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Abstract: Small GTPases are molecular switches using GDP/
GTP alternation to control numerous vital cellular processes.
Although aberrant function and regulation of GTPases are
implicated in various human diseases, direct targeting of this
class of proteins has proven difficult, as GTPase signaling and
regulation is mediated by extensive and shallow protein
interfaces. Here we report the development of inhibitors of
protein—protein interactions involving Rab proteins, a subfam-
ily of GTPases, which are key regulators of vesicular transport.
Hydrocarbon-stapled peptides were designed based on crystal
structures of Rab proteins bound to their interaction partners.
These modified peptides exhibit significantly increased affin-
ities and include a stapled peptide (StRIP3) that selectively
binds to activated Rab8a and inhibits a Rab8a—effector
interaction in Vitro.

Small GTPases are involved in a variety of pivotal cellular
processes including cell growth, differentiation and survival,
vesicular transport, and membrane trafficking.!'! These switch
molecules alternate between an inactive GDP-bound and an
active GTP-bound form. Their activity and subsequent signal
propagation are regulated by protein—protein interactions
(PPIs), including binding to guanine nucleotide exchange
factors (GEFs) and GTPase activating proteins (GAPs).
GEFs stabilize the nucleotide-free state (NF) thereby cata-
lyzing nucleotide exchange from GDP to GTP. GAPs
recognize GTP-bound forms and enhance the intrinsically
low GTPase activity.>*! Switching between nucleotide bind-
ing states involves major conformational changes and allows
activated GTPases to specifically interact with different
effector proteins thereby triggering downstream signaling
events. Aberrant activation of small GTPases is implicated in
numerous human diseases, rendering members of this protein

family very attractive targets in drug discovery.!*) For instance,
Rab (Ras-related in brain) proteins are master regulators of
intracellular vesicular transport and trafficking, and malfunc-
tions of Rab GTPases have been implicated in an increasing
number of inherited and acquired pathologies including
neurodegenerative diseases and various forms of cancer.”!

In general, interfering with GTPase activity and function
has proven to be very difficult. In particular, direct modu-
lation of protein—protein interactions involving GTPases is
a major challenge,”” since the corresponding protein inter-
faces lack well-defined binding pockets. Only in a few cases
modulators of small GTPase-protein interactions were
reported,”) most of them targeting Ras proteins’® with
a focus on Ras-GEF interactions.”! Compounds directly
targeting Rab GTPases have not been described so far.
Stabilized helical peptides have been successfully employed
to target PPIs that are very hard to address by small
molecules.'”l Here we report the inhibition of PPIs involving
Rab8 as a representative GTPase using helical peptides
derived from o-helical binding motifs of Rab-interacting
proteins that were stabilized by means of hydrocarbon—
peptide stapling."

In order to identify peptide sequences suitable to serve as
a starting point for the design of Rab-PPI inhibitors, we
analyzed known crystal structures of Rab in complex with
protein binding partners and searched for cases in which
binding to Rab is mediated by a-helical interaction motifs
suitable to initiate a peptide-stapling approach (Figure 1a and
Figure S1).B! To evaluate whether the corresponding a-helical
peptides might retain the potential for Rab binding, we
calculated their interaction surface with the Rab protein
based on available structural data. Using the Protein Data
Bank (http://www.pdb.org)!'¥! as a source, we identified nine

[*] J. Spiegel," P. M. Cromm, Dr. T. N. Grossmann,
Prof. Dr. H. Waldmann
Max-Planck-Institut fiir Molekulare Physiologie
Abteilung Chemische Biologie
Otto-Hahn-Strasse 11, 44227 Dortmund (Germany)
and
Technische Universitit Dortmund
Fakultit fir Chemie und Chemische Biologie
Otto-Hahn-Strasse 6, 44227 Dortmund (Germany)
E-mail: tom.grossmann@mpi-dortmund.mpg.de

herbert.waldmann@mpi-dortmund.mpg.de

Prof. Dr. A. ltzen
Center for Integrated Protein Science Munich
Chemistry Department, Technische Universitdt Minchen
Lichtenbergstrasse 4, 85748 Garching (Germany)
Prof. Dr. R. S. Goody
Max-Planck-Institut fiir Molekulare Physiologie
Abteilung Physikalische Biochemie
Otto-Hahn-Strasse 11, 44227 Dortmund (Germany)

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Dr. T. N. Grossmann

Chemical Genomics Centre of the Max Planck Society

Otto-Hahn-Strasse 15, 44227 Dortmund (Germany)
[*] These authors contributed equally to this work.

[7’:7‘:

This work was funded by the European Research Council under the
European Union’s Seventh Framework Programme (FP7/2007-
2013) (ERC Grant No. 268309). T.N.G and ).S. acknowledge
financial support by the Fonds der Chemischen Industrie. P.M.C. is
thankful to the Studienstiftung des deutschen Volkes for a fellow-
ship. We thank N. Bleiming for protein expression/purification and
technical assistance. The Dortmund Protein Facility is acknowl-
edged for assistance in cloning and protein expression and
purification.

@ Supporting information for this article is available on the W\WW
under http://dx.doi.org/10.1002/anie.201308568.

Angew. Chem. Int. Ed. 2014, 53, 2498 —2503


http://dx.doi.org/10.1038/348125a0
http://dx.doi.org/10.1002/anie.201308568

a) RG6IP cwz) LidA @3nF)

Angewandte

imemationalediion . CEIMIE

Rabin8 @nix)

nucleotide-free*

interaction  R° < ® A% o o N
peptide a-helical domain sequence surface oo P %
WtR6IP Rab6-interacting protein1 (900-916) DDEKEQFLYHLLSFNAV 1035 A [ | B
wtLidA1 LidA (398-415) LSLEMEKQLETINNLIMS 66 ” HE H HBE
wtLidA2 LidA (427-439) LLHKHNGLNLKLAN 998 A W H Bl
wtLidA3 LidA (537-557) TVKKLVHHNKGLETTIHKERV 983 A’ Il HEHEE
WtRbpt Rabaptin5 (817-830) VQRDFVKLSQTLQV 1065 A HHHAHEERER
WtRILP Rab-interacting lysosomal protein (248-269) FEQILQERNELKAKVFLLKEE 1437 A° Il HHEBR
wtGCC GCC185(1589-1605) LMEQIKLLKSEIRRLER e6 7 IR W HE
wtRabin Rabin8 (189-208) LGQELEELTASLFEEAHKMY 1089 A> |l HE B
WtREP Rab escort protein1 (378-391) GELPQCFCRMCAVF 760 A? [ | ] [ | |

B «<<20um 20uM < K,< 100uM

100 < K< 300uM ] ¥.> 300uMm

Figure 1. Helical interaction motifs of Rab binding partners. a) Crystal structures of Rab proteins and their natural ligands. Helices involved in the
binding interface and used for further modification are highlighted in red. b) Synthesized wild-type peptides with their parent protein,
corresponding interaction surface, and a heatmap representation of the dissociation constants observed with different nucleotide-free Rab
proteins. * Nucleotide-free Rab proteins generally suffer from poor solubility resulting in relatively low final protein concentrations (maximum
concentration in FP: Rab1b(NF) =105 pm, Rab5a(NF) =4 pum, Rab6a(NF) =140 pm, Rab7a(NF) =57 pm, Rab8a(NF) =34 pm, Rab9a(NF) =5 um,
Rab11a(NF) =171 pm). As a consequence, some of the binding curves do not reach a plateau and are extrapolated in order to obtain comparable

Ky values (for details see Tables S4-S6 and Figures S7-513).

candidates originating from different effector and regulatory
proteins that bury at least 600 A2 of solvent-accessible surface
area (Figure 1b and Table S1).¥) These peptides were
synthesized as N-terminal fluorescein-PEG conjugates by
Fmoc-based solid-phase peptide synthesis (SPPS) (see
Table S2).

Since most of the parent proteins bind multiple Rab
GTPases, we assessed the affinity of the nine peptides to
a representative set of Rab proteins (Rabl1b/-5a/-6a/-7a/-8a/-
9a/-11a) using a fluorescence polarization (FP) assay. The
nucleotide binding state of the Rab proteins dictates their
affinity to corresponding binding partners, with effector
proteins such as Rabé6-interacting proteinl, LidA, Rabaptin$,
Rab-interacting lysosomal protein, and GCC185 preferably
binding to the activated GTP-bound form. GEFs such as
Rabin8 show the highest affinity for the nucleotide-free form,
whereas Rab escort proteinl preferentially binds to GDP-
bound Rab proteins. Therefore, all Rab proteins were
generated in the three nucleotide binding states (GDP, GTP,
nucleotide-free) and investigated using FP. Except in the case
of Rab6a,"¥ which is maintained in the GTP state due to an
exceptionally low intrinsic GTPase activity, the nonhydrolyz-
able GTP analogue GppNHp was used to avoid intrinsic
hydrolysis. All tested peptides displayed low affinities (dis-
sociation constant: Ky >300 uMm) for nucleotide-bound Rab
proteins, which is not surprising since the a-helical fragments
presumably lose their secondary structure when excised from
the corresponding parent protein. However, four of the nine
peptides (WtR6IP, wtLidA2, wtRabin8, and wtREP) exhib-
ited dissociation constants with nucleotide-free Rab proteins
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in the low to medium micromolar range (Figure 1b and
Tables S4-S6). Discrimination between the different Rab
proteins by these peptides is relatively low, possibly because
the excised a-helical domains represent only a part of the
original binding interface. In addition, nucleotide-free Rab
proteins exhibit an increased degree of flexibility in proximity
to the nucleotide-binding regions which might support
induced-fit binding.

From the established approaches to stabilizing and
thereby restoring the binding affinity of small a-helical
peptides, we applied hydrocarbon—peptide stapling, which
has proven very useful for targeting protein—protein inter-
actions."!! Peptide stapling requires the introduction of a-
methyl, a-alkenyl amino acids into a peptide sequence and
subsequent macrocycle formation to generate an all-hydro-
carbon bridge connecting two turns of an o-helix. In its most
successful realization, two S-configured modified amino acids
incorporated at positions i and i 4+ 4 are used to form an eight-
carbon cross-link (Figure 2a and b)™ which may result in an
increase of target affinity in the range of one to two orders of
magnitude. The four peptides (WtR6IP, wtLidA2, wtRabin8,
and wtREP) with low micromolar affinity for nucleotide-free
Rabs were chosen for stapling.

Based on crystal structures of the parent protein—Rab
complexes, residues that do not contribute to Rab binding
were identified for staple incorporation. For instance, the
Rab6a(GTP)-Rab6 interacting proteinl complex (PDB
3CWZ; Figure 2¢) reveals five potential modification sites
(gray spheres, Figure 2d) for which we identified three
positions for incorporation of #,i+4 hydrocarbon staples
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Figure 2. Design of stapled peptides derived from Rabé-interacting
proteinl. a) The peptide-stapling approach: The a-methyl, o-alkenyl
building block Fmoc-S;-OH (see (b)) is incorporated into the peptide
sequence at positions i and i+4 and cross-linked by ring-closing olefin
metathesis. (For detailed information on the syntheses of the building
blocks and the peptides see Figures S5 and S6.) c) Crystal structure of
Rabé-interacting protein1 (R6IP) bound to Rab6a (PDB 3CWZ). Side
chains involved in the binding are shown explicitly and residues
selected for introduction of Fmoc-Ss-OH are highlighted as gray
spheres. d) Sequences of the four stapled peptides derived from R6IP.

(StRIP1-3). In addition, a shorter stapled peptide (StRIP4)
was designed to investigate the importance of the negatively
charged N-terminus. For peptide stapling implementing the
i,i+4 cross-link, the nonnatural amino acid Fmoc-S;-OH
(Fmoc-(S)-2-amino-2-methyl-hept-6-enoic acid, Figure2b
and Figure S5) was introduced into the peptide sequence
during SPPS and subsequently the side chains were cross-
linked using ruthenium-mediated olefin metathesis. Finally,
the N-terminus was either fluorescently labeled as described
above or acetylated using acetic anhydride (see Table S3).
In analogy to the stabilized derivatives of wtR6IP, stapled
peptides were designed using wtLidA2, wtRabin8, and
wtREP as starting points (Figure 3a and Figures S2-S4).
Three stapled peptides StLidA1-3 were generated based on
the Rab8a(GppNHp)-LidA crystal structure (PDB 3TNF).
Although we identified three different stapling patterns in the
Rab7(GDP)-Rab escort proteinl complex (PDB 1VGO0),
only two of them were synthetically accessible, probably due
to the helix-breaking properties of proline 381. For the slightly
longer wtRabin sequence, four different stapled peptides
(StRabin1-4) were obtained based on the Rab8(NF)-Rabin8
complex (PDB 4HLX). Subsequently, all stapled peptides
were investigated by means of circular dichroism (CD)
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spectroscopy. In most cases a-helicity was increased com-
pared to that of the unmodified starting sequences, with
StRIP1 (36 %) and StRabinl (35 %) exhibiting the highest a-
helicity (Figure 3a and b, Table S8, and Figure $32).1'%l

The affinities of the fluorescein-labeled stapled peptides
were determined for Rablb/-5a/-6a/-8a/-9a/-11a each in the
three nucleotide binding states using FP (Figure 3a.;
Table S6 and Figures S14-S31). For nucleotide-free Rab
proteins almost all stapled analogues showed increased
binding affinities compared to those of the corresponding
wild-type peptides (up to 200-fold). Only stapled peptides
StLidA2 (for Rab9a(NF) and Rabl11a(NF)) and StLidA3 (for
all tested Rab(NF) proteins) did not show improved binding.
For Rab8a(NF) and Rabl1a(NF) several ligands displayed
dissociation constants in the submicromolar range, with
StRIP3/Rabll [K;=(0.40£0.02) um] and StREP2/Rab8a
[Ki=(0.424+0.03) um] exhibiting the highest affinity. The
dissociation constants of the best binders for Rablb, -5a, and
-6a in their nucleotide-free form were determined to be
between 1.0 um and 1.1 um with a maximum increase in
affinity of 40-fold as a result of stapling. Only for Rab9(NF)
were K, values determined to be above 10 pum. Similar to the
wild-type sequences, the investigated stapled peptides show
low discrimination between different Rab proteins. However,
the stapled peptides exhibit low affinity (K4 > 100 um) for the
GDP-bound and most of the GTP-/GppNHp-bound Rab
proteins which reflects the low affinity of the starting wild-
type sequences. Nevertheless, several peptides bind Rab8a in
its GppNHp-bound state. Six stapled peptides exhibited
moderate K, values in the range of 50 um to 100 um. Most
strikingly, the stabilized a-helical domain of Rab6 interacting
proteinl, StRIP3, bound Rab8a(GppNHp) with a K, of
(222 +£1.2) um, which is in the range of some effector
proteins.'7¥ Moreover, StRIP3 demonstrated an at least
fivefold selectivity for Rab8a(GppNHp) over the other tested
Rab proteins. Notably, StRIP3 is the first identified low-
micromolar binder of a Rab GTPase in its activated GTP-
bound form.

To explore the contributions of the introduced staple to
binding, we synthesized StRIP3 derivatives with longer and
shorter linkers. This resulted in peptides with reduced
affinities for Rab8(GppNHp) (Figures S33 and S34). Addi-
tionally, the starting sequence of StRIP3 (wtR6IP) was
stabilized using an N-terminal hydrogen-bond surrogate
(HBS).! The affinity of the HBS-stabilized helix was twice
that of wtR6IP but did not reach the ninefold improvement
observed for StRIP3 (see Figures S32 and S34). Furthermore,
we varied the central amino acid sequence and therefore
replaced leucine911 (Figure 2¢) with amino acids carrying
side chains of different steric demand and polarity (Fig-
ure S33 and S34). The modifications did not yield peptides
with significantly increased affinities.

For active compounds it is important that they are able to
bind their target in a complex protein mixture. Therefore, we
tested the most affine stapled peptide StRIP3 regarding its
ability to bind Rab8 in the context of a cellular lysate. We
performed affinity isolation (pull-down) assays using HCT116
lysates enriched with 0.9 wt % Rab8(GppNHp) (based on
protein content). The stapled peptide StRIP3 and the weaker
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Figure 3. Evaluation of stapled peptides: a) Hydrocarbon-stapled peptide sequences, a-helicity, and heatmap representation of the dissociation
constants of the FITC-labeled peptides with different Rab proteins in all three nucleotide binding states. * Maximum employed protein
concentrations were c,,,[RabTb(NF)]=110 pm, ¢, [Rab5a(NF)]=5 um, ¢, [Rab6a(NF)]=100 um, ¢, [Rab8a(NF)]=34 um, ¢
[Rab9a(NF)]=68 um, and ¢, [Rab11a(NF] =170 um; nucleotide-free forms were employed close to their solubility limit; ¢, [Rab(GDP)]=300 um
and ¢,,,,[Rab(GppNHp)] =300 um. FP data and explicit dissociation constants as well as detailed information on CD and K; calculation are
provided in Table S6 and Figures S14-S31. b) Representative CD spectra of acetylated StRIP peptides. c) Representative FP binding data of FITC-

labeled StRIP peptides with Rab8a.

ligand wtR6IP were labeled with biotin and immobilized on
streptavidin beads which subsequently were incubated with
Rab8(GppNHp)-enriched cellular lysate. Western blotting
analysis with Rab8a-specific antibodies clearly showed that
pull-down efficiency correlated well with the binding profile
determined in the FP assay (Figure 4a). To explore its
functional activity, we were finally interested in the ability
of StRIP3 to compete with Rab8 effector binding. We chose
the Rab8a effector oculocerebrorenal syndrome of Lowe
(Lowe syndrome) protein (OCRL1), a peripheral membrane
protein mainly located at the Golgi apparatus, for further
studies. Mutations of OCRL1 are implicated in the initiation
and progression of Lowe syndrome.”” The Rab8-binding
domain of OCRLI1 (amino acids 539-901) was labeled with
a N-hydroxysuccinimide-fluorescein conjugate and binding to
Rab8a(GppNHp) was monitored by means of FP. The
observed dissociation constant of 1.7 pM for OCRL1539_gy;
and Rab8a(GppNHp) (see Figure S36) correlates well with
the reported affinity” (K;=0.9 um) for unmodified
OCRL1539.9. To investigate the ability of StRIP3 to disrupt
this interaction, competition FP experiments were performed.
In this assay, concentration-dependent displacement of la-
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Figure 4. In vitro characterization of StRIP3: a) Pulldown assay with
biotinylated peptides in spiked HCT116 lysate. b) Displacement titra-
tion of fluorescein-labeled ORCL153550 (50 nM) from Rab8a(GppNHp)
(10 um) with increasing concentrations of acetylated StRIP3.

beled OCRL1s3, by acetylated StRIP3 was observed
whereas control peptides StRIP4 and wtR6IP did not
interfere with OCRL1 binding (Figure 4b). For inhibition of
the Rab8a(GppNHp)-OCRLI1s34, complex formation by
StRIP3 an ICs, of (490 £ 65) um was determined. The titration
curve obtained in this experiment could be well explained
using a purely competitive model and assuming a K, value for
the StRIP3 peptide of roughly 45 pm. Simulation of the
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binding curve using the program Scientist (Micromath) gave
a calculated ICs; value of about 0.5 mM, in good agreement
with the experimental value. Although the K, value is roughly
twice that obtained by direct titration of the peptide with
Rab8a, this is in reasonable agreement in view of the different
procedures used and can be taken as support for the direct
competitive inhibition of binding of the effector OCRLI1 to
Rab8a by StRIP3. A more extensive analysis would be
needed to determine the exact nature of the binding (i.e.
whether the binding is purely or possibly partially compet-
itive).

Interactions between Rab GTPases and their protein
binding partners involve extensive, shallow surfaces, prevent-
ing the application of most conventional targeting
approaches. Due to their involvement in the pathogenesis of
various human diseases, several Rab proteins have recently
emerged as new therapeutic targets. However, compounds
directly targeting Rab GTPases and, in particular PPIs
involving Rabs, have not been reported up to this point.
Here we report that protein—protein interactions involving
Rab GTPases—and in extension possibly other GTPases as
well—can successfully be targeted using hydrocarbon-stapled
peptides. A set of a-helical interaction motifs was identified,
stabilized, and investigated for binding to several Rab
proteins in their three nucleotide binding states. Insertion of
an all-hydrocarbon staple into the a-helical binding motifs
increased the affinity of the peptide ligand for Rab proteins in
almost all cases resulting in more than 200-fold higher binding
affinity compared to the parent peptides. The most potent
peptide displayed a K, of 0.4 um with Rab proteins in their
nucleotide-free from. Notably, a stapled peptide (StRIP3) was
identified which selectively binds to Rab8a in its activated
GppNHp-bound state, exhibiting an affinity comparable to
that of Rab effector proteins. StRIP3 displays functional
activity in vitro by competing with a Rab8a—effector inter-
action. This peptide represents the first compound directly
targeting Rab GTPases and inhibiting Rab-protein interac-
tions. Given the fact that direct targeting of small GTPases for
a modulation of effector binding has proven extremely
difficult, our strategy might represent a novel path to
successfully overcome this obstacle.
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