Structure-based design of stapled peptides that bind GABARAP and inhibit autophagy
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ABSTRACT

The LC3/GABARAP family of proteins are involved in nearly every stage of autophagy. Inhibition of
LC3/GABARAP proteins is a promising approach to blocking autophagy, which sensitizes advanced
cancers to DNA-damaging chemotherapy. Here, we report the structure-based design of stapled
peptides that inhibit GABARAP with nanomolar affinities. Small changes in staple structure produced
stapled peptides with very different binding modes and functional differences in LC3/GABARAP paralog
selectivity, ranging from highly GABARAP-specific to broad inhibition of both subfamilies. The stapled
peptides exhibited considerable cytosolic penetration and resistance to biological degradation. They
also reduced autophagic flux in cultured ovarian cancer cells and sensitized ovarian cancer cells to
cisplatin. These small, potent stapled peptides represent promising autophagy-modulating compounds
that can be developed as novel cancer therapeutics and novel mediators of targeted protein
degradation.

INTRODUCTION

Autophagy is a dynamic cellular process by which cytosolic material is transported to the lysosomal
compartment for degradation. Bulk autophagy recycles biomolecules into building blocks in response to
starvation, while selective autophagy removes misfolded proteins, damaged organelles, and intracellular
pathogens.! Dysregulation of autophagy is a hallmark of many diseases including neurodegenerative
diseases, infectious diseases, and cancer.! During carcinogenesis, autophagy is thought to be protective
as downregulating autophagy increases oxidative stress, DNA damage, and chromosomal instability.2
However, established tumors can become overly reliant on autophagy to survive an environment with
low nutrients, hypoxia, and high oxidative stress.?

There is a great deal of evidence that autophagy inhibition could be a promising therapeutic strategy for
advanced-stage cancers. For example, genetic knockdown of essential autophagy genes attenuates
tumor growth and extends survival in pancreatic ductal adenocarcinoma, lung cancer, and melanoma.’™
Autophagy is induced in response to DNA-damaging chemotherapy, and autophagy has been implicated
in cisplatin resistance in breast and ovarian cancers.®’ Multiple clinical trials using the nonspecific



autophagy inhibitors chloroquine and hydroxychloroquine in combination with chemotherapy have
shown an overall improved response compared to chemotherapy alone for pancreatic cancer,
glioblastoma, breast cancer, and other malighancies.®*! However, hydroxychloroquine and related
drugs broadly affect endolysosomal processes and are not specific to autophagy, and they can cause
significant side effects at doses required for autophagy inhibition.?>!* Novel, autophagy-specific
inhibitors are highly sought after to better understand the effects of autophagy inhibition on advanced
cancers, and to develop therapeutics with improved efficacy and better side effect profiles.*

One strategy for specific autophagy inhibition is interruption of key protein-protein interactions.*
Members of the Atg8 protein family, including the mammalian LC3 (LC3A, LC3B, LC3C) and GABARAP
(GABARAP, GABARAP-L1, GABARAP-L2/GATE-16) subfamilies, are involved in key protein-protein
interactions at several steps in autophagy including initiation, formation and elongation of the
phagophore, cargo recruitment, autophagosome trafficking, and lysosomal fusion (Fig. 1).> Mammalian
LC3 and GABARAP proteins, which we will refer to collectively as LC3/GABARAP proteins, recognize a
conserved motif known as the LC3-interacting region (LIR).1*%” Proteins with LIR motifs that bind LC3
and/or GABARAP proteins include ATG4 which promotes autophagy initiation and phagophore
formation, selective autophagy adapters such as p62 which recruit proteins to be degraded, and
trafficking machinery including FYCO1 and the HOPS complex. ¥%° Thus, disruption of protein-protein
interactions involving LC3/GABARAP proteins has been recognized as a promising strategy for autophagy
inhibition. For example, blocking protein-protein interactions of LC3/GABARAP proteins using
engineered binding proteins sensitized acute myeloid leukemia cells to chemotherapy.?! Additionally,
the application of LC3-binding peptides sensitized ovarian cancer cells to cisplatin treatment.®
GABARAP and LC3 subfamilies are important for autophagy in mammalian cells, with different yet
overlapping roles (Fig. 1). The different roles of GABARAPs and LC3s in cancer progression are poorly
understood, so inhibitors selective to each subfamily are important for studying how they control
autophagy in cancer and other pathologies.?

LIR motifs bind Atg8-family proteins in an extended conformation anchored by conserved hydrophobic
side chains.'®"?® Several studies have explored structural determinants of selectivity for LC3 and
GABARAP proteins, and generally it was observed that GABARAPs are able to accommodate a wider
variety of LIR ligands.2>"?> In previous work, we described structure-activity relationships for an LC3-
specific LIR motif derived from FYCO1, a Rab7 effector protein that mediates autophagosome
trafficking.?® We also described peptides with side-chain-to-side-chain crosslinks, or “stapled” peptides,
with improved affinity, selectivity for LC3B over GABARAP, proteolytic stability, and cytosolic delivery. In
this work, we report two new classes of stapled peptides that inhibit LC3/GABARAP proteins with
nanomolar affinity, one GABARAP-selective class and another that inhibits both subfamilies. Notably,
while most implementations of a stapled peptide strategy involve helical peptides,?” here we employ a
“diversity-oriented stapling” approach that allows the synthesis and evaluation of stapled peptides with
a variety of three-dimensional structures. This methodology enabled the discovery of two distinct
families of stapled GABARAP ligands. We obtained crystal structures which revealed that high affinity
and selectivity were governed by small changes in the chemical structures of the staples, producing two
different, high-affinity binding modes. These peptides resist biological degradation, penetrate the
cytosol, inhibit autophagy, and are synergistic with DNA-damaging chemotherapy in ovarian cancer cells.
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Figure 1. Roles of LC3/GABARAP proteins in autophagy. Autophagy pathways proceed through a multi-
step process which involves protein-protein interactions of LC3/GABARAP proteins at every step. Some
of the known differential roles for proteins from the LC3 and GABARAP subfamilies are noted.'®2°

RESULTS

Peptide K1 is an artificial, GABARAP-selective ligand. The highest-affinity natural ligands for
LC3B/GABARAP proteins are large, negatively charged peptides. We sought to design smaller, less
charged ligands that would be more suitable as pharmacological agents, so we started with the non-
natural GABARAP ligand K1, which was discovered in a phage display selection by Weiergriber et al.?®
The binding mode of K1 is unique compared to all known native ligands in three respects: K1 binds with
a single turn of a 330 helix instead of an extended conformation, K1 binds with the opposite N-to-C
orientation compared to natural ligands, and K1 induces GABARAP to widen a key hydrophobic pocket
to accommodate a Trp residue in addition to the canonical aliphatic residue (Fig. 2a, Fig. S3). We tested
fluorescein-tagged K1 in a direct fluorescence polarization (FP) assay with recombinant, His-tagged
GABARAP and LC3B and found that it bound GABARAP with a Kq of 10 £ 1 nM and LC3B with a K4 of 1200
+30 nM (Fig. 2b), which made it an ideal starting point for designing stapled GABARAP inhibitors.?>%°

Diversity-oriented stapling of K1. While K1 has high affinity for GABARAP, applications of peptides with
all-natural amino acids can be limited by their biological stability and cell penetration (see below).
Covalent linking of side chains, or “peptide stapling,” is a promising strategy to minimize these
limitations.?”” While most stapled peptides are a-helical, we and others have shown that appropriately
designed staples can improve the properties of peptides in other conformations as well.2>3%-34 Based on
the crystal structure of K1 bound to GABARAP,”® we designed peptides Cys5, Cys4, and Cys3 which
stapled K1 in (i,i+3), (i,i+4), and (i,i+5) positions, respectively (Fig 2a). We stapled each peptide using
dithiol bis-alkylation®** with ortho-, meta-, and para-dimethylbenzene linkers, allowing for a “diversity-
oriented stapling” approach where the staple geometry was varied (Fig 2a).313>3¢ Stapling in (i,i+3)
positions (the Cys5 peptides) reduced binding to both GABARAP and LC3B compared to K1. Stapling in
(i,i+4) positions (the Cys4 peptides) produced stapled peptides with similar LC3B binding across staple
geometries, but different GABARAP binding with the best affinity afforded by the longer para linker. By
contrast, for the Cys3 peptides which were stapled in (i,i+5) positions, the unstapled control (Cys3-allyl)
and all three stapled peptides bound GABARAP with nanomolar affinity but the staple geometry
modulated LC3B binding across an order of magnitude (Fig. 2b).

From these initial designs, it was clear that shorter staples were generally less compatible with
GABARAP binding. We explored the effects of longer linkers by stapling (i,i+4) positions with
homocysteine instead of cysteine in either the 4™ or 8" position (peptides Hcy4 and Hey8, respectively,



Fig. S8). Homocysteine in either position significantly improved GABARAP binding for peptides with an
ortho staple, but not with meta or para staples. Homocysteine position and staple geometry had large
effects on LC3B binding, with Hcy8-para having increased LC3B affinity (230 + 30 nM) compared to other

(i,i+4) stapled peptides (Fig. S8).
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Figure 2. Diversity-oriented stapling of K1. a. The structure of K1 bound to GABARAP?® suggested that
replacing residue 8 with Cys and then stapling it to a second Cys residue at either position 3, position 4,



or position 5 could potentially stabilize the overall structure. Cysteine side chains are depicted at all four
positions, with sulfur atoms indicated by yellow spheres. b. Cysteine-substituted K1 analogs were
stapled using the linkers ortho-, meta-, or para-dimethylbenzene and affinities for recombinant
GABARAP and LC3B were measured using fluorescence polarization. Allyl-modified Cys3 peptide was
tested as an unstapled control. Peptides K1 and FYCO1 were tested as GABARAP-selective and LC3B-
selective controls, respectively. c. Penicillamine-substituted analogs of peptide Cys3 were stapled and
their binding affinities for GABARAP and LC3B were measured. T denotes penicillamine. Peptides were
prepared with fluorescein on their N-termini (Fig. S1, Table S1). Data are shown as the averages and
standard errors of the mean for three or more independent trials. Primary data are shown in Figs. S4-
S17.

Because both Cys3-meta and Cys4-meta each showed only a moderate decrease in GABARAP affinity
compared to K1, we hypothesized that a peptide with three cysteine substitutions stapled using a
(1,3,5)-trimethylbenzene linker might also be tolerated.?*3” We found that both the unstapled Cys3.4.8-
allyl and stapled Cys3.4.8-tmb peptides had GABARAP binding affinities comparable to Cys3-meta and
Cys4-meta, and the stapled Cys3.4.8-tmb maintained 35-fold binding selectivity for GABARAP over LC3B
(Fig. S8).

B-branching in the staple modulates binding and selectivity. Next, we hypothesized that B-branching in
the stapled residues might modulate affinity and selectivity. Replacing residue 3 with penicillamine, a B-
branched analog of cysteine, increased binding affinity to GABARAP while maintaining selectivity over
LC3B for all staple geometries and the allylated, unstapled control (Fig. 2c). We confirmed that this was
due to stabilization of B-strand structure by testing unstapled K1 analogs with tert-butyl glycine and tert-
butyl alanine in the 3 position, which had similar affinities and selectivities (Fig. S8). Unexpectedly,
replacing Cys8 with penicillamine maintained high affinity for GABARAP but also improved LC3B binding
affinity by nearly two orders of magnitude (compare Cys3-ortho and Pen8-ortho, Fig. 2c). This effect was
highly dependent on the structure of the rest of the staple, with only moderate LC3B binding observed
for Pen8-para and poor LC3B binding for Pen8-meta. Ultimately, introducing B-branching into the staple
produced Pen3-ortho, a 14 nM ligand for GABARAP with 100-fold selectivity for GABARAP over LC3B, but
also Pen8-ortho which had 12 nM affinity for GABARAP and 33 nM affinity for LC3B. Surprisingly, these
two peptides differed only in the placement of two methyl groups within the staple.

Crystal structures reveal two different binding modes. Because Pen3-ortho and Pen8-ortho are so
similar but have different selectivity, we explored their binding modes by obtaining crystal structures of
them bound to GABARAP. These structures revealed two completely different binding modes. Pen3-
ortho, the GABARAP-selective stapled peptide, binds GABARAP with a single turn of a 310 helix in a
manner highly similar to parent peptide K1 (Fig. 3a, Fig. S3). Unexpectedly, Pen8-ortho binds in the
opposite orientation using a more extended conformation in a manner similar to natural LIR motifs (Fig.
3b, Fig. S3). These observations are consistent with the penicillamine in the eighth position disrupting
helical structure and forcing a different binding mode for Pen8-ortho. Because they bind in opposite
orientations, Pen3-ortho and Pen8-ortho use different side chains to engage GABARAP’s two
hydrophobic pockets. Pen8-ortho fills one pocket with Trp6 and the other with Leu9, while Pen3-ortho
fills the first pocket with Trp11 and the second with both Trp6 and Leu9. This second hydrophobic
pocket is expanded in the Pen3-ortho-bound structure to accommodate both side chains (Fig. 3c).



Notably, Trp11 in Pen8-ortho binds in a third hydrophobic pocket not typically accessed by canonical LIR
motifs. This third pocket is part of a larger binding surface used by some longer natural ligands,*3%%
but these binding interactions typically use aliphatic residues that bind as part of a longer C-terminal
helix — the binding interaction with a single Trp residue has never been seen before (Fig. 3d).

Figure 3. Pen3-ortho and Pen8-ortho bind GABARAP in different binding modes. a. Crystal structure of
Pen3-ortho bound to GABARAP. b. Crystal structure of Pen8-ortho bound to GABARAP. GABARAP is
depicted in surface rendering. c. Pen3-ortho induces a conformational change in GABARAP that expands
the central hydrophobic pocket relative to other ligands including Pen8-ortho. Residues that bind this
pocket from Pen3-ortho and Pen8-ortho are shown in purple and cyan, respectively, and GABARAPs
bound to Pen3-ortho and Pen8-ortho are shown in pink and cyan ribbons, respectively. d. Trp11 of Pen8-
ortho (cyan) accesses a binding pocket that has only previously been observed engaged with a C-
terminal helix of natural ligands (ligands from AnkB, FAM134B, SEC62, RTN3, and STX17 shown in
lavender).223840 |n all structures, some sidechains are omitted for clarity.



The crystal structures offer a potential explanation why Pen3-ortho, which binds in the artificial, K1-like
conformation, is selective for GABARAP over LC3B, while Pen8-ortho, which binds in the natural, more
extended conformation, binds with high affinity to both GABARAP and LC3B. We surmise that LC3B is
unable to bind ligands in the K1-like conformation with high affinity, potentially due to an inability to
undergo induced fit to accommodate the Trp side chain in the central hydrophobic pocket (Fig. 2c).
Notably, in both structures the staple makes extended van der Waals contacts with GABARAP, implying
that the staple contributes directly to binding affinity for both ligands.

Structure-based design using 4-mercaptoproline (4MP). Based on the dihedral angles of bound Pen3-
ortho and Ramachandran plots of proline and pre-proline residues,**> we hypothesized that a 4-
mercaptoproline (4MP) residue within the staple would favor Pen3-ortho’s GABARAP-selective binding
conformation. 4MP conformationally restricts both the backbone and the staple, and we recently
reported its use as a valuable building block for peptide stapling for non-a-helical peptides.®? Testing a
panel of Pen3-ortho analogs with 4MP in the third position (parent peptide MP3), we found that 4MP
substitution maintained high GABARAP affinity while decreasing binding affinity to LC3B for all staple
geometries (Fig. 4a). These data, along with the observation that 4MP substitution abolished the
nanomolar LC3B affinity of Pen8-ortho (compare to MP3Pen8-ortho, Fig. 4a), suggested that 4MP
promotes the helical Pen3-ortho binding conformation and disfavors the extended Pen8-ortho binding
conformation. The highest-affinity ligand, MP3-meta, had binding affinity for GABARAP that was too
strong to be measured by direct FP (K4 < 2.5 nM; see below for measurement using an orthogonal assay)
and at least 1,000-fold selectivity for GABARAP over LC3B (Fig. 4a).

Prior to moving forward with biological assays, we sought to further lessen overall negative charge. We
noticed that residues Aspl and Glu7 appear to make much more extensive polar contacts in the Pen8-
ortho structure compared to the Pen3-ortho structure, as is commonly observed for binding of canonical
LIR motifs.?*3% For example, GABARAP Arg67 forms a salt bridge with Glu7 in Pen8-ortho, but not Pen3-
ortho (Fig. S3). Thus, we hypothesized that we could reduce charge and improve selectivity by
truncating the N-terminal Asp and/or replacing Glu7 with Ala. Both substitutions only moderately
affected K1’s binding affinity for GABARAP, and Pen3-ortho analogs with either substitution showed 2-
to 6-fold decreases in GABARAP affinity while maintaining specificity for GABARAP over LC3B (Fig. 4b).
Strikingly, both substitutions had larger effects on Pen8-ortho, decreasing GABARAP affinity by 20- to
30-fold while also losing all measurable binding affinity to LC3B. These results confirm the prediction
that these negatively charged residues play important roles in binding LC3B, but less so for GABARAP
especially when ligands bind in the non-natural, K1-like conformation. For the highest-affinity ligand,
MP3-meta, either or both substitutions maintained high-affinity GABARAP binding and at least 200-fold
selectivity over LC3B (Fig. 4b).

Selectivity across human LC3/GABARAP analogs. We next sought to characterize binding affinities of
the stapled peptides for additional human LC3/GABARAP paralogs. We set up similar FP assays with
recombinant LC3A, GABARAP-L1, and GABARAP-L2 and tested selected stapled peptides and controls
(Fig. 4c). K1, Pen3-ortho, and MP3-meta all share a similar selectivity pattern, binding GABARAP and
GABARAPL1 in the low-to-mid nanomolar range and GABARAP-L2, LC3A, and LC3B mostly in the
micromolar range. By contrast, we found that Pen8-ortho bound all five paralogs with K4 values
between 12 and 110 nM. In fact, stapled peptide Pen8-ortho bound LC3B and LC3A with similar affinity
as the natural, LC3-selective FYCO1 peptide (Fig. 4c).
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Figure 4. Structure-based design of improved GABARAP ligands. a. Stapled peptides containing 4-
mercaptoproline (4MP) and their affinities for recombinant GABARAP and LC3B as measured by FP. ¢



denotes 4MP and &t denotes penicillamine. b. Stapled peptides with decreased negative charge and
their affinities for recombinant GABARAP and LC3B. c. Affinities of selected peptides were measured for
five human paralogs in the GABARAP/LC3 family using FP assays. For FP assays, peptides were prepared
with fluorescein on their N-termini (Fig. S1, Table S1). d. Example data (blue curves), curve fits (red
curves), and binding data (table) for a biolayer interferometry (BLI) assay with selected biotinylated
peptides (Fig. S1, Table S2) and recombinant GABARAP. All data are shown as the averages and standard
errors of the mean for three or more independent trials. Primary data and additional BLI results are
shown in Figs. S20-S22 and Table S10.

Orthogonal binding assay: biolayer interferometry. The binding affinity measured for K1 in FP assays is
different than the K4 in the original report by Weiergraber et al., which used surface plasmon
resonance.?® These results suggested that the fluorescein attached to peptides for the FP assay may
improve binding to GABARAP. To control for these effects, we used biolayer interferometry (BLI) as an
orthogonal binding assay that employed biotinylated peptides (Fig S1, Table S2). K4 values measured by
BLI were, in general, 3- to 10-fold higher than Kd values measured by FP, consistent with N-terminal
fluorescein contributing to binding (Fig. 4d and Table S10). Importantly, the binding affinities of the
highest-affinity ligands were at the titration limit of the FP assay, so BLI offered a more accurate method
for comparing their binding affinities. The GABARAP binding affinities of K1, Pen3-ortho, Pen8-ortho,
and MP3-meta were measured by BLI at 55+ 8 nM, 39 £+ 7 nM, 14 £ 0.5 nM, and 20 £ 1 nM, respectively.
BLI data also provided insight into binding kinetics, revealing that slower off-rates appear to be primary
driver for affinity improvements for stapled analogs of K1. Pen8-ortho was the only stapled peptide with
enhanced on-rate, which may be due to its canonical LIR binding mode not requiring induced fit of
GABARAP (Fig. 3c).

Resistance to biological degradation. Proteolytic degradation is a liability for peptides, but artificial
amino acids and staples can provide resistance. We measured the stability of selected GABARAP ligands
following 1, 3, and 5 h incubation in freshly prepared Hela cell lysate, a high-stringency assay for
measuring susceptibility to biological degradation.?®3%%3 K1 was degraded rapidly, with only 9%
remaining after 1 h. Incorporating artificial amino acids such as tert-butyl alanine residue conferred
some protease resistance, with 34% remaining at 1 h and 4% at 5 h (Fig. S28). Stapling conferred even
more resistance. At 5 h, between 35% and 80% of stapled peptides remained intact (Fig. 5a).
Interestingly, the bicyclic peptide Cys3.4.8-tmb (see above) had less peptide remaining at 5 h than most
of the stapled peptides (Fig. 528) — in this case, bicyclic stapling did not confer an added advantage
compared to single staples with respect to biological degradation.

Penetration to the cytosol. In many cases, peptide stapling also increases cytosolic penetration.2627:31

We examined the cytosolic penetration of our stapled GABARAP-binding peptides using the
chloroalkane penetration assay (CAPA), a robust assay that measures penetration to the cytosol without
interference from material trapped at the cell surface or in endosomes.* Importantly, while linear
peptide K1 was the most prone to degradation, it was among the least cell-penetrant peptides tested
(Fig. 5b). This result helps to rule out degradation artifacts and supports that the CAPA data report on
the internalization of intact peptides.*>*® We found that, with the exception of MP3-meta, all stapled



peptides had significantly improved cytosolic penetration compared to K1 (Fig. 5b). Removing negative
charges had modest effects, improving cytosolic penetration by 2-3 fold for some, but not all, stapled
peptides. Overall, the CAPA data showed that stapled GABARAP ligands effectively access the cytosol
when incubated for 24 h at concentrations as low as 1 to 2 micromolar.
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Figure 5. Biological stability and cytosolic penetration of GABARAP inhibitors. a. Chloroalkane-tagged
peptides (Fig. S1, Table S3) were incubated with Hela cell lysates for 1, 3, and 5 h, and HPLC was used to
guantitate the fraction of peptide remaining. b. Cytosolic penetration after 24 h incubation of
chloroalkane-tagged peptides with Hela cells, as measured using the chloroalkane penetration assay
(CAPA).***> CAPA measures cytosolic penetration by monitoring the extent to which cytosolic HaloTag
protein is blocked by chloroalkane-tagged peptide, with 100% fluorescence indicating no cytosolic
penetration and 0% fluorescence indicating penetration sufficient to block all cytosolic HaloTag. CPsg
values are derived from the curve fits shown.***> Chloroalkane-tagged polyarginine is shown as a
positive control.**** All data are shown as the average and standard error of at least three independent
trials. Results of individual trials and additional data at a 4 h time point are shown in Figs. S24-S25 and
Table S11.



Synergy with DNA-damaging agents and effects on autophagy. Prior work indicated that autophagy is
associated with cisplatin resistance in ovarian cancer and that autophagy inhibition can be synergistic
with DNA-damaging chemotherapy in several solid tumors.®?>*® To determine whether GABARAP-
binding stapled peptides have similar applications, we exampled the effects of peptides alone and with
cisplatin on cell growth in the OVCARS ovarian cancer cell line. Peptides alone showed limited effects on
tumor cell growth up to 10 uM. However, all peptides enhanced cisplatin-induced growth inhibition at
concentrations as low as 2.5 uM (Fig. 6a, Fig. S31). Synergistic effects between peptides and cisplatin
were confirmed by calculating combination indices, which were well below 1 for all peptides tested with
MP3.2-meta having the highest degree of synergy (Fig. S31).
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Figure 6. Effects of stapled peptides on ovarian cancer cells. a. Relative cell proliferation after
treatment of OVCARS cells with peptide alone (1.25 to 10 uM), cisplatin alone (0.6 to 5 uM), or cisplatin
plus peptide (1:2 ratio of cisplatin to peptide). ns denotes not significant, * denotes p < 0.05, ** p <
0.01, *** p < 0.001, and **** p < 0.0001, one-way ANOVA with multiple comparisons. All peptides
showed synergistic effects with cisplatin; combination indices are shown in Fig. S31. Data are shown as




averages and standard error of four technical replicates, and data are representative of two biological
replicates (Fig. S31). b. Western blots of OVCARS cells treated with 25 uM peptide and/or 10 uM
cisplatin for 48 h. Blot is representative of two biological replicates (Fig. S32).

Because LC3B and GABARAP are involved in every step of autophagy (Fig. 1), it was not clear precisely
how LC3B/GABARAP inhibitors would affect autophagy. We treated OVCARS cells with cisplatin and/or
stapled peptides and analyzed the autophagy markers p62, LC3B, and GABARAP by Western blotting
(Fig. 6b, Fig. S32). MP3.1-meta showed apparent cytotoxicity at 25 uM as evidenced by low intensity in
the GAPDH loading control. In all other samples, p62 levels were relatively unchanged, implying that
cisplatin and cisplatin plus peptide had minimal effects on selective autophagy mediated by p62.
However, as previously shown in OVCARS,%® when cells are treated with cisplatin at sub-lethal doses,
cisplatin decreases LC3B-1 and GABARAP-I which indicates induction of non-p62-dependent autophagy.
When co-treated with sub-lethal doses of cisplatin and stapled peptides Pen8-ortho, Pen3.2-ortho, MP3-
meta, or MP3.2-meta, OVCARS cells had increased LC3B-I compared to cells treated with cisplatin alone
(Fig. 6b). Treating cells with cisplatin and Pen3.2-ortho or MP3.2-meta also reversed the decrease in
GABARAP-I observed in cells treated with cisplatin alone. These results suggest that K1-derived stapled
peptides can partially block autophagy induction by cisplatin, which is a plausible mechanism for their
synergistic effects on cell proliferation.

DISCUSSION

Despite decades of work on stapled a-helices, the structural and functional consequences of stapling
non-helical peptides remain difficult to predict. In this case, a diversity-oriented stapling strategy
allowed for development of two classes of high-affinity GABARAP ligands: Pen8-ortho, which binds both
GABARAPs and LC3s with nanomolar affinity, and the more GABARAP-selective Pen3-ortho and its
analogs including MP3-meta. The striking difference in binding modes for Pen8-ortho and Pen3-ortho,
despite a difference of only two methyl groups, underscores the ability of a diversity-oriented stapling
approach to broadly access conformational space for peptides, especially peptides lacking extended a-
helices. These stapled peptides are among the most potent binders of LC3/GABARAP proteins described
to date. Notably, native ligands with similar or higher affinity have an extended C-terminal helix (Fig.
3d), are twice the size of the stapled peptides reported here, and have eight or more negative charges,
making them unlikely to be useful for pharmacological inhibition.?*>?° For Pen8-ortho, binding affinity
appears to derive from the ability to access three hydrophobic pockets, and for Pen3-ortho binding
affinity appears to derive from engagement of a large, cryptic hydrophobic pocket that is not observed
for native ligands. Both inhibitors also make extensive contacts with GABARAP via their hydrophobic
staples.

Our applications of stapled peptides to inhibit autophagy add to growing literature showing that
interfering with the protein-protein interactions of LC3/GABARAP proteins is a promising avenue for
anti-cancer therapeutics.?>*° Inhibiting autophagy can also subvert immune system evasion by solid
tumors. For example, Yamamoto and coworkers found that in pancreatic ductal adenocarcinoma cells,
MHC-I is degraded by NBR1-mediated autophagy, resulting in a lower antigen presentation and
decreased CD8+ T cell activation compared to autophagy-inhibited cells.*’ Inhibiting autophagy has also
been found to promote an anti-tumor immune response in high mutational burden tumors and can



improve response to PD-1/PD-L1 therapy.**>! This may explain why a prior LC3B ligand showed
unusually potent antitumor effects in mice compared to its in vitro activity.3° In this work, we developed
several stapled peptides with selectivity for GABARAP, including Pen3.2-ortho, MP3-meta, and MP3.2-
meta, as well as one stapled peptide that inhibited both LC3 and GABARAP proteins, Pen8-ortho. These
ligands all inhibited autophagy and potentiated cisplatin toxicity in OVCARS8 cells with similar potency.
These results imply that blocking GABARAP may be at least as critical as blocking LC3B for efficient
autophagy inhibition. Prior work which tested effects of LC3B ligands and inhibitors did not examine
their binding to GABARAP, leaving open the possibility that their biological effects were mediated in part
(or perhaps even in full) by GABARAP inhibition.®3%>2 Moving forward, we expect that GABARAP-
selective ligands and ligands that bind both LC3 and GABARAP proteins will be useful classes of ligands
for exploring potential combination therapies with DNA-damaging agents, and potentially with
checkpoint inhibitors as well.*

Autophagy, and specifically the LC3/GABARAP family of proteins, is also an emerging avenue for
targeted protein degradation.>® Autophagy-targeting chimeras (called AUTACs, among other
acronyms)>?>° link a compound that binds a protein-of-interest to another compound that promotes
recruitment to the autophagosome. AUTACs could have several advantages over proteolysis-targeting
chimeras (PROTACs) because autophagy components such as LC3/GABARAP are broadly expressed in all
tissue types and because autophagosome recruitment requires only physical tethering, not catalysis
within a ternary complex. While peptides would likely get degraded in the lysosome, the stapled
peptides reported here represent promising starting points for this exciting modality. Further, our data
directly inform efforts to develop small-molecule AUTACs. For example, while LC3B is the more well-
studied mammalian paralog, our data suggest GABARAP may be a better target for continued work in
AUTAC development. GABARAP’s central hydrophobic pocket can widen to accommodate a larger
hydrophobic ligand (Fig. 3c), which is not seen in structures of LC3B, and it has several adjacent
hydrophobic pockets that can be exploited to improve binding affinity (Figs. 3a-b). Thus, we expect
GABARAP to be a key target for recruiting proteins-of-interest for degradation via autophagy.
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