/[

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

> % NIH Public Access
@@‘ Author Manuscript

2 HEpst

o NATIo

Published in final edited form as:
Chembiochem. 2012 January 23; 13(2): 259-270. doi:10.1002/cbic.201100638.

Arginine Mimetics via a-Guanidino Acids: Introduction of
Functional Groups and Stereochemistry Adjacent to Recognition
Guanidiniums in Peptides

Shalini Balakrishnan®[@ Michael J. Scheuermann®[@ and Neal J. Zondlo™[l

[ADepartment of Chemistry and Biochemistry University of Delaware Newark, Delaware 19716
(USA)

Abstract

Arginine residues are broadly employed for specific biomolecular recognition, including in
protein-protein, protein-DNA, and protein-RNA interactions. Arginine recognition commonly
exploits the potential for bidentate electrostatic and hydrogen-bonding interactions. However, in
arginine residues, the guanidinium functional group is located at the terminus of a flexible
hydrocarbon side chain, which lacks the functionality to contribute to specific arginine-mediated
recognition and may entropically disfavor binding. In order to enhance the potential for specificity
and affinity in arginine-mediated molecular recognition, we have developed an approach to the
synthesis of peptides that incorporates an a-guanidino acid as a novel arginine mimetic. a—
Guanidino acids, derived from a-amino acids, with guanylation of the amino group, were
incorporated stereospecifically into peptides on solid phase via coupling of an Fmoc amino acid to
diaminoproprionic acid (Dap), Fmoc deprotection, guanylation of the amine on solid phase, and
deprotection, generating a peptide containing an a-functionalized arginine mimetic. This approach
was examined via the incorporation of arginine mimetics into ligands for the Src, Grb, and Crk
SH3 domains at the site of the key recognition arginine. Protein binding was examined for
peptides containing guanidino acids derived from Gly, .-Val, .-Phe, .-Trp, o-Val, o-Phe, and o-Trp.
We demonstrate that paralog specificity and target site affinity may be modulated via the use of a-
guanidino acid-derived arginine mimetics, generating peptides that exhibit enhanced Src
specificity via selection against Grb and peptides that reverse the specificity of the native peptide
ligand, with enhancements in Src target specificity of up to 15-fold (1.6 kcal/mol).
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Introduction

Arginine residues have unique biomolecular recognition properties owing to the
guanidinium functional group, which displays 5 coplanar hydrogen bond donors, a diffuse
positive charge, and delocalized pi electrons.[] The guanidinium group is particularly adept
at multidentate hydrogen bonding and electrostatic interactions, leading to highly favorable
interactions with phosphate, carboxylate, and sulfate anions.[2] These characteristics often
result in the observation of obligatory arginine recognition in the interactions of proteins
with DNA, RNA, lipids, carbohydrates, and other proteins, as observed in cell-cell
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communication and extracellular signaling, in intracellular signal transduction pathways,
and in the control of transcription and translation, among many other applications.[12. 3]
Arginine-rich peptides also have special application as cell-penetrating peptides, in a manner
that is dependent on the guanidinium functional groups of the peptides.[“!

One potential limitation of arginine-mediated recognition is the presence of the guanidinium
group at the end of linear alkyl side chain. The three methylenes (—CH,- groups) of arginine
residues may enhance target site affinity via the hydrophobic effect, but their inherent
flexibility, which allows recognition through one or more of multiple side chain rotamers,
imposes a potential cost in both entropy and in recognition specificity, as the linear alkyl
side chain can readily adapt to different structures.[5] Moreover, the linear side chain lacks
additional features (e.g. functional groups or stereochemistry) that could enhance specific
target recognition.

A broad interest in the pharmacological control of arginine-mediated interactions has led to
the development of a range of small molecule arginine mimetics.[®] We recently described
the stereospecific synthesis of the novel arginine mimetic a-guanidino acids, in which the
a-amino group of standard a-amino acids is guanylated to generate a guanidinium group
with adjacent stereochemistry and functional groups.[] In that work, we focused on the
synthetic development of a-guanidino acids as arginine mimetics in small molecules.
However, we envisioned that a-guanidino acids could function as arginine mimetics within
peptides, via the conjugation of an amino acid to the B- or a.-amino group of a
diaminoproprionic acid (Dap) residue and subsequent guanylation (Figure 1). This approach
would have the potential to introduce both stereochemistry and functional groups for
molecular recognition adjacent to the key guanidinium, providing the possibility of
enhanced target specificity and/or affinity. Moreover, because the approach is based on
guanylated a-amino acids, it has the potential to introduce a wide range of a-functional
groups, owing to the broad availability of structurally and functionally diverse a-amino
acids. Indeed, in the work of Wells, Arkin, and coworkers, small molecules containing a-
guanidino acids could dramatically modulate affinity for interleukin-2, with both
stereochemistry and side chain significantly affecting target recognition.[7d-N] This work
provided critical proof of concept for the application of a-guanidino acids in specific target
recognition, although their synthetic approach involved separation of diastereomers of a-
guanidino acid-containing compounds.

To explore the application of a-guanidino acid-based arginine mimetics, we have developed
approaches to the synthesis of peptides containing a-guanidino acids and tested these
arginine mimetics in the challenging context of paralog-specific recognition of SH3 domains
by proline-rich peptides.

Design of peptides containing a-guanidino acids as novel arginine mimetics

We examined arginine-mediated recognition via a-guanidino acid arginine mimetics within
the context of proline-rich ligands of SH3 domains.[8] SH3 domains are small (~60 amino
acids) protein domains that are critical for protein-protein interactions in signal transduction.
SH3 domains bind short proline-rich ligands with a typical PXXP motif. Because of the
importance of SH3 domains in cell signaling, there has been substantial interest in
developing inhibitors of SH3 domain-mediated protein-protein interactions.[®] However, the
inherent flatness of the recognition surface has resulted in significant problems in achieving
paralog specificity, that is, achieving specific recognition of one SH3 domain among the
approximately 300 SH3 domains in the human proteome.[9%. 101 Challenges in achieving
paralog specificity have resulted in a significant reduction in pharmaceutical efforts to target
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SH3 domains, compared to the peak interest in the 1990s, despite potential applications as
therapeutics in cancer and other diseases.

SH3 domains typically bind peptides with one or more arginine residues at the N-terminus
(type 1) or the C-terminus (type I1) of the recognition sequence.[é¢ 9%. 111 Confounding
attempts to achieve paralog specificity, it was recognized that a single SH3 domain could
bind both type I and type Il ligands, via a reversal of the orientation of ligand binding.
Analysis of available high resolution structures of peptides bound to SH3 domains reveals
that arginine recognition by SH3 domains involves a combination of electrostatic and
hydrogen bonding interactions with the guanidinium and hydrophobic interactions with the
arginine methylenes (Figure 2). Interestingly, there is considerable available hydrophobic
surface area that is not employed in recognition, presumably to accommodate the diversity
of ligands natively bound by SH3 domains. For example, in the Src SH3 domain (pdb
1gwf), the ligand arginine side chain is near the hydrophobic residues Trp42, Tyr55, and
Thr22, whereas in the Grb2 SH3 domain (pdb 1sem) the ligand arginine is near Trp191,
11e202, Phe165, and the methylenes of GIn168 and Glu169.[11a 11¢, 11d. 12] \we envisioned
that the incorporation of functional groups adjacent to the guanidinium in an arginine
mimetic could exploit the differences in the recognition surfaces in divergent SH3 domains
and provide a locus to achieve paralog specificity. Given the importance of arginine residues
in SH3 domain recognition of ligands, this approach provides the possibility of a general
method to modulate target affinity in arginine-mediated recognition.

To test this approach, we examined a-guanidino acid arginine mimetics in two peptide
contexts: as a replacement for an N-terminal arginine in a type | SH3 domain ligand (hAMI
and AMI) and as a replacement for a C-terminal arginine in a type 1l SH3 domain ligand
(hAMII). In addition, within the context of a type | SH3 domain ligand, we examined both
the use of the Dap a-amino and B-amino groups for conjugation of the a-guanidino acid,
generating peptides that are formally (by side chain length) arginine (Arg(gXaa)) or
homoarginine (hArg(gXaa)) equivalents. Both ligands were chosen to incorporate a single
arginine residue, to simplify analysis and because a single properly-positioned arginine is
both necessary and sufficient for SH3 domain binding.[11a 11¢, 11d, 12-13]

Stereospecific synthesis of peptides incorporating a-guanidino acids

In order to take advantage of the diversity of amino acid functionality and stereochemistry
that is commercially available as standard Fmoc amino acids, as well as the benefits of solid
phase peptide synthesis, we devised an approach to the synthesis of peptides containing a.-
guanidino acids that involves coupling of protected a-amino acids to an orthogonally (Mtt)
protected diaminoproprionic acid (Dap) residue. In this approach, the peptide was fully
synthesized, the protecting group on the Dap removed, and the Fmoc amino acid that is the
a-guanidino acid precursor coupled by standard amide coupling conditions, followed by
piperidine deprotection of the coupled a-amino acid and guanylation of the a-amino group
using Moroder’s guanylating reagent*4] (Schemes 1-4). This approach was applied to the
synthesis of both type | (Schemes 2-3) and type 11 (Scheme 4) SH3 domain ligand peptides.
In order to test the application of a-guanidino acids in molecular recognition, including
roles of stereochemistry and functional group identity, each peptide was synthesized to
contain Dap conjugated to a-guanidino acids derived from glycine and from both .- and o-
stereoisomers of the hydrophobic amino acids valine, phenylalanine, and tryptophan. These
amino acids were chosen because of their hydrophobic surface area, their sterics, and
because Phe and Trp are particularly prone to epimerization among canonical amino acids,
and thus provide an appropriate test of the potential synthetic challenges in the synthesis of
peptides containing a-guanidno acid arginine mimetics. As controls, the peptides with
acetylated Dap were synthesized, which contain the side chain amide but lack the
guanidinium group (i.e. equivalent to gGly with the guanidinium removed).
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Previous work with small molecules containing a-guanidino acids suggested that typical
peptide cleavage/deprotection conditions (i.e. 90% TFA) would lead to substantial or
complete epimerization at the carbon a to the guanidinium group.l72 7¢I Indeed, standard
TFA cleavage of a-guanidino acid-containing peptides revealed evidence of significant
epimerization (data not shown). However, in small molecules, after deprotection of the
guanidine under mild conditions (0.5 M HCI), the free guanidium-containing a.-guanidino
acids were configurationally stable in 90% TFA.[78] These results suggest that the Boc
groups on a-guanidino acids are rather labile and might be removed under mild conditions.

Based on these results, we devised a two-stage scheme for separate deprotection of the
guanidine Boc groups and global deprotection/cleavage of the peptide from the resin
(Scheme 5). A brief screening of deprotection conditions identified that guanidine Boc
groups could be removed with no evidence of epimerization using 6 M AcOH in MeCN (2 x
20 minutes). This approach was then applied to all synthesized peptides, resulting in the
generation of a-guanidino acid-containing peptides in good yield.

In order to confirm the retention of stereochemical integrity in the synthesis of peptides
containing a-guanidino acids, all peptides were characterized by NMR spectroscopy.
TOCSY spectra of the peptides revealed that in all cases the diastereomers derived from .-
and o-amino acids could be readily differentiated by NMR (Figure 4 and data not shown).
Notably, in all cases the NMR data revealed no evidence of epimerization of the individual
peptides, within the limits of detection (> 95% stereochemical purity). As Phe and Trp are
the canonical amino acids most prone to epimerization, these data suggest generality of the
methodology for the synthesis of a-guanidino acid-based arginine mimetics in peptides.

a-Guanidino acid-based arginine mimetics to modulate paralog-specific recognition of
SH3 domains

All peptides were analyzed for their ability to function as ligands for the Src and Grb SH3
domains, which can bind identical ligands with similar affinity, and thus provide a test of the
effects of a-guanidino acid-based arginine mimetics on both target affinity and specificity.
As a control, to identify possible increases in affinity due to non-specific interactions, we
also examined binding to the Crk SH3 domain, which can bind similar ligands but bound the
parent single-arginine peptides in this study poorly. All peptides were labeled with
fluorescein on the C-terminal lysine residue and dissociation constants (Kj) for all peptide-
protein interactions determined via a fluorescence polarization-based binding assay (Figure
5, Tables 1-3).

Peptide affinity for target SH3 domain proteins was affected by replacement of Arg with
arginine mimetic, with differential impact possible depending on the site (type | versus type
Il ligand), functional group (gGly, gVal, gPhe, or gTrp), stereochemistry (.- versus »-), and/
or attachment (arginine versus homoarginine equivalent) of the arginine substitution. First
considering type | mimics substituted on the Dap side chain (homoarginine equivalents,
hAMI) (Table 1, Figure 5a-c), we observed, as expected, that loss of the polarity-
determining arginine guanidinium resulted in a substantial loss of affinity (AA Gg = +1.7
kcal/mol, hAMI(Arg) versus hAMI(Dap-Ac) binding to Src; AA Ggp = +1.4 kcal/mol,
hAMI(Arg) versus hAMI(Dap-Ac) binding to Grb) (Figure 5a). In contrast, replacement of
Arg with hArg(gGly) resulted in only a modest (A A Ggyc = +0.44 kcal/mol; AA Ggyp =
+0.32 kcal/mol) loss in affinity, indicating that a-guanidino acids may substitute for Arg
residues in peptides (Figure 5a). For peptides in this series, substitutions at the a.-position to
the guanidinium only modestly affected affinity for Src (Figure 5b). However, a.-
substitution more significantly affected affinity for Grb, in a manner highly dependent on
the identity of the a.-guanidino acid side chain and on its stereochemistry (Figure 5c). The
hAMI peptides containing hArg(go-Val), hArg(go-Phe), and hArg(go-Trp) substitution
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exhibited better specificity for Src over Grb (A A Ggpecificity = —1.9, —2.0, and —1.5 kcal/mol,
respectively) than the parent peptide (A A Ggpecificity = —1.0 kcal/mol) or the glycine
derivative (A A Gspecificity = —0.9 kcal/mol), indicating selection against binding to Grb when
o-amino acid-based arginine mimetic peptides were employed. In contrast, the diastereomers
hArg(g.-Phe) and hArg(g.-Trp) exhibited reduced specificity (A A Ggpecificity = —0.7 and
-0.5 kcal/mol, respectively), indicating that both the identity and stereochemistry of the a-
substituted guanidinium significantly impacted target recognition and specificity.

In the series of arginine-equivalent peptides, in which substitution occurred on the Dap
backbone nitrogen (AMI series), all arginine-mimetic peptides exhibited substantially
reduced binding affinity for both Src and Grb (A A Ggy. = +1.3 to +1.8 kcal/mol, AA Ggp, =
+0.8 to +1.6 kcal/mol) (Table 2) compared to the Arg-containing peptide. As was observed
previously, replacement of Arg with a side chain lacking a guanidinium (AMI(Dap-Ac))
resulted in a substantial loss in Src affinity (AA G = +1.6 kcal/mol). However, unexpectedly,
in this case, and in contrast to the case with homoarginine-equivalent peptides, the arginine-
mimetic peptide lacking a guanidium (AMI(Dap-Ac)) actually bound Src with an affinity
similar to (or slightly better than) the analogous peptide with a guanidinium (AMI(gGly))
(AAG=-0.1 kcal/mol). Analogous results were observed for binding to Grb, with the
AMI(gGly) peptide binding with similar affinity as the peptide lacking a guanidinium
(AMI(Dap-Ac)). For binding to both Src and Grb, the presence of an a.-substituent on the a-
guanidino acid in some case modestly increased binding compared to AMI(gGly), although
in all cases binding was worse than observed in the hAMI series. The peptide AMI(g.-Phe)
exhibited relative selectivity to Grb (A A Ggpecificity = —0.5 kcal/mol, compared to

A A Ggpecificity = —1.0 kcal/mol for the parent peptide; A A A Ggpecificity = +0.5 kcal/mol), with
a 0.7 kcal/mol increase in affinity for Grb compared to AMI(gGly), suggesting interaction of
Grb with the a-guanidino acid side chain (Figure 5d). In total, these data suggest that in
arginine-equivalent peptides, the guanidinium group is not readily able to interact favorably
with the carboxylates in the SH3 domain, or alternatively that unfavorable interactions (e.g.
with the amide group in the arginine mimetic, compared to the methylenes of an arginine)
counteract favorable interactions with the guanidinium. In addition, this substitution is only
readily incorporated at peptide termini due to the change in backbone structure (Figure 1). In
sum, these data suggest that arginine-equivalent a-guanidino acids are functionally not
readily able to substitute for arginine residues in molecular recognition within this peptide
context.

Replacement of arginine with a-guanidino acid arginine mimetics in type Il SH3 domain
peptide ligands (hAMII series peptides) resulted in significant modulation of protein affinity
and specificity (Table 3), as was observed with type | homoarginine-equivalent ligands
(hAMI). In the type Il ligand series, the parent Arg-containing peptide bound preferentially
to Grb over Src (A A Gepecificity = +0.7 kcal/mol). As expected, replacement of Arg with
acetylated Dap resulted in a substantial loss of binding to both proteins. Interestingly,
however, replacement of Arg with arginine mimetics resulted in a reversal of specificity in
all cases, leading to a preference for binding to Src over binding to Grb, with A A Gpecificity
=-0.4 to —1.0 kcal/mol, for an overall switch in target specificity from the parent peptide to
the arginine-mimetic peptides A A A Ggpecificity = —1.1 to —1.6 kcal/mol (Figure 5e-f). The
reversal of specificity was manifested almost entirely in selection againstbinding to Grb: all
a-guanidino acid-containing peptides bound Grb with at least 10-fold worse affinity than the
Arg peptide (AA Ggrp = +1.4 to +2.2 kcal/mol). In this series, there was only a modest
preference in Src binding for .-amino acid-derived arginine mimetics compared to those
derived from 0-amino acids. Notably, the peptide hAMII(gD-Trp) exhibited enhanced
overall affinity for Src compared to the Arg-containing peptide (A A Gsy. = —0.3 kcal/mal).
This peptide also had the greatest specificity for Src over Grb (A A Ggpecificity = —1.0 keal/
mol) among peptides in this series.
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In order to confirm that the a-guanidino acid arginine mimetics were not globally changing
the structure of the peptides, and thus impacting changes in affinity and specificity through a
change in peptide structure, circular dichroism (CD) spectroscopy was conducted on the
type 1l o-Trp arginine mimetic peptide (hAMII(go-Trp), as well as on the guanidino-glycine
derivative (hAMII(gGly)) and the parent arginine-containing peptide in this series (Figure
6). The CD spectra of all peptides exhibited maxima and minima at approximately 228 nm
and 205 nm, respectively, indicative of polyproline Il helix structure.[!5] In addition, NMR
data (Figure 4 and data not shown) reveal similar H, and HN chemical shifts and 3Jyna
coupling constants for all equivalent residues (other than conjugated Dap residues) in
peptides within a given series. In combination, these data indicate that replacement of
arginine with an a-guanidino acid-based arginine mimetic is minimally disruptive of peptide
structure, and suggest that the effects of arginine mimetics observed above are more likely
due to specific interactions with the target protein.[16]

Discussion

We have developed an approach to stereospecifically synthesize peptides containing novel
a-guanidino acid arginine mimetics. These arginine mimetics are derived from guanylation
of a-amino acids and result in the placement of functional groups (i.e. amino acid side
chains) and stereochemistry on the carbon adjacent to the guanidinium. The synthetic
approach employs commercially available Fmoc-amino acids and thus allows the
incorporation of a wide range of functionalities adjacent to the guanidinium, providing the
possibility to increase target specificity and/or target affinity via a combination of functional
groups for recognition and stereochemistry, and to disfavor binding to certain targets via
unfavorable steric, electrostatic, hydrogen bonding, or other interactions. The reactions are
all performed on solid phase using commercially available Fmoc amino acids. In this work,
we employed one reagent, Moroder’s reactive benzotriazole-based guanylating reagent 1,
that is not commercially available; 1 is readily prepared in one step from commercially
available reagents (the intermediate compound bis(Boc)-thiourea is commercially available)
or in two steps from inexpensive reagents (Scheme 1).[242] This approach should also be
readily applicable with other reactive guanylating reagents that can function for reactions on
solid phase.[17]

In this work, we demonstrated the retention of stereochemistry in the solid phase synthesis
of a-guaninido acid-containing molecules, via a two-stage deprotection that removes the
guanidine Boc protecting group first and then subjects the peptide to standard peptide
cleavage/deprotection conditions. Of note is the observation that coupled protected a-
guanidino acids are prone to epimerization under acidic conditions, including those
previously employed in low yield syntheses of diastereomeric small molecules containing a-
guanidino acids.[7a 7¢. 791 However, using the very mild guanidine Boc deprotection
conditions developed herein of 6 M AcOH in MeCN, the stereochemical integrity of the a-
guanidino acid was retained. Considering the reliance on readily available reagents and solid
phase synthetic approaches, the methodology has broad potential application for the
synthesis of stereochemically defined a-functionalized guanidiniums within peptides and
small molecules and is a highly practical approach to synthesize peptides with arginine
mimetics.

We examined the functional effects of a-guanidino acid-based arginine mimetics within the
context of peptides for paralog-specific targeting of SH3 domains. Arginine mimetics were
incorporated at the site of a critical polarity- and specificity-determining arginine residue at
the N-terminus (type | ligand) or C-terminus (type Il ligand) of the peptide. Two types of
arginine mimetic were employed, one based on formal conjugation of the a.-guanidino acid
to the Dap side chain (generating a homoarginine equivalent, hAMI and hAMII series) and
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one based on formal conjugation to the Dap a.-amino group main chain nitrogen (generating
an arginine equivalent based on residue length, AMI series).

In the context of SH3 domain recognition, the arginine-equivalent arginine mimetic (AMI
series), in which the peptide backbone structure is modified and thus is only suitable at
peptide termini, was found to be inferior, leading to a reduction in SH3 domain affinity and
no evidence that the guanidinium was able to participate in target recognition. Some
peptides in this series exhibited a modest increase in preference for Grb over Src

(A A A Ggpecificity Up to +0.5 kcal/mol). The poor recognition characteristics of the arginine-
equivalent a-guanidino acid-containing peptides could be due to the loss of hydrophobic
interactions with the Arg methylenes, unfavorable interactions of the protein with the amide,
or the loss in flexibility of the amide-containing side chain of the arginine mimetic
preventing favorable interactions with the target, compared to the flexible hydrocarbon side
chain in arginine.

In contrast, the homoarginine-equivalent arginine mimetic-containing peptides effectively
induced specificity in SH3 domain recognition in a manner that was dependent on position
(type I versus type Il), stereochemistry, and side chain identity. In the type | peptides, all a-
guanidino acid-containing peptides exhibited a modest loss in binding affinity for Src and
Grb, while those with a o-amino acid-derived a-guanidino acid exhibited a more substantial
loss in affinity for Grb. Thus, the (/)-a-guanidino acid-containing peptides all exhibited
increased target specificity for Src over Grb compared to the native ligand, with the
enhanced specificity achieved via selection against Grb. Negative selection is important to
specific recognition. Indeed, native SH3 domains exhibit evidence of negative selection
within the natural repertoire of ligands and SH3 domains.[*8] This work provides a
complementary strategy to achieve selection against alternative targets in guanidinium-
mediated recognition.

Among type Il SH3 domain ligands (hAMII), the native Arg-containing peptide bound
preferentially to the Grb SH3 domain over the Src SH3 domain (A A Gepecificity = +0.66 kcal/
mol). In contrast, all type 1l arginine-mimetic peptides preferentially bound Src over Grb,
with specificities up to —0.95 kcal/mol, resulting in an overall reversal of SH3 domain
specificity (AAA Gspecificity = —1.1 to —1.6 kcal/mol) via the application of a-guanidino acid
arginine mimetics. As was the case in type | (hAMI) ligands, the primary mechanism of
modulated specificity was selection against Grb (AA Gg, = +1.4 to +1.9 kcal/mol). Binding
to Src was modestly affected by the stereochemistry and identity of the guanidino acid side
chain (AA Gg; = —0.3 to +0.7 kcal/mol), with (S) guanidino acid stereoisomers and
tryptophan substitution leading to the highest Src affinity. Among the peptides examined,
the tryptophan derivatives exhibited enhanced affinity for Src compared to the glycine
derivative, indicative of a potentially favorable peptide side chain interaction with Src. In
total, the results suggest that the employment of a-guanidino acid-based arginine mimetics
is a strategy for achievement of paralog-specific SH3 domain recognition that is
complementary to those previously described.[®f. 10]

Arginine residues and guanidiniums are widely employed in manners that exploit their
unique molecular recognition properties. Examples where guanidinium groups are
paramount or superior include specific recognition of RNA and DNA;[32 191 intercellular
communication via protein-protein interactions mediated by RGD motifs;[3: 6. 20]
polyarginine cell-penetrating peptides;[4 interactions with cell surface and intracellular
sulfates and phosphates;[1a 211 molecular recognition of bidentate anions by

sensors;[10. 22, 2¢, 2d, 22] Bronsted acid catalysis by guanidiniums;[20: 70, 23] intracellular
signaling (including via SH3 domains and adaptor proteins);[82 10¢. 241 and kinase substrate
recognition,[25] among many other examples. In all of these cases, a-substitution of the
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guanidinium to introduce stereochemistry and functional groups could potentially lead to
greater affinity and/or specificity in molecular recognition. (€]

Experimental Section
Peptide Synthesis

Peptides were synthesized using Rink amide resin on a PS3 peptide synthesizer (Protein
Technologies, Inc.) via standard Fmoc solid phase peptide synthesis using HBTU as a
coupling reagent. All peptides contained C-terminal amides. Homoarginine equivalent
peptides (hArg(gXaa)) were acetylated on the N-terminus. Arginine equivalent peptides
(Arg(gXaa)) were acetylated on the p-amino side chain of the diaminopropionic acid (Dap)
residue.

Post-synthetic modification reactions were performed in capped disposable fritted columns
(Image Molding, Inc.) with rotation on a Barnstead Thermoline Labquake rotary shaker.
Mtt-protected Dap was selectively deprotected using 2% trifluoroacetic acid (TFA)/5%
triethylsilane (TES) in CH,Cl, (3 x 1 min). The resin was washed with CH,Cl, (3%) and
DMF (3x).

In order to synthesize the a-guanidino-acid containing peptides, Fmoc amino acids were
coupled to Dap using standard solid phase peptide synthesis with HBTU as a coupling
reagent (2 x 1 h). Fmoc removal was effected using 20% piperdine in DMF (3 x 5 min).
Free amine groups were guanylated using a solution of 0.2 M N,N’-di-fert-
butoxycarbonyl-1H-benzotriazole-1-carboxamidine (1) in DMF with slow shaking on a
rotary shaker for 4-8 h, as judged for completion by cleavage and crude ESI-MS. Notably,
this reaction proceeded to high conversions to the Dap-conjugated a.-guanidino-acid without
any added base. The solution was removed and the resin washed with CH,Cl, (3x) and
MeOH (3x).

Cleavage of the peptide from the resin and deprotection were achieved using a two-step
protocol in order to minimize epimerization at the carbon a to the guanidine group. First, the
Boc groups on the guanidine were removed using 6 M AcOH in MeCN (2 x 20 min). After
removal of this solution, the resin was washed with CH,Cl, (3x). Peptide cleavage and
global deprotection was performed for 3 h using reagent K (84% TFA, 4% each of H,0,
ethanedithiol, thioanisole, phenol). The solutions were concentrated by evaporation under
nitrogen. After removal of most of the TFA by evaporation, the peptide was precipitated
with ether and the precipitate dissolved in water.

Peptides were purified by reverse phase HPLC (Vydac semipreparative C18, 10 x 250 mm,
5 wm particle size, 300 A pore). Peptides were purified to homogeneity using a linear
gradient of 0-45% buffer B (20% water, 80% acetonitrile, 0.05% TFA) in buffer A (98%
water, 2% acetonitrile, 0.05% TFA) over 60 minutes. Peptide purity was verified by
reinjection on analytical HPLC (Varian Microsorb analytical C18, 4.6 x 250 mm, 5 um, 300
A pore). Peptides were characterized by ESI-MS (positive ion mode) on an LCQ Advantage
(Finnigan) mass spectrometer. Expected and observed peptide masses were [M+H]*.
Analytical data for the peptides: hAMI(Arg) (Z5 = 32.0 min, exp. 1429.7, obs. 1429.7);
hAMI(Dap-Ac) (fr = 35.7 min, exp. 1403.7, obs. 1403.7); hAMI(gGly) (¢z= 31.9 min, exp.
1461.1, obs. 1458.6); hAMI(gL-Val) (¢z=41.7 min, exp. 1502.8, obs. 1500.7); hAMI(go-
Val) (fp=40.2, exp. 1502.8, obs. 1500.7); hAMI(g.-Phe) (¢ = 45.8 min, exp. 1551.2, obs.
1548.7); hAMI(go-Phe) (f5 = 44.8 min, exp. 1551.2, obs. 1548.7); hAMI(g.-Trp) (¢p = 45.7
min, exp. 1589.9, obs. 1587.6); hAMI(go-Trp) (£z = 47.2 min, exp. 1589.9, obs. 1587.6);
AMI(Dap-Ac) (tp=48.0 min, exp. 1344.6, obs. 1344.5); AMI(gGly) (¢z=50.9 min, exp.
1401.7, obs. 1401.4); AMI(g.-Val) (f = 50.6 min, exp. 1443.7, obs. 1443.6); AMI(go-Val)
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(tp=52.6 min, exp. 1443.7, obs. 1443.6); AMI(g.-Phe) (fz = 55.2 min, exp. 1491.8, obs.
1491.5); AMI(go-Phe) (15 =57.2 min, exp. 1491.8, obs. 1491.4); AMI(g.-Trp) (¢z = 54.5
min, exp. 1530.8, obs. 1530.4); AMI(go-Trp) (Zz=51.6 min, exp. 1530.8, obs. 1530.4);
hAMII(Arg) (= 34.1 min, exp. 1461.7, obs. 1461.6); hAMII(Dap-Ac) (fz = 43.1 min, exp.
1433.7, obs. 1433.5); hAMII(gGly) (#5 = 38.1 min, exp. 1490.7, obs. 1490.7); hAMII(g.-
Val) (fr=41.0 min, exp. 1532.8, obs. 1532.7); hAMII(go-Val) (#5 = 39.9 min, exp. 1532.8,
obs. 1532.6); hAMII(gc-Phe) (f5 = 45.1 min, exp. 1580.8, obs. 1580.6); hAMII(go-Phe) (15 =
45.2 min, exp. 1580.8, obs. 1580.5); hAMII(g.-Trp) (¢ =41.7 min, exp. 1619.9, obs.
1619.6); hAMII(go-Trp) (Zz = 40.0 min, exp. 1619.9, obs. 1619.7).

N,N’-di-tert-butoxycarbonyl-1H-benzotriazole-1-carboxamidine (1)

To a solution of benzotriazole (0.70 g, 5.8 mmol) in anhydrous DMF were added N,N’-bis(#
butoxycarbonyl)thioureal14P] (0.94 g, 3.4 mmol) and diisopropylethylamine (2.68 mL, 16.5
mmol). After 2 minutes, EDCI (0.95 g, 5.0 mmol) was added to the reaction mixture and the
reaction was stirred at room temperature for 4 hours at room temperature. The DMF was
evaporated under vacuum and the solid dissolved in ethyl acetate (30 mL). The ethyl acetate
layer was washed with water, 5% NaHCO3, water, and brine (6 mL each); dried over
sodium sulfate; and concentrated by rotary evaporation. Purification (SiO,, 80:20
hexanes:EtOAc) yielded a white solid (0.72 g, 56%) whose NMR spectra correlated to
literature data.[14a]

Fluorescein Labeling of Peptides

Lyophilized peptides were dissolved in 100 mM NaHCO3 buffer (pH 10.0, 200 p.L). 5-
fluorescein isothiocyanate (isomer I) (200 pL of a 10 mg/mL solution in DMF) was added
over 2 minutes to the peptide solution with gentle vortexing. The reaction was allowed to
proceed for 1-2 hours at room temperature. The solution was filtered and the pH adjusted
with 100 mM phosphate buffer pH 7.5. Peptides were purified to homogeneity by reverse
phase HPLC (Vydac semipreparative C18, 10 x 250 mm, 5 wm particle size, 300 A pore)
using a linear gradient of 15-65% buffer B in buffer A over 60 minutes. Peptide purity was
verified by reinjection on analytical HPLC (Varian Microsorb analytical C18, 4.6 x 250
mm, 5 wm, 300 A pore). Peptides were characterized by ESI-MS (positive ion mode) on an
LCQ Advantage (Finnigan) mass spectrometer. Analytical data for the peptides: hAMI(Arg)
(tp=33.6 min, exp. 1819.1, obs. 1819.7); hAMI(Dap-Ac) (¢z = 33.8 min, exp. 1793.1, obs.
1792.6); hAMI(gGly) (tr = 42.7 min, exp. 1850.5, obs. 1848.6); hAMI(g.-Val) (tp=41.2
min, exp. 1892.2, obs. 1890.7); hAMI(go-Val) (f5 = 40.2 min, exp. 1892.2, obs. 1890.7);
hAMI(g.-Phe) (¢z = 40.1 min, exp. 1940.6, obs. 1939.6); hAMI(go-Phe) (¢ = 39.7 min, exp.
1940.6, obs. 1939.6); hAMI(g.-Trp) (Z5 = 43.0 min, exp. 1979.3, obs. 1977.5); hAMI(go-
Trp) (¢p=42.5 min, exp. 1979.3, obs. 1977.5); AMI(Dap-Ac) (fz=42.2 min, exp. 1734.0,
obs. 1734.5); AMI(gGly) (tr = 42.2 min, exp. 1791.0, obs. 1791.4); AMI(g.-Val) (¢ =45.5
min, exp. 1833.1, obs. 1833.4); AMI(go-Val) (Z5 = 44.7 min, exp. 1833.1, obs. 1832.3);
AMI(g.-Phe) (Z = 49.0 min, exp. 1881.2, obs. 1881.2); AMI(go-Phe) (¢z = 52.7 min, exp.
1881.2, obs. 1880.3); AMI(g.-Trp) (¢ =52.6 min, exp. 1920.3, 0bs.1920.3); AMI(go-Trp)
(tp=53.7 min, exp. 1920.2, obs. 1920.3); hAMII(Arg) (Zz= 35.5 min, exp. 1849.9, obs.
1850.4); hAMII(Dap-Ac) (t5= 37.2 min, exp. 1823.0, obs. 1823.4); hAMII(gGly) (fz=36.0
min, exp. 1880.1, obs. 1880.6); hAMII(g.-Val) (¢ = 38.3 min, exp. 1922.2, obs. 1921.5);
hAMII(go-Val) (f5 = 38.2 min, exp. 1922.2, obs. 1922.5); hAMII(g.-Phe) (¢ = 41.7 min,
exp. 1970.2, obs. 1969.5); hAMII(go-Phe) (Z7 = 40.7 min, exp. 1970.2, obs. 1970.5);
hAMII(g.-Trp) (¢z = 42.2 min, exp. 2009.2, obs. 2009.4); hAMII(go-Trp) (¢7 = 43.1 min,
exp. 2009.2, obs. 2009.5).
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Protein Expression and Purification

Plasmids containing the coding regions for the Src (residues 87-148), nGrb2 (1-64) and Crk
(134-190) SH3 domains were obtained from the lab of Wendell Lim.[102. 10b] p|asmids
encoded both a carboxy-terminal hexahistidine and an amino-terminal glutathione S-
transferase. BL21(DE3) pLysS competent cells (EMD Biosciences) were transformed with
the plasmids and incubated on ampicillin plates overnight. Single colonies were incubated
into overnight cultures (100 mL) of luria broth with shaking at 37 °C. These cultures were
seeded into cultures (1 L) of terrific broth (BD Diagnostic Systems). Protein expression was
induced with 1 mM IPTG added at an ODggg = 0.6-0.8, and the cells incubated for 1.5-5 h at
37 °C. Bacteria were collected by centrifugation, the supernatant removed, and the pellets
stored at —20 °C until purification. Bacterial pellets were suspended in His-Tag binding
buffer (50 mL of 500 mM NaCl, 40 mM Tris-HCI, 10 mM imidazole, pH 7.9) and lysed by
sonication, and the pellets cleared by centrifugation. Protein was purified via His-Tag resin
(EMD Biosciences) following the manufacturer’s protocol. Protein eluents were dialyzed
into phosphate-buffered saline pH 7.4 containing 5 mM EDTA and 0.5 mM dithiothreitol
(DTT) (5 % 10 min) using a Spectra/Por 6 membrane, MWCO 10,000 (Spectrum
Laboratories). Protein size and purity were verified via SDS-PAGE. Bradford assays
(BioRad) were used to determine protein concentrations.

SH3 domain-peptide fluorescence polarization binding assays

For fluorescence polarization assays, proteins and fluorescein-labeled ligands were diluted
in 1x PBS (140 mM NaCl, 10 mM NayHPO4, 2 mM NaH,POy, pH 7.4) containing 0.1 mM
DTT and 0.04 mg/mL BSA (BioRad). Concentrations of peptides were determined based on
fluorescein absorbance (e = 77,000 M~ cm~1 at 495 nm). Two-fold serial dilutions of Src,
nGrb2, and Crk proteins, ranging from 360 M to 2.7 nM, were mixed with peptides (100
nM), BSA (0.04 mg/mL), and DTT (100 M) (final concentrations) in 96-well flat bottom
black opaque plates (Costar) at 200 L per well. Individual trials on a protein with - and o-
guanidino acid-containing peptides of a given side-chain were conducted with a single serial
dilution to ensure that any differences observed could be ascribed to stereochemistry. After
15 minutes equilibration at room temperature, plates were read on a Perkin EImer Fusion
plate reader in fluorescence polarization mode with a 485 nm fluorescein excitation filter
and a 535 nm emission filter with polarizer. Data points were the average of at least three
independent trials. Polarization data are in millipolarization units. Error bars indicate
standard error.

The data were fit to equation 1 using a non-linear least squares fitting algorithm
(Kaleidagraph version 4.0, Synergy Software), where Pol = polarization, Polyin =
polarization in the absence of protein, Polyax = polarization at saturation, P; = total protein
concentration, K= dissociation constant of the peptide-protein complex, and [lig]; = total
peptide concentration (0.1 tM). The data were fit to calculate Pol . and Kj.

(P,+Kd+ [lig] - NP+ [lig] +Ka)> — 4 (P: [lig])

2P,

M

Pol=Polin+ (Polpax — Polmin)

NMR spectroscopy

NMR spectroscopy was conducted to verify that no epimerization occurred during peptide
synthesis, cleavage and global deprotection, and purification. Solutions contained 5 mM
deuteratured sodium acetate (pH 4.0), 10 mM (hAMI series) or 100 mM (AMI and hAMII
series) NaCl, 150 uM TSP[D4] and 90% H,0/10% D0, with final peptide concentrations
of 70 uM - 1.5 mM. NMR spectra were recorded at 296 K on a Briiker AVC 600 MHz
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NMR spectrometer with a cryoprobe. 1-D and TOCSY spectra were collected with water
suppression using a Watergate pulse sequence. 1-D spectra were collected with a sweep
width of 6009 Hz or 7183 Hz; 8192 or 16384 data points; and a relaxation delay of 2-3 s.
TOCSY spectra were collected with sweep widths of 7183 Hz in #; and £, 512-600 x 4096
complex data points, 2-4 scans per increment, and a relaxation delay of 2 s.

Circular Dichroism

Solutions contained 5 mM phosphate buffer (pH 7.0), 25 mM KF, and 100 M peptide. CD
spectra were collected at 25 °C on a Jasco J-810 Spectropolarimeter in a 2 mm quartz cell
(Starna). Data were collected every 2 nm with an averaging time of 4 s, 2 accumulations,
and a 2 nm bandwidth. Data were baseline corrected but were not smoothed. Data points
were the average of at least three independent trials. Error bars indicate standard error.
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Figure 1.

Arginine, homoarginine, and Dap-derived a-guanidino acid arginine mimetics, which allow
placement of functional groups and introduction of stereochemistry adjacent to the
guanidinium. Incorporation of the a-guanidino acid on the B-amino group of Dap (yielding
hArg(gXaa) residues) allows the incorporation of a-guanidino acids at any position in a
peptide sequence. In contrast, incorporation on the a-amino group of Dap (yielding
Arg(gXaa) residues) directly mimics the length of the arginine side chain, but can only be
readily employed at the N-terminus of an a.-peptide due to the resultant B-peptide backbone
with this substitution.
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Figure 2.
SEM-5 (Grb2 homologue) SH3 domain (ribbon (top) or CPK (bottom)) (pdb: 1sem)1c]

bound to SH3 domain ligand from mSOS PPPVPPR (sticks). Bottom: CPK figure showing
hydrophobic surface area (gray) around the arginine side chain.
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Figure 3.

Sequences of type | and type Il SH3 domain ligand peptides. The proline-rich (PXXP-
containing) core sequence is indicated in blue. The core sequence and Arg residues of the
type I ligand are from the VSL12 protein (residues 76-82) observed bound to the Src SH3
domain (PDB 1qwf).[112 11d.12] The type 11 ligand peptide is derived from the mSOS
protein observed in the SEM-5 (Grb2 homologue) SH3 domain complex (PDB 1sem).[11¢]
The specificity- and polarity-determining arginine residue is indicated in red. The indicated
Arg was replaced with diaminopropionic acid (Dap) for arginine mimetic-containing
peptides. All peptides were acetylated on either the N-terminus (homoarginine equivalents,
hArg(gXaa)) or on the Dap side chain (arginine equivalents, Arg(gXaa)). Peptides
containing type | arginine equivalents (i.e. Arg(gXaa)) lacked the N-terminal Gly. The
guanidino acid was conjugated via the Dap side chain (homoarginine equivalents, hAMI and
hAMII) or the N-terminus (arginine equivalents, AMI). For fluorescence polarization
experiments, peptides were labeled with fluorescein isothiocyanate (FITC) on the side chain
of the C-terminal lysine. All peptides contained C-terminal amides.
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Comparison of TOCSY crosspeaks of diastereomeric hAMII peptides (A) hAMII(g.-Val
(red) versus hAMII(go-Val) (blue); (B) hAMII(g.-Phe (red) versus hAMII(go-Phe) (blue);
and (C) hAMII(g.-Trp (red) versus hAMII(go-Trp) (blue). Comparable spectra were
obtained for diagnostic regions of the TOCSY spectra of all peptides, indicating
stereoisomeric purity and the absence of epimerization on the conjugated a.-guanidino acids.
Critical crosspeaks from the Dap-conjugated a-guanidino acids are highlighted. Arginine
mimetics have two amide protons for the Dap residue, from the backbone N-H and 8 N-H

amides.

Chembiochem. Author manuscript; available in PMC 2013 July 16.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Balakrishnan et al.

Fluorescence Polarization / mP

Fluorescence Polarization / mP

180

160

140

120

100

60

40

20

200

160

120

80

40 =

A)

D)

Page 18

180
160

140
120

100

80 /—/)/

60 ,/

40

Fluorescence Polarization / mP
Fluorescence Polarization / mP

1 10 100 0.1 T 10 100 0.1 1 10 100
[Src] / uM [Src] / uM [Grb] / uM
250 250
: E) + F)
1S E 1S F
= 200 = 200
a s 5
v g
5 150 E 150
© o
g g
8 100 8 100
@ ®
3 3
[} (7]
o 50 g 50
S E
e TH
- 0 ‘ 0
0° 10° 10 107 10 10° 10 107 10° 10° 10*
[Protein] / M [Protein] /M [Protein] /M

Figure 5.

Representative binding isotherms, showing data and comparisons of key arginine-mimetic
peptides. mP = fluorescence polarization in millipolarization units (= polarization/1000).
Error bars indicate standard error. (A) hAMI(Arg) (black triangles), hAMI(Dap-Ac) (dark
green inverted triangles), and hAMI(gGly) (light green open triangles) binding to Src; (B)
a-substituted hAMI arginine mimetic peptides binding to Src: hAMI(g.-Val) (magenta open
squares), hAMI(go-Val) (yellow closed squares), hAMI(g.-Phe) (cyan open circles),
hAMI(go-Phe) (orange closed circles), hAMI(g.-Trp) (blue open diamonds), hAMI(go-Trp)
(red closed diamonds); (C) a-substituted hAMI arginine mimetic peptides binding to Grb:
hAMI(Arg) (black closed triangles); hAMI(gGly) (light green open triangles); hAMI(g.-
Val) (magenta open squares), hAMI(go-Val) (yellow closed squares), hAMI(g.-Phe) (cyan
open circles), hAMI(go-Phe) (orange closed circles), hAMI(gc-Trp) (blue open diamonds),
hAMI(go-Trp) (red closed diamonds); (D) hAMI(Arg) binding to Src (closed black
triangles) and Grb (open green triangles); AMI(g.-Phe) binding to Src (closed cyan circles)
and Grb (open blue circles); (E) hAMII(Arg) binding to Src (closed blue triangles) and Grb
(open red triangles); (F) hAMII(g.-Trp) binding to Src (closed blue squares) and Grb (open
red squares).
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Figure 6.

Circular dichroism spectra of representative peptides: squares, type 11 Arg peptide
hAMII(Arg) (control, native peptide ligand); diamonds, type Il gGly homoarginine-
equivalent peptide (hAMII(gGly)); circles, type 1l g.-Trp homoarginine-equivalent arginine
mimetic peptide (hAMII(g.-Trp)).
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Scheme 1.

Synthesis of Moroder’s guanylating reagent 1.124] This synthesis differs from the published
synthesis of 1 due to the replacement of HgCl, employed in the original synthesis with the
more convenient reagent EDCI.
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(a) 2% TFA/CH,ClIy, 3 x 1min; (b) Fmoc-Xaa-OH, HBTU, DIPEA/DMF, 2 x 1 h; (c) 20% piperdine/DMF, 3 x 5 min; (d)
1, DMF, 6 h; (e) 6 M AcOH/MeCN, 2 x 20 min; (f) 84% TFA, 4% each H,0, PhOH, ethanedithiol, thioanisole, 3 h.

Scheme 2.
Synthesis of type | SH3 domain ligand peptides containing N-terminal homoarginine-
equivalent a-guanidino acid arginine mimetics (hAMI(gXaa)).

Chembiochem. Author manuscript; available in PMC 2013 July 16.

Page 21



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Balakrishnan et al. Page 22

o o 9
i
FrostNpLPPLPPPGYK Q) 2 "™ pLPPLPPPGYK Q) ™™ pLPPLPPPGYK Q) © -
NHMtt NH, NH
Ac
o W © H ?
MM pLPPLPPPGYKQ 2~ O pLPPLPPPGYKQ '~ O PLPPLPPPGYK-Q ¢~
NH HN" "R TNH HN" R TNH
Ac Ac BocN” “NHBoc "°
o) [o}
o NI o NI
PLPPLPPPGYKQ "~ ™ PLPPLPPPGY KNH;
HN" "R NH HT‘ R “NH
HNTNH,  AC HNT N, A

(a) 2% TFA/CH,Cly, 3 x 1 min; (b) 10% Ac,O/pyridine, 3 x 5 min; (c) 20% piperdine/DMF, 3 x 5 min; (d)
Fmoc-Xaa-OH, HBTU, 8% DIPEA/DMF, 2 x 1 h; (e) 20% piperdine/DMF, 3 x 5 min; (f) 1, DMF, 6 h; (g) 6 M
AcOH/MeCN, 2 x 20 min; (h) 84% TFA, 4% each H,0, PhOH, ethanedithiol, thioanisole, 3 h.

Scheme 3.
Synthesis of type | SH3 domain ligand peptides peptides containing N-terminal arginine-
equivalent a-guanidino-acid arginine mimetics (AMI(gXaa)).
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(a) 2% TFA/CH,Cly, 3 x 1 min; (b) Fmoc-Xaa-OH, HBTU, DIPEA/DMF, 2 x 1 h; (c) 20% piperdine/DMF, 3 x 5 min; (d)

1, DMF, 6 h; (e) 6 M AcOH/MeCN, 2 x 20 min; (f) 84% TFA, 4% each H,0, PhOH, ethanedithiol, thioanisole, 3 h.

Synthesis of type Il SH3 domain ligand peptides peptides containing N-terminal
homoarginine-equivalent a-guanidino-acid arginine mimetics (hAMII(gXaa)).
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Two stage deprotection of peptides containing a-guanidino acid arginine mimetics. This
approach was applied to the synthesis of all a-guanidino acid-containing peptides in this
study, to prevent epimerization of the carbon a to the guanidinium group. The intermediate
after guanidine Boc deprotection could be fully deprotected, as suggested by experiments
with model compounds, or may potentially retain one guanidine Boc group.
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Dissociation constants of type | homoarginine-equivalent arginine mimetic peptides (hAMI).

Table 1

Arg
Dap-Ac
hArg(gGly)
hArg(g.-Val)
Src hArg(go-Val)
hArg(gL-Phe)
hArg(go-Phe)
hArg(ge-Trp)
hArg(go-Trp)
Arg
Dap-Ac
hArg(gGly)
hArg(g.-Val)
Grb  hArg(go-Val)
hArg(gL-Phe)
hArg(go-Phe)
hArg(ge-Trp)
hArg(go-Trp)

Kq, AG, AAGessinity:  AAGpeciticitys
Error -1 a
kM keal mol kcal mol™*  kcal mol™?
53 0.3 -7.2 0 -1.0
91 5.3 -5.5 1.68 -0.7
111 0.2 -6.7 0.44 -0.9
255 13 -6.2 0.93 -1.0
225 11 -6.3 0.86 -19
23.9 11 -6.3 0.89 -0.7
15.9 0.6 -6.5 0.65 -2.0
31.8 15 -6.1 1.07 -0.5
12.6 11 -6.7 0.52 -15
29 2 -6.2 0
320 104 -4.8 1.42
50 6 -5.8 0.32
141 12 -5.2 0.93
576 19 -4.4 1.76
82 7 -5.6 0.61
451 22 -4.6 1.62
72 3 -5.6 0.54
164 7 -5.1 1.02

aAAGafﬁnity = AG (peptide) - A G (Arg).

Page 25

bAAGspecificity = AGSrc — AGGrb for a given peptide. All peptides bound poorly to Crk (Kd > 250 M). All experiments were conducted in

PBS at 25 °C.
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Table 2

Dissociation constants of type | arginine-equivalent arginine mimetic peptides (AMI).

Koo Error AG, AAGgsinitys AAGSpeciﬂcity,b
Y kcalmol™  kcalmol™®  kcal molL
Arg 53 0.3 -7.2 0 -1.0
Dap-Ac 83 2.8 -55 1.63 -0.9
Arg(gGly) 104 8.1 -5.4 1.76 -0.9
Arg(gL-Val) 86 31 -55 1.65 -05
Src  Arg(go-Val) 75 3.2 -5.6 1.57 -0.7
Arg(gL-Phe) 54 4.8 -58 1.37 -05
Arg(go-Phe) 75 4.9 -56 157 -0.7
Arg(gL-Trp) 54 3.8 -5.8 1.37 -0.9
Arg(go-Trp) 51 3.6 -5.8 1.34 -11
Arg 29 2 -6.2 0
Dap-Ac 388 75 -4.6 1.53
Arg(gGly) 445 75 -4.6 1.60
Arg(gL-Val) 210 21 -5.0 1.17
Grb  Arg(go-Val) 243 33 -4.9 1.25
Arg(g-Phe) 117 10 -5.3 0.82
Arg(go-Phe) 254 17 -4.9 1.28
Arg(gL-Trp) 253 16 -4.9 1.28
Arg(go-Trp) 333 29 -4.7 1.43

?AA Gaffinity = A G (peptide) - A G (Arg).

bAAGspecificity = AGSrc — AGGrb for a given peptide. All peptides bound poorly to Crk (Kq > 250 pM). All experiments were conducted in
PBS at 25 °C.
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Dissociation constants of type Il homoarginine-equivalent arginine mimetic peptides (hAMII).

Table 3

Arg
Dap-Ac
hArg(gGly)
hArg(gL-Val)
Src hArg(go-Val)
hArg(gL-Phe)
hArg(go-Phe)
hArg(gL-Trp)
hArg(go-Trp)
Arg
Dap-Ac
hArg(gGly)
hArg(gL-Val)
Grb  hArg(go-Val)
hArg(gL-Phe)
hArg(go-Phe)
hArg(gL-Trp)
hArg(go-Trp)

Ko Error AG, AAGeinity, AAGspecificity'b

pM kcal mol™  kcal mol™t kcal mol-t
37 2 -6.0 0 +0.7

350 31 -4.7 1.33 -0.2
59 2.3 -5.8 0.28 -0.6
67 2.3 -5.7 0.35 -0.7

130 3.7 -5.3 0.74 -0.4
58 1.8 -5.8 0.27 -0.5
66 21 -5.7 0.34 -0.9
24 1.2 -6.3 -0.26 -1.0
49 21 -5.9 0.17 -1.0
12 0.7 -6.7 0

500 160 -4.5 2.20

166 12 -5.1 1.56

227 13 -4.9 1.74

270 31 -4.9 1.84

128 8 -5.3 1.40

319 44 -48 1.94

121 10 -5.3 1.36

244 24 -4.9 1.78

?AA Gaffinity = A G (peptide) - A G (Arg).

Page 27

bAAGspecificity = AGSrc — AGGrh for a given peptide. All peptides except hAMII(Arg) (Kd = 102 + 7 uM, A GCrk = —5.4 kcal mol'l),

hAMII(gL-Trp) (Kd = 153 =9 uM, AGCrk = —5.2 kcal mol_l), and hAMII(go-Trp) (Kd = 183 £ 11 uM, AGCrk = —5.1 kcal mol_l) bound
poorly to Crk (Kd > 250 wM). All experiments were conducted in PBS at 25 °C.
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