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Development of protein-protein interaction (PPI) inhibitors remains a major challenge. A significant number of
PPIs are mediated by helical recognition epitopes; although peptides derived from such epitopes are attractive
templates for inhibitor design, they may not readily adopt a bioactive conformation, are susceptible to prote-
olysis and rarely elicit optimal cell uptake properties. Constraining peptides has therefore emerged as a useful
method to mitigate against these liabilities in the development of PPI inhibitors. Building on our recently re-
ported method for constraining peptides by reaction of dibromomaleimide derivatives with two cysteines
positioned in an i and i + 4 relationship, in this study, we showcase the power of the method for rapid identi-
fication of ideal constraining positions using a maleimide-staple scan based on a 19-mer sequence derived from
the BAD BH3 domain. We found that the maleimide constraint had little or a detrimental impact on helicity and
potency in most sequences, but successfully identified i, i + 4 positions where the maleimide constraint was
tolerated. Analyses using modelling and molecular dynamics (MD) simulations revealed that the inactive con-

strained peptides likely lose interactions with the protein as a result of introducing the constraint.

Inhibition of protein—protein interactions (PPIs) using synthetic re-
agents has historically been considered challenging given the interfaces
between two proteins are usually large, lack well-defined recognition
pockets and can position recognition handles in a spatially disconnected
manner with respect to one another."? In comparison to small mole-
cules, peptides have larger sizes and can effectively mimic native
binding motifs of proteins. Thus peptides serve as promising templates
for development of synthetic PPI inhibitors.>”” However, peptides
composed of natural amino acids may not readily adopt a bioactive
conformation and suffer from poor proteolytic stability, poor cell
permeability and rapid clearance.® ! Peptide constraining is one of the
strategies to overcome these barriers,®'' ' and has stimulated intense
efforts to target helix mediated PPIs since a hydrocarbon “stapled”
peptide based on the BID BH3 domain was reported by Walensky
et al;'"a significant number of synthetic strategies for constraining
peptides in a helical conformation have been disclosed.'® ° Similarly,
peptides based on various BH3 domains of BCL-2 family proteins have
served as prominent models for development of new constraints and
targets for early stage drug discovery programs.®>! We recently reported
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a method for generating constrained peptides using dibromomaleimide
and demonstrated that this method shows promise in generating con-
strained peptides with enhanced biophysical and proteolytic proper-
ties.”> ?* This approach relies on reaction of dibromomalimide
derivatives with two cysteines positioned in an i and i + 4 relationship;
the reaction proceeds rapidly (hrs) in aqueous mixtures on unprotected
peptides and exploits commercially available natural amino acids. In the
current manuscript we showcase the power of the maleimide con-
straining approach for rapid identification of optimal positions to
introduce a constraint in a helical binding epitope. We chose the BAD/
BCL-x;, PPI as a model and performed a maleimide constraint scan
following in silico identification of potential hot-residues on a peptide
derived from the BAD BH3 domain. We identified the tolerated positions
for installation of a maleimide constraint using fluorescence anisotropy
assays. Further analyses of the secondary structural preferences of the
peptides using circular dichroism spectroscopy, together with molecular
modelling and molecular dynamics (MD) simulations are consistent with
a bind-and-fold mechanism of recognition between BAD and BCL-xj,
and, that loss of inhibitory potency can arise due to interference with the
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ability to present hot-spot residue side chains in an ideal orientation for
BCL-xy, recognition, by the constraint.

The BCL-2 family proteins regulate the intrinsic cell death pathway
through PPIs to control mitochondrial outer membrane permeabiliza-
tion (MOMP).>>2° Several family members promote programmed cell
death (apoptosis), e.g. the effectors BIM, BID, BAD, PUMA and the
multidomain pore forming BAK and BAX; whilst other anti-apoptotic
(pro-survival) members, e.g. BCL-2, BCL-x;, MCL-1 and BFL-1, block
apoptosis through association with the pro-apoptotic members.?>?° The
BCL-2 family have therefore served as powerful models to elaborate new
methods to target PPIs'>?”:?® and represent important therapeutic tar-
gets, 262920 Bcl-2 agonist of cell death (BAD) is one of the BH3-only
members (which only have BH3 domains) of the BCL-2 family; it plays
important roles in diverse biological processes, e.g. apoptosis and
glucose metabolism.*' >*> The BAD BH3 domain associates with anti-
apoptotic proteins, e.g. BCL-x;, BCL-2 and BCL-W, to trigger apoptosis
by releasing the multidomain proteins BAX and BAK to form a pore in
the mitochondrial membrane. Phosphorylation modulates the apoptotic
function of BAD;** when dephosphorylated, BAD can bind to anti-
apoptotic members e.g. BCL-2, BCL-x;, and BCL-W.>>3¢ However,
upon phosphorylation BAD interacts with the adaptor protein 14-3-3
and its apoptotic function is suppressed.”’ Moreover, prior studies
showed that in the phosphorylated state, BAD causes glucokinase acti-
vation and is thus relevant to glucose metabolism.>>*® Therefore,
mimicry of the PPI between an anti-apoptotic protein and BAD can
theoretically promote apoptosis and may serve as a viable approach for
treatment of cancer. Previous studies identified constrained peptides
based on the BAD BH3 domain.’>*’ Danial and co-workers demon-
strated that hydrocarbon stapled phospho-BAD BH3 mimetics can acti-
vate glucokinase via an allosteric mechanism.*® Fairlie and co-workers
developed truncated BAD BH3 peptides containing one or more lac-
tam bridges. A number of peptides with multiple constraints showed
improved in vitro binding efficiency indices in a fluorescence polariza-
tion assay and cytotoxicity in an MTT assay.*!

Alanine scanning is commonly used to identify hot-spot residues at a
protein—protein interface, i.e. those that contribute significantly (>4.2
kJ/mol) to the binding free energy.*”>*® Appropriately implemented
computational approaches to alanine scanning can be quicker and
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lower-cost in comparison to experimental approaches.* Therefore, we
first performed a virtual alanine scan using the BUDE*® Alanine Scan
(BAlaS) web interface® to identify potential hot-spot resides in the BAD
BH3 sequence. To perform these analyses we used the human BAD/BCL-
Xy, structure (PDB ID: 1G57)*7 and for comparison, a further crystal
structure of the complex between BAD and an anti-apoptotic analogue of
BCL-x;, from zebra fish (BAD/NRZ, PDB ID:6FBX).*® Several residues
were predicted to be potential hot-spot residues in the BAD/BCL-x,
interaction, including Leul04, Tyr110, Leull4, Argl15, Phel21 and
Phel25 (Fig. 1a). Significantly, Phel21 and Phel25 exhibited a signif-
icant calculated increase in binding free energy when replaced with
alanine (18 kJ/mol and 13.2 kJ/mol respectively), highlighting impor-
tant roles of these two residues for recognition of BCL-x;. The alanine
scan of the BAD peptide in complex with NRZ predicted Tyr95, Leu99,
Arg100 and Phel06 as residues with a significant contribution to the
binding free energy associated with BCL-x;, recognition (Fig. 1b). The
prediction of residues is consistent with the typical h1, h2, h3, hydro-
phobic residue constellations observed in BCL2 family interactions,**>°
and together with the similarity of the virtual alanine scanning results
using the BAD BH3 domain and different multidomain BCL-2 family
proteins provided additional confidence in informing the design of
constrained BAD peptidomimetic analogues.

Inspection of the BAD/BCL-x;, NMR ensemble structure confirmed
that the four hydrophobic hot-spot residues, Tyr110, Leul1l4, Phel21
and Phel25, are grafted on the same surface of the a-helix and insert into
the hydrophobic cleft of the BCL-x;, (Fig. 1c). The aromatic residues,
Phel21 and Phel25 of BAD, interact with Phe97 and Tyr195 of BCL-x;,
via n-n interactions, respectively. Notably, the conserved Asp119 forms a
charge reinforced hydrogen-bond with Arg139 of BCL-x;. Similarly, in
the interaction between BAD and NRZ, Tyr95, Leu99, Phel06 are
located on the same surface of the a-helix and insert into the hydro-
phobic cleft of NRZ; Asp104 forms a charge-reinforced hydrogen bond
with Arg90 of NRZ (not shown in Fig. 1d); the role of GIln110 as a hot-
residue is less clear, however Argl00 is engaged in charge reinforced
hydrogen-bonding interaction with Glu79 and Asp83 simultaneously.
Notably, the two lysine residues, Lys93 and Lys94 were also predicted to
be hot- residues. The crystal structure indicates that the side chains of
each lysine residue orient in opposing directions to interact with Glu79
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Fig. 1. Virtual alanine scanning results using BALa$S and structural analyses for interaction of BAD with BCL-2 family partners: (a) results for BAD/BCL-x;, (PDB ID:
1G5J); (b) results for BAD/NRZ (PDB ID: 6FBX); (c) key interactions for BAD/BCL-x;, (PDB ID: 1G5J); (d) key interactions for zebrafish BAD/NRZ (PDB ID:6FBX) (hot-
residues and the conserved asp119 in the BAD peptides are coloured orange; BCL-x;, residues involved in recognition of BAD or NRZ are coloured: yellow for hy-
drophobic, blue for hydrogen-bonded, purple for n-r interaction and red for charge reinforced hydrogen-bond).
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and Glu60 in NRZ (Fig. 1d).

To determine the affinity of BAD-based peptides, we established a
direct fluorescence anisotropy assay. Due to the high affinity of long
BAD-based peptides, a 19-mer BAD fluorescent tracer was used in this
study (FAM-Ahx-BAD1g9_127).°" In our direct titration assay, FAM-Ahx-
BADj¢9_127 was found to bind to BCL-x;, with an affinity Kg = 119 + 23
nM (Fig. 2a). We also used MCL-1 to investigate the selectivity of the
BAD sequence; as anticipated based on literature precedent, FAM-Ahx-
BADj¢9_127 failed to exhibit any change in anisotropy up to a concen-
tration of 100 pM MCL-1 (Fig. 2b), suggesting that the 19-mer sequence
has excellent selectivity and serves as a good starting point for designing
BAD-based peptidomimetic BCL-xy, inhibitors.

Next we applied our recently reported fast and efficient peptide
constraining method using dibromomaleimide at i and i + 4 posi-
tions®? % to design, synthesis and biophysical evaluation of a series of
BAD-BH3 variant peptides. To do this, pairs of i and i -+ 4 residues in the
wild-type BAD1g9_127-BH3 sequence were replaced by cysteines for
constraining. To retain the hot-spot residues at the binding interface and
minimise the influence arising from replacement of native residues,
cysteines were incorporated to avoid changing the relatively hydro-
phobic hot-spot residues Leul04, Tyr110, Leul14, Phel21 and Phel25,
identified from the virtual alanine scan.

This led to 8 bis-cysteine variants (BADL1-L8) based on BAD1g9_127,
by incorporating a pair of cysteines at i and i + 4 positions from the N-
terminus to the C-terminus. Thereafter, we installed a maleimide
constraint on each peptide using dibromomaleimide as previously
described (see ESI for details of syntheses and peptide character-
ization),”>?* and all resultant peptides were tested in fluorescence
anisotropy competition assays (Fig. 2¢, Table 1 and Fig S1-3). The longer
wild-type peptide, BAD1¢3_127, gave an IC5gp = 0.2 + 0.01 pM, which was
more potent than that of the shorter template peptide, BAD1g9_127 (3.6
+ 0.2 pM). Several cysteine variants showed comparable ICsys in
comparison to BADjgg_127. However, BADL2, BADL4 and BADL7 were
observed to have diminished inhibitory potency after incorporation of
the cysteines, indicating those positions to be unsuitable for amino acid
replacement. The loss of inhibitory potency may be attributed to the
replacement of Arg115 which interacts with BCL-x, or Asp119 which is
highly conserved across BH3-only ligands and can interact with Arg143
in BCL-x..**°° Loss of inhibitory potency was observed for most mal-
eimide constrained peptides in contrast to their unconstrained
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precursors and in comparison to the wild-type sequence. Two con-
strained peptides, BADS1 and BADS5, showed similar ICs5¢‘s to that of
the BAD1g9_127 parent. In competition against the BID/MCL-1 interac-
tion these peptides showed poor inhibitory activity (Fig. 2d) indicating
the selectivity preference of the parent wild-type sequence to be
retained.

Next, we assessed the conformational preference of the peptides. The
two wild-type peptides, BAD1p3 127 and BAD;g9 127 Were observed to
adopt a combination of random coil and helical conformation as
assessed by circular dichroism (CD) spectroscopy; helicities of 14% and
10% were determined, respectively (Table 1 and Fig. S4-56), in agree-
ment with a prior report.*' In most sequences, the installation of the
maleimide linker did not have a significant impact on the observed
helicity in comparison to BADjgg_127 or the corresponding cysteine
precursors. One constrained peptide, BADS4, showed improved helicity
in comparison to the linear precursor. However, BADS4 did not retain
inhibitory potency in the BAD/BCL-x;, fluorescence anisotropy compe-
tition experiment. Taken together, these results indicate that: (a)
incorporation of a constraint could not restore the loss of potency caused
by replacement of native amino acids with cysteines; (b) in-solution
a-helicity of the BAD peptides in the absence of the protein has a min-
imal impact on inhibitory potency and potentially that BAD interacts
with BCL-x;, through a bind-and-fold mechanism as has been observed
for other BCL-2 family interactions.”*™’.

To further investigate the impact of the maleimide constraint on the
structure of the peptides in isolation and their complexes with BCL-x;,
we performed molecular simulations (MD) using YASARA.>® First, we
modelled structures of complexes between each peptide and BCL-x;, and
performed energy minimisation. The minimised structures showed that
installation of a maleimide constraint does not cause steric clashes in
most complexes with the protein (Figs. S7-S15). However, clashes in
BADS2/BCL-x;, and BADS6/BCL-x;, were observed, suggesting these
positions are not suitable for introducing a maleimide constraint.
Thereafter, BAD1gg 127/BCL-x;, BADL5/BCL-x;, BADS5/BCL-x,
BADL8/BCL-x;, and BADS8/BCL-x;, and the unbound peptide ligands
were subjected to in-solution MD simulations for 160 ns (Fig. 3 and
Figs. S16-S22). The replicate simulations indicate that BADjg9_127,
BADL5 and BADS5 maintain high helicity in the corresponding com-
plexes with BCL-xy, after 160 ns. To calculate helicity of each peptide in
the unbound and bound states, the conformer at 50 ns was chosen as a
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Fig. 2. Fluorescence anisotropy experiments (a) for direct titration of FAM-Ahx-BAD;¢g_127; with BCL-x;, (6 nM-125 pM); (b) for direct titration of FAM-Ahx-
BADj09-127 wWith MCL-1 (5 nM-105 pM); (FAM-Ahx-BAD199 127 = 50 nM, 20 mM Tris, 150 mM NaCl, pH 7.6, 20 °C); (c) Competition FA results for BAD1¢3 127,
BAD;99_127, BADL5 and BADS5 against BAD/BCL-x;, (20 mM Tris, 150 mM NacCl, pH 7.6, 200 nM BCL-x;, 50 nM FAM-Ahx-BAD1¢g_127, 20 °C); (b) Competition FA
results for BAD193_127, BAD1g9_127, BADLS and BADS5 against BID/MCL-1 (20 mM Tris, 150 mM NacCl, pH 7.6, 150 nM MCL-1, 25 nM FAM-Ahx-BID, 20 °C, note:
FAM-Ahx-BID/MCL-1 K4 ~ 92 + 5 nM).">
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Table 1
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A summary of helicities and FA competition results of the peptides against BCL-xy..

Peptide Sequence” 1Cs0 BAD/BCL-x, (pM)"
(Helicities)®
Unconstrained(L) Constrained(S)
HS HS H
O=Nz0
— r
S S8
BADj03.127 Ac-NLWAAQRYGRELRRMSDEFVDSFKK-NH, 0.2 £ 0.01 (14%)
BAD199-127 Ac-RYGRELRRMSDEFVDSFKK-NH, 3.6 £ 0.2 (10 %)
BADL1/S1 Ac-CYGRCLRRMSDEFVDSFKK-NH, 5.1 £ 0.7 (11%) 5.5+ 0.9 (11%)
BADL2/S2 Ac-RYCRELCRMSDEFVDSFKK-NH, 11.8 + 1.9(11%) >50 (10%)
BADL3/S3 Ac-RYGCELRCMSDEFVDSFKK-NH, 6.8 + 0.7 (10%) > 50 (8%)
BADL4/S4 Ac-RYGRELCRMSCEFVDSFKK-NH, >50 (8%) >50 (14%)
BADL5/S5 Ac-RYGRELRCMSDCFVDSFKK-NH, 6.9 + 0.4 (9%) 2.4 4+ 0.2 (10%)
BADL6/S6 Ac-RYGRELRRMCDEFCDSFKK-NH, 2.9 +£ 0.2 (7%) > 50 (9%)
BADL7/S7 Ac-RYGRELRRMSCEFVCSFKK-NH, > 50 (7%) > 50 (8%)
BADL8/S8 Ac-RYGRELRRMSDCFVDCFKK-NH, 4.5 + 0.4 (10%) > 50 (10%)

2 Hot residues are underlined; incorporated cysteines are highlighted in red; a maleimide constraint was added on the cysteines in each BADSn peptide; ®20 mM
Tris, 150 mM NacCl, pH 7.6, 200 nM BCL-x;, 50 nM FAM-Ahx-BAD19_127, 20 °C. € [peptide] = 50 pM, 20 mM phosphate, 100 mM NacCl, pH 7.4.
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Fig. 3. MD simulation results for different peptide/protein complexes (top = secondary structure content by residue over the timeframe of the simulation, bottom =
Interactions in averaged structures from 50 to 160 ns simulation, for replicate simulations see ESI): (a) BAD;g9_127/BCL-x1; (b) BADL5/BCL-x;; (c)BADS5/BCL-x1; (d)

BADSS8/BCL-x,.

starting point and helicity from 50 to 160 ns was averaged. In general,
the peptides exhibited similar or greater helicity in the bound state than
in isolation for both replicate simulations (Table S1). BAD;g9_127 showed
an average helicity of 76% in the complex with BCL-x;, (Fig. 3a), whilst
BADLS and BADS5 showed similarly high average helicities of 75% and
82% (Fig. 3b and c), respectively. However, compared with the other
three peptides and its linear precursor BADL8 (79% average helicity in
bound state), the bound BADS8 gave a lower average helicity (62%)
(Fig. 3d), suggesting that introducing a maleimide constraint at this
position potentially decreases helicity of the peptide in its bound state
leading to a loss of inhibitory potency in agreement with the competition
FA results.

We further analysed changes in interactions between the constrained
peptides and BCL-xj, in comparison to BADjgg_127 using the average
structures generated by MD simulations; whilst the force fields used
limit a quantitative analyses the reproducible observations from

replicate simulations can be used to gain an idea as to significant
changes in interactions and orientations of side chains. After 160 ns
simulation, BAD9_127 maintained major interactions observed in the
original crystal structure (similar observations are made at different
time points). The key interactions between BADL5/BADS5/BADL8 and
BCL-x;, were also maintained after the simulations whereas the impor-
tant Phel21-Phe97 -1 interaction disappeared in BADS8/BCL-x,
average structure (Fig. 3 and Figs. S23-27). These results suggest that
the loss of potency may arise from conformational changes resulting in a
loss of helicity of bound peptide in combination with a failure to orient
key residues optimally for productive interaction between peptide and
protein as a consequence of the constraint.

In summary, we have successfully designed maleimide-constrained
peptides as BCL-x;, inhibitors with maintained potency and good selec-
tivity based on the BAD BH3 domain. We recently showed the maleimide
constraint exhibits comparable or superior impact on helicity and
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potency in comparison to other types of staples, e.g. hydrocarbon and

xyly

in

1,°° whilst others have noted that different staples behave differently

different sequence contexts. °*°! In this work, using a maleimide-

staple scan, we identified suitable positions for incorporation of a mal-
eimide constraint in the wild-type peptide. A number of peptides
exhibited diminished inhibitory potency as the bis-cysteine and con-
strained variants, whilst a number exhibited diminished potency only as
the constrained variant. Conformational analyses by CD indicated that
a-helicity of the peptides in isolation is unlikely to influence inhibitory
potency. These unusual results motivated us to use MD simulations to
further investigate the bound states of the complexes between peptide
ligands and the protein. These MD simulations suggest that differences

in

bound-state-helicity between the active and inactive constrained

peptides likely influence inhibitory potency and that for a number of
peptides, constraining modulates the orientation of key side chains such
that optimal interaction with BCL-x, cannot be achieved. These obser-
vations highlight the importance of constraint placements in peptide
design, and emphasize the complex effects that introducing a constraint

can have on potency.
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