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Abstract: Bioactive conformations of peptides can be stabi-
lized by macrocyclization, resulting in increased target affinity
and activity. Such macrocyclic peptides proved useful as
modulators of biological functions, in particular as inhibitors
of protein—protein interactions (PPI). However, most peptide-
derived PPI inhibitors involve stabilized a-helices, leaving
a large number of secondary structures unaddressed. Herein,
we present a rational approach towards stabilization of an
irregular peptide structure, using hydrophobic cross-links that
replace residues crucially involved in target binding. The
molecular basis of this interaction was elucidated by X-ray
crystallography and isothermal titration calorimetry. The
resulting cross-linked peptides inhibit the interaction between
human adaptor protein 14-3-3 and virulence factor exoen-
zyme S. Taking into consideration that irregular peptide
structures participate widely in PPIs, this approach provides
access to novel peptide-derived inhibitors.

P rotein—protein interactions (PPI) contribute to virtually all
aspects of cellular organization and function. The inhibition
of PPIs allows the manipulation of biological processes and is
considered a promising strategy towards next-generation
therapeutics. PPIs often possess large interaction areas and
lack well-defined binding pockets, which complicates the use
of small-molecule inhibitors!' A promising alternative are
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peptide-based inhibitors that originate from a corresponding
binding epitope.”) However, such short linear peptide
sequences tend to be highly flexible in solution and only
adopt a defined three-dimensional structure upon binding.
The restriction in conformational freedom associated with
binding leads to entropic penalty,”! resulting in an overall
reduced affinity of the short peptide compared to its natural
precursor. Preorganization of peptides into bioactive con-
formations can therefore increase binding affinity.'”) The
introduction of intramolecular cross-links is an appealing
strategy to introduce such conformational constraint. Various
cross-link architectures were reported to stabilize different
secondary structures.'** Linear peptides have been cross-
linked to provide classic cyclic and bicyclic peptides with
improved bioactivity.’! Moreover, B-sheets® and o-helices
have been rigidified by macrocyclization strategies. For the
generation of PPI inhibitors, stabilization of a-helices by
hydrogen-bond surrogates (HBS)""! or cross-linked a-methy-
lated amino acids (stapled peptides)® proved particularly
useful.

The rational design of peptide-based PPI inhibitors is
hampered by two major limitations: First, the utilized cross-
links are generally neither designed nor optimized to interact
with the binding partner. However, a few examples indicate
that such cross-links have the potential to participate in target
binding.”) Second, most peptide-derived PPI inhibitors
involve stabilized o-helices,” leaving a large fraction of
interaction motifs unaddressed.'” As a result, there is
currently no rational approach for the stabilization of
irregular peptide structures that frequently occur in PPI
interfaces.'”’ Herein, we present the structure-based design of
constrained peptides that adopt an irregular structure when
bound to their target. The constraining element is a hydro-
phobic cross-link evolved to directly interact with the protein
target. These peptides inhibit the pathogenic interaction
between virulence factor exoenzyme S (ExoS) and the human
protein 14-3-3. Employing protein X-ray crystallography and
isothermal titration calorimetry (ITC), we show in mecha-
nistic detail how the cross-link contributes to protein binding,
clearly rationalizing the structure-activity relationship of
different linker lengths and configurations.

Our goal was the design of constrained peptides that are
capable of inhibiting the ExoS-14-3-3 interaction. ExoS is
a virulence factor of the pathogenic bacterium Pseudomonas
aeruginosa, a major cause for infections associated with health
care.™ No current antibiotics are able to eradicate an
established chronic infection involving multidrug-resistant
strains."? Inhibition of the ExoS-14-3-3 interaction is consid-
ered a promising therapeutic strategy.'! This PPI is mediated
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by a peptide stretch of ExoS that binds 14-3-3 in an irregular
conformation."”! Previous studies indicate that eleven amino
acids (“**QGLLDALDLAS*", ESp) mainly contribute to
binding.!"* ' We decided to use this ESp sequence as a starting
point for the design of macrocyclic PPI inhibitors. To
elucidate the exact binding mode of ESp, we synthesized an
N-terminally acetylated version, which we co-crystallized
with 14-3-3C (aa 1-230). Obtained crystals diffracted to 2.3 A
(PDB: 4N7G) allowing tracing of all amino acids (Figure 1a)
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Figure 1. a) Top: Crystal structure of 14-3-3C in complex with ESp
(sticks: C black, O red, N blue) with final 2F,—F electron density
(contoured at 10). Bottom: Closer view with interacting side chains of
ESp shown explicitly. The hydrophobic patch on 14-3-3C is highlighted
in orange (F117, P165, 1166, G169, L172, L216, 1217, L220). b) Syn-
thetic route towards cross-linked peptides. Olefin-modified amino
acids are introduced during solid-phase peptide synthesis followed by
1) cross-linking with ruthenium-mediated RCM, 2) Olefin reduction
using TPSH; and 3) TFA cleavage (Fmoc: fluorenylmethyloxycarbonyl;
TPSH: 2,4,6-triisopropylbenzenesulfonyl hydrazide).

that superimpose almost perfectly (rmsd =0.171 A) with the
corresponding residues of a previously reported longer ExoS
fragment (Figures S8,S11)."*1 ESp binds 14-3-3C in an irreg-
ular and mostly extended conformation, and with the
exception of the N-terminal asparagine Q420 all residues
are involved in 14-3-3C recognition. Crucial hydrophobic
contacts are formed between a hydrophobic patch on 14-3-3¢
(orange, Figure 1a) and the core region of ExoS, encompass-
ing four leucines (L422, 1423, 1426, L428) and an alanine
(A425).

The elongated nature of ESp in the bound state renders
a cyclization of N and C terminus, known from classic cyclic
peptides, inappropriate for the installation of conformational
constraint. Therefore, we inspected the peptide sequence for
side chains that would allow the introduction of cross-links.
Though strongly involved in protein recognition, we identi-
fied three pairs of hydrophobic residues (L.422/1.426, L422/
AA425, 1.423/L426) that are potentially suitable for cross-
linking (Figure S12). To maintain the hydrophobic character
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of these crucial residues, we considered the use of olefin ring-
closing metathesis (RCM) in analogy to the stapling of a-
helical peptides.®! This approach involves Fmoc-based solid-
phase peptide synthesis (SPPS) using olefin bearing building
blocks for the introduction of a-methyl, a-alkenyl non-
natural amino acids (Figure 1b).®l Subsequently, RCM is
performed on solid support with first generation Grubbs
catalyst. To avoid diastereomeric mixtures arising from the
formation of E- and Z-configured double bonds, we decided
to reduce the olefin using 2,4,6-triisopropylbenzenesulfonyl
hydrazide (TPSH). Depending on the desired modification,
the N-terminal amine was either capped with acetic anhydride
or coupled with a polyethylene glycol (Peg) spacer and
capped with fluorescein isothiocyanate (FITC). The corre-
sponding fluorescein-modified peptides are indicated by the
prefix “f”.

Initially, we designed three peptides each equipped with
two non-natural amino acids that are cross-linked by a (CH,)s
bridge (Figure 2a). One peptide (0gs8) bears two S-config-
ured non-natural amino acids (Xg) at positions i and i + 4. The
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Figure 2. a) Modified peptides with three different cross-link architec-
tures (o, B, v); each with an eight carbon linker. Absolut configuration
of a-methylated non-natural amino acids is indicated by subscript (X:
R-configured, Xs: S-configured). b) FP assay of fluorescein-labeled
peptides binding to full-length 14-3-3C (triplicate of runs, errors
account for 10).

other two peptides (- and yzs8) were modified with an R- and
S-configured building block (X and Xg) at position i and i +
3, respectively (Figure 2a). The cross-linked peptides were
investigated towards their binding affinities to 14-3-3 using
fluorescence polarization (FP) as readout. The determined FP
binding curves were used to calculate dissociation constants
(Kg4; Supporting Information, Figure S3), revealing a K, of
1.14 um for the interaction between f-ESp and 14-3-3C
(Figure 2b). Cross-linked peptides f-0g8 and f-ygs8 exhibit
an about 20-fold weaker binding to 14-3-3C (Ky~20 um).
Notably, we observed a 4.6-fold increased affinity for f-fr8
(K4=0.25 um) compared to starting sequence f-ESp. This is
remarkable taking into consideration that the introduced
cross-link replaces a leucine residue (L422), which was
reported to be crucial for 14-3-3 binding.["¥

To understand the molecular basis of the Pgs8-14-3-3
interaction and to allow the design of more suitable cross-
links, we co-crystallized Pgre8 with 14-3-3C (aa 1-230) and
obtained crystals that diffracted to 2.1 A (PDB: 4N7Y). The
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Figure 3. a) Final 2 F,—F_ electron density (contoured at 10) around
the cross-link of 3zs8. b) Side view of superimposed structures of ESp
(semitransparent gray) and [s8 (blue) in ribbon representation bound
to 14-3-3C (gray surface). The cross-link and selected residues are
shown in ball-and-stick representation. In ESp, L422 and A425 corre-
spond to the cross-link positions in B8 (N and C show peptide
termini). c),d) Relative Ky values (K4(f-ESp)/Kq4(f-Brsn)) derived from FP
using fluorescein-labeled peptides and full-length 14-3-3C (triplicates,
errors account for 10; for details, see the Supporting Information).

e) Final 2F,—F, electron density (contoured at 1 s) around the cross-
link of Bss12. f) Side view of superimposed structures of ESp (semi-
transparent gray) and Pss12 (orange) in ribbon representation bound
to 14-3-3C (gray surface). Ball and stick representation in analogy to

b).

electron density map for Prs8 allows tracing of the entire
molecule, including the hydrophobic cross-link, which is
intimately involved in interactions with non-polar residues
of 14-3-3C (Figure 3a; Figures S13,S14). A comparison of
Prs8 and ESp in complex with 14-3-3C reveals the same
binding site for both peptides (Figure 3b). Notably, the N-
terminal part of the backbone in zs8 is rearranged compared
to ESp, resulting in the loss of direct as well as water-mediated
polar interactions. Most obviously, a water molecule (red,
Figure 3b) that is involved in hydrogen bonds with backbone
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atoms of ESp is absent in the structure of s8 (Figure S16).
Furthermore, a dislocation of the crucial leucine residue 1.423
(red, Figure 3b) is observed and leads to a complete absence
of hydrophobic contacts between L423 of 3z¢8 and 14-3-3C. To
further improve peptide binding, we considered the evolution
of the cross-link focusing on both the cross-link length and the
absolute configuration of the non-natural amino acids. For the
generation of a small peptide library, Brs8 (linker length: n=
8) was used as starting point. First, a set of peptides with the
same configuration as fs8 (R at position 422 and S at position
425) but varied linker length was synthesized (n=7-11).
Fluorescein-labeled versions of these peptides were tested
regarding their affinity for 14-3-3C using FP (Figure 3c¢).
Installation of a shortened cross-link (n=7; Ky=6.5 um)
resulted in dramatically reduced binding affinity. Interest-
ingly, longer linkages (n=9-11) did not improve binding
either (K3 =0.65-2.0 um), revealing Prs8 (K4 =0.25 um) as the
most suitable cross-link in this series.

Next, we considered a variation of the absolute config-
uration of both non-natural amino acids. Inspection of the
Prs8-14-3-3C structure (Figure 3a) indicates a strong engage-
ment of X425 in 14-3-3C binding, rendering this position less
suitable for further modifications. However, the Ca-centered
portion of Xz422 shows little direct involvement in binding,
and thus was selected for modification. A set of peptides with
two S-configured non-natural amino acids (fss#2) and linker
lengths ranging from 7 to 13 was synthesized. FP measure-
ments revealed a strong dependence of their binding affinity
to 14-3-3C on the linker length (Figure 3d). In this series,
longer cross-links containing 10 to 13 carbon atoms provide
the most affine peptides with significant increases in affinities
(2- to 28-fold) compared to the unmodified sequence ESp.
Peptide f-fgs12 is the most affine 14-3-3C binder (K, =41 nm),
exhibiting a sixfold higher affinity than f-Bs8 and a 28-fold
higher affinity than f-ESp. To elucidate the structural
consequences of the altered cross-link architecture in Pgs12,
we crystallized the peptide in complex with 14-3-3C (aa 1-230)
and determined the structure at a resolution of 2.5 A (PDB:
4N84). The hydrophobic cross-link is clearly traced (Fig-
ure 3e) and again involved in interactions with hydrophobic
residues of 14-3-3C (Figure S18). In contrast to [gs8, the
arrangement of the backbone in P12 is very similar to the
unmodified peptide ESp resulting in an almost identical
interaction of 14-3-3C, with leucine 1423 in B¢s12 and in ESp
(Figure 3 f). Similar to ESp, the backbone of Bg12 coordi-
nates a water molecule that is absent in Bgs8 (red, Figure 3b,f;
Figure S20).

To validate the FP measurements and to gain a more
detailed understanding of the thermodynamics of the binding
process, ITC experiments with 14-3-3C in presence of
acetylated peptides were performed. In accordance to FP,
Bss12 proved to be the most affine binder (Ky=0.15 um)
showing a 3.7- and 15-fold stronger binding than B8 (Ky=
0.55 um) and ESp (K;=2.2 um), respectively (Figure 4a). A
comparison of enthalpic (AH, white) contributions to the free
enthalpy of binding (AG, gray) at 303 K shows the smallest
AH upon binding for Brs8 (—4.0 kcalmol™). This is in
agreement with the dislocation of the N-terminal part and
the resulting lack in polar interactions with 14-3-3C (Fig-
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Figure 4. a) Comparison of ITC-derived enthalpy (AH, white) and
entropic contribution (—TAS, black) to the free binding enthalpy (AG,
gray) at 303 K (30°C). b) In vitro competition of ESp, Pgs8, and Pss12
with an N-terminally MBP-tagged ExoS fragment, including amino
acids 355-453 (MBP-ExoS) for 14-3-3C (aa 1-230) binding. The MBP-
Ex0S-14-3-3T complex (2 um) was incubated with increasing amounts
of peptide (2, 10, 50 pm) for 2 h. DMSO served as control. Amylose
resin was used for pull-down. After washing, bound proteins were
separated by SDS-PAGE and visualized by Coomassie staining.

ure 3b). ESp and 412 on the other hand establish similar
interactions with 14-3-3C, explaining their comparable bind-
ing enthalpy (—8.2 and —7.0 kcalmol™"). The binding of ESp
to 14-3-3C exhibits negligible contributions by —7 AS (black).
This indicates that favorable entropic contributions like the
liberation of water molecules (classic hydrophobic effect) on
the one hand and entropic penalties such as restriction in
conformational freedom on the other appear to be approx-
imately balanced. Compared to ESp, both cross-linked
peptides show significantly improved entropic contributions
(=T AS = —4.7 for Brs8 and —2.5 kcalmol ' for Bs¢12) leading
to their increased affinity.

A possible explanation for the improved binding entropy
is a cross-link-induced restriction of conformational freedom
of the free peptide, resulting in reduced entropic penalty upon
binding. To test this hypothesis, we investigated the structural
characteristics of these peptides in solution. First, we per-
formed circular dichroism (CD) spectroscopy of the unbound
peptides. These measurements did not show a pronounced
secondary structure for any of the peptides but indicate
a reduced content of flexible random coil structures for the
cross-linked sequences Pgs8 (49%) and Pgs12 (51%) com-
pared to ESp (61 %; Table S8). Second, we determined 'H-
nuclear magnetic resonances (NMR) of backbone amides
(-CO-NH-), which are a good indication for defined backbone
structures in peptides. Usually, more rigid peptides exhibit
larger dispersion in their "HN chemical shifts than their
flexible analogues. We analyzed the 'HN resonances in
a buffered aqueous solution (10% D,O) at pH 6.3 (Fig-
ure S23). The '"HN backbone chemical shifts recorded for the
unmodified peptide ESp at 288 K show a relative low
dispersion of +0.18 ppm (average chemical shift: =
8.27 ppm). This indicates a conformational flexibility that
averages the contributions from dipolar interactions and is
close to a value expected for "HN shifts in random coils." In
contrast, '"HN resonances of Brs8 and Psg12 are more disperse
with values of +0.31 and +0.37 ppm, respectively (average
chemical shifts: 0=8.10 and 8.14 ppm). These findings
indicate a reduction of conformational flexibility. This
interpretation should be made cautiously as it cannot be
ruled out that changes in the chemical environment intro-
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duced by the cross-link could result in similar phenomena.
However, in combination with the reduction of random coil
structures (CD measurements) and the increase in binding
entropy (ITC) for Prs8 and Pgs12, these results suggest
a decrease of conformational flexibility upon cross-link
incorporation.

The introduction of hydrophobic cross-links provided
peptides with significantly enhanced binding affinities for 14-
3-3C. Knowing that the interaction between virulence factor
ExoS and human 14-3-3 is a potential antibiotic target, we
were interested in the capability of the peptides to inhibit this
PPI. An in vitro pull-down assay was employed using 14-3-3C
(aa 1-230) and a fragment of ExoS (aa 355-453) tagged with
maltose-binding protein (MBP-ExoS). The complex between
14-3-3C and MBP-ExoS was incubated with peptides ESp,
Prs8, and Pgs12, respectively. Thereafter, amylose resin was
used to immobilize MBP-ExoS, and after washing, bound
proteins were analyzed by gel electrophoresis (Figure 4b).
The gel shows that the pull-down of 14-3-3C is reduced in
presence of gs8 and Pss12 in a dose-dependent manner. The
inhibitory efficiency for the 14-3-3C-ExoS interaction corre-
lates well with obtained binding affinities, showing the most
efficient competition for the best binder Pgg12.

In summary, we introduce a strategy for the macro-
cyclization of bioactive peptides with an irregular secondary
structure by utilizing cross-links explicitly designed to be
involved in target binding. As a proof of concept, we target
the complex between the human adaptor protein 14-3-3 and
virulence factor ExoS, which is considered an attractive
antibiotic strategy.’®! Using the interaction motif of ExoS as
starting point, we developed a macrocyclic molecule with
a circa 20-fold increased affinity for 14-3-3 and the ability to
efficiently inhibit its interaction with ExoS in vitro. The final
and unique cross-link architecture was evolved in a rational
and iterative process that should be applicable to a broad
range of irregular peptide structures. Taking into consider-
ation that irregular structures participate widely in PPIs,!%
our approach is an appealing strategy for the generation of
novel peptide-derived inhibitors. Moreover, the development
of macrocyclic interaction motifs can foster the rational
design of peptidomimetics,*!®! combining the surface recog-
nition properties of peptides and the pharmacological behav-
ior of small molecules.
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