are separated by an ion-exchange
mechanism (+1 < +2 < +3); within these groups of peptides, the peptides are eluted
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Fig. 9. Hydrophilic interaction/cation-exchange chromatography of proteomic
peptide standards. Column and conditions described under Subheading 3.4.1. Peptide
sequences shown in Table 6.

in order of increasing hydrophilicity (decreasing hydrophobicity) by the HILIC
mechanism. The high acetonitrile concentration during CEX promotes hydrophilic
interactions with the hydrophilic CEX matrix. Thus, within each charged group
of peptides, the most hydrophobic peptide is eluted first and the most hydrophilic
peptide is eluted last, i.e., the opposite elution order to RP-HPLC. Compare the
separation of the +3 group by RP-HPLC (Fig. 7) vs HILIC/CEX (Fig. 9).

3.4.2. Comparison of HILIC/CEX and RP-HPLC for Separation
of Amphipathic �-Helical Peptides

1. Figure 10 compares RP-HPLC with HILIC/CEX for the separation of model amphi-
pathic �-helical peptides with the sequence Ac-K-W-K-S-F-L-K-T-F-K-X-A-V-K-
T-V-L-H-T-A-L-K-A-I-S-S-amide, where X (in the center of the nonpolar face of
the amphipathic �-helix) is substituted by various l- and d-amino acids (29).
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Fig. 10. hydrophilic interaction/cation-exchange chromatography vs reversed-
phase high-performance liquid chromatography of diastereomeric amphipathic
�-helical peptides. Columns, conditions, and peptide sequences described under
Subheading 3.4.2. (Adapted from ref. 29, with permission from Elsevier Science.)

2. RP-HPLC (Fig. 10, top) is carried out on a Zorbax SB300-C8 column (Column 7
on Instrument 1) by a linear AB gradient (1% CH3CN/min) at a flow rate of
0.3 mL/min and a temperature of 65�C, where eluent A is 0.05% aqueous TFA,
pH 2, and eluent B is 0.05% TFA in CH3CN.
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3. HILIC/CEX (Fig. 10, bottom) is carried out on a PolySulfoethyl A strong cation-
exchange column (Column 4 on Instrument 1), by a linear AB salt gradient (5 mM
NaClO4 to 250 mM NaClO4 in 50 min, i.e., 4.9 mM NaClO4/min) at a flow-rate
of 0.3 mL/min and temperature of 65�C, where eluent A is 5 mM aqueous triethy-
lammonium phosphate (TEAP), pH 4.5, containing 5 mM NaClO4 and eluent B
is 5 mM aqueous TEAP, pH 4.5, containing 250 mM NaClO4, both eluents also
containing 70% (v/v) CH3CN (see Note 5).

4. During RP-HPLC, the amphipathic �-helical peptides will interact with the
hydrophobic stationary phase through preferential binding with their hydrophobic
faces; during HILIC/CEX, the peptides would be expected to interact with the
hydrophilic stationary phase through preferential binding with their hydrophilic
faces.

5. From Fig. 10, useful selectivity changes between RP-HPLC and HILIC/CEX of the
peptides are apparent, underlining the complementary nature of these two HPLC
modes.

6. In both RP-HPLC and HILIC/CEX, the peptides substituted by d-amino acids were
always eluted earlier than their l-counterparts. This observation is likely due to
disruption of the hydrophobic and hydrophilic preferred binding domains, respec-
tively, by the introduction of a d-amino acid into an �-helix otherwise comprised
solely of l-amino acids (79,80).

3.4.3. Monitoring the Hydrophilicity/Hydrophobicity of Amino Acid
Side-Chains in the Nonpolar and Polar Faces of Amphipathic
�-Helical Peptides

1. Figure 11 compares RP-HPLC and HILIC/CEX separations of amphipathic
�-helical peptides with amino acid substitutions made on the center of the
hydrophobic face or hydrophilic face of the helix: Ac-K-W-K-S-F-L-K-T-F-K-X1-
A-X2-K-T-V-L-H-T-A-L-K-A-I-S-S-amide, where position X1 (in the center of the
hydrophilic face; X1 = Ser) and position X2 (in the center of the hydrophobic face;
X2 = Val) are substituted by various l-amino acids (30).

2. The native peptide sequence, with Ser and Val at positions X1 and X2, respec-
tively, is a biologically active amphipathic �-helix (denoted V681) with potent
antimicrobial and hemolytic properties (81,82).

3. The ability to monitor the hydrophilicity/hydrophobicity effects of amino acid
substitutions in both the nonpolar and polar faces of potentially useful antimi-
crobial amphipathic �-helical peptides is critical in the design process for such
molecules.

4. The peptides are subjected to RP-HPLC by a linear AB gradient (1% CH3CN/min)
on a Zorbax SB300-C8 column (Column 7 on Instrument 1) at a flow-rate of
0.3 ml/min and room temperature, where eluent A is 0.05% aqueous TFA, pH 2,
and eluent B is 0.05% TFA in CH3CN.
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Fig. 11. Hydrophilic interaction/cation-exchange chromatography vs reversed-phase
high-performance liquid chromatography for monitoring hydrophilicity/hydrophobicity
of amino acid side-chains of amphipathic �-helical peptides. Column, conditions, and
peptide sequences described under Subheading 3.4.3. (Adapted from ref. 30, with
permission from Elsevier Science.)

5. The peptides are subjected to HILIC/CEX on a PolySulfoethyl A strong cation-
exchange column (Column 4 on Instrument 1), by a linear AB gradient (5 mM
NaClO4 to 250 mM NaClO4 in 60 min, i.e., 4 mM NaClO4/min) at a flow-rate of
0.3 mL/min and 65�C, where eluent A is 5 mM aqueous TEAP, pH 4.5, containing
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5 mM NaClO4 and eluent B is 5 mM aqueous TEAP, pH 4.5, containing 250 mM
NaClO4, both buffers also containing 70% (v/v) CH3CN.

6. As shown in Fig. 11, RP-HPLC and HILIC/CEX are best suited for resolving
amphipathic peptides were substitutions are made in the nonpolar and polar faces,
respectively. Concomitantly, RP-HPLC and HILIC/CEX are best suited as monitors
of hydrophilicity/hydrophobicity variations where amino acid substitutions were
made in these respective faces.

3.5. Capillary Electrophoresis

1. As noted above (Subheading 3.4.1.), a mixture of 27 peptides is designed as
synthetic proteomic peptide standards. These peptides are comprised of three
groups of nine 10-residue peptides (with net charges of +1, +2, and +3 for all
nine peptides within a group), the hydrophobicity of the nine peptides within a
group varying only subtly between adjacent peptides. The sequences and charac-
teristics of the peptide standards are shown and described in Table 6 and under
Subheading 3.4.1.

2. Figure 12 shows the RP-HPLC separation of the peptide standards on a Zorbax
SB300-C8 column (Column 8 on Instrument 1) obtained by a linear AB gradient
(0.5% CH3CN/min) at a flow rate of 0.3 mL/min and a temperature of 70�C, where
eluent A is 20 mM aqueous TFA, pH 2.0, and eluent B is 20 mM TFA in 80%
(v/v) aqueous CH3CN.

3. The conditions for RP-HPLC (an efficient ion-pairing reagent, relatively shallow
gradient, high temperature, small packing particle size of 3.5 �m) are designed to
optimize the separation. However, despite the reasonably satisfactory analytical
elution profile, just 13 out of 27 peptides are well resolved. It is unlikely that
this unidimensional approach to the separation of the peptides can be optimized
further to achieve complete (or even near complete) resolution of all 27 peptides.

Fig. 12. Reversed-phase high-performance liquid chromatography of proteomic
peptide standards. Column and conditions described under Subheading 3.5. Peptide
sequences shown in Table 6. (Adapted from ref. 56, with permission from
Elsevier Science.)
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4. Figure 13 shows the separation of the 27 peptides by CE in analogous conditions
to that of RP-HPLC (i.e., with aqueous TFA as the background electrolyte [BGE]
in the absence or presence of CH3CN, albeit in the absence of a hydrophobic
surface (uncoated capillary).

5. Conditions for CE in Fig. 13: uncoated capillary (Capillary 1 on Instrument 4);
BGE of 10 mM aqueous TFA, adjusted to pH 2.0 with LiOH, with or without 25%
(v/v) CH3CN; applied voltage, 25 kV (direct polarity) with 5-min voltage ramp;
temperature, 15�C; UV absorption at 195 nm.

6. As shown in Fig. 13, both in the absence (top panel) and presence (bottom panel)
of 25% CH3CN, the peptides are separated according to their charge-to-mass ratio
(capillary zone electrophoresis (CZE) mechanism), each peak representing nine
co-migrated peptides. The mobility of these three groups of peptides is according
to net charge, i.e., as expected, the +3 group migrates faster than the +2 group,
which migrates faster than the +1 group.

7. Figure 13 represents a unidimensional CE separation, where peptide separation
is achieved/optimized via a single peptide property (charge) and via a single
charge-based mechanism (CZE). This laboratory believes that the introduction of
a hydrophobicity-based mechanism, to produce a bidimensional separation, would
enable an effective peptide separation.

Fig. 13. Capillary zone electrophoresis of proteomic peptide standards. Capillary
and conditions described under Subheading 3.5. Peptide sequences shown in Table 6.
(Reproduced from ref. 56, with permission from Elsevier Science.)
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8. The 27 peptides were again subjected to CE under the following conditions: BGE
of 0.4 M aqueous TFA, PFPA, or HFBA, adjusted to pH 2.0 with LiOH; remaining
conditions as above.

9. As shown in Fig. 14, an excellent separation of the 27 peptides is now achieved,
with increasing ion-pairing reagent hydrophobicity (TFA < PFPA < HFBA)
resulting in improved resolution.

10. These separations represent bidimensional separations: peptides of the same
length but different nominal charge are separated in order of decreasing charge
(i.e., +3 peptides migrate the earliest and +1 peptides migrate the last)
according to a CZE mechanism; within each group of peptides, the peptides
are separated in order of increasing hydrophobicity according to a hydropho-
bically mediated mechanism introduced by the anionic ion-pairing reagent, i.e.,
within each charged group of peptides, the most hydrophobic peptide is eluted
last and the most hydrophilic peptide is eluted first., analogous to that seen in
RP-HPLC (Fig. 7).

11. This novel CE approach has been termed ion-interaction (II)CZE and is clearly
superior to RP-HPLC (Fig. 12) for separation of these peptide standards. This CE
approach also exhibits a much larger peak capacity than RP-HPLC, as seen by the

Fig. 14. Ion-interaction capillary zone electrophoresis of proteomic peptide
standards. Capillary and conditions described under Subheading 3.5. Peptide sequences
shown in Table 6. (Reproduced from ref. 56, with permission from Elsevier Science.)
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large distance between the +2 and +1 peptide groups, where peptides of different
charge-to-mass ratios could be located.

12. It should be noted that only one pair of peptides with identical charge-to-mass
ratios (denoted 1e/1f) was not resolved in the presence of 0.4 M HFBA. However,
two other peptide pairs with identical charge-to-mass ratios (one pair in each of
the +2 and +3 peptides; 2e/2f and 3e/3f, respectively) are resolved under these
conditions, a significant achievement when one considers that such separations
were hitherto believed impossible.

13. Interestingly, as noted previously (Subheading 3.4.1.), the best overall resolution
of the peptides within each group is achieved by HILIC/CEX. The high peak
capacity of the II-CZE and HILIC/CEX approaches, coupled with their excellent
resolution capabilities, again highlight their useful complementarity (and often
superior separative effectiveness) to the ubiquitous RP-HPLC mode.

3.6. Preparative HPLC of Synthetic Peptides
and Recombinant Proteins

The excellent resolving power and separation time of RP-HPLC, coupled
with the availability of volatile mobile phases, has made this HPLC mode the
favored method for preparative separations of peptides. Also, most researchers
would likely wish to carry out both analytical and preparative peptide separa-
tions on analytical equipment and columns no longer than 250 mm and no larger
diameters than 10 mm ID, avoiding the prohibitively expense scale-up costs
in terms of equipment, larger columns and solvent consumption. It has long
been a goal of this laboratory to develop novel one-step purification schemes
to avoid loss of product yield frequently a feature of multistep protocols (e.g.,
SEC followed by IEX and RP-HPLC).

3.6.1. Preparative One-Step RP-HPLC of a Synthetic Amphipathic
�-Helical Antimicrobial Peptide

1. Figure 15 shows the analytical RP-HPLC profile of a crude synthetic 26-residue
amphipathic �-helical antimicrobial peptide, with the sequence Ac-K-W-K-S-F-L-
K-T-F-K-S-A-K-K-T-V-L-H-T-A-L-K-A-I-S-S-amide and all residues are d-amino
acids (83).

2. The analytical run was carried out on a Zorbax SB300-C8 column (Column 7
on Instrument 1) by a linear AB gradient (1% CH3CN/min) at a flow rate of
0.25 mL/min and room temperature, where eluent A is 0.2% aqueous TFA, pH 2.0,
and eluent B is 0.2% TFA in CH3CN.

3. As shown in Fig. 15, the synthesis of the peptide by the solid-phase approach is
successful; however, purification of the desired product from both hydrophilic and
hydrophobic impurities is clearly necessary.
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Fig. 15. Analytical reversed-phase high-performance liquid chromatography profile
of crude synthetic 26-residue amphipathic �-helical antimicrobial peptide. Column,
conditions, and peptide sequence shown in Subheading 3.6.1. A, On-scale elution
profile; B, fourfold expansion of elution profile. P denotes desired product.
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4. The synthetic crude peptide is applied (100 mg and 200 mg sample amounts) to a
Zorbax SB300-C8 semipreparative RP-HPLC column (Column 9 on Instrument 3).
A linear AB gradient (1% CH3CN/min for 30 min, followed by 0.1% CH3CN/min
for 150 min, followed by 1% CH3CN/min for 30 min) at a flow rate of 2 mL/min
and room temperature, where eluent A is 0.2% aqueous TFA, pH 2, and eluent B
is 0.2% TFA in CH3CN. To design the gradient method, a “rule of thumb” has
been developed. The researcher determines the percentage acetonitrile required to
elute the peptide of interest by running the crude peptide on an analytical column
at 1% CH3CN per min. In the present case, the peptide of interest is eluted at 42%
CH3CN. To establish the percentage CH3CN at which the 0.1% CH3CN gradient
begins, the rule of thumb is to start 12% below that required to elute the peptide
in the 1% gradient run. Thus, the gradient for the preparative run is 0 to 30%
acetonitrile at 1% acetonitrile/min (30% is 12% below 42%), then begin the gradient
of 0.1% CH3CN per min for 150 min (increase of 15% CH3CN) followed by 1%
CH3CN per min for 30 min to wash the remaining hydrophobic impurities off
the column.

5. Fractions are collected every 2 min and fraction analysis carried out under the
same conditions described for Fig. 15. Fractions are repooled as hydrophilic
impurities, pure product and hydrophobic impurities (Fig. 16A, B, and C, respec-
tively). These three pools are then lyophilized, redissolved in water (10 mL) and
reanalyzed by RP-HPLC (5 �L sample volumes; same conditions as described
for Fig. 15).

6. Figure 16 shows the excellent product purity and yield obtained by this slow
gradient approach to purification of the 200-mg sample load (Fig. 16B). Very little
product is found in the hydrophilic fraction (Fig. 16A) and hydrophobic fraction
(Fig. 16C).

7. Figure 17 illustrates fraction analyses of adjacent fractions at the beginning and
end of product appearance for both the 100 mg (top panels) and 200 mg (bottom
panels) sample amounts. Note that only one fraction for each sample amount
contained overlapping product and hydrophilic impurities (Fr. 63 and Fr. 54 for
100-mg and 200-mg runs, respectively) or overlapping product and hydrophobic
impurities (Fr. 75 and Fr. 71 for 100-mg and 200-mg runs, respectively), underlying
the effectiveness of this slow gradient approach for resolution of desired peptide
product from even closely structurally related synthetic impurities.

8. It should be noted that the greater the sample load, the sooner the appearance of
desired peptide product eluted from the column, i.e., Fr. 54 for a 200-mg load vs
Fr. 63 for a 100-mg load. In addition, the larger the load, the greater the number
of fractions needed for product elution (13 fractions for the 100 mg load and
18 fractions for the 200-mg load).

9. The RP-HPLC column has the capacity for an even larger sample load than 200 mg.
However, there is not sufficient material available to determine the maximum load
on this column.
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Fig. 16. Pooled fractions following reversed-phase (RP)-high-performance liquid
chromatography (HPLC) purification of 100 mg of crude synthetic 26-residue amphi-
pathic �-helical antimicrobial peptide. Column, conditions, and peptide sequence
described under Subheading 3.6.1. Analytical RP-HPLC elution profiles of pooled
fractions: (A) pool of all fractions containing hydrophilic impurities, (B) pool of all
fractions containing pure product, denoted P, and (C) pool of all fractions containing
hydrophobic impurities.
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Fig. 17. Fraction analysis of adjacent fractions at beginning and end of
product appearance following preparative reversed-phase (RP)-high-performance liquid
chromatography (HPLC) of 100 mg (top panels) and 200 mg (bottom panels) of
synthetic 26-residue amphipathic �-helical antimicrobial peptide. Column, conditions
of preparative RP-HPLC and fraction analysis, and peptide sequence described under
Subheading 3.6.1. P denotes desired product.

3.6.2. Preparative One-Step Purification of a Recombinant Protein
From a Whole Cell Lysate

1. A truncated form (99 residues) of chicken skeletal �-tropomyosin (denoted
Tm1-99) is prepared as fusion protein containing a T7 tag (14 amino acids in
length) at the N-terminus (84).

2. The construct is inserted into a pET3a vector and the fusion protein is subsequently
overexpressed in Escherichia coli.

3. Following cell lysis, the cell contents are extracted with 0.1% aqueous TFA.
4. Figure 18 (top) presents an analytical RP-HPLC elution profile of the cell lysate.

This profile is obtained on a Zorbax SB300-C8 column (Column 7 on Instrument 1)
by a linear AB gradient (1% CH3CN/min) at a flow rate of 0.3 mL/min and room
temperature, where eluent A is 0.05% aqueous TFA, pH 2.0, and eluent B is
0.05% TFA in CH3CN.

5. As shown in Fig. 18 (top), the desired Tm1-99 product represented 3.2% of total
contents of crude sample.

6. A sample volume of 4 mL is applied to a Zorbax SB300-C8 narrow bore column
(Column 7 on Instrument 3) and subjected to a linear AB gradient (2% CH3CN/min
up to 24% CH3CN, followed by 0.1% CH3CN/min up to 40% CH3CN; a rapid rise
of 4% CH3CN/min up to 60% CH3CN was then followed by an isocratic wash with
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60% aqueous CH3CN) at a flow rate of 0.3 mL/min and room temperature, where
eluent A is 0.05% aqueous TFA, pH 2, and eluent B is 0.05% TFA in CH3CN.

7. Fractions are collected every 2 min and analyzed by RP-HPLC on a Zorbax
SB300-C8 column (Column 7 on Instrument 1) under the same conditions as for
the analytical profile of the crude cell lysates (Fig. 18, top), save for a linear AB
gradient of 2% CH3CN/min.

8. The fractions are pooled into hydrophilic impurities (Fig. 18, bottom left),
purified product (Fig. 18, bottom middle), and hydrophobic impurities (Fig. 18,
bottom right). These analytical profiles are obtained with the same column and
conditions as the crude analytical profile (Fig. 18, top).

9. As shown in Fig. 18, the purified product had a purity of >95% and a yield of
>90% recovery. This was in contrast with a 64% purity of Tm1-99 obtained by
a one-step antibody affinity approach at one-tenth the recovery of the one-step
RP-HPLC approach. Scale up of the affinity approach to produce enough
semi-pure material (still requiring the final RP-HPLC step) of comparable purity
and yield of the RP-HPLC-based protocol alone would certainly be prohibitively
expensive.

10. Note that the same rule of thumb for the shallow gradient approach of 0.1%
CH3CN/min (as described for the 26-residue peptide (Subheading 3.6.1.) can be
applied to the preparative purification of larger polypeptides and proteins.

3.6.3. Alternative Preparative RP-HPLC Purification Approaches
on Analytical Columns and Instrumentation

The slow gradient approach to preparative RP-HPLC of peptides and proteins
described under Subheadings 3.6.1. and 3.6.2. produces excellent yields
of purified samples. Indeed, we recommend this simple one-step RP-HPLC
protocol for routine purification of relatively small sample quantities. However,
for larger scale applications, where it is of particular importance to maximize,
for cost purposes, yield of purified material per gram of RP-HPLC stationary
phase, we wish to direct readers to our novel preparative approach termed
sample displacement chromatography (SDC), characterized by the major
separation process generally taking place in the absence of organic modifier
concomitant with optimum utilization of RP-HPLC column capacity (85–89).

3.6.3.1. One-Step SDC of Peptides

1. Conventional reversed-phase SDC is conceived as a novel purification approach
on high-performance analytical columns and instrumentation, where the only
variable is sample load, i.e., without the addition of organic modifier or displacer
(the latter being characteristic of traditional displacement chromatography (90))
to the mobile phase (85–89).



Fi
g.

18
.

O
ne

-s
te

p
pr

ep
ar

at
iv

e
re

ve
rs

ed
-p

ha
se

(R
P)

-h
ig

h-
pe

rf
or

m
an

ce
liq

ui
d

ch
ro

m
at

og
ra

ph
y

(H
PL

C
)

pu
ri

fi
ca

tio
n

of
a

re
co

m
bi

na
nt

pr
ot

ei
n

fr
om

a
w

ho
le

ce
ll

ly
sa

te
.

T
op

,
an

al
yt

ic
al

R
P-

H
PL

C
pr

of
ile

of
cr

ud
e

sa
m

pl
e

m
ix

tu
re

.
B

ot
to

m
:

po
ol

ed
fr

ac
tio

ns
fo

llo
w

in
g

pr
ep

ar
at

iv
e

pu
ri

fi
ca

tio
n

of
re

co
m

bi
na

nt
pr

ot
ei

n
T

m
1–

99
.

C
ol

um
n,

co
nd

iti
on

s
of

an
al

yt
ic

al
R

P-
H

PL
C

,
pr

ep
ar

at
iv

e
R

P-
H

PL
C

,a
nd

fr
ac

tio
n

an
al

ys
is

de
sc

ri
be

d
un

de
r

Su
bh

ea
di

ng
3.

6.
2.

P
de

no
te

s
de

si
re

d
pr

od
uc

t.
(R

ep
ro

du
ce

d
fr

om
re

f.
84

,w
ith

pe
rm

is
si

on
fr

om
E

ls
ev

ie
r

Sc
ie

nc
e.

)



HPLC and Peptide Purification 47

2. Because peptides favor an adsorption-desorption mechanism of interaction with
a hydrophobic stationary phase, under normal analytical load conditions an
organic modifier is typically required for their elution from a reversed-phase
column. However, when such a column is subjected to high loading of a peptide
mixture dissolved in a 100% aqueous mobile phase, e.g., 0.1% aqueous TFA,
there is competition by the sample components for the adsorption sites on the
reversed-phase sorbent, resulting in solute–solute displacement during washing
with 100% aqueous mobile phase. A more hydrophobic peptide component
competes more successfully for these sites than a less hydrophobic component,
which is thus displaced ahead of the more hydrophobic solute, i.e., the sample
components acts as their own displacers.

3. The SDC approach is thus simply an application of the well established general
principles of displacement chromatography without the need for a separate
displacer. This mode of operation, a hybrid scheme of frontal chromatog-
raphy followed by elution, is characterized by a marked reduction in solvent
consumption, minimal elution volumes, and the collection of fewer fractions for
product isolation than in conventional RP-HPLC, with consequence reductions
in time and handling.

4. Several successful SDC separations have been reported (85–89), including the
purification of a therapeutically important synthetic peptide representing part
of the sequence of luteinizing hormonereleasing hormone (LHRH) (88).

5. SDC has also been adapted to modular solid-phase extraction (SPE) technology
for development of a rapid, simple and cost-effective procedure for the efficient
and parallel purification of multiple peptide mixtures (91).

6. An interesting application of anion-exchange chromatography in sample
displacement mode for protein purification has also been reported (92).

3.6.3.2. Two-Step SDC of Peptides

1. SDC methodology has been developed further to carry out preparative separa-
tions on analytical equipment and columns (15 cm in length) for sample loads
≤200 mg (93).

2. Following sample loading of 10- or 11-residue bradykinin antagonists in 100%
aqueous solvent (e.g., 0.05% aqueous TFA) at a concentration of 7–10 mg/mL
(sample loads varying from 67 mg to 200 mg) onto a small C18 column
(150 × 4.6 mm ID, made up of 3 × 50-mm columns attached in series), isocratic
elution with aqueous CH3CN at two concentrations is applied.

3. The first (lower) CH3CN concentration displaces hydrophilic impurities off the
column; the second (higher) CH3CN concentration displaces pure product from
the column. Hydrophobic impurities remain trapped on the column.

4. This modified SDC approach promises to allow great flexibility in purifying
peptides, at high yield of pure product (>99% purity), and encompassing a
range of sample hydrophobicities and sample loads.
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4. Notes
1. Although highly pure TEA can be readily purchased, the authors’ laboratory has

regularly used lesser-grade reagent (following distillation over ninhydrin, where
necessary) with no discernible problems.

2. Occasionally, it has been necessary to remove UV-absorbing contaminants from
reagent-grade NaClO4 by passing a stock solution of the salt through a preparative
(e.g., 1 cm ID) RP-HPLC column (following filtration through a 0.22-�m filter).

3. The unusually high concentration of acetonitrile (40%) is required to eliminate
nonideal behavior because of the considerable hydrophobic characteristics of the
column packing. Other CEX packings are available that are hydrophilic and require
considerably less acetonitrile or no acetonitrile in the mobile phase. In general,
it is preferable to have each HPLC mode utilize just a single mechanism, i.e.,
ion-exchange mechanism only, in the absence of any nonspecific hydrophobic
interactions which could complicate interpretation of results.

4. Fifty percent of all �-helices in proteins are amphipathic (77).
5. In a similar manner to the effect of the hydrophobic environment characteristic of

RP-HPLC in inducing helical structure in potential �-helical peptides, the presence
of a high concentration (70% in this case) of organic modifier in HILIC/CEX will
also induce such structure.
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Identification of Proteins Based on MS/MS Spectra
and Location of Posttranslational Modifications
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Summary

Comparative protein profiling is a key approach to understanding the human and other
proteomes. Systems-level profiling technologies, such as differential fluorescence two-
dimensional gel electrophoresis (DIGE), often require the identification of the proteins that are
contained within 50 or more spots per gel. A major focus of this chapter therefore is devoted to
a general approach for high throughput protein identification that is based on liquid chromatog-
raphy (LC)/tandem mass spectrometry (MS/MS) analysis of tryptic digests of individual proteins
or mixtures of only a few proteins (i.e., as are usually obtained from individual DIGE spots),
and that is also applicable to the analysis of complex protein extracts. Additionally, multiple
techniques will be described for identifying sites of protein posttranslational modification, with
emphasis on phosphorylation and Arg methylation.

Key Words: MS/MS; phosphorylation; methylation.

1. Introduction
The ultimate goal of proteomics is to comprehensively identify all proteins

within a given tissue or cell type, their associated biological activities, posttrans-
lational modifications, and protein–protein interactions, and to determine how
the proteome is altered in response to a variable (i.e., treatment, disease).
Mass spectrometry (MS)-based identification of proteins is typically carried
out by first subjecting the sample to trypsin digestion followed by either
high mass accuracy matrix-assisted laser desorption/ionization (MALDI) MS
fingerprinting (1) or by tandem mass spectrometry (MS/MS) analysis (2) of
individual peptides within the digest. Advantages to the MALDI-MS peptide
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mass database searching approach include its very low attomol/fmol sensitivity,
short instrument run time, the relatively inexpensive instrumentation, and the
comparative ease with which the data and the resulting database searches can be
interpreted and understood. A major disadvantage of this approach, however,
is that it is limited to highly purified samples that preferably contain only a
single major protein (i.e., as might be expected for many spots derived from
two-dimensional [2D] gel electrophoresis of partially purified cell fractions).
While it may be possible to use peptide mass database searching to identify two
to three proteins in a given sample, this approach cannot be used on the very
complex mixtures that result from tryptic digestion of cell extracts. Generally,
we find that the probability of identifying a protein by peptide mass database
searching decreases as the number of peptide ions detected by MALDI-MS
significantly exceeds the 50–100 peptides that might be obtained from one to
two average-sized proteins. In MS/MS-based protein identification, which is
typically performed on an electrospray/quadrupole time-of-flight (Q-TOF) or
MALDI/tandem time-of-flight (TOF/TOF) instrument, the MS/MS spectrum
obtained from each (approx 10–25 residue) peptide often contains sufficient
information to enable its parent protein to be identified by database searching of
the uninterpreted MS/MS spectrum. Hence, extremely complex protein digests
are amenable to MS/MS based identification using any one of several different
search algorithms (3). One of the better programs, Mascot (http://www.matrix-
science.com) is accessible to anyone over the Internet; thus, focus will be
given to using this program for MS/MS identification of proteins. Often, if no
match is found, and the quality of the MS/MS spectra is sufficiently good, it is
possible to call a de novo sequence (4,5). Another advantage of MS/MS-based
protein identification is that the success rate with this approach is higher than
with peptide mass database searching. In our experience from analyzing >3200
“unknown” proteins submitted by hundreds of investigators, we have observed
a 43% success rate at identifying one or more proteins/sample from peptide
mass database searching as compared to a 77% success rate with MS/MS-based
protein identification.

Reversible protein phosphorylation is probably the most important mech-
anism used for intracellular signal transduction (6) and is involved in regulating
cell-cycle progression, differentiation, transformation, development, peptide
hormone response, and adaptation (7–9). Because as many as one-third of
mammalian proteins may be phoshorylated (9), this modification is among
the most important and widespread. Based on our experience, the majority of
modifications occur at very low stoichiometry such that only a small fraction of
the protein substrate is phosphorylated at any given peptide site. For this reason,
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it is often advantageous to tryptically digest an in vivo 32P-labeled protein.
The radiolabel tag serves as a tracer for locating the phosphopeptide. When
the stoichiometry of phosphorylation is above approximately 10% at any given
site, it is often possible to use mass spectrometric approaches to bring about
an identification without the need for in vivo or in vitro [32P]-labeling. One
approach that works well under these conditions is comparative MALDI-MS
fingerprinting of the trypsin-digested sample before and after alkaline
phosphatase treatment. After identifying the mass of a peptide ion containing
a site of phosphorylation (based on the mass shift after alkaline phosphatase
treatment), a second aliquot of the sample is subjected to MS/MS analysis
(or MS/MS can be done directly on MALDI-TOF/TOF instrument). There
are many other approaches for locating sites of phosphorylation including
�-elimination/biotin affinity tag modification of the phosphorylated site
(10–12). Given the low stoichiometry of many phosphorylation sites in proteins,
procedures such as immobilized metal affinity chromatography (IMAC) (13)
and affinity chromatography (Qiagen Phosphoprotein Purification Kit) that can
enrich for phosphopeptides or phosphoproteins provide an attractive option prior
to the use of MS or MS/MS-based approaches for structural analysis of sites of
phosphorylation. Typically, we employ multiple, complementary approaches
for locating sites of phosphorylation that often begin with in vivo or in
vitro 32P-labeling and trypsin digestion followed by preparative capillary high-
performance liquid chromatography (HPLC). Identifications are then brought
about by MALDI-MS mapping of isolated 32P-labeled peptides (or of nonfrac-
tionated digests) before and after treatment with alkaline phosphatase, MS/MS
analysis, and Edman chemical and radioisotope-based sequencing.

One of the ultimate goals of proteomics is to identify and quantify all protein
and protein posttranslational changes between a control vs an experimental
whole-cell protein extract. It is, however, extremely difficult to account for all
tryptic peptide ions expected and/or observed following MALDI-MS or liquid
chromatography (LC)/MS/MS analysis of a digest of even a single, average-
sized, 75-kD protein. Incomplete cleavages, chymotryptic-like cleavages, in
vivo and in vitro (e.g., occurring during gel electrophoresis) protein modifica-
tions, trypsin autolysis products, and keratin and other contaminating proteins
all serve to frustrate a “complete” analysis of an isolated protein and a complete
accounting of all observed ions. An alternative strategy that may be used in this
case is comparative analysis of a native protein vs its counterpart that has been
expressed in an organism such as Escherichia coli where proteins are subject
to relatively few posttranslational modifications. With this approach, tryptic
digests of the two proteins are compared to each other using MALDI-MS
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peptide mapping, LC/MS, microbore (preparative) 1D or 2D HPLC, or other
similar approaches. With this approach peaks that are found only in the digest of
the native or control protein usually represent sites of posttranslational modifi-
cation which are then subjected to MS/MS and other structural analyses. When
this comparative approach is feasible, we believe it provides one of the most
facile means to quickly identify peptides that are posttranslationally modified.
To increase the probability of finding “all” modifications in the native protein,
this experiment can be repeated using one or more different proteases such as
chymotrypsin or Staphylococcus protease. In the case of complex cell extracts,
multidimensional protein identification (MudPIT) (14) provides one of the best
approaches to identify all proteins and their posttranslational modifications
that are differentially expressed in a control vs experimental sample. Although
quantitative evaluation would require the use of isotopic labeling, qualitative
comparisons can be based on LC/MS differences in total ion current.

2. Materials
2.1. LC/MS/MS

1. Q-TOF mass spectrometer (such as a Waters Q-Tof or Applied Biosystems (ABI)
QSTARinstrument) equippedwithacapillaryHPLCsystem(suchasaWaterscapLC).

2. Buffer A: 98% water, 2% acetonitrile, 0.1% acetic acid.
3. Buffer B: 20% water, 80% acetonitrile, 0.1% acetic acid.
4. Waters Atlantis™ dC18, 3 �m particle size, 100 Å pore size, 100 � × 150 mm

NanoEase™ column.

2.2. Alkaline Phosphatase Digestion

1. 1X buffer: 100 mM NaCl, 50 mM Tris-HCl (pH 7.9), 10 mM MgCl2, 1 mM dithio-
threitol (DTT).

2. Alkaline phosphatase (New England Biolabs), 10 U/�L in 50 mM KCl, 10 mM
Tris-HCl (pH 8.2), 1 mM MgCl2, 0.1 mM ZnCl2, 50% glycerol.

3. C18 ZipTip® (Millipore Corporation), 10-�L pipet tip with a 0.6-�L resin bed.
4. ZipTip wash buffer: 50% acetonitrile, 0.1% trifluoroacetic acid (TFA).
5. ZipTip equilibration buffer: 0.1% TFA.
6. ZipTip elution buffer: 50% acetonitrile, 0.1% aqueous formic acid.
7. Matrix solution: 5 mg/mL �-cyano-4-hydroxycinnamic acid matrix in 0.05%s

aqueous TFA, 50% acetonitrile.

2.3. Comparative Peptide Mapping

1. Microbore HPLC system.
2. Vydac C18, 5 �m particle size, 300 Å pore size, 1 × 250 mm reversed-phase (RP)

column.
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3. Buffer A: 0.05% TFA, 100% water.
4. Buffer B: 80% acetonitrile, 20% water, 0.045% TFA.
5. Mass spectrometer: a MALDI or electrospray ionization (ESI) mass spectrometer

can be used.

2.4. Radiosequencing

1. Edman degradation chemical sequencer (such as an Applied Biosystems [AB]
Procise 494 cLC sequencer).

2. Sequelon™ membrane (Applied Biosystems).

3. Methods
The procedure for generating MS/MS data for protein identification and

location of posttranslational modifications requires that the peptides of interest
first be ionized and transferred in the gas phase into a mass spectrometer.
Typically, either a MALDI or ESI source is used to generate and introduce
the peptide ions into a MALDI-TOF/TOF, ion trap, or Q-TOF type mass
spectrometer. Tryptic peptides (which often range from 10 to 25 residues in
length) tend to ionize and fragment well using electrospray, forming primarily
doubly and triply charged ions. Hence, trypsin is usually the enzyme of
choice for MS/MS-based protein identification (see Note 1). In an ESI-Q-
TOF instrument (such as that used in this study), the ions enter into the first
quadrupole, where individual m/z ions are selected, based on criteria set up in
the method, for transfer to the collision cell for collision-induced dissociation
(CID). During CID, peptides undergo collisions with a pressurized neutral gas
such as Ar or He. These collisions cause the peptide to break along the peptide
backbone producing product/sequence ions. These ions are then mass measured
by the TOF analyzer in a Q-TOF instrument or by an ion trap in the latter
type instrument and their relative intensities are measured at the detector. The
sequence ions observed are called a, b, c and x, y, z ions and are produced
by cleavage at C-C, C-N, or N-C bonds, respectively. Generally, each doubly
charged ion cleaves to produce two singly charged fragments. If the charge is
retained on the N-terminal peptide fragment, the resulting ions are called a, b,
or c ions. If the charge is retained on the C-terminal fragment, these are called
x, y, or z ions (Fig. 1). Ions are further labeled with a subscript to indicate the
number of amino acids in the fragment (4,5). The most commonly observed
ions in an ESI-Q-TOF instrument are the b and y ions.

3.1. MS/MS Analysis

The procedure described below is designed for analyzing protein digests
using LC/MS/MS on a Waters/Micromass Q-Tof equipped with a Waters
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Nomenclature for MS/MS Fragment Ions

Structures of Singly-charged Sequence Ions

Fig. 1. Tandem mass spectrometry peptide fragment ions. Ions a, b, and c have the
charge retained on the N-terminal fragment. Ions x, y, and z have the charge on the
C-terminal fragment. From Mascot (http://www.matrix-science.com).

capLC. The Mascot Distiller and Mascot search program described can analyze
MS/MS data from any vendor’s mass spectrometer.

1. Five microliters of the sample dissolved in buffer A is directly injected onto a 75
or 100 �×150 mm Atlantis column running at 300 or 500 nL/min, respectively (see
Notes 2 and 3).

2. Gradient (see Note 4):

Time %B

0–23 min 5–37
23–55 min 37–75
55–65 min 75–95
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3. Data-dependent acquisition is performed so that the mass spectrometer switches
automatically from MS to MS/MS modes when the total ion current increases above
the 1.5 counts/second threshold set point.

4. To obtain good fragmentation, a collision energy ramp is set for the different
peptide mass ranges and charge states (Table 1) (see Note 5). Preference is given
to doubly and triply charged species for fragmentation over singly charged ions
which generally do not fragment as well as the higher charged ions.

5. All MS/MS are searched using the Mascot algorithm (15) for uninterpreted MS/MS
spectra after using the Mascot Distiller program to generate Mascot compatible
files. The Mascot Distiller program combines sequential MS/MS scans from profile
data that have the same precursor ion. Charge states of +2 and +3 are preferentially
located with a signal-to-noise ratio of 1.2 or greater and a peak list is generated for
database searching.

6. Using the Mascot database search algorithm, a protein is considered to be identified
when Mascot lists it as a significant match and two or more peptides are matched
to the same protein.

7. The database searched is the NCBInr, which is chosen over genome-specific
databases because a match to a protein from the correct species in the NCBInr

Table 1
Collision Energy in Volts used to Obtain
MS/MS Spectra for Peptides with the
Indicated Charge State and m/z

Collision energy ramp

Charge state m/z Collision energy used

1 300 22
566 29
955 55

1800 80
2 400 26

653 28
740 30
820 32

1200 55
1800 65

3 435 30
547 35
605 38

1800 50
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database provides an added degree of certainty that the identified protein is indeed
present in the sample. Additionally, when the genome for the organism being studied
has not yet been completed and the sequence for the isolated peptide is not yet in
any database, a significant match may still be found in the NCBInr database if the
isolated peptide shares sufficient sequence identity to the corresponding peptide in
a homologous protein found in another species (see Note 6).

8. The score determined by Mascot for an individual MS/MS peptide match is based
on the probability (P) that the observed match between the experimental MS/MS
spectra and the ions predicted from a database peptide sequence is a random event
(16). The match with the lowest probability is thus the best match. Whether this
match is significant depends upon the size of the database. Because current databases
contain very large numbers of entries, a significant match has a very low Mascot
probability that would need to be expressed in scientific notation. Because this is
inconvenient, the reported Mascot score is −10Log10(P), where P is the probability.
This means that the best peptide match is the one with the highest score. If we use a
significance threshold of <0�05, which is a widely used threshold, this means that
the probability of the observed match resulting from chance is less than 1 in 20.
With this threshold a significant peptide match typically has a Mascot score of 70
or higher. The Mascot protein score is derived from the individual peptide scores.
The best indicator that the highest scoring protein is present in the sample is the
presence of multiple, significant peptide matches to the same database entry. Typical
parameters used for searching are partial Met oxidation and acrylamide modified
Cys (see Note 7), a peptide tolerance of ±0�4 Da, MS/MS fragment tolerance
of ±0�2 Da, peptide charges of +2 or +3, and a significance threshold of <0�05.

3.2. De Novo MS/MS Interpretation

If no protein is identified by an automated database search, then it may be
possible to call either a sequence tag (17), which is a partial sequence, or the
entire sequence of the peptide from the MS/MS spectra. Figure 2 contains the
MS/MS fragmentation pattern of a tryptic peptide from a bovine serum albumin
(BSA) digest. This spectrum is used as an example in the explanation below
on interpreting MS/MS spectra.

1. Determine the precursor mass (722.34), the charge state [+2 (doubly charged)],
and then the mass of the intact peptide (see Note 8).

2. Locate an area of the spectra that appears to be “clean” but contains fragment ions
(see Note 9).

3. Pick the most abundant ion, and subtract the neighboring most abundant ion.
Table 2 contains the masses of the different amino acids in a peptide. Gly (57 Da)
is the smallest amino acid, while Trp is the largest (186 Da). Hence, the fragment
ion differences will fall between these masses providing that no posttranslational
modifications are present.
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Peptide from BSA tryptic digest    

Average Mass = 1443.5547, Monoisotopic Mass = 1442.6346  
Residues: 1–12 
N-Terminus = H,  C-Terminus = OH

a
b
c''
i

x
y''
z

136.08
164.07
181.10
136.08

-
-
-

249.16
277.16
294.18

86.10

1306.56
1280.58
1263.55

409.19
437.19
454.21
133.04

1193.47
1167.50
1150.47

524.22
552.21
569.24

88.04

1033.44
1007.46

990.44

638.26
666.26
683.28

87.06

918.42
892.44
875.41

766.32
794.31
811.34
101.07

804.37
778.39
761.37

881.35
909.34
926.37

88.04

676.32
650.34
633.31

982.39
1010.39
1027.42

74.06

561.29
535.31
518.28

1095.48
1123.47
1140.50

86.10

460.24
434.26
417.23

1182.51
1210.51
1227.53

60.04

347.16
321.18
304.15

1269.54
1297.54
1314.56

60.04

260.12
234.15
217.12

-
-
-

101.11

173.09
147.11
130.09

Tyr Ile CAM Asp Asn Gln Asp Thr Ile Ser Ser Lys
1 2 3 4 5 6 7 8 9 10 11 12

12 11 10 9 8 7 6 5 4 3 2 1

Fig. 2. Tandem mass spectrometry (MS/MS) spectra obtained on a tryptic peptide
from bovine serum albumin (BSA) using a Waters Q-Tof API. 250 fmols of a BSA
tryptic digest was subjected to liquid chromatography/MS/MS analysis as described
in Methods. The spectra were acquired automatically using data-dependent MS/MS
acquisition.

4. If the mass difference between the two selected ions is not equal to the mass of an
amino acid, then continue to the next closest ion until one is located whose mass
difference from the most abundant ion is equal to the mass of an amino acid (see
Note 10).

5. Next, try to extend the sequence by picking the ion next to the second ion and
subtracting their masses until another fragment ion is located.

6. Continue this process until the C-terminus of the peptide is identified. The
C-terminal amino acid will have a mass that is equal to the sum of one of the
amino acid masses listed in Table 1 plus the C-terminal group, which adds 19 Da



66 Stone et al.

Table 2
Listing of the Amino Acids and Their Corresponding Monoisotopic Masses
Within a Peptide and Their Immonium Ions

Mass values for amino acids in peptides

Amino acid 1-letter code
Monoisotopic

mass, integer value Immonium ion

Glycine G 57 Da 30
Alanine A 71 Da 44�1
Serine S 87 Da 60
Proline P 97 Da 70�1
Threonine T 101 Da 74�1
Cysteine C 103 Da 76
Isoleucine I 113 Da 86�1
Leucine L 113 Da 86�1
Asparagine N 114 Da 87�1
Aspartic acid D 115 Da 88
Glutamine Q 128 Da 101�1
Lysine K 128 Da 101�1
Glutamic acid E 129 Da 102�1
Methionine M 131 Da 104�1
Histidine H 137 Da 110�1
Phenylalanine F 147 Da 120�1
Arginine R 156 Da 129�1
Tyrosine Y 163 Da 136�1
Tryptophan W 186 Da 159�1

(H2O + H+� to the amino acid mass. Hence, if the peptide ends in Lys, the
C-terminal mass would be 147, and if in Arg, 175. In the y ion series, the C-terminal
amino acid is called y1.

7. Once several amino acids have been called from the y ions, the sequence can be
confirmed by identifying the corresponding b ions. The b ion series will be seen
primarily in the low mass region and corresponds to the amino terminus of the
peptide. In a Q-TOF instrument, the b ions generally are not observable above
the precursor mass. As with the y ions, the mass of the C-terminal amino acid in
the b ion series will be equal to an amino acid residue mass listed in Table 2 plus
19 Da. The N-terminal amino acid fragment in this series is called b1.

8. The b2 ion typically loses CO or −28 Da to form an a2 ion. Hence, a strong b2/a2

pair is often observed and can be used to begin calling the b ion series.
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9. Table 2 also contains immonium ions for each amino acid. Immonium ions are
internal fragments of the amino acid that can be used to confirm the presence, but
not the location, of that amino acid in the sequence.

10. In most MS/MS analyses it is not possible to differentiate between the isomeric
(Ile/Leu) and isobaric (Phe/oxidized Met and Gln/Lys) amino acids. However, if
a tryptic digestion was performed, and a mass difference of 128 Da is observed
within the peptide sequence, this is most likely a Gln.

11. Other helpful aids are as follows:

Thr/Ser: can show a loss of OH �−17 Da� or H2O �−18 Da�.
Met: can oxidize to Met sulfoxide �Met +16 Da = 147 Da�.
Trp: several combinations of amino acids also add up to the 186 mass of Trp.
Gln: an amino terminal Gln can cyclize to pyroglutamic acid (Gln −17 Da).
Acetylation: amino terminal acetylation adds 42 Da to the mass of the peptide.

12. If the sequence has been called correctly, all “pieces” or fragment ions will fit.
If an error has been made, then often the mass difference remaining at the N- or
C-terminus will be inconsistent with the peptide mass.

13. If only a partial sequence has been called (i.e., a sequence tag), then this sequence
will have to be database searched in both the forward and reverse directions. This
is necessary because unless the C-terminus of the peptide has been identified, it is
impossible to know if the fragment ion series called is a b or y ion series.

14. Programs that are commonly used for searching manually called peptide
sequences are BLAST (http://www.ncbi.nlm.nih.gov/BLAST) and MS-PATTERN
(http://prospector.ucsf.edu/ucsfhtml4.0/mspattern.htm).

3.3. Location of Sites of Phosphorylation

Whenever feasible, our general approach to identifying sites of protein
phosphorylation begins with an in gel trypsin digest of the Coomassie Blue
stained, [32P]-labeled phosphorylated protein. When >5000 cpm are present in
the gel band, we have succeeded in identifying the site(s) of phosphorylation
in approximately 75% of the samples analyzed by the following approach.

1. An in gel tryptic digest of the 32P-labeled protein is subjected to preparative,
microbore RP-HPLC with the entire gradient being collected with peak detection
into 1.5-mL capless Eppendorf tubes.

2. All of the resulting Eppendorf tubes are Cerenkov-counted to quickly locate those
fractions which contain phosphorylated peptides (see Note 11).

3. MALDI-MS analysis is carried out on approx 3% of each of the radioactive HPLC
fractions containing a tryptic phosphopeptide (see Note 12).

4. Up to 50% of each radioactive fraction that contains >1500 Cerenkov cpm is
coupled to a Sequelon solid support per the manufacturer’s directions and is then
subjected to radioactive Edman sequencing (see Note 13).
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5. The ABI 494 cLC protein/peptide sequencer is modified with a fraction collector
attached through the ATZ port. No flask cycles or HPLC gradients are used.
A modified cartridge Begin cycle is used that has an extended 100% TFA wash
to remove any unbound peptide that remains on the Sequelon support. The usual
cartridge chemistry cycle is modified to extract each anilinothiazolinone (ATZ)
amino acid after cleavage in 100% TFA for transfer to the fraction collector instead
of to the reaction flask. An argon flush through the cartridge to the fraction collector,
followed by a rinse of the line to the fraction collector, and another argon flush
ensure collection of any residual [32P] ATZ cpm from the initial transfer. Collected
fractions are dried, scintillation fluid is added, and each cycle is subjected to
scintillation counting. This data identifies the cycle(s) at which the cpm are eluted
and thereby which residue number(s) in the peptide are phosphorylated.

6. Normal Edman or MS/MS sequencing can be obtained on the other half of the HPLC
fraction to identify the [32P] peptide. Because the identity of the phosphorylated
protein is usually known, the identity of the phosphorylated peptide(s) can often be
inferred by comparing its mass, which is determined in step 3 above by MALDI-MS,
to the masses of the predicted tryptic peptides. In these instances the radioactive,
solid-phase Edman sequencing as well as normal Edman or MS/MS sequencing
provide confirmatory data (see Notes 14 and 15).

3.4. Alkaline Phosphatase Digestion/MALDI-MS Approach
to Locating Sites of Protein Phosphorylation

Alkaline phosphatase digestion of an aliquot of a tryptic digest prior to
comparative MALDI-MS analysis of the treated and nontreated tryptic digests
can often be used to locate site(s) of phosphorylation. This approach is most
suitable for highly purified protein samples.

1. An aliquot of an in gel tryptic digest carried out as described in Stone and Williams
(18) is brought to dryness in a Speedvac and then re-dissolved in 5�L of 1X
alkaline phosphatase digestion buffer.

2. One microliter or 10 U of alkaline phosphatase is mixed with the tryptic digest
aliquot.

3. Digestion proceeds at 37�C for 2 h.
4. Sample desalting is carried out by using a C18 ZipTip.

a. The ZipTip is washed three times with 10 �L of the ZipTip wash buffer.
b. Equilibration of the ZipTip to prepare for peptide binding is carried out by

washing six times with 10 �L of the equilibration buffer.
c. Add 6 �L of the equilibration buffer to the sample.
d. The sample digest is loaded onto the ZipTip by drawing the sample up and

expelling it ten times.
e. Wash the ZipTip six times with 10 �l of the equilibration buffer.
f. Elute the peptides with 3 �l of the elution buffer.
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g. Repeat this procedure with an equal amount of the control tryptic digest that has
not been treated with alkaline phosphatase.

5. The ZipTip-eluted alkaline phosphatase digested tryptic digest and the control tryptic
digest are each mixed with 1 �L of the matrix solution and loaded on a MALDI-MS
target plate.

6. Comparative MALDI-MS mapping is carried out as shown in Fig. 4 (see Note 16).
7. After locating the phosphorylated tryptic peptide, MS/MS sequencing is carried out

by MALDI-MS/MS, nanospray MS/MS or LC/MS/MS using an include list for the
peptide of interest.

3.5. Location of Other Sites of Protein Posttranslational Modification

Locating all sites of protein posttranslational modification is a difficult task
that generally requires MS analysis and accounting of all peptides that result
from tryptic and/or other protease cleavage of the protein of interest. Whenever
feasible, it is advantageous to first obtain a high mass accuracy ESI or MALDI-
MS analysis of the native protein which (depending upon the mass accuracy
that can be achieved and the MW of the protein) may be able to determine
whether or not the protein is modified and if so, the total MW increase resulting
from these modification(s). Often, it is of more interest and easier to determine
differential protein posttranslational modification(s) between an experimental
and control sample. In this case comparative MALDI-MS and/or RP-LC/MS on
one or more proteolytic digests of the two samples may succeed in identifying
the peptides that are differentially modified, providing that the stoichiometry
of modification is reasonably high (i.e., >10%). Because relatively few protein
posttranslational modifications occur in E. coli, comparative reverse phase (RP)-
HPLC, MALDI-MS, and/or RP-LC/MS of tryptic and other protease digests of
the native vs recombinant protein expressed in E. coli can potentially identify
numerous sites and types of post-translational modifications. In the case of
preparative RP-HPLC, aliquots of any peptide peaks that are unique to either
the native or recombinant protein would be subjected to MALDI-MS, Edman,
and/or nanospray MS/MS sequencing to assist in identifying the modification(s)
and its location(s) in the protein (see Note 17).

In some cases (e.g., when the protein of interest is being isolated from tissue
culture cells), it may be possible to radiolabel the posttranslational modification,
which provides an enormous benefit in terms of being able to isolate RP-HPLC
fractions containing the modified peptides and also in terms of being able to
track the recovery of these peptides. Hence, labeling with [3H] S-adenosyl Met
can be used to tag sites of protein Arg methylation. In this instance an overall
approach may be used that is similar to that outlined in the protein phosphorylation
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section above. After trypsin or other protease digestion and RP-HPLC collection,
it would be necessary (unless an in-line 3H-detector is available) to remove 10%
of each fraction, mix it with a scintillation fluid, and then use a scintillation
counter to locate fractions containing the methylated peptides. Once the radio-
chemically tagged peptide(s) is/are located, MALDI-MS would be performed
along with radiochemical Edman sequencing and/or nanospray MS/MS analysis.
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4. Notes
1. Trypsin is a very specific protease cleaving at the C-terminal side of Lys and

Arg. This specificity is particularly useful for de novo sequencing, because the
C-terminal amino acid can be specifically located as Lys (at 147 Da) or Arg (at
175 Da).

2. The Waters capLC is capable of running reproducibly at 500 nl/min and can do a
direct injection of 5 �L of sample without concentration on a trap column. For other
capillary HPLC systems, such as the LC Packings Ultimate, we run at 20 �L/min
with stream splitting performed by the LC Packings Switchos, to 500 nL/min. In
this instance the sample is preconcentrated on a Waters Symmetry® NanoEase™
Trapping column.

3. Based on our experience, the Waters Atlantis NanoEase columns have an average
lifetime of more than 600 runs per column. A 100-� inner diamter (ID) column
eluted at 500 nL/min was found to be considerably more robust than the 75-� ID
columns eluted at 190 nL/min. The 100-� ID columns also allow the capLC to
operate at 500 nL/min, which eliminates problems associated with stream splitting.

4. For very complex protein mixtures, it can be advantageous to extend the capLC
run time. This will help to better separate the peptides so that additional MS/MS
spectra will be obtained.

5. Singly, doubly, and triply charged peptides, as well as different length peptides
differ in terms of the collision energies needed to obtain optimum fragmentation.
By using a collision energy ramp in the method, it is thus possible to increase the
quality of the resulting MS/MS spectra.

6. A few other databases are available at the Matrix Science web site. Specific
genomes can be searched using Mascot if an in-house license is obtained.

7. Typically, proteins are isolated in 1- or 2D gels prior to tryptic digestion. During gel
electrophoresis, cysteines can become modified with acrylamide which converts
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them to Cys-S-propionamide (19). Thus, it is important to consider this modifi-
cation when doing a database search.

8. The precursor mass is often found in the MS/MS spectrum header, or it can
readily be located in the Mascot search results, under “Observed.” Sometimes
the charge state can be determined by dividing the precursor mass by the highest
mass fragment ion observed in the MS/MS spectrum. Assuming that the mass
spectrometer has sufficient resolution to resolve the parent ion isotopes, the best
approach to determine the charge state is by examining the LC/MS spectrum.
Isotopes that differ by 1 amu indicate the parent ion is singly charged; by
0.5 amu, doubly charged; by 0.3 amu, triply charged, and so on. The peptide
mass is calculated by subtracting the proton from the precursor ion, then
multiplying that value by the charge state to determine the mass M of the
peptide. The protonated mass would be the M + H species. In this example,
722�34 − 1�01 = 721�33� 721�33 × 2 = 1442�66 (M), and 1442�66 + H = 1443�67
�M+H�.

9. Typically, the ions observed in the mass range above the precursor ion mass are
y ions. This is generally a good place in the spectrum to begin to determine a de
novo peptide sequence.

10. On a Q-TOF instrument the mass difference between two fragment ions will differ
from that of the correct amino acid by less than ±0�1 Da.

11. Because Cerenkov counting does not require the addition of scintillation fluid, each
entire fraction may be counted without loss of any sample. Cerenkov radiation results
from energetic �-particles (electrons) from 32P passing through a transparent medium
of high refractive index (e.g., water). The resulting bluish-white light (“Cerenkov”
light) may be detected using the 3H-channel on most scintillation counters.

12. When the stoichiometry of phosphorylation is high, MALDI-MS analysis of
either the tryptic digest mixture (without alkaline phosphatase treatment) or
the RP-HPLC fractions containing the phosphorylated peptides in both linear
and reflectron modes can often be used to locate the phosphopeptide mass.
In “linear” MALDI-MS, the phosphorylated peptide will have a mass that
is +80 Da compared to that of any predicted tryptic peptide. In “reflectron”
MALDI-MS, the phosphorylated peptide will be unique in that it often will show
a characteristic fragmentation product resulting from loss of phosphate during
postsource decay (PSD). Peptides that contain phosphoserine or phosphothreonine
often will undergo detectable loss of phosphate resulting in a characteristic peak
due to loss of 98 Da 	MH − H3PO4
 from the protonated molecular ion. In the
reflectron mode the 	MH − H3PO4
 peak is observed in a Waters MALDI-L/R
at about MH − 90 Da. This mass is not seen at the expected MH − 98 Da
because the reflector is calibrated for ions with full accelerating energy, which
this ion does not have. In addition, this new mass will show substantial
loss of resolution (or peak broadening). Phosphotyrosine, phosphoserine, and
phosphothreonine will all show a second fragment ion at a characteristic loss of
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80 Da 	MH − HPO3
. This ion is less abundant and may not be readily observed
(http://www.abrf.org/ABRFNews/1995/December1995/dec95maldi.html). By com-
paring the linear to the reflectron MALDI-MS spectra it is thus possible to
tentatively assign which peptide mass corresponds to that for the phosphorylated
peptide. This identification is then confirmed and the location of the site of
phosphorylation is determined by MS/MS or radioactive Edman sequencing as
described above.

13. Phosphoamino acids and their ATZ and phenylthiohydantoin derivatives are
insoluble in the organic solvents used to extract these derivatives on the ABI
494 cLC protein/peptide sequencer and thus are not observed in a normal Edman
sequencing run. They are, however, soluble in 100% TFA. For this reason, during
radioactive Edman sequencing the phosphorylated peptides are covalently attached
to the ABI/Perseptive Biosystems Sequelon membrane as per the manufacturer’s
directions so that the ATZ derivative may be extracted at each cycle with TFA
without loss of the remaining peptide.

14. Figure 3 contains the MS/MS spectrum (m/z 450 to 1550 only) obtained on a [32P]
labeled phosphopeptide that had been isolated by microbore RP-HPLC following

450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500

mass0

100

%

880.514

733.440

620.357

555.316

491.307

541.318

602.343

668.399

739.443

837.426

766.374

809.425

886.511

984.498

951.544

945.588

917.480

1490.826999.591

1084.507

1064.665

1128.644
1474.7341143.612

1339.8231322.641
1209.621

1393.809 1506.873

Ala

Phe
Ile/leu

Glu

Fragment ions in the 1000
to 1550 mass range were
poor, and no sequence

could be called   

Fig. 3. Tandem mass spectrometry (MS/MS) spectra of a tryptic phosphopeptide.
The [32P]-radiolabeled high-performance liquid chromatography fraction was subjected
to both radioactive Edman sequencing and liquid chromatography/MS/MS analysis. The
spectra contains the mass range of m/z 450 to 1550 for the collision-induced dissociation
analysis of the phosphorylated peptide. As indicated above, the fragmentation observed
in the mass range extending from m/z 1000 to 1550 was poor, with no sequence ions
observed. Hence, as a result of poor fragmentation, it was not possible to locate the
site of phosphorylation based on the MS/MS spectra.
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tryptic digestion. Radiosequencing was performed on 50% of the sample and this
analysis identified residue 5 as containing the phosphoamino acid. The MS/MS
spectra, which were obtained on the remaining sample, contained a good y ion
series that enabled the sequence to be manually called for residues 6–14. One Ser
was located within these residues but it was not phosphorylated. The fragment ions
for residues 1–5 were poor and could not be identified from the MS/MS spectra.
Because the peptide has Ser at residues 3 and 5, it was not possible to determine
the site of phosphorylation from the MS/MS data. However, by combining the
radioactive Edman sequencing results, which demonstrated that residue 5 was
phosphorylated, with the MS/MS identification of the peptide, the Ser at residue
5 was determined to be the site of phosphorylation.

15. In those instances where the stoichiometry of phosphorylation at any given site
is low (i.e., less than 10%), the analysis can be carried out either on phosphory-
lated protein that has been separated from its non-phosphorylated counterpart via
2D gel electrophoresis or it may be possible to indirectly infer the site of phospho-
rylation. Because a phosphorylated tryptic peptide generally elutes from RP-HPLC
slightly in front (i.e., perhaps a minute earlier using a 90 min acetonitrile gradient
[17]) of its nonphosphorylated counterpart, it may be possible to infer the identifi-
cation of the phosphorylated peptide by MS, MS/MS, and/or conventional Edman
sequencing of its nonphosphorylated counterpart. In this instance, the identity of
the phosphorylated peptide and the site of modification can be confirmed by a
number of approaches including radiochemical Edman sequencing of an aliquot of
the 32P-phosphate labeled fraction which has been coupled to Sequelon membrane (as
describedaboveandwhich thus identifies theEdmancycleatwhichcpmare released),
in vitro mutagenesis of the putative site of phosphorylation, co-chromatography of
the 32P-phosphorylated peptide with a synthetic version of the putative phospho-
rylated peptide, and/or by carrying out a digest with another enzyme such as
chymotrypsin and verifying that the 32P-labeled tryptic and chymotryptic peptides
(both of which were identified indirectly via analysis of their non-phosphorylated
counterparts) indeed overlap and include a possible site of phosphorylation.

16. Phosphopeptides can be identified by comparing the MALDI-MS spectra before
and after treatment of the tryptic digest with alkaline phosphatase and then looking
for the characteristic 80-amu loss due to loss of -HPO3. This approach is demon-
strated in Fig. 4 where the mass at 1769.8 is missing from the alkaline phosphatase-
treated sample suggesting that it derives from a phosphopeptide (albeit there is
not a clear peak at the expected m/z of 1689.8). However, the characteristic loss
of MH − 90 Da from Ser and Thr phosphorylated peptides observed in reflectron
mode in MALDI-MS, which is discussed in Note 12, is also demonstrated in
Fig. 4. Hence, in the lower panel there is a peak in the control sample at the
expected mass of 1769�8−90 amu = 1679�8 that results from PSD and that shows
a very characteristic loss of resolution. This finding further supports the conclusion
that the 1769.8 mass does indeed result from a tryptic peptide containing one site
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Fig. 4. Reflectron matrix-assisted laser desorption/ionization (MALDI)-mass spec-
trometry (MS) analysis of the tryptic digest of a 132-kDa phosphorylated protein
before (bottom) and after (top) alkaline phosphatase treatment. The top panel shows
the MALDI-MS spectrum for the mass region of interest after alkaline phosphatase
treatment; the bottom panel shows the corresponding spectrum prior to phosphatase
treatment (see Note 16).

of phosphorylation. This digest of the phosphorylated protein was then subjected
to C-18 ZipTip de-salting and nanospray MS/MS analysis on a Waters/Micromass
Q-Tof API mass spectrometer. The doubly charged species at m/z of 885.4 (corre-
sponding to the singly charged MALDI-MS mass of 1769.8) was subjected to
CID. Manual interpretation of the resulting MS/MS spectrum located the site of
phosphorylation to position 11 in the phosphopeptide.

17. Figure 5 illustrates the use of comparative RP-HPLC tryptic maps to locate sites of
protein Arg methylation. The HPLC profile from the tryptic digest of native HeLa cell
A1 hnRNP protein (Fig. 5A), which contains four dimethylarginines, is compared to
the corresponding profile produced by the tryptic digest of the nonmethylated recom-
binant A1 protein isolated from E. coli (Fig. 5B). The mass of the peaks in the HPLC
profile unique to either the native or recombinant A1 were determined by MALDI-MS
andeachof thesepeakswassubsequently subjected toEdmansequencingandMS/MS
analysis. Together, these data resulted in locating four sites of Arg dimethylation in
the A1 hnRNP protein. Because trypsin does not cleave at dimethylated arginines,
this resulted in the isolation of the corresponding overlapping tryptic peptides from
the native hnRNP A1 protein and thus explains the very large differences apparent
in Fig. 5. Hence, the presence of dimethylarginines at residues 205, 217, and 224
explains why three tryptic peptides in fractions 34, 32, and 62, respectively, in
Fig. 5B (that would be predicted to result from cleavage after arginines 205, 217,
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Fig. 5. Comparative high-performance liquid chromatography tryptic peptide maps
of A1 hnRNP protein from HeLa cells (A) and recombinant A1 expressed in Escherichia
coli (B) (see Note 17 and ref. 19).

and 224, respectively) are missing from the HeLa A1 digest in Fig. 5A. Similarly,
the presence of these three dimethylarginines explains why peak 92 in the HeLa A1
digest, which contains the tryptic peptide spanning residues 196–231, is missing from
the E. coli A1 digest (see Kim et al. [20]). Obviously, had chymotrypsin or endopep-
tidase Lys-C been used instead of trypsin, the differences observed upon compar-
ative RP-HPLC would have been far less pronounced. Although LC-MS/MS analysis
could have been used instead of preparative HPLC (which was followed by MALDI-
MS, MALDI PSD MS/MS, and Edman sequencing of aliquots of each fraction of
interest), some of the overlapping (methylated) tryptic peptides in the A1 hnRNP
digest (e.g., peak 92 corresponding to residues 196–231 which provided only a poor
PSD MS/MS spectrum) probably would have been too long to have been amenable
to MS/MS (CID) analysis. Instead, the preparative HPLC provided the opport-
unity to subject aliquots of the methylated tryptic peptides to Edman sequencing.
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Determination of Phosphorylated and O-Glycosylated
Sites by Chemical Targeting (CTID) at Ambient
Temperature

Gary M. Hathaway

Summary

In the analytical approach called chemically targeted identification (CTID), peptides
containing phosphorylated or glycosylated serine and threonine underwent �-elimination to
produce an unsaturated double bond. Nucleophilic addition of 2-aminoethanethiol to this bond
occurred, yielding aminoethylcysteine. Thus, sites containing posttranslational modifications
were made susceptible to lysine endopeptidase. Structural information could then be obtained
by mass analysis of the proteolytic products. The method was demonstrated by the analysis of
�-casein tryptic digest peptides and an O-glycosylated peptide. Contrary to an earlier report,
the glycopeptide was found to react with essentially the same kinetics as phosphopeptides.
Conversion of all five phosphoserines in residues 15, 17, 18, 19, and 35 in N-terminal tryptic
phosphopeptides from bovine �-casein were followed by monitoring the time course of the
addition reaction. The chemistry proceeded rapidly at room temperature with a half-reaction
time of 15 min. No side reaction products were observed. However, care had to be taken to
minimize all counterions, which either precipitate barium or neutralize the base. In the case
of 2-aminoethanethiol, excess Ba(OH)2 was needed to offset the effect of the hydrochloride.
Alternatively, pre-incubation with base followed by nucleophilic addition was found to work
satisfactorily. The use of water-soluble thiol allowed the procedure to be carried out in the solid
phase, with a micro pipet greatly facilitating sample cleanup.

Key Words: Phosphorylation; O-glycosylation; �-elimination; mass spectrometry; post-
translational.

1. Introduction
Sequence analysis of peptides by mass spectrometry often relies on induced

fragmentation by collision of the ion with a neutral gas. Although frequently
employed and remarkably useful, the method has its limitations. For example,
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length and composition affect both the completeness and uniformity of the
fragmentation, and thus the amount of sequence information, that can be
obtained. In the case of phosphopeptides or glycosylated peptides, their
propensity toward neutral loss of the side chain of the modified amino acid
residue yields little more than the precursor ion (1–3). As a means for analyzing
this type of peptide, our laboratory proposed introducing a lytic site chemi-
cally and then enzymatically cleaving the peptide (4). We have called this
method chemically targeted identification (CTID) (5). The technique involved
�-eliminating phosphate or O-glycosyl side chains from modified serine or
threonine residues (see Fig. 1) and introducing by nucleophilic addition 2-
aminoethanethiol (AET). This resulted in a lysine analog, cleavable by lysine
endopeptidase (6,7) (see Fig. 2). However, the relatively harsh conditions used
for �-elimination at 37–50�C (4,5,8–10) have recently been called into question

Fig. 1. Reaction scheme for chemical conversion of phosphorylated or
O-glycosylated peptides to protease-sensitive sites. In the base-dependent reaction,
phosphate or sugar is removed, leaving an unsaturated bond. The residue,
dehydroalanine (in the case of serine) or its �-methyl analog (in the case of threonine)
can then serve as electrophile in an addition reaction with 2-aminoethanethiol.
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Fig. 2. Three homologous residues that serve in site-directed proteolysis by lysine
endopeptidase (see refs. (6,7)).

(11). Additionally, most of these methods required the use of some organic
solvent, presumably to solvate the thiol adduct (8–10). This led us to investigate
an alternate approach and conditions for carrying out �-elimination and nucle-
ophilic addition at room temperature in an aqueous environment which greatly
facilitated sample desalting by micro pipet reversed-phase and even enabled
carrying out the chemistry on peptides bound to the solid reversed-phase (12).

2. Materials
2.1. �-Elimination and Michael Addition

1. Barium hydroxide octahydrate [Ba(OH)2] and AET are purchased from Sigma-
Aldrich (St. Louis, MO).

2. Micro pipet C18 “ZipTips” and the Milli-Q system for producing 18 megohm,
doubly deionized water are obtained from Millipore Corp. (Bedford, MA).

3. Trifluoroacetic acid (TFA) and acetonitrile (ACN) are from Applied Biosystems
Inc. (Foster City, CA). Formic acid is from J.T. Baker (Phillipsburg, NJ).

4. AET is prepared fresh as a 0.2 M (22.72 mg/mL) solution in deionized water. The
pH 5.0 solution is used without adjustment.

2.2. Phosphopeptides and Glycosylated Peptide

1. Bovine �-casein, urea, ammonium bicarbonate, and Amberlite MB-1 are purchased
from Sigma-Aldrich.

2. The O-glycosylated peptide Phe-Ala-Ala-(O-GlcNAc-Ser)-Asn-Tyr-Pro-Ala-Leu
(1.156 kDa) is a kind gift from Dr. Mona Shagaholi (California Institute of
Technology).
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2.3. MALDI-TOF Mass Spectrometry

1. The matrix 2,5-dihydroxybenzoic acid (DHB) (98%) is purchased from Sigma-
Aldrich. Ammonium hydroxide was from J. T. Baker.

2. Matrix is dissolved to 50 mg/mL in 20% ACN/0.05% TFA/20 mM ammonium
phosphate (13) (see Notes 5 and 6).

3. Ammonium phosphate, prepared by mixing ammonium hydroxide and phosphoric
acid (Fisher Scientific, Fair Lawn, NJ) to pH 3.0, is stored at −30�C as a 0�1 M
solution.

2.4. Casein Phosphopeptides

1. Modified trypsin is from Promega Biochemicals (Madison, WI) and lysine endopep-
tidase (Lys-C) is purchased from WAKO (Richmond, VA).

2. A 100-�L volume of 8 M urea is deionized by vortexing 15 s with mixed-bed
resin (the tip of a spatula) and filtering through a spin filter (0.2 micron, Amicon,
Beverly, MA).

3. Tris-HCl is from Sigma-Aldrich.

3. Methods
While it is convenient to carry out both �-elimination and addition reactions

in a single reaction mixture, when using the barium hydroxide base certain
precautions must be undertaken (see Note 1). Because the divalent metal
readily forms highly insoluble salts with many counterions such as chlorides,
sulfates, phosphates, and acetates, these ions must be avoided. In this report,
the hydrochloride salt of 2-aminoethanethiol is used because it is a solid and
soluble in aqueous solvents. For optimal results, the base has to be maintained
above a critical concentration. Initially, the concentration for AET is kept high
to speed the reaction. However, this means that for 0.1 M AET a minimum
of 50 mM base is required to overcome the effect of the hydrochloride (see
Fig. 3). To avoid this complication, experiments are carried out in which the
�-elimination reaction preceded nucleophilic addition (14).

3.1. Preparation of Ba(OH)2

1. Twice the Ba(OH)2 to give a saturated solution at room temperature (126 mg/mL)
is added to doubly deionized water with gentle swirling (15).

2. The saturated solution is overlaid with argon, tightly capped and used for subsequent
experiments for a week (see Notes 1–3).

3. Prior to use, aliquots are briefly centrifuged to pellet excess reagent and precipitates
(mostly carbonates).

4. A simple gravimetric analysis is used to estimate Ba(OH)2 stock solution concen-
tration. Equal volumes of saturated supernatant and 0.5 M ammonium bicarbonate
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are transferred to preweighed microcentrifuge tubes, mixed, and centrifuged. The
pellets are washed once with deionized water and re-centrifuged. Precipitates from
triplicate samples are dried in a SpeedVac centrifuge and their weights recorded.
Results are averaged and found to be in good agreement (±1%). Measured concen-
tration is 180 mM . This figure is in good agreement with published data on Ba(OH)2

solubility (177 mM� in cold solution (15). As an alternate technique, titration with
acid has also been reported (14).

3.2. �-Elimination and Michael Addition

Two methods are used which differ by the order of addition of reagents
and chemicals. A third method performs the elimination and addition reactions

Fig. 3. Effect of chloride ion on �-elimination of a mixture of the (circles) 2.06-kDa
�-casein phosphopeptide and (squares) (O-GlcNAc)peptide. Calculated mass for the
glycosylated peptide is 1155.5 and 1011.5 for the modified peptide, a net loss of 144.1.
Calculated mass for the singly phosphorylated casein peptide is 2061.8 and 2040.9 for
the modified peptide, a net loss of 21. Equal volumes of 0.2 M 2-aminoethanethiol
(AET) and Ba(OH)2 at varying concentration are mixed with the dried peptides. After
60 min, the reaction is terminated by adding formic acid. No reaction occurred when
the reaction concentration of Ba(OH)2 is below 45 mM . This suggested complexation
with chloride ion present as the counterion to AET prevented �-elimination.
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with peptide bound to C18 reversed-phase. All experiments are conducted at
ambient temperature (25�C measured with a total immersion thermometer).

1. Method 1: peptides are dried in the vacuum centrifuge. Equal volumes of 0.2 M
AET and Ba(OH)2 are added (see Fig. 3). The maximum reaction concentration
achievable by method 1 is 90 mM Ba(OH)2. The data show that no reaction occurs
until base exceeds 45 mM, i.e., half the concentration of AET.

2. Method 2: Ba(OH)2 is added in the absence of thiol, and �-elimination is allowed
to proceed. Then AET is added and nucleophilic addition is allowed to proceed
(see Fig. 4).

3. Samples �2 �L� from the reactions are diluted with 8 �L of 10% formic acid, and
a further 10- or 25-fold with matrix, before spotting. Alternatively, samples are
diluted with 8 �l of 10% formic acid and desalted by C18 reversed-phase ZipTips.
In either case, 0.5-�L aliquots of the treated samples are placed on the prespotted
positions and analyzed.

4. Method 3: peptide is bound to a micro pipet C18 ZipTip in 0.005% TFA. Elimination
is initiated by flushing 10X with 90 mM Ba(OH)2. The micro pipet is enclosed in
a 1.5-mL centrifuge tube and in contact with a few microliters of liquid below and
above the C18 bed. After 30 min at 25�C, the micro pipet is flushed 10X with 0.1 M
AET, which had been adjusted to pH 8.0 with a small amount of Ba(OH)2. After
60 min, the micro pipet is rinsed 10X with 0.1% TFA and the peptide eluted with
3 �L of a 45% ACN/5% formic acid solution (Fig. 5) (Table 3).

�
Fig. 4. Reaction of a mixture of peptides (3.12-kDa and 2.06-kDa phosphopep-

tides and the glycosylated peptide) as a function of 2-aminoethanethiol (AET) or
Ba(OH)2 concentration. Upper panel: Ba(OH)2 is added to 90 mM and AET to 0,
10, 20, and 50 mM . Samples are allowed to react for 60 min at 25�C. The reaction
is terminated and samples treated as described in Subheading 3.2., step 3. Products
are expressed as their peak height ratios as defined in Subheading 3.2., step 5.
Complete conversion of the peptides, including the glycosylated peptide, is obtained at
the lowest concentration of AET. The mass spectrometry spectrum for no addition of
AET shows peaks at 935.5, 1964.0, and 2731.6, corresponding to the dehydroalanine
products of the glycosylated peptide and two phosphopeptides, respectively. Lower
panel: mixture of the (circles) 2.06 kDa phosphopeptide and the (squares) glycosy-
lated peptide is preincubated with base at the indicated concentration for 30 min.
Eighty-five micromolar AET [minimally twofold molar excess over Ba(OH)2 to stop
the elimination reaction] is added and incubation continued for another 30 min. No
ions corresponding to the addition of water to dehydroalanine are observed, and
essentially no difference in reactivity is found for the two types of posttranslational
modifications.
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Fig. 5. Solid-phase reaction of the 3.12-kDa tetraphosphopeptide. The peptide
(4 pmol) is bound to a micro pipet as detailed in Subheading 3.2., step 4. As
shown by the data, 100% elimination occurs. Approximately 10% of an ion with m/z
2961 is also observed. This ion is believed to be the peptide with all phosphates
eliminated but with the addition of three 2-aminoethanethiol residues and a single
dehydroalanine.
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Table 1
Sequence and Accurate Mass for �-Casein Tryptic Phosphopeptides and Their
Aminoethylcysteine Derivatives

Peptide Mass

Sequence (calculated) (observed)
RELEELNVPGEIVEpS∗LpSpSpSEESITR 3121.3 3121.2
RELEELNVPGEIVEpSLpSpSXEESITR 3100.3 3100.3
RELEELNVPGEIVEpSLpSXXEESITR 3079.4 3079.6
RELEELNVPGEIVEpSLXXXEESITR 3058.4 3058.7
RELEELNVPGEIVEXLXXXEESITR 3037.5 3037.7
FQpSEEQQQTEDELQDK 2060.8 2060.8
FQXEEQQQTEDELQDK 2039.8 2040.1

Mass analysis was by matrix-asisted laser desorption/ionization time-of-flight with
2,5-dihydroxybenzoic acid, as described under Subheading 3.4.

∗pS = phosphoserine, X = S-2-aminoethylcysteine.
The sequence of �-casein is

RELEELNVPGEIVEpSLpSpSpSEESITRINKKIEKFQpSEEQQQTEDELQDKIHPFAQTQSLV
YPFPGPIPNSLPQNIPPLTTPVVVPPFLQPEVMGVSKVKEAMAPKHKEMPFPKYPVEPFTE
SQSLTLTDVENLHLPLPLLQSWMHQPHQPLPPTVMFPPQSVLSLSQSKVLPVPQKAVPYP
QRDMPIQAFLLYQEPVLGPVRGPFPIIV

5. Reaction time courses are followed by plotting relative peak height ratios vs time.
Relative peak–height ratio is defined as the peak height of the protonated ions and
their metal ligated counterparts divided by the sum of the corresponding product
and reactant peak heights and expressed as percent (Fig. 6). The method is used
for the data presented in Figs. 3, 4, and 6.

3.3. Digestion by Lysine Endopeptidase

Lys-C is purchased from WAKO Chemicals (Richmond, VA). The protease
is dissolved in deionized water, and stored dry as 0.5-�g aliquots at −30�C.
Peptides prepared for CTID as described in Subheading 3.2., step 1 are desalted
and dried in the SpeedVac. Lys-C �0�1 �g� in 20 �L of 20 mM Tris-HCl, pH
9.2, is added. After overnight digestion at 25�C, the reaction is terminated by
adding 1 �L of 10% formic acid. Aliquots �1�0 �L� are diluted with 4 �L DHB
and analyzed (see Fig. 7).
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Table 2
Mass Analysis of the Chemically Targeted Identification Products of �-Casein
phosphopeptides

�M+H�

(calc) (obs) (residues)
Tetraphosphopeptide residues 1–25
RELEELNVPGEIVEpS∗LpSpSpSEESITR 3122�27 3122�3
RELEELNVPGEIVEXLXpSpS 2365�12 2365�2 15,17,18,19
RELEELNVPGEIVEXLXpSX 2344�12 2344�2 15,17,18,19
RELEELNVPGEIVEXLpSpS 2219�08 2219�1 15,17,18
RELEELNVPGEIVEXLXpS 2198�08 2198�1 15,17,18
RELEELNVPGEIVEpSLX 2051�97 2052�1 15,17
RELEELNVPGEIVEX 1771�88 1772�0 15
EESITR 734�37 734�4 19
Phosphopeptide residues 33– 48
FQpSEEQQQTEDELQDK 2061�82 2062�1
FQXEEQQQTEDELQDK 2057�1 2057�2
EEQQQTEDELQDK 1619�70 1619�7 35

Tryptic phosphopeptides were converted to their 2-aminoethylcysteine analogs for 2 h at
25�C. The mixed reaction products were desalted and digested with lysine endopeptidase
overnight at room temperature in 20 mM Tris-HCl, pH 9.2. Mass analysis was by matrix-asisted
laser desorption/ionization time-of-flight with 2,5-dihydroxybenzoic acid, as described under
Subheading 3.4.

∗ pS = phosphoserine, X = S-2-aminoethylcysteine

Table 3
Chemically Targeted Identification Performed on a pH-Stable,
Micro Pipet C18 Tip

Control Applied Recovery Recovery

(pmol) (pmol) (%)
No treatment control 14 N/A 100
Applied control 14 12.4 89
Experimental 14 13.1 94

The �-casein 3.120-kDa tetraphosphopeptide was applied to a micro pipet C18 tip as outlined
in Subheading 3.2., step 3. The “no treatment” control was loaded directly to a sequencing disc
and analyzed by N-terminal sequence analysis. Yield was calculated from a plot of log cycle
yield vs cycle number assuming a sequence efficiency factor of 0.6. The applied control was
bound to the pipet tip and treated with 2-aminoethanethiol, but without exposure to Ba(OH)2.
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Fig. 6. Time course for the conversion of the multiply phosphorylated 3.12-kDa
tetraphosphopeptide. The mass of the anticipated product ions are given in Table 1
and as their m/z values in the inset to the figure. The method described in Subheading
3.2., step 1 is used. The time course is followed by terminating the reaction at various
times, diluting 1:250 with matrix and analyzing the products by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry. The samples are analyzed in
triplicate, averaged, and expressed as peak height ratios. The reacting peptide ion signal
(solid circles) fell over the course of the experiment while the intermediate products
are observed to rise and fall. The time for half reaction of the peptide is 15 min. These
data are consistent with four phosphorylated residues within the peptide and with no
significant difference in chemical reactivity among the multiple sites.

3.4. Analysis by MALDI-TOF Mass Spectrometry

1. Experimental measurement is performed with a Voyager De.str operated in reflector
mode (Applied Biosystems, Inc., Foster City, CA). Monoisotopic values are
recorded.

2. A 0.5-�L aliquot of matrix is spotted to the sample slide and dried in a stream of
warm air at 30�C.

3. A 0.5-�L aliquot of sample is spotted to the dry matrix spot. Matrix and sample
were dried in a warm �30�C� air stream.
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Fig. 7. Digestion of the reacted tetraphosphopeptide by Lys-C. The product mixture
from the 60 min time point from the experiment presented in Fig. 6 is digested with
Lys-C, desalted and analyzed. Ions are recorded at 734.4, 1772.0, 2052.1, 2198.1,
2219.1, 2344.2, and 2365.2. These values are in good experimental agreement with the
calculated singly charged ions for cleavage on the C-terminal side of serine residues
15, 17, 18, and 19 (see Table 2).

3.5. Preparation of Casein Phosphopeptides

1. 20 mg of �-casein is dissolved in 20 �L of deionized 8 M urea and incubated at 37�C
for 20 min. The sample is diluted fourfold with 0.1 M ammonium bicarbonate, pH
8.0, which contained 20 �g trypsin. After overnight digestion at room temperature,
TFA is added to a concentration of 1%.
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2. A 2-�L aliquot is injected for high-performance liquid chromatography purifi-
cation. Fractions are analyzed by mass spectrometry and those containing the
2.06-kDa phosphopeptide (FQpSEEQQQTEDELQDK) and 3.12-kDa tetraphospho-
peptide (RELEELNVPGEIVEpSLpSpSpSEESITR) are stored at 4�C (see Table 1).

4. Notes
1. When using the procedure described in Subheading 3.2., step 1, it is absolutely

necessary to avoid any buffer or counterion that neutralized the effect of the base.
Chlorides, carbonates, phosphates, and acetates must be removed from the mixtures
of peptides. C18 reversed-phase micro pipets are used and found to be a convenient
and practical way to desalt peptides described in Subheading 3.2., steps 1 and 2.
The micro pipets described in Subheading 3.2., step 4 are stable to pH > 13�0
as specified by the manufacturer (http://www.hejie.com.cn/download/ziptip.pdf).
Examination of the micro pipets under the light microscope after 2 h treatment
with up to 180 mM Ba(OH)2 shows no degradation of the C18 reversed-
phase bed.

2. A second source of error is the possible reaction or �-elimination of cysteine
containing peptides. Although the casein used in this work contained no cysteine,
alkylation with iodoacetamide or other suitable thiol blocking agents have been
proposed (14).

3. Ba(OH)2 will react with CO2 and should be kept in tightly closed containers overlaid
with an inert gas such as argon.

4. The CTID method will not work with phosphotyrosine residues because of its
inability to form an energetically favorable double bond, nor will it work with
N -glycosylated peptides.

5. Conversion of phosphopeptides to their aminoethylcysteine derivatives results in a
net loss of mass 21. Care must be taken to measure the change, as the sodiated
form of the modified ion differs from the unmodified peptide by unit mass.

6. DHB was found to be the matrix of choice to observe phosphopeptide ions. When
�-cyano-4-hydroxycinnamic acid or sinapic acid is substituted, the signals from the
phosphopeptides greatly diminished or disappeared completely. Therefore, when
recording peak height ratios, it is essential to use DHB.

7. The method for calculating peak height ratios used here was compared with the use
of an internal reference ion (16,17). For the data presented in Fig. 6, a nonphos-
phorylated peptide in the preparation is used to check the validity of the relative
peak ratio method. Comparable results are obtained (data not shown).
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Synthesis, Biosynthesis, and Characterization
of Transmembrane Domains of a G Protein–Coupled
Receptor

Fred Naider

Summary

Peptide fragments have been widely used in biophysical studies on specific regions of integral
membrane proteins. Because of their inherent insoluble nature and tendency to aggregate the
preparation of such model peptides is challenging. We have developed synthetic and biosynthetic
approaches to prepare peptides containing single and multiple domains of a G protein–coupled
receptor. Both the synthetic and biosynthetic products can be isolated by reversed-phase high-
performance liquid chromatography to near homogeneity. The biosynthetic product, a fusion
protein, is processed by CNBr cleavage to yield the target peptide in various isotopic forms.
The final peptides are studied by circular dichroism spectroscopy to determine their secondary
structure under a variety of conditions.

Key Words: G protein–coupled receptor; membrane proteins; circular dichroism spectroscopy;
�-factor receptor; biosynthesis of membrane proteins.

1. Introduction
As a result of the abundance and lack of sufficient study of membrane

proteins, there is significant interest in their structure and function. This
interest necessitates the synthesis and biophysical analysis of such molecules.
However, the inherent insolubility of membrane peptides and their tendency
to self-aggregate renders their preparation and isolation quite challenging.
Nevertheless, the need for membrane peptides as surrogates for regions of
transporters and receptors, and as analogs of naturally occurring peptide antibi-
otics continues to grow. In this chapter, the author discusses methods used in his
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laboratory to synthesize, biosynthesize, purify, and characterize peptides corre-
sponding to regions of a G protein–coupled receptor. Although the laboratory
has used circular dichroism, infrared, and nuclear magnetic resonance (NMR)
spectroscopies to determine the secondary structure of these peptides, only
experiments with circular dichroism spectroscopy will be described.

1.1. G Protein—Coupled Receptors

G protein–coupled receptors (GPCRs) represent one of the largest families
of proteins in higher cells. There are approx 1000 examples of these ubiquitous
molecules in eukaryotes (1). They function in all modalities of signal trans-
duction including light reception, taste and pain perception, growth regulation,
immunity, and general metabolism. Their ligands vary from biogenic amines
to amino acids, from small to medium and large-sized polypeptides. They are
a major target of the pharmaceutical industry, with between 30% and 50% of
drugs acting as agonists or antagonists of GPCRs (2). Despite the diversity
and versatility of this class of membrane proteins they have a common over
all topology. Hydropathy analysis predicts that members of this superfamily
of proteins have seven transmembrane helices connected by three extracellular
and three intracellular loops. The amine terminus is on the extracellular side
of the membrane while the carboxy terminus resides in the cytosol (Fig. 1). In
contrast to the ubiquitous GPCRs and their critical biological functions, only
one high- resolution structure of a GPCR has been reported, that of bovine
rhodopsin (3).

The �-factor receptor (Ste2p) of the yeast Saccharomyces cerevisiae is used
as a model system to develop methodologies for studying GPCR structure
and biochemistry. This receptor is involved in the sexual conjugation of
yeast haploid strains MATa and MAT� and recognizes a 13-residue mating
pheromone—the �-factor. The receptor belongs to Class D of the GPCR super-
family and has been subjected to extensive investigation in numerous labora-
tories (4). The author’s laboratory has synthesized or biosynthesized many
regions of this receptor and subjected these peptide surrogates to a variety of
biophysical analyses (5–13).

1.2. Synthesis of Membrane Peptides (30–60 Residues): Peptide
Design and Synthesis

The peptides synthesized in the author’s laboratory correspond to trans-
membrane domains of the �-factor receptor of S. cerevisiae (Ste2p)
which are predicted by hydropathy analysis and experimentally verified by
several methods (14,15). Each polypeptide is designed to include the entire
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Fig. 2. Cartoon illustrating synthetic peptides corresponding to the transmembrane
domains (TMDs) of Ste2p. In some cases, Lys (K) residues flank the naturally occurring
TMDs. Taken from ref. 10.

transmembrane helix plus some portion of the flanking loop sequences (Fig. 2).
On the basis of the author’s experience, the inclusion of residues in the inter-
helix loops on both sides of a given transmembrane helix is essential to attain
solubilities needed for isolation by high-performance liquid chromatography
(HPLC) and subsequent biophysical studies. For some transmembrane peptides,
the addition of natural loop residues does not suffice and several artificial
Lys residues with a positively charged side chain were added to both termini.
Wild-type Ste2p contains two Cys residues that are not essential for receptor
function. These residues are changed to Ala or Leu in our synthetic peptides
to avoid problems of Cys oxidation. Met is also changed to Nle or Leu for
similar reasons.

All syntheses are carried out on an Applied Biosystems automated peptides
synthesizer model #433A. The steps described can be adapted to any synthesizer
or can be carried out manually.

2. Materials
2.1. Synthesis of Membrane Peptides

1. Wang resin (Advanced ChemTech, Louisville, KY).
2. Most Fmoc protected amino acids are purchased from Advanced ChemTech

(Louisville, KY). Fmoc-His(Trt) is from Calbiochem-Novabiochem Corp. (San
Diego, CA) and Bachem Inc. (Torrance, CA).

3. O-Benzotriazoleyl-N,N,N ′,N ′-tetramethyluronium hexafluorophosphate (HBTU)
(Advanced ChemTech, Louisville, KY).



GPCR Transmembrane Domains 99

4. 1-Hydroxybenzotriazole (HOBt) (Advanced ChemTech, Louisville, KY).
5. N -methylpyrrolidinone (NMP) (Advanced ChemTech, Louisville, KY).
6. 1-Hydroxy-7-azabenzotriazole (HOAt) (PerSeptiveBiosystems,Framingham,MA).
7. N�N ′-diisopropylethylamine (DIEA) (Aldrich Chemical Co., Milwaukee, WI).
8. Dicyclohexylcarbodiimide (DCC) (Aldrich Chemical Co., Milwaukee, WI).
9. Trifluoroacetic acid (TFA) (Aldrich Chemical Co., Milwaukee, WI).

10. Thioanisole (Aldrich Chemical Co., Milwaukee, WI).
11. 1,2-Ethanedithiol (EDT) (Aldrich Chemical Co., Milwaukee, WI).
12. N�N ′-dimethyl-aminopyridine (DMAP) and all other reagents (Aldrich Chemical

Co., Milwaukee, WI).
13. Solvents used for synthesis and purification are purchased from VWR Scientific

(Piscataway, NJ) and Fisher Scientific (Springfield, NJ).

2.2. Biosynthesis of Membrane Peptides

2.2.1. Vectors

1. The plasmid pMD602 containing the STE2 gene with mutations Met218Leu and
Met250Ala is derived using site-directed mutagenesis from the parent plasmid
pMD194 obtained from Mark Dumont, University of Rochester (16).

2. The cloning vector pRSET B is purchased from Invitrogen (Carlsbad, CA).
3. The plasmid pMMHa is obtained as a gift from Peter Kim, Massachusetts Institute

of Technology (17).

2.2.2. Strains

1. The original yeast strain transformed with the plasmid DNA harboring wild-type
and mutant Ste2p receptors is A232 (MATa ste2-�crylR ade2-1 his4-580 lys2oc

tyr1oc SUP4-3ts leu2 ura3 bar1-1 FUS1::p[FUS1-lacZ TRP1]). A232 is obtained
as a courtesy from M. Dumont (16).

2. Escherichia coli expression strains BL21(DE3) and BL21(DE3)pLysS are purchased
as competent cells from Promega.

3. E. coli propagation cells DH5� and XL-1 Blue are purchased from Gibco BRL Life
Technologies (Grand Island, NY) and Stratagene (La Jolla, CA), respectively.

2.2.3. Chemicals

1. Polymerase chain reaction reagents (Promega, Madison, WI).
2. dNTP (dATP, dGTP, dCTP, and dTTP) (Promega, Madison, WI).
3. Taq polymerase (Promega, Madison, WI).
4. Restriction enzymes (Promega, Madison, WI).
5. Ligase (Promega, Madison, WI).
6. Agarose and low melting point agarose (GIBCO BRL, Grand Island, NY).
7. The anti-Xpress mouse monoclonal immunoglobulin (Ig)G1 antibody (Invitrogen,

Carlsbad, CA).
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8. Isopropyl-�-d-thiogalactopyranoside (IPTG) (Invitrogen, Carlsbad, CA).
9. M13 phage that contain T7 RNA polymerase (Invitrogen, Carlsbad, CA).

10. Immobilized metal affinity column for protein purification (ProBond resin that
contains NiCl2� (Invitrogen, Carlsbad, CA).

11. Guanidinium hydrochloride (GuHCl) (Sigma, St. Louis, MO).
12. The detergents sodium deoxycholic acid, igepal CA60, sodium N -laurylsarcosine,

and sodium dodecyl sulfate (SDS) (Sigma, St. Louis, MO).
13. Buffer chemicals (Trizma-HCl, sodium phosphate, sodium chloride, potassium

chloride, magnesium chloride) (Sigma, St. Louis, MO).
14. Media ingredients such as Luria Broth base and yeast extract (Gibco BRL Life

Technologies).
15. Peptone (Difco Laboratories, Detroit, MI).
16. Agar (Difco Laboratories, Detroit, MI).
17. Tryptone (Sigma, St. Louis, MO).
18. SDS-polyacrylamide gel electrophoresis (PAGE) reagents (Coomassie brilliant blue

G-250, acrylamide, glycerol, ammonium persulfate, N�N�N ′�N ′-tetramethylethy -
lenediamine [TEMED], and �-mercaptoethanol) (Sigma, St. Louis, MO).

19. Luminol reagents for the development of immunoblots of His tags (Amersham
Life Science, Buckinghamshire, UK).

20. Secondary IgG mouse antibody horseradish peroxidase labeled (Sigma, St. Louis,
MO).

21. Nitrocellulose membrane, 0.45-�m pore size (Sigma, St. Louis, MO).
22. India His Probe (Pierce, Rockford, IL) (see Note 1).
23. Phospholipids used to prepare the lipid vesicles: 1,2-dimyristoyl-sn-glycero-

3-phosphocholine (DMPC) and 1,2-dimyristoyl-sn-glycero-3-[phospho-rac-
(1-glycerol)] (DMPG) (Avanti Polar Lipids, Alabaster, AL).

3. Methods
3.1. Synthesis of Membrane Peptides

1. �-Fmoc amino acid loaded Wang resin is weighed into the reaction vessel.
2. Syntheses are carried out on a 0.1-mmol scale (see Note 2).
3. The Fmoc group is used for protection of all N-� groups, and Boc, Trt, Trt, tBu,

tBu, tBu, Pmc were employed for protection of Lys, Gln, His, Ser, Tyr, Asp, and
Arg, respectively.

4. The Fmoc group is cleaved using 20% piperidine in NMP.
5. �-Fmoc amino acids with appropriate side-chain protection are coupled to the free

amine using HBTU/HOBT activation (see Note 3) in NMP.
6. A 10-fold molar excess of �-Fmoc protected amino acid is used in the coupling

step.
7. Each amino acid is routinely double coupled.
8. Unreacted chains are capped with acetic anhydride.
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9. The synthesizer monitors the completeness of the coupling at the Fmoc depro-
tection step by measuring conductivity.

10. In a normal synthesis there is a gradual decrease in conductivity upon deprotection
as the length of the peptide increases.

11. After completion of chain assembly, the N-terminal Fmoc group is removed using
20% piperidine in NMP.

12. The resin is washed with NMP and methylene chloride and the peptide-resin dried
to constant weight in a vacuum dessicator.

13. The peptide resin is weighed and the weight gain on synthesis recorded.
14. The side-chain protecting groups are removed and the peptide released from the

resin using a cleavage cocktail consisting of TFA/water and various scavengers.
15. The resin is treated with a scavenger-solution containing 0.75 g phenol, 0.5 ml

thioanisole, 0.25 ml EDT, 0.5 mL water, and 10 mL TFA if the peptide contained
Arg or Met.

16. 9.5 mL TFA, 0.25 mL EDT, and 0.25 mL water are used when the peptide
contained neither Arg nor Met but contained Trt or Trp.

17. The cleavage reaction is carried out for 1–2 h at room temperature.
18. The cleavage cocktail is evaporated using a rotary evaporator at a vacuum of about

0.1 mmHg and a temperature below 35�C.
19. The residue is poured into anhydrous ether to precipitate the crude peptide.
20. The precipitate is allowed to stand for several hours at room temperature.
21. The precipitated peptide is filtered through a medium pore-sized sintered glass

funnel, washed with cold ether, and dried in a vacuum dessicator.
22. The resulting peptide is weighed to determine the crude yield.
23. The crude peptide is ready for HPLC characterization.

3.2. Biosynthesis of Membrane Peptides

The chemical synthesis of membrane peptides is limited by the physical
properties of these molecules. Because of their propensity to self-associate,
final products often contain numerous impurities. Above a chain length of
30–40 residues, removal of the truncated peptides and deletion sequences
that constitute the impurities is often beyond the resolution of HPLC.
Furthermore, the high-resolution NMR analysis of membrane peptides requires
15N- and/or 13C/15N-labeled compounds. Chemical synthesis of these molecules
is prohibitively expensive.

As an alternative to synthesis, the author’s laboratory is using biosynthesis
to prepare membrane peptides. Direct biosynthesis of fragments of GPCRs has
been unsuccessful. The products appear to be toxic to the bacteria used for
expression. Reasonable success has been achieved with the synthesis of fusion
proteins containing the target sequence followed by CNBr release of the desired
peptide.
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3.2.1. Preparation of Media and Buffers

1. Liquid Luria-Bertani (LB) medium is prepared by mixing 10 g of tryptone, 5 g of
yeast extract, and 10 g of NaCl in 1 L of water (see Note 4).

2. Plates of LB medium are prepared in the same way as the liquid with the addition
of 15 g of agar.

3. SOB medium for glycerol stocks: 20 g of tryptone, 5 g of yeast extract, 0.5 g of
NaCl, and 186.0 mg of KCl are mixed in 1 L of water (see Note 5).

4. SOC medium for transformation is prepared exactly as the SOB medium with the
addition of 20 mM glucose.

5. Minimal medium: mix 200 mL of 5X M9 salts (15 g of KH2PO4, 34 g of Na2HPO4,
2.5 g of NaCl, 5 g of NH4Cl in 1 L of water, pH 7.2), 8 mL of 50% glucose
(filtered-sterilized), 1 mL of 2 M MgSO4, 0.2 mL of 0.5 M CaCl2, and 788.3 mL
of deionized water. 15N-minimal media and 13C/15N-minimal media is prepared
in the same way except for the 5X M9 salts, which contain 15NH4Cl instead of
NH4Cl. Uniformly labeled 13C glucose is used for the 13C/15N-minimal media.

6. All media except for minimal medium are brought to pH 7.0. 5X M9 salts are
adjusted to pH 7.2, except for the glucose solutions, which are filter-sterilized, the
other media components are sterilized by autoclaving. Sterilized glucose is then
added to the cooled sterilized media.

7. After autoclaving, filter-sterilized antibiotics are added to the cool media in a ratio
of 1 �L antibiotic to 1 mL medium. Stock solutions of the following antibiotics
are used: ampicillin (200 mg/mL), chloramphenicol (35 mg/mL).

8. Tris-buffered saline + Tween 20 (TBST): TBS + 0.05% Tween-20 (w/v).
9. Phosphate-buffered saline (PBS) contains 10 mM sodium phosphate, 138 mM

NaCl, and 2.7 mM KCl, pH 7.4.
10. TE buffer: 8.3 mM Tris-HCl and 40 �M ethylenediamine tetraacetic acid (EDTA).
11. Guanidinium buffer: 6 M GuHCl, 20 mM sodium phosphate, 500 mM sodium

chloride, pH 7.8.
12. Solvents used for HPLC purification are 2-propanol:1-butanol (2:1) (used for

double domain) or acetonitrile containing 0.1% TFA.
13. Buffers used to resuspend lipid vesicles are 0.1 mM potassium phosphate, pH 4.0,

and 10 mM ammonium acetate, pH 4.0.

The protocol under Subheading 3.2.2. describes the construction of the
pSW02 plasmid that expresses the Trp�LE-M6 fusion protein. Different
plasmids coding for the expression of other single domain, multiple domain,
and double transmembrane domain regions of Ste2p have been constructed in
a similar manner (12,13).

3.2.2. Construction of Expression Plasmids

1. The plasmid pMMHa (17) is a pET-derived plasmid that also contains the gene for
�-lactamase. This plasmid contains the T7 RNA polymerase binding site and the
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N-terminus leader peptide Trp�LE derived from the tryptophan operon (17,18).
The expression vector also contains multiple restriction enzyme cloning sites,
including BamH I and Hind III. The vector codes for the Trp�LE protein fused
to bovine pancreatic trypsin inhibitor and is used as the parent vector to construct
fusions of transmembrane domains to the Trp�LE carrier protein (Fig. 3).

2. Polymerase chain reaction is used to amplify the M6 DNA sequence containing
the mutation M250A from the pMD602 plasmid (see Note 6). The primers used
are designed to introduce the respective Hind III and BamH I restriction sites to
the 5′ and 3′ ends of the M6 DNA sequence.

3. The PCR product is purified using the QIAquick PCR Purification Kit (Qiagen
Inc.) and analyzed on a 2% agarose gel.

4. The Hind III and BamH I restriction enzymes are then used to digest the PCR
product as well as the pMMHa vector (see Note 6). The reaction is allowed to run
overnight at 37�C.

5. The digested PCR product and pMMHa vector are purified using the QIAquick
PCR Purification Kit and analyzed on a 2% agarose gel.

6. Ligation of the digested M6 PCR product to the digested pMMHa vector is carried
out using T4 ligase (see Note 6). The reaction mixture is left at 4�C overnight.
This creates the pSW02 plasmid.

T7 P

Histidine Tag
TrpΔLΕ

Hind ΙΙΙ 
(446)

M6

Cla Ι (521)
BamH Ι (560)

Ava Ι (565)
Xma Ι (565)
Sma Ι (565)
Eco Ι (581)

Cla Ι (588)

Apa LΙ (1381)

Apa LΙ (2627)

Ampicillin

3647  bp
pSW02

Fig. 3. Expression plasmid for fusion proteins. pSW02 is derived from pMHHa
(17) using the procedures described in the text. The plasmid codes for a fusion protein
Trp�LE-M6 that contains the sixth transmembrane domain of Ste2p.
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7. The pSW02 plasmid is transformed into DH5� cells by adding 2–5 �L of plasmid
to 50 �L of cells.

8. The cells are placed in an ice bath for 10 min and heat-shocked at 42�C for 1 min.
9. The cells are placed in the ice for 2 min, 400 �L of SOC medium is added, and

the vessel is incubated at 37�C and 225 rpm for 1 h.
10. 50–100 �L of the transformation mixture is spread on a LB plate containing the

appropriate antibiotics.
11. A single colony from the LB plate is grown in 15 mL LB media containing

ampicillin (200 �g/mL) until late log phase (OD600 ∼ 0.7–0.8).
12. The pSW02 plasmid is isolated from the culture using the Wizard Plus SV

Minipreps DNA purification system (Promega).
13. The purified pSW02 plasmid is digested with the BamH I and Hind III restriction

enzymes and analyzed on a 2% agarose gel to determine whether the size of the
insert corresponded to that expected for M6 DNA.

14. DNA sequencing of the pSW02 plasmid is performed to confirm the correct
construct.

15. Glycerol stocks of the pSW02 plasmid are made by transforming 2–5 �L of the
plasmid into 50 �L of DH5� cells.

16. A single colony from the LB plate is grown in 15 mL LB media containing
ampicillin (200 �g/mL) until late log phase (OD600 ∼ 0.7–0.8).

17. 850 �L of cells is combined with 150 �L sterile glycerol and quickly frozen in
dry ice plus ethanol. The frozen stocks are stored at −70�C.

3.2.3. Expression of Fusion Proteins

1. To achieve expression, 5 �L of the pSW02 plasmid is transformed into 50 �L
of BL21(DE3)pLysS E. coli cells using the above procedure. The BL21(DE3)pLysS
cells contain the pLysS plasmid, which confers resistance to chloram-
phenicol.

2. A single colony from an LB plate is inoculated into 5 mL of LB media containing
ampicillin (200 �g/mL) and chloramphenicol (35 �g/mL) and allowed to grow
overnight.

3. Two milliliters of the overnight culture are then diluted into 250 mL of the same
media and cells are allowed to grow to late log phase (OD600 ∼ 0.7–0.8).

4. Cells are induced with 1 mM IPTG, incubated for 6 h, and harvested by centrifu-
gation. The BL21(DE3)pLysS cells contain the DE3 lysogen, which encodes the
T7 RNA polymerase under control of the IPTG-inducible lacUV5 promoter. Upon
induction, T7 RNA polymerase is expressed and converts almost all of the host
cells resources to transcribe the gene of interest.

5. Inclusion bodies are isolated as below and the expression of target proteins is
followed by SDS-PAGE. Induction of expression of a fusion protein representing
the sixth transmembrane domain is illustrated in Fig. 4 (see Note 7).
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Fig. 4. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis of
induction of the expression of 15N-Trp�LE-M6. Inclusion bodies were isolated after
cells were induced with 1 mM isopropyl-�-d-thiogalactopyranoside for the indicated
times. The gel was stained with Coomassie Blue.

3.2.4. Isolation of Inclusion Bodies

1. Expression cells are harvested by centrifugation at 6160 g for 20 min at 4�C.
2. The cell pellet is resuspended in lysis solution (see above) at a ratio of 5 mL per

gram of wet cells.
3. Cell suspensions are sonicated for 5 to 10 min and centrifuged at 25400 g for 15 min

at 4�C.
4. The resulting pellet is resuspended and sonicated in 3 mL of lysis buffer (see above).
5. The solution is centrifuged using the same conditions as above.
6. The washing step is repeated with 3 mL of inclusion bodies washing buffer and

3 mL of distilled water.
7. The final inclusion bodies preparation is resuspended by sonication in 3–4 mL of

6 M guanidinium buffer and stored at −20�C.

3.3. SDS-PAGE and Western Blot Procedures

The procedure used in preparing gels for SDS-PAGE and for running these
gels follows instructions provided by Sigma (19).

3.3.1. Reagents

1. A 48% acrylamide solution: dissolve 48 g of acrylamide and 1.5 g N�N ′-
methylene-bis-acrylamide in distilled water up to a final volume of 100 mL (see
Note 8). The solution is stored in an amber bottle at 4�C.

2. The gel buffer: dissolve 36.34 g Trizma Base and 0.30 g of SDS in 60 mL of
distilled water. The pH is adjusted to 8.45 with 1 N HCl and the final volume is
adjusted to 100 mL with distilled water. This buffer is stored at 4�C.
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3. A 20% SDS stock solution is prepared by dissolving 10 g of SDS in 50 mL water
by gently warming until dissolution is complete. Store at 4�C.

4. 1 M Tris-HCl: dissolve 12.1 g of Trizma Base in 80 mL of distilled water, adjusting
the pH to 6.8 with 1 N HCl, and adjusting the volume to 100 mL with distilled
water. Store at 4�C.

5. Sample buffer: mix 4 mL of 20% SDS solution, 2.4 mL glycerol, 0.4 mL 2-
mercaptoethanol, and 1.0 mL of 1 M Tris-HCl together and adjust the volume
to 20 mL with distilled water. A few flakes of Coomassie Brilliant Blue G are
added and the solution is stored at 4�C. Gentle heating might be needed before use.

6. 10X anode buffer: dissolve 121.1 g of Trizma Base in distilled water to a final
volume of 500 mL. The pH is adjusted to 8.9 with 1 N HCl. Store at 4�C.

7. 10X cathode buffer: dissolve 121.1 g Trizma Base, 179.2 g Tricine, and 10 g SDS
in distilled water to a final volume of 1 L. Store at 4�C.

8. 10% ammonium persulfate (APS) solution: dissolve 100 mg ammonium persulfate
in 1 mL of distilled water. Store at 4�C.

9. Staining solution: dissolve 0.5 g Coomassie Brilliant Blue G in 500 mL of 40%
methanol/10% acetic acid/50% distilled water.

10. Destaining solution: 40% methanol/10% acetic acid/50% distilled water. The
following solutions are prepared following a protocol supplied by Pierce with their
SuperSignal® West HistProbe™ Kit.

11. Transfer buffer: dissolve 6 g Trizma Base, 28.8 g glycine, and 2 g SDS in 400 mL
of methanol. Distilled water is added to a final volume of 2 L and the pH adjusted
to 8.3 with 1 N HCl.

12. Blocking buffer: dissolve 10 mg bovine serum albumin (BSA) in 1 mL TBST.
13. HisProbeTM -HRP solution: dissolve 2 mg HisProbeTM -HRP in 0.5 mL autoclaved

water. Store as 2-�L aliquots at −20�C.
14. HisProbeTM -HRP working solution: dilute the HisProbeTM -horseradish peroxidase

(HRP) solution 1:5000 in TBST. SuperSignal West Pico substrate working solution
is prepared by mixing equal volumes of SuperSignal West Pico Luminol/Enhancer
Solution and SuperSignal West Pico Stable Peroxide Solution.

3.3.2. Preparing Gels for SDS-PAGE

1. Set up the gel apparatus (see Note 9). Place two separators on the large glass plate
and place the small glass plate on top of them. Place the glass sandwich in its
holder. Check for leaks!

2. Combine the above solutions to make a 16% acrylamide gel consisting of three
sections: A stacking gel, a spacer gel, and a separating gel. The solutions are
combined as per Table 1.

3. After the solutions are prepared, the APS and TEMED are added to the separating
gel solution. The resulting solution is mixed and 3.25 mL of the separating gel
solution carefully pipetted between the glass sandwich plates.
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Table 1
Solutions for Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis

Stacking gel Spacer gel Separating gel

Acrylamide 0.25 mL 0.76 mL 2.5 mL
Gel buffer 0.775 mL 1.25 mL 2.5 mL
Glycerol – – 0.8 mL
Water 2.1 mL 1.74 mL 1.7 mL
APS 25 �L 12.5 �L 25 �L
TEMED 3.5 �L 3 �L 2.5 �L

All the reagents are combined with the exception of the ammonium persulfate (APS) and
N�N�N ′�N ′-tetramethylethylenediamine (TEMED).

4. The APS and TEMED are then immediately added to the spacer gel solution and
700 �L is carefully loaded between the plates using a pipet.

5. Water is added to the remaining space between the plates until it reaches the top
of the glass sandwich. After about 20 min, the above solutions polymerize to form
a solid gel. At this time, the water is emptied from between the plates and a comb
(which is supplied by the manufacturer) is inserted to provide distinct loading
channels in the stacking gel.

6. The APS and TEMED are added to the stacking gel solution and the solution mixed
by swirling.

7. The stacking gel solution is loaded between the plates until it overflows. After
about 20 min, this solution polymerizes to a solid.

8. The comb is then removed and the wells thoroughly washed with distilled water.
9. Gels prepared as above can be used immediately or stored at 4�C for up to a week.

To store the gel, fill the wells with distilled water and wrap it in a wet paper towel.
Place the gel in a plastic bag, seal, and store at 4�C.

3.3.3. Running SDS-PAGE

1. Two gels are connected to a voltage source, creating a chamber between them.
2. 10X cathode buffer is diluted to 1X with distilled water and used to fill the

chamber created by the two gels. Check for leaks!
3. The 10X anode buffer is diluted to 1X with distilled water and the main chamber

holding the gels filled half way with this buffer.
4. The samples being analyzed are dissolved in sample buffer and sonicated.
5. The sample is boiled for 2–3 min and 10–20 �L loaded into the wells in the

stacking gel.
6. 20 �L of the appropriate molecular weight markers are loaded into the gel.
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7. The gels are placed into the main chamber and the apparatus connected to the
voltage box.

8. Gels are electrophoresed at 20 mA for 1–2 h.
9. Once the sample dye reaches the level of the anode buffer the voltage can be

increased to 40 mA (see Note 10).
10. The gels are run until the dye runs out of the gel (5–6 h).
11. The gels are stained with Coomassie blue or transferred to a nitrocellulose

membrane for Western blotting.

3.3.4. Staining SDS-PAGE Gels

1. Once the sample dye runs out of the gels, the gels are removed from their holder
and the wells cut off with a metal spatula.

2. The gels are placed in the staining solution overnight with gentle rocking at room
temperature.

3. In the morning, the gels are removed from staining solution and rinsed with distilled
water.

4. The gels are washed with destaining solution for about a half hour with gentle
rocking at room temperature.

5. The destaining wash is repeated until the desired contrast between peptide or protein
bands and the gel background is obtained.

6. Dry the gels.

3.3.5. Western Blotting

3.3.5.1. Transfer of Peptides/Proteins to Nitrocellulose

1. Once the sample runs out of the gels, the gels are removed from their holder and
the wells cut off with a metal spatula.

2. The gels are placed in the Western blot sandwich apparatus in the transfer buffer.
3. The gel is placed on the negative side of the sandwich apparatus and the nitrocel-

lulose membrane placed over it (see Note 11).
4. The sandwich apparatus is closed and placed in its chamber along with a stir bar.
5. The chamber is filled with transfer buffer and connected to a voltage box.
6. The protein is transferred from the SDS-PAGE gel to the nitrocellulose membrane

at a voltage of 40 V (approx 167 mA) for about 1 h. This should be done at 4�C
with constant stirring.

7. After 1 h the voltage was increased to 220 mA (approx 46 V) for 1 h. This should
also be done at 4�C with constant stirring.

8. The nitrocellulose membrane is removed from the apparatus and blocked overnight
with 10 mL of blocking buffer at 4�C and gentle shaking.
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3.3.5.2. Probing

The following steps are all performed at room temperature with gentle
shaking.

1. In the morning the nitrocellulose membrane is washed twice with 15 mL TBST for
10 min each time.

2. The membrane is then incubated in a 10 mL solution of the HisProbe-HRP Working
Solution for 1 h.

3. After 1 h, the nitrocellulose membrane is washed four times with 15 mL TBST for
10 min each time.

4. The nitrocellulose membrane is then incubated in 10 mL of SuperSignal West Pico
Substrate Working Solution for 5 min in a dark room.

5. Excess liquid is removed from the membrane with a tissue and wrapped in plastic
wrap.

6. The wrapped membrane is placed over a piece of film in a film cassette.
7. The film is exposed anywhere from 10 s to 5 min. Optimal exposure time must be

determined.
8. Develop the film.

3.4. Purification of Fusion Protein

The fusion constructs generated by the above procedures contain the Trp�LE
protein at the N-terminus and the target peptide at the C-terminus. A histidine
tag precedes the Trp�LE leader protein. In initial studies, attempts were made
to isolate the fusion protein using immobilized metal affinity chromatography
(IMAC). Although this procedure worked, the final protein was only 80% to
90% homogeneous as judged by HPLC. Therefore, we needed further purifi-
cation using semi-preparative HPLC. Subsequently we found that the guani-
dinium hydrochloride suspensions of the fusion proteins could be directly
injected onto an HPLC column and highly homogeneous (>95%) fusion protein
isolated in good yield. Currently, we have eliminated the IMAC step and only
use HPLC to isolate the fusion proteins.

1. The guanidinium hydrochloride suspension of the inclusion bodies (2–3 mL) is
injected directly onto an HPLC column.

2. HPLC purification is carried out using a Hewlett Packard-Agilent instrument
equipped with a gradient-based solvent system.

3. Chromatograms were monitored at � = 220 nm.
4. Fusion protein purification is carried out using a Vydac 259VHP82215 preparative

reversed-phase polymer column (22 mm×150 mm; 8 �m; 300 Å) with a water jacket
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at 50�C and a water-acetonitrile (0.1% TFA) gradient from 30% to 60% acetonitrile
in 80 min at a flow rate of 4 mL/min (see Note 12).

5. Fractions are analyzed using a Vydac 259VHP54 reversed-phase polymer column
(4	6 mm × 150 mm, 5 �m, 300 Å) at 50�C and a water-acetonitrile (0.1% TFA)
gradient from 30% to 60% acetonitrile in 20 min at a flow rate of 1 mL/min.

6. Final fusion proteins are over 95% homogeneous as judged by reversed-phase
(RP)-HPLC and SDS-PAGE.

7. Yields of fusion protein vary with the exact construct and average 10 to 100 mg/L
of culture in rich medium.

8. Expression in minimal media used for 15N- or 13C/15N-labeled peptides lowers the
yields in some cases and has little affect in others (see Note 13).

3.5. Cyanogen Bromide Release of Target Membrane Peptide

1. The lyophilized pure fusion protein is cleaved with 1 M CNBr.
2. Pure fusion proteins are dissolved in 50% or 70% TFA.
3. 2–3 mg of fusion protein is used per mL of cleavage mixture.
4. CNBr is dissolved separately in the TFA medium.
5. A 500- to 5000-fold molar excess of CNBr is used.
6. The final concentration of CNBr is 1 M .
7. The CNBr solution is prepared by adding the required volume of 70% TFA to

CNBr crystals and vortexing until dissolution is complete.
8. The CNBr solution is then added to the peptide solution.
9. The cleavage is carried out in the dark at room temperature.

10. Immediately upon addition of the CNBr to the peptide, 5 �L of the reaction solution
is injected into the HPLC to follow the cleavage.

11. Cleavage of a single transmembrane fusion peptide requires 24 h whereas
optimal cleavage of a 73-residue multi-domain peptide occurs after 4.5 h (see
Note 14).

12. To stop the cleavage reaction, the reaction mixture is frozen in dry ice and
lyophilized.

3.6. HPLC Purification of Target Membrane Peptide

The HPLC purification of membrane peptides is carried out using instru-
mentation and columns that are widely used in the purification of peptides.
The major challenge in the purification of membrane peptides is dissolving
the peptide prior to purification and preventing both aggregation and precipi-
tation in the HPLC. In the case of certain transmembrane peptides for Ste2p,
it was virtually impossible to dissolve the peptide unless Lys residues were
added at both the amino and carboxyl termini. Crude peptides from either the
CNBr cleavage or the solid-phase synthesis were dissolved in strong solvents
including mixtures of CH3CN:H2O:CF3COOH (30:40:30) or neat dimethyl
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sulfoxide (DMSO). Best results were achieved when high concentrations of
peptide were obtained (approx 10 mg/mL), and therefore low volumes of these
peptide solutions were injected. In many cases, only 2 mg of crude peptide
could be injected at a time. In cases in which the peptide was more soluble, as
much as 10 or 15 mg could be injected. It was observed that the best results
were achieved when separations were carried out at 50�C to 65�C. In many
cases, the quality of the crude peptide appears quite poor (Fig. 5) as a result of
the tendency of hydrophobic peptides to aggregate during synthesis, leading to
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Fig. 5. High-performance liquid chromatography spectra of synthetic transmembrane
peptides. Data from M2-35 is presented as a representative example. (See Fig. 2 for
structure.) A, crude peptide after cleavage from resin; B, purified peptide. Vydac
259VHP54 polymer column 
4	6 × 250 mm� at 80�C. Gradient: 90% A-100% B in
30 min, where A was water (0.1% TFA), B was acetonitrile (0.1% trifluoroacetic acid),
detection at � = 220 nm. Taken from ref. 7.
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incomplete coupling and to aggregation on the HPLC column during analysis
and purification. Nevertheless, high quality final product can be obtained.

1. HPLC purification is carried out using a Hewlett Packard-Agilent instrument
equipped with a gradient-based solvent system.

2. Chromatograms are monitored at � = 220 nm.
3. Crude synthetic peptides or CNBr cleaved peptides are purified using

a Waters �Bondpak™ preparative C18 reversed-phase column 
19 mm ×
300 mm� 10 �m� 125 Å� with a water jacket at 50�C and a water-acetonitrile (0.1%
TFA) gradient from 40% to 80% acetonitrile in 80 min at a flow rate of 4 mL/min
(see Note 15).

4. Two to ten mg of the peptide mixture is dissolved in 200 �L to 1 mL of an
CH3CN:H2O:CF3COOH mixture. Attempts are made to minimize the amount of
organic solvent and to try to maintain its level below the starting acetonitrile
concentration of the gradient.

5. If the solubility in the CH3CN:H2O:CF3COOH is not sufficient to obtain high
concentrations, 2,2,2-trifluoroethanol (TFE) is added as a co-solvent or neat DMSO
is used.

6. The peptide solution is filtered through a Gelman Acrodisc 13CR PTFE 0.45 �m
filter prior to injection (see Note 16).

7. Fractions from the preparative column are analyzed using a Waters Delta Pak
C18 reversed-phase column 
3	9 mm ×150 mm� 5 �m� 100 Å� at 50�C and water-
acetonitrile (0.1% TFA) gradient from 30% to 60% acetonitrile in 20 min at a flow
rate of 1 mL/min.

8. All peptides are purified to over 95% homogeneity as judged by RP-HPLC.
9. The ultimate recovery of the peptides is usually on the order of 10% to 20%.

10. The final products are assessed by electrospray ionization (ESI)-mass spectrometry
(MS).

11. In order to retain column efficiency, it is useful to integrate a daily “regeneration”
by ending the day with an injection of DMSO (approx 2–5 mL) to wash insoluble
material and aggregated peptide from the column.

3.7. Circular Dichroism Spectroscopy of Membrane Peptides

Circular dichroism (CD) spectroscopy is a technique that is highly sensitive
to the conformational state of peptide chains, exhibiting distinct spectral
patterns for �-helices, �-sheets, turns, and disordered peptides (20,21). The
phenomenon is based on the different extinction coefficients that optically
active molecules exhibit for left-handed and right-handed circularly polarized
light. Extensive theoretical studies have resulted in an understanding of the
fundamental electronic and electromagnetic interactions that are involved in the
phenomenon. For the purpose of investigating membrane peptides, key issues
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involve sample preparation because for the most part membrane peptides corre-
sponding to regions of GPCRs are either helical or disordered. There is little
evidence of significant contributions from �-sheet structures to the secondary
structure of these proteins. Nevertheless, the author’s laboratory and others
have found that in certain solvents, membrane peptides tend to aggregate and
exhibit CD patterns characteristic of sheets. One must be concerned whether
this is artifactual or reflects the biophysical tendencies of a specific domain of
a protein.

3.7.1. Characteristic CD Spectra of Polypeptides

Figure 6 presents characteristic CD spectra for helical, sheet, and disordered
polypeptide chains. In the case of the �-helix a minimum is noted at � = 222 nm
another minimum at � = 208 nm and a maximum at about � = 195 nm. The
minimum at � = 222 nm is assigned to the n → �∗ transition of the amide
chromophore. This transition is normally forbidden on quantum mechanical
grounds; however, in the dissymmetric environment of the helix it becomes
allowed. The � → �∗ transition is split by exciton interactions into the � =
208 nm minimum and the � = 195 nm maximum. CD spectra of �-helices
are similar both qualitatively and quantitatively irrespective of the amino acid
composition or sequence. In rare cases, peptides rich in aromatic residues show
unusual CD curves. However, this would not be expected to significantly affect
the spectra of membrane peptides as aromatic residues are usually excluded
from transmembrane domains. The helicity of a membrane peptide is highly
dependent on the solvent used for the investigation and the sequence of the
peptide. For amphiphilic peptides, the structure is often random in aqueous
buffer and becomes helical in membrane mimetic solvents such as TFE or in
detergent micelles. For peptides corresponding to transmembrane regions of
GPCRs, the water solubility is so low that CD spectra cannot be measured. In
membrane mimetic solvents, helical CD patterns are often observed.

The fraction helix (fh� can be estimated using equations developed by
Fasman and coworkers (20) and later modified by Chen and coworkers

fh = 
�
�− �
�0�/
�
�100 − �
�0� (1)

where [
] is the experimentally observed mean residue ellipticity, [
]0 and [
]100

correspond to 0 and 100% helical content at either � = 208 nm or � = 222 nm.
Normally we use � = 222 nm values of 2,000 and 30,000 deg•cm2/dmol for
[
]0 and [
]100, respectively (22,23) (see Note 17).
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Fig. 6. Circular dichroism (CD) spectra of characteristic secondary structures found
in proteins. The figure illustrates the CD patterns for �-helical, �-sheet, and disordered
structures based on poly-L-Lys. Taken from ref. 20.

3.7.2. Measuring CD Spectra of Membrane Peptides

A major concern in the quantitation of helicity from CD studies on membrane
peptides is determining the peptide concentration accurately. Our approach is
to prepare stock solutions in high concentrations of TFE and determine the
exact concentration of these stock solutions using knowledge of the extinction
coefficient. These stock solutions are then used to prepare all other solutions
used in CD measurements.
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1. Weigh membrane peptide sample into a clean vial using a microbalance with a
precision of 0.01 mg.

2. Using a micropipetter, add the desired volume of TFE.
3. Measure the ultraviolet (UV) spectrum.
4. Pipette a known volume of solution into a tube and conduct quantitative amino

acid analysis.
5. Calculate the extinction coefficient (�� for the peptide based on UV and amino

acid analysis results. Beers law (A = �CL) is used in this calculation, where A is
the measured absorbance at a given wavelength, C is the concentration calculated
from the amino acid analysis, and L is the path length. In some cases, the � at
� = 280 nm is calculated using an extinction coefficient of 5350 M−1cm−1 for a
Trp residue and 1340 M−1cm−1 for a Tyr residue.

6. The TFE stock solution is used to prepare sample solutions at (a) different
TFE/H2O ratios or for measurements in (b) detergent or (c) vesicles.

7. For measurements in TFE/H2O mixtures, the required volume of stock solution,
TFE, and water is added to a vial.

8. For measurements in the presence of detergent micelles, the peptide stock solution
is added to a vial and lyophilized overnight. Then, 200 �L of 100 mM detergent
10 mM phosphate buffer is added to the lyophilized peptide.

9. The peptide/detergent mixture is sonicated at 50�C for 15 min.
10. Final peptide concentrations of 50 to 400 �M with detergent/peptide ratios from

20/1 to 400/1 are prepared in this manner.
11. For measurements in the presence of synthetic lipid vesicles, the TFE/H2O stock

solutions of the membrane are added to 2 mg of DMPC/DMPG (4:1) in 1 mL of
CHCl3.

12. The resulting solution is dried under N2 flow. Residual traces of organic solvent are
removed by placing the dried film under vacuum overnight. Then the peptide/lipid
mixture is resuspended in 500 �L of 10 mM phosphate buffer, pH 6.4. The
suspension is sonicated at 50�C for 60 min. The final peptide concentration is
50 �M and the lipid to peptide ratio is 1:117.

13. The CD spectra of the peptides are recorded on an AVIV model 62-DS CD
instrument (AVIV Associates, Lakewood, NJ).

14. Quartz cuvets with pathlengths of 1 mm and 0.2 mm are used for peptides in TFE
solution and DMPC/DMPG (4:1) vesicles with concentration of 50 �M . Cuvets
with light path lengths of 0.2 and 0.1 mm are used for peptides in PPG and DPC
detergents (4 mg/mL) with concentration of 50 �M to 400 �M .

15. All spectra are the average of three to five scans between � = 260–280 nm and
� = 185 nm at an interval of 1 nm with a 3- to 5-s integration time at each
wavelength. The bandwidth for each measurement is set to 2 nm. Blanks are
collected on all solvent media and subtracted from the spectra containing the
protein.

16. CD intensities are expressed as mean residue ellipticities (deg cm2 dmol−1�.
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Fig. 7. Circular dichroism spectra as mean residue ellipticity vs wavelength for T40,
M7-12-T40, and M7-24-T40 in DMPC/DMPG (4:1) vesicles suspended in phosphate
buffer (0.1 mM , pH 6.3). (A) T40 in vesicles (closed circles) and phosphate buffer
(inverted open triangles); M7-12-T40 in vesicles (closed squares); M7-24-T40 in
vesicles (open diamonds). (B) Calculated difference spectra for M7-12 (closed circles)
and M7-24 (inverted open triangles) based on the spectra of M7-12-T40, M7-24-T40
and T40 (see Subheading 3., eq. 2). Taken from ref. 11.

17. For multidomain peptides containing portions of the cytosolic tail (T40), it is
assumed that the transmembrane and tail portions behave independently and the
mean residue ellipticity of E3-M7-24 is estimated using the following equation:

���E3-M7-24 = �
���E3-M7-24-T40 ×73�− 
���T40 ×40��/33 (2)
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18. Mathematical subtraction of the CD spectra of T40 from the E3-M7-24-T40
peptide spectra is carried out using the calculated molar ellipticity values of each
spectrum.

19. Finally, the mean residue ellipticity ([�]) of E3-M7-24 is obtained by dividing the
molar ellipticity by the appropriate number of residues.

20. A typical CD spectrum for a synthetic 64-residue peptide containing a transmem-
brane domain and 40 residues of the cytosolic tail of Ste2p is shown in Fig. 7.
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4. Notes
1. At present, all of the reagents necessary to detect a His tag in a protein are available

from Pierce as the Super Signal West HisProbe Kit.
2. In some cases, syntheses may be carried out on a 0.05-mmol scale. This results

in a significant savings in the amount of amino acid and solvents that are used in
the synthesis. In the case of the 433A synthesizer, this requires adjustment of the
volumes and concentrations of all reagents. If the standard volumes are used, the
concentration of amino acids and coupling reagents will be diluter than normal,
leading to lower coupling efficiencies.

3. Some sequences proved to be highly resistant to complete coupling. This was
particularly a problem with stretches of �-branched amino acid residues such as Ile,
Val, and Thr. In these cases, other solvents, such as DMSO, or stronger coupling
reagents, such as HATU and HOAt, were sometimes used in the coupling reaction.

4. The author’s laboratory currently uses a prepared mix from Sigma to make LB
medium.

5. Glycerol stocks may also be prepared in LB medium.
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6. The protocols for PCR, restriction enzyme digestion, and ligation are supplied by
the provider of these reagents.

7. The levels of expression vary significantly depending on the domain expressed
and the vector used for expression. For the Ste2p domains, better expression
is observed for a 73-residue multidomain peptide (24) than for 33-residue
peptides corresponding to the sixth transmembrane domain. The expression of the
73-residue peptide is also higher than that of a double transmembrane domain
fusion peptide containing the fifth transmembrane domain, the third intracellular
loop, and the sixth transmembrane domain. Better expression was also found using
Trp�LE rather than thioredoxin fusions (24).

8. Gentle heating is often needed before use, as this solution solidifies on storing at
4�C.

9. The author uses an electrophoresis device purchased from BioRAD. This device
runs a minimum of two gels simultaneously, and the gel holders create a space
that the author’s laboratory refers to as the cathode chamber between the two gels.
The cathode buffer is poured into this chamber. The gel holder is then placed into
an electrophoresis chamber that is hooked up to the power supply. The buffer in
this chamber is the anode buffer.

10. The current specified is for two gels. When four gels are run simultaneously, the
current is doubled.

11. Make sure there are no air bubbles by rolling a pipet over the nitrocellulose. Do
not put pressure on the membrane! This should all be done while in the transfer
buffer.

12. The gradient used in the separation of the fusion protein varies with the target
domain that was being synthesized. In the case of very hydrophobic domains, e.g.,
fusion proteins containing two transmembrane domains, better results are obtained
with isopropanol/butanol/water gradients than with acetonitrile-water gradients.
The exact organic component used in the eluent must be empirically optimized
depending on the transmembrane domain being targeted.

13. The level of expression is also dependent on the fusion protein being expressed in
the medium. Higher expression is obtained in rich as compared to minimal medium
for the 73-residue peptide. Little difference in expression levels in rich and minimal
medium is observed for M6 fusion proteins. Other laboratories have found drops
in expression yields in minimal medium and have improved expression yields by
including 5% rich medium in the minimal medium (25).

14. The percent acid used affects the rate of cleavage, but not the final purity of a
73-residue multi-domain Ste2p peptide that the author prepared. Cleavage is
slightly slower in 50% TFA than in 70% TFA and it is easier to control the reaction.

15. Transmembrane domain peptides often aggregate badly on reversed-phase columns
and the pattern obtained for the HPLC chromatogram sometimes reflects this aggre-
gation. Typically, attempts are made to recover the major peak. However, detailed
studies show that in some cases, other peaks exhibited molecular weights expected
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for the product. When beginning a study on a new system, if multiple peaks are
observed, it is worthwhile to change the eluent composition and vary the temper-
ature. In some cases, superior results are obtained with mobile phases containing
organic alcohols (methanol, isopropanol, n-butanol) instead of acetonitrile. Column
jackets for both analytical and preparative HPLC columns are available.

16. Hydrophobic peptides can be lost during the filtration and controls must be run
to test for this possibility. Filters should be washed with strong solvents and
scrutinized for the presence of the peptide.

17. There are many algorithms that have been developed to deconvolute CD spectra
into contributing secondary structures. Most of these were developed for globular
proteins and the best of these reflect contributions from helices, sheets, turns, and
“random” regions of the protein. For transmembrane peptides in bilayers, it is
highly likely that the residues are either helical or disordered. Therefore, the author
favors the simple approach of eq. 1.
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Application of Topologically Constrained Mini-Proteins
as Ligands, Substrates, and Inhibitors

Janelle L. Lauer-Fields, Dmitriy Minond, Keith Brew, and Gregg B. Fields

Summary

Protein–protein interactions are governed by a variety of structural features. The sequence
specificities of such interactions are usually easier to establish than the “topological specificities,”
whereby interactions may be classified based on recognition of distinct three-dimensional struc-
tural motifs. Approaches to explore topological specificities have been based primarily on
assembly of mini-proteins with well defined secondary, tertiary, and/or quarternary structures.
The present chapter focuses on three approaches for constructing topologically well defined
mini-proteins: template-assembled synthetic proteins (TASPs), disulfide-stabilized structures,
and peptide-amphiphiles (PAs). Specific examples are given for applying each approach to
explore topologically-dependent protein–protein interactions. TASPs are utilized to identify a
metastatic melanoma receptor that binds to the �1(IV)1263–1277 region of basement membrane
(type IV) collagen. A disulfide-stabilized structure incorporating a sarafotoxin (SRT) 6b model
was examined as a matrix metalloproteinase (MMP)-3 inhibitor. PAs were developed as (a)
fluorogenic triple-helical or polyPro II substrates for MMPs and aggrecanase members of the a
disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS) family and (b) glyco-
sylated and nonglycosylated ligands for metastatic melanoma cells. Topologically constrained
mini-proteins have proved to be quite versatile, helping to define critical primary, secondary,
and tertiary structural elements that modulate enzyme and receptor functions.

Key Words: Triple-helix; peptide-amphiphile; matrix metalloproteinase; collagen; integrin.

1. Topology and Templates
Protein–protein interactions are governed by a variety of structural features.

The sequence specificities of such interactions are usually easier to establish
than the “topological specificities,” whereby interactions may be classified

From: Methods in Molecular Biology, vol. 386: Peptide Characterization and Application Protocols
Edited by: G. Fields © Humana Press Inc., Totowa, NJ

125



126 Lauer-Fields et al.

based on recognition of distinct three-dimensional structural motifs. Approaches
to explore topological specificities have been based primarily on assembly of
mini-proteins with well defined secondary, tertiary, and/or quarternary struc-
tures. The de novo design of mini-proteins with distinct topologies has been
pursued for several decades (1–3 and references cited therein). The exami-
nation of biological functionality of such constructs has a more recent history.
The present chapter focuses on three approaches for constructing topologically
well defined mini-proteins: template-assembled synthetic proteins (TASPs),
disulfide-stabilized structures, and peptide-amphiphiles (PAs). The application
of such mini-proteins for evaluating topological specificities of receptors and
proteases is also described.

1.1. Template-Assembled Synthetic Proteins

The use of a template-assisted approach to create topologically defined
small proteins minimizes the entropic barriers to making multistranded species.
A large variety of domains have been created using this concept, including
2, 3, and 4 �-helix bundles, ��� zinc fingers, and triple-helices (4 –14). In
recent years, much progress has been made in template-assisted synthetic
methodologies, including orthogonal protection schemes, chemoselective
ligation, and the design of novel and increasingly flexible templates. It is
now possible to design peptides to form specialized structures such as ion
channels (14) or receptor binding sites (9,15–18) while controlling their
assembly into clearly defined higher-ordered structures containing two or
more strands. Many templates have been utilized to create these structures.
The main categories of template strategies are those that involve a scaffold to
which the peptide strands are covalently coupled or the use of a metal ion as
a noncovalent scaffold on which to build the molecule. The array of covalent
templates includes (1) multi-Lys branching schemes (5,9,10,14,19–24),
(2) cis,cis-1,3,5-trimethylcyclohexane-1,3,5-tricarboxylic acid (Kemp
triacid [KTA]) (25–31), (3) tris(2-aminoethyl)amine (TREN) (32), (4) N -
(benzyloxycarbonyl)-tris(carboxyethoxymethyl)aminomethane [Z-TRIS(33�3]
(34), (5) cyclotriveratrylene (CTV) (35), or (6) carbohydrates (36,37). Alterna-
tively, the metal ion templates have used Ca++, Ru(II), Ni(II), Fe(II), Cd(II),
or Hg(II) in conjunction with amino acids or N-terminal pyridyl or bipyridyl
functionalities to create multistrand linkages (4,6,7,13,38–40). The ultimate
benefit to each of these templates is the incredible flexibility in designing
the overall structure. Not only can the valency of the protein be modulated,
but also the orientation of each peptide strand can be exquisitely controlled.
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One can create parallel or antiparallel structures of homo- or heteromultimeric
sequences. Additionally, the desired secondary structure of each peptide strand
can be enhanced by bringing the strands together on the template (4–8,11,13).
For example, the presence of �-carboxyglutamate in positions i, i+4, i+7, and
i + 11 in the neuroactive conopeptide conantokin-G promotes the formation
of 2 �-helices arranged in an antiparallel fashion in the presence of Ca2+,
whereas the individual chains show minimal �-helical character in the absence
of Ca2+ (13). This arrangement appears to be very specific, as the secondary
and tertiary structures are not formed in the presence of Mg2+, Zn2+, or
Mn2+, nor are they formed in the absence of all divalent cations. Interestingly,
this association occurs and is stable under extremely mild conditions, which
contrasts with the harsh conditions utilized for some of the metal complexes
(6,7,41).

Solid-phase assembly of triple-helical collagen-model peptides using a
Lys-Lys C-terminal branch requires three different protecting group strategies
(Fig. 1): N �-amino protection (A), Lys side-chain protection (B), which
must be stable to the N �-amino group removal conditions, and C�-carboxyl
protection (linker), which must be stable to the N �-amino and Lys side-
chain protecting group removal conditions (10,42). Branching is achieved by
synthesizing A-[Lys(B)]2-Tyr(C)-Gly-linker resin and deprotecting the N �-
and N �-amino groups. Tyr is incorporated prior to branching to provide
a convenient chromophore for eventual concentration determination. Incor-
poration of A-Ahx (where Ahx is 6-aminohexanoic acid) onto all three
N -termini provided a flexible spacer, as demonstrated by Roth and Heidemann
(19). All THP solid-phase methods are based on 9-fluorenylmethoxycarbonyl
(Fmoc) N �-amino group protection. For example, the type IV collagen derived
�1 (IV)1263–1277 branch was assembled by a three-dimensionally orthogonal
strategy, where B was tert-butyloxycarbonyl (Boc) and linker was the allyl-
based 4-trityloxy-Z-but-2-enyloxyacetic acid [cleaved by (Ph3P)4Pd catalyzed
nucleophilic transfer] (9). A (Gly-Pro-Hyp)8 branch has also been assembled
by a three-dimensionally orthogonal strategy, where B was allyloxycarbonyl
(Aloc) [cleaved by (Ph3P)4Pd catalyzed nucleophilic transfer] and linker
was 4-hydroxymethylphenoxy (HMP; cleaved by trifluoroacetic acid) (10).
A third three-dimensionally orthogonal branch strategy was developed, where
B was 1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)-ethyl (Dde) (cleaved by
hydrazine/DMF, 1:49) and linker was HMP (10). The Fmoc/Dde combination
is now the most preferred, as exemplified by the synthesis of a topological
model of collagen described below.
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Fig. 1. General scheme for synthesis of branched, triple-helical peptides. Ahx is
6-aminohexanoic acid.

1.2. Disulfide-Stabilized Structures

One of the limitations in creating peptides with defined topological designs is
the inherent thermodynamic instability of smaller molecules. This problem can
be overcome by the use of disulfide bonds, which serve to shift the equilibrium
from unfolded to folded species. Traditional de novo peptide design has focused
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on finding peptide sequences that have a threshold propensity to form defined
structures. Alternatively, scientists have utilized naturally occurring biologically
active structures as the starting point for synthetic modification. The variety
of structurally stable peptide or protein scaffolds that are further stabilized by
disulfide bonds is diverse in nature. Many of these scaffolds have been utilized
as the basis for molecular design. Two basic categories of cystine-stabilized
structures are created by one to two disulfides aiding the stability of simple
structures such as �-helical hairpins or �-hairpin structures (43,44). In both
cases, a protein with the desired topological design was utilized as a scaffold.
As expected, the desired secondary and tertiary structures are not stable on
their own, but the addition of the properly placed cystine bridges allowed the
desired �-helical or �-hairpin structures to be produced by 10–40 amino acids.
This can be extended to more complicated structures such as the ��� motif,
�-helical bundles, mixed poly Pro/�-helices, or triple-stranded �-sheets (45).

Slightly more complex structures include the cystine-stabilized �-helical
motif (CSH) and the cystine-stabilized �-sheet motif (CSB) (46). The CSH
motif is found in the endothelin family, the spider toxin apamin, insect defensins
and toxins, plant �-thionins, and neurotoxins (46). One interesting example
of a CSH motif is an 18-residue peptide based on the apamin scaffold. The
substitution of five amino acids from the native apamin sequence produced an
active enzyme capable of decarboxylating oxaloacetate at rates comparable to
the best synthetic decarboxylates (45).

Another common class of cystine-stabilized structures is the cystine knot
(reviewed in ref. 47). This class can be further broken down into three families:
(1) growth factor cystine knots such as nerve growth factor, transforming
growth factor �-2, and platelet derived growth factor BB; (2) inhibitor cystine
knots, such as trypsin inhibitors, conotoxins, and plant toxins; and (3) cyclic
cystine knots, such as those present in plant cyclotides (47). The cystine knot
is characterized by an embedded ring formed by two disulfide bridges and the
peptide backbone connecting them, surrounded by a third disulfide bond. Family
members are 26–48 residues in length and retain such biological activities as
ion channel blockade and hemolysis, as well as antiviral, antibacterial, and
growth factor behavior (47). The variety of biological activities as well as the
flexibility of these scaffolds allows a myriad of possibilities for drug design.

If the initial scaffolds are naturally occurring, it is often found that direct
oxidation using redox pairs, such as reduced and oxidized glutathione or
�-mercaptoethanol and 2-hydroxyethylsulfide, produce correctly folded peptides
in greater yields than multistep oxidations used in combination with orthogonal
protection schemes (43,48,49) (Lauer-Fields et al., unpublished results).
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Interestingly, the addition of organic solvents such as methanol, ethanol, or
isopropanol will often aid in the folding process (49) (Lauer-Fields et al., unpub-
lished results). Two possible mechanisms exist. If the correctly folded oxidized
peptide is more hydrophobic than the improperly folded peptide or the fully
reduced form, the organic solvent can preferentially solublize the folded species or
reduce the formation of nonfolded aggregates (49). Alternatively, if the properly
folded species contains moderate �-helical content, solvents that aid in the
formation of �-helices can increase the likelihood of properly folded construct
(50) (Lauer-Fields et al., unpublished results). Isopropanol, trifluoroethanol, and
hexafluoroisopropanol satisfy this criterion (51).

The implications for future topological design work are enormous. The power
within these scaffolds lies in the fact that relatively few amino acids, aside from
the cysteines, are necessary for stabilizing the proper fold. As such, the scaffolds
can be used to display limited combinatorial libraries of peptides for biological
screening. Alternatively, one can rely on small scale multiple syntheses of singly
substituted peptides to produce a panel for screening purposes. Robust folding
kinetics as well as facile procedures, not relying on orthogonal protection
schemes, can produce volumes of compounds with relatively little effort. The
scaffold used to illustrate a cystine-stabilized fold herein is derived from the
sarafotoxin (SRT) peptide 6b (Fig. 2). Sarafotoxin is a member of the endothelin
family of proteins, which contains 21 amino acids, incorporating cysteinyl
residues at positions 1, 3, 11, and 15. These vasoactive proteins contain disulfide
bonds between Cys1–Cys15 and Cys3–Cys11, and an �-helical region between
residues 9 and 15 (52). This scaffold has been used extensively and has proven
to be robust enough so that numerous modifications can be made to the primary
structure without impeding the folding (52,53) (Lauer-Fields et al., unpublished
results).

Matrix metalloproteinases (MMPs) are involved in the physiological remod-
eling of tissues as well as pathological destruction of extracellular matrix
components (54). Dysregulation of MMP activity has been correlated with
pathologies such as arthritis, cardiovascular disease, tumor cell metastasis,
and gingivitis (55). The activity of 25 MMPs in humans can be regulated
in numerous ways including gene expression, activation of the zymogen
precursors, association with endogenous inhibitors such as the tissue inhibitors
of metalloproteinases (TIMPs), or the physical removal of enzyme via prote-
olysis or cellular internalization. The approach described below focuses on
inhibiting MMPs using synthetic mini-proteins that incorporate portions of the
TIMP active site (Fig. 2) into a scaffold based on an endothelin family protein.
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Fig. 2. Structure of SRT 6b (top) and comparison of N-tissue inhibitor of metallo-
proteinase (TIMP)-1 (bottom, A) and sarafotoxin 6b (bottom, B) sequences.

A comparison of the three-dimensional structures of SRT 6b (Fig. 2) and
the reactive site of TIMPs (Fig. 3) suggest potentially similar interfaces with
MMPs. Because of the apparent structural commonalities, SRT 6b was tested
as a possible inhibitor of MMP activity. The Ki value was found to be in
the micromolar range (K. Brew, unpublished results), less effective than the
nanomolar inhibition by TIMPs. Nevertheless, it encouraged the development
of SRT analogs as potential MMP inhibitors.

1.3. Peptide-Amphiphiles

The term “peptide-amphiphile” was first used in 1995 (56). This PA was
utilized to mimic defined topological structures by incorporating an amino acid
sequence with the propensity to form a triple-helix as the polar “head” group and
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Fig. 3. Interface of tissue inhibitor of metalloproteinase (TIMP)-1 and matrix metal-
loproteinase (MMP)-3.

a dialkyl hydrocarbon chain as the nonpolar “tail.” The concept of covalently
linking a variety of peptide head groups to lipophilic tails has since broadened
to include a vast array of structures, such as �-sheets based on �-amyloid, silk,
or elastin sequences, as well as coiled-coils, and fibronectin-derived RGD turns
(57–60). The use of PAs to create defined topological structures has many
advantages compared to template assisted or cystine-stabilized designs. The
flexibility of this architecture is likely the greatest attribute. One can incorporate
single binding sites, such as the collagen-derived CD44 chondroitin sulfate
proteoglycan binding sequence (61–65). Alternatively, a secondary binding site
can be jointly presented to cells, such as the use of two fibronectin-derived
sequences, RGD and PHSRN, to synergistically improve binding to the �5�1
integrin (58,66,67). By using a variety of lipophilic tails, an array of structures
can be created. These include, but are not limited to, sheets, spheres, rods, disks,
and channels (59,60,68). The field of biomaterials has benefited greatly from
the use of PAs to create novel scaffolds (66,69–71). Hartgerink et al. utilized
a PA incorporating RGD and Ca2+ binding sites to initiate PA fiber assembly,
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Fig. 4. Synthesis of peptide-amphiphiles (PAs). The desired peptide sequence is
assembled by standard solid-phase stepwise synthesis methods. Once synthesis is
complete, the N �-amino protecting group is removed from the resin-bound peptide,
and the lipophilic moiety is incorporated. In this particular example, an alkyl chain has
been coupled to a collagen-like sequence to create a PA. The PA is then cleaved from
the resin, which simultaneously removes the side-chain protecting groups, purified, and
allowed to self-associate in an aqueous environment.
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which in turn directed mineralization of hydroxyapatite in a three-dimensional
structure that modeled bone tissue (70). This molecule adds another dimension
to the flexibility of PAs, namely the use of cystine-bridges to create reversible
covalent cross-links to modulate structural stability. Coating surfaces of bioma-
terials with PAs also allows the use of additional lipophilic groups interspersed
with the PA to modulate packing of head groups such that their presentation to
enzymes, receptors, or cells can be optimized (57,66,72). PAs have also been
utilized in solution to create fluorogenic substrates incorporating triple-helices,
polyPro(II) helices, and �-helices for studying enzyme–substrate interactions
that more closely mimic enzyme interactions with native protein substrates
(73–77). Melting temperatures, and thus the head group stability, can be tightly
regulated by modulating the length of the mono-alkyl hydrocarbon chain used
for the tail, such that mechanistic studies illustrating an enzyme’s ability to
unwind a specific structure (i.e., triple-helix) can be performed (73–77). Lastly,
the relatively simple synthetic schemes used with PAs create an environment
rich with versatility (Fig. 4). For these reasons, PAs have been used for an
array of applications, including cell and receptor binding studies, mechanistic
enzymology, antitumor therapy, targeted drug delivery, targeted oligonucleotide
delivery, enhanced antimicrobial activity, and tissue engineering (60,64,65,71–
73,75–82). Two PA applications are described here: fluorogenic triple-helical
substrates and triple-helical cell receptor ligands.

2. Materials
1. Dimethylformamide (DMF), N -methylpyrrolidone (NMP), N ,N -diisopropyle-

thylamine (DIEA), trifluoroacetic acid (TFA), methyl-tert-butyl ether (MTBE),
1,8-diaza-bicyclo[5.40.]undec-7-ene (DBU), dimethyl sulfoxide (DMSO), and
acetonitrile, peptide synthesis- or high-performance liquid chromatography
(HPLC)-grade, as well as cell culture media, bovine serum albumin (BSA),
HEPES, glutaraldehyde, Coomassie blue R-250, formalin, Tris-HCl, NaCl, CaCl2,
and brij-35, are purchased from Fisher Scientific (Atlanta, GA).

2. Piperidine is purchased from AnaSpec (San Jose, CA).
3. Sodium acetate, Tris-HCl, ammonium acetate, NH4HCO3, isopropanol (Optima/

HPLC grade), acetonitrile (HPLC-grade), TFA (peptide synthesis-grade), �-
mercaptoethanol (molecular biology grade), thioanisole, ethanedithiol, phenol,
CaCl2, brij-35, and NaCl are purchased from Fisher Scientific (Atlanta, GA).

4. Fmoc-amino acids, N -[(1H-benzotriazol-1-yl)(dimethylamino)methylene]-N -
methylmethanaminium hexafluorophosphate N -oxide (HBTU), 1-H-benzotria-
zolium-1-[bis(dimethylamino)methylene]-5-chloro-hexafluorophosphate-(1-),
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3-oxide (HCTU), 1-hydroxybenzotriazole (HOBt), Fmoc-Gly-Sasrin resin, Fmoc-
Rink Amide 4-methylbenzhydrylamine (MBHA), or NovaSyn TGR PEG resin
(see Note 1) are purchased from EMD Biosciences (San Diego, CA).

5. 5,5′-Dithiobis(2-nitrobenzoic acid), �-cyano-4-hydroxycinnamic acid (mass
spectrometry [MS] grade), and 2-hydroxyethyl disulfide are purchased from Sigma
Scientific (St. Louis, MO).

6. Alamar Blue is obtained from BioSource International (Camarillo, CA).
7. The monoalkyl chains hexanoic acid [CH3-(CH2�4-CO2H, designated C6], octanoic

acid [CH3-(CH2�6-CO2H, designated C8], decanoic acid [CH3-(CH2�8-CO2H,
designated C10], dodecanoic acid [CH3-(CH2�10-CO2H, designated C12], tetrade-
canoic acid [CH3-(CH2�12-CO2H, designated C14], palmitic acid [CH3-(CH2�14-
CO2H, designated C16], and stearic acid [CH3-(CH2�16-CO2H, designated C18] are
purchased from Aldrich.

8. OGS lysis buffer: 50 mM Tris-HCl, 150 mM NaCl, pH 7.2, 0.5 mM CaCl2,
0.5 mM MnCl2, 1 �M phenylmethyl sulfonyfluoride (PMSF), 10 �g/mL aprotinin,
10 �g/mL, 10 �g/mL leupeptin, and 50 mM octyl-�-glucoside.

9. IP lysis buffer is prepared as 0.25% triton x-100, 75 mM NaCl, 25 mM Tris-HCl,
0.5 mM vanadate, and 2.5 mM ethylenediamine tetraacetic acid (EDTA).

10. Enzyme assay buffer (EAB)1: 50 mM tricine, 100 mM NaCl, 10 mM CaCl2, and
0.05% brij-35.

11. EAB2: 50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 10 mM CaCl2, and 0.05%
Brij-35.

12. Adhesion medium: 20 mM HEPES and 2 mg/mL BSA in basal media.

3. Methods
3.1. Template-Assembled Synthetic Protein Methods and Applications

3.1.1. Preparation of [N-tris(Fmoc-Ahx)-Lys-Lys]-Tyr-Gly Branched
Template

1. Deprotect 1 g of Fmoc-Gly-Sasrin resin with 20% piperidine in DMF for 30 min
followed by a second 5-min treatment.

2. Wash the resin three times with DMF. If the substitution level is higher than
0.5 mmol/g, add 0.2 mmol benzoic anhydride dissolved in 25 mL DMF and 0.4 mmol
DIEA, mix for 1 h, and wash the resin three times with DMF.

3. Dissolve 3 eq of Fmoc-Tyr(tBu) in approx 10 mL DMF. Add 2.7 eq of HBTU
and 3 eq of HOBt, and then add the mixture to resin. Add 6 eq of DIEA, mix for
30–60 min, and wash the resin with DMF three times.

4. Remove Fmoc as indicated above and wash the resin three times with DMF.
5. Dissolve 3 eq of Fmoc-Lys(Dde) (see Note 2) in approx 10 mL DMF. Add 2.7 eq

of HBTU and 3 eq of HOBt and then add the mixture to the resin. Add 6 eq of
DIEA, shake for 30–60 min, and wash with DMF three times.
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6. Repeat the Fmoc removal and Fmoc-Lys(Dde) coupling steps such that the resin
contains two adjacent Lys(Dde) residues (see Note 3).

7. If the desired construct is homotrimeric, the Dde and Fmoc groups can be simul-
taneously removed by treatment with 2% hydrazine in DMF for 30 min followed
by three rinses with DMF. An optional spacer of Fmoc-Ahx acid can be added to
reduce the steric hindrance of the branch.

8. Keeping in mind that the chain is now trimeric, dissolve 3 eq of Fmoc-Ahx in
approx 10 mL DMF, add 2.7 eq of HBTU and 3 eq of HOBt, and add the mixture
to the resin. Add 6 eq of DIEA, mix for 60 min, and wash three times with DMF.

9. A small volume of template is cleaved from the resin using H2O–TFA (5:95) for 1 h
and analyzed by matrix-assisted laser desorption/ionization (MALDI)-time-of-flight
(TOF) MS to confirm proper branch assembly. This scale of template is sufficient
for three 0.25 mmol syntheses.

One can also utilize the branching strategy to construct heterotrimeric
triple-helical peptides (42). The synthesis of triple-helical peptides with one
chain of different sequence from the other two requires a four-dimensional
orthogonal scheme, where HMP is the linker and Dde or 1-(4,4-dimethyl-2,6-
dioxocyclohex-1-ylidene)-3-methylbutyl (ivDde) (83,84) side-chain protection
of Fmoc-Lys is used (Fig. 1). Synthesis by Fmoc strategy of one chain (i.e., the
�2 collagen chain sequence) proceeds through the �-amino of Lys; thus, the
Dde/ivDde and Fmoc groups are not removed simultaneously. The �2 chain
sequence is assembled by Fmoc chemistry as described above. After incor-
poration of the �2 chain sequence, the peptide chain is “capped” by using
allyloxycarbonyl (Aloc) chloride or Aloc-Gly, creating an N -terminal Aloc
group. The Lys �-amino Dde or ivDde groups are then removed with hydrazine
(see above), which does not remove Aloc, and synthesis by Fmoc strategy
proceeds for the other two chains (i.e., �1 collagen chain sequence). Once all
three chains are equivalent in terms of number of residues incorporated, the
Aloc group is removed by treatment with (Ph3P)4Pd in CHCl3–acetic acid–N -
methyl morpholine (20:1:0.5) (85) and the Fmoc groups removed as described
above. Finally, Fmoc-Gly, -Pro, and - Hyp(tBu) are incorporated into all three
chains. Cleavage and side-chain deprotection are by TFA as described below.
This method was used previously to construct a heterotrimeric �1�1 integrin
binding site from type IV collagen (42).

3.1.2. Peptide Synthesis, Side-Chain Deprotection, and Cleavage

1. Incorporation of individual amino acids is by Fmoc solid-phase methodology on an
Applied Biosystems 433A Peptide Synthesizer using cycles described previously
(9,10).
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2. For Fmoc removal, a solution of DBU–piperidine–NMP (1:5:44) is used for 5–10
and 10–15 min.

3. All couplings are performed with HCTU/HOBt.
4. Peptide-resins are cleaved and side-chain deprotected by treatment with H2O–TFA

(5:95), H2O–thioanisole–TFA (5:5:90), or ethanedithiol-H2O–thioanisole-phenol–
TFA (2.5:5:5:5:82.5) for ≥ 2 h depending upon the peptide sequence (86,87).

5. Resins are filtered and rinsed with TFA, and the combined filtrate and wash reduced
under vacuum at room temperature to approx 0.5 mL and precipitated with MTBE.

6. The precipitate is centrifuged and washed three times with MTBE, dissolved in
acetonitrile–H2O (1:9–1:4), and purified by preparative reversed-phase (RP)-HPLC.

3.1.3. Purification and Characterization of Peptide-Template

1. Preparative RP-HPLC is performed on a Rainin AutoPrep System with a Vydac
218TP152022 C18 column (15–20 �m particle size, 300 Å pore size, 250×22 mm)
at a flow rate of 10 mL/min with 0.1% TFA in H2O (A) and 0.1% TFA in acetonitrile
(B), and detection at � = 220 nm.

2. The eluent is lyophilized to a powder and repurified using a semipreparative Vydac
219TP54 diphenyl column (5 �m particle size, 300 Å pore size, 250×4	6 mm) at a
flow rate of 2 mL/min with detection at � = 220 nm.

3. Analytical HPLC is performed on a Hewlett-Packard 1100 Liquid Chromatograph
equipped with an ODS Hypersil C-18 column (5 �m particle size, 100×2	1 mm).

4. Chain assembly is confirmed by Edman degradation and MALDI-TOF mass
spectrometry using a specialized matrix mixture containing 2,5-dihydroxybenzoic
acid/2-hydroxy-5-methoxybenzoic acid (9:1, v/v) (88,89).

Triple-helicity is monitored by circular dichroism (CD) spectroscopy in the
far ultraviolet (UV) wavelengths. Peptides are dissolved in the appropriate
buffer at concentrations of 2–500 �M . Conditions should reflect final relevant
assay conditions as much as possible based on limitations imposed by sample
availability and/or instrumentation. For example, if the peptides are to be used
in a cell-binding assay at 10 �M in phosphate-buffered saline (PBS), then
the CD spectra should be acquired at that peptide concentration in a similar
buffer. Because chloride ions interfere with the acquisition of data, a phosphate
buffer can be substituted for PBS. A typical spectra for a triple-helix shows a
positive molar ellipticity at � approx 225 nm and a negative molar ellipticity
at � approx 205 nm. In addition to the far UV wavelength scan of � approx
195–250 nm, one can determine the melting temperature by monitoring the
change in molar ellipticity at � = 225 nm with a constant change in temperature
from 5–85�C. For samples exhibiting sigmoidal melting curves, the inflection
point in the transition region (first derivative) is defined as Tm. Alternatively,
Tm is evaluated from the midpoint of the transition.
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3.1.4. Affinity Chromatography Utilizing a Branched Peptide

Identification of receptors binding to regions within type IV collagen has
been achieved using template-assembled mini-collagens (9).

1. Branched �1(IV)1263–1277 triple-helical peptide (THP) is coupled to activated
CH-Sepharose according to the instructions of the supplier (Pharmacia Biotech).
In addition, a mock-coupled column is made without the peptide.

2. The mock column of CH-Sepharose is incubated with 1 M Tris-HCl or 1 M Gly
to block all reactive sites.

3. Cells are extracted in OGS lysis buffer by shaking 30 min at 4�C.
4. The lysates are cleared by centrifugation at 36,500 g for 60 min at 4�C.
5. For this experiment, buffer conditions are optimized for the potential recovery of

cell surface proteoglyans. Alternate detergents and buffers can be utilized based
on the relevant receptors for each experiment. Cell lysates were shaken with the
mock beads for 4 h at 4�C to remove any materials that will bind nonspecifically
to the Sepharose beads.

6. The unbound materials were collected and incubated with the peptide-Sepharose
beads by rocking overnight at 4�C.

7. The beads are washed with 3 volumes of OGS lysis buffer, and the bound proteins
are eluted with IP lysis buffer supplemented with 50 mM EDTA and 1 M NaCl.

8. The eluate is concentrated and the buffer exchanged with IP lysis buffer using
Microsep Centrifugal Concentrators.

9. A portion of the sample can be electrophoresed by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE) and proteins visualized with a general
protein stain. Once the content and molecular masses of bound proteins are deter-
mined, individual proteins are identified using immunoprecipitation or Western
blotting.

10. Peptide-columns are washed extensively to remove all bound material and stored
in a buffer containing an antimicrobial agent such as ethanol or sodium azide for
further use.

Invasion of the basement membrane is believed to be a critical step in
the metastatic process. Melanoma cells have been shown previously to bind
distinct triple-helical regions within basement membrane (type IV) collagen.
Additionally, tumor-cell binding sites within type IV collagen contain glyco-
sylated hydroxylysine residues. Triple-helical models of the type IV collagen
�1(IV)1263–1277 sequence were utilized to (a) determine the melanoma cell
receptor for this ligand and (b) analyze the results of single-site glycosylation on
melanoma cell recognition. Branched �1(IV)1263–1277 THP was immobilized
to CH-Sepharose, and precleared human melanoma cell lysates were added to
the beads. Following application of the cell lysates, the column was washed with
3 volumes of OGS lysis buffer, and then bound materials were eluted with IP
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lysis buffer. Eluants were incubated with monoclonal antibodies (mAbs) against
either CD44 or the �1 integrin subunit, and precipitated proteins analyzed by
SDS-PAGE. Under nonreducing conditions, a protein of approx 85–90 kDa was
immunoprecipitated by the anti-CD44 mAb (Fig. 5). This apparent molecular
weight corresponds to melanoma CD44s core protein following chondroitinase
treatment (90,91). No corresponding proteins were observed using an anti-�1
integrin subunit mAb immunoprecipitation (data not shown). Immunoprecipi-
tation analysis of whole cell lysates showed the presence of both CD44 (Fig. 5)
and the �1 integrin subunit (data not shown), consistent with prior studies (90).

To examine the role of chondroitin sulfate proteoglycan (CSPG) in the
binding of melanoma cells to �1(IV)1263–1277, affinity chromatography was

Fig. 5. Immunoprecipitation of immunoblot analysis of melanoma cell surface
proteins eluted from the �1(IV)1263–1277 triple-helical peptide (THP) affinity column.
Lane 1 contains the molecular size markers (108, 97, 48, 35, 28, and 20 kDa). Lane 2
contains proteins eluted by EDTA + NaCl from the THP column, immunoprecipitated
with an anti-CD44 monoclonal antibody (mAb), and then treated with chondroitinase
ACII. Lanes 3 and 4 contain lysis buffer immunoprecipitated with an anti-CD44 mAb,
which serves as a negative control. Lane 5 contains melanoma whole cell lysate proteins
immunoprecipitated with an anti-CD44 mAb, and then treated with chondroitinase
ACII. In lanes 2 and 5, one protein of approx 85–90 kDa, corresponding to CD44, was
immunoprecipitated. In lanes 2-5, the CD44 mAb appears at approx 50 and approx
25 kDa. No proteins were immunoprecipitated with the anti-�1 mAb (data not shown).
(Reproduced from ref. 65, with permission of J. Biol. Chem.)
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performed using branched �1(IV)1263–1277 THP and chondroitin-4-sulfate,
chondroitin-6-sulfate, and dermatan sulfate. Both chondroitin-4-sulfate and
chondroitin-6-sulfate were found to specifically bind to �1(IV)1263–1277 THP,
whereas dermatan sulfate did not (Fig. 6). The relative elution profiles of
chondroitin-4-sulfate and chondroitin-6-sulfate made it appear that chondroitin-
4-sulfate has a greater ability to bind branched �1(IV)1263–1277 THP, but a
significant amount 
> 4000 rfu� of chondroitin-6-sulfate remains bound to the
THP and elutes only with successive washes with acetate buffer, pH 4.0, and
Tris-HCl buffer, pH 8.0. Overall, �1(IV)1263–1277 is bound by CD44 in the
CSPG modified form.
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Fig. 6. Affinity chromatographic analysis of chondroitin-4-sulfate (closed diamonds,
solid line), dermatan sulfate (closed squares, solid line), or chondroitin-6-sulfate (closed
circles, dashed line) binding to the �1(IV)1263-1277 triple-helical peptide (THP)
affinity column. The glycosaminoglycans were eluted by increasing NaCl concentra-
tions, and detected by fluorometric analysis. Chondroitin-4-sulfate and chondroitin-6-
sulfate bound specifically to the �1(IV)1263–1277 THP, while dermatan sulfate did
not. (Reproduced from ref. 65, with permission of J. Biol. Chem.)
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3.2. Disulfide-Stabilized Structures: Methods and Applications

3.2.1. Synthesis, Cleavage, and Side-Chain Deprotection
of Sarafotoxin-Based Peptides

A comparison of sequences of endothelin-family members is shown in
Table 1. A rough consensus sequences exists as follows: C�CX�5�XD±E10C�-
��C15H�D�I20W, where � = polar, � = bulky/hydrophobic, � = aromatic, ± =
charged, and X = any residue.

Previous work has shown that truncation at endothelin Asp18 results in a
peptide that loses all vasoconstrictive activity (92). A family of analogs were
created that retain the endothelin scaffold without unwanted vasoconstrictive
activity, These peptides used residues 1–18 as a starting point, with substitutions
at residues 2, 4, 5, 16, and 18, as well as extensions of nonendothelin sequences
for residues 19–23. In all cases, the analogs folded in a proper manner (i.e.,
with disulfide bonds between Cys1–Cys15 and Cys3–Cys11� with yields ranging
from approx 60–100%. Data included herein are based on the following sequ-
ence, shown with protecting group strategy: Cys(Trt)-Ser(tBu)-Cys(Trt)-Val-
Asp(OtBu)-Met-Thr(tBu)-Asp(OtBu)-Lys(Boc)-Glu(OtBu)-Cys(Trt)-Leu-Tyr
(tBu)-Phe-Cys(Trt)-Val-Trp(Boc)-Ser(tBu)-Glu(OtBu)-Met-Ala-OH. This
sequence was designed using SRT 6b residues 1–15, with Lys4 substituted by
Val, and residues 16–21 derived from TIMP-1. The peptide-resin is cleaved
and deprotected for 2 h with ethanedithiol–thioanisole–phenol–water–TFA

Table 1
Sequences of Endothelin (ET) and Sarafotoxin (SRT) Family Members

Species Sequence

ET1 CSCSSLMDKECVYFCHLDIIW-OH
ET2 CSCSSWLDKECVYFCHLDIIW-OH
ET3 CTCFTYKDKECVYYCHLDIIW-OH
ET4/VIC CSCNSWLDKECVYFCHLDIIW-OH
Bibrotoxin CSCADMTDKECLYFCHQDVIW-NH2

SRT 6a CSCKDMTDKECLNFCHQDVIW-NH2

SRT 6b CSCKDMTDKECLYFCHQDVIW-OH
SRT 6c CTCNDMTDEECLNFCHQDVIW-OH
SRT 6d CTCKDMTDEECLYFCHQDIIW-NH2

SRT 6e CTCKDMTDEECLYFCHQGIIW-NH2

Residues in bold are conserved.
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(2.5:5:5:5:82.5) (86,87), precipitated and washed repeatedly in cold MTBE,
and dissolved in folding buffer as indicated below.

3.2.2. Peptide Oxidation and Folding

1. Crude peptides are either purified by RP-HPLC on a Rainin AutoPrep System
with a Vydac 218TP152022 preparative C18 column (15–20 �m particle size, 300 Å
pore size, 250 × 22 mm) at a flow rate of 10 mL/min with 0.1% TFA in H2O (A)
and 0.1% TFA in acetonitrile (B), and detection at � = 220 nm, or folded without
purification (see Note 4).

2. Peptides are dissolved at 100–600 �M in one of four buffers: (1) 0	1 M
NH4Ac, pH 8.5; (2) 0	1 M NH4HCO3, pH 8.5; 
3� 0	1 M NH4HCO3, pH 8.5,
1 mM 2-hydroxyethyl disulfide, 5 mM �-mercaptoethanol; or (4) 0	1 M NH4HCO3,
pH 8.5, 1 mM 2-hydroxyethyl disulfide, 5 mM �-mercaptoethanol supplemented
with isopropanol to a final concentration of 30% (see Notes 5 and 6). All folding
procedures are performed at 4�C with mixing.

3. Folding is monitored by analytical RP-HPLC on a Hewlett Packard 1100 Liquid
Chromatograph equipped with a small-pore, narrow-bore C18 column (5 �m particle
size, 120 Å pore size, 100×2	1 mm) with 0.1% TFA in H2O (A) and 0.1% TFA in
acetonitrile (B), and detection at � = 220 and 280 nm.

4. Oxidized peptides are rotovapped and purified as discussed above for preparative
RP-HPLC.

3.2.3. Peptide Characterization

MALDI-TOF mass spectrometry is performed using �-cyano-4-
hydroxycinnamic acid on a Voyager-DE STR mass spectrometer (Applied
Biosystems). Free sulfhydryl content is also quantified using a modified
Ellman’s test (93):

1. 5,5′-Dithiobis(2-nitrobenzoic acid) (DTNB) is dissolved in 50 mM sodium acetate
at a stock concentration of 2 mM .

2. The DTNB solution is diluted to a final concentration of 500 �M , in 100 mM
Tris-HCl, pH 8.0.

3. 10 �L of buffer, sample, or standard is added to 190 �L of DTNB solution, mixed
and absorbance is read at � = 412 nm.

4. Free sulfhydryl content is calculated compared to a standard curve generated with
D/L-Cys.

5. All reagents are made fresh immediately prior to use.

3.2.4. Sarafotoxin Scaffolds as Metalloprotease Inhibitors

1. Peptides are dissolved in EAB1 and their concentrations determined spectrophoto-
metrically by A280.
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2. A relevant enzyme, for example, MMP-3, is diluted in EAB1 to a concentration
that is twofold higher than the expected final concentration.

3. A serial dilution is performed with the peptide in EAB1 to create a range of
concentrations.

4. One volume of enzyme is mixed with one volume of peptide and the samples
are incubated for 1–2 h at 37�C. The actual incubation time is determined by the
stability and final concentration of the enzyme. If the enzyme is unstable at 37�C,
then incubation can be performed at 20–30�C. If the temperature is lowered, the
incubation time must be extended. A positive control inhibitor, such as TIMP-1,
can be used to determine appropriate assay conditions.

5. Upon completion of the enzyme-inhibitor incubation period, a small volume of
fluorogenic substrate (10% of the final assay volume) is added to each well. The
final concentration of substrate should be = 10% KM.

6. The fluorescence is monitored at the appropriate wavelengths. A typical MMP
substrate fluorophore/quencher pair is Mca/Dnp, which utilizes �excitation = 324 nm
and �emission = 393 nm (73,76,94,95).

7. Initial velocities are obtained from plots of fluorescence vs time, using only data
points corresponding to less than 20% full hydrolysis, which corresponds to a time
frame in which the fluorescence change versus time is linear. The initial velocity
is equal to the slope of that line. A plot of [inhibitor] versus initial velocity or
percentage of enzyme activity will illustrate the extent of inhibition.

This particular sequence (CSCVDMTDKECLYFCVWSEMA) produced two
fractions of completely oxidized peptide. Presumably fraction 1 retains the
proper disulfide bonds between Cys1–Cys15 and Cys3–Cys11, whereas fraction 2
contains the improperly folded species, Cys1–Cys11 and Cys3–Cys15. CD
spectroscopy (data not shown) and MMP-3 inhibition profiles (Fig. 7) support
this assessment of folding. A full description of inhibition profiles and peptide
characterization will be published elsewhere.

3.3. Peptide-Amphiphile Methods and Applications

3.3.1. Preparation of Peptide-Amphiphiles

1. Incorporation of individual amino acids is by Fmoc solid-phase methodology on an
Applied Biosystems 433A Peptide Synthesizer using cycles described previously
(9,10).

2. For Fmoc removal, a solution of DBU–piperidine–NMP (1:5:44) is used for 5–10
and 10–15 min.

3. All couplings are performed with HCTU/HOBt.
4. Peptide-resins are cleaved and side-chain deprotected by treatment with H2O–

TFA (5:95), H2O–thioanisole–TFA (5:5:90), or ethanedithiol–H2O–thioanisole–
phenol–TFA (2.5:5:5:5:82.5) for ≥ 2 h depending upon the peptide sequence (86,87).
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Fig. 7. Inhibition profiles for a selected sarafotoxin peptide with matrix metallopro-
teinase (MMP)-3. Both fractions are fully oxidized. Fraction 1 is presumably properly
folded, whereas fraction 2 is likely to be improperly folded. Full characterization and
activity profiles will be described elsewhere.

5. Resins are filtered and rinsed with TFA, and the combined filtrate and wash reduced
under vacuum at room temperature to approx 0.5 mL and precipitated with MTBE.

6. The precipitate is centrifuged and washed three times with MTBE, dissolved in
acetonitrile–H2O (1:9–1:4), and purified by preparative RP-HPLC.

3.3.2. PA Synthesis

1. Acylation of the peptide-resin involves condensing a 4-fold molar excess of alkyl
acid to the N �-deprotected resin, with a 3.8-fold molar excess each of HBTU and
HOBt in DMF for 2 h. The reaction is initiated by the addition of an 8-fold molar
excess of DIEA and proceeds for 1 h.

2. Cleavage and side-chain deprotection of the lipidated peptide-resins is accomplished
by treating the resin for 1–2 h with either H2O–TFA (1:19) or ethanedithiol–
thioanisole–phenol–H2O–TFA (2.5:5:5:5:82.5) (86,87).

3. PA cleavage solutions are extracted with methyl tert-butyl ether prior to purification.

3.3.3. Purification and Characterization of PA

Preparative RP-HPLC is performed on a Rainin AutoPrep System with a
Vydac 218TP152022 C18 or 214TP152022 C4 column (15–20 �m particle size,
300 Å pore size, 250×22 mm) at a flow rate of 10 mL/min with 0.1% TFA in
H2O (A) and 0.1% TFA in acetonitrile (B), and detection at � = 220 nm. For
very hydrophobic samples, it is advantageous to use 0.1% TFA in isopropanol
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instead of acetonitrile (61,62). Analytical HPLC is performed on a Hewlett-
Packard 1100 Liquid Chromatograph equipped with an ODS Hypersil C-18
column (5 �m particle size, 100×2	1 mm).

PA composition can be determined by amino acid analysis (9) and/or
MALDI-TOF MS (56,61,64,73,89,96,97). PA homogeneity can also be
evaluated by diphenyl and nonporous C18 reversed-phase HPLC (96) and/or
hydrophobic interaction HPLC (10).

3.3.4. Structural Characterization of PAs

Triple-helicity is monitored by CD spectroscopy in the far UV wavelengths
(9,10,61,62,64,73,89,97,98) as described in 3.1.3. Nuclear magnetic resonance
(NMR) spectroscopy can also be used to study the relative thermal stability,
alignment, and flexibility (backbone mobilities) of triple-helical PAs (61–63).

3.3.5. Peptide-Amphiphiles as Substrates

A continuous assay method, such as one that utilizes an increase in fluores-
cence upon hydrolysis, allows for rapid and convenient kinetic evaluation of
proteases. Quenched fluorescent triple-helical substrates that utilize fluores-
cence resonance energy transfer (FRET)/intramolecular fluorescence energy
transfer (IFET) have been constructed by incorporation of a fluorophore
[(7-methoxycoumarin-4-yl)acetyl; Mca] and a quencher (2,4-dinitrophenyl;
Dnp) in the same peptide chain (73,74,94,95,99–101). The Mca/Dnp fluoro-
genic triple-helical substrates have been utilized to determine individual kinetic
parameters and activation energies for hydrolysis of triple-helices (see below)
(73–77). Additionally, both general MMP triple-helical substrates (73,76)
and MMP-2/MMP-9 and MMP-14 selective triple-helical substrates (75,77)
have been described. For the triple-helical constructs, Mca is incorporated by
acylation onto the �-amino group of Lys (73) or by utilizing the Fmoc-Lys(Mca)
building block (102).

1. Substrates are dissolved in EAB2. If solubility is poor, a concentrated stock solution
can be prepared in DMSO and diluted in EAB2 such that the final concentration of
DMSO does not exceed 0.3%.

2. Protease assays are carried out in EAB2 by incubating a range of substrate
concentrations with 10 nM enzyme at 30–37�C. Substrates should be added to
the 96 or 384-well plate and pre-incubated to the appropriate temperature for
20–30 min.

3. Add enzyme, mix the plate thoroughly and monitor fluorescence at the appropriate
wavelengths (see Subheading 3.2.4., step 6).
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4. Initial velocities are obtained from plots of fluorescence versus time, using only
data points corresponding to less than 20% full hydrolysis, which corresponds to a
time frame in which the fluorescence change vs time is linear. The slope from these
plots is divided by the fluorescence change corresponding to complete hydrolysis
for that substrate concentration and then multiplied by the substrate concentration
to obtain initial velocity in units of �M/s.

A series of fluorogenic triple-helical MMP substrates were designed to
incorporate known MMP cleavage sites in types I, II, III, and V collagen
(Table 2) (73–76,103). Fluorogenic THP (fTHP) substrates were initially based
on a consensus sequence derived from the collagenolytic MMP cleavage sites
in human types I–III collagen (54). fTHP-3 and fTHP-4 (73,74) include a
Gly∼ Leu cleavage site and Gly-Pro-Hyp repeats to enhance triple-helical
stability. To serve as the FRET fluorophore-quencher pair, Mca and Dnp are
linked to Lys side-chains in the P5 and P5’ subsites, respectively. Arg in the
P′

2 and P′
8 subsites are favored by collagenolytic MMPs (104) while serving to

enhance fTHP solubilities (73).
MMP-1 hydrolysis of fTHP-3 at 30�C occurred exclusively at the Gly∼ Leu

bond. This is the analogous bond cleaved by MMP-1 in the native �1(II)
collagen chain (105). Thus, incorporation of the fluorophore/quenching pair
of Mca and Dnp did not affect the ability of the enzyme to recognize or
cleave the substrate. The relative order of kcat/KM values was MMP-13 >
MMP-1 ∼ MMP-2 > MMP-3 (Table 2). MMP-13 had the highest kcat/KM

value for hydrolysis of fTHP-3 primarily due to a lower KM value. fTHP-4
was synthesized to create a more soluble version of fTHP-3, and was found to
exhibit similar kinetics upon MMP treatment as fTHP-3 (Table 2). MMP-1 and
MMP-2 triple-helicase activities were enhanced when the Mca fluorophore was
replaced by 2-amino-3-(7-methoxy-4-coumaryl)propionic acid (Amp; fTHP-5
and fTHP-6) or 2-amino-3-(6,7-dimethoxy-4-coumaryl)propionic acid (Adp;
fTHP-7 and fTHP-8) (Table 2), demonstrating that the shorter side-chain of
Amp or Adp [compared with Lys(Mca)] in the substrate P5 subsite was better
tolerated by MMP-1 and MMP-2 (76).

The consensus sequence was subsequently modified in the P1’ subsite, where
Leu was replaced with Cys(Mob), to create fTHP-9. The Cys(Mob) residue
in the P1’ subsite was reported to enhance MMP-14 activity and specificity
(106). It should be noted, however, the substrates from the prior MMP-14
study were neither triple-helical nor linear collagen models (106). Both fTHP-
4 and fTHP-9 were acylated with decanoic (C10) and palmitic (C16) acids
to confer differential thermal stability and allow the correlation of substrate
structural stability to enzyme activity. The effect of the single substitution of
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Cys(Mob) for Leu in the P1’ subsite was substantially different for MMP-1 and
MMP-14

279–523� (Table 2). MMP-1 preferred fTHP-4; the replacement of
Leu by Cys(Mob) increased KM, resulting in a lower kcat/KM value. In contrast,
MMP-14

279–523� preferred fTHP-9, with Cys(Mob) causing decreased KM

values resulting in higher kcat/KM values. This indicates that the P′
1 subsite in a

triple-helical context provides selectivity within these collagenolytic MMPs.
The temperature-dependent hydrolysis of fTHP-4, fTHP-9, and C16-fTHP-9

was evaluated for MMP-1, MMP-1

243–450�, and MMP-14

279–523�. Kinetic
parameters were determined at 25, 30, 35, and 37�C, and the activation energies
(Ea) were calculated (Table 2). The activation energy could not be deter-
mined for MMP-1 with fTHP-9 or C16-fTHP-9 because there was very little or
no hydrolysis even at higher temperatures. Comparison of MMP-1 to MMP-
14

279–523� demonstrates a higher activation energy for triple-helix hydrolysis
by MMP-1. This is consistent with the lower kcat/KM values observed for
MMP-1 hydrolysis of fTHPs compared with MMP-14

279–523� and the greater
sensitivity to triple-helical thermal stability exhibited by MMP-1. The C-
terminal hemopexin-like domain contributes to the ease of hydrolysis, as MMP-
1

243–450� has a higher activation energy than MMP-1. Finally, an increase
in substrate thermal stability (C16-fTHP-9 compared with fTHP-9) results in a
higher activation energy for MMP-14

279–523� hydrolysis.

MMP-1 and MMP-14 have different collagen preferences, with MMP-1
favoring type III collagen over type I, and vice versa for MMP-14 (54,107).
It has been previously observed that type III collagen is more susceptible to
general proteolysis than type I collagen (108,109), and the susceptibility of
interstitial collagens to cleavage by trypsin and trypsin/chymotrypsin mixtures
appears to be dependent on the relative unwinding of the triple-helix (109–113).
Thus, there may be a more prevalent local instability in the type III molecule
compared to type I. Local unwinding or enhanced backbone mobilities have
been proposed to facilitate collagenolysis, as the MMP cleavage site in inter-
stitial collagens is distinguished by being “loosely” triple-helical (low imino
acid content) following the cleavage site and “tightly” triple-helical (high imino
acid content) prior to the cleavage site, as well as possessing a low content
(<10%) of charged residues (101,105). Recent work utilizing THP models and
NMR hydrogen exchange spectroscopy experiments (114,115) or molecular
dynamics trajectories (116) concluded that such flexibility exists at the site of
MMP hydrolysis. MMP-1 may prefer type III collagen as a result of the more
mobile triple-helix at the cleavage site and MMP-1 having limited ability to
hydrolyze more thermally stable local structures.
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The Gly439 ∼Val440 bonds in type V collagen are cleaved by MMP-9,
along with a similar cleavage site sequence in type XI collagen (117).
A fluorogenic substrate was designed based on this sequence and designated
�1(V)436–447 fTHP [(Gly-Pro-Hyp)5-Gly-Pro-Lys(Mca)-Gly-Pro-Pro-Gly∼
Val-Val-Gly-Glu-Lys(Dnp)-Gly-Glu-Gln-(Gly-Pro-Hyp)5-NH2] (75). 1(V)436-
447 fTHP was hydrolyzed efficiently by MMP-2 and MMP-9, but was not
hydrolyzed by MMP-1, MMP-3, MMP-13, or MMP-14 (Table 2). Thus, overall
the PA approach has been utilized to develop fluorogenic substrates that can
conveniently monitor general triple-helical peptidase activity or selectively
monitor MMP-2/MMP-9 or MMP-14 activity.

The a disintegrin and metalloproteinase with thrombospondin motifs
(ADAMTS) family has been utilized to determine if a substrate can be
designed based upon topology. Among the ADAMTS family members, several
have been described to have activity against aggrecan, while others can cleave
the N -propeptide region of native interstitial procollagens (118). Interestingly,
the processing of the N -propeptide region by ADAMTS-2 requires retention of
substrate supersecondary structure (119,120), and peptide models of aggrecan
cleavage sites are not processed efficiently by ADAMTS-4 and ADAMTS-5
(121). This suggests that members of the ADAMTS family require a
distinct topology for efficient substrate hydrolysis. We have thus designed
an ADAMTS-4 substrate that incorporates a known aggrecan cleavage site
within a poly-Pro II structure [C6-(Gly-Pro-Hyp-Pro-Hyp-Gly)2-Gly-Pro-Hyp-
Gly-Thr-Lys(Mca)-Gly-Glu-Leu-Glu-Gly-Arg-Gly-Thr-Lys(Dnp)-Gly-Ile-Ser-
(Gly-Pro-Hyp-Pro-Hyp-Gly)2-Gly-Pro-Hyp-NH2; fSSPa] (122). A second
substrate was designed to incorporate an aggrecan cleavage site sequence within
an �-helical structure [C16-Lys-Lys(Mca)-Glu-Ile-Glu-Ala-Leu-Lys-Ala-Glu-
Leu-Glu-Lys(Dnp)-Leu-Lys-Ala-Glu-Ala-Glu-Ala-Leu-Lys-Ala-NH2; �HPa]
(122). fSSPa and �HPa were treated with a highly active ADAMTS-4 deletion
mutant, ADAMTS-4-3, at 37�C. fSSPa was hydrolyzed, with KM = 308	0 �M
and kcat = 0	564 s−1, while �HPa was not cleaved. The lack of activity towards
the �-helical substrate indicates selectivity for the poly-Pro II topology.

3.3.6. Peptide-Amphiphiles as Cell-Binding Ligands

When layered on hydrophobic surfaces, peptide-amphiphiles appear to line
up perpendicular to the surface, even if not tightly compressed (72,123,124).
This property allows peptide-amphiphiles to be used as cell ligands in multiwell
plate assays. Cell adhesion to substrate-coated nontissue culture treated plates
is performed as described previously (64,65,79,80,125):
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1. PAs dissolved in PBS are diluted in 70% ethanol, added to the 96-well plate, and
allowed to adsorb overnight at room temperature. In some cases, cell binding can
be enhanced by mixing varying amounts of fatty acids or other lipids with the PAs
(57,72). This produces a surface with ligands optimally spaced for cell binding.
Ratio and content of fatty acid must be determined empirically.

2. Nonspecific binding sites are blocked with 2 mg/mL BSA in PBS for 2 h at 37�C.
3. Cells are released with 5 mM EDTA in PBS or trypsin-EDTA, and washed three

times with adhesion medium (20 mM HEPES, 2 mg/mL BSA in basal media).
4. 5,000–10,000 cells diluted in adhesion medium are added to the plate. The plate is

incubated 60 min at 37�C.
5. Nonadherent cells are removed by washing three times with 37�C adhesion medium.
6. Cells are quantified with adhesion medium containing 10% Alamar-Blue. Cells are

incubated in this medium for 4–18 h and cell number determined either spectopho-
tometrically using A570 and A600 or fluorescently with �excitation = 530–560 nm and
�emission = 590 nm, according to the manufacturer’s instructions.

The extent of cell spreading can be monitored as follows. Perform the assay
exactly as indicated above with the exception of the last step, cell quanti-
tation. After washing unbound cells, the remaining cells are fixed with 2.5%
glutaraldehyde dissolved in formalin, and stained with R-250 Coomassie Blue.
Digital photos of each well are taken and the area of the cells quantified with
the assistance of Quantity One (BioRad) or similar imaging software.

Triple-helical models of the type IV collagen �1(IV)1263–1277 sequence
have been used to analyze the results of single-site glycosylation on melanoma
cell recognition. Human melanoma cell adhesion has been examined
for C16-(Gly-Pro-Hyp)4-[�1(IV)1263–1277]-(Gly-Pro-Hyp)4-NH2 and C16-
[Hyl(Gal)1265]-(Gly-Pro-Hyp)4-[�1(IV)1263–1277]-(Gly-Pro-Hyp)4-NH2 at
37�C (Fig. 8). The C16-(Gly-Pro-Hyp)4-[�1(IV)1263–1277]-(Gly-Pro-Hyp)4-
NH2 peptide-amphiphile promoted significant adhesion of melanoma cells,
with an EC50 value of approx 2	5 �M . The glycosylated peptide-amphiphile
promoted very low levels of adhesion of melanoma cells at all concentrations
tested. Neither the [�1(IV)1263–1277] peptide nor the C16 tail alone produced
significant adhesion over the concentration range studied (126). Prior studies
had shown that the single-stranded [�1(IV)1263–1277] peptide promotes
adhesion at concentrations greater than 50 �M (EC50 ∼170 �M) (9,126).

The ability of C16-(Gly-Pro-Hyp)4-[�1(IV)1263–1277]-(Gly-Pro-Hyp)4-NH2

and C16-[Hyl(Gal)1265]-(Gly-Pro-Hyp)4-[�1(IV)1263–1277]-(Gly-Pro-Hyp)4-
NH2 to promote cell spreading was next studied. Spreading was quantitated
over a ligand concentration range of 0	01–50 �M (Fig. 9). Melanoma cell
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Fig. 8. Human melanoma cell adhesion to C16-(Gly-Pro-Hyp)4-[IV-H1]-(Gly-Pro-
Hyp)4-NH2 (open triangles, solid line), C16-[Hyl(Gal)1265]-(Gly-Pro-Hyp)4-[IV-H1]-
(Gly-Pro-Hyp)4-NH2 (open triangles, dashed line), or bovine serum albumin (dashed
line) at 37�C. Peptide-amphiphile concentrations were 0.01–10 �M . (Reproduced from
ref. 65, with permission of J. Biol. Chem.)

spreading was more extensive on C16-(Gly-Pro-Hyp)4-[�1(IV)1263–1277]
-(Gly-Pro-Hyp)4-NH2 compared with C16-[Hyl(Gal)1265]-(Gly-Pro-Hyp)4-
[�1(IV)1263–1277]-(Gly-Pro-Hyp)4-NH2. Representative microscopic images
of melanoma cell spreading on 10 �M C16-(Gly-Pro-Hyp)4-[�1(IV)
1263–1277]-(Gly-Pro-Hyp)4-NH2 and 10 �M C16-[Hyl(Gal)1265]-(Gly-Pro-
Hyp)4-[�1(IV)1263–1277]-(Gly-Pro-Hyp)4-NH2 (Fig. 10) illustrate the
modulation of cell activity based on glycosylation.

We have found that glycosylation inhibits CD44 interaction with the
�1(IV)1263–1277 region derived from basement membrane collagen. This
result is unexpected, as prior studies had shown that melanoma cell binding
to �1(IV)1263–1277 is primarily via electrostatic interactions with Lys1265 and
Lys1268 (127). Although it is possible that the glycosylation may mask the side-
chain charge of residue 1265, such behavior seems unlikely given the small
size of the carbohydrate. It is more likely that we have observed a specific,
unfavorable carbohydrate-carbohydrate interaction between the CD44 CS and
the �1(IV)1263–1277 galactose residue. This is the first demonstration of the
prophylactic effects of ligand glycosylation on tumor cell interaction with the
basement membrane, while a related prior report had shown that tumor cell
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Fig. 9. Human melanoma cell spreading on C16-(Gly-Pro-Hyp)4-[IV-H1]-(Gly-Pro-
Hyp)4-NH2 (open triangles, solid line), C16-[Hyl(Gal)1265]-(Gly-Pro-Hyp)4-[IV-H1]-
(Gly-Pro-Hyp)4-NH2 (open triangles, dashed line), or bovine serum albumin (dashed
line) at 37�C. Peptide-amphiphile concentrations were 0.01–50 �M . (Reproduced from
ref. 65, with permission of J. Biol. Chem.)

surface sialic acid reduced binding to type IV collagen (128). Overall, little
is known about how carbohydrates interact with cell surface receptors, partic-
ularly in the case of unfavorable associations (129,130). More often, such
interactions are favorable, as when carcinoma cell surface mucins associate
with platelet P-selectin, creating a platelet “cloak” surrounding the tumor cells
that aids in the metastatic process (131). Although CD44 does bind certain
carbohydrates (hyaluronic acid; HA), this interaction requires a minimum of
six sugar residues (three repeating disaccharide units), with affinity increasing
for longer HA molecules (Kd ∼ 0.3 nM) (132). The present study suggests
that glycosylation can be used for modulating tumor cell behaviors, based on
carbohydrate structure and chain length.

The reduced binding of CD44/CSPG due to ligand glycosylation presents
a possible “cryptic sites” mechanism by which tumor cells may invade the
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Fig. 10. Human melanoma cell spreading on (A) 10 �M C16-(Gly-Pro-Hyp)4-[IV-
H1]-(Gly-Pro-Hyp)4-NH2 or (B) 10 �M C16-[Hyl(Gal)1265]-(Gly-Pro-Hyp)4-[IV-H1]-
(Gly-Pro-Hyp)4-NH2 at 37�C. (Reproduced from ref. 65, with permission of J. Biol.
Chem.)

basement membrane. In the native, glycosylated state, regions within type
IV collagen may have minimal interaction with receptors such as CD44/CSPG.
After tumor cells bind to type IV collagen (presumably via integrins such as
�2�1), cell surface or secreted glycosidases could liberate the collagen-bound
carbohydrates. This process would expose “cryptic sites” for interaction with
CD44/CSPG and/or other cell surface receptors (such as the �3�1 integrin,
which also binds to a glycosylated region within type IV collagen [15,133,134]).
Galactosylation has been shown previously to mask Lewis X antigens (135),
and enzymes have been identified that “cycle” O-linked N -acetylglucosamine,
potentially regulating nuclear and cytoplasmic signaling (136). In the latter
case, glycosylation may be analogous to or compete with protein phosphory-
lation in signal transduction (137,138). For example, addition of O-linked �-N -
acetylglucosamine to insulin receptor substrate-1 and -2 apparently decreases
phosphorylation and affects insulin-mediated homeostatsis. Of direct relevance
to collagen, specific enzymes have been characterized for (a) removal of
glucose from disaccharide-modified Hyl (2-O-�-D-glucopyranosyl-O-�-D-
galactopyranosyl-Hyl glucohydrolase [139,140]) and (b) transfer of galactose
to Hyl (UDP-galactose:hydroxylysine-collagen (basement membrane) galac-
tosyltransferase [141]). In addition, a cell surface galactosyltransferase that
binds to type IV collagen and a cell-surface inactive �-galactosidase that binds
elastin and laminin have been described (142,143). Although a deglycosy-
lation/cryptic sites mechanism provides interesting speculation, it should also
be noted that not all Lys residues in type IV collagen are fully hydroxylated
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and glycosylated (133,144), and thus receptor interaction may just occur with
the subpopulation of type IV collagen that does not contain carbohydrate.
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4. Notes
1. The use of lower substitution polyethylene glycol-based resins in combination with

DBU/piperidine Fmoc deprotection and HCTU/HOBt couplings give improved
yields for longer sequences or those incorporating difficult couplings.

2. By utilizing the array of readily available orthogonally protected Lys derivatives,
including, but not limited to, Fmoc-Lys(Dde), Dde-Lys(Fmoc), Fmoc-Lys(Fmoc),
Fmoc-Lys(Mmt), Fmoc-Lys(Mtt), or Fmoc-Lys(ivDde), an array of topological
designs can be created. The dilute acid utilized for side-chain deprotection of
the Mmt and Mtt groups will cleave the template from the Gly-SASRIN resin.
Thus, a more acid-stable resin such as Rink Amide MBHA should be utilized in
combination with Fmoc-Lys(Mmt) and Fmoc-Lys(Mtt).

3. One can create a variety of templates based on the simple Lys-branching method.
The template can accommodate two to eight branches with ease and can also create
a number of homo- or heteromultimeric sequences. However, as the number of
branching points increases care must be taken during N-�-amino or N-�-amino
deprotection and subsequent couplings. The resin becomes increasingly “sticky”
as the number of free amino groups increases, which can complicate subsequent
deprotection and coupling reactions. Ensure that a proper solution volume or resin
mixing action is taken to avoid deletions during peptide chain assembly.

4. Previously published reports suggest that purification prior to folding improves
the success rate for disulfide formation (145). Although this may be true for some
specific sequences, peptides based on the sarafotoxin scaffold folded equally well
without prior purification.

5. Isopropanol is included to increase �-helical content of the peptides (51). The
correctly folded sarafotoxin scaffold contains modest �-helical content (52), thus
increasing this content prior to oxidation is utilized to optimize the yields of
correctly folded peptide. As discussed under Subheading 1., the incorporation
of an organic solvent has been shown to enhance the folding in other systems
as well (49).

6. Partly as a result of solubility considerations, NH4HCO3 proved to be slightly
superior to NH4Ac as a folding buffer. Buffers 2, 3, and 4 (see Subheading 3.2.2.)
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show some differences in folding efficiency. In all cases peptides based on the
sarafotoxin-scaffold are oxidized quantitatively using these conditions. Disulfide
arrangement, however, varies slightly with buffer content. These variations appear
to be sequence specific with a ratio of correctly to incorrectly folded peptide
ranging from 3:1 to > 99:1. This project is ongoing, and thus clear-cut patterns
are still emerging. For that reason, each peptide is tested under all three conditions
prior to large-scale folding.
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Abstract

The profiling of protein function is one of the most challenging scientific tasks in the postge-
nomic age. Traditional protein expression methodologies have focused only on the quantification
of proteins under varying conditions or pathologies. Determining the functional differences
between protein populations allows for a more accurate view of the outcomes in normal vs
diseased proteomes. Because the presence or absence of a protein’s function can affect its
complex surroundings (consisting of multiple other proteins and substrates), the study of proteome
functionality yields information on protein-protein interactions, amplification cascades, signaling
pathways, and posttranslational modifications. Of significant interest are proteinases, as prote-
olysis is responsible for tight regulation of various cellular and tissue processes. Proteinase
activities, or lack there of, alter the proteome makeup by regulating other proteins or by generating
cleavage products. This chapter describes current proteolytic profiling technologies using activity
or target-based formats. In particular, the analysis of collagenolytic matrix metalloproteinase
activity using fluorogenic triple-helical substrates is discussed.

Key Words: Proteolytic profiling; proteomics; fluorogenic substrates; matrix metallopro-
teinases; collagen; protein expression.

1. Introduction
This is the era of analyzing global cellular processes. Efforts have generated

information on whole genome sequences and their expression profiles, including
their transcriptomes and proteomes. However, most medicinal questions,
including those in drug discovery, ultimately focus on altered or altering protein
activity. Protein activity is often not directly related to protein expression. In
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order for a protein to be functional, it is subjected to regulation by posttrans-
lational modifications, associations with other proteins resulting in collective
activities/functions, and/or interactions with mechanism-based inhibitors.

Traditional abundance-based proteomic techniques are riddled with technical
limitations. For instance, two-dimensional gel electrophoresis (2DE) has limited
separation capabilities and is technically challenging for analyzing membrane
proteins and proteins of low abundance. Coupling 2DE with mass spectrometry
(MS) and/or liquid chromatography (LC) has advanced proteomic analyses,
but even so, these methods fail to measure posttranslational modifications and,
ultimately, protein activity (1).

Because proteinases operate in a complex milieu of other proteins, substrates,
and cleavage products, and since these components of the proteinase’s
environment often regulate or are involved in amplification cascades of the
proteinase, there have been substantial efforts made towards understanding
proteinase in vivo activities. Proteinase substrates cannot be simply thought of as
“substrates,” but rather as cleavage products with functional roles. For example,
some proteinases (matrix metalloproteinase [MMP]-14) cleave proteinase
inhibitors, resulting in activation of the proteinases inhibited by those inhibitors
and subsequent cleavage of other substrates by those proteinases, etc. (2).

Different methodologies are currently being used to understand the
expression profile of proteinases at a specific time or under a particular
cellular treatment, in addition to the range of substrates on which a given
proteinase will act. Determining a proteinase’s substrates will contribute to
the understanding of that proteinase’s normal function, as well as its function
under various pathological conditions. This knowledge also contributes to the
mechanism of action behind proteinase inhibitors/activators, required for drug
development. Perhaps, the greatest level of complexity arises from under-
standing an individual proteinase’s role in the entire proteolytic system as well
as the role of its resulting cleavage products in the proteinase degradome.

Due to the diversity of the proteinase population, no solitary technique can
be used to understand the roles of all proteinases at one time. A single (or
a class of) proteinase(s) must be excavated out of the proteome, retaining its
(their) function, and then its (their) function must be quantified.

1.1. Proteolytic Profiling Technologies

Current proteolytic profiling can be organized into two categories: (1)
activity-based protein profiling (ABPP) (also known as mechanism-based
profiling) using an enzyme active site-directed chemical probe to assess the
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proteolytic activity of a class of enzymes in a complex sample; and (2) target-
based profiling using targets based either on (a) a given proteinase or (b) a
given substrate in a complex sample.

ABPP probes have three characteristic elements: a binding group that binds
the active site of enzymes within a given enzyme class, a reactive group
for labeling ABPP-bound enzymes, and a reporter group that allows obser-
vation and isolation of the ABPP-bound enzyme (1,3) (Fig. 1). ABPP probes
have been used for identification of upregulated metalloproteinases (MPs) in
invasive cancer cells (4) (Fig. 1A). Using probes with built-in hydroxamate
(which selectively binds MPs and chelates zinc), benzophenone (which modifies
MP active sites by photo-crosslinking), and the reporter groups rhodamine
(for visualization) and biotin (for affinity purification), the Cravatt laboratory
affinity-purified neprilysin (an integral membrane metalloproteinase), leucine
aminopeptidase (LAP), and dipeptidylpeptidase III (DPPIII) as enzymes that
are upregulated in invasive melanoma. Furthermore, they demonstrated that
neprilysin, LAP, and DPPIII were inhibited by GM6001, an MMP inhibitor,
suggesting that nonspecific inhibition of MPs (not limited to the MMP family)
may explain the toxicity observed with MMP inhibitors in clinical trials.

Previously, Cravatt and co-workers utilized an active site directed probe to
analyze functional serine hydrolases in crude rat cell and tissue extracts (5).
Their probe was a biotinylated long-chain fluorophosphonate (an irreversible
serine hydrolase inhibitor) that specifically labeled catalytically active serine
hydrolases and thus recorded changes in functional status and expression levels
(Fig. 1B).

The Cravatt laboratory described a method that merges ABPP probes with
a microarray format (6). First, they treat the proteome with fluorescent ABPPs
and then trap and visualize the labeled enzymes on glass slides using anti-
enzyme antibodies. Two breast cancer cell lines were studied, MDA-MB-231
and 231 mfp. The 231 mfp line is the more tumorigenic of the cell lines.
Microarrays correctly showed that tissue plasminogen activator (tPA) and
urokinase plasminogen activator (uPA) are more active in the 231 mfp line.
When specific inhibitors were added to the proteomes, the corresponding
enzyme activities were suppressed. The sensitivity of ABPP microarrays was
compared to gel-based methods, and ABPP microarrays were found to be
approx 30-fold more sensitive, have better resolving power, and use 10 times
less proteomic sample.

Using the structure of a general cysteine proteinase inhibitor, E-64,
Greenbaum et al. synthesized analogous probes with added biotin or radiolabeled-
iodine affinity tags to track cysteine proteinases (7) (Fig. 1C). Cysteine
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Fig. 1. Structures of activity-based protein profiling (ABPP) probes. ABPP probes
have been used to identify active metalloproteinases (A), serine hydrolases (B) and
cysteine proteases (C). A combinatorial set of ABPP probes was used to identify
various disease-associated enzymes (D).
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Target Binding Group
Reactive Group
(Boxed)

Reporter
Group (Circled)

A Metalloproteinases Hydroxamate Benzophenone Rhodamine (Rh)
B Serine Hydrolases Fluorosphonate Fluorosphonate Fp-Biotin or

FP-Fluorescein
C Cysteine Proteases E-64 Amino acid (X) Radioactive Iodine
D Non-Directed variable Dipeptides �-Chlorocetamide Rhodamine or

Biotin

Fig. 1. (Continued)

proteinases were profiled in crude extracts from cells and tissues, in addition
to cell lines from a multistage carcinogenesis model. By changing amino acids
in the peptide portion of the inhibitor, an inhibitor library was constructed to
look at both known and novel cysteine proteinase activities. Furthermore, it was
demonstrated that these functional probes could be used in affinity purification of
cysteine proteinases. The same laboratory used one of the analogs to construct four
fluorescently-labeled probes (that can be multiplexed) for cysteine proteinases
(8) (Fig. 1C). These probes were cell-permeable, allowing proteinase activity
and proteinase localization in intact cells and tissue sections to be examined.
A series of (small molecule) inhibitor libraries were designed by altering amino
acid sequences in the core peptide backbone. By treating rat liver extracts with a
fluorescent probe, then an inhibitor library, then another fluorescent probe, and
finally two-dimensional electrophoresis, proteinase spots could be identified that
were actively binding the probe and inhibited by different inhibitors. As done
previously, biotin-tagged probes were used to subsequently affinity purify the
various proteinases.

Increasing the versatility of this technology, the Cravatt laboratory developed
nondirected ABPP probes consisting of a dipeptide probe library with an
�-chloroacetamide reactive group to characterize proteomic differences
between slender and obese (ob/ob) mice (1) (Fig. 1D). The ABPP library was
initially narrowed down into a smaller subset of probes (termed the “optimal
probe set”) that was capable of identifying most of the library’s targets using
affinity isolation followed by LC-tandem mass spectrometry (MS/MS) (1). By
applying this optimal probe set to analyze liver tissues from wild-type and ob/ob
mice, differential expression of multiple enzymes was observed, including the
upregulation in ob/ob livers of hydroxypyruvate reductase (an enzyme involved
in glucose synthesis) (1).

ABPP probes are capable of identifying active enzymes. They can discrim-
inate between active enzymes and their inactive counterparts (e.g., zymogens,
inhibitor-bound forms, or non-posttranslationally modified forms). One of the
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drawbacks of ABPP technology is that a large proteomic sample is still required
to ultimately purify the target enzyme.

Proteinase substrates can be identified from a complex, cell-free protein
mixture using proteomic techniques. The substrates for MMP-14 in plasma
were identified by comparing plasma proteins treated with or without the
MMP-14 catalytic domain (2). 2DE protein spots that differed between the
two conditions were in-gel trypsin digested and analyzed by matrix-assisted
laser desorption/ionization (MALDI)-time-of-flight (TOF) MS. This proteomic
approach identified cleavage products from both previously known (including
vitronectin, �1-antitrypsin, and �2-macroglobulin) and novel (including
apolipoprotein [apo]A-I, apoE, and gelsolin) MMP-14 substrates (2). Like
other proteolytic enzyme substrates, some of the substrates of MMP-14 prote-
olysis are proteinase inhibitors that are inactivated (�1-antitrypsin) or activated
(�2-macroglobulin) upon cleavage (2).

Another technique for identifying proteinase substrates uses proteinase-
transfected cells and isotope-coded affinity tag (ICAT) labeling with tandem
MS sequencing (9) (Fig. 2). Conditioned media from MMP-14 transfected
breast carcinoma cells was treated with isotopically heavy [13C]9 ICAT, whereas
conditioned media from catalytically-inactive mutant MMP-14 transfected cells
was treated with light [13C]0 ICAT. Following trypsin digestion, multidimen-
sional LC and MS/MS of the combined media were used to identify potential
MMP-14 substrates. Surprisingly, most of the identified MMP-14 substrates
were not components of the extracellular matrix, and included interleukin
(IL)-8, secretory leukocyte proteinase inhibitor, pro-tumor necrosis factor
(TNF)�, death receptor 6, and connective tissue growth factor, suggesting that
MMP-14 may be an important cell signaling proteinase.

ICAT techniques measure substrate availability, spatially and temporally,
in vivo, which may prove to be more physiologically relevant than ABPP
techniques. Also, ICAT techniques allow biological circumstances to dictate the
relevant proteinase and substrate conformations, incorporating effects such as
posttranslational modifications and proteinase exosites (substrate binding sites
distant from the enzyme’s active site) on proteinase activities. ICAT techniques
allow the identification of novel substrates (which, in turn, reshape our opinions
of what proteases do) and they allow the quantitative analysis of proteolysis in
defined cell cultures.

Drawbacks for ICAT techniques are that some cleaved products do not
change ICAT levels. For instance, low abundance cleavage products are not
detected by MS as a result of sample preparation and/or chromatography prior
to MS. Also, the level of the recombinant protein expression (or catalytic
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Fig. 2. Isotope-coded affinity tag (ICAT) methodology. (A) Outline showing
treatment of two samples with different ICAT reagents resulting in proteolytic substrate
identification, as well as protein quantification. (B) Basic ICAT reagent configurations.

domain addition) may be higher than physiologically relevant, resulting in more
cleaved substrates than normal. Finally, the rate of substrate turnover (kinetics)
is left unknown by this technique.

There are more than 500 genes that encode proteinases and proteinase-like
proteins in the human genome; metalloproteinases represent approximately
one-third of these genes (10). The characterized proteolytic roles of these
enzymes are growing; they regulate many bioactive molecules that in turn
control basic cellular processes, including cell signaling, proliferation, differ-
entiation, migration, morphogenesis, and apoptosis. These proteolytic activities
offer accurate levels of control in the processes that they regulate. By under-
standing which proteinases are expressed and active at a given time, as well
as their available substrates (with their respective activities), our insight into
proteinase function in both normal and pathological conditions will become
more organized. The Fields laboratory has developed methods to differentiate
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between proteinase presence and collagenolytic activity, thus allowing the key
proteinase players to be identified in melanoma metastasis.

1.2. Collagen in Cancer Progression

Collagen assumes a vital role in stabilization of connective tissue and
maintaining the structural integrity of the human body (reviewed in ref. 11).
The natural breakdown of collagen is critical to physiological processes such
as embryogenesis and bone remodeling. On the other hand, the destruction of
collagen’s triple-helical structure can also give rise to a variety of pathologies,
including tumor metastasis, arthritis, glomerulonephritis, periodontal disease,
and tissue ulcerations (12–17).

The interactions of collagen and other extracellular matrix (ECM) proteins
with various melanoma cell surface receptors trigger a series of intracellular
events. These signaling pathways result in the release of proteinases, cell surface
receptor shedding, and growth factor and cytokine activation, and ultimately
promote tumor cell progression. The hydrolysis of collagen (collagenolysis) is
one of the committed steps in basement membrane turnover (18), and it has long
been demonstrated that tumor extracts can possess collagenolytic activity (17).
The triple-helical structure of collagen bestows resistance to degradation by
many mammalian proteinases. However, a proteinase family with members that
can cleave collagen is the MMP family.

1.3. MMPs and Melanoma Metastasis

The roles that MMPs play in the metastatic process are diverse and
include involvement in primary and metastatic tumor growth, angiogenesis,
and degradation of basement membrane barriers (such as collagen) during
tumor cell invasion (17). Multiple studies have correlated MMP production
and melanoma metastasis. Melanoma cells have been found to express MMPs
with collagenolytic activity, including MMP-1, MMP-2, MMP-9, MMP-13,
and MMP-14 (19). Elevated expression of MMP-1, MMP-2, and MMP-9
correlates to an invasive melanoma phenotype (19). In addition, MMP-14,
when localized to invadopodia, activates MMP-2 on the cell surface (19).
Furthermore, MMP-14 has been demonstrated to catalyze CD44 shedding and
promote cell migration (20) by co-localization at the lamellipodia (21). Several
membrane-type (MT)-MMPs, including MMP-14, MMP-15, and MMP-16, are
all more intensely expressed in metastatic melanoma (22). MMP-3 and MMP-10
(both stromelysins) are also strongly expressed in metastatic melanoma, particu-
larly in the ECM adjacent to blood vessels (23). Metastatic melanoma is distinct
from early stage melanoma by either the constitutive or inducible expression of
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MMP-9, which cleaves types V and XI collagens but does not cleave interstitial
collagens (24). Melanoma invasion of the basement membrane is dependent on
MMP-1 expression (25).

1.4. Profiling MMP Activities Using Fluorogenic
Triple-Helical Substrates

The Fields laboratory has developed triple-helical peptide (THP) substrates in
order to profile and quantify collagenolytic activity (Table 1). Initially, fluoro-
genic triple-helical substrates incorporating the type II collagen sequence 769–
783 (Gly-Pro-Pro-Gly-Pro-Gln-Gly∼Leu-Ala-Gly-Gln-Arg-Gly-Ile-Val) were
constructed (26), where the Gly∼ Leu bond is cleaved by MMP-1, -8, and -13
in native type II collagen (27,28). A continuous assay method, such as one
that utilizes an increase in fluorescence upon hydrolysis, allows for rapid and
convenient kinetic evaluation of collagenolytic proteases. Quenched fluorescent
triple-helical substrates that utilize fluorescence resonance energy transfer
(FRET)/intramolecular fluorescence energy transfer (IFET) are constructed by
incorporation of a fluorophore and a quencher on neighboring peptide chains
or in the same peptide chain. The quenching group, Lys(Dnp) (where Dnp is
2,4-dinitrophenyl), replaced the Arg in the P5’ position, and the fluorophore,
Lys(Mca) [where Mca is (7-methoxycoumarin-4-yl)acetyl], replaced the Pro
in the P5 position, allowing FRET to occur when the substrate is cleaved
(26,29–31). To improve solubility, the Ala in the P2’ position and the Val in
the P8’ position were each replaced with Arg. The second MMP-1 cleavage
site was removed by replacing Ile in the P7’ position with Val. The resulting
peptide sequence was prepared either with a branching method (32,33) or with
a “peptide-amphiphile” method (34,35). Circular dichroism (CD) spectroscopy
showed that the sequence prepared as a peptide-amphiphile (herein referred to
as fluorogenic [f]THP-3) had a melting point suitable for MMP kinetic analysis
and a sharp thermal transition. Edman degradation sequencing and MALDI-
MS analyses demonstrated that MMP-1 hydrolysis of fTHP-3 occurred exclu-
sively at the Gly∼Leu bond, indicating that the fluorophore/quenching pair of
Mca and Dnp did not affect enzyme sequence specificity. fTHP-3 hydrolysis
was observed for MMP-2 and MMP-13 at two loci, Gly∼Leu and Gly∼Gln.
Furthermore, studies of temperature effects on fTHP-3 and its single-stranded
analog revealed that activation energies for MMP-1 hydrolysis differed by 3.4-
fold, similar to activation energy differences between MMP-1 hydrolysis of
type I collagen and gelatin.

Many studies have focused on the roles of the two gelatinases, MMP-2
and MMP-9, in cancer. MMP-2 has been implicated in cell migration, growth,
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angiogenesis, and enhanced ECM remodeling by tumors (36–40). MMP-9
induces angiogenesis, tumor cell invasion, shedding of cellular adhesion
molecules and becomes more abundant in advanced stage melanoma cells
(24,41–43). The Fields laboratory has constructed THP models containing
the MMP-9 cleavage sites from types V and XI collagen. Each triple helical
substrate again contains a fluorophore (Mca) and quencher (Dnp). Using the
collagen �1(V)436–447 sequence as the substrate template and analyzing the
cleavage products by Edman degradation sequencing and MALDI-MS, MMP-2
and MMP-9 selectively cleaved the Gly∼Val bond that is cleaved by MMP-9
in native type V collagen (29). No substrate hydrolysis was observed for
MMP-1, -3, -13, or -14. It was determined, using single-stranded substrates,
that primary structure was not the only determinant for MMP-2/-9 selectivity,
as triple-helical conformation of the substrate enhanced hydrolysis rates. This
would be expected of true collagenase behavior.

By using triple-helical peptide-amphiphiles, in which the thermal stability of
the triple-helix is modulated by pseudo-lipids attached to the N -terminus of the
peptide (35) and comparing substrates that differ by one amino acid residue in
the P1’ position, the triple-helical peptidase activities of MMP-1 and MMP-14
were examined (31). A consensus sequence derived from the collagenolytic
MMP cleavage sites in human types I-III collagen (see earlier discussion)
was used as a template. Comparison of different substrate hydrolysis by
MMP-1 and MMP-14 indicated that (1) the P1’ substitution of Cys(Mob)
for Leu is disfavored by MMP-1 and greatly favored by MMP-14; and (2)
MMP-14 has much greater triple-helical peptidase activity than MMP-1. As
previously shown, MMP-14 has a deeper S1’ pocket than MMP-1 (44), and
thus Cys(Mob) probably introduces additional favorable interactions in the
S1’ environment of MMP-14 while creating steric clashes in the MMP-1
S1’ subsite. The favorable interactions of the Cys(Mob) side-chain may well
facilitate MMP-14 unwinding the triple-helix. This feature, along with other
unique sequence preferences (45–47), can be explored farther in designing
MMP-14 specific substrates or inhibitors. Additionally, a more thermally stable
triple-helix translated into a decreased ability of either MMP-1 or MMP-14
to cleave the triple-helix (31). MMP-1 showed much less activity towards
all substrates compared with MMP-14, and also had higher triple-helical
peptidase activation energies than MMP-14 (31). MMPs clearly differ in their
abilities to efficiently hydrolyze a triple-helix; differential thermal stability,
as well as triple-helical sequence specificity, can be used to create MMP
selective substrates. Such studies need to be extended to other collagenolytic
MMPs (MMP-8, MMP-13).
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The Fields laboratory has also developed a solid-phase activity assay for
MMPs that is specific and can be used to quantify active enzyme concentration
(Fig. 3) (48). The assay has two principal components: a capture antibody
that immobilizes the MMP without perturbing the enzyme active site; and a
fluorescent substrate for monitoring proteolysis at low enzyme concentrations.
The assay was standardized for MMP-1, MMP-3, MMP-13, and MMP-14. The
efficiency of the assay was found to be critically dependent upon the antibody
quality, highly specific substrates, and fresh enzyme samples.

1.5. MMPs and Cell Signaling Pathways in Melanoma

Melanoma cell interactions with the microenvironment (which includes
extracellular matrix proteins such as collagen) are mediated by various
receptors, including integrins and proteoglycans (see Chapter 10, Fig. 3). The
�1�1��2�1, and �3�1 integrins are present on melanoma cells and bind to
collagen (49,50). The �1�1 and �2�1 integrins are upregulated in metastatic

MMP
pAb mAb 2° Ab

mAb

Mca
Dnp

Mca Dnp

Substrate

Colorimetric
Detection

Increased Fluorescence

MMP

96-well
plate

96-well
plate

Fig. 3. Schematic diagrams for (top) conventional indirect sandwich enzyme-linked
immunosorbent assay (ELISA) and (bottom) solid-phase matrix metalloproteinase
(MMP) activity assay. For both assays, MMPs are captured by an antibody on the
solid-phase. The indirect sandwich ELISA then requires a detection antibody and
an enzyme-labeled antibody. The sandwich ELISA can also be performed directly,
in which case the detection antibody is also enzyme-labeled. In the solid-phase
MMP activity assay, the fluorogenic substrate serves as the detection system. Dnp is
2,4-dinitrophenyl, Mca is (7-methoxycoumarin-4-yl)acetyl. (Reproduced from ref. 48,
with permission of J. Biomol. Tech.)
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melanoma, whereas the �3�1 integrin is upregulated in both primary and
metastatic melanoma (51–54).

Integrins are well characterized cell surface adhesion molecules. They are
heterodimeric proteins (composed of one � and one � subunit) that possess
distinct functions. The �2�1 integrin is the primary melanoma cell adhesion
molecule for type IV collagen (55,56) and is important in metastatic melanoma
migration on type IV collagen, whereas the �3�1 integrin functions in both
primary and metastatic melanoma migration (52,55,57). Melanoma cells use
the �2�1 integrin to contract (remodel) type I collagen (51,58). Upon binding
to their specific ligands, integrins trigger intracellular pathways (59,60), which
can promote tumor cell progression (61). Direct associations between integrins
and proteinase production have been reported. For example, the �2�1 integrin,
when bound to type I collagen gels, is a positive regulator for MMP-1 gene
expression (62). Antibodies against the �3�1 integrin stimulate the expression
of MMP-2 (63–65), MMP-9 (66), and MMP-14 (65). Integrins have also been
shown to physically interact with proteinases: MMP-1 binds to the �2�1
integrin via its �2 subunit (67), while the �v�3 integrin binds to MMP-2
(68). It is clear that integrin attachment to the ECM produces signals that
coordinatewithgrowthfactorpathwaysandregulatecellproliferationandsurvival
(reviewed in ref. 69).

Melanoma cells have been shown to possess at least two distinct cell
surface chondroitin sulfate proteoglycans (70,71). Several lines of evidence
indicate that one of these, CD44/CSPG, plays an important role in melanoma
progression. CD44 is a family of isoforms generated by alternative splicing
and differences in posttranslational modifications. The standard form of
CD44 (known as CD44s) is upregulated at both mRNA production and
cell surface protein expression in highly metastatic melanoma as compared
with lowly metastatic melanoma or nontransformed melanocytes (72–75).
Enhanced expression of CD44s is also found in the tumor vasculature
(endothelial cells) compared to endothelial cells from normal tissue (76).
When nonmetastatic cells are transfected with CD44 isolated from metastatic
cells, metastatic behavior is induced (77). Additionally, tumor cells expressing
CD44s display accelerated tumor growth and metastatic spread in immunod-
eficient mice compared with parental cells (77). Inhibition of CD44 binding
to its ligand with, for instance, hyaluronic acid (HA), anti-CD44 mAb,
or a CD44-receptor globulin, reduces tumor formation in the lung of animal
models established from CD44-expressing tumor cell lines (78). Finally, prote-
olytic removal of CD44 inhibits the growth of primary tumors and curtails
metastasis in a mouse B16 melanoma model (79).
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CD44 binds directly to type IV collagen in a CS-dependent manner (56). In
general, basement membrane invasion by melanoma cells is blocked by cell
surface CS removal (56). The type IV collagen �1(IV)1263–1277 sequence
promotes melanoma cell adhesion, spreading, and signaling (32,80–85). Loss of
triple-helical structure dramatically reduces melanoma cell adhesion, spreading,
and signaling modulated by a ligand that contains this CD44 binding site
(32,83,84).

Melanoma cell surface CD44 can associate with active MMP-7, MMP-9,
and MMP-14, potentially enhancing invasion of the basement membrane
(20,21,86–88). Although CD44 binds to types I, IV, VI, and XIV collagen, it
is not a primary receptor for cell adhesion to collagen (56,89–91). Thus, one
possible role for CD44 may be the triggering of signal transduction. One result
of CD44 signal transduction is upregulation and activation of integrins (92)
and MMPs (93,94). It is possible that CD44 works coordinately with the �2�1
integrin to efficiently bind to type IV collagen and subsequently trigger cell
signaling pathways.

In an attempt to dissect the roles of the �2�1 integrin and CD44 cell surface
receptors in melanoma progression, the Fields laboratory has constructed type
IV collagen-derived THP ligands for these receptors. The Gly-Phe-Hyp-Gly-
Glu-Arg motif, in triple-helical conformation, has been shown to bind to
the �2�1 integrin (95–97). This motif is found within type IV collagen at
�1(IV)382–393 (29,96). The type IV collagen �1(IV)1263–1277 sequence
Gly-Val-Lys-Gly-Asp-Lys-Gly-Asn-Pro-Gly-Trp-Pro-Gly-Ala-Pro is bound by
melanoma cell CD44 receptors, in the chondroitin sulfate proteoglycan (CSPG)
form (85,98,99). Loss of triple-helical structure dramatically reduces melanoma
cell adhesion, spreading, and signaling modulated by this ligand (32,83,84).
These THP ligands were employed individually, along with their linear counter-
parts, to study temporal changes in gene expression, at the levels of both
mRNA and protein. Reverse-transcription (RT)-PCR was used to measure the
levels of MMP-1, MMP-2, MMP-3, MMP-8, MMP-9, MMP-13, and MMP-14
gene expression over 24 h. Protein expression of targets modulated by
either ligand was examined by enzyme-linked immunosorbent assay (ELISA)
analysis. Finally, fluorogenic THP substrates were used to quantify active
proteinase production.

The analyses revealed trends in MMP mRNA, protein expression and the
production of active enzymes (Table 2) (Figs. 4 and 5). MMPs initially exist
as pro-forms (zymogens) and may be rendered inactive by binding to TIMPs
or other more general proteinase inhibitors. For MMP-1, active enzyme was
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Table 2
Relative Induction of Target Genes by the �2�1 Integrin and
CD44/Chondroitin Sulfate Proteoglycan (CSPG) Triple-Helical Ligands

Target Receptor engaged mRNA Protein Active enzyme

MMP-1 �2�1 integrin ++ + ++
“ CD44/CSPG + + +
MMP-2 �2�1 integrin − → ++ ND ++
“ CD44/CSPG − → + ND ++
MMP-3 �2�1 integrin + ++ → − ND
“ CD44/CSPG NM + ND
MMP-8 �2�1 integrin NM − ND
“ CD44/CSPG +++ → − ++ ND
MMP-13 �2�1 integrin +++ +++ ND
“ CD44/CSPG + ++ ND
MMP-14 �2�1 integrin + → − ND + → −
“ CD44/CSPG + → − ND + → −

MMP, matrix metalloproteinase; NM, negligible modulation; ND, not determined. “+”
Indicates relative upregulation; “−” indicates relative down regulation; “+ → −” indicates
upregulation followed by down regulation; “− → +” indicates down regulation followed by
upregulation.

quantified by solid-phase mAb immobilization of the enzyme followed by
reaction with the fluorogenic substrate fTHP-4 (Table 1) (48). The solid-phase
assay showed more activity induced by the �2�1 integrin than by CD44, and
treatment of samples with an activator of proMMPs (4-aminophenylmercuric
acetate [APMA]) resulted in a further increase in MMP-1 activity (Fig. 4) (48),
indicative of the production of both MMP-1 and proMMP-1 by engagement of
either the �2�1 integrin or CD44.

General triple-helical peptidase activity was evaluated using fTHP-4 in
solution. Engagement of either the �2�1 integrin or CD44 resulted in significant
triple-helical peptidase activity detected in melanoma cell conditioned media
(Fig. 5A), with greater activity found in response to CD44. This activity was
completely inhibited by ethylenediamine tetraacetic acid (EDTA), suggesting
metalloproteinase activity (29). The MMP-14 selective substrate C10-fTHP-9
(Table 1) was used for comparison to general triple-helical peptidase activity.
Soluble MMP-14 activity, which can be generated by non-autocatalytic
shedding of MMP-14 (100,101), was significant at early time points and then
decreased over 8 h in response to the �2�1 integrin and CD44 ligands (Fig. 5B).
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Fig. 4. Matrix metalloproteinase (MMP)-1 activity levels in conditioned media
following melanoma cell adhesion to the �2�1 integrin specific C10-[�1(IV)382-393]-
NH2 triple-helical peptide (THP) (light yellow bar) and C16-[�1(IV)382-393]-NH2 THP
(yellow bar) and the CD44/ chondroitin sulfate proteoglycan specific C16-[�1(IV)1263-
1277]-NH2 THP (pink bar). Cell supernatants were added to 96 well plates containing
2.5 �g/mL MMP-1 mAb. Samples were either untreated (left panels) or activated with
2 mM p-aminophenylmercuric acetate (right panels). Three washes of enzyme assay
buffer were used to remove unbound proteins. The fluorogenic THP-4 substrate was
added, and hydrolysis was monitored at 18 h. The light grey bar at the far right was
media alone. Results are the mean of triplicate assays. (Reproduced from ref. 48, with
permission of J. Biomol. Tech.)

The MMP-14 activity profiles correlate well with the mRNA expression
profiles, in that MMP-14 is induced at early time points. The subsequent
decrease in MMP-14 activity may be due to degradation of MMP-14. Other
MMP activity profiles do not decrease at later time points, and exogenous
MMP activity is not significantly affected over a 24-h period by melanoma-
conditioned media. These results suggest that degradation of MMP-14
is specific, which is not surprising considering the multitude of MMP-14
shedding processes (101).

Gelatinase activity was initially evaluated using the MMP-2/MMP-9
selective substrate �1(V)436–447 fTHP (Table 1) (29). Gelatinase activity
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showed virtually identical increases in response to the �2�1 integrin and
CD44 ligands (Fig. 5C). Because the MMP-2/MMP-9 selective substrate
does not differentiate between the two gelatinases, additional activity assays
were performed using gelatin zymography. Zymography indicated that the
�2�1 integrin and CD44 ligands produced predominantly MMP-2 (94).
Treatment with 1,10-phenanthroline resulted in complete loss of gelati-
nolysis (94), indicative of metalloproteinase activity. Ligands to the �2�1
integrin or CD44 were found to induce different proteolytic profiles,
suggesting that the extracellular matrix can modulate melanoma invasion.
These initial studies warrant further investigation of the interactive role of
CD44, MMP-13, and MMP-14 in melanoma progression and comparison
between surface-bound and soluble active MMP-14 levels. Analysis of
surface-bound MMP-14 activity is currently under investigation in our
laboratory.

1.6. Melanoma Interactions with Neighboring Cell Types
During Metastasis

The microenvironment’s influence has been suggested to be more important
in initiating and affecting the development of cancer than the genetic lesions
found in the cancer cells (102–104). Tumor cells have altered expression
patterns of cell surface receptors and intracellular signaling factors that respond
differently to their microenvironment than their normal counterparts. Cancer
cells are well known for their adaptability, yet their ability to proliferate,
mobilize, and invade relies on signaling pathways, some of which are initiated
by neighboring stomal cells. In fact, the stromal part of the tumor supplies some
of the most damaging traits to cancer cells (reviewed in refs. 18,105). The
stromal cells contribute most of the proteinases, allowing the cancer cells to
destroy basement membranes, invade tissue boundaries, and metastasize (18).
These secreted proteinases degrade stromal components and introduce drasti-
cally changed interfaces between tumor and host, including the generation of
mobile growth factors, angiogenic factors, and bioactive ECM fragments. The
cancer cells, in turn, produce growth factors, chemokines, and cytokines that
regulate the stromal cells.

Cell types that are drafted to the tumor mass include endothelial cells, fibrob-
lasts, inflammatory cells, and smooth muscle cells (reviewed in ref. 61). Cell
communication between these various cell types leads to dynamic signaling
cross talk networks and multiple levels of regulation. For instance, elevated
levels of MMP-1 and ICAM-1 (but not TIMP-1), mRNA and protein, were
found in fibroblasts that were located closer to melanoma tumors, as opposed to
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farther away (106). Similar expression profiles are induced in fibroblasts treated
with 24-h serum-starved melanoma cell supernatants (106). Co-cultivating
fibroblasts and breast carcinoma cells leads to an increase in MMP-9 protein
production by the cancer cells, presumably induced by fibroblast production of
thrombospondin-1 (107).

Melanoma cells constitutively produce autocrine growth factors (hepatocyte
growth factor [HGF], platelet-derived growth factor [PDGF]-A, basic fibroblast

�
Fig. 5. General triple-helical peptidase (A), matrix metalloproteinase (MMP)-14

(B), or MMP-2/MMP-9 (C) activity levels in conditioned media following melanoma
cell adhesion to the �2�1 integrin specific C16-[�1(IV)382-393]-NH2 triple-helical
peptide (THP) (squares) and the CD44/ chondroitin sulfate proteoglycan specific
C16-[�1(IV)1263-1277]-NH2 THP (circles). M14 melanoma cells were allowed to
adhere to 10 �M THP ligands for 60 min at 37�C. Three washes of adhesion media
were used to remove nonadherent cells and cells were grown for a total of 24 h.
Cell supernatants were added to 96 well plates containing the fluorogenic (f)THP-4
(A), C10-fTHP-9 (B), or �1(V)436-447 fTHP (C) substrate. Hydrolysis was monitored
at 18 h using �excitation = 325 nm and �emission = 393 nm. Results are the mean of duplicate
assays. (Reproduced from ref. 94, with permission of J. Biol. Chem.)
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growth factor [bFGF], and IL-8), fibroblast-activating factors (transforming
growth factor [TGF]-� and PDGF-A/B), and endothelial cell activating
factors (vascular endothelial growth factor [VEGF] and bFGF) (reviewed
in ref. 104). PDGF-A/B-activated fibroblasts produce feedback factors such
as bFGF, insulin-like growth factor (IGF)-1, HGF, and endothelin (ET)-3
that stimulate melanoma cell growth and survival (reviewed in ref. 104).
Melanoma-stimulated fibroblasts also produce seprase (a.k.a. fibroblast-
activating protein); this enzyme is selectively expressed in fibroblasts involved
in tissue remodeling, wound healing, and some cancers (105), and has been
implicated in collagen degradation (108). Melanoma-stimulated endothelial
cells produce ephrins and Eph receptors that may bring on angiogenic or
invasive properties (105).

In context-dependent ways, different signaling molecules, like MMPs, elicit
different events, such as adhesion or movement, of tumor cells. In certain carci-
nomas, stromal cells, but not tumor cells, localize MMP-1, MMP-2, MMP-3,
MMP-9, MMP-11, MMP-12, MMP-13, and MMP-14 (88,109). These types
of changes in the microenvironment surrounding cancer cells are instrumental
in initiating and affecting cancer cell development (102,103). There remains
much to learn about how cancer cells affect the stroma and how the stroma
affects cancer cells. The Fields laboratory has a unique system to study these
complex interactions in a highly systematic manner, by singling out and/or
combining receptor-ligand interactions and studying the resulting gene and
protein expression profiles, as well as proteinase activity profiles. The methods
for doing such are described below. Fluorogenic substrates have several advan-
tages over other profiling methods, in that they (a) can be monitored continu-
ously and at reasonably low concentration ranges, (b) can be used to determine
individual kinetic parameters, and (c) are readily accommodated by high-
throughput analytical techniques.

2. Materials
2.1. Equipment

1. SpectraMAX plus UV/VIS spectrophotometer (Molecular Devices Corp., Sunny-
vale, CA).

2. Mastercycler gradient thermal cycler (Eppendorf, Westbury, NY).
3. Large horizontal electrophoresis system (Fisher Scientific, Pittsburgh, PA).
4. Fluor-S™ MutiImager (Bio-Rad, Hercules, CA).
5. Quantity One® v.4.2.2 software (Bio-Rad).
6. LightCycler (Roche Applied Sciences, Indianapolis, IN).
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7. SpectraMAX GeminiEM 96-well plate spectrafluorometer (Molecular Devices
Corp.).

8. SoftMax Pro 4.3LS software (Molecular Devices Corp.).

2.2. Cells, Media and Reagents

1. M14 human melanoma cell line (obtained as a generous gift from Dr. Barbara M.
Mueller, La Jolla Institute for Molecular Medicine, La Jolla, CA).

2. HS 895.T and HS 895.SK, human melanoma and normal skin fibroblast cell lines,
respectively, (American Type Culture Collection, Manassas, VA; CRL-7637 &
CRL 7636).

3. All reagents, including those used in tissue culture, from Fisher Scientific (Atlanta,
GA) (unless otherwise stated).

4. RPMI 1640, supplemented with 10% fetal bovine serum (BioWhittaker, Inc.
Walkersville, MD), and antibiotics: 0.1 mg/mL gentamicin sulfate, 50 U/mL
penicillin, and 0.05 mg/mL streptomycin sulfate.

5. Adhesion media: RPMI-1640 supplemented only with 20 mM HEPES.
6. Trypsin-EDTA (pH 7.4): 137 mM NaCl, 5.4 mM KCl, 5.6 mM d-glucose, 7 mM

NaHCO3, 0.05% 1:250 trypsin (Difco™), 7 mM EDTA (tetrasodium salt).
7. Phosphate-buffered saline (PBS): 2.68 mM KCl, 1.38 mM K2HPO4, 137 mM

NaCl, 9.58 mM NaH2PO4.
8. Nunc TC dish (100 X 15 SI).
9. ProBind™ 96-well plates (BD Biosciences, Bedford, MA).

10. Peptide-amphiphiles: C16-(�1(IV)382-393)-NH2 THP ligand for the �2�1 integrin
and C16-(�1(IV)1263-1277)-NH2 THP ligand for CD44/CSPG.

11. S.N.A.P.™ eukaryotic total RNA isolation kit and DNase I (Invitrogen Corp.,
Carlsbad, CA).

12. RT-PCR reagents, including SUPERSCRIPT II, Platinum® Taq DNA Polymerase,
Platinum Quantitative PCR SuperMix-UDG and GAPDH-certified LUX™ primer
set (Invitrogen Corporation, Carlsbad, CA).

13. 3% agarose gels poured and electrophoresed in 89 mM Tris Base, 89 mM H3BO3

and 8 mM EDTA (tetrasodium salt).
14. SYBR green I (BioWhittaker Molecular Applications, Rockland, ME).
15. S.N.A.P. gel purification kit (Invitrogen Corp.).
16. MMP capture antibodies (Chemicon International, Temecula, CA): MMP-1,

monoclonal antibody (mAb) MAB1346; MMP-13, mAb MAB3321; and MMP-14,
polyclonal antibody (pAb) AB815.

17. ELISA kits (R&D, Minneapolis, MN).
18. MMP blocking buffer: PBS containing 0.05% Tween™ 20 and 2 mg/mL bovine

serum albumin (BSA).
19. Enzyme assay buffer: 50 mM Tricine, 50 mM NaCl, 10 mM CaCl2, 0.05 % brij-35.
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20. ProMMP-1 and proMMP-3 is expressed in Escherichia coli and folded from
inclusion bodies as described previously (110). ProMMP-1 is activated by reacting
with 1 mM p-aminophenylmercuric acetate (APMA) and an equimolar amount
of MMP-3 at 37�C for 6 h. After activation, MMP-3 is completely removed
from MMP-1 by affinity chromatography using an anti-MMP-3 immunoglobulin
(Ig)G Affi-Gel 10 column. ProMMP-3 is activated by reacting with 5 �g/mL
chymotrypsin at 37�C for 2 h. Chymotrypsin is inactivated with 2 mM diisopropy-
lfluorophosphate.

21. ProMMP-2 is purified from the culture medium of human uterine cervical fibrob-
lasts (111) and activated by reacting with 1 mM APMA at 25�C for 2 h.

22. ProMMP-9 (Chemicon International) is activated with 1 mM APMA at 25�C for 2 h.
23. ProMMP-13 (R&D Systems, Minneapolis, MN) is activated with 1 mM APMA

at 25�C for 2 h.
24. The amounts of active MMP-1, MMP-2, MMP-3, MMP-9, and MMP-13 are

determined by titration with recombinant TIMP-1 (112) over a concentration range
of 0.1–3 �g/mL.

25. Recombinant MMP-14 with the linker and C-terminal hemopexin-like domains
deleted [residues 279–523; designated MMP-14(	279–523�] is purchased from
Chemicon International. MMP-14(	279–523� is expressed in the active form with
Tyr112 as the N -terminus. MMP-14�	279–523�, in contrast to MMP-14, does
not undergo rapid autoproteolysis, and is used in the present studies due to
the relatively small differences in MMP-14(	279–523� and MMP-14 triple-helical
peptidase activities noted previously (113). The amount of active MMP-14 is
determined by titration with TIMP-2 (31,113).

26. Costar® 384-well plates (Corning Inc., Corning, NY).
27. Fluorogenic THP substrates (Table 1).
28. Precast Tris-HCl gels (Bio-Rad Laboratories, Inc., Hercules, CA).
29. Silver stain (Bio-Rad Laboratories, Inc.).
30. Microcon Spin Columns, 3000 MWCO (Millipore Corp., Bedford, MA).
31. 2X gel sample buffer: 0.125 M Tris-HCl, pH 6.8, 4% [w/v] sodium dodecyl sulfate

(SDS), 20% (v/v) glycerol.
32. SDS-polyacrylamide gel electrophoresis (PAGE) (from Mini-PROTEAN II,

Electrophoresis Cell Instruction Manual, Bio-Rad Laboratories) separating gel:
0.375 M Tris-HCl, 7.5% acrylamide, 1% SDS, 0.05% ammonium persulfate (APS),
0.05% TEMED and 1 mg/mL gelatin (type A, porcine skin, Sigma, St. Louis,
MO); stacking gel: 0.125 M Tris-HCl, 4% acrylamide, 1% SDS, 0.05% APS, and
0.1% TEMED.

33. Collagenase buffer: 50 mM Tris-HCl, 200 mM NaCl, 5 mM CaCl2, and 0.1%
Brij-35, pH 7.6.

34. Coomassie brilliant blue (Acros, Morris Plains, NJ).
35. 1 mM phenylmethylsulfonylfluoride (PMSF) (Sigma) (dissolved in ethanol, diluted

in collagenase buffer),1 mM N -ethylmaleimide (Sigma) (dissolved in water,
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diluted in collagenase buffer), or 0.1 mM 1,10-phenanthroline (Sigma) (dissolved
in 50% ethanol, diluted in collagenase buffer).

3. Methods
3.1. Preparation of Peptide-Amphiphiles: Synthesis, Purification,
Analytical and Structural Characterization.

Refer to the methods described in Chapter 5 of this book.

3.2. Induction of Melanoma Cells

1. Pro-Bind™ 96-well assay plates are conditioned at room temperature overnight
prior to initiation of the induction experiment with the appropriate concentration
(10–100 �M) of peptide-amphiphile (48,94).

2. The plates are blocked by adding 2 mg/mL BSA in PBS and incubating overnight
at room temperature.

3. Cell cultures used for induction experiments are typically 60–80% confluent before
release from growth flasks with trypsin-EDTA (pH 7.4).

4. Cells are washed with adhesion media and seeded at approx 7500 cells/well. This
cell density has been previously shown to produce efficient cell adhesion with
minimization of cell–cell contacts (85,94).

5. Aliquots of the melanoma-conditioned media are harvested at regular intervals
over a 24-h period for later determination of metalloproteinase levels. Total RNA
(∼ 1–2 �g) is isolated at regular intervals over a 24 h period with the S.N.A.P.
eukaryotic total RNA isolation kit and treated with DNase I (to remove genomic
DNA) as directed by the manufacturer. To evaluate changes in gene expression for
cells grown on peptide-amphiphiles, RNA is isolated from 90,000 cells per time
point up to 24 h. RNA yield is determined by measuring the OD260 of an aliquot of
the final preparation.

6. Both sets of samples are stored at −20�C until analyses are performed.

3.3. Semi-Quantitative RT-PCR

Initially, semi-quantitative RT-PCR was used to measure changes in MMP
RNA expression. However, as the technology advanced, real-time quantification
of MMP RNA expression was implemented. Both methods are described here
and the later is more preferred.

1. DNase I-treated, total RNA is reverse transcribed in a total of 20 �L containing
125 ng of RNA following the manufacturer’s recommendations for SUPER-
SCRIPT II.

2. PCR is performed on 10% of the resulting cDNA in a total of 50 �L following the
manufacturer’s recommendations for Platinum Taq DNA Polymerase. Platinum Taq
DNA Polymerase is activated for 2 min at 94�C prior to the first amplification cycle.
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A typical PCR amplification cycle consists of a 30 s melting at 94�C, annealing
at an optimized temperature (approximately equal to Tm [primers −10�C]) for
30–45 s, and extension at 72�C for 60 s. Annealing temperatures, total amplification
cycles performed, and amplicon sizes are listed in Table 3 for the primers used
in this study (see also refs. 115,116). “Primer dropping” PCR is accomplished by
providing an internal GAPDH control to co-amplify with the target gene for the
last 20 or 21 cycles of the total number of amplification reactions.

3. PCR products are electrophoresed in 3% agarose gels at 90 V for 45 min, and stained
with SYBR green I.

4. Images of stained gels are captured on a Fluor-S MutiImager and quantified
using the Quantity One v4.3.0 software package. Briefly, analysis consists of first
determining the target to GAPDH ratio followed by normalization to the initial
time point.

5. PCR amplicons are gel-purified using the S.N.A.P. gel purification kit. The isolated
DNA is sent to the Biotechnology Program at the University of Florida for
sequencing.

3.4. Quantitative RT-PCR

1. Quantitative real-time PCR (qPCR) is performed on a LightCycler.
2. Custom primers are designed using Invitrogen’s LUX Designer. Primer sequences

and melting temperatures are located in Table 3.
3. Amplifications utilize Platinum Quantitative PCR SuperMix-UDG following the

manufacturers recommendations. The cycling program is UDG inactivation at 50�C
for 2 min, 95�C for 2 min, followed by 45 cycles of (a) 5 s denaturation at 94�C,
(b) annealing at 60�C for 10 s, and (c) extension at 72�C for 15 s. Melting curve
analysis is performed using continuous acquisition and a slope of 0
1�C/s. The
human GAPDH-certified LUX primer set is used as a housekeeping control for all
amplifications.

3.5. Cell-Specific Protein Expression

1. Conditioned media is isolated by withdrawal of the media from growing cells (on
tissue culture treated plates or from surfaces coated with peptide-amphiphiles) and
centrifuging at 1000 g (to remove any floating cells).

2. ELISA is performed as described (117) using appropriate antibodies purchased from
Chemicon International or ELISA kits obtained from R&D Systems (as directed by
the manufacturer).

3.6. Cellular MMP Assays

Two assays are utilized to evaluate active MMP production by melanoma
cells or fibroblasts: solid-phase MMP fluorogenic substrate assays and solution
MMP fluorogenic substrate assays.
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3.6.1. Solid-Phase MMP Fluorogenic Substrate Assays

1. These assays are performed as previously described (48,94). The 96-well plate is
incubated with the 100 �L of 5 �g/mL MMP capture mAb in PBS for at least 18 h
at 4�C with mixing.

2. Nonspecific binding sites are blocked by incubating with 100 �L MMP blocking
buffer for at least 4 h at 4�C with mixing, and the plate washed 3 times with
enzyme assay buffer.

3. One hundred fifty microliters of either MMP standards or unknown samples are
added to each well, followed by 50 �L 4X MMP blocking buffer (yielding final
concentrations of 0.05% Tween 20 and 2 mg/mL BSA).

4. The plate is mixed for at least 18 h at 4�C.
5. All liquid is removed and 200 �L enzyme assay buffer or 2 mM APMA (where

applicable) is added to each well.
6. The plate is incubated for 2 h at 37�C.
7. The wells are washed three times with enzyme assay buffer and 200 �L of the

appropriate fluorogenic substrate (5–10 �M of fTHP-4, fTHP-5, or fTHP-7) is
added to each well.

8. The plate is incubated at 37�C in a humidified atmosphere for 0–18 h.
9. Fluorescence readings (�excitation = 324 nm and �emission = 393 nm for fTHP-4 and

fTHP-5; �excitation = 348 nm and �emission = 436 nm for fTHP-7) are taken at appro-
priate intervals.

10. A standard curve is generated by plotting the increase in fluorescence vs
concentration of active enzyme. If enzyme activity is anticipated to be high,
data collection is best optimized by monitoring activity over 1–4 h. Substrate
cleavage is found only for the specific mAb and the corresponding MMP; cross-
reactivity between MMPs of similar function (i.e., MMP-1 and MMP-13) is not
observed.

3.6.2. Solution MMP Fluorogenic Substrate Assays

1. Fluorogenic substrates are hydrolyzed in solution by conditioned media (29,118).
One volume of the appropriate fluorogenic substrate is added to each well in a
384-well plate. Where applicable, EDTA is added to each well.

2. The plate is incubated at 30�C in a humidified atmosphere for 30 min
3. One volume of conditioned media, adhesion media (as a negative control), or MMP

(as a positive control) is added to each well.
4. The plate is incubated at 30�C in a humidified atmosphere for at least 18 h.
5. Fluorescence readings (�excitation = 325 nm and �emission = 393 nm) are taken.
6. A standard curve is created by plotting the increase in fluorescence vs concentration

of MMP standard. This standard curve is used to calculate the active enzyme
concentration in the conditioned media.
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3.7. Protein Electrophoresis

1. Proteins in the cell-conditioned medium are resolved by SDS-PAGE with 4-15%
Tris-HCl gels.

2. Gels are silver stained (following company recommended procedures) and gel
images are captured with a Bio-Rad Fluor-S MutiImager.

3. Results are analyzed using the Quantity One v4.3.0 software package.

3.8. Gelatin Zymography

1. Conditioned medium samples are first concentrated 15 times using spin columns at
3000 rpm for 90 min.

2. Fifteen microliters of sample is mixed with 5 �L of 2X gel sample buffer.
3. Fifteen microliters of each sample is electrophoresed for 1 h at 180 V on SDS-

polyacrylamide gels containing 1 mg/mL gelatin.
4. Gels are washed once with deionized water, three times with 2.5% (w/v) triton

X-100 to remove SDS, and three times with collagenase buffer.
5. Gels are incubated in collagenase buffer at 37�C for 16 h.
6. Staining of the gels is with Coomassie brilliant blue (0.1% Coomassie, 40%

methanol, 10% acetic acid) for 6–8 h.
7. Destaining is performed in 20% methanol and 10% acetic acid until the lysis zones

are clear against a blue background.
8. Inhibition studies to determine proteinase class are performed by incubating gels in

collagenase buffer containing 1 mM PMSF, 1 mM N -ethylmaleimide, or 0.1 mM
1,10-phenanthroline.
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�-Amyloid Protein Aggregation

Marcus A. Etienne, Nadia J. Edwin, Jed P. Aucoin, Paul S. Russo,
Robin L. McCarley, and Robert P. Hammer

Summary

The �-amyloid peptide aggregates via a nucleation pathway where micellar aggregates
propagate to form oligomers (protofibrils), which then polymerize into insoluble fibrils. This
fibrillogenic process has been linked to the pathogenesis associated with Alzheimer’s disease.
One purpose of this chapter is to provide a protocol for reliably producing monomeric A� as
a starting point for physical and biological studies. Many research groups have used organic
solvents to disaggregate pre-seeded A� in an attempt to acquire monomeric starting materials.
Others have used instrumental techniques such as size exclusion chromatography to isolate
monomer, structural intermediates, and fibrils and study their affects on A� nucleation. This
chapter discusses a modified method of A� preparation using organic solvents followed by disso-
lution into aqueous phosphate buffer systems that renders monomeric A� starting solutions for
kinetic experiments. Additionally, this chapter details a number of physical techniques such as
scanning force microscopy, circular dichroism spectroscopy, transmission electron microscopy,
fluorescence spectroscopy, fluorescence photobleaching recovery, and dynamic light scattering,
together with physiological techniques such as cell viability assays to characterize A� nucleation,
aggregation, and fibrillization and the potential biological activity of the various A� particles.

Key Words: A� aggregation; �-sheet breaker; C��� disubstituted amino acids; fibril formation;
micellar aggregates; peptide-based inhibitors.

1. Introduction
Alzheimer’s disease (AD) is a degenerative disease most commonly

associated with dementia. It is characterized by the formation of protein aggre-
gates that assemble into fibrillar structures. Many believe that the causative
factor of AD is the proliferation of amyloid plaques, mostly consisting of the
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�-amyloid (A�) peptide (1–3). Under pathogenic conditions, A� aggregation
is likely to proceed via nucleation to initiate fibril formation followed by
elongation to full length fibrils. Identification of monomeric material, which
consists of a mixture of monomers with lower oligomers (dimers, trimers,
tetramers) in rapid equilibrium, as well as structural intermediates of fibrillo-
genesis (pentamers-decamers) (4), and elucidation into the mechanistic roles of
these intermediates are necessary for the identification of possible therapeutic
targets.

A significant problem associated with the biophysical studies of synthetic
A� is its time-dependent aggregation in aqueous solution (5). Controlling
the initial aggregated state of the peptide is generally a challenge as
synthetic A� is difficult to dissolve directly into physiological buffers (6).
The existence of preseeded material in commercially available A� from
different manufacturers results in various initial aggregation states. Different
lot batches developed by the same company also vary; therefore; protocols
obtaining monomeric solutions of A� for elucidation into the toxicity of
A� aggregates and protofibrils are paramount. Many groups follow protocols
that involve the dissolution of A� in organic solvents (7) such as: triflu-
oroacetic acid (TFA) (8), 2, 2, 2-trifluoroethanol (TFE) (9,10), dimethyl
sulfoxide (DMSO) (11,12), and hexafluoroisopropanol (HFIP) (13,14),
followed by dilution in aqueous buffer systems. Organic solvents are widely
used because of their ability to promote the �-helix and to dissolve preseeded
material. The authors’ laboratory has derived a modified protocol where A� is
dissolved in organic solvents TFA and HFIP followed by dissolution in KOH.
The stock solution is then dissolved in PBS at desired concentrations to obtain
working solutions.

2. Materials
2.1. Inhibitor Peptide Synthesis, Purification, and Characterization

1. 9-Fluorenylmethyloxycarbonyl (Fmoc)-amino acids, Fmoc-resins, and coupling
agents/activators are purchased from Applied Biosystems (Warrington, UK).

2. Inhibitor peptides are partially synthesized (oligolysine N- or C-terminus) using a
Pioneer Peptide Synthesizer System (Applied Biosystems).

3. Crude peptides are purified using reversed-phase high-performance liquid
chromatography (HPLC) (Waters) with Empower software (Waters); C4 and/or C18

columns operating on a linear gradient using A = H2O + 0.1% TFA and B =
CH3CN + 0.1% TFA. Homogeneity is typically >99%.

4. Net peptide content is determined via Amino Acid Analysis (Dionex).
5. MALDI-MS data are acquired using a Bruker ProFLEX III.
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2.2. A�1−40 Peptide Aggregation

1. A�1−40 is purchased from BioSource (Camarillo, CA). A�1−40 (DLS, cat. no.
20698) and fluorescein A�1−40 (FPR, cat. no. 23513) are purchased from Anaspec,
Inc. (San Jose, CA).

2. Potassium hydroxide (KOH NF/FCC Pellets (P251-3) is purchased from Fisher
Scientific (Fair Lawn, NJ).

3. Sodium chloride (NaCl certified for biological work, S671-3) is purchased from
Fisher Scientific (Fair Lawn, NJ), whereas sodium chloride, Puratronic (CAS #
7647-14-5) is purchased from Alfa-Aesar (Ward Hill, MA).

4. Phosphoric acid (99.999%) is purchased from Aldrich (34,524-5; Milwaukee, WI).
5. An Eppendorf thermomixer (1.5 mL) and Eppendorf mastercycler (96-well plate)

(Eppendorf) are used to incubate A�/A�:inhibitor samples.
6. Deionized water (18 M�) is prepared using reverse osmosis filter and ion-

exchange filters followed by a 5-mm spiral ultrafilter (Nanopure, Barnstead).
7. HFIP is purchased from Aldrich (105228-100G, Milwaukee, WI).
8. TFA (peptide synthesis-grade) is purchased from Fisher (BP618-500, Fairlawn,

New Jersey).
9. 0.02 micron Anotop filters are purchased from Whatman (cat. no. 6809-3102).

10. PBS buffer: 50 mM phosphate-buffered saline (PBS) and 150 mM NaCl, pH 7.4.

2.3. Circular Dichroism Measurements

All measurements are carried out using an Aviv Circular Dichroism
Spectrometer Model 62DS with Igor plotting software.

2.4. Scanning Force Microscopy

1. A Nanoscope III Multimode scanning force microscope (tapping mode) with
noncontact high frequency silicon cantilevers (NSC-15, MikroMasch) is utilized.

2. Atomically flat and hydrophilic mica sheets (ASTM V–2 Grade 3 Ruby muscovite)
are from Lawrence & Co.

3. A 15-mm metal specimen disc is from Ted Pella Inc. (vendor no. 16218) with
double–backed tape (Gluespot by Digital Instruments, catalog reference STKYDOT).

4. Samples not immediately imaged are stored in semiconductor wafer containers
from Entegris (vendor no. H22-101-0615 tray and number H22-10-0615) under an
ambient environment.

2.5. Transmission Electron Microscopy

1. All experiments are performed using JEOL 100 CX transmission electron micro-
scope.

2. All substrates, storage boxes, lens tissue, and chemicals used for transmission
electron microscopy are purchased from Electron Microscopy Sciences (EMS), Fort
Washington, PA.
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3. Polystyrene petri dish cover (150 × 15 mm) is from Fisher (vendor no. 08-757-14).
4. Ross optical lens tissue (vendor no. 71700), 2% collodion in amyl acetate (vendor

no. 12620-00), 400 mesh Cu grids (vendor no. CF400–Cu), 2% uranyl acetate
(vendor no. 22400), and a storage box (vendor no. 71137, EMS) which holds 100
2- to 3-mm specimen support grids, are from EMS.

2.6. Fluorescence Measurements

1. All 96-well plate fluorescence assays are performed on a Victor2V with Wallace
1420 operating software.

2. All cuvet assays are performed using a Cary Eclipse Fluorescence Spectropho-
tometer with Cary Eclipse software.

3. Thioflavin-T (T-3516) is purchased from Sigma (St. Louis, MO).

2.7. Cell Viability Assay

1. Rat tail collagen, type 1 (cat. no. 354236) is purchased from BD Biosciences
(Bedford, MA).

2. CellTiter 96 Non-Radioactive Cell Proliferation Assay Kit (part no. G4002) is
purchased from Promega Corporation (Madison, WI).

3. RPMI medium 1640 with l-glutamine without phenol red is purchased from Gibco
Invitrogen Corporation (Grand Island, NY).

4. Fetal bovine serum, certified (cat. no. 16000) is purchased from Gibco Invitrogen
Corporation.

5. Horse serum (heat-activated) (cat. no. 26050) is purchased from Gibco Invitrogen
Corporation.

6. PC-12 cell media is prepared using 81% RPMI media 1640, 10% horse serum, 5%
fetal bovine serum, 1% amino acid, 1% nonessential amino acids, 1% vitamins, 1%
glutamine, with Primocin (200 �L/100 mL of media).

3. Methods

A protocol has been developed to provide consistent sample preparation
of monomeric A� protein and avoid ambiguity in experimental results. In
addition, several physical techniques are used to characterize and monitor
A� in its initial monomeric state as it nucleates and polymerizes to fibrils.
Thioflavin-T (Th-T) fluorescence is a technique used to elucidate the aggre-
gation kinetics of A� and dissolution of fibrils associated with A� fibrilloge-
nesis. It is widely used because Th-T specifically binds to A� aggregates by
inserting itself into hydrophobic pockets as A� monomers self-associate to form
fibrils, which are predominantly �-sheet in conformation (15). The secondary
structure of A� working solutions are monitored by circular dichroism (CD)
spectroscopy, where a transition from random coil (monomer material) to
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�-sheet (protofibrils and fibrils) can be observed. Scanning force microscopy
(SFM) and transmission electron microscopy (TEM) allows direct monitoring
of A� growth and morphology as monomers self-associate into aggregates,
which then develop into mature fibrils. Dynamic light scattering (DLS)
data are used to obtain quantitative information on changes in the average
size of particles in solution. Fluorescence photobleaching recovery (FPR)
is a useful technique for providing diffusion coefficient data which can be
related to particle size through the Stokes-Einstein relation (D = kT/6�� Rh,
where � represents the viscosity). In vitro cellular viability assays
(3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide [MTT] prolif-
eration assay) to determine the toxicity of A� mononers, intermediate struc-
tural assemblies (oligomers/protofibrils), and fibrils are performed using PC-12
cells. MTT is a yellow tetrazolium salt that is converted by mitochon-
drial reductoses to a purple formazan dye, which can be solubilized and
measured via ultraviolet (UV) spectroscopy. Reliable methods for producing
monomeric A� starting material, combined with use of the physical techniques
as well as physiological studies, allows for optimal isolation and identification
of the A� toxic species that contribute to amyloid plaques. Understanding
the nucleation pathway of A� may lead to the development of compounds
capable of interfering with this process, ultimately altering A� aggregation
and toxicity.

3.1. Peptide Synthesis

From mutagenesis studies of A�, it has been shown that the hydrophobic
core, KLVFF, serves as a key sequence in the self-assembly of A� (16). This
peptide sequence forms amorphous aggregates, do not form amyloid fibrils
(17), but is capable of binding to and inhibiting formations of amyloid fibrils.
Thus, a number of groups have used this sequence as a recognition element for
A� and have investigated peptides containing this hydrophobic core as possible
inhibitors of aggregation and/or A� fibril dissolution agents. Soto used the
recognition sequence, but incorporated l-proline, due to its “�-sheet breaking”
capabilities, at key positions and found that his inhibitor was able to convert A�
fibrils to amorphous aggregates and subsequently inhibit toxicity in vitro (18).
Murphy et al. (19,20) used a strategy where they designed peptides that bind to
the hydrophobic core of A� (KLVFF) and disrupt fibril formation by altering
the rate of aggregation and interfering with cellular toxicity. Their approach
relied on self recognition of the hydrophobic core with inhibitor compounds,
and the adaptation of specific conformational changes of A� with their proposed
inhibitors to limit toxicity. What they ultimately found was that their specific
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inhibitors, mostly consisting of the hydrophobic core of A� with disrupting
oligolysine groups at either N or C-termini, not only altered A� self assembly
(aggregation), but also blocked toxicity in vitro (21). Meredith et al. described
inhibitors that contained ester bonds (22), which replaced amide bonds in the
peptide backbone, and inhibitors, where N -methylated amino acids were used
(23,24) in alternating positions of the hydrophobic core of A� (residues 16–20),
that were adequate for blocking fibril formation and the disassembly of pre-
formed fibrils. They also found that the alternating positioning of N -methylated
amino acids was crucial for inhibition because their peptides were designed
so that when in �-strand conformations, one face would be blocked, therefore
hydrogen bonding from that face could not occur.

A� transitions from random coil to �-sheet conformations as it aggregates
in solution (CD); therefore, it has been hypothesized that �-sheet “blockers,”
such as proline, N -methylated amino acids, and d-amino acids, would inhibit
protein aggregation and block amyloid fibril formation. For this reason, the use
of �,�-disubstituted amino acids (��AA) was explored. ��AAs are widely
used in peptide design because of their structure-promoting effects. Incorpo-
ration of C���-disubstituted amino acids dipropyl glycine (Dpg), diisobutyl-
glycine (Dibg), and dibenzylglycine (Dbg) into the hydrophobic core of A�
(KLVFF) are of particular interest due to their potential to adopt fully extended
conformations (25), which may have increased affinity for A� assemblies
or protofibrils. Difficulties associated with the incorporation of sterically
hindered C���-disubstituted amino acids into peptide sequences by conventional
methods caused for the exploration of alternative routes to synthesizing peptides
containing the novel amino acids (26–28). Scheme 1 (B and C) displays
inhibitor compounds synthesized by the Hammer laboratory.

3.1.1. AMY-1

Coupling: 7-azabenzotriazol-1-yloxy-tris-(pyrrolidino)phosphonium hexa-
fluorophosphate (PyAOP), 4 eq; diisopropylethylamine (DIEA), 8 eq; Fmoc-
amino acids, 4 eq (0.3 M); coupling 24 h. Fmoc removal: DMF:piperidine:DBU
(93:5:2) for 30 min. Cleavage (precipitation method): TFA:phenol:H2O:TIPS
(8.2:0.5:0.5:0.2) for 2 h followed by precipitation in cold Et2O.

1. The first six Lys residues are coupled to PAL-PEG-PS resin on a Pioneer Peptide
Synthesizer using PyAOP in DMF.

2. The remaining amino acid residues are incorporated manually into the sequence.
Dpg, Phe, and Dbzg are incorporated into the sequence using PyAOP/DIEA in
DCE:DMF (1:1) at 50�C. The equiv of each reagent for the coupling is as described
above.
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Scheme 1. Peptide based �-strand mimics designed to alter A� aggregation.
(A) Sequence of A�1−40. Amino acids highlighted in red (16–20) represent the
hydrophobic core. Amino acids highlighted in green represent the turn portion of the
�-sheet. (B) AMY-1 inhibitor. (C) AMY-2 inhibitor. (D) Murphy inhibitor (control
peptide). The use of ��AAs incorporated into the hydrophobic sequence of A�
was compared to the Murphy peptide (19–21) to elucidate the role of ��AAs on
aggregation.

3. The Val residue is coupled to the N-terminus of Dbzg via amino acid symmet-
rical anhydride method. The symmetrical anhydride is prepared by treatment of
2 eq of Fmoc-Val-OH with 1 eq of DCC in CH2Cl2 at room temperature for
2 h followed by removal of the precipitated DCU by filtration. The symmet-
rical anhydride is concentrated, redissolved in the higher boiling DCE:DMF
(9:1), and added to the resin-bound peptide. The reaction is carried out at 50�C
for 24 h.

4. Dibg is coupled to Val using HATU (4 eq), HOAt (4 eq), DIEA (8 eq), and Fmoc-
Dibg-OH (4 eq, 0.3 M) in DCE:DMF (1:1) at 50�C.

5. The last residue, Lys, is coupled to Dibg via symmetrical anhydride, coupling (as
in step 3 above) at 50�C.

6. A final deprotection procedure occurs followed by peptide cleavage from the resin
support.
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3.1.2. AMY-2

Coupling: PyAOP, 4 eq; DIEA, 8 eq; Fmoc amino acids, 4 eq (0.3 M);
coupling 24 h. Fmoc removal: DMF:piperidine:DBU (93:5:2) for 30 min.
Cleavage (extraction method): TFA:phenol:H2O:TIPS (8.2:0.5:0.5:0.2) for 2 h
followed by extraction with 30% acetic acid (HOAc) and Et2O.

1. Dpg is coupled to PAL-PEG-PS resin by manual coupling using PyAOP/DIEA in
DCE:DMF (1:1) at 50�C. The equivalent of each reagent for the coupling is as
described above.

2. Capping of resin to eliminate any unreactive active sites is performed using acetic
anhydride (0.2 M in 0.28 M DIEA).

3. Phe and Dbzg are incorporated into the sequence using PyAOP/DIEA in DCE:DMF
(1:1) at 50�C.

4. The Val residue is coupled to the N-terminus of Dbzg via amino acid symmetrical
anhydride method (see Subheading 3.1.1., step 3)

5. Dibg is coupled to Val (see Subheading 3.1.1., step 4)
6. Lys is coupled to Dibg via symmetrical anhydride at 50�C.
7. The last six Lys residues are coupled to the resin using the Pioneer Peptide

Synthesizer using PyAOP in DMF. Conditions: PyAOP, 4 eq; DIEA, 8 eq; Fmoc
Lys(Boc)-OH, 4 eq (0.3 M).

8. A final deprotection procedure occurs followed by peptide cleavage from the resin
support.

3.1.3. Murphy Inhibitor

1. The Murphy Inhibitor is synthesized using 4 eq of amino acid and activation with
TBTU, HOBt, and DIEA at a final concentration of 0.2 M .

2. A stepwise coupling of each amino acid is obtained using the standard solid-phase
Fmoc coupling chemistry. Peptide cleavage is performed as that of AMY-1 peptides
(section 3.1.1).

3.2. Peptide Cleavage

1. Extraction Method (29,30). Resins are treated with standard cleavage solution
(TFA:phenol:H2O:TIPS; 8.8: 0.5: 0.5: 0.2) at room temperature for 2 h to cleave
the peptide from the solid support. After filtration, the filtrate is diluted with cold
30% HOAc solution, washed with cold Et2O (5 × 40 mL), and lyophilized to yield
crude peptides.

2. Precipitation Method (31). Resins are treated with standard cleavage solution
(TFA:phenol:H2O:TIPS; 8.8: 0.5: 0.5: 0.2) at room temperature for 2 h to cleave the
peptide from the solid support. After filtration, the filtrate is diluted with cold Et2O
and allowed to co-precipitate for 24 h. The precipitate is then washed with cold
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Et2O and centrifuged at 1600 g for 10 min (three times). The supernatant is decanted
and the remaining pellet was allowed to dry 12 h yielding the crude product.

3.3. Peptide Purification and Characterization

Linear gradients of 0.1% TFA in H2O (v/v) (Buffer A) and 0.1% TFA in
CH3CN (v/v) (Buffer B) are utilized in all HPLC experiments.

1. AMY-1; Analytical HPLC is performed using reversed-phase HPLC with a C18

column. Analytical conditions: 10% to 70% B over 60 min at 1 mL/min. HPLC
retention time tR: 36.64 min. Semipreparative conditions: four preps (30–35 mg).
Gradient conditions: ramp from 10% to 40% B over 15 min at 15 mL/min followed
by a change from 40% to 60% B at 55 min, which is then eluted to 70% B
over 60 min to ensure no residue on column. Average HPLC retention time tR:
25.88 min. Analytical conditions for purity testing (Homogeneity >99%): 10% to
35% B over 25 min at 1 mL/min with tRavg: 22.95 min. Characterization of peptide
using Matrix-assisted laser desorption/ionization (MALDI)-mass spectrometry (MS)
reveals AMY-1 [M+H]+ at 1709.54, with m/z calculated peaks indicating [M+Na]+

at 1731. Expected molecular weight of AMY-1 is 1708 Da. (see Note 1)
2. AMY-2; Analytical HPLC is performed using reversed-phase HPLC with a C18

column. Analytical conditions: 10% to 70% B over 60 min at 1 mL/min. HPLC
retention time tR: 50.98 min. Semipreparative conditions: three preps (30 mg). 10%
to 70% B over 60 min at 20 mL/min. Average HPLC retention time tR: 33.06 min.
Homogeneity (>99%) is determined by analytical HPLC. Analytical conditions
for purity testing: 10% to 30% B over 25 min at 1 mL/min with tRavg: 12 min.
Characterization of peptide using MALDI-MS reveals the molecular weight of
AMY-2 aq at 1707 Da, with m/z calculated peaks indicating [M+Na]+ at 1730.
Expected molecular weight of AMY-2 is 1708 Da.

3. Murphy Inhibitor: analytical HPLC is performed using reversed-phase HPLC with
a C4 column. Analytical conditions: 10% to 70% B over 60 min at 1 mL/min. HPLC
retention time tR: 29.84 min. Semipreparative conditions: three preps (45 mg). 5%
to 18% B over 40 min at 15 mL/min, which remains unchanged for 15 additional
minutes, then ramping to 50% B at 60 min. Average HPLC retention time tR:
43.69–52.76 min. Analytical conditions for purity testing: 10% to 25% B over
15 min at 1 mL/min with tRavg: 13.65 min. Characterization of peptide using MALDI-
MS reveals the molecular weight of Murphy inhibitor at 1420.9 Da.

3.4. A�1−40 Peptide Aggregation (Monomeric Starting Material)
(see Notes 2 and 3)

1. Lyophilized A� is dissolved in neat TFA at 1 mg/mL and sonicated for 10–15 min.
TFA is then evaporated using centrivac to obtain a dark yellow oil.

2. The resulting oil is dissolved in HFIP at 1 mg/mL and incubated at 37�C for 1 h.
HFIP is removed via centrivac to obtain a white powder.
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3. The white powder is dissolved in HFIP at 1 mg/mL and incubated at 37�C for 1 h.
HFIP is then removed via centrivac and the resulting white powder is lyophilized
for 24 h (see Note 4).

4. The white powder is then redissolved in 2 mM KOH and 2X PBS at 1:1 and
centrifuged for 10 min at 13,000g (see Note 5).

5. Amino acid analysis is performed on the supernatant to verify peptide concentration.
6. Sample is stored in the freezer at −80�C until ready for usage.
7. For co-incubation experiments, 1:1 molar ratio mixtures of A�:inhibitor (500 �M:

500 �M; final concentration 250 �M) are diluted 10-fold and allowed to co-incubate
at 37�C at various time intervals.

3.5. A�1−40 Peptide Aggregation (Protofibril/Fibril Formation)

1. A 500-�M stock solution of A� is freshly prepared by dissolving the lyophilized
peptide in filtered 10 mM KOH at pH 10.7.

2. Aliquots of A� stock are then dissolved in PBS to acquire a 50-�M working
solution.

3. Incubations of the working solutions are performed using an Eppendorf thermomixer
set at 37�C at various time intervals to allow fibril growth.

4. Inhibitor peptides are dissolved in filtered ultra pure deionized H2O to yield a
concentration of 500 �M .

5. For co-incubation experiments, 1:1 molar ratio mixtures of A�:inhibitor (500 �M:
500 �M; final concentration 250 �M) are diluted 10-fold and allowed to co-incubate
at 37�C at various time intervals.

3.6. Circular Dichroism Spectroscopy Measurements

1. Each peptide stock solution, buffer, and ultra pure deionized H2O is filtered using
a 0.02-�m Anatop filter (Whatman).

2. A� samples are prepared by diluting 10X stock solution of A�1−40 (500 �M) and
10X PBS in filtered H2O to acquire a working solution of 50 �M A� in PBS.

3. Inhibitor peptides are dissolved in filtered H2O to yield a concentration of 500 �M .
4. For co-incubation experiments, 1:1 molar ratio mixtures of A�:inhibitor are acquired

yielding 250 �M stock of A�:inhibitor. Working stock solutions are then diluted
10-fold and incubated at 37�C over various time intervals.

5. CD spectra are the average of three scans taken at 1.00-nm intervals acquired from
	 = 260 nm to 190 nm (UV absorbance range) recorded at 25�C (Fig. 1).

6. The spectrum of PBS buffer is used as the background subtraction in all experiments.
7. The CD instrument is calibrated using a 1.0 mg/mL solution of camphorsulfonic

acid (CSA)(see Note 6).

3.7. Scanning Force Microscopy

1. Cleavage and exposure of interior mica planes (which are atomically flat over large
areas and ideal for SFM imaging) are achieved by placing a razor blade in the
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Fig. 1. Circular dichroism (CD) spectrum of A� (50 �M) in phosphate-buffered
saline (50 mM 150 NaCl, pH 7.4). Monomeric starting material orients in random coil
conformations while aggregated intermediates (protofibrils) and fibrils orient in �-sheet
conformation. Molar Ellipticity = [
] units: deg cm2 dmol−1.

middle of the sheet edge layers of a 1-cm2 mica sheet and separating the layers by
gripping one side with a pair of tweezers.

2. A sample aliquot of 5 �L is then placed on the freshly exposed mica sheet and
allowed to dry for 25 min, unless otherwise noted.

3. After a 25-min adsorption step, the sample/substrate is rinsed with 400 �L of filtered
deionized H2O followed by tilting the substrate and placing its edge on a Kimwipe
tissue to wick away the H2O (see Note 9).

4. The mica samples are then placed sample-exposed face up on a 15-mm metal
specimen disc.

5. When ready for imaging, each specimen disc is placed on top of the piezoelectric
scanner of the SFM instrument and imaged (Fig. 2) using SFM tapping mode.
Samples not immediately imaged are stored in semiconductor wafer containers
under an ordinary lab ambient environment (see Note 10).

3.8. Transmission Electron Microscopy (see Fig. 3)

1. For electron microscopy, the sample solutions are adsorbed onto a thin carbon-
coated collodion layer placed on a copper grid.

2. The collodion coating is used to keep the sample on the grid; deposition of carbon
onto this grid is done to ensure thermal stability of the film.

a. In order to make the collodion film, a pool of filtered deionized H2O is placed
in a 150 × 15 mm polystyrene Petri dish cover.

b. The water is added until almost spilling over the sides of the Petri dish.
c. A sheet of Ross optical lens tissue is placed on top of the pool of water and

gently pulled across the surface to remove any particles.
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Fig. 2. Scanning force microscopy (SFM) images of inhibitor assays with A�1−40.
Samples were incubated at 37�C for 1.5 h followed by incubation at room temper-
ature for 1 wk. A) A� absorbed on mica, with magnified image of A�. This sample
was used as the control in the aggregation studies (shown in Fig. 2B-D). Fibrils are
approx 3 nm in height and approx 480 nm in length. pH was 7.38. (B) SFM image
of A� in the presence of AMY-1. Results show minimum amount of aggregates
(8–17 nm in height). (C) SFM image of A� in the presence of AMY-2. Results show
large amount of aggregates (100 nm in height), yet no fibril formation. (D) SFM image
of A� in the presence of Murphy inhibitor. Minimal amount aggregates (30–80 nm in
height) were formed with no indication of fibrillic assemblies. Aggregate height was
larger than that of AMY-1.

d. A thin film of collodion is prepared by dropping roughly 20 �L of nonfiltered
2% collodion in amyl acetate until the solution began to solidify and thicken on
the surface.

e. After the collodion film is formed, several 400-mesh Cu grids were placed onto
the film and allowed to stand.

f. Removal of the coated grids is accomplished by placing the paper used to
separate Parafilm layers over the collodion membrane until the entire paper is
wet; this is to ensure proper adhesion of the grid to the Parafilm paper.
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Fig. 3. Transmission electron microscopy (TEM) image of A� (50 �M) incubated at
37�C for 20 d. Fibrils range from 7 to 10 �m in length. Circular dichroism measurements
of the solution containing fibrils (shown here) were analyzed and contained �-sheet
conformations. Arrows denotes bundles of fibrils.

g. The paper is then removed causing the grids and adsorbed collodion film to be
removed from the water/collodion interface.

h. After adsorbing the film onto the grid, the grids are placed in Petri dishes for
24 h under ambient conditions to dry.

i. The grids are coated with carbon (bench top Turbo Denton vacuum evaporator)
to keep the collodion from being vaporized by the thermal energy generated
from the bombardment of incident electrons.

3. Samples for TEM analysis are prepared by inverting the carbon/collodion exposed
grid on a 5-�L droplet of sample for approximately 30 sec.

4. Excess solvent is wicked away and the grid is then rinsed by inverting the grid on
a 5 �L droplet of water for approximately 5–10 sec.

5. The grid is stained with 2% uranyl acetate in 0.05 M HCl by inverting on a 5 �L
droplet of filtered 2% uranyl acetate for 5–10 sec.

6. Excess liquid is wicked away from the original grid using filter paper and placed
in a Petri dish where each sample is properly labeled.

3.9. Fluorescence Measurements

1. All experiments are performed using an excitation wavelength filter of 450 nm, with
a slit of 5 nm, and an emission wavelength filter of 480 nm, with a slit of 10 nm.

2. Averaging time for scans is 0.1 nm/s.
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3. Th-T is dissolved in 10X PBS to acquire a 10X stock solution (100 �M) of dye
(Note 11).

4. 90 �L of peptide sample stock (peptide at desired concentrations) is diluted with
10 �L of dye to acquire fluorescence spectroscopic working solutions (Fig. 4).

5. A� and co-incubation dilutions are made as previously described under
Subheading 3.6., and were allowed to incubate in a 96-well plate or quartz micro-
cuvettes at various time intervals (Note 12).

3.10. Cell Viability Assay

Coating Plate (coat plates with collagen for cells to better adhere to plate):
thoroughly mix 45 �L of collagen with 1 mL of 0.02 N sterile HOAc in a
sterile reservoir. Tritulate to ensure proper mixing. Aliquot 1 mL of solution
into culture plate. Be sure to allow the solution to coat the entire surface of the
culture plate where cells are to attach. Let solution sit in the plate for 1 h, with
periodic shaking, followed by removal of collagen coating solution.

1. Calculate number of cells need for an experiment.

a. For a typical experiment, 500,000 cells/mL is desired.
b. Example: 8 (rows) × 5 (repeats) (from 96 well plate) = 40 (100 �L [total

volume per well]) = 4 mL total volume.
c. 4 mL × 500,000 cells/mL = 2 million cells needed for the experiment
d. 500,000 cells/mL because each well requires 100 �L at 50,000 cells/100 �L.

2. Warm the media in aquabath at 37�C.
3. Dislodge cells from culture plates.

Fig. 4. Thioflavin-T fluorescence assays. Aggregation of A� in the presence of
inhibitor compounds. Results indicate that AMY-1 increases A� aggregation rate as
well as AMY-2. The Murphy:A� (1:1) sample exhibited no fluorescence signal as a
result of short experimental time and no fibril formation.
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a. Pipet off old media from cells using a vacuum line.
b. Add 3–5 mL of fresh media to culture plate and tritulate to dislodge cells

from the plate forming a cell suspension, and place in a sterile 10- to 15-mL
centrifuge tube.

4. Set up counting tube.

a. Place 1 mL of media, 0.5 mL of trypsin blue, 0.5 mL of cell suspension (step 3b)
in a sterilized tube.

b. Mix well and pipet 10 �L into counting apparatus (hemocytometer) and count
cells in each quadrant (four quadrants total).

c. Example: count 1–17, 18, 19, 20 are the number of cells counted from each
quadrant. Count 2–20, 21, 22, 23; find the sum of all quadrants, count 1–74,
and count 2–86. Take the average of count 1 and count 2, giving a total of 80
cells averaged (Note 13).

d. Average = 800,000 cells per mL (remember 100 �L volume) (Note 13).

5. 2.0 million cells (number of cells needed for experiment; step 1c) / 800,000 cells
mL−1 (cells counted from cell suspension; step 4d) = 2.5 mL of cell suspension
(step 3b) needed in order to obtain 500,000 cells/mL needed for plating (place in
a separate reservoir).

6. 4 mL total volume needed to fill well plate (step 1b); 4 mL − 2.5 mL = 1.5 mL
of media needed and will be added to 2.5 mL of cell suspension (in reservoir) to
obtain 500,000 cells/mL.

7. Plate cells by adding 100 �L of the 4 mL cell solution (step 6) to each mapped
well.

8. Allow cells to adhere to the wells for 24 h at 37�C, 5% CO2.
9. Option: Split remaining cells in counting tube or discard.

10. Cells adhere to plate for 24 h followed by co-incubation with analyte at desired
concentrations with analyte at desired concentrations and time intervals (Note 14).

11. Following co-incubation at desired concentrations (preferably for 24 h) or at
desired incubation intervals, 15 �L of Dye substrate (Promega) is added to each
well and incubated for 4 h at 37�C, 5% CO2.

12. Add 100 �L of Stop/Solubilizing solution is added to each well and incubated at
room temp for 1 h.

13. The 96 well plate is read using UV absorbance at 570 nm (Fig. 5).

3.11. Dynamic Light Scattering Measurements

1. The DLS instrument has been described previously (32); it is built in house
and consists of a Coherent Innova 90 argon ion laser and a copper sample
cell with a filtered toluene bath. A Hamamatsu R955P photomultiplier tube is
mounted on a rotating arm. A Pacific Precision Instruments model 126 pulse
amplifier/discriminator feeds data to a computer with an ALV 5000 correlator and
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Fig. 5. Cell viability assays of inhibitor peptides. Samples were incubated for 1 wk
at 37�C and diluted in RPMI media (1:10 dilution). The AMY-1 (toxic alone) inhibitor,
when in the presence of � -amyloid (A�), exhibited no cytotoxicity while the AMY-2
inhibitor caused cell death. The Murphy and Modified A-1 inhibitors were nontoxic to
cells, suggesting that they are capable of inhibiting cell death caused by A� fibrilloge-
nesis. Experimental results indicate that the AMY inhibitors in the absence of A� are
toxic to PC-12 cells whereas the Murphy and Modified inhibitors are nontoxic.

associated software installed. The sample holder temperature is controlled using a
Lauda RM6 water bath to within 0�1�C (Note 15).

2. Stock A� is prepared by diluting A�1−40 in 100% DMSO at a concentration of
1 mg/mL.

3. Stock solutions of A�1−40 in 100% DMSO are incubated for 2 h at room temperature.
4. Samples are prepared by diluting the stock solution into filtered 50 mM PBS, pH

7.4 to a final peptide concentration of 100 �M.
5. The samples are then loaded into a dust-free, disposable borosilicate glass cell

(6 × 13 mm), Kimble.
6. DLS measurements are taken at 90� scattering angle. Custom software is used to

analyze each of the many sequential runs of the experiment (Fig. 6, see Note 16).

3.12. Fluorescence Photobleaching Recovery Measurements

1. A brief summary of the FPR apparatus follows; details have appeared elsewhere
(33). A fringed pattern is bleached into the sample by intense laser illumination
(at 	 = 488 nm, 3–7 W/cm2) of a coarse diffraction grating (50, 100, 150, and
300 lines/inch), referred to as a Ronchi ruling (Edmund Scientific), held in the
rear image plane of an objective mounted on an epifluorescence microscope. The
stripe pattern is described by the grating constant, K = 2�/L, where L is the
period of the repeat pattern in the sample. After bleaching, the laser beam is shifted
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Fig. 6. Growth kinetics of A� at physiological pH. �-amyloid was dissolved in
neat dimethyl sulfoxide at a concentration of 1 mg/mL followed by dilution in 50 mM
phosphate-buffered saline, 150 mM NaCl, pH 7.4, yielding a concentration of 100 �M .
The apparent hydrodynamic radius was determined from cumulant analysis of dynamic
light scattering data taken at 90� scattering angle.

to lower intensity to detect fading of the pattern. The detection is accomplished
by a modulation system (34). After the shutter, which protects the RCA 7265
photomultiplier tube (PMT) during the photobleaching step, reopens, the Ronchi
ruling is vibrated electromechanically in a direction perpendicular to its stripes to
produce a modulated signal. This signal is buffered by a Stanford Research Systems
SR560 low-noise preamplifier then fed to a tuned amplifier to isolate the effects
of shallow (typically 5%) photobleaching from random noise. The modulation
detection system not only enables shallow, weakly perturbing photobleaches to
be used, but it also eliminates decay terms due to higher Fourier components
of the stripe pattern. Thus, each diffuser gives rise to a single decay term (35).
A zero-crossing detector/peak voltage detection circuit triggers an analog-digital
card (National Instruments #AT-MIO-16D, part no. 320489-01) to acquire the peak
voltage of the modulated signal, or contrast C�t
, which decays exponentially due
to diffusion: C�t
 = baseline+C�0
e−K2Dt.

2. Samples are prepared by dissolving 500-�M stock 5-carboxyfluorescein-labeled
peptide in filtered 10 mM KOH. The sample is difficult to solubilize, therefore
sonication in a Branson model no. 2510 bath sonicator for short cycles of 10 sec to
prevent heat from affecting the sample is performed.

3. A 50-mM phosphate-buffered solution, pH 7.4 is prepared and filtered through a
0.02-�m Anatop filter, after which the desired amounts of sodium chloride are
added.

4. Aliquots of the 500-�M stock solution (step 2) are diluted to the desired concen-
tration with 50 mM PBS.
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Fig. 7. Fluorescence photobleaching recovery measurements on samples containing
100% 5-carboxyfluorescein-labeled peptide in 50 mM phosphate buffer, at pH 7.4 with
increasing sodium chloride concentrations.

5. The samples are loaded into rectangular microslides (0.2-mm pathlength, VitroCom)
by capillary action, and the microslides are flame-sealed.

6. Following FPR measurements, the recovery profiles are analyzed with homemade
software and the plots are best fitted with a single and double exponential function
(Fig. 7).

4. Notes
1. For HPLC purification, columns are allowed to re-equilibrate for 30 min after each

analytical run and 45 min after each preparatory run. Re-equilibration is performed
to ensure column starting conditions.

2. To ensure monomeric starting solutions, tips, tubes, and bottles that are to house
stock solutions are autoclaved to remove any possible contamination by bacteria.
Impurities such as metals are minimized by the use of salts with purity contents
≥99.99%. The removal of dust and preformed aggregates are obtainable by the
use of 0.02-�m Anotop filters.

3. Surface roughness affects aggregation rates of A�. It was determined that Dot
Scientific Microcentrifuge tubes (509-FTG) were optimal for dissolution protocols
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(36). These specific tubes have smooth surface textures which prolong the initiation
of A� aggregation compared to rough textured tubes.

4. Lyphilization of A� following HFIP evaporation is performed to ensure that all
residual organic solvent is removed. Any trace amounts of organic solvent will
distort CD images giving rise to �-helical conformations and will affect overall
aggregation kinetics.

5. Following centrifugation of A� at 13,000g, protofibrillar material sediments out
forming a pellet. The resulting supernatant is the monomeric material needed.
Carefully pipette off the supernatant from the top of the solution. Be sure not
to allow the tip of the pipette tip to remove any of the pellet. To alleviate the
possibility of removing sedimented material, the pellet remains submerged in
approx 3–5 �L of supernatant.

6. CSA calibration can be performed on the CD instrument or using an UV instrument.

a. UV: 1 mg/mL CSA, wavelength (	 = 320–240 nm), 1-nm bandwidth, 1 s
average time, 0.5 nm step.

i. Run water blank, record baseline at 	 = 320 nm.
ii. Run CSA standard, record baseline at 	 = 320 nm.

iii. Baseline at 	 = 320 nm should be the relatively same value for both
samples.

iv. Correct spectrum (subtract blank).
v. Find AU using Beer’s Law: OD285 = 0.1486 at 1.00 mg/mL.; mDeg =

mDego× (length × concentration) (mDeg = mDego× [Abs/�].

b. CD ratio test: 1 mg/mL CSA, 0.1 cm cell, wavelength (	 = 320–192.5 nm),
0.5 nm step, 1.0 nm bandwidth.

i. Measure CSA standard.
ii. Measure air baseline.

iii. Subtract air baseline from CSA standard.
iv. Find peak values near 	 = 290 nm and 	 = 192.5 nm.
v. Calculate peak ration 290/195.2.

vi. Ratio should be between 1.9 and 2.2.

7. Monitor the signal dynode voltage of the CD sample as spectra is being acquired;
it should not exceed 1000 mV. If this occurs, the sample is contaminated, too
aggregated, or contains too high of a salt content and should be reprepared and
tested.

8. For CD measurements, the buffer blank should “flatline” in the data collection
screen. If this does not occur, cell contamination or buffer contamination has
occurred. It is important to notice this due to the negative impact baseline fluctu-
ations will have on data when converting mDeg to molar ellipticity.

9. It is imperative that the sample adsorb to the mica for at least 25 min. Many groups
report adsorption times of less than 10 min. This is problematic because a rinsing
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step follows the adsorption. Rinsing is important for the removal of inorganic
salts, but if the sample is assumed to have been absorbed to mica and is partially
adsorbed, rinsing of partially absorbed material can rinse aggregates or fibrils from
mica leading to the illusion of only monomeric, nonaggregated materials. This
results in inconsistent interpretation of data and inconsistent and uncomparable
results relative to other experimental techniques.

10. SFM tapping mode eliminates unwanted contact forces (van der Waals) created by
SFM contact mode. With tapping mode, as the sample moves under the cantilever,
the cantilever taps the sample rather than being in constant contact with the sample.
Tapping mode is done due to peptide samples being “soft” and extremely fragile.
Contact mode will disrupt morphology of samples.

11. The use of PBS buffer at pH 7.4 to dissolve Th-T (dye working solution) yields
similar results compared to the conventional method of Th-T dissolution in 50 mM
glycine-NaOH buffer at pH 8.5.

12. 100 �L is the maximum volume per well. Adhesive sealing films for microplates
(Thomas Scientific, cat. no. 6980A13) are used to prevent evaporation of fluores-
cence sample. The non-usage of thermal seals causes for Th-T and NaCl salts to
precipitate as a result of evaporation, disrupting the fluorescence signal.

13. The standard hemocytometer has four quadrants. A specific number of live cells
will reside in each quadrant. The number of live cells are counted and totaled.
Note that the live cells will appear green and dead cells will appear blue. Live
cells can resist trysin blue treatment while dead cells will just absorb the dye.
The total number of living cells (green) is averaged by the number of times
counted. The total number of cells counted is based on the volume underneath the
hemocytomer’s coverslip. The standard apparatus has four basic quadrants with
dimensions that equals 1.0 x 104 cm3, which can hold 1.0 x 104 mL; therefore, if
one has x number of cells multiplied by 1 × 104 mL gives rise to x5 or x6 number
of cells per mL relative to the cell suspension of the counting tube.

14. It is stated to co-incubate analyte at desired concentration and time intervals. It
is helpful, if doing concentration studies with cells, to first prepare concentration
dilutions then add to cells. Make sure to take into consideration the dilution that will
occur when adding analyte to cells, so 2–10X stocks of each desired concentration
are preferable. When performing time dependent experiments, it is advisable to
pre-incubate all samples in descending order from long to short times.

15. DLS is a technique whose sensitivity depends on the size of the scattering particle.
Thus, DLS will be able to identify large aggregates more readily as compared to
smaller aggregates. The limitation of this technique is particularly severe at the
early stages of aggregation. Heterogeneous samples are difficult to measure, as
small particles scatter less than larger ones; thus, it would be difficult to conclude
whether both large and small species are present in solution. For this reason, FPR,
which allows for the differentiation of large and small particles based on order of
magnitude differences associated their respective diffusion coefficients, is used.
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16. The DLS apparatus is set to make multiple measurements. Figure 6 shows that
immediately upon dilution of A� from neat DMSO stock solution into PBS at
pH 7.4, large aggregates are present with an initial hydrodynamic radius of about
90 nm. The average size of the aggregates increases linearly with time as evidenced
by the larger hydrodynamic radius values. After disrupting the large and slowly
growing fibrils by sonication, the system remains stable. Addition of the Murphy
peptide accelerates growth as expected (37). The occasional spikes signify the
presence of exceptionally large aggregates in a particular acquisition, but the trend
is clear.
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Radiometal-Labeled Somatostatin Analogs
for Applications in Cancer Imaging and Therapy

Jason S. Lewis and Carolyn J. Anderson

Summary

The use of radiolabeled peptides for the diagnosis and therapy of cancer has increased greatly
over the last few decades. Skillfully crafted peptide systems, which have high affinity for receptors
that are overexpressed in human tumors, offer the potential to improve the characterization,
grading, and eventual therapy of human cancer. Robust peptide systems can be labeled with
radioactive atoms for imaging purposes using single-photon emission computed tomography and
positron emission tomography technologies, or can be labeled with therapeutic nuclides for the
efficient killing of tumor cells. This method-based review discusses one such class of receptor-
targeted peptides and their radiolabeling with radioactive metals. The somatostatin receptor is
upregulated in many types of cancer, and when labeled with a radiometal atom via a bifunctional
chelate, can be employed as an agent for the imaging and radiotherapy of cancer. This review
will discuss the methods used in the synthesis of the somatostatin peptides, conjugation with
bifunctional chelators, and radiolabeling with metal radionuclides. Methods will also be presented
for the in vitro and in vivo evaluation of the compounds produced.

Key Words: Radiometal; peptide; bifunctional chelator; PET; somatostatin; imaging; therapy.

1. Introduction
Somatostatin, a 14-amino acid peptide, is involved in the regulation and

release of a number of hormones (e.g., growth hormone, thyroid-stimulating
hormone, and prolactin) (1,2). Somatostatin receptors (SSR) have been found
in many different normal organ systems such as the central nervous system,
the gastrointestinal tract, and the exocrine and endocrine pancreas (1–3). A
large number of human tumors also overexpress SSRs (4), which makes SSR
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a good target for diagnostic imaging and therapeutic purposes. Because somato-
statin has a very short biological half-life, the analog octreotide (OC) was
developed with a longer biological half-life than the native somatostatin (5). In
more recent years, other analogs have been developed such as Tyr3-octreotide
(Y3-OC), octreotate (TATE), and Tyr3-octreotate (Y3-TATE) (Fig. 1) (6–8).
111In-diethylenetriaminepentaacetic acid (DTPA)-OC was one of the first clini-
cally approved peptide-based tumor receptor imaging agents for neuroen-
docrine tumors (9). Our studies and those of other groups have shown the
potential of these somatostatin analogues to be utilized for both positron
emission tomography (PET) diagnostic imaging and targeted radiotherapy of
cancer (10–17).

The choice of radiometal to be used for the radiolabeling of peptides is
dependent on the application. In selecting the ideal radionuclide for a particular
application, whether it be for therapy or imaging, the most important factors
apart from the half-life of the radionuclide are the energy of the radioactive
emissions and the cost and availability of the isotope. Metal positron-emitting
radionuclides are generally produced by nuclear reactions on enriched parent
materials (18). Metallic positron-emitting radionuclides available for PET
imaging include copper radionuclides (64Cu, 61Cu, 60Cu) (19–22), 45Ti (23),
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Fig. 1. Somatostatin analogs for labeling with metal radionuclides.
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Table 1
Decay Characteristics of Metal Radionuclides

Isotope T1/2 �− MeV (%) �+ MeV (%) EC MeV (%) � MeV (%)

64Cu 12.7 h 0.573 (39.6%) 0.655 (17.4%) 41% 0.51(38.6%)
1.35 (0.6%)

67Ga 3.26 d − − 99+% 0.093 (40%)
0.184 (20%)
0.296 (22%)
0.288 (7%)

68Ga 68.3 min − 1.88 (86%) 12% 0.511 (176%)
0.77 (2%) 1.078 (3.5%)

90 Y 64 h 2.27 (100%) − − −
111In 67 h − − 99+% 0.173 (89%)

0.247 (94%)
177Lu 6.7 d 0.497 (90%) − − 0.208 (11%)

66Ga (24,25), 86Y (26), and 94mTc (27). The most widely use positron-emitting
radiometal is 64Cu and can be produced as previously described (20,21). This
method-based review will focus on the production of 64Cu-labeled somatostatin
peptides for the diagnosis and therapy of cancer, although many of the methods
discussed are applicable for use with other metal radionuclides. 64Cu has a
half-life of 12.7 h and can be considered the most versatile copper radionuclide
owing to its unique decay scheme (�+ [17.4%]; �− [40%]). Other radiometals
commonly labeled to somatostatin analogs for imaging and therapy applications
include 111In, 67Ga, 68Ga, 90Y and 177Lu (Table 1), and methods for labeling
somatostatin analogs with these radionuclides are also discussed.

2. Materials
2.1. Chelator-Peptide Synthesis

1. All chemicals unless otherwise stated are purchased from Sigma-Aldrich Chemical
Co. (St. Louis, MO).

2. Water is distilled and then deionized (18 M�/cm2) by passing through a Milli-Q
water filtration system (Millipore Corp., Milford, MA).

3. All glass and plastic-ware is acid washed prior to use to reduce metal contaminants.
4. Solid-phase peptide synthesis (SPPS) is performed on commercially available

peptide synthesizers employing the 9-fluorenylmethoxycarbonyl (Fmoc) method
(8,28–30). The Fmoc-protected amino acids can be purchased commercially.
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5. The peptide conjugates are purified by reversed-phase high-performance liquid
chromatography (HPLC) and the peptides are analyzed by high-resolution matrix-
assisted laser desorption/ionization (MALDI) Fourier transform mass spectrometry
(FTMS) to confirm identity.

6. The chelators 1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid (TETA)
and 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) are commer-
cially available from Sigma-Aldrich (St. Louis, MO), Fluka Chemie AG (Buchs,
Switerland), Strem (Newburyport, MA), and Macrocyclics Inc. (Dallas, TX) at
reasonable prices. Macrocyclics Inc. also provides other bifunctional chelators
(BFCs), such as DOTA-N -hydroxysuccinimide (NHS)-ester and DOTA-tris(t-butyl
ester), which can be readily used for the conjugation to biomolecules. Figure 2
depicts a series of BFCs that can be used for the attachment of 64Cu and other
radiometals to a biomolecule.
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2.2. Radiolabeling of Peptides

The use of radioactive materials requires careful handling to ensure as low as
reasonably achievable radiation exposure. Handling of radioactivity should only
be done by fully trained personnel under the guidance of the local Radiation
Safety office.

1. At Washington University, 64Cu is produced by the nuclear reaction 64Ni(p,n)64Cu
on the CS15 cyclotron. Ten to fifty milligrams of enriched 64Ni (obtained from
Department of Energy or ISOFLEX, San Francisco, CA) is plated on a gold disc.
The target is generally irradiated for 0.4 to 4 h in a specially designed target holder
(20). Generally, for 64Cu production, enriched 64Ni targets are bombarded with
15–45 �A current.

2. The 64Cu is isolated in a one-step procedure; 64Ni (containing the 64Cu) is dissolved
in 4.0–6.0 mL of 6.0 M HCl (Alfa Aesar, Ward Hill, MA) under reflux. The solution
is then transferred to a 4 × 1 cm AG1-X8 (BIO-RAD, Hercules, CA) column that
separates the 64Cu from the nickel. Elution is carried out with the nickel and other
reaction byproducts collected in a 15–30 mL fraction of the 6�0 M HCl. The 64Cu
is then collected in approx 2–12 mL of 0.5 M HCl.

3. The 64Cu fraction is then evaporated to dryness and redissolved in approx 150 �L
0.1M HCl (HCl from Aldrich, 99.999999%). Typically, 150–600 mCi of 64Cu are
produced by this process.

4. Radionuclidic purity is confirmed by gamma spectroscopy (Canberra multi-channel
gamma analysis instrument system 96-6922). Utilizing the cyclotron conditions
described above, the yields of 64Cu are dependent on the amount of 64Ni on
the target and the length of the bombardment. Typically, 18.5 GBq (500 mCi)
64Cu are produced with a 40 mg 64Ni target and a bombardment time of 4 h.
The specific activity of the 64Cu ranges from 47.4 to 474 GBq/�mol (1280 to
12,800 mCi/�mol). The typical yields for 64Cu productions are 0.2 mCi/�A·h per
mg 64Ni. It is challenging to produce high specific activity copper radionuclides
due to the extensive presence of copper in the environment. Extra care is taken to
use highly pure reagents and metal-free glassware and plastic ware.

5. Other metal radionuclides are commercially available. Indium-111 can be purchased
from Mallinckrodt, Inc. (St. Louis, MO). Lutetium-177 is available from Missouri
University Research Reactor (MURR; Columbia, MO), and also from Perkin-Elmer
(Boston, MA). Gallium-68 is produced from a 68Ge/68Ga generator, commercially
available from TCI Medical (Albuquerque, NM) with the source of this generator
being Cyclotron Co. Ltd. (Obninsk, Russia). Germanium-68 has a long half-life
(275 d), making this generator a convenient source of a positron-emitting radionu-
clide. Yttrium-90 can be purchased from Perkin-Elmer (Boston, MA).
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2.3. In Vitro Receptor-Binding Assays

1. Receptor-binding buffer: 50 mM Tris-HCl, pH 7.4, 5.0 mM MgCl2, 0.5 �g/mL
aprotinin, 200 �g/mL bacitracin, 10 �g/mL leupeptin, and 10 �g/mL pepstatin A. It
can be stored for one day at 4 °C

2. Assays are performed using Millipore MultiScreenTM Assay System 96-Well
Filtration Plates (#MAFBN0B10, Millipore Bedford, MA)

3. Radiotracer and competitor ligand are prepared with the desired radionuclide and
its stable counterpart, respectively, as described in Section 3.2.

3. Methods
3.1. Preparation of Chelator-Peptide Conjugates

In the method described below, somatostatin analogues are used as examples
of how BFC–peptide conjugates are constructed in solid-phase as previously
described (8,28–30). Generally, it involves three steps: (1) preparation of
the linear protected peptide, Fmoc-D-Phe-Cys(Acm)-Tyr (OtBu)-D-Trp(Boc)-
Thr(OtBu)-Cys(Acm)-Thr(OtBu), using the Fmoc strategy; (2) cyclization of
the peptide; and (3) conjugation of the chelator to the peptide.

1. The peptide is synthesized by an automated peptide synthesizer (Applied Biosystems
Model 432A “Synergy” Peptide Synthesizer, Foster City, CA). The instrument
protocol requires 25 mmol of subsequent Fmoc-protected amino acids activated by
a combination of N -hydroxybenzotriazole (HOBt) and 2-(1-H Benzotriazol-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU). The prepacked amino
acids are available from Perkin-Elmer (Norwalk, CT), BACHEM Bioscience (King
of Prussia, PA), or Novabiochem (San Diego, CA).

2. At the end of the synthesis, thallium(III) trifluoroacetate is used to remove the
Acm-protecting groups on the cysteines, concomitant with disulfide formation to
generate the cyclic peptide.

3. The resin with the cyclic peptide is put back into the synthesizer for the conjugation
of chelator. In the case of TETA and DOTA, a derivative with a monofunctional
group is used, tri-tert-butyl TETA, or tri-tert-butyl DOTA. The tri-tert-butyl DOTA
is commercially available from Macrocyclics. The TETA derivative must be synthe-
sized (31). Note: To prevent chelation of the thallium, the thallium-mediated peptide
cyclization must be done before the DOTA or TETA conjugation.

4. The resulting peptide is cleaved from the resin and deprotected with trifluoroacetic
acid (TFA)–thioanisole–phenol–water (85:5:5:5) for 8–10 h.

5. Final purification is accomplished by C-18 reversed-phase HPLC (solvent A:
0.1% TFA [(32)]/water, solvent B: 0.1% TFA/10% H2O/acetonitrile; gradient:
90% A/10% B to 30% A/70% B in 40 min; detection mode: ultraviolet [UV] at
� = 230 nm).
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6. Fractions are analyzed by analytical HPLC (detection mode: UV at � = 214 nm)
and mass spectrometry (MS) prior to final lyophilization.

7. Other chelators that contain carboxylic acid moieties, such as CB-TE2A, can be
conjugated to peptides in the same manner as the tri-tert-butyl esters of TETA or
DOTA (14).

3.2. Radiolabeling Methods

3.2.1. Radiolabelinog DOTA– and TETA–Peptide Conjugates

The DOTA– and TETA–peptide conjugates are directly radiolabeled with
64Cu in ammonium acetate (or ammonium citrate) buffer and purified by previ-
ously published protocols (8,10,11,30,33) (see Note 1).

1. In a typical labeling of TETA-Y3-TATE as an example, 1.0 �g of TETA-Y3-
TATE is radiolabeled with more than 1000 �Ci (37 MBq) of 64Cu-acetate in 0.1 M
ammonium acetate, pH 5.5 in 30 min incubation at room temperature (see Note 2)

2. For labeling CB-TE2A-Y3-TATE, 1–15 mCi (37-555 MBq) of 64Cu in 0.1 M
ammonium acetate (pH 8.0) is added to 1–15 �g of the peptide in 0.1 M ammonium
acetate (pH 8.0). The reaction mixture is heated for 1 h at 95�C.

3. The 64Cu-TETA-Y3-TATE purification is accomplished using a C18 SepPak
cartridge (Waters Corp. Milford, MA); however, C18 SepPak purification is not used
for 64Cu-CB-TE2A-Y3-TATE, since this compound is difficult to elute from the
SepPak, most likely due to its increased lipophilic character. For a 1 mL ethanol
elution, >90% of the product is in the fractions between 150 and 500 �L.

4. The radiochemical purity is confirmed by radio-thin layer chromatography (TLC)
and/or radio-HPLC. The TLC conditions are C18-coated plates eluted in 7:3 (v/v)
MeOH:10% NH4OAc. Analytical reversed-phase HPLC is performed on a Waters
600E (Milford, MA) chromatography system with a Waters 996 photodiode array
detector and an Ortec Model 661 (EG & G Instruments, Oak Ridge, TN) radioactivity
detector. HPLC samples are analyzed on a Vydac diphenyl column (4�6×100 mm)
(Hesperia, CA). The mobile phase is H2O (0.1% TFA) (solvent A) and 90% acetoni-
trile (ACN) (0.1% TFA) (solvent B). The gradient is 5% B to 70% B in 20 min
(1.0 mL/min flow rate). The radiochemical purity is typically >95%.

5. The 64Cu-TETA-Y3-TATE in ethanol may need to be evaporated under nitrogen or
argon prior to dilution with saline (ethanol content must be less than 5%) for PET
imaging and/or radiotherapy in tumor-bearing rodent models or humans.

3.2.2. Labeling 67/68Ga, 111In, 90Y, and 177Lu to Somatostatin Analogs

For labeling 67/68Ga, 111In, 90Y, or 177Lu to somatostatin analogs, the DOTA
conjugates are preferred, since DOTA stably binds these +3 metal ions.
Breeman et al. optimized conditions for radiolabeling with the four radionu-
clides, and determined that lower pH (∼ 4.0) and high temperatures �80–100�C	
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are required for 30 min (34). The labeling buffer used in these reactions is
25 mM sodium ascorbate in 50 mM sodium acetate.

Breeman et al. have developed labeling conditions for preparing 68Ga-
DOTA-Y3-OC (also called DOTA-TOC) and 68Ga-DOTA-Y3-TATE (also
called DOTA-TATE) (35).

1. DOTA-Y3-OC and DOTA-Y3-TATE are dissolved in 0.01 M acetic acid in Milli-Q
water with a final concentration of 1 mM .

2. Gallium-68 is eluted from the 68Ge/68Ge generator in 0.1 M HCl, with approx 80%
of the activity eluted in a 1-mL volume.

3. The peptide and 68Ga activity are mixed with 1.25 M sodium acetate to achieve a
pH of 3.5–4.0. Reaction volumes may vary from 130 �L to 1.5 mL. Under these
conditions, complete incorporation of 68Ga occurs in 5 min at 80�C.

4. For rapid quality control, radio-TLC is performed using instant thin-layer
chromatography (ITLC)-silica gel (SG) strips (Gelman Sciences, Ann Arbor, MI)
eluting in HCl-acidified saline, pH 3.5. Under these conditions, 68Ga-labeled peptide
remains at the origin, while free ionic 68Ga migrates with an Rf of 0.5–0.7.

5. To distinguish between 68Ga-colloid and 68Ga-peptide, both of which will remain
at the origin, ethylenediamine tetraacetic acid (EDTA) can be added to the reaction
mixture. 68Ga-EDTA migrates with the solvent front (Rf = 1�0). HPLC conditions
as described above can also be employed.

3.3. In Vitro Receptor-Binding Assays

After the radiometal-labeled bioconjugate is prepared, its biological activity
and effectiveness as a radiopharmaceutical are determined by several methods.
Determining that the radiometal-labeled BFC–biomolecule conjugate retains
its biological activity and evaluation of its biodistribution and/or therapeutic
efficacy are essential prior to human trials.

The binding affinity is measured using an appropriate cell line that expresses
the desired receptor to which the peptide conjugate is designed to bind. Receptor
binding assays can be performed using membranes from receptor-rich tumors
such as those from CA20948 (36) or AR42J (37,38) tumors harvested from
euthanized animals. For homologous competitive assays, the competing ligands
are the natural metal complexes of the BFC-somatostatin analogs prepared
using high purity metal chloride salts using the procedure described above for
preparation of the radiometal-labeled peptides. Complex formation is confirmed
by HPLC and electrospray (ES)-MS. To reduce nonspecific binding, 0.1%
bovine serum albumin (BSA) is added to the receptor-binding buffer.

1. The radiotracer (0.05 nM	 is diluted in binding buffer.
2. Aliquots of 10–30 �g of AR42J or CA20948 membrane protein are incubated in

triplicate on 96-well filtration plates along with 0.05 nM radioligand and 13 doses
of the competitor ligand, covering a concentration range from 0 to 400 nM .
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3. Samples are mixed gently and allowed to incubate for 2 h at room temperature.
4. Following incubation, supernatants are aspirated through the filters using a vacuum

manifold.
5. Filters are washed twice with 250 �L of ice-cold binding buffer, and then air-dried.
6. A filter-punch apparatus (Millipore, Inc.) is used to extricate the filters from the

plate and dispense them into tubes for counting.
7. The resulting filter samples along with samples representing total counts added were

counted for radioactivity.
8. The best-fit IC50 value for the cell line is calculated according to published methods

(10) using PRISM (Graphpad, San Diego, CA).

3.4. In vivo Evaluation of Radiolabeled Peptides

3.4.1. Biodistribution Studies

All animal studies should be done under the auspices of the respective
Institutional Guidelines for the Care and Use of Research Animals.

1. The somatostatin receptor-positive rat pancreatic tumors AR42J (30) and CA20948
(7) are maintained by serial passage in male Lewis rats.

2. A 16G cancer implant needle is used to subcutaneously implant 4–8 mm3 pieces of
tumor.

3. AR42J tumor is implanted in the lower leg of immature (21 d old; ∼ 40 g) rats and
CA20948 into the nape of the neck of mature (150 g) rats.

4. Tumors are allowed to grow for 12–14 d, until approx 0.2 to 0.5 g in size.
5. The in vivo evaluation of radiometal-labeled bioconjugates is typically carried out

using one of the tumor-bearing animal models described above. The radiometal-
labeled somatostatin analogs are injected into the tumor-bearing rats, and then at
several time points postinjection (usually between 1 and 48 h), the rats are sacrificed.

6. Selected organs (tumor, blood, lung, liver, spleen, kidney, muscle, fat, heart, brain,
pituitary, bone, adrenals, pancreas, stomach, small intestine, upper large intestine,
and lower large intestine) are dissected, drained of blood, weighed, and counted in
a � counter.

7. By comparison with a standard representing the injected dose per animal, the
samples are corrected for radioactive decay, in order to calculate percent injected
dose per gram (% inner diameter [ID]/g) of tissue and percent injected dose per
organ (% ID/organ).

Competitive binding studies are performed in vivo by having an additional
group of animals in which a “blockade” of nonradioactive peptide analog is
co-injected to observe receptor mediated uptake of the radiolabeled peptide
conjugate. Typically, the amount used to block the receptors is 100- to 1000-fold
higher than the concentration of somatostatin analog in the injected tracer.
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The targeting capability of the 64Cu-labeled compound is evaluated as
the ratio of tumor to surrounding normal tissue (e.g., tumor:muscle), or
tumor:blood. In addition to determining the target tissue uptake, clearance of the
agent through the blood, liver, and kidneys is also measured, with more rapid
clearance through the non-target tissues being desirable. To compare differ-
ences between the data sets, a student’s t-test can be performed. Differences at
the 95% confidence level �p < 0�05	 are generally considered significant.

3.4.2. Small Animal PET/Computed Tomography Imaging

Small animal PET imaging has recently become a standard method to
evaluate PET radiopharmaceuticals using animal models of disease (30,39–42).
For studies involving expensive transgenic rodent models, this non-invasive
technique is greatly preferred, because repeat studies can be performed without
sacrificing the animals. Somatostatin analogs labeled with positron-emitting
radionuclides, such as 64Cu, are quickly evaluated by both static and dynamic
imaging.

1. For imaging studies on rats and mice, the rodents are anesthetized with 1–2%
isoflurane prior to scanning and positioned supine and immobilized in a custom
prepared cradle.

2. Two mice are imaged side by side and remain in the same bed position for all time
points.

3. All imaging is performed in a temperature-controlled imaging suite with close
monitoring of the physiological status of the animals.

4. At Washington University, co-registration of the PET images is achieved in combi-
nation with a microCAT-II camera (Imtek Inc., Knoxville, TN), which provides
high-resolution X-ray computed tomography (CT) anatomical images. The image
registration between microCT and PET images is accomplished by using a landmark
registration technique AMIRA image display software (AMIRA, TGS Inc., San
Diego, CA.). The registration method proceeds by rigid transformation of the
microCT images from landmarks provided by fiducial markers directly attached to
the animal bed.

5. The activity concentrations in the regions of interest (ROIs) are quantified by
measuring the radioactivity in the selected volumetric regions and averaging
the activity concentration over these regions. For the microPET rodent scanners
(Concorde Microsystems, Knoxville, TN) (40,43,44), the ROI analysis software
consists of two programs: Analyze AVW 3.0 (Biomedical Imaging Resource, Mayo
Foundation, Rochester, MN) and a viewing application program developed by R.
Laforest at Washington University School of Medicine in St. Louis using Interna-
tional Data Language (Research Scientific, Boulder, CO).
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4. Notes
1. For 64Cu, it has been shown that the use of the DOTA bifunctional chelating

system may not stably complex the Cu(II), resulting in elevated uptake in non-
target tissues such as the blood and liver (45,46). This background activity
could limit the use of 64Cu-DOTA-peptides due to high absorbed radiation
dose levels and poorer tumor/background tumor ratios. Other chelates such as
TETA may improve the biodistribution, and new chelates for 64Cu based on a
cross-bridged design that have shown significant improvement in metal-chelate
stability and subsequent lowering in nontarget and clearance tissue accumu-
lation (14,45).

2. It is of great importance that receptor-targeting peptides be radiolabeled with metal
radionuclides in high specific activity (>27,750 MBq/� mol [750 mCi/�mol]).
Low capacity tumor receptors, such as somatostatin, are easily saturated, and
the presence of significant amounts of unlabeled peptide will affect the radio-
labeled peptide uptake in the tumor. It is challenging to produce high specific
activity copper radionuclides because of the extensive presence of copper in
the environment. Extra care is taken to use highly pure reagents and metal-free
glassware and plastic ware.
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Cell-Penetrating Proline-Rich Peptidomimetics

Josep Farrera-Sinfreu, Ernest Giralt, Miriam Royo,
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Summary

Cell-penetrating peptides (CPPs) offer potential as delivery agents for the cellular adminis-
tration of drugs. However, the pharmacological utility of CPPs that are derived from natural
amino acids is limited by their rapid metabolic degradation, low membrane permeability,
and toxicity. Various peptidomimetics able to overcome these problems have been described,
including peptides formed by d-amino acids and �-peptides. This chapter summarizes the
synthesis of �-proline-derived peptides and polyproline dendrimers for drug delivery applica-
tions, and includes descriptions of several modifications in the �-peptides (mimicking the side
chains of the �-amino acids) or modulating the dendrimer surface. 5(6)-Carboxyfluorescein
labeling of the aforementioned peptidomimetics for use in cell translocation studies is also
described. Furthermore, different protocols for the study of the drug delivery capabilities of these
compounds are reviewed, including enzymatic stability studies, cellular uptake measurements
by plate fluorimetry and flow cytometry, confocal laser scanning microscopy, and cytotoxicity
assays.

Key Words: Cellular uptake; drug delivery; foldamers; �-peptides; solid-phase; dendrimers.

1. Introduction
In the past few years, several peptides capable of crossing cell membranes

have been described (1, 2), namely cell-penetrating peptides (CPP). CPPs have
thus been proposed for the cellular delivery of biomolecules as an alternative
to inefficient and often toxic approaches such as viral delivery systems (3),
liposomes (4,5), polymeric encapsulation of drugs (6), electroporation (7), or
receptor mediated endocytosis (8). Among well-known CPPs such as Tat,
penetratin, Arg9, or transportant, proline-rich peptides have demonstrated good
cell uptake capacities (9).
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Several drawbacks for the physiological use of CPPs have recently been
reviewed (2), including lability to proteolytic cleavage. Protease-resistant
compounds, such as loligomers (10,11), peptides with their l-amino acids
residues replaced for their nonnatural d-analogs (12), as well as �-peptides
(13–16) have therefore been evaluated as drug delivery agents. Our contri-
bution in this area has been the description of new classes of peptidomimetics:
�-peptides derived from the �–amino-l-proline, with the peptide backbone
formed through the �-amino function (17,18), and polyproline dendrimers
(19–23). Our group has also reported other proline-rich peptides (24–27) with
the ability to be taken up into eukaryotic cells. Despite the hydrophobic
character of proline-rich peptides, they are highly water-soluble, an invaluable
property for life science applications. This chapter describes the solid-phase
syntheses of �-amino-l-proline derived peptides and polyproline dendrimers,
including their 5(6)-carboxyfluorescein (CF) labeling. Furthermore, protocols
for the study of their cell-uptake capacities are described, including enzymatic
stability, plate fluorimetry and flow cytometry analyses, cytotoxicity analysis,
and confocal laser scanning microscopy.

1.1. �-Amino-L-Proline-Derived Peptides

�-Peptides are constructed using a common hexameric backbone of cis-�-
amino-l-proline. The skeleton is elongated through the �-amino group of the
proline by repetitive monomer couplings and the �-amino group of the proline
is distinctly modified to obtain molecules that can imitate the side chains of
natural amino acids (Fig. 1).

Representative examples of these compounds include the following
three �-peptide families: N �-acyl-�-peptides, N �-alkyl-�-peptides, and N �-
guanidylated-�-peptides. In each family, two different types of compounds can
be synthesized: (a) homooligomers (identical side chains; Fig. 2, strategy 1)
and (b) heterooligomers (different side chains; Fig. 2, strategy 2).

Orthogonal protecting groups are required for both �- and �-amino
functions. As a robust synthetic strategy for these CPPs is required, the
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Fig. 2. Synthesis of N �-alkyl-�-hexapeptides and the N �-acyl-�-hexapeptides
(synthesis of homo-oligomeric systems and of oligomers with different side chains for
both cases). (Reprinted from ref. 17, with permission from the American Chemical
Society.)

most obvious choice would seem to be the use of tert-butoxycarbonyl (Boc)
and 9-fluorenylmethoxycarbonyl (Fmoc) groups, as the manipulation of these
orthogonal protecting groups is well established and friendly based on the
experience acquired over many years of continuous use (28). �-Peptide
syntheses are carried out on a p-methylbenzhydrylamine resin (MBHA) using
an Fmoc/Boc hybrid strategy, in which Fmoc is the temporary protecting group
for the �-amino functionality of each monomer, and Boc is the semipermanent
protecting group for the �-amino group through which the side chain has
been introduced. The amino acid used is cis-�-Fmoc-amino-�-Boc-l-proline
[Boc-Amp(Fmoc)-OH]. Acylations are carried out using the corresponding
carboxylic acid and N�N ′-diisopropylcarbodiimide (DIPCDI) in the presence
of N -hydroxybenzotriazole (HOBt). Alkylations at the �-amino group of the
proline employ reductive amination strategy with the corresponding aldehyde
with NaBH3CN. The N �-amino guanidylation is carried out using N�N ′-di-
Boc-N ′′-trifluoromethanesulfonyl guanidine (29) and Et3N. Before cleavage of
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the peptide from the resin, the Fmoc is removed and the resulting terminal
amine is acetylated or functionalized with a fluorescent probe.

1.2. Synthesis of Poly(proline) Dendrimers

1.2.1. Synthesis of Repetitive Branched Poly(proline) Peptides (19)

Although monomers such as diaminoacetic acid (Daaa), l-diaminopropionic
acid (Dapa), and l-diaminobutyric acid (Daba) can be used as branching units,
4-amino-l-proline (Amp) and imidazolidine-2-carboxylic acid (Imd) are prefe-
rable as they maintain structural coherence with the rest of the sequence (Fig. 3).

The preparation of the branched polyproline peptide Fmoc-Pro5-l-
Amp(Fmoc-Pro5)-OH is illustrated in Fig. 4. Boc-l-Amp(Fmoc)-OH is
incorporated onto the Merrifield resin using DIPCDI and catalytic amounts of
4-dimethylaminopiridine (DMAP) in dichloromethane (DCM). After removal
of the Boc group, Boc-Pro-OH is coupled. The Fmoc group is then removed
and a second Boc-Pro-OH is coupled, followed by the simultaneous elongation
of the chains using Boc-Pro-OH for all residues with the exception of Fmoc-
Pro-OH for terminal position. In situ neutralization should be used for the
incorporation of the third residue to avoid DKP formation. Cleavage and purifi-
cation by RP-HPLC affords the expected polyproline peptide in good yield and
with purities up to 95%.

1.2.2. Assembly of Poly(proline) Dendrimers (20)

Several polyfunctional compounds such as spermidine or Imd can be used
as a core.

Synthesis of a first-generation dendrimer using a spermidine core on a Wang
carbonate resin is shown in Fig. 5. Chloranil and ninhydrin tests are used to
ensure quantitative couplings.

The use of the orthogonal Dde and Mmt groups allows sequential incorpo-
ration of the two branching units, which can be the same or different. Final Fmoc
removal followed by cleavage using trifluoroacetic acid (TFA) gives crude

N

Pro5

Fmoc-Pro5

OH

O
Fmoc Fmoc-Pro5

Fmoc-Pro5

N

N OH

O

Fig. 3. Repetitive branched polyproline peptides synthesized using different
branching units.
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-
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Fig. 4. Synthesis of repetitive branched poly(proline) peptides. (Reprinted from ref.
20, with permission from the American Chemical Society.)

dendrimers in very good yield �>65%�. Purification by reversed-phase (RP)-
high-performance liquid chromatography (HPLC) gives dendrimers with >95%
purity. If needed, fluorescein labeling is performed on the solid-phase after
the Fmoc removal using benzotriazol-1-yl-N -oxytris(pyrrolidino)phosphonium
hexafluorophosphate (PyBOP) and N ,N -diisopropylethylamine (DIEA) as
coupling reagents.

The preparation of a second-generation of polyproline dendrimers (21)
starting from either Amp or Imd is shown in Fig. 6. Extension of the dendrimer
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Cleavage and purification

Fig. 5. Solid-phase synthesis of dendrimers using a spermidine core. (Reprinted
from ref. 20, with permission from the American Chemical Society.)

to the second-generation is not trivial as a result of the difficulty of incorporating
peptide fragments onto the secondary amine of the proline residue. However,
fragment coupling can be facilitated by the incorporation of a small and flexible
amino acid such as Gly at the N-terminal position. Thus, the Fmoc-Gly-
Pro5-l-Imd(Fmoc-Gly-Pro5)-OH fragment is synthesized on Merrifield resin as
described above (see Fig. 4), with the exceptions that an extra residue, such
as Fmoc-Gly-OH, is introduced at each N-terminal position, and that imida-
zolidine is the branching unit. The fragment (>95% by analytical RP-HPLC)
is coupled on Rink-resin using Fmoc chemistry and the final compounds are
cleaved from the resin with TFA, affording 88–90% pure products as deter-
mined by analytical HPLC.

Following this approach, the polyproline dendrimer could be further
expanded via repetitive condensations of the building block, ultimately giving
rise to a fourth generation (22).

1.2.3. Labeling of Dendrimers

The fluorescent label can be added at either the N- or the C-terminus. In
both cases, CF, which is stable to both fluorhydric acid (HF) and TFA, is
coupled using DIPCDI in the presence of HOBt. The N-terminal label is intro-
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cleavagecoupling

Fig. 6. Synthesis of second-generation polyproline dendrimers. (Reprinted from ref.
21, with permission from Wiley Inter Science.)

duced just before cleavage, whereas C-terminal labeling requires introduction
of an orthogonally protected Lys residue, such as N �(Fmoc)-N �(Mtt)-Lys-OH
(Fmoc/tBu strategy), at the beginning of the synthesis. In the latter case, the
4-methyltrityl (Mtt) protecting group is ultimately removed with 3% TFA, at
which point the CF is introduced.

1.2.4. Functionalization of Dendrimers

Polyproline dendrimer surfaces can be functionalized before fluorescent
labeling and cleavage from the resin. For example, the free surface amine
can be transformed into a free guanidine, a substituted guanidine, an Arg-rich
surface, and a spermidine-rich surface (Fig. 7) (23). The reaction of the free
amino of the dendrimer with (1) 1,3-di-Boc-2-methylisothiourea and DIEA
provides the dendrimer with protected guanidines; (2) iminium/uronium salts
such as HBPyU in the presence of DIEA gives substituted guanidines; (3)
repetitive couplings of Fmoc-Arg(Pmc)-OH and DIPCDI and HOBt affords
the arginine rich (Arg4) sequence; or (4) N�N -bis(N ′-Fmoc-3-aminopropyl)-
glycine potassium hemisulfate and DIPCDI and HOBt gives spermidines. Once
the dendrimer surface has been modified, the synthesis continues, and the
dendrimer can be labeled with CF if needed before cleavage from the resin.

Furthermore, if a Lys is incorporated at the C-terminal, the �-amino function
can also be labeled with CF. If polyethylene glycol (PEG) chains are required,
for example, they can be introduced at the beginning of the synthesis by
coupling to the Lys Fmoc-PEG3400-OSu in the presence of DIEA.

2. Materials
2.1. Solid-Phase Synthesis

1. MBHA, Merrifield (hydroxymethyl resin), PAM (hydroxymethyl-phenoxy resin),
and Wang carbonate resins (Calbiochem-Novabiochem AG).

2. Protected amino acids (Neosystem, Strasbourg, France).
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3. Solvents (e.g., CH3CN, DCM, N�N -dimethylformamide [DMF], and t-butylmethyl
ether [MTBE]) and other reagents (e.g., CF, AcOH, DIEA, DIPCDI,
7-aza-benzotriazol-1-yl-N -oxy-tri(pyrrolidino)-phosphonium hexafluorophosphate
[PyAOP], PyBOP, HOBt, linker AM, linker AB, piperidine, sodium cyanoborohy-
dride, Et3N, and TFA), commercially available from different sources (e.g., Sigma-
Aldrich, Milwaukee, WI; Across, NJ; and Fluka Chemika, Buchs, Switzerland).

4. HF (Air Products and Chemicals, Inc., Allentown, Canada), and related equipment
(Peptide Institute Inc., Minoh, Osaka, Japan).

5. Analytical RP-HPLC performed using Waters (Milford, MA) chromatography
systems with reversed-phase Symmetry C18 �150 × 4	6 mm� 5 
m columns with
ultraviolet (UV) detection at � = 220 nm. Semipreparative RP-HPLC is performed
on a Waters (Milford, MA) chromatography system using Symmetry C8 (3×10 cm,
5 
m) columns. Compounds are detected by UV absorption at � = 220 nm.

6. Mass spectra are recorded on a matrix-assisted laser desorption/ionization
(MALDI) Voyager DE RP time-of-flight (TOF) spectrometer (Applied Biosystems,
Framingham). 3,5-dihydroxybenzoic acid (DHB) is used as a matrix and is
purchased from Aldrich.

2.2. Enzymatic Stability, Cell Culture, and Lysis

1. For the experiments carried out with the �-peptides, cell lines are routinely
grown at 37�C in a humidified atmosphere with 5% CO2. HeLa and COS-1 cells
are maintained in Dulbecco’s modified Eagle’s medium (DMEM) (1000 mg/mL
glucose for HeLa and 4500 mg/mL for COS-1) culture medium containing 10%
fetal calf serum (FCS), 2 mM glutamine, 50 
/mL penicillin and 0.05 g/mL strep-
tomycin. For the experiments carried out with the dendrimers, HeLa S-3 (human
epithelial) cells in MEM (Eagle) supplemented with 10% (v/v) FBS; Jaws II
(Dendritic Cells) in Alpha minimum essential medium supplemented with 4 mM
l-glutamine, 1 mM sodium pyruvate and 5 ng/mL of granulocyte/macrophage
colony-stimulating factor (GM-CSF) and 20 FBS; COS-7 (fibroblasts Cerco-
pithecus aethiops [African green monkey]) in DMEM supplemented with
10% (v/v) FBS.

2. Trypsin from bovine pancreas E.C. 3.4.21.4 (Roche, Basel) and human serum
(Sigma-Aldrich, Milwaukee, WI) are aliquoted and stored at −80�C.

3. Samples are sterilized with 0.22 
m filters (Millex-GV, PVDF, Durapore,
Millipore). Concentrated samples are prepared in sterile PBS, filtered, and stored
at 4�C for no more than 1 mo.

4. Culture flasks, plastic dishes, glass coverslips, eight-well Lab-Teck™ chambered
coverglass, and 96-well plates (Nalge Nunc International, Naprville, IL).

5. Other reagents (e.g., HBBS buffer, DABCO, HEPES, RNAsa, Mowiol, MTT) are
commercially available from different sources (e.g., Biological Industries Ltd.,
Kibbutz Beit Haemek, Israel; Calbiochem, San Diego, CA; and Sigma-Aldrich,
Milwaukee, WI).



250 Farrera-Sinfreu et al.

6. Texas Red–Dextran (TR-DX; 3 mg/mL, molecular weight [MW] = 10.000,
Molecular Probes).

7. Lysis buffers are prepared in the laboratory (0.1% Triton X-100 in 50 mM Tris,
pH 8.5).

8. Plate fluorimetry experiments are carried out in a FL600 Microplate Fluorescence
Reader (Bio-Tek) using �excitation = 485 ± 20 nm and a �emission = 530 ± 25 nm.

9. Flow cytometry experiments are carried out in an Epics XL flow cytometer
(Coulter).

10. Formazan absorbance in the MTT assay is measured at � = 570 nm in a Universal
Microplate Reader Spectrophotometer Elx800 (Bio-Tek).

11. Confocal laser scanning microscopy is performed with an Olympus Fluoview 500
confocal microscope using a × 60/1.4 NA plan-apochromatic objective and in a
Zeiss confocal microscope (magnification; ×63 W) using LSM 510 software.

3. Methods
3.1. General Solid-Phase Synthesis Procedures

Peptides and dendrimers are synthesized using a combined Fmoc/Boc solid
phase strategy. Each synthesis is performed manually in a polypropylene
syringe fitted with a porous polyethylene disc (see Note 1). Solvents and soluble
reagents are removed by suction. Washings between deprotection, coupling and
subsequent deprotection steps are carried out with DMF (five times for 1 min)
and DCM (five times for 1 min) using 10 mL solvent/g resin each time.

3.1.1. Coupling of the First Amino Acid onto an MBHA Resin

1. The resin is first pretreated with DCM (five times for 1 min) and then with TFA–
DCM (4:6, once for 1 min + once for 30 min).

2. The resin is then washed with DCM (five times for 1 min), treated with DIEA–DCM
(5:95, three times for 3 min) and washed with DCM (five times for 1 min).

3. The amino acid (5 eq) is then introduced with DIPCDI (5 eq) and HOBt (5 eq) in
the solvent (DMF for Fmoc-amino acids and DCM for Boc-amino acids) for 2 h,
followed by washes with DMF (five times for 1 min) and DCM (five times for
1 min).

4. The amino acid-resin complex is then acetylated to cap any remaining free amino
groups (see Subheading 3.1.9.).

3.1.2. Reduction of Initial MBHA Resin Loading

1. A reduced resin loading, which may be required for dendrimer synthesis, is attained
by incorporation of Fmoc-Gly-OH (0.5 eq) onto the MBHA resin using DIPCDI
(0.5 eq) in the presence of HOBt (0.5 eq).
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2. After the coupling, the resin is washed with DMF (four times for 1 min) and
DCM (four times for 1 min), and any free remaining amino groups are capped by
acetylation (see Subheading 3.1.9.).

3. After the capping, the resin is washed with DMF (four times for 1 min) and
DCM (four times for 1 min) and an aliquot is treated with piperidine (see
Subheading 3.1.4.).

4. The loading of the resin is monitored by measuring the concentration of the liberated
dibenzofulvene via UV spectroscopy. Once the desired loading of the resin is
attained, the remaining amino groups on the resin are blocked by acetylation (see
Subheading 3.1.9.).

3.1.3. Coupling of the First Amino Acid to the Hydroxymethyl Resin

1. The resin is first pretreated with DCM (five times for 1 min) and then with TFA–
DCM (4:6, once for 1 min + once for 30 min), washed with DCM (five times for
1 min), DIEA–DCM (5:95, three times for 3 min), DCM (five times for 1 min) and
DMF (five times for 1 min).

2. The resin is subsequently treated with the amino acid (3 eq), DIPCDI (3 eq), and
DMAP (0.3 eq) in DMF (twice for 1 h), followed by washes with DMF (five times
for 1 min) and DCM (five times for 1 min).

3. The amino acid-resin complex is then treated with an acetylating agent to cap any
remaining hydroxyl groups (see Subheading 3.1.9.).

3.1.4. Fmoc Removal and Fmoc-Amino Acid Coupling

1. The resin is washed with DCM (five times for 1 min), followed by washes with
DMF (five times for 1 min), and the Fmoc group is removed using piperidine–DMF
(1:4, once for 1 min + twice for 15 min), followed by washes with DMF (five times
for 1 min) and DCM (five times for 1 min).

2. For those cases in which Fmoc removal is incomplete or difficult, the
standard protocol is replaced by treatment with 1,8-diazabicyclo[4.3.0]undec-7-ene
(DBU)/piperidine/toluene/DMF (5:5:20:70).

3. Fmoc-amino acids (5 eq) are coupled to the resin with DIPCDI (5 eq) in the presence
of HOBt (5 eq) in DMF for 2 h.

4. The resin is then washed with DMF (five times for 1 min) and DCM (five times
for 1 min).

3.1.5. Boc Removal and Boc-Amino Acid Coupling

1. The resin is washed with DCM (five times for 1 min), and the Boc protecting group
is removed with TFA–DCM (4:6, once for 1 min + once for 30 min).

2. The resin is then washed with DCM (five times for 1 min), neutralized with DIEA–
DCM (5:95, three times for 3 min) and washed with DCM (five times for 1 min).

3. Boc-amino acids (Boc-Pro-OH) are coupled to the resin using Boc-Pro-OH (5 eq)
and DCC (5 eq) in DCM for 2 h.
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4. The resin is then washed with DCM (five times for 1 min) and DMF (five times
for 1 min).

3.1.6. Removal of Mtt

1. The resin is washed with DCM (five times for 1 min), and the Mtt group is removed
by treatment with TFA–TES–DCM (3:1:96) (twice for 10 min + once for 30 min).

2. The resin is washed with DCM (five times for 1 min), neutralized with DIEA–DCM
(1:19) (twice for 1 min), and washed with DCM (five times for 1 min) and DMF
(five times for 1 min).

3.1.7. Removal of Dde

1. The resin is washed with DCM (four times for 1 min) and DMF (four times for
1 min) and the Dde group is removed by treatment with hydrazine–DMF (2:98)
(three times for 4 min).

2. The resin is washed with DMF (four times for 1 min) and DCM (four times for
1 min).

3.1.8. Removal of Mmt

1. The resin is washed with DCM (four times for 1 min), and the Mmt group is
removed by treatment with TFA–TIS–DCM (1:5:94) (four times for 2 min).

2. The resin is washed with DCM (four times for 1 min), neutralized with DIEA-DCM
(1:19) (twice for 1 min), and washed with DCM (five times for 1 min) and DMF
(five times for 1 min).

3.1.9. Acetylative Capping of Free Amine or Hydroxyl Groups

1. The resin is treated with acetic anhydride (50 eq) and DIEA (50 eq) in DMF for
30 min to cap amino groups and with AcOH (5 eq), DIPCDI (5 eq), and DMAP
(0.5 eq) in DCM for 20 min to cap hydroxyl groups.

2. The resin is washed with DCM (five times for 1 min) after acetylation.

3.1.10. CF Labeling

1. CF (10 eq) is coupled to the amino group using DIPCDI (10 eq) in the presence of
HOBt (10 eq) in DMF for 2 h.

2. Before cleavage from the resin, the peptide is treated with 20% piperidine in DMF
(twice for 30 min) to remove any overincorporated CF (see Note 2).

3.1.11. Acidolytic Cleavage with TFA

1. The resin is washed with DCM (four times for 1 min), dried under vacuum, and
treated with different cocktails of TFA ([a] TFA–H2O [95:5], [b] TFA–H2O–TIS
[95:2.5:2.5], and [c] TFA–thioanisole–H2O–phenol–EDT [82.5:5:5:5:2.5]) for 1 h
at 25�C.



Drug Delivery 253

2. The TFA solution containing the peptide is then filtered, and the crude peptide is
precipitated with cold anhydrous MTBE and subsequently centrifuged.

3. The MTBE is decanted off, and the peptide is dissolved in AcOH and then
lyophilized.

3.1.12. Acidolytic Cleavage with HF

1. The peptidyl resin is washed with MeOH (three times for 1 min), and dried under
vacuum.

2. The resin is then treated with anhydrous HF in the presence of 10% anisole for 1 h
at 0�C.

3. The HF is removed by evaporation, the crude peptide is precipitated with cold
anhydrous MTBE, and the resulting mixture is filtered through a syringe fitted with
a porous polypropylene disk.

4. The peptide is eluted with 10% AcOH and then lyophilized.

3.2. Solid-Phase �-Peptide Syntheses

The �-peptides are synthesized on an MBHA resin using an Fmoc/Boc
combined solid-phase strategy (see Note 1). Coupling of Boc-l-Amp(Fmoc)-
OH (5 eq) is carried out with DIPCDI (5 eq) and HOBt (5 eq) in DMF for 2 h
at 25�C. After coupling, the resin is washed with DMF (five times for 1 min)
and DCM (five times for 1 min). Couplings are monitored by the Kaiser test
(see Note 3).

When introducing a short PEG chain, two units of Fmoc-8-amino-3,6-
dioxaoctanoic acid (5 eq) are first coupled to the resin using the same coupling
reagents mentioned above. Peptide synthesis then proceeds as described for the
other compounds.

3.2.1. Synthesis of Fmoc-[Amp(Boc)]6-MBHA Resin

Fmoc-[Amp(Boc)]6-MBHA resin is synthesized by repetitive couplings
of Boc-Amp(Fmoc)-OH (5 eq) according to the protocol described under
Subheading 3.1.4. and using piperidine for deprotection.

3.2.2. Synthesis of Homo N�-Acyl-�-Hexapeptides Via Acylation

1. Starting from Fmoc-[Amp(Boc)]6-MBHA resin (see Subheading 3.2.1.), the
N �-Boc protecting groups are removed with TFA (see Subheading 3.1.5.).

2. The �-amino groups are then acylated using the appropriate carboxylic acid
(RCOOH [30 eq, 5 eq for each amine]), DIPCDI (30 eq), and HOBt (30 eq) in DMF
for 2 h at 25�C.

3. The resin is then washed with DMF (five times for 1 min) and DCM (five times
for 1 min).

4. Reaction progress is determined using the chloranil test (see Note 4).
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3.2.3. Synthesis of Homo N�-Alkyl-�-Hexapeptides Via Reductive
Amination

1. The synthesis starts from Fmoc-[Amp(Boc)]6-MBHA resin (see Subheading 3.2.1.).
The �-amines are first deprotected (see Subheading 3.1.5.), then alkylated via
reductive amination. Thus the resin is treated with the appropriate aldehyde (RCHO
[30 eq, 5 eq for each amine]) in 1% AcOH in DMF-MeOH (1:1) for 30 min, at which
point NaBH3CN (30 eq) in 1% AcOH in DMF-MeOH is added and the mixture is
allowed to react for 2 h (see Note 5).

2. The resin is washed with DMF-MeOH (1:1) (five times for 1 min) and DCM (five
times for 1 min).

3. Alkylations are monitored by the chloranil test (see Note 4).

3.2.4. Synthesis of Hetero N�-Acyl-�-Hexapeptides

The hetero N �-acyl-�-hexapeptides are synthesized stepwise, whereby each
monomer is functionalized after its coupling. Thus, once the monomer is
introduced by coupling of the corresponding protected monomer Boc-L-
Amp(Fmoc)-OH following the protocol described under Subheading 3.1.4., the
N �-Boc protecting group is removed (see Subheading 3.1.5.), and the acylation
is carried out as described under Subheading 3.2.2. (using only 5 eq reagent
excess). After N �-Fmoc deprotection (see Subheading 3.1.4.), the reaction
sequence is repeated.

3.2.5. Synthesis of Hetero N�-Alkyl-�-Hexapeptides

The hetero N �-alkyl-�-hexapeptides are synthesized stepwise, whereby each
monomer is functionalized after its coupling, in the same manner as under
Subheading 3.2.4., with the exception that N �-acylation is substituted with
alkylation as described under Subheading 3.2.3. (using only 5 eq reagent
excess).

3.2.6. Synthesis of N�-Guanidilate-�-Hexapeptide

1. Starting from Fmoc-[Amp(Boc)]6-MBHA resin (see Subheading 3.2.1.),
the N �-amino groups are first deprotected following the protocol described
unde Subheading 3.1.5., then guanidylated using N�N ′-di-Boc-N ′′-
trifluoromethanesulfonyl guanidine (30 eq, 5 eq for each amine) and Et3N (30 eq,
5 eq for each amine) in DCM for 4 h at room temperature.

2. The resin is then washed with DCM (five times for 1 min).
3. The guanidylation is monitored by the chloranil test (see Note 4).
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3.2.7. Functionalization of the N�-Terminal by Acetylation
or CF Labeling

Once the �-peptide backbone is synthesized, the N�-terminal Fmoc group
is removed with piperidine (see Subheading 3.1.4.) and the �-amino group
is acetylated (see Subheading 3.1.9.). In the event that fluorescent labeling
is required instead of acylation, CF is coupled to the N�-terminal (see
Subheading 3.1.10.).

3.3. Solid-Phase Synthesis of Dendrimers

3.3.1. Solid-Phase Synthesis of Branching Units

3.3.1.1. Synthesis of (Fmoc-ProN )2-l-Amp-OH (n = 5, 14)

1. The first amino acid [Boc-l-Amp(Fmoc)-OH] is coupled to the Merrifield resin as
described under Subheading 3.1.3..

2. The reaction is monitored via the toluenesulfonyl chloride (TsCl)-4-(p-
nitrobenzyl)pyridine (PNBP) test for hydroxyl groups (see Note 6).

3. The Boc group is removed and the Boc-Pro-OH is coupled following the protocol
described under Subheading 3.1.5..

4. The Fmoc group is then removed (see Subheading 3.1.4.) and the peptide is
elongated by iterative coupling of Boc-Pro-OH units using Boc chemistry (see
Subheading 3.1.5.; Note 7). In order to avoid DKP formation, the third proline
is introduced using in situ neutralization (see Note 8) by treatment with Boc-
Pro-OH (5 eq), BOP (5 eq), or PyBOP (5 eq), DIEA (15 eq), and HOBt (5 eq) in
DMF for 2 h.

5. The resin is then washed with DMF (five times for 1 min) and DCM (five times
for 1 min).

6. The last amino acid for both chains is introduced as an Fmoc-Pro-OH (see
Subheading 3.1.4.).

7. Couplings are simultaneously monitored with the Kaiser and De Clerk tests
(see Note 9).

8. Peptide cleavage is carried out with anhydrous HF in the presence of anisole (see
Subheading 3.1.12.).

3.3.1.2. Synthesis of (Fmoc-Gly-Pro5)2-Imd-OH

The building block is synthesized as described in Subheading 3.3.1.1. on a
hydroxymethyl resin, with the exceptions that an extra residue, such as Fmoc-
Gly-OH, is introduced at each N-terminal position, and that Imd is used as a
branching unit. The crude peptide is purified by semi-preparative RP-HPLC
using a linear gradient of H2O–ACN to obtain 95–99% pure peptide.
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3.3.2. Solid-Phase Synthesis of First-Generation (G1)
Polyproline Dendrimers using a Spermidine Core,
[(CF-Pro14)(H-Pro14)-Amp]-Spermidine-[(H-Pro14)2-Amp]

1. The spermidine core, orthogonally protected with Dde and Mmt groups, is anchored
through its central amino group to a carbonate Wang resin.

2. The Dde group of the 1N -Dde-8N -Mmt-spermidine-4-yl-carbonyl Wang resin is
then removed (see Subheading 3.1.7.), followed by coupling of the fragment (Fmoc-
Pro14)2-l-Amp-OH (1.5 eq) as described under Subheading 3.3.1.1.) using PyAOP
(1.5 eq) and DIEA (1.5 eq, double addition) in DMF (three times for 8 h) at 25�C.

3. After washings with DMF (twice for 1 min) and DCM (twice for 1 min), the Mmt
group is removed (see Subheading 3.1.8.) and a second (Fmoc-Pro14)2-l-Amp-OH
is coupled using the same procedure described above.

4. The Fmoc groups are then removed with piperidine (see Subheading 3.1.4.) and
the resin is treated with fluoresceine (2 eq), PyBOP (2 eq), and DIEA (4 eq) in DMF
(once for 2 h), followed by washes with DMF (five times for 1 min) and DCM (five
times for 1 min).

5. The fluoresceinated G1 dendrimer is then cleaved from the resin with TFA (see
Subheading 3.1.11.) to provide a 65–75% pure dendrimer, which is further purified
(see Subheading 3.4.).

3.3.3. Solid-Phase Synthesis of Second-Generation (G2) CF-Labeled
Polyproline Dendrimers

3.3.3.1. Synthesis of N�
(Fmoc)-N�

(Mtt)-Lysine-AM-Gly-MBHA Resin

1. The initial 0.7 mmol/g loading of the MBHA resin is reduced to 0.18 mmol/g
as described under Subheading 3.1.2.

2. The handle Fmoc-AM-OH (10 eq) is then coupled to the resin with DIPCDI
(10 eq) and HOBt (10 eq) in DMF for 16 h at 25�C.

3. Fmoc deprotection (see Subheading 3.1.4.) followed by coupling of N �(Fmoc)-
N �(Mtt)-Lys-OH (5 eq) using DIPCDI (5 eq) and HOBt (5 eq) gives the
N �(Fmoc)-N �(Mtt)-Lys-AM-Gly-MBHA resin.

3.3.3.2. Synthesis of ([Fmoc-Gly-Pro5]2-Imd)2-(Gly-Pro5)2-Imd-N�
(Mtt)-

Lysine-AM-Gly-MBHA Resin

1. The Fmoc group of N �(Fmoc)-N �(Mtt)-Lys-AM-Gly-MBHA resin (synthesized
under Subheading 3.3.3.1.) is removed as described under Subheading 3.1.4.
and (Fmoc-Gly-Pro5)2-Imd-OH (1.5 eq) (see Subheading 3.3.1.2.) is incorpo-
rated using DIPCDI (1.5 eq) in the presence of HOBt (1.5 eq) in DMF for 3 h
at 25�C.

2. An additional fragment of (Fmoc-Gly-Pro5)2-Imd-OH (3 eq, 1.5 eq for each
amino group) is then incorporated using the same procedure.

3. The reaction is monitored with the De Clercq and ninhydrin tests (see Note 9).
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3.3.3.3. Solid-Phase Modification and CF Labeling

of Dendrimer Surfaces

1. Starting from ([Fmoc-Gly-Pro5]2-Imd)2-(Gly-Pro5)2-Imd-Lys(Mtt)-AM-Gly-
MBHA resin (see Subheading 3.3.3.2.), Fmoc groups are removed and the
surface is modified according to needs (see Subheading 3.3.4.).

2. The Mtt group of ([X-Gly-Pro5]2-Imd)2-(Gly-Pro5)2-Imd-Lys(Mtt)-AM-Gly-
MBHA resin (X = group introduced onto the surface) is then removed (see
Subheading 3.1.6.) and CF is coupled to the N �-amino group of the lysine
following the protocol described under Subheading 3.1.10.

3. The dendrimers are cleaved from the resin with TFA-H2O-TIS
(see Subheading 3.1.11.) to obtain ([X-Gly-Pro5]2-Imd)2-(Gly-Pro5)2-Imd-
Lys[N �(CF)]-NH2.

3.3.4. Surface Modification of Second-Generation Polyproline
Dendrimers

3.3.4.1. Synthesis of Dendrimers Containing Free Surface Amines

This dendrimer is synthesized as described under Subheading 3.3.3.3.,
without surface modification. The surface amino groups are deprotected before
cleavage of the product from the resin. In the event that CF labeling is required,
it is performed after amine deprotection, followed by the surface amino group
deprotection and cleavage of the product from the resin.

3.3.4.2. Modification of Dendrimer Surfaces with Free Guanidines

1. The free surface-amine dendrimer is treated with DIEA (4 eq).
2. After 1 min of preactivation, the starting material is reacted with 1,3-di-Boc-

2-methylisothiourea (24 eq) and DIEA (12 eq) in anhydrous DMF (three times
for 2 h, then once for 16 h) at 25�C.

3. After washing with DMF (four times for 1 min) and DCM (four times for
1 min), the synthesis continues as described under Subheading 3.3.3.

3.3.4.3. Modification of Dendrimer Surfaces with Substituted

Guanidines

1. The dendrimer that contains free surface amines is treated with HBPyU (12 eq)
in the presence of DIEA (4.4 eq) in DMF (twice for 2 h, then an additional 16 h)
at 25�C.

2. The resin is washed with DMF (four times for 1 min) and DCM (four times for
1 min), and the synthesis continues as described under Subheading 3.3.3.
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3.3.4.4. Modification of Dendrimer Surfaces with Arginine-Rich

Sequences

A sequence of Arg4 is incorporated stepwise to the free amine surface of the
dendrimer by mediated couplings of Fmoc-Arg(Pmc)-OH (24 eq) using DIPCDI
(24 eq) and HOBt (24 eq) in DMF for 2 h at 25�C, followed by washes with
DMF (twice for 1 min) and DCM (twice for 1 min). Once the Arg4 sequence
has been introduced, synthesis continues as described under Subheading 3.3.3.

3.3.4.5. Modification of Dendrimer Surfaces with Spermidine

The free amine surface dendrimer is treated with N�N -bis(N ′-Fmoc-3-
aminopropyl)-glycine potassium hemisulfate (24 eq, 6 eq per amino group),
liberated from a KHSO4 solution by organic extraction, in the presence of
DIPCDI (24 eq) and HOBt (24 eq) in DMF (twice for 1 h) at 25�C. The resin
is washed with DMF (twice for 1 min) and DCM (twice for 1 min) and the
synthesis continues as described under Subheading 3.3.3.

3.3.5. Second-Generation Polyproline Dendrimers Modified with PEG
Sequences

3.3.5.1. Modification of Free Surface-Amine Dendrimers

with Monodisperse PEG

Starting from N �(Fmoc)-N �(Mtt)-lysine-AM-Gly-MBHA resin (prepared
under Subheading 3.3.3.1.), a monodisperse polyamide pseudo-PEG2219

(prepared from glycolic anhydride and PEG220) is attached stepwise using the
methodology described by Rose et al. (30). The synthesis then proceeds as
described under Subheading 3.3.3., keeping the surface amino groups free.

3.3.5.2. Synthesis of Free Amine—PEG Polydisperse

After removal of the Fmoc group of N �(Fmoc)-N �(Mtt)-lysine-AM-Gly-
MBHA peptidyl resin (see Subheading 3.3.3.1.), Fmoc-PEG3400-OSu (3 eq)
is coupled with DIEA (3 eq) in DMF (once for 2 h). After washing with
DMF (twice for 1 min) and DCM (twice for 1 min), the dendrimer synthesis
continues as described under Subheading 3.3.3., keeping the amino groups of
the dendrimer surface free.

3.4. Purification and Characterization of Peptides and Dendrimers

Crude peptides and dendrimers are purified by preparative HPLC using
different linear gradients (depending on each product) of CH3CN (containing
1% of TFA) and H2O (containing 1% of TFA). Semipreparative and preparative
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RP-HPLC employs a Waters 600 Controller Chromatography system with a
reversed-phase Symmetry® C8 �30 × 100 mm� 5 
m� column at flow rate of
25 mL/min and compounds are detected by a Waters 2487 Dual Absorbance
Detector at � = 220 and 443 nm. The purity of each fraction is verified
by analytical HPLC and a range of purities is observed (from 95 to 99%).
Dendrimers are also analyzed by SEC. Analytical size-exclusion chromatog-
raphy (SEC) is carried out using an isocratic gradient of 5% NaH2PO4 with
3% CH3CN at a flow rate of 0.5 mL/min and detection at � = 220 nm. Ultra-
hydrogel™ 250 and 500 are used consecutively for all samples in order to
achieve good separation. Products are also characterized by MALDI-TOF
and/or electrospray ionization (ESI).

3.5. Enzymatic Stability Studies

The stability of the peptides and dendrimers to trypsin or human serum is
measured over time in degradation experiments using HPLC. Experiments are
carried out using 1 mL of solution in Eppendorf and heating the solution at
37�C in a water bath.

3.5.1. Trypsin Degradation Protocol

1. A master solution of trypsin in 1:1 glycerol-H2O (6.25 mg/mL) is prepared, aliquoted
and stored at −80�C. A single aliquot is used for each experiment.

2. Peptides are incubated at 37�C with the enzyme in 100 mM Tris-HCl buffer, pH
8.0. The final trypsin–peptide ratio is normally 1:100 (see Note 10), using a final
peptide concentration of 125 
M .

3. An aliquot (50 
L) is periodically removed (from 5 min to 48 h), treated with 150 
L
of 1 N HCl, and the solution is cooled in an ice bath.

4. An analytical sample of aliquot is run on HPLC (50 
L injection), and the intensity
of the peptide or dendrimer peak is noted for each chromatogram. A constant peak
intensity over the duration of the experiment indicates that the peptide is stable to
trypsin.

3.5.2. Serum Degradation Protocol

1. The compound is diluted in HBBS buffer and the solution is incubated at 37�C.
The peptide–serum ratio is 9:1 and compounds are used at a final concentration of
125 
M (added to the serum dissolved in the HBBS buffer).

2. The test compound solution is divided into batches, and each batch is heated at
37�C for a different length of time (ranging from 2 to 120 h).

3. After each batch has been heated for the appropriate time, an aliquot (50 
L) is
removed, poured into 200 
L of MeOH (see Note 11) to precipitate the proteins,
and cooled in an ice bath.
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4. After 30 min, the sample is centrifuged and the supernatant is analyzed by HPLC
(50 
L injection). The intensity of the peptide or dendrimer peak is noted for
each chromatogram. A constant peak intensity over the duration of the experiment
indicates that the peptide is stable to human serum.

3.6. Treatment of Cell Cultures With CF-Labeled Peptides
or Dendrimers

For all experiments, exponentially growing cells are detached from the
culture flasks using a trypsin-0.25% ethylenediamine tetraacetic acid (EDTA)
solution and the cell suspension is seeded at different concentrations onto plastic
dishes, glass coverslips, eight-well Lab-Teck chambered coverglass, or 96-well
plates, depending on the experiment. Experiments are carried out 24 h later,
once the confluence has reached approx 60–70%. The carboxyfluoresceinated
compounds are dissolved in phosphate-buffered saline (PBS) and sterilized
with 0.22 
m filters. The peptides and CF stock solutions are diluted with the
cell culture medium. Nonadherent cells are washed away and attached cells are
incubated with the peptides in DMEM at 37�C in CO2 atmosphere or in 25 mM
HEPES-buffered DMEM at 4�C.

3.6.1. Plate Fluorimetry Measurements of Cellular Uptake of Peptides
or Dendrimers

1. COS-1 and HeLa cells are seeded onto 96-microwell plates at a concentration of
24×104 and 5×104 cells/cm2� respectively, for 24 h.

2. The culture medium is discarded and replaced by fresh, serum-free medium
containing CF-peptide/dendrimer at different concentrations (from 0.01 
M to
60 
M�, using TAT or penetratin as positive controls and CF as a negative control.

3. The cells are then incubated for different periods of time (from 2 to 24 h) at 4�C
and at 37�C. In the experiments at 4�C, HEPES is used at a final concentration of
25 mM .

4. At selected intervals of incubation, the medium is discarded and the cells are washed
three times with PBS containing 1.1 mM CaCl2 and 1.3 mM MgCl2 (see Note 12).

5. The cells are lysed by adding 200 
L of lysis buffer to each well (with 0.1% Triton
X-100 in 50 mM pH 8.5 Tris buffer for the �-peptides and with MPER® mammalian
protein extraction reagent for the dendrimers).

6. After 20 min, the internalized CF-peptide in the supernatant is analyzed by
measuring its fluorescence intensity using a plate fluorimeter with �excitation =
485 ± 20 nm and �emission = 530 ± 25 nm.

7. Each experiment is performed in triplicate, and the fluorescence values obtained
are corrected by subtracting the fluorescence value of the blank.
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3.6.2. Flow Cytometry Measurements of Cellular Uptake of Peptides
or Dendrimers

1. COS-1 and HeLa cells are seeded onto 35-mm plates at a concentration of 21	4×103

cells/cm2 for 24 h.
2. The culture medium is discarded and replaced by fresh, serum-free medium

containing CF-peptide/dendrimer at different concentrations (from 0.01 
M to
60 
M�, using TAT or penetratin peptides as a positive controls and CF as a
negative control.

3. The cells are then incubated for different periods of time (from 2 to 24 h) at 4�C
and at 37�C. In the experiments at 4�C, HEPES is used at a final concentration of
25 mM .

4. At selected intervals of incubation, the medium is discarded and the cells are washed
three times with PBS containing 1.1 mM CaCl2 and 1.3 mM MgCl2 (see Note 12).

5. The cells are then detached with trypsin-EDTA 0.25% and are centrifuged for 4 min
at 180 g at 4�C.

6. Finally, the supernatant is discarded by aspiration and the cells are resuspended in
serum-free medium containing 0.1 mM of propidium iodide (PI) and maintained in
an ice bath.

7. The cells are analyzed immediately in the flow cytometer.
8. In order to remove fluorescence from residual CF or CF-peptides bound to the

plasma membrane, the pH of the medium/PI solution is brought to 6.0 by the
addition of 1 N HCl (see Note 13), and the cells are re-analyzed in the cytometer.

9. Cells stained with PI are excluded from further analysis. Each sample is tested
in triplicate for each condition and the results from independent experiments
are normalized by first subtracting the autofluorescence control value from the
fluoresence value obtained for each sample and then dividing by the fluores-
cence value obtained from the CF control under the same experimental conditions.
Fluorescence differences between cells before and after addition of HCl are mainly
attributed to the cell surface attached peptide.

3.6.3. MTT Cytotoxicity Assay (31)

1. COS-1 and HeLa cells are seeded onto 96-microwell plates at a concentration of
24 × 104 and 5 × 104 cells/cm2, respectively, for 24 h. In order to avoid saturation
in cell growth after 24 h of peptide incubation, COS-1 and HeLa cells are seeded
onto 96-microwell plates at a concentration of 7×103 cells/cm2 for 24 h.

2. The culture medium is discarded and replaced by fresh, serum-free medium
containing CF-peptide/dendrimer at different concentrations (from 0.01 
M to
25 
M�, using TAT peptide as a positive control and CF as a negative control.

3. The cells are then incubated for different periods of time (from 2 to 24 h) at 37�C
under 5% CO2 atmosphere.
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4. MTT dissolved in PBS is added 2 h before the end of the incubation. A small
volume of the master (ca. 2–5 
L) solution is then directly added to each well until
the desired final concentration (0.5 mg/mL) is obtained.

5. After 2 h of incubation with MTT, the medium is discarded by aspiration and 200 
L
of isopropanol are added to dissolve formazan, a dark-blue-colored crystalline
substance observed in the wells.

6. Absorbance at � = 570 nm is measured in a spectrophotometer 30 min after the
addition of isopropanol.

7. Cell viability is expressed as a percent representing the ratio of peptide-treated cells
to untreated cells, which are used as a control. Each experiment is performed in
triplicate.

3.6.4. MTS Cytotoxicity Assay

1. HeLa cells are seeded onto 96-microwell plates at a concentration of 7 × 103

cells/cm2 and 2×104 cells/cm2, respectively, for 20 h.
2. The culture medium is discarded and replaced by fresh, serum-free medium

containing CF-dendrimer at different concentrations (0.4 to 60 
M�. Penetratin is
used as a positive control and CF as a negative control.

3. The cells are then incubated for 2 h at 37�C under 5% CO2 atmosphere.
4. The medium is discarded, the cells are then washed with PBS and incubated for

additional 2 h with 0.1 mL of fresh medium containing MTS at final concentration
of 0.5 mg/mL.

5. The optical density of each well is measured at � = 490 nm in a microplate reader.
Cell viability is expressed as a percent ratio of cells treated with dendrimer to
untreated cells, which are used as a control.

3.6.5. Confocal Laser Scanning Microscopy

1. COS-1 and HeLa cells are seeded onto glass coverslips at 21	4×103 cells/cm2.
2. After 24 h, the culture medium is discarded and replaced by new medium containing

different CF-peptides concentrations (from 0.01 
M to 60 
M�.
3. The cells are then incubated for different periods of time (from 2 to 24 h) at 37�C

under 5% CO2 atmosphere. For the experiments carried out at 4�C, HEPES buffer
is used at final concentration of 25 mM .

4. At selected time intervals of incubation, medium is discarded and cells are washed
three times with PBS containing 1.1 mM CaCl2 and 1.3 mM MgCl2 (see Note 12).

5. Cells are fixed in 3% paraformaldehyde–2% sucrose in 0.1 M phosphate buffer
(PB) for 15 min, followed by three washes with PBS.

6. PI (1 
g/mL) staining is performed at room temperature for 15 min in the presence
of RNAsa in PBS (1 mg/mL). After that, coverslips are washed three times with
PBS containing 1.1 mM CaCl2 and 1.3 mM MgCl2.

7. Cells are then mounted in Mowiol with 2.5% DABCO. The coverslips are carefully
inverted into a drop of Mowiol on a microscope slide. Samples are allowed to dry
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at room temperature (in dark conditions) and maintained in the dark at 4�C until
confocal laser analysis for up to a month.

8. The slides are viewed under phase contrast microscopy in order to locate the cells
and with confocal laser scanning microscopy. CF is excited with the 488 nm line
of an argon laser and its emission is detected in a range of � = 515–530 nm.
The microscope settings are maintained identical for each peptide and dose. PI
and TR-DX are excited at � = 543 nm and detected with a 560 nm long pass
filter. In order to avoid crosstalk, the two-fluorescence scanning is performed in a
sequential mode.

3.6.6. Confocal Laser Live-Cell Imaging

1. COS-1 and HeLa cells are seeded onto glass bottom Lab-Tek chambers for live-cell
imaging (21	4×103 cells/cm2�.

2. After 24 h, the culture medium is discarded and replaced by new medium containing
different CF-peptides concentrations (from 0.01 
M to 60 
M�. For endocytosis
experiments, TR-DX (3 mg/mL) is incubated together with CF-peptide.

3. The cells are then incubated for different periods of time (from 15 min to 2 h) at
37�C under 5% CO2 atmosphere.

4. After CF-peptide incubation, the cells are washed three times with PBS containing
1.1 mM CaCl2, 1.3 mM MgCl2, and 25 mM HEPES.

5. The samples are maintained in HBBS buffer containing 25 mM HEPES and images
are acquired within the 30 min.

6. Confocal laser scanning microscopy is performed with an Olympus Fluoview 500
confocal microscope equipped with a ×60/1	4 NA plan-apochromatic objective.
The CF fluorescence is excited with the 488 nm line of an argon laser and its
emission is detected in the range of � = 515–530 nm. The microscope settings are
maintained for each peptide and dose. PI and TR-DX are excited at � = 543 nm
and detected with a 560 nm long-pass filter. In order to avoid crosstalk, the two-
fluorescence scanning is performed in a sequential mode.

4. Notes
1. Each manual solid-phase synthesis is carried out in a polypropylene syringe

equipped with a porous polypropylene disk at the bottom. The volume of the
syringe used depends on the initial quantity of dry resin. Typically, resin is added
to the syringe, and then the solvent used in the following reaction is added to
create a slurry. The resin is washed with the solvent (3 mL of solvent per 1 mL of
swollen resin). The mixture is stirred using a Teflon rod for a given time, and after
finishing the treatment, the solvent is removed by suction. At the onset of each
reaction, the bottom part of the syringe is capped using a septum, at which point
the solvents and reagents are added. After manual stirring using a Teflon rod for
3 min, the mixture is allowed to react for a given time with agitation by a shaker.
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2. These washes are required in order to remove overincorporated CF. When these
washes are not carried out, compounds containing two and three extra units of CF
are observed in the crude product. The washes are carried out until the washing
solution is uncolored.

3. The �-amino functions of these building blocks anchored on the resin give a clear
positive Kaiser test (32).

4. Although the De Clercq (33) test seems more sensitive than the chloranil (34) (i.e.,
the De Clercq gives slightly positive results for cases in which the chloranil reads
negative), the chloranil test is easier to handle.

5. The use of methanol in the reduction with NaBH3CN is essential for solubility
reasons. Reactions carried out using only DMF do not work as well as when using
a mixture of DMF-MeOH. Furthermore, longer reaction times are needed to obtain
quantitative yields.

6. Couplings to the hydroxymethyl resin are monitored with the TosCl-PNBP test for
hydroxyl groups (35). Freshly prepared test solution gives a clear positive (brown)
in all the cases and a clear negative test (uncolored resin). Solutions that are not
fresh give slightly positive results for all the tests, including negative controls.

7. Incorporation of Boc-Pro-OH onto the Pro-Amp(Pro)-resin bound fragment is
carried out by in situ neutralization with DIEA, using BOP or PyBOP as coupling
reagents in the presence of HOBt in DMF to avoid diketopiperazine formation.

8. In order to achieve greater control of the building block synthesis, the introduction
of the second proline residue in the orthogonally protected branching unit is carried
out in two steps: in the first, a Boc-Pro-OH residue is coupled to the secondary
�-amino position of the branching unit; in the second, a Boc-Pro-OH residue is
introduced at the primary amino position of the Amp.

9. The simultaneous use of the De Clercq and Kaiser tests during the fragment
couplings enables more accurate assessment of coupling results than when either
test is used alone. For cases in which recoupling is required, a mixture of
anhydrous 1-methyl-2-pyrrolidone (NMP)–DMF (1:1) has been found to facilitate
the reaction. Secondary amine couplings are monitored with the Chloranil and De
Clercq tests.

10. Other enzyme/peptide ratios were tested. �-Peptides are not trypsin sensitive and
a concentrated solution of the enzyme can be used.

11. Different solvents were tested in order to obtain good protein precipitations and,
consequently, clean HPLC chromatograms. The best results were obtained using
MeOH and only the peak corresponding to the peptide is observed.

12. These washes are carried out using PBS at the same temperature that the exper-
iment is carried out. The use of different temperatures promoted premature cell
detachment.

13. At pH 6.0, extracellular CF fluorescence is quenched without altering cell mecha-
nisms, whereas lower pHs produce rapid cell death. The cells are immediately
analyzed after addition of HCl.
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Peptide-Mediated Targeting of Liposomes
to Tumor Cells

Evonne M. Rezler, David R. Khan, Raymond Tu, Matthew Tirrell,
and Gregg B. Fields

Summary

One of the biggest obstacles for efficient drug delivery is specific cellular targeting. Liposomes
have long been used for drug delivery, but do not possess targeting capabilities. This limitation
may be circumvented by surface coating of colloidal delivery systems with peptides, proteins,
carbohydrates, vitamins, or antibodies that target cell surface receptors or other biomolecules.
Each of these coatings has significant drawbacks. One idealized system for drug delivery
combines stabilized “protein module” ligands with a colloidal delivery vehicle. Prior studies
have shown that peptide-amphiphiles, whereby both a peptide “head group” and a lipid-like
“tail” are present in the same molecule, can be used to engineer collagen-like triple-helical or
�-helical miniproteins. The tails serve to stabilize the head group structural elements. These
peptide-amphiphiles can be designed to bind to specific cell surface receptors with high affinity.
Structural stabilization of the integrated targeting ligand in the peptide-amphiphile system equates
to prolonged in vivo stability through resistance to proteolytic degradation. Liposomes have been
prepared incorporating a melanoma targeting peptide-amphiphile ligand, and shown to be stable
with retention of peptide-amphiphile triple-helical structure. Encapsulated fluorescent dyes are
selectively delivered to cells. In this chapter we describe the methods and techniques employed
in the preparation and characterization of peptide-amphiphiles and peptide-amphiphile-targeted
large and small unilamellar vesicles (LUVs and SUVs). Fluorescence microscopy is subsequently
utilized to examine the targeting capabilities of peptide-amphiphile LUVs, which should allow
for improved drug selectivity towards melanoma vs normal cells based on differences in the
relative abundance of the targeted cell surface receptors.

Key Words: Liposome; drug delivery; peptide-amphiphile; melanoma; targeted drug delivery;
fluorescence microscopy.

From: Methods in Molecular Biology, vol. 386: Peptide Characterization and Application Protocols
Edited by: G. Fields © Humana Press Inc., Totowa, NJ

269



270 Rezler et al.

1. Introduction
Cancer treatment by chemotherapy is typically accompanied by deleterious

side effects, attributed to the toxic action of chemotherapeutics on prolifer-
ating cells from nontumor tissues. The general challenges for improved drug
delivery are (a) design of components that permit the delivery vehicle to bypass
multiple anatomic and cellular barriers to reach the target site, (b) synthesis
of ligands that are selective for particular cell types, and (c) development of
mechanisms for transfer of encapsulated drug into the target (1,2). Improved
selectivity of chemotherapeutics would allow for lower dose administration
and, presumably, decreased side effects. Encapsulation of therapeutic agents
inside colloidal delivery systems, which include liposomes, nanoparticles,
micelles, and polymeric microparticles, has been a widely applied formulation
strategy (3). For example, the prospect of using liposomes (lipid vesicles) as
biomimetic enclosures capable of carrying a therapeutic agent into tissues was
first suggested in the 1960s. A drug is stored within the liposome, preventing
degradation (Fig. 1). Upon coming into contact with a cell membrane, the
liposome itself can reorganize the membrane, allowing for delivery of the drug.
Because of their size, liposomes can extravasate through gaps in angiogenic
blood vessels to reach tumor interstitial space (2). One potential drawback
is that the liposome itself is not targeted for a specific cell type. Thus, the
inability of these systems to associate with specific cells before uptake by
macrophages/reticuloendothelial system (RES) prevented their extensive appli-
cation in drug delivery (4). RES uptake of liposomes can be reduced by
polyethylene glycol (PEG)-coating, allowing for longer circulation time (5–9).
Although not targeted, PEG-stabilized liposomes are in clinical use for doxoru-
bicin delivery to Kaposi’s sarcoma patients (DaunoXome; Gilead Sciences) and
ovarian carcinoma patients (Doxil; ALZA) (2,10,11).

The delivery potential of liposomes has been shown to increase by the
attachment of liposomes to cell surfaces (12). Thus, the pursuit of targeted
liposomes that can be co-localized to cell surfaces and then deliver more of
their cargo more efficiently has become a very promising area of research.
Liposomes can be targeted to tumors by surface coating with peptides, proteins,
carbohydrates, vitamins, or antibodies that are ligands for tumor cell surface
receptors or other biomolecules (Fig. 1B). For example, fibrinogen, a ligand
for the �IIb�3 integrin, has been conjugated to nanoparticles and liposomes,
which in turn deliver encapsulated radiopharmaceuticals to tumor blood vessels
(13). Peptides derived from Po protein increased liposome binding to melanoma
cells; levels of increased binding correlated to cellular intercellular adhesion
molecular (ICAM)-1 expression (14). A cyclic peptide inhibitor of matrix
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Fig. 1. Liposomes as delivery vehicles. (A) Lipid schematic (top) and liposome
schematic (bottom) indicates hydrophilic compartment and hydrophobic inner-leaf
of the lipid bilayer. (B) Drug or payload encapsulation into liposome hydrophilic
compartment or incorporation into lipid bilayer.
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metalloproteinase (MMP)-2 and -9 increased the tumor cell cytotoxicity of
adriamycin-containing liposomes (15). Hyaluronan-coated liposomes have been
used to enhance the specificity of liposome-encapsulated doxorubicin for
CD44-expressing tumor cells (16,17). Folic acid has been used to target
liposomes to folate receptor-overexpressing tumor cells (18). Immunolipo-
somes targeted to human carcinoembryonic antigen (CEA) have been shown
to accumulate in solid tumors (8). Anti-HER2 immunoliposomes are inter-
nalized by HER2-overexpressing breast cancer cells (19). A cationic lipid
(3,5-dipentadecycloxybenzamidine hydrochloride) has been used to target
cisplatin-containing liposomes to tumor cell surface chondroitin sulfate (20).
Cationic liposomes have also been shown to selectively deliver paclitaxel
to tumor endothelial cells, preventing tumor growth and invasiveness in a
humanized severe combined immunodeficient (SCID) mouse melanoma model
(21,22). Despite these numerous successes, there are significant drawbacks
to peptide, protein, carbohydrate, vitamin, or antibody coating of liposomes.
Peptides may be readily degraded prior to reaching desired targets, proteins
are also subject to proteolysis and bind to multiple receptors, carbohydrates
may be bound nonspecifically or by multiple receptors, vitamins are readily
metabolized, and antibodies are limited by the small subsets of tumors that
can be targeted and poor biodistribution into solid tumors (23–25). In addition,
immunoliposomes can be taken up even more rapidly by the RES than
liposomes (8). Liposomes may be encapsulated within larger vesicles, creating
a structure known as a vesosome, which may prolong the circulation time and
therefore the timescale of delivery of the drug within the interior liposomes (26).

Another approach to improve drug selectivity is the construction of pro-
drugs, from which the drug is released in the target tissue. This includes
the concept of enzyme-activated targeting of liposomes (27). The surface of
liposomes may be modified to incorporate a sequence hydrolyzed by tumor-
associated proteases. Upon proteolysis, the surface of the liposome becomes
more positively charged, promoting liposome fusion (either with the tumor
cell plasma membrane or endosomal membrane following endocytosis) and
resulting in the delivery of a chemotherapeutic agent stored inside the liposome.
Alternatively, hydrolysis of a protease sensitive protein or peptide sequence
may sufficiently destabilize the liposome to allow drug release. For example,
destabilization by trypsin has been achieved via incorporation of glycophorin
into DOPE liposomes (28), whereas MMP-9 “uncorked” liposomes possessing
triple-helical models of the type I collagen �1(I)772–780 sequence (29). Analo-
gously, an MMP-sensitive sequence has been used for hydrogel drug delivery
in vivo (30). The problem with most pro-drug delivery systems is a lack of
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stability at other tissues and organs due to nonspecific activation. In addition,
following proteolysis, the released drug may have significantly less activity
than the unmodified drug (31).

For both cell-surface-targeted and enzyme-activated delivery systems, speci-
ficity could be significantly improved if a peptide coating was introduced that
was stable to the in vivo environment during delivery whilst maintaining a high
degree of selectivity for a specific receptor or enzyme. As described above,
there are several problems associated with simple peptide ligands serving as
liposome or other drug delivery vehicle surface modifiers. First, the specificity
and affinity of such ligands is usually not high. This problem can be obviated
by induction of well-defined secondary and/or tertiary structures within peptide
ligands, often accomplished via cyclization. Conformational restriction of Arg-
Gly-Asp (RGD) sequences can provide receptor selectivity while enhancing
affinity for a specific receptor (32,33). Similarly, triple-helical ligand confor-
mation may enhance the promotion of cell adhesion, spreading, and signaling
activities by collagen-derived sequences (34–36). Second, peptide ligands are
extremely susceptible to proteolysis. The conformational restriction or stereo-
chemical manipulation (32,37) of such sequences often reduces general prote-
olytic activity. Thus, one approach for improving peptide in vivo activity is
to create biomolecules with distinct structural elements, i.e., that are confor-
mationally constrained. The peptide-amphiphile or “PA” represents such a
construct. The next two sections focus on PAs as targeting molecules, how
this field has developed, procedures, and future challenges (such as proving
targeting specificity, etc.).

PAs provide an approach by which structural elements such as collagen-
like triple-helices, �-helices, or �-turns can be induced and/or stabilized. This
approach utilizes non-covalent association of peptide segments. Pseudo-lipids
(mono- and dialkyl chains) are covalently attached to peptides to create PAs that
then associate via hydrophobic interactions to each other (Fig. 2) (33,38–41).
PAs are advantageous in that they present a multivalent ligand (42) that is
chemically well defined, avoiding loss of activity that can occur during nonspe-
cific coupling of peptides to lipids (43). PA sequences, either individually
or in combination (44–47), may prove to be effective for enhancing bioma-
terial biocompatibility and function. In addition, PAs have been applied for
combinatorial surface chemistry (48) and construction of nanofibers (49). The
amphiphilic character of PAs allows for the control of assembled structures
by manipulating their molecular composition (50). For example, the thermal
stability of triple-helical and �-helical PA head groups can be modulated by
the length of the lipophilic moiety (35,38–40,45). Conversely, alterations in the
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Fig. 2. Triple-helical PA composed of (C16�2-Glu-C2-(Gly-Pro-Hyp)4-Gly-Val-Lys-
Gly-Asp-Lys-Gly-Asn-Pro-Gly-Trp-Pro-Gly-Ala-Pro-NH2. (Reproduced from ref. 38,
by permission of the Journal of the American Chemical Society.)

pseudo-lipid tail composition effects PA aggregate structures (40,50). Desirable
peptide head group melting temperature �Tm� values can be achieved for in
vivo use, as both triple-helical and �-helical PAs have been constructed with
Tm values ranging from 30 to 70�C (35,36,38–40,45,51–53). The range of PA
thermal stabilities has allowed for their use in characterization of melanoma
cell surface receptors for type IV collagen, as discussed in the next section. In
addition, PAs have far greater stability to proteolysis than most peptides, as
only certain MMPs are capable of efficiently hydrolyzing triple-helices (54).
Thus, the combination of thermal and proteolytic stability and cellular recog-
nition indicate that PAs could potentially be applied to enhance the specificity
of drug delivery vehicles such as liposomes.

The best characterized cell surface adhesion molecules are integrins, which
are heterodimeric proteins composed of one � and one � subunit (Fig. 3).
The collagen binding integrins include �1�1, �2�1, �3�1, �10�1, and �11�1
(55,56). Three of these collagen-binding integrins (�1�1, �2�1, and �3�1)
are present on melanoma cells (57,58). The �1�1 and �2�1 integrins are
upregulated in metastatic melanoma, whereas the �3�1 integrin is upregulated
in both primary and metastatic melanoma (59–62).

In an effort to better understand the roles of individual integrins in the invasion
process, triple-helical binding sites for the �1�1, �2�1, and �3�1 integrins
have been identified within type IV collagen. The �1�1 integrin simultane-
ously binds Asp441 from two �1(IV) chains and Arg458 from the �2(IV) chain
(63,64). The Gly-Phe-Hyp-Gly-Glu-Arg motif, in triple-helical conformation, has
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cell surface proteoglycan.

been shown to bind to the �2�1 integrin (65–67). This motif is found within
type IV collagen at �1(IV)385–390; a triple-helical model of �1(IV)382–393
binds to melanoma cells (68,69). The melanoma cell �3�1 integrin binds
to �1(IV)531–543 (34,58,70). Binding of the �1�1 and �2�1 integrins
is conformationally dependent, whereas binding of �3�1 is not (55,70).

Melanoma cells have also been shown to possess at least two distinct
cell surface chondroitin sulfate (CS) proteoglycans (Fig. 3), CD44 and
melanoma-associated proteoglycan/melanoma chondroitin sulfate proteoglycan
(MPG/NG2/MCSP) (71,72). CD44 (also known as CD44H and CD44s) is
expressed by epidermal melanocytes in both an unmodified and CS-modified
form (73). Human CD44 is initially glycosylated via five potential N -linked
and seven potential O-linked carbohydrate sites, resulting in a core protein of
85–95 kDa (74–76). CS modification further increases the molecular mass to
180–200 kDa (75).

A triple-helical ligand for CD44 was identified by a combination of
methods, including (a) cell adhesion and spreading assays using triple-helical
�1(IV)1263–1277 and an Asp1266Abu variant, (b) inhibition of cell adhesion and
spreading assays, and (c) triple-helical �1(IV)1263–1277 affinity chromatog-
raphy with whole cell lysates and glycosaminoglycans (77). Interaction of
CD44 with this ligand was strongly dependent upon triple-helical conformation
(36,78).
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How well the above peptide structures mimic the interactions between
native proteins and cell receptors has been examined in detail, as binding
affinities have been determined for triple-helical peptides and native collagens.
For example, the �1�1 integrin binds to �1(I)127–138 and �1(I)496–507
triple-helical peptides with KD = 7�0 and 1.7 �M , respectively (79). The �2
I-domain binds to �1(I)127–138 and �1(I)496–507 triple-helical peptides with
KD = 0�40 and 1.1�M , respectively (79). The�1�1 integrin binds to [�2(IV)454–
465][�1(IV)437–448][�1(IV)437–448] triple-helical peptides with KD = 20 �M
(64). These results reflect similar affinities to those for integrin binding to
collagen. For example, the recombinant �2 A-domain was shown to bind to type
I collagen with KD approx 6–10 �M (80). The �1 A-domain has two classes
of binding sites within type I collagen, with the higher-affinity site exhibiting a
KD = 0�11 �M (80). Thus, triple-helical peptides are accurate mimics of collagen
activity, and could be used to selectively target liposomes towards collagen-
binding cell surface receptors overexpressed in melanoma (Fig. 4).

Preparations of the (C16�2-Glu-C2-(Gly-Pro-Hyp)4-[�1(IV)1263–1277] PA in
solution were found to form micelles (50). Mixed liposomes have been prepared
using the PA and dilauryl phosphatidylcholine (DLPC). Unilamellar vesicles
composed of 0.15 mg/mL (C16�2-Glu-C2-(Gly-Pro-Hyp)4-[�1(IV)1263–1277]
and 12.5 mg/mL DLPC were extruded, and the stability of the liposomes
was studied by cryo transmission electron microscopy (cryo-TEM). The
morphology of liposomes could be directly visualized with cryo-TEM, as fluid
specimens are rapidly fixed. Liposomes composed of just DLPC were not very
stable, as the small size distribution of liposomes seen on day 1 had disap-
peared by day 42 (Fig. 5). The liposomes had formed larger aggregates. In
contrast, liposomes composed of (C16�2-Glu-C2-(Gly-Pro-Hyp)4-[�1(IV)1263–
1277] and DLPC appeared to be stable. The small size distribution seen
on day 1 was retained by day 42 (Fig. 5). Stable PA liposomes were also
formed by a mixture of distearoyl-phosphatidyl choline (DSPC):distearoyl-
phosphatidyl glycerol (DSPG):cholesterol:C16-(Gly-Pro-Hyp)4-[�1(IV)1263–
1277]-(Gly-Pro-Hyp)4-NH2 (4:1:5:0.1).

Subsequently, dimyristoyl phosphatidyl choline (DMPC) liposomes function-
alized with the (C16�2-Glu-C2-(Gly-Pro-Hyp)4-[�1(IV)1263–1277] PA were
extruded through polycarbonate membranes to approx 110 nm, as verified by
dynamic light scattering. A fluorescent amphiphilic dye molecule (Texas Red-
DHPE) was also incorporated to image and quantify liposome binding to cellular
surfaces. Triple-helical structure in the liposomal assemblies was examined
by circular dichroism (CD) spectroscopy. The PA in liposomes possesses
a super-secondary structure with a high triple-helical content (Fig. 6) (81).
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200 nm

Fig. 5. Analysis of liposome stability by cryo-transmission electron microscopy.
Liposomes were composed of (left) DLPC or (right) a mixture of 0.15 mg/mL (C16�2-
Glu-C2-(Gly-Pro-Hyp)4-[�1(IV)1263–1277] and 12.5 mg/mL DLPC at 1 d (top panels)
and 42 d (bottom panels).

Initial studies examined whether PAs are capable of promoting the binding
of liposomes to cells (81). DMPC liposomes containing a 5% mol fraction
of the (C16�2-Glu-C2-(Gly-Pro-Hyp)4-[�1(IV)1263–1277] PA were compared
to DMPC liposomes alone using differential interference contrast (DIC) and
fluorescence microscopy. The PA liposome has significantly enhanced cellular
uptake compared to the liposome alone (Fig. 7). The incorporation of the
fluorescent dye could be quantified using fluorimetry (Fig. 8).

The presence of the [�1(IV)1263–1277] sequence in DSPG:DSPC:choleste-
rol: C16-(Gly-Pro-Hyp)4-[�1(IV)1263–1277]-(Gly-Pro-Hyp)4-NH2 (4:1:5:0.1)
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Fig. 6. Circular dichroism spectroscopic analysis of (C16�2-Glu-C2-(Gly-Pro-Hyp)4-
[�1(IV)1263–1277] or DMPC liposomes containing 5% (C16�2-Glu-C2-(Gly-Pro-
Hyp)4-[�1(IV)1263–1277]. Positive molar ellipticity at � = 222–227 nm and strongly
negative molar ellipticity at � = 195–200 nm is characteristic of triple-helical structure.
(Reproduced from ref. 81, by permission of American Pharmaceutical Review.)

liposomes was verified by fluorescence spectra of the Trp residue. CD44-
positive cells were treated with rhodamine loaded DSPG:DSPC:cholesterol
liposomes, with or without incorporated PA, and incubated at 37�C for 2 h.
The liposome treated, unfixed cells were then stained with 4′	 6′-diamidino-
2-phenylindole hydrochloride (DAPI) (nucleus dye) and fluorescein isothio-
cyanate (FITC) (nonspecific membrane dye) and visualized using fluorescence
microscopy. Localization of DSPG:DSPC:cholesterol PA liposomes to cell
membranes was observed (Fig. 9).

Subsequently, a variety of liposomes and PA liposomes (that include PEG
lipids of various molecular weights) have been extruded. The presence of
the hydrophilic polymer creates a steric barrier, which has been shown to
dramatically increase the residence time of the liposomes in vivo (see earlier
discussion). This “stealth” effect is desirable, but must be tuned such that the
benefits of the barrier will not override the targeting effect of the PA. Melanoma
cells were found to adhere and spread on mixtures of the PA with PEG lipids
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Fig. 7. Differential interference contrast (A,C) and fluorescence (B,D) microscopic
images of cells complexed with fluorescently labeled liposomes (Texas Red DHPE,
<1%), where liposomes are composed of pure DMPC (A,B) or 95% DMPC and
5% (C16�2-Glu-C2-(Gly-Pro-Hyp)4-[�1(IV)1263–1277] (C,D). The boxes highlight
individual cells. (Reproduced from ref. 81, by permission of American Pharmaceutical
Review.)
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DMPC liposomes or 95% DMPC and 5% (C16�2-Glu-C2-(Gly-Pro-Hyp)4-[�1(IV)1263–
1277] liposomes.
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Fig. 9. DSPG:DSPC:cholesterol PA liposomes (red) co-localized with CD44-
positive cells.

possessing PEG chains of 120 or 750 Da. In contrast, cells adhered but did not
spread on the mixture containing a 2000 Da PEG, and did not adhere to pure
PEG lipids nor the mixture containing a 5000 Da PEG (82). A similar ligand
“masking” effect was seen when PEG lipids were used in combination with the
HIV-1 TAT peptide for liposomal delivery (83). Neutron reflectivity analysis
indicated that the [�1(IV)1263–1277] PA had a head group length of 8.8 nm.
When [�1(IV)1263–1277] was mixed with lipids of similar head group length
or shorter, melanoma cells adhered to the surface. However, cell spreading was
only observed in mixtures where the lipid head group length was considerably
shorter (>5 nm) than [�1(IV)1263–1277] (i.e., PEG 120 or 750 Da). These
studies indicated that melanoma cells require a [�1(IV)1263–1277] surface in
which virtually the entire ligand sequence is readily accessible for promotion
of optimum cell spreading, but only a part of the sequence is required for
binding to the receptor (CD44/CSPG). The targeting capability of the PA
liposomes can indeed be masked by using PEG molecules of 2000 or 5000 Da
(Fig. 10) (81).



282 Rezler et al.

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 50 100 150 200 250

Time (minutes)

Fl
uo

r.
 U

pt
ak

e 
(a

.u
.)

DMPC Liposomes
5% (C16)2-Glu-C2-(GPP*)4-[IVH1]
5% PEG-350
5% PEG-350 & with Peptide
5% PEG-2000
5% PEG-2000 & with Peptide
5% PEG-5000
5% PEG-5000 & with Peptide

PEG-350

No PEG

PEG-2000

PEG-5000

Fig. 10. Fluorescent dye (Texas Red DHPE, < 1%) uptake by cells treated with
pure DMPC liposomes, DMPC/(C16�2-Glu-C2-(Gly-Pro-Hyp)4-[�1(IV)1263–1277]
peptide-amphiphile liposomes, or DMPC/(C16�2-Glu-C2-(Gly-Pro-Hyp)4-[�1(IV)1263–
1277]/polyethylene glycol peptide-amphiphile liposomes. (Reproduced from ref. 81,
by permission of American Pharmaceutical Review.)

2. Materials
1. The appropriately protected amino acids, 1-hydroxybenzotriazole (HOBt), N -[(1H-

benzotriazol-1-yl)(dimethylamino)methylene]-N -methylmethanaminium hexafluo-
rophosphate N -oxide (HBTU), and Rink amide MBHA resin are all obtained
from Novabiochem (La Jolla, CA), whereas N	N -dimethylformamide (DMF),
N ,N -diisopropylethylamine (DIEA), and N -methylpyrrolidione (NMP) are obtained
from Fisher Scientific (Malvern, PA).

2. The monoalkyl chains hexanoic acid [CH3-(CH2�4-CO2H, designated C6], octanoic
acid [CH3-(CH2�6-CO2H, designated C8], decanoic acid [CH3-(CH2�8-CO2H, desig-
nated C10], dodecanoic acid [CH3-(CH2�10-CO2H, designated C12], tetradecanoic acid
[CH3-(CH2�12-CO2H, designated C14], palmitic acid [CH3-(CH2�14-CO2H, desig-
nated C16], and stearic acid [CH3-(CH2�16-CO2H, designated C18] are purchased
from Aldrich. The dialkyl ester (C12�2-Glu-C2 and (C16�2-Glu-C2 chains are prepared
as described previously (84). Briefly, synthesis first involves the acid-catalyzed
condensation of Glu with the appropriate fatty acid alcohol to form the dialkyl ester
of Glu. The free amino group of Glu is then treated with succinic anhydride and
triethylamine to create a free carboxylic acid. The dialkyl ester tail may then be
used directly for solid-phase synthesis or converted to a p-nitrophenyl ester with
p-nitrophenol and dicyclohexylcarbodiimide and then coupled.
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3. PAs (Table 1) are prepared utilizing well-established 9-fluorenylmethoxycarbonyl
(Fmoc) solid-phase methodology on an ABI 433A Peptide Synthesizer (see Note 1)
(35,38–40,45,52,53,84).

4. The cleavage and side-chain deprotection of PA-resins employs H2O–trifluoroacetic
acid (TFA) (1:19) or ethanedithiol–thioanisole–phenol–water–TFA (2.5:5:5:5:82.5)
as previously described (85,86). All of these chemicals are available from ACROS
Organics (Fairlawn, NJ) with the exception of phenol, which is obtained from Fisher
Scientific (Malvern, PA).

5. The phospholipids used in the preparation of the vesicles are DSPC, dipalmi-
toylphosphatidylcholine (DPPC), DMPC, DLPC, DSPG, and dioleoylphosphatidyl-
choline (DOPC). All phospholipids and cholesterol are purchased from Avanti Polar
Lipids (Birmingham, AL).

6. Other chemicals and solvents used in the synthesis of the vesicles, such as
methanol, chloroform, and tert-butyl ether, are purchased from either Fisher Scien-
tific (Pittsburg, PA), Sigma Chemicals Co. (St. Louis, MO), or Aldrich (Milwaukee,
WI).

7. The fluorophores rhodamine 6G and fluorescein are obtained from ACROS Organics
(Fairlawn, NJ) or Sigma Chemicals Co. (St. Louis, MO). Both the rhodamine and
fluorescein stock solutions (400 �M in phosphate-buffered saline [PBS], 1X, pH 7.4)
are stored in the dark at 4�C for no more then 3 mo.

8. MLVs are extruded through a Lipex Extruder (Northern Lipids Inc., Vancouver,
British Columbia, Canada). Polycarbonate filters of various pore sizes (100–600 nm)
employed in the extrusion process are obtained from SPI supplies (West Chester,
PA).

9. The G-50 Sephadex medium grade resin (Amersham Biosciences) containing
gravity column (20 × 1�5 cm, BioRad) pre-conditioned with PBS (1X, pH 7.4) is
used to separate the unencapsulated fluorophores from the liposome-encapsulated
fluorophores.

10. Latex spheres (Palo Alto, CA) of at least two different sizes, usually 100 and
200 nm for large and small unilamellar vesicles (LUVs and SUVs), are used in the
dynamic light scattering assays for standardization and subsequent vesicle diameter
determination.

Table 1
Triple-Helical Ligands Synthesized for PA Liposomes. P∗ = 4-Hydroxyproline

Receptor Binding site location Sequence

�2�1 �1(IV)382–393 Cn-�GPP∗�4-GAOGFOGERGEK-�GPP∗�4-NH2

�3�1 �1(IV)531–543 Cn-�GPP∗�4-GEFYFDLRLKGDK-�GPP∗�4-NH2

CD44 �1(IV)1263-1277 ([IV-H1]) Cn-(GPP∗�4-GVKGDKGNPGWPGAP-�GPP∗�4-NH2
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11. The matched Hs895T metastatic melanoma and Hs895Sk dermal fibroblast cell
lines were established from the same 48-yr-old Caucasian female donor and are
obtained from American Type Culture Collection (ATCC) (Manassas, VA).

12. Dulbecco’s modified Eagle’s medium (DMEM) medium is supplemented with
10% fetal bovine serum (FBS), 0.1 mg/mL gentamicin, 50 U/mL penicillin,
and 0.05 mg/mL streptomycin. Trypsin-ethylenediamine tetraacetic acid (EDTA)
solution is used for detaching adherent cells. Trypan Blue is used to access cell
viability. The media and Trypan Blue are obtained from CellGro (Herndon, VA)
and all reagents are purchased from Sigma (St. Louis, MO).

13. The DMEM adhesion media is prepared essentially by an identical procedure as
described for the DMEM medium, with the exception of the presence of FBS and
the antibiotics. Also, the DMEM used does not contain the phenol red indicator.
The adhesion media is buffered to pH 7.4 using 400 mM HEPES.

14. Petri dishes are obtained from Fisher (Pittsburg, PA).
15. Olympus IX70 inverted Fluorescence Microscope equipped with a cool charge-

coupled device (CCD) camera is used for the co-localization and fusion visualization
studies of the fluorophore-loaded LUVs and cells. Either a 40× LUCPlanFl objective
or a 100× oil immersion UPlanFl objective is used. Petri dishes with coverslip
bottoms are employed from MatTek (Ashland, MA) when the 100× objective is
used.

16. Only the cell nuclei are stained with DAPI. The cell membrane is not stained
when using the 40× objective because phase-contrast and fluorescence images are
overlaid using the Olympus DP Control Manager (DP70-BSW) software.

17. The 100× objective is used in conjunction with the membrane stain FITC (ACROS
Organics, Fairlawn, NJ), a nonspecific membrane dye, as the 100 objective does not
have the phase contrast capability. The three fluorescent images of the cells are then
overlaid as described in the previous step.

18. The filters employed for the fluorescence images are: WG, wide green filter for
rhodamine 6G; WIB, wide indigo blue filter for FITC; and WU, wide ultra violet
filter for DAPI.

3. Methods
3.1. Synthesis and Purification of PAs

Procedures for the synthesis, purification, and analytical characterization of
PAs are described in Chapter 5.

3.2. Structural Characterization of PAs

CD spectroscopy is used to evaluate the overall thermal stability of triple-
helical PAs (36,38,39,51–53,78,87,88). CD spectra are recorded over the range
� = 190–250 nm using a 1.0 or 10 mm path-length quartz cell and a sample
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concentration of 0.1 or 0.5 mg/mL. Thermal transition curves are obtained
by recording the molar ellipticity ([
]) at � = 225 nm while the temperature
is continuously increased in the range of 5–80�C at a rate of 0�2�C/min.
For samples exhibiting sigmoidal melting curves, the inflection point in the
transition region (first derivative) is defined as Tm. Alternatively, Tm is evaluated
from the midpoint of the transition. Nuclear magnetic resonance (NMR)
spectroscopy can also be used to study the relative thermal stability, alignment,
and flexibility (backbone mobilities) of triple-helical PAs (38,39,89).

3.3. Liposome Preparation

A good general guide for the preparation of multilamellar vesicles (MLVs),
SUVs (50–100 nm in diameter), and LUVs (150–800 nm in diameter) is
contained in ref. 90, and the reader is referred to the references cited within
that publication.

3.3.1. LUV Preparation

The following methods describe the preparation of LUVs with and with out
the incorporation of the PA. LUVs provide a number of advantages compared
to other forms of liposomes, including high encapsulation of water-soluble
drugs, economy of lipid, and reproducible drug release rates (16,17,91). We
include methods for the loading of the LUVs with fluorophores, which are used
in the visualization of the vesicle targeting process to specific cell types, as
well as for the monitoring of the stability of the different vesicle types with
various lipid compositions. The methods of characterization are applicable to
PA targeted and nontargeted LUVs as well as SUVs. Some of the primary
physical properties affecting liposomal stability include length and structure of
the diacyl chains, the charge on the head group of the phospholipids, the phase
transition temperature �Tm�, liposomal load, and the final liposome size.

The strategy for producing various liposome systems with different physical
properties can be achieved by simply altering lipid composition. We have
focused on the preparation of LUVs of various sizes between 100 and 600 nm
to compare the effects of liposome size as well as lipid composition on the
physical properties of the liposome. This includes the stability of LUVs over
time, and the fusogenic properties of LUVs with cells when the LUVs are
targeted with PAs or not. An important aspect of the MLV preparation process
is that the lipid mixture must be heated for at least 30 min above a transition
temperature of the most stable lipid in order to obtain formation of MLVs
containing encapsulated aqueous phase in the hydrophilic core. The protocol
that we employ to prepare LUVs of various sizes is as follows:
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1. Prepare a solution containing two phospholipids and cholesterol, such as
DSPG:DSPC:cholesterol. In a round bottom flask (250 mL), DSPG and DSPC lipids
are combined with cholesterol in a fixed ratio of 1:4:5, respectively, and dissolved
in an organic phase mixture of methanol, tert-butyl ether and chloroform (1:2:2.4)
by either vortexing or stirring for 0.5 h at room temperature. The most stable lipid
(DSPG in this case) is always the smaller component of the mixture.

2. The organic phase is then removed under reduced pressure by rotary evaporation,
leaving a thin lipid film at the bottom of the flask which is dried over night in
vacuo.

3. The aqueous phase, which is typically water with or without the rhodamine 6G or
fluorescein fluorophore (400 �M), is then added to the lipid film and the resulting
dispersion is extensively vortexed.

4. The dispersion is then stirred, for 30 min, at a temperature above the specific phase
transition temperature of the most stable lipid in the system employed. Therefore,
for the DSPC:DSPG:cholesterol system, where the transition phase temperature of
DSPG is 57�5�C, the dispersion is maintained at 60�C.

5. The fluorophore loaded MLVs are then subjected to four freeze-thaw cycles and
extruded 10 to 15 times through a double polycarbonate filter, at pressures typically
at the lower end of the 250–700 psi range. Filters with a pore size ranging from
100 nm to 600 nm are employed depending on the desired liposome diameter.

6. Any unencapsulated fluorophore is then separated from the fluorophore-loaded
liposomes by size-exclusion chromatography (SEC) using a G50 medium grade
resin Sephadex column pre-conditioned with PBS (pH 7.4).

3.3.2. SUV Preparation

The following section describes the preparation of SUVs with and without
the PA targeting ligand. SUVs can be advantageous due to enhanced circulation
times and drug release (92,93).

SUVs are prepared by using a high-pressure extruder. Lipids are dissolved
in chloroform, either pure DLPC or DMPC (Avanti Polar Lipids) or mixtures
of PAs and DLPC or DMPC. The solution is dried under N2 for 6 h and the
residual solvent removed using a vacuum evaporator. The dried amphiphile
film is hydrated overnight in PBS buffer (pH 7.4), rhodamine solution, or
250 mM ammonium sulfate solution (94), briefly vortexed, and then freeze-
thawed five times. The freeze-thawed solution is extruded 10 times through
a Lipex Biomembranes Extruder at 40�C using two nucleopore polycarbonate
filters with 100-nm diameter pore sizes, resulting in a unilamellar dispersion
with a uniform size distribution of less than 150 nm. The extruder works under
high pressure, generally at around 100 psi, but in some cases up to 200 psi,
which breaks up the multilamellae. Dynamic light scattering is used to confirm
the formation of 100-nm diameter vesicles. The extruded solutions are kept at
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5�C and used within a week. Examples of these SUVs incorporating the (C16�2-
Glu-C2-(Gly-Pro-Hyp)4-[�1(IV)1263–1277] PA have been described (81).

3.4. LUV and SUV Characterization

The size, structure, and stability of liposomes can be evaluated by various
different methods: cryo-TEM, fluorescence spectroscopy and microscopy, SEC,
small-angle neutron scattering (SANS), dynamic light scattering, and CD
spectroscopy. These procedures have been performed previously for studying
PA aggregates (40,45,50) and charged-hydrophobic block copolymer micelles
(95–99). Below, each method is described.

1. In the cryo-TEM procedure, thin films of the liquid dispersion are layered on a
holey carbon grid. The grid is placed in a Controlled Environment Vitrification
System, and plunged into liquid ethane at a velocity of 2 m/s to form vitreous ice.
The grid is stored under liquid N2, and imaged on a cold stage holder. Cryo-TEM to
determine size and stability of the vesicle samples is performed under a JEOL 1201
Transmission Electron Microscope at a focus of approx 4 �m (50). The size and
stability of LUVs and, more specifically, SUVs can be determined by this method.

2. Fluorescence microscopy of the fluorophore loaded vesicles is performed using an
Olympus IX70 inverted microscope in conjunction with an Olympus Magnafire
camera with Magnafire 1.0 software. Neutral density barrier filters that only allow
either �emission > 515 nm or �emission > 590 nm and block all other wavelengths are
used, thus helping to minimize photo bleaching of encapsulated fluorescein or
rhodamine, respectively. Fluorescence microscopy is used to evaluate the size of
the liposomes based on fluorescein or rhodamine encapsulation.

3. SANS is carried out on the 30-m beamline (NG-7) at the National Institute of
Standards and Technology (NIST), Gaithersburg, MD. The wavelength of radiation,
�, is on average 6 Å, with a spread in wavelength of 10%. Data are collected with
the detector at distances of 1.0, 4.0, and 13.7 m from the sample. Samples are held
in 1.0-mm-thick quartz cells in a sample chamber that is temperature-controlled to
25.0 ±0�1�C unless otherwise needed. A total of 106 or more counts are collected
for each sample. To place the data on an absolute scale, corrections are made for
detector efficiency, the presence of background radiation, and the scattering of the
empty cell. The corrected data is then circularly averaged to obtain curves of the
differential scattering cross section of the sample dE�q�/d�, as a function of the
scattering vector q = 4� sin 
/�, where 2
 is the scattering angle. The size and
shape of liposomes can be evaluated using SANS (50).

4. The use of CD spectroscopy to analyze triple-helical structure in PA liposomes
is performed as described previously in the “Structural Characterization of PAs”
section (50,81).

5. The size of PA liposomes is evaluated by SEC and dynamic light scattering (40,
45,95,97). Dynamic light scattering analysis is carried out to specifically determine
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the mean diameter of the liposomes from each batch prepared. Typically, we have
found the following average diameters were obtained for the respective target LUV
sizes: 114 ± 20 nm, for 100 nm liposomes; 206 ± 20 nm, for 200 nm liposomes;
343 ± 24 nm, for 400 nm liposomes; and 622 ± 106 nm, for 600 nm liposomes.

6. The liposome phospholipid content is determined by the Stewart (ammonium
ferrothiocyanate) assay (100,101).

7. PA incorporation into liposomes is evaluated by fluorescence spectroscopy, Fourier
transform infrared (FTIR) spectroscopy, radiolabeling, and/or MS (78,83).

3.5. Incorporation of PAs into the LUVs

The synthesis of targeted liposomes, which incorporate, for example, the
�1(IV)1263–1277 PA that is specific for the CD44 receptor overexpressed by
metastatic melanoma cells, is identical to that described in the above section
with the exception that the �1(IV)1263–1277 PA is added to the lipid organic
phase mixture in the very first step of the synthesis (which is also the case for
SUVs). Typically, the amount of PA added is equivalent to 10% of the least
abundant lipid in the lipid system. The melting temperature of the PA should
be such that the triple-helical structure remains intact though out the entire
preparative procedure.

3.6. PA-Targeted LUV Stability

As described above, several different techniques can be employed for the
characterization of loaded vesicle stability. The method below is the method
of choice for PA targeted, fluorophore-loaded LUVs, with the non-targeted,
fluorophore-loaded LUVs used for comparison. This procedure has been found
to be the most economical, simple, and predictive form of analysis for our
vesicle systems.

The stability of the encapsulated fluorophore in PA LUV vs LUV systems
is determined by monitoring release of the fluorophore from the vesicles.
Liposome stability is usually dependent on the physical and chemical charac-
teristics of the lipids composing the bilayer membranes. These include carbon
chain or tail length and saturation and head group charge. For targeted
liposomes, the incorporated targeting ligand, such as the PA, will also contribute
to and/or affect the stability of the vesicles. Lastly, the hydrophobicity or
hydrophilicity of the load (in this case, the fluorophore) will be a factor affecting
the stability of the vesicle.

1. Vesicle solutions (200 �L, 3 mg/mL) are made up to 2 mL with either water or
ethanol and then 200-�L aliquots are dispensed into 1.5 mL Eppendorf tubes and
the samples are maintained at 37, 25, or 4�C over time, usually up to 1 mo.
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2. At selected time points, 100-�L aliquots of the liposomes in water or ethanol
are removed from the Eppendorfs, and dispensed into a 96-well quartz plate. The
fluorescence intensity for each vesicle sample at each temperature is measured.
The Spectra Max Gemini EM Fluorescent Plate Reader (Molecular Devices) is
used to take readings at �excitation = 525 nm and �emission = 555 nm for rhodamine
or �excitation = 494 nm and �emission = 520 nm for fluorescein. Complete release of
fluorophore from the vesicles at each time point yields 100% dequenching, and is
obtained from ethanol-treated liposome samples.

3. The percentage release of fluorophore from the vesicles is determined from
the fluorescence intensity of each sample relative to 100% dequenching, which
can then be expressed in terms of arbitrary fluorescent units (Rfu). Thus,
the stability of rhodamine or fluorescein encapsulation is compared over time
between liposome systems with different lipid and PA compositions. Typically,
DSPC:DSPG:cholesterol LUVs in the size range of 160–200 nm were observed
to be stable over a series of days, with only mild leakage being noted
after 21 d.

3.7. PA Targeting of LUVs to Cells

Evidence for targeting specificity of PA liposomes for cells that overexpress
the targeted receptor vs cells that do not should be established. Cells are
treated with the fluorophore or drug-loaded targeted liposomes, and also the
nontargeted loaded liposomes which serve as controls for non-specific binding
with both cell types. The following materials and procedures are described for
LUVs containing rhodamine as the fluorophore load.

3.8. Cell Culture

A general cell culture procedure is described below. Cells should be used
before being passed eight times, at which point they should be discarded. This
minimizes phenotypic drift and enables better reproducibility of results.

1. Cells are cultured with complete medium at 37�C in a humidified atmosphere of
5% CO2 in air.

2. Cells are harvested from sub-confluent (<80%) cultures using a trypsin-EDTA
solution and then re-suspended in fresh medium. Only cells with a >90% viability
are used, as determined by Trypan Blue exclusion.

3. Cells are counted and seeded into appropriately sized plates. The cells are then
allowed to adhere overnight in complete medium prior to use.

3.9. Fluorescence Microscopy

1. Cells are seeded at a density in the range of 1�0 × 105 to 1�0 × 106 and grown
overnight in 60-mm Petri dishes or at a density in the range of 5�0×103 to 6�0×104
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in 35-mm Petri dishes with coverslip bottoms. The DMEM medium is removed
from the adherent cells. The cells are then washed twice with PBS (5 mL, pH 7.4).

2. An aliquot of DMEM adhesion media (1.5–2.0 mL, pH 7.4) is added to each plate.
3. The nucleus stain DAPI (0.5 mL, 0.1 mg/mL in water at pH 7.0) is added and the

cells are incubated in the dark, at 37�C for 10 min. For studies using the 100×
objective, the nonspecific membrane stain FITC (0.5 mL, 1 mg/mL, buffered with
HEPES to pH 8.5) is added and the cells are incubated for a further 20 min at 37�C.
For studies using the 40× objective the cells are not stained with FITC.

4. The supernatant solution is removed and the cells are washed with PBS (5 mL,
pH 7.4), and 1–3 mL of DMEM adhesion media is added depending on the size of
the Petri dish.

5. The rhodamine loaded PA or non-targeted liposomes in PBS, pH 7.4 (1 mL at
phospholipid concentrations of either 50, 100, or 200 �M , prepared as previously
described) are added to the cells (see Note 3).

6. The liposomes with cells are incubated for various periods of time and visualized
using fluorescence microscopy.

7. For visualization studies employing the 40× objective, first locate the cells under
visible light and take a phase-contrast image. The image of the cell nuclei is then
taken using the ultraviolet WU filter. The image of the rhodamine in the liposomes
as well as within the cells is taken using the green WG filter. The three images are
overlaid.

8. For visualization studies employing the 100× (oil immersion) objective, first locate
the cell nuclei using the WU filter, then take an image using the WIB filter that
allows for membrane visualization. Lastly, the image of the rhodamine in the
liposomes as well as within the cells is taken using the green WG filter. The three
images are overlaid.
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4. Notes
1. As triple-helical PAs contain a C-terminal Hyp residue, they are synthesized

as C-terminal amides [on Fmoc-4-(2′	 4′-dimethoxyphenyl-aminomethyl)phenoxy
resin; Rink amide MBHA resin, Novabiochem] to prevent diketopiperazine (DKP)
formation (102).
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2. As the synthesis of triple-helical peptides proceeds, removal of the Fmoc group
becomes slower, particularly in the Gly-Pro-Hyp repeating sequence regions. It
is recommended that deprotection of Gly, Pro, and Hyp proceed with extended
treatment times and/or 2% DBU/2% piperidine in DMF.

3. At this stage, it is critical that the solution covers the cells completely.
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Summary

Control of gene expression using RNA interference (RNAi) technology constitutes a method of
choice for investigating gene function in mammalian cells. However, like most oligonucleotide-
based strategies, the major limitation of interfering RNA is their poor cellular uptake due to
low permeability of the cell membrane to nucleic acids. Several strategies have been developed
to improve delivery of oligonucleotides both in cultured cells and in vivo. So far, there is
no universal method for their delivery, as they all present several limitations. Peptide-based
strategies have been demonstrated to improve the cellular uptake of nucleic acids both in cultured
cell and in vivo. This chapter describes a new peptide-based gene delivery system, MPG, which
forms stable noncovalent complexes with oligonucleotides and promotes their delivery into a
large panel of cell lines without the need for prior chemical covalent coupling. Protocols are
described for both adherent and suspension cell lines.

Key Words: Peptide carrier; cell-penetrating peptide; cellular uptake; oligonucleotides; siRNA,
gene silencing; gene and oligonucleotide delivery; NLS.

1. Introduction
The control of gene expression using RNA interference (RNAi) technology is

essential both in fundamental and pharmaceutical research. However, the major
limitation of cellular internalization of nucleic acids remains their poor cellular
uptake associated with low permeability of the cell membrane to nucleic acids
(1,2). Several viral (3–6) and nonviral (3,7) strategies have been proposed to
improve the delivery to both cultured cells and in vivo (3). So far, although
nucleic acid transfection can be achieved with classical laboratory cultured
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cell lines using lipid-based formulations, nucleic acid delivery remains a major
challenge for many cell lines and there is still no reasonably efficient method
for in vivo application (3). The most efficient method for in vivo applications
is the nonviral “hydrodynamic” tail-vein injection of mice with high doses of
nucleic acid (8–10).

Cell-penetrating peptides are powerful carriers for cellular uptake of a variety
of macromolecules including proteins, peptides, and oligonucleotides (11–14).
Several peptide-based strategies have been developed to improve the delivery
of oligonucleotides both in vitro and in vivo using either covalent or complex
approaches (15–17). We have described a new peptide-based gene delivery
system, MPG, which forms stable noncovalent complexes with several nucleic
acids (plasmid DNA, oligonucleotides) and promotes their delivery into a
large panel of cell lines without the need for prior chemical covalent coupling
(18–20). We recently demonstrated that a variant containing a single mutation of
this peptide carrier constitutes an excellent tool for the delivery of nucleic acids,
including siRNA into different cell lines (7). MPG is a peptide of 27 residues
(GALFLGFLGAAGSTMGAWSQPKKKRKV) consisting of three domains
with specific functions: a hydrophobic motif (GALFLGFLGAAGSTMGA)
derived form the fusion sequence of the HIV protein gp41 required for efficient
targeting to the cell membrane and internalization, a hydrophilic lysine-rich
domain (PKKKRKV) derived from the Nuclear Localization Sequence (NLS)
of simian virus (SV)-40 large T antigen, involved in the main interactions with
nucleic acids and required to improve intracellular trafficking of the cargo,
as well as a spacer domain (WSQ), which improves the flexibility and the
integrity of both the hydrophobic and the hydrophilic domains (20). Given
that the mechanism through which MPG delivers nucleic acids and oligonu-
cleotides does not involve the endosomal pathway, the stability of the macro-
molecules delivered is significantly improved and rapid dissociation of the
MPG/cargo particle is favored as soon as it crosses the cell membrane. This
peptide-based oligonucleotide delivery strategy presents several advantages
including rapid delivery of nucleic acid into cells with very high efficiency,
stability in physiological buffers, lack of toxicity, and lack of sensitivity to
serum. MPG constitutes a powerful tool for basic research and several studies
have demonstrated than this technology is extremely powerful for targeting
specific genes or modifying gene function in vitro as well as in vivo (7,20–22).
The present chapter describes several protocols for the use of the nonco-
valent MPG technology for the delivery of nucleic acids into mammalian
cells.
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2. Materials
2.1. Cell Cultures

1. Phosphate-buffered saline (PBS) (cat no. 14190-169), Dulbecco’s modified Eagle’s
medium (DMEM) (cat no. 41965-062), glutamine, and streptomycin/penicillin (cat
no. 15140-130) are from Invitrogen Life Technologies (Carsbad, CA).

2. Fetal bovine serum (FBS) is from PERBIO (cat no. CH30160-03, Lot 3264EHJ).

2.2. Oligonucleotide and Transfection Reagents

1. Oligonucleotides are purchased from Sigma-Genosys. For transfection experiments
double-stranded oligodeoxynucleotides (ODNs) are phosphorothioate-modified on
the first base at the 5′ end and on the two last bases at the 3′ end.

2. Double-stranded phosphodiester oligonucleotides (18mer and 36mer), corre-
sponding to the sequence of HIV natural primer binding site, are synthesized on
an Applied Biosystems 380 B DNA synthesizer and purified by reversed-phase
high-performance liquid chromatography (HPLC) (22).

3. Double-stranded oligonucleotides (18/36mer) are formed by annealing an equimolar
mixture of both single-stranded oligonucleotides in 20 mM Tris-HCl (pH 7.5) by
heating for 15 min at 70�C, followed by cooling to room temperature over a period
of 2 h in a water bath.

4. The siRNAs targeting GAPDH gene are obtained from Proligo and/or Ambion
(Silencer™ kit).

5. Control small interfering (si)RNA transfection experiments are performed with the
commonly used lipid-based Oligofectamine™ reagent (cat. no. 12252-011) from
Invitrogen Life Technologies (Carlsbad, CA).

2.3. Peptide-Carrier MPG

MPG is a 27-residue-long peptide GALFLGFLGAAGSTMGAWSQP-
KKKRKV, where the N-terminus is acetylated and the C-terminus bears
a cysteamide group (NH-CH2-CH2-SH): (molecular weight: 2908 Da).
The sequence variant of MPG contains a single mutation in the NLS
sequence (K23S), GALFLGFLGAAGSTMGAWSQPKSKRKV (molecular
mass: 2867 Da) and is referred hereafter as MPG-�NLS (Note 1).

Both N- and C-termini protections are essential for the stability of the peptide
and the transfection mechanism (7). MPG can be synthesized in house or
obtained from commercial sources. Protocols for the synthesis and purification
of MPG and derivatives have been described (20,23,24). MPG and derivatives
are stable at least 1 yr when stored at −20�C in a lyophilized form.
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3. Methods
The methods described below outline (1) the formation of MPG/

oligonucleotide complexes and handling, (2) protocol for the delivery of
oligonucleotides into adherent cell lines, (3) protocol for their delivery into
suspension cell lines, and (4) a control lipid-based method for transfection. The
different procedures were modified based on prior reports (7,20).

3.1. Preparation of MPG/Oligonucleotide Complexes

The procedure for formation of MPG/oligonucleotide complexes constitutes
an important factor in the success of MPG technology and should be followed
carefully (see Notes 2 and 3).

3.1.1. Preparation of the Solutions of MPG

1. Take the vial containing the peptide powder out of the freezer and equilibrate for
30 min at room temperature without opening the vial. This step is essential to limit
hydration of the peptide powder. Resuspend the peptide at a concentration not
higher than 1 mg/mL (concentration: 0�35 mM) in water.

2. Mix gently by tapping the tube or by vortexing at low speed for 20 s.
3. Repeated freeze/thaw cycles can induce peptide aggregation, therefore, it is recom-

mended that one aliquot the MPG stock solution into tubes containing the amount
one expects to use in a typical experiment prior to freezing. The MPG stock solution
is stable for about 2 mo when stored at −20�C.

3.1.2. Formation of MPG/Oligonucleotide Complexes

1. Prepare a stock solution of single-stranded or annealed double-stranded duplex
at 20 �M in water. Dilute to 100 �L of water for each reaction. The oligonu-
cleotides can be used at concentrations varying from 0.005 to 1 �M , depending
on the biological response expected. From our experience a concentration ranging
from 20 to 50 nM of oligonucleotide is sufficient for a silencing response higher
that 80%.

2. MPG solution must be diluted 1:10 in sterile H2O (concentration: 35 �M). At this
stage, sonication of the peptide solution is recommended, to limit aggregation, for
5 min in a water bath sonicator. Alternatively, a probe sonicator can also be used;
place the tube in water and sonicate for 1 min at an amplitude of 30%. Dilute the
appropriate volume of MPG into 100 �L of sterile water for each reaction. For
optimal transfection the MPG/oligonucleotide molar ratio is generally 10:1 to 40:1.

3. Add 100 �L of diluted oligonucleotide to 100 �L diluted MPG. Mix gently by
tapping the tube. It is necessary to make the MPG/oligonucleotide complex in a
concentrated solution, which will be added to the cells and then be diluted to the
final transfection volume (600 �L for a 35-mm culture plate).
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4. For multiple assays, a mix for six transfections can be used. Dilute the corresponding
MPG volume into 600 �L of water and the oligonucleotide into 600 �L of PBS.
Mix the two solutions, then proceed as described below. Do not exceed the volume
required for six transfections, as this may cause aggregation.

5. Incubate at 37�C for 20 min to allow the complex to form, then proceed immediately
to the transfection experiments. At this stage, the peptide/oligonucleotide complexes
should not be stored.

3.2. Example of Application: An MPG-mediated siRNA Delivery

3.2.1. Delivery into Adherent Cell Lines

The protocol is described for HeLa and human fibroblast (HS-68) cell lines
cultured in 35-mm culture plates, using an siRNA targeting the GAPDH gene.
siRNA concentration dependence of the silencing response is analyzed by
Western blot and the kinetics of siRNA-induced degradation of GAPDH mRNA
are followed by Northern blotting (Fig. 1). The amount of siRNA and MPG,
the transfection volume, and the number of cells should be adjusted accordingly
to the size of the culture plate used (see Notes 4 and 5).

siRNA (nM)
20

GAPDH

Actin

GAPDH

Actin

Time (h)

ba

0 2 5 100 10 20 50 100

Fig. 1. MPG-mediated delivery of small interfering (si)RNA targeting GAPDH gene
in Hela cells. (A) MPG-�NLS -mediated delivery of siRNA targeting GAPDH gene:
Western blot analysis. Different concentrations of siRNA (0, 10, 20, 50, 100 nM)
were transfected with MPG-�NLS at a molar ratio of 10:1 and the levels of GAPDH
protein were analyzed by Western blotting 30 h posttransfection. Actin was used as
a control to normalize protein loading. (B) MPG-�NLS -mediated delivery of siRNA
targeting GAPDH gene: Northern blot analysis. The kinetics of siRNA (50 nM)-induced
degradation of GAPDH mRNA following transfection with MPG (molar ratio 10:1)
were analyzed by Northern blotting (after 0, 2, 5, 10, and 20 h from left to right). Actin
was used as a control to normalize mRNA levels in each sample. (Reproduced from
ref. 7, with permission from Oxford University Press.)
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1. In a six-well or a 35-mm tissue culture plate, seed 0�3×106 cells per well in 2 mL
of complete growth medium. Incubate the cells at 37�C in a humidified atmosphere
containing 5% CO2 until the cells are 50–70% confluent. It is recommended that the
cells be passed the day before treatment for a better response following transfection
(see Notes 3 and 5).

2. Aspirate the medium from the cells to be transfected and wash the cells twice with
PBS.

3. Overlay the cells with the 200 �L MPG-�NLS /siRNA complex. Add 400 �L of
serum-free medium to the overlay to achieve the final transduction volume of
600 �L for a 35-mm plate.

4. Incubate at 37�C in a humidified atmosphere containing 5% CO2 for 30 min.
5. Add 1 mL of complete growth medium to the cells and adjust the level of serum

to 10 or 20% depending upon the culture condition required. Do not remove the
MPG/siRNA complex. Incubate at 37�C in a humidified atmosphere containing 5%
CO2 for 24 to 48 h, depending on the cellular response expected (see Note 6). The
siRNA are fully released in the cells 1 and 2 h later, respectively.

6. Process the cells for observation or detection assays. GAPDH protein and mRNA
levels were analyzed by Western and Northern blots, respectively. GAPDH
protein is probed using an anti-GAPDH (Sigma). For Northern blotting, total
RNAs are isolated from cells using TriReagent™ (Sigma, Saint Louis) according
to the manufacturer’s recommendations. RNAs are then purified by phenol
extraction followed by ethanol precipitation. RNA samples (10 �g) are separated
by electrophoresis in formaldehyde agarose gels (1.2%), transferred to nylon
membranes (Hybond N+, Amersham Pharmacia Biotech), and hybridized with 32P-
labeled GAPDH and actin probes (the latter used to normalize RNA loading).
Signals are detected by Phosphorimaging (Molecular Dynamics) and quantified
using ImageQuant software. For morphology assays, the cells may be fixed or
observed directly, using live imaging technology.

3.2.2. Delivery into Cells in Suspension

The protocol of MPG-�NLS -mediated siRNA delivery is optimized on Hela
and Jurkat T cells, using siRNA targeting GAPDH. However, efficient trans-
fection may require optimization of MPG concentration, cell numbers, and
exposure time of cells to the MPG/siRNA complex. A comparative study of
different cell lines using a siRNA targeting GAPDH is reported in Fig. 2.

1. The same number of cells recommended for seeding adherent cells is recommended
for suspension cells (confluency between 50 and 70%). Cells are cultured in standard
medium in 35-mm dishes or six-well plates (see Notes 3 and 5).

2. The MPG/siRNA complexes are formed as described for adherent cells
(Subheading 3.2.1., steps 1–4).
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Fig. 2. MPG-�NLS-mediated delivery of siRNA targeting GAPDH in adherent and
suspension cell lines. MPG/siRNA targeting GAPDH gene complexes were formed
at a molar ratio 10:1, then transfected on several adherent and suspension cell lines
grown to 60% confluence. The levels of GAPDH protein were analyzed by Western
blotting 30 h posttransfection. Control transfection experiments were performed using
Oligofectamine™.

3. Collect the suspension cells by centrifugation at 400g for 5 min. Remove the super-
natant and wash the cells twice with PBS.

4. Centrifuge at 400g for 5 min to pellet the cells. Remove the supernatant.
5. Solubilize the cell pellet in the MPG-�NLS/siRNA complex solution (200 �L). Add

serum-free medium to achieve a final transduction volume of 600 �L.
6. Incubate at 37�C in a humidified atmosphere containing 5% CO2 for 30 min to 1 h

depending on the cell lines.
7. Add complete growth medium to the cells and adjust serum levels according

to culture requirements. Do not remove the MPG/siRNA complex. Continue to
incubate at 37�C in a humidified atmosphere containing 5% CO2 for 24 to 48 h
depending upon the expected cellular response. As described for adherent cells,
siRNA are fully released into cells 1 to 2 h later, respectively.

8. Process the cells for observation or detection assays (Subheading 3.2.1., step 6).

3.3. Lipid-Based Formulation for Oligonucleotide Delivery

Several lipid or cationic polymer-based formulations for oligonucleotide
delivery are commercially available (reviewed in ref. 3). Control transfection
experiments are performed for all the cell lines using the most commonly
used Oligofectamine (Invitrogen). Transfection protocols for six-well plates are
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performed according to the manufacturer’s guidelines using a concentration
of oligonucleotide of 50 nM. In the case of a siRNA, assay for silencing is
measured 48 h after transfection and conditions used lead to typical transfection
efficiencies of about 80% for HeLa cell lines.
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4. Notes
1. An important property of MPG-�NLS-based siRNA delivery is that it allows for the

relatively rapid introduction of oligonucleotides into cells. The lack of requirement
of covalent coupling for formation of MPG/oligonucleotide particles favors rapid
release of siRNA into the cytoplasm as soon as the cell membrane has been crossed
(26). Entry of MPG/siRNA complexes into the cell occurs in a short time (10 min),
and release of macromolecules takes place within the first 2 h. The rapid release
of siRNA into the cytoplasm favors rapid degradation of target mRNA. However,
nuclear targeting can be achieved as a result of an MPG variant containing an
integral NLS. This latter version of MPG was shown deliver siRNA efficiently, but
exhibits slower degradation kinetics of mRNA. For long-term effects, the release
of siRNA can be controlled by using this version of MPG leading to a more stable
formulation (7).

2. It is essential to perform complex formation between MPG and the siRNA in
the absence of serum to limit degradation of siRNA and interactions with serum
proteins. However, the transfection process itself is not affected by the presence
of serum, which is a considerable advantage for most biological applications (7).

3. Although this protocol was tested on several cells lines, conditions for efficient
siRNA delivery should be optimized for every new cell line, including reagent
concentration, cell number, and exposure time of cells to the MPG/siRNA
complexes. A well characterized siRNA should always be used as a positive control
of transfection.

4. A large variety of antisense DNA or siRNA have been successfully introduced
into different cell lines using MPG-based strategy and have been shown to induce
significant silencing activity (7,20–22,25,26). Recently, MPG formulation was
adapted to conditions required for in vivo applications and successfully used for
intra-tumoral injection of siRNA (21).

5. Low efficiency may be associated with several parameters:
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a. Cell confluency: for adherent cells, the optimal confluence is of about 50–60%;
higher confluence (90%) dramatically reduces the transduction efficiency.

b. Formation of MPG/siRNA complexes: conditions for the formation of
MPG/siRNA complexes are critical and should be respected. Special attention
should be paid to the recommended volumes, incubation times for the formation
of the complexes, and time of exposure of these complexes to cells.

6. The advantages of MPG technology are directly associated with the mechanism
through which this carrier promotes delivery of siRNA into cells. The independence
of MPG-mediated siRNA transfection on the endosomal pathway significantly
limits degradation and preserves the biological activity of internalized cargoes for
prolonged time periods. Silencing effects were observed up to 7 d after transfection.
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Broth Microdilution Antibacterial Assay of Peptides

Laszlo Otvos and Mare Cudic

Summary

Native peptides exhibit various biological activities from which the antimicrobial property
is one of the most frequently studied. A convenient way of telling whether peptides influence
the life cycle of bacteria is the broth microdilution assay. In this measure, growing bacteria are
incubated with peptides and growth inhibition is detected with colorimetric methods. Highly
charged and protease-sensitive peptides need special considerations in assay design and readout
interpretation to reveal the true antimicrobial efficacy and potential utility as human or veterinary
therapeutics. The broth microdilution assay is suitable for first assessment of antimicrobial
resistance induction.

Key Words: Bacteria; electrolyte content; growth inhibition; microbiology media; resistance
induction; serial dilution; serum stability; turbidity.

1. Introduction
Short and medium-sized native peptides exhibit a series of biological activ-

ities, and are potentially viable starters for drug design. In addition to their
immunological activities as stand-alone fragments of proteins, major peptide
therapeutic classes include peptide hormones (1), toxins (2), and antimicrobial
peptides (3). Indeed, many antimicrobial peptides reached various phases of
clinical development (4). The initial evaluation of the in vitro efficacy of natural
or synthetic analogs always starts with a type of antimicrobial assay. While
there are a plethora of suitable protocols to tell whether a certain molecule can
influence the life cycle of bacteria, such as agar diffusion and turbidimetric,
potentiometric, enzymatic, and radioimmune assays (5), the most convenient
measure for peptides is the broth microdilution growth inhibition assay (6).
This protocol seems to suit the needs of the readers of this book, who are likely
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to be peptide chemists and biochemists, familiar with 96-well plate solution
assays, and interested in pharmacological properties such as half-inhibitory
concentration (IC50) or functional serum stability in addition to the minimal
inhibitory concentration (MIC) that microbiologists are mainly concerned with.

Broth microdilution is convenient and widely used for susceptibility testing
of several antibiotics on a large number of bacterial isolates in a short
time (7). The laboratory method is transferable to commercially available
automated systems, including MicroScan plates or the Vitek automated micro-
biology system (bio Merieux Vitek, Inc.), which are also based on the broth
microdilution method. In this measure, bacteria are grown in plate wells and
antimicrobial test compounds are added in varying concentrations. Growing
bacteria cause turbidity in the wells that is cleared if the antimicrobials, in our
case, peptides, inhibit bacterial growth. In broth microdilution, as with many
susceptibility tests, problems might arise when determining the endpoints of
growth. Turbidity is usually read spectrophotometrically, most frequently at
� = 600 nm, rather than just visual inspection of the wells. The assay is a
3-day procedure, with growing bacteria at day 1, peptide addition at day 2, and
reading the plates at day 3.

1.1. Working With Bacteria

The properties that make bacteria very attractive as compared to eukaryotic
cells are that, in most cases, bacteria grow very well, and an enormous
number of strains are available from the American Type Tissue Collection
(ATCC) or private depositories for nominal costs. The two staple organisms
that are used as targets for the first indication of peptide suitability for
human or veterinary applications are the Gram-negative Escherichia coli
and the Gram-positive Staphylococcus aureus (8). These strains propagate
well in Muller-Hinton (MHB) or Luria-Bertani (LB) broth without any
additive (9,10). Ready-to-use LB solution or MHB powder to be reconsti-
tuted are commercially available; MHB appears to be the medium of choice
for liquid antimicrobial susceptibility assays. Other common enterobacteri-
aceae with therapeutic interest such as Salmonella typhimurium, Klebsiella
pneumoniae, or Pseudomonas aeruginosa also grow well in MHB. Some
fastidious strains require special handling; most notable are respiratory tract
pathogens—Streptococcus pneumoniae, Haemophilus influenzae, or Moraxella
catarrhalis—which fail to grow efficiently in nonsupplemented media, but
propagate adequately if special liquid or gaseous additives are introduced
(11,12). The commercial suppliers of the strains will provide detailed instruc-
tions for bacterial growth conditions.
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Actually, bacteria frequently grow better than we really want. Before any
bacterial work is initiated, peptide laboratories must equip themselves for
biosafety level (BSL)-2 conditions, and the laboratory environment has to be
approved for such work by the institutional laboratory safety committee. The
risk assessment process for working with infectious agents in a laboratory is
accomplished by placing the agent in any one of four BSLs as defined by
the Centers for Disease Control and National Institutes of Health guidelines,
Biosafety in Microbiological and Biomedical Laboratories. BSL-1 is appro-
priate for work with defined and characterized microorganisms that are not
known to cause disease in healthy adult humans. BSL-2 is appropriate for a
broad spectrum of indigenous moderate risk agents present in the community
and associated with human disease of varying severity. BSL-3 is appropriate
for work with indigenous or exotic agents with a potential for respiratory trans-
mission, and which may cause serious and potential lethal infection. BSL-4 is
appropriate for dangerous and exotic agents that pose a high individual risk of
life-threatening disease that may be transmitted by aerosol route and for which
there is no available vaccine or therapy.

There are various levels of containment in a laboratory. They include
laboratory practice and technique, safety equipment, and facility design.
Primary containment is meant for the protection of personnel and the immediate
laboratory environment. This may include personal protective equipment and
the use of Biosafety Cabinets and/or the use of other safety devices. Secondary
containment is for the protection of the environment external to the laboratory.
This is accomplished by a combination of facility design and operational
practices.

1.2. Most Frequently Used Terms

For broth microdilution, the MIC is defined as the lowest concentration of
an antimicrobial agent at which no bacterial growth is detected (see Fig. 1).
A bit confusing is the microbiology use of the terms MIC50 and MIC90 that
reflect the percentage of bacterial strains of a given, usually broad assay, where
antibiotics show certain MIC values. The all-or-nothing view of antimicrobial
therapies do not favor the evaluation of activity as an IC50 figure; yet for
structure-activity relationship studies this way of expressing peptide activity is
more convenient than the dry MIC terminology. IC50 is defined as an antibiotic
concentration where the activity curve crosses the half-line between uninhibited
bacterial growth and medium only at � = 600 nm colorimetric readings
(see Fig. 1).
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Fig. 1. Identification of the minimal inhibitory concentration and the half-inhibitory
concentration during the broth microdilution antibacterial assay. Shown are bacterial
growth inhibition curves of the peptidic antibiotic P-D-A chimera (description in
ref. 16), amoxicillin (negative control), and ciprofloxacin (positive control) against the
�-lactam and sulfonamide resistant Escherichia coli SEC102 strain. The assay was run
in full-strength Muller-Hinton broth.

Another major difference between the microbiology and basic peptide
antibiotic literature is the expression of active peptide concentration. For
ensuing pharmacokinetics and dosing studies, microbiologists use microgram
per milliliter concentration values. Peptide chemists prefer molarity terms
(peptides usually kill bacteria in micromolar concentrations) not only because
of a better grasp of the underlying molecular interactions, but also because
microgram per milliliter figures would further favor small molecule conven-
tional antibiotics by 5- to 10-fold over peptides that are significantly larger
molecules. To satisfy both parties, we usually recommend providing both types
of efficacy values.

1.3. Special Considerations for Peptide Antibiotics

For communicating the results with drug development companies, it is imper-
ative that the assay is run according to recommendations by the National
Committee for Clinical Laboratory Standards (NCCLS [13]). These recom-
mendations require the use of high nutrient growth media in which bacteria
propagate intensely. However, the jury is still out as to which environment
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mimics most faithfully the growth conditions present in mammalian organisms.
For example, peptide antibiotics are inhibited by the salt content of test
media (14), and indeed, the renal tubules, target tissues of some antimicrobial
peptides, have significantly lower salt content than other tissues or bodily fluids
(15). We often study the activity of peptide antibiotics in both full-strength
MHB and in a one-quarter strength version (diluted with water 1:3). It must be
added that bacterial growth is less intense in diluted medium, likely with a less
healthy membrane development (16). Nevertheless, conventional antibiotics,
for which membrane penetration is not an issue, show identical MIC values
irrespective of the electrolyte composition of the medium whereas peptide
antibiotics exhibit a wide activity range (see Table 1).

Pharmacologists know too well that the major drawback to the therapeutic use
of peptides is their sensitivity to serum degradation (17). Indeed, some otherwise
potent antimicrobial peptides lose activity in the presence of mammalian serum
whereas structurally similar analogs retain high activity when serum is added to
the growth medium (see Fig. 2). A useful exercise is to assay the antibacterial
activity of peptide antibiotics on half of the plates without serum addition, and
in the presence of 25% serum (replacing 25% of medium with serum) on the
other half. As the colorimetric readings at � = 600 nm (AUFS) are influenced

Table 1
Minimal Inhibitory Concentrations of the Peptidic Antibiotic Pip-pyrr-MeArg
Dimer (description in ref. 14) and the Fluoroquinolone Antibiotic Levofloxacin
in the Broth Microdilution Assay Conducted Either in Full-Strength
Muller-Hinton Broth or in a One-Quarter Strength Version

Bacterial strains
and antibiotics

Minimal inhibitory concentration (�g/mL) in

undiluted MHB one-quarter strength MHB

Escherichia coli ATCC25922
Pip-pyrr-MeArg dimer >128 8
Levofloxacin 0.06 0.03

Salmonella typhimurium ATCC14028
Pip-pyrr-MeArg dimer >128 16
Levofloxacin 0.06 0.03

Klebsiella pneumoniae ATCC13883
Pip-pyrr-MeArg dimer >128 8
Levofloxacin 0.06 0.06
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Fig. 2. Influence of serum on the activity of peptide antibiotics. The assay was run
without or in the presence of 25% mouse serum. The bacterial strain was Escherichia
coli SEC102, and the medium was one-quarter strength Muller-Hinton broth. The
efficacy of neither the negative control amoxicillin nor the positive control ciprofloxacin
was affected by serum addition.

by the presence of serum, both halves of the plates have to have their own
uninhibited bacterial growth and medium only lanes (see Fig. 2). Do not be
surprised if occasionally peptide activity improves in the presence of serum; this
probably reflects peptide stability and the more in vivo-like bacterial growth
conditions.

1.4. Resistance Induction

A well crafted recent review points out that bacteria can mutate their proteins
easily, and antibacterial peptides with target proteins may be inferior to analogs
acting on the cell membrane because of a relatively easier selection of resistant
strains through mutations at the target level (18). To study this possibility, one
can try to generate resistance against peptidic antimicrobials in vitro. Although
a number of various methods are available for the evaluation of resistance
induction, the most frequently used is the serial passage of bacteria that are
subjected to sublethal doses of peptide antibiotics (19). For example, we co-
cultured E. coli CFT073 once daily for 15 d with sublethal doses of a designed
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Fig. 3. Induction of microbial resistance by the peptide antibiotic Pip-pyrr-MeArg
dimer (description in ref. 14). The minimal inhibitory concentration against the clinical
uropathogen Escherichia coli CFT073 was measured after 5, 10, and 15 passages in
one-quarter strength Muller-Hinton broth.

antimicrobial peptide derivate, the Pip-pyrr-MeArg dimer, that is based on
the native proline-rich peptide pyrrhocoricin (15). The induction of resistant
mutants, as indicated by the increase of the MIC values, was studied after every
fifth passage not only against the co-culturing antibiotic, but a series of other
antimicrobial compounds. As Fig. 3 indicates, treatment of bacteria with the
designer dimer failed to generate resistance to itself, but quickly turned the
strains resistant to the native peptide. Although this exercise is usually useful
to first assess the potential for resistance induction, it is not perfect. With this
method, we failed to induce �-lactamase resistance to amoxicillin.

2. Materials
2.1. Equipment

1. UV/VIS Spectrophotometer (Beckman, model DU-50).
2. Shaking incubator at 37� C (Broekel Industries).
3. Automated Microplate Reader (Biotek Instruments, model #L311).
4. Vortex (Fisher).

2.2. Medium and Reagents

1. MHB medium (Difco 275730).
2. Muller-Hilton agar (Difco 225250).
3. Sterile mouse serum (Equitech-bio SM-0050).
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4. Commercially available antibiotics as controls:

a. Amoxicilin (Sigma A-8523).
b. Ciprofloxacin (USBiological 5074).

5. E. coli (ATCC 25922).
6. S. typhimurium (ATCC 14028).
7. K. pneumoniae (ATCC 13883).
8. S. aureus (ATCC 27660).
9. Sterile snap cap tubes (Falcon 35–2059).

10. Sterile water (to dilute peptides with).
11. Sterile Eppendorf tubes, pipet tips, cryovials (Fisher).
12. Disposable plastic cuvettes (Fisher).
13. Flat bottom polypropylene 96 well plates (Falcon 35–3072) (see Note 1).

2.3. Preparation of Media and Agar for Bacterial Grow

1. MHB Medium: Dissolve 21 g in 1 L deionized water. Autoclave at 121� C for 20 min
and store at room temperature.

2. MHB Agar Plates: Dissolve 38 g in 1 L deionized water. Autoclave at 121� C for
20 min, then allow agar to cool to 50� C, then pour into plates and let it to solidify
(see Note 2).

2.4. Prepare Peptide/Antibiotic Solutions

1. Dissolve peptides to be tested such that the stock concentration is 400 �M (peptide
research approach) or 1.28 mg/mL (microbiology approach).

2. Make twofold serial dilutions from peptide stock starting with 400 �M (400, 200,
100, 50, 25, 12.5, 6.25, and 3�12 �M). Use sterile water and tubes for making the
dilutions.

3. For controls use commercial antibiotics such as amoxicillin or ciprofloxacin.

3. Methods
3.1. Antibacterial Assay

3.1.1. Starting With Freeze-Dried Bacteria

1. Reconstitute lyophilized bacteria following the manufacturer’s (for example ATCC)
recommendation.

2. Transfer reconstituted cells to appropriate media, diluting 1:5 (original culture).
3. Pipet 200 �L of original culture to prewarmed agar plate and spread evenly

using a sterile pipet tip or loop. Place plate into the incubator and let it grow
overnight.
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4. Dilute original culture 1:10 with media (400 �L bacterial suspension to 3.6 mL
media) in a snap cap tube and place in shaking incubator to grow overnight (stock
bacterial solution).

5. Use this stock solution to freeze cells in the morning for seed cell bank (see Note 3).

3.1.2. Starting With Frozen Bacteria

1. Remove one tube of frozen bacteria (seed tube) from the −80� C freezer and place
it on dry ice immediately.

2. Take a stab from the top of the tube using a sterile pipet tip (you need to let the
top of the tube thaw a little) and spread the cells on prewarmed agar plate by
touching the plate gently. Place the plate into an incubator set to 37� C and let it
grow overnight.

3. Place seed tube back to the −80� C freezer as soon as possible after finished,
keeping it on dry ice in the meantime.

3.1.3. Growing Bacteria

1. Start growing cells in suspension by transferring a few isolated colonies from the
agar plate to 4 mL media in a snap cap tube (starter culture).

2. Place tube into the shaking incubator at 37� C and let the cells grow for approx
2–3 h to medium opacity.

3. Transfer 1 mL starter culture to a sterile Eppendorf tube and centrifuge for 5 min at
4000 rpm. (Keep the rest of the starter culture at room temperature.)

4. Remove and discard the supernatant (see Note 4). Resuspend the cell pellet in
1 mL of fresh medium and transfer it to snap cap tubes containing 3 mL media
(1:4 dilution).

5. Transfer 1 mL of this solution to a plastic cuvette and measure the optical density
at 600 nm using medium only as baseline (see Note 5).

6. Keep the diluted starter culture on ice.

3.1.4. Assay Set-Up

1. Just before setting up the assay, further dilute the already diluted starter culture
(from Subheading 3.1.3.) such that the final optical density at 600 nm will be 0.001.
Use full or one-quarter strength media for the dilution depending upon the expected
efficacy. Approximately 11 mL cell suspension will be needed for each plate assay.

2. Use flat-bottom 96-well plates for assay. Each well will hold 90 �L bacterial
suspension and 10 �L diluted peptide. It is recommended that the assay be run
in duplicates or triplicates (2–3 wells for every given peptide concentration) (see
Note 6).

3. Use 100 �L media in the last lane of the plate for medium only control (see Note 7).
4. In the penultimate lane, use 90 �L bacterial suspension without any peptide+10 �L

water as uninhibited bacterial growth control.
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5. Pipet 90 �L bacterial suspension to the rest of each well. Add 10 �L of serially
diluted peptide to each well, starting with the highest concentration in the first
row and getting more and more dilute further down the lane. Mark each peptide’s
position on a paper sheet copying the plate contents (see Note 8).

6. Cover the plate and place into an incubator set to 37� C and allow growth overnight.

3.1.5. Quantitation of the Assay

1. After approx 16 h of incubation measure the cell density in each well at � = 600 nm
using the plate reader.

2. Generate inhibition curves by plotting the colorimetric readings at � = 600 nm on
the Y axis and peptide concentration on the x-axis (as in Figs. 1 and 2).

3. Sterilize the plates with 10% bleach and discard them into red containers labeled
as “Infectious Waste.”

3.2. Resistance Induction

1. Determine the MIC (from Subheading 3.1.5.).
2. In a single well, incubate 90 �L bacterial suspension with 10 �L peptide antibiotics

added at half or one-quarter of the MIC (one or two higher dilution) (see Note 9).
3. Incubate the plate at 37� C overnight.
4. Use this well as a starter culture and repeat steps 2–3 for 10–15 consecutive days

(see Note 10).
5. After the last subculturing cycle, use the well content as starter culture and repeat

the entire broth microdilution assay (Subheadings 3.1.4. and 3.1.5.).
6. Plot the MIC as a function of passage numbers (see Fig. 3).

4. Notes
1. Do not substitute polystyrene for polypropylene microtiter plates. Cationic peptides

bind to the surface of polystyrene (especially “tissue-culture treated” polystyrene).
2. Spray and wipe the bench with 95% ethanol before making agar plates. Use flame

to minimize contamination. If bubbles form while the agar is being poured into the
plate, burst them by passing the flame on the agar quickly. Put the plates inside
the bag upside down (to avoid drying out) and store at 4� C.

3. Cells are optimally stored in 15% glycerol at −80� C.
4. Whenever discard any bacterial material, it must be sterilized with 10% bleach

solution and placed to infectious waste containers.
5. The desired cell density is 0.1–0.4 AUFS units. If the cells are not dense enough

(optical density less than 0.1) place the starter culture back to the incubator and
check again 30 min later (Subheading 3.1.3., steps 3–5). Discard the first set of
diluted cells. Keep checking until the desired density is achieved.

6. The final peptide concentration in the first row (highest concentration) will be
one-tenth of the values from Subheading 2.4., step 2.
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7. Be careful not to cross-contaminate the rest of the lanes with the bacterial prepa-
ration.

8. For studying peptide activity in the presence of serum, add 75 �L bacterial
suspension to the wells (Subheading 3.1.4., step 3) and 65 �L bacterial suspension
(Subheading 3.1.4., steps 4 and 5), followed by 25 �L sterile mouse or human
serum. Add 10 �L of peptide solution and continue.

9. Ideally, one would need only one dilution higher than the MIC, where some bacterial
growth is still detected. However, the liquid broth microdilution assay is frequently
reported to be inaccurate for one serial dilution. To make certain that bacteria still
grow, the authors sometimes use peptides at 25% of the MIC.
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Depsipeptide Synthesis

Maciej Stawikowski and Predrag Cudic

Summary

Naturally occurring cyclic depsipeptides, peptides that contain one or more ester bonds in
addition to the amide bonds, have emerged as an important source of pharmacologically active
compounds or promising lead structures for the development of novel synthetically derived
drugs. This class of natural products has been found in many organisms, such as fungi, bacteria,
and marine organisms. It is very well known that cyclic depsipeptides and their derivatives
exhibit a diverse spectrum of biological activities, including insecticidal, antiviral, antimicrobial,
antitumor, tumor-promotive, anti-inflammatory, and immunosuppressive actions. However, they
have shown the greatest therapeutic potential as anticancer and particularly antimicrobial agents.
Difficulties associated with isolation and purification of larger quantities of this class of natural
products and, particularly, unlimited access to their synthetic analogs significantly hampered
cyclic depsipeptides exploitation as lead compounds for development of new drugs. As an
alternative, total solution or solid-phase peptide synthesis of these important natural products and
combinatorial chemistry approaches can be employed to elucidate structure–activity relationships
and to find new potent compounds of this class. In this chapter, methods for formation of
depsipeptide ester bonds, hydroxyl group protection, and solid-phase reaction monitoring are
described.

Key Words: Depsipeptides; solution and solid-phase synthesis; ester bond formation; hydroxyl
group protection; reaction monitoring.

1. Introduction
Natural products serve as an important source of pharmacologically active

compounds or lead structures for the development of novel synthetically derived
drugs (1–3). This is particularly evident in the areas of cancer and infectious
diseases, where in the period between 1981 and 2002 over 60% of the approved
drugs and drug-candidates are of natural origin (4). Among natural products,
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peptides are particularly interesting because of the key roles they play in physi-
ological processes. According to recent literature data, there are more than 40
peptide drugs available on the market and more than 80 peptides in the clinical
phase II and III trials (5–8). Although there are limitations for peptides as drugs
per se (short half-life, rapid metabolism, and poor oral bioavailability), their
potential high efficacy combined with minimal side effects made them to be
widely considered as a lead compounds in drugs development. Nevertheless,
pharmacokinetic properties of peptides can be improved by different types
of modifications (9). Peptidomimetic modifications or cyclization of linear
peptides are frequently used as an attractive method to provide more confor-
mationally constrained and thus more stable and bioactive peptides (10–15).
In addition to this, replacement of the amide groups that undergo proteolytic
hydrolysis with ester groups may lead to longer-acting compounds not so prone
to proteolysis (16–19). Considering all these modifications that can potentially
improve peptide metabolic stability, naturally occurring cyclic depsipeptides
that contain one or more ester bonds in addition to the amide bonds emerge as
promising lead compounds for drug discovery.

Cyclic depsipeptides have been found in many natural organisms such as
fungi, bacteria, and marine organisms (20,21). It is very well known that cyclic
depsipeptides and their derivatives exhibit a diverse spectrum of biological
activities including insecticidal, antiviral, antimicrobial, antitumor, tumor-
promotive, anti-inflammatory, and immunosuppressive actions. However, they
have shown the greatest therapeutic potential as anticancer and particu-
larly antimicrobial agents. Depsipeptides such as didemnin B, dolastatin
10, kahalalide F, and FR901228 have entered clinical trials as potential
anticancer agents. Among them, dolastatin 10 emerges as the most potent
antineoplastic agent known (22). It inhibits microtubule assembly and induces
apoptosis in numerous malignant cell lines. Dolastatin 10 is currently in phase-
I and -II cancer clinical trials. In addition, occurrence of multidrug-resistant
pathogens and urgent demands for new and more potent antimicrobials place
also this class of natural products in the center of the attention for devel-
opment of new antibacterial agents. Excellent examples of depsipeptide’s
clinical potentials as novel antimicrobial agents are naturally occurring cyclic
lipodepsipeptides daptomycin 1 and ramoplanin 2 (Fig. 1). Very impor-
tantly, both of these lipodepsipeptides inhibit biosynthesis of Gram-positive
bacterial cell wall by the mechanisms that differ from those characteristic
for vancomycin, the most important drug in current use for the treatment
of Gram-positive bacterial infections. Cyclic lipodepsipeptide daptomycin 1
(Cubicin®, Cubist Pharmaceuticals, Inc.) (23) was approved in September
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Fig. 1. Structures of lipodepsipeptides daptomycin 1 and ramoplanin 2.

2003 by the US Food and Drug Administration (FDA) for the treatment
of complicated skin infections caused by Gram-positive bacteria, including
methicillin-resistant Staphylococcus aureus. This cyclic lipodepsipeptide has a
unique mechanism of action that involves disruptions of multiple aspects of
bacterial membrane function. Daptomycin is the first antibiotic in a new struc-
tural class to be approved since the introduction of the oxazolidinone linezolid
(Zyvox®, Pfizer) in 2000. Another cyclic lipodepsipeptide mentioned here,
ramoplanin 2 (Oscient Pharmaceuticals), is among the agents in advanced stages
of clinical development for eradication of vancomycin-resistant Enterococcus
faecium and methicillin-resistant S. aureus and, at present, likely to proceed
to licensing (15,23). Ramoplanin disrupts bacterial cell wall biosynthesis by
inhibiting glycosyltransferase- and transglycosylase-catalyzed peptidoglycan
biosynthesis.

Difficulties associated with isolation and purification of larger quantities of
naturally occurring depsipeptides and, particularly, unlimited access to their
synthetic analogs significantly slower their exploitation as lead compounds
for development of new drugs. As an alternative, total solution or solid-
phase peptide synthesis of these important natural products and combina-
torial chemistry approach can be employed to elucidate structure–activity
relationship and to find new potent compounds of this class. Cyclic depsipeptide
synthesis presents a challenging synthetic task because of depsipeptides’ struc-
tural diversity and complexity, specifically in the macrocyclic domain, and
their complex, mainly lipidic, side chains. Therefore, a general depsipeptide
synthetic strategy can be outlined as follows:

1. Synthesis of unusual building blocks (amino acids, lipids, sugars etc.).
2. Incorporation of these building blocks into peptide chain by traditional peptide

synthetic methodologies.



324 Stawikowski and Cudic

3. Cyclization in solution or on solid support via macrolactamization (amide bond
formation), or macrolactonization (ester bond formation).

Although synthesis and incorporation of unusual building blocks into the
peptide chain is not straightforward and very often poses a synthetic challenge,
the key step in the synthesis of cyclic depsipeptides is the ring closure. The
ring closure carries significant strategic importance and can dictate the level of
success of the synthesis. For example, poor ring disconnection can lead to slow
cyclization rates, thus facilitating side reactions such as dimerization, oligomer-
ization, and/or epimerization of the C-terminal residue. Traditional methods
to prepare cyclic peptides and, therefore, depsipeptides involve solid-phase
synthesis of the partially protected linear precursor and cyclization in solution
under high dilution conditions (10,12). As an attractive alternative, cyclization
could be performed while peptides still remain anchored to the polymeric
support. The solid-phase method may be advantageous because of pseudo-
dilution effect, a kinetic phenomenon that favors intramolecular reactions
over intermolecular reactions (24). Also, taking into consideration the limited
stability of the ester bond and the possibility of racemization if basic conditions
were to be used as well as the compatibility of the deprotection and cleavage
conditions with the resin linkage, macrolactamization appears to be better
choice for depsipeptide ring closure (25–28). However, macrolactamization is
not the only option, and examples of successful macrolactonization have been
reported as well (29,30). Cyclization strategies in peptide synthesis were subject
of many recent reports (10,12); therefore, they are not described in this chapter.
Instead, methods for formation of depsipeptide ester bond, hydroxyl group
protection, and methods for solid phase reaction monitoring are described.

2. Materials
1. All materials and reagents are commercially available and used as received.
2. Synthesis solvents, such as dichloromethane (DCM), ethyl acetate (EtOAc),

tert-butanol (t-BuOH), 1-methyl-2-pyrrolidinone (NMP), tetrahydrofurane (THF),
methanol (MeOH), toluene, were high-performance liquid chromatography (HPLC)
or peptide-synthesis-grade and can be obtained from Sigma-Aldrich, Fisher, VWR,
or other commercial sources.

3. Peptide coupling reagents such as diisopropylcarbodiimide (DIC), benzotriazole-
1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphate (PyBOP), and bromo-
tris-pyrrolidino-phosphonium hexafluorophosphate (PyBrop), may be obtained from
Sigma-Aldrich, ChemImpex, Novabiochem.

4. Specific esterification reagents including diethyl azodicarobxylate (DEAD) and
derivatives, triphenylphosphine (PPh3� and 2,4,6-trichlorobenzoyl chloride, can be
purchased from Sigma-Aldrich, Fisher, VWR or other commercial sources.
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5. Hydroxyl protecting/deprotecting reagents such as trifluoromethanesulfonic
acid tert-butyldimethylsilylester (TBDMS triflate), tetrabutylammonium fluoride
(TBAF), dihydropyran, p-toluenesulfonic acid (p-TsOH), and hexafluoroacetone
(HFA) can be purchased from Sigma-Aldrich, Fisher, Fluka or other suppliers.

6. Reagents for monitoring of the presence of free hydroxyl groups such
as 4-(p-nitrobenzyl)pyridine, p-toluenesulfonyl chloride (p-TsCl), 4-methyl
morpholine (NMM) and 2,4,6-trichloro-[1,3,5]-triazine (TCT), and dyes such as
Alizarin R, fluorescein or fuchsin, can be purchased from Sigma, Fluka, Merck or
other suppliers.

7. Resins for solid-support synthesis can be obtained from Rapp-Polymere (Germany),
Novabiochem (USA), ChemImpex, Aapptec (USA) and other suppliers.

3. Methods
Since R. B. Merrifield’s pioneering work in early 1960s, solid phase

synthesis became a routine tool for the preparation of peptides and other natural
oligomers, namely nucleotides and oligosaccharides. As a result of a high
coupling efficiency and suppression of enantiomerization, aminium- (uranium)
and phosphonium-salt based coupling reagents have become the preferred
peptide synthetic tools. However, their application in depsipeptide ester bond
formation was shown to be quite inefficient (34). Because no general method-
ology has been established for the synthesis of depsipeptides, this chapter
describes approaches most commonly reported in the literature for the synthesis
of this important class of natural products. These include solid phase and
solution procedures.

3.1. Carbodiimide/4-Dimethylaminopyridine Coupling Method

Carbodiimide reagents have been widely used in peptide synthesis because
of their moderate activity and low cost (31). They are used as a coupling
reagents and esterification reagents during loading first amino acid on resin.
The most commonly used carbodiimide reagent is 1,3-diisopropylcarbodiimide
(DIC, DIPCI). By using a 2:1 molar ratio of amino acid to DIC, the symmetrical
anhydride is formed which in turn reacts with free hydroxyl group and the
ester bond is formed (Fig. 2). The reaction is catalyzed by the presence of
4-dimethylaminopyridine (DMAP), which increases the nucleophilicity of the
hydroxyl group (32).

When carbodiimide is used in 1:1 molar ratio with amino acid, the reaction
proceeds via O-acylisourea mechanism and the corresponding ester bond is
formed (Fig. 3).
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The following general solution and solid phase synthetic protocols can be
used for depsipeptide bond formation using DIC/DMAP coupling methodology
(33,34).

3.1.1. Depsipeptide Ester Bond Formation Using the DIC/DMAP
Method on Solid Support

This protocol was adopted from refs. 33 and 34.

1. Place the resin in dry reaction vessel.
2. Wash the resin three times with THF and DCM and then swell in THF.
3. Dissolve DIC (5 eq), DMAP (0.1 eq relative to resin loading) and protected

carboxylic acid derivative (protected amino acid derivative) in THF (1 mL/100 mg
of the resin) (see Note 1). Add this solution to the resin.

4. Allow the resin to agitate at room temperature for 2 h.
5. Wash the resin (3 min each) with 3×10 mL of THF; 3×10 mL of acetone; 3×10 mL

of DCM.
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6. Transfer small amount of resin to the test tube and perform test for the presence of
free hydroxyl groups (see Subheadings 3.6.1. and 3.6.2.) or monitor the coupling by
matrix-assisted laser desorption/ionization (MALDI)-time-of-flight (TOF) analysis.

7. If the resin gives the positive test, repeat steps 2–5 with fresh reagents.

3.1.2. Depsipeptide Ester Bond Formation Using the DIC/DMAP
Method in Solution

This protocol was adopted from refs. 36–38.

1. Dissolve protected amino acid (1 eq) and alcohol derivatives (1 eq) in DCM
(10 mL/equivalent of amino acid).

2. Cool the reaction mixture to 0�C under an atmosphere of dry N2.
3. Add DIC (1 eq) and DMAP (0.1 eq).
4. Stir the mixture at room temperature for 16 h.
5. Filter the reaction mixture to remove the precipitated diisopropylurea.
6. Concentrate the filtrate and purify by column chromatography.

3.2. Ester Bond Formation Using the Boc-Amino Acid
N-Hydroxysuccinimide Ester Method

R. Katakai et al. (39) reported recently solution phase synthesis of Boc-
tri- and terta-depsipeptides using Boc-amino acid N -hydroxysuccinimide ester
(Boc-AA-ONSu) (Fig. 4). The method first requires synthesis of didepsipeptide-
free acids through the formation of an ester bond between the carboxyl group of
an amino acid and the hydroxyl group of a free hydroxyl acid. This is achieved
by the reaction of Boc-AA-ONSu with hydroxyl acid pyridinium salt in the
presence of a catalytic amount of DMAP. In the second step, depsipeptide chain
elongation was obtained by the reaction of free C-terminal carboxylic group
with Boc-AA-ONSu. The method also allows the use of less polar organic
solvents, which can be advantageous for the synthesis of highly hydrophobic
depsipeptide sequences.

This protocol was adopted from ref. 39.

1. Dissolve Boc-protected hydroxy amino acid (1.2 eq) in THF (1.6 mL/mmol of amino
acid) and pyridine (1.2 eq).

2. Add to the solution Boc-AA-ONSu (1 eq) and DMAP (0.1 eq).
3. Stir the reaction mixture at room temperature for 20 h.
4. Dilute the mixture with ethyl acetate, and wash with 1 M HCl and water.
5. Extract the mixture three times with saturated NaHCO3 aqueous solution.
6. Combine aqueous layers, acidify with 1 M HCl and extract three times with ethyl

acetate.
7. Wash organic layer with water and saturated NaCl aqueous solution and dry over

Na2SO4.
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8. Concentrate the filtrate and crystallize the product by addition of hexane.
9. Purify the product by recrystalization from diethyl ether/hexane (see Note 2).

3.3. Mitsunobu Esterification

The Mitsunobu reaction (40) is widely used in synthetic organic chemistry
because of reaction mildness and effectiveness, and provides an alternative
method for esterification in which an alcohol, not a carboxylic component,
is activated (Fig. 5). The esterification reaction via Mitsunobu mechanism
is carried out in the presence of the redox system such as DEAD/PPh3 and
proceeds with complete inversion of configuration of the alcohol component
(41). This reaction, commonly used in the syntheses of nonpeptidic lactones,
was shown to be effective in solution phase preparation of depsipeptides as well.

Fmoc-NH-CHR-COOH

AAHO

DEAD

PPh3
Fmoc

H
N

O

R

O

AA

N
N

O

O
O

O

Fig. 5. Mitsunobu esterification. AA, amino acid.
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This protocol was adopted from refs. 42 and 43.

1. Dissolve N -protected amino acid (1 eq), corresponding alcohol (1 eq) and triph-
enylphosphine (2 eq) in dry THF (8 mL/mmol of AA).

2. Cool the reaction mixture to 0�C under an atmosphere of dry N2.
3. Add dropwise DEAD (2 eq) (see Note 3).
4. Stir the mixture at room temperature for 4 h.
5. Remove the solvent under reduced pressure.
6. Dissolve the residue in EtOAc and wash three times with a saturated solution of

NaHSO4.
7. Dry the organic layer over Na2SO4, concentrate the filtrate and purify by column

chromatography.

3.4. Yamaguchi Esterification

The esterification reaction that requires use of 2,4,6-trichlorobenzoyl chloride
for the preparation of a mixed anhydride was first reported by Yamaguchi and
co-workers (44). In general, the Yamaguchi esterification involves the reaction
of an aliphatic acid with 2,4,6-trichlorobenzoyl chloride to form the mixed
aliphatic-2,4,6-trichlorobenzoyl anhydride. The isolated mixed anhydride, upon
reaction with an alcohol, in the presence of DMAP, produces the aliphatic ester
with high regioselectivity (Fig. 6). Although commonly used in the macro-
lactonization reactions, there are only few literature examples of Yamaguchi
esterification in peptide chemistry (45,46). Nevertheless, the Yamaguchi ester-
ification reaction may present an interesting alternative to the Mitsunobu
esterification for solution phase depsipeptide preparation.

This protocol was adopted from refs. 45 and 46.

1. Dissolve N -protected amino acid (1 eq), diisopropylethylamine (1.5 eq), and
2,4,6-trichlorobenzoyl chloride (1.2 eq) in dry THF (8 mL/eq of AA).

2. Stir the mixture at room temperature for 3 h.
3. Filter the reaction mixture through a pad of silica gel.
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O TEA
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O O

O

O O

HO
DMAP

O

O

+

+

Cl Cl

Cl

ClCl

Cl

AA

Cl

ClCl

AA
AA

AA

AA1AA1

Fig. 6. Yamaguchi esterification. AA, amino acid.
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4. Concentrate the filtrate under reduced pressure.
5. Dissolve the residue in toluene add corresponding alcohol (0.4 eq) and DMAP

(0.8 eq).
6. Stir the mixture at room temperature for 3 h (see Note 4).
7. Dilute the reaction mixture with ethyl acetate and wash with saturated aqueous

NaHCO3, and brine.
8. Dry the organic layer over Na2SO4, concentrate the filtrate and purify by column

chromatography.

3.5. Protection of Hydroxyl Groups During Solid-Phase Depsipeptide
Synthesis

During synthesis of depsipeptides problem of protection/deprotection of
hydroxyl groups may appear. Although it is possible to use unprotected
hydroxy-amino acids such as Thr or Ser during solid phase peptide synthesis,
generally, it is highly recommended that they be protected. J. S. Davis et al.
(47) described use of a combination of tert-butyldimethylsilyl (TBDMS) and
9-fluorenylmethyloxycarbonyl (Fmoc) protection for the hydroxy and amino
groups during solid phase synthesis of pentadepsipeptide (Fig. 7). However,
R. Riguera et al. reported that the TBDMS group is not sufficiently stable
under the esterification conditions used for coupling (33,34). Instead, these
authors proposed protection of hydroxyl groups as tetrahydropyranyl (THP)
ethers (33,34) (Fig. 8). This method gives high yields and allows the prepa-
ration of relatively large depsipeptides. The versatility of the method has been
demonstrated by the preparation of different hydroxy and amino acid-containing
substrates. HFA is another protecting group to be fully compatible with
depsipeptide solid phase synthesis as demonstrated by F. Albericio et al. (48,49).
Hexafluoroacetone is a well known protecting and activating reagent for �-
hydroxy, �-amino and �-mercapto functionalized carboxylic acids (48,49). The
protection of hydroxy group requires one reaction step in which the �-functional

HO
DCM

AA

AA

HO AAOTBDMS
TBAF

THF

TBDMS

TBDMS triflate
2,6-lutidine

AAO

Fig. 7. tert-Butyldimethylsilyl protection/deprotection of free hydroxyl group.
AA, amino acid.
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O

p-TsOH

DCM
O O

AAHO AA+

Fig. 8. Tetrahydropyranyl protection of free hydroxyl group. AA, amino acid.

group and the neighboring carboxylic group form a lactone. In this way, the
carboxylic group is activated and the �-functionality is protected.

The protocols for protection of hydroxyl groups in depsipeptide solid-phase
synthesis are the following:

3.5.1. TBDMS Triflate Protection Protocol

TBDMS triflate is the most efficient method for introducing the TBDMS
onto free hydroxyl group (Fig. 7).

This protocol was adopted from refs. 50 and 51.

1. Dissolve hydroxyl amino acid (1 eq) in dry DCM (10 mL/1.2 mmol of amino acid)
under inert atmosphere.

2. Cool the solution to 0�C.
3. Add sequentially 2,6-lutidine (1.5 eq) and TBDMS triflate (1.3 eq).
4. Allow reaction mixture to warm to room temperature.
5. Stir reaction mixture at room temperature for 2 h.
6. Concentrate reaction mixture under reduced pressure and purify by column

chromatography.

3.5.1.1. TBDMS Removal for Solid-Phase Methodology

This protocol was adopted from ref. 45.

1. Place the resin in dry reaction vessel.
2. Wash the resin �3×10 mL� with THF and remove excess of solvent.
3. Dissolve (3–4 eq, relative to the resin loading) TBAF in THF (30 mL).
4. Add above solution to the resin (20 mL/g) and allow agitating for 1 h.
5. Repeat once more steps 2–4.
6. Wash the resin three times sequentially with THF and DMF.

3.5.2. THP Protection for Solid-Phase Methodology

This protocol was adopted from refs. 33 and 34.

1. Dissolve hydroxy amino acid (1 eq) and p-TsOH (0.05 eq) in DCM (10 mL/g).
2. Add dropwise dihydropyran (1.5 eq) (see Note 5).
3. Allow reaction mixture to stir at room temperature for 1.5 h.
4. Extract reaction mixture with 0.2 M KOH �2×50 mL�.
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5. Combine KOH layers and acidify it with 6 N HCl to pH 3.0–4.0 and extract three
times with DCM.

6. Combine DCM extracts, and wash the extracts with water.
7. Dry the organic layer over Na2SO4, concentrate the filtrate and purify by column

chromatography.

3.5.2.1. THP Deprotection for Solid-Phase Methodology

This protocol was adopted from refs. 33 and 34.

1. Prepare deprotection solution of p-TsOH (5 mg/mL) in DCM/MeOH (97:3).
2. Wash the resin with DCM and remove excess of the solvent.
3. Add deprotection solution to the resin (15 mL/g) and allow agitating for 1 h.
4. Repeat steps 2–3 one more time.
5. Wash the resin with DCM �3×10 mL�, acetone �3×10 mL� and THF �3×10 mL�.

3.5.3. HFA Protection for Solid Phase Methodology (Fig. 9)

This protocol was adopted from refs. 52 and 53.

1. Dissolve �-hydroxy amino acid (1 eq) in minimal amount of dimethylsulfoxide
(DMSO).

2. Bubble 2 eq of HFA through the above solution (see Note 6).
3. Stir reaction mixture for 2 h at room temperature.
4. After completion of reaction pour the reaction solution into a 1:1 mixture of

water/DCM.
5. Separate the organic layer and extract aqueous layer several times with DCM.
6. Combine organic layers, and wash it with water.
7. Dry the organic layer over Na2SO4, remove the solvent under reduced pressure and

purify by crystallization from chloroform/hexanes.
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Fig. 9. Hexafluoroacetone protection and deprotection of free hydroxyl group.
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3.6. Solid-Phase Reaction Monitoring

Assessment of the extent of reaction completion is crucial in the case of
repetitive solid phase synthesis such as solid phase peptide synthesis. The
ninhydrin or Kaiser (54) test is the method of choice for qualitative colorimetric
monitoring of the presence or absence of free amino groups. On the other
hand, for the solid phase synthesis of depsipeptides, in which amide bonds are
replaced by ester bonds, it is necessary to monitor the extent of completion of
ester bonds formation as well. Pomonis (55,56) and TCT/AliR (57) tests are
described in the literature for detection the presence of free hydroxyl group on
the solid support or in the solid support bound growing depsipeptide chain.

3.6.1. Pomonis Test

The test is based on the transformation of the hydroxyl group into its tosylate,
displacement of corresponding tosylate by 4-(p-nitrobenzyl)pyridine (PNBP),
and finally conversion of the solid supported pyridinium salt to a strongly
colored internal salt by treatment with base (Fig. 10).

All operations are carried out directly on the resin. When free hydroxyl
groups are present, the blue to purple color is observed.
This protocol was adopted from refs. 55 and 56.

1. Take one drop of a suspension of resin beads in DCM (approx. 1 mg dry resin)
from the reaction vessel with a Pasteur pipette and place it on a silica gel TLC
plate.

2. Make one reference sample using the same procedure.

p-TsC1
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2. piperidine

1. PNBP

N
O2N

N

HO
resin
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O

peptide

peptide

O2N

peptide

peptide

Fig. 10. Pomonis test for the presence of free hydroxyl groups on resin.
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3. Spread out the sample to a thin circular film of about 0.5 cm diameter by carefully
dropping DCM from a Pasteur pipet.

3. Add two drops of a toluene solution containing 0.03 Mp-TsCl (see Note 7).
4. Add two drops of a solution of 0.075 M PNBP in toluene and heat the plate

from underneath with a heat gun until the orange color that initially develops had
disappeared completely (about 10–12 s) (see Note 7).

5. Add two drops of a 10% piperidine solution in chloroform to each spot followed
by gentle drying of the plate with a heat gun.

6. Carefully wash samples with several drops of DCM and allow drying.
7. If no free OH are present, the test sample should appear colorless as does the

negative blank. If color appears, unreacted OH groups are present in the resin.
8. Because the white silica “background” often remains colored to a certain extent in

spite of the washings, an alternative is to scrape the dry resin beads from the TLC
plate and to deposit them onto a white well plate. This enhances the contrast and
allows easier distinction of positive and negative test results.

3.6.2. TCT/AliR Test

The TCT/AliR test was developed by M. Taddei et al. (57) and used for
detection of free hydroxyl group on the solid support. This test is based on the
activation of hydroxyl groups with TCT, followed by coupling of a carboxylic
dye such as commercially available Alizarin R (AliR) or fluorescein (Fig. 11).
The presence of solid support bound free hydroxyl group is indicated by deep
yellow-red or yellow-green stained beads.
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Fig. 11. 2,4,6-Trichloro-[1,3,5]-triazine /carboxylic acid dye test for the presence of
free hydroxyl groups on resin.
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This protocol was adopted from ref. 57.

1. Take some beads of the resin (swollen) and transfer them into a test tube. Wash the
beads several times with DMF.

2. Add 3 mL of DMF followed by 1 mL of NMM and 5 mg of solid TCT.
3. Heat the test tube at 70�C for 20 min.
4. Remove the solution and rinse the beads several times with DMF.
5. Add 3 mL of DMF followed by 5 mg of AliR and 1 mL of NMM (see Note 8).
6. After 5 min, discard the solution and wash the beads with DMF until the solvent is

clear. Wash finally with THF or DCM. Observe the color of the beads directly in
the test tube or with a microscope.

4. Notes
1. DCM can also be used as a solvent instead of THF. Use of DMF may result in low

reaction yields (35).
2. For elongation of depsipeptide chains via amide bond formation using this method,

see ref. 39.
3. Alternatively, diisopropylazodicarboxylate (DIAD), di-tert-butyl azodicarboxylate

(DBAD), and dibenzyl azodicarboxylate (DBAD) can be used instead of DEAD.
4. After addition of an alcohol, the reaction time can be extended to 24 h.
5. Introduction of THP protecting group onto a chiral molecule results in the formation

of diastereoisomers, because of additional stereogenic center present in the tetrahy-
dropyran ring.

6. HFA is commercially available as a gas in lecture bottles or as a liquid trihydrate. The
gaseous HFA is obtained upon dropwise addition of the trihydrate to concentrated
sulfuric acid at 80–100° C with stirring. For safety reasons all experiments with
HFA should be carried out in a fume hood! HFA protection applies to �- and
�-functionalized carboxylic acids.

7. The solutions of PNBP and p-TsCl can be stored at 4�C for a few weeks only; after
prolonged storage period they lose their efficacy.

8. AliR is used as the sodium salt. The method uses commercially available reagents
and may also be used with different carboxylic acid dyes. In the case of fluorescein
or fuchsin dyes, their 0.025% solution (3 mL) in NMP needs to be used in
Subheading 3.6.2., step 5. These solutions must be prepared just before the use.
The TCT/AliR test is not compatible with free carboxylic group due to possible
lactonization of hydroxyl acids.
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