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Abstract: Stapled peptides are a promising class of molecules with potential as highly
specific probes of protein-protein interactions and as therapeutics. Hydrocarbon stapling
affects the peptide properties through the interplay of two factors: enhancing the overall
hydrophobicity and constraining the conformational flexibility. By constructing a series
of virtual peptides, we study the role of each factor in modulating the structural properties
of a hydrocarbon stapled peptide PM2 which has been shown to enter cells, engage its
target MDM2 and activate p53. Hamiltonian replica exchange molecular dynamics
(HREMD) simulations suggest that hydrocarbon stapling favors helical populations of
PM2 through a combination of the geometric constraints and the enhanced
hydrophobicity of the peptide. To further understand the conformational landscape of the
stapled peptides along the binding pathway, we performed HREMD simulations by
restraining the peptide at different distances from MDM2. When the peptide approaches
MDM2, the binding pocket undergoes dehydration which appears to be greater in the
presence of the stapled peptide compared to the linear peptide. In the binding pocket, the
helicity of the stapled peptide is increased due to the favorable interactions between the
peptide residues as well as the staple and the micro-environment of the binding pocket,
contributing to enhanced affinity. The dissection of the multi-faceted mechanism of
hydrocarbon stapling into individual factors not only deepens fundamental understanding
of peptide stapling, but also provides guidelines for the design of new stapled peptides.
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1. Introduction:

Peptides are a promising class of molecules that can serve as probes of molecular
interactions as well as therapeutics'>2. In contrast to small-molecule drugs, they can bind
to protein-protein interfaces, especially those that are flat and hence not amenable to
binding small molecules. In addition, their large size enables them to engage more
extensive surfaces, thus endowing them with high specificity, characteristics that are
lacking in small molecules. Their smaller size compared to biologics (antibodies) gives
them the advantage of entering cells, enabling them to target intracellular pathways.
However, peptide drugs also have several disadvantages that limit their clinical
applications: (a) they are prone to proteolytic digestion, resulting in low stability; (b) they
are flexible and adopt an ensemble of diverse conformations in solution that results in
reduced affinities for their receptors (this is largely due to the entropic cost of undergoing
a conformational change from extended to folded conformations upon binding); (c) they
are mostly not cell-permeable because of their polar nature. Several of these limitations
can be overcome by chemical modifications of the peptide backbone and sidechains, such
as macrocyclization, the use of D-amino acids and incorporation of unnatural amino acids
3. Among these modifications, peptide stapling, in which the side chains of a pair of
residues are covalently connected by a staple chain, has been demonstrated to confer
desirable properties *!!. Incorporation of the staple chain restricts the diversity of peptide
conformations, and when rationally placed to mimic the bound state conformation, results
in a reduction in the entropic penalty upon binding. Indeed, a recent study showed that
the lower entropic penalty in the unbound state is the major contributor to the
improvement of binding affinity of stapled peptides'> 3. Although non-covalent stapled
peptides based on Glu-Lys salt bridges can also stabilize the peptide conformation, the
non-covalent linkage is not stable and the charged residues may incur high free energy
barriers during membrane penetration'*!”. Covalent stapling has been shown to increase
the therapeutic properties of peptides® 7 18-2*. The presence of covalent staples not only
shields the backbone atoms thus making the peptides resistant to proteolysis'® 2> 26, but
also favors cell penetration®” 2® The Verdine/Walensky groups from Harvard pioneered
the use of stapled peptides in biology and has designed a number of stapled and stitched
peptides targeting various pathways with enhanced cell penetration?* including
activating p53 in oncology, inhibiting viral fusion and targeting bacterial membranes*-3°.
These efforts have greatly accelerated the clinical development of stapled peptide
therapeutics and a peptide that came out of the efforts of the Verdine group spinoff
Aileron Therapeutics. ALRN-6924, has recently entered clinical trials’’. Several other
groups such as that of Grossman, David Spring, etc have expanded the space of stapling
as well as the targets *54°. Of the several strategies adopted to develop stapled peptides *!,
a commonly used one is to connect two positions along the peptide sequence with an
alkyl chain. The advantage of hydrocarbon stapling is that the staple chain shields the
intervening backbone atoms from water and enhances the overall hydrophobicity of the
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peptide, resulting in enhanced membrane permeability'® 2> 42, Despite the advantageous
properties of hydrocarbon stapling, and several reports of their successful deployment for
inhibiting a variety of protein-protein interactions, the details of the associated
mechanisms remain poorly understood, limiting rigorous rational development. These
issues are being explored by research groups combining biophysical experiments such as
X-ray and NMR along with molecular dynamics (MD) simulations ***,

Several stapled peptides have been developed to inhibit the interactions between the
tumor suppressor protein p53 and its negative regulator protein the Mouse Double Minute
2 (MDM2). These peptides have been designed to mimic the N-terminal region of p53
that binds to the N-terminal region of Mdm2, inhibit the latter and release p53 to carry
out its biological functions ** % 184647 gne such peptide is also in clinical trials 3’
Combinations of various experimental techniques with computer simulations have
provided a wealth of atomistic insights into the mechanisms characterizing these peptides.
A major area of enquiry has focused on the solution behavior of these stapled peptides.
Guo et al have explored a set of such p5S3 mimicking, MDM2 binding peptides using MD
simulations®® and found that stapling stabilizes the helicity of these peptides;
unsurprisingly, the helicity varied depending on the peptide sequence as well as on the
staple positions. Joseph et al were the first to explore, through MD simulations, the
interactions of the p53 mimicking unstapled and stapled peptides with MDM2%. They
found that in addition to increased helicity, higher affinity appeared to result from a
significant contribution of engagement between the staple and the surface of MDM?2.
This interaction was subsequently confirmed by crystallographic studies®’. Sim et al.
compared the atomistic details of the binding of unstapled and stapled peptides to MDM?2
and found that the stapled peptides have a higher tendency to bind to the pocket of
MDM2 than the unstapled ones, driven by a deeper free energy funnel .

Several studies have subsequently explored the free energies of binding of stapled
peptides®® >!. Although the computation of the binding free energies for small molecule
ligands is straight forward and well established, for peptides such calculations often
suffer from convergence problems arising from insufficient sampling *2. Guo et al. used
umbrella sampling to compute the binding free energy of several stapled peptides, but the
results were found to be dependent on the binding pathway, highlighting the sampling
challenges faced in the computational predictions of the binding free energies of stapled
peptides. In contrast, the computation of relative binding free energies of peptides with
respect to that of a reference peptide appears to be more reliable®®. Morrone et al. used
the MELD (Modeling by Employing Limited Data) method to calculate the relative
binding affinities of a series of stapled peptides for MDM2°!. Their method not only
identified the right binding pose, but also predicted binding affinities consistent with
experiments. The interactions between the N-terminal regions of p53 and MDM2 were
found to be driven by evolutionarily conserved residues®’. Furthermore, the mechanism



and role of the displacement of waters that solvate the p53 binding pocket of MDM?2 was
explored by Sim et al *> who found that the stapled chain “induces” dewetting of the
surface of the binding pocket, a behavior seen during the association of large
hydrophobic interfaces*> 3, suggesting that the dehydration of the binding pocket is
enthalpically driven. Subsequently, Lee et al.”> found that not all the water molecules
associated with the p53 binding pocket are excluded during binding. They identified one
to two water molecules that appear to assist peptide binding by forming hydrogen bonds
that bridge Tyr99 of MDM2 and the backbone of the C-terminal region of the stapled
peptide. Indeed, Guo et al.’® found more than 100 hydration sites on the surface of the
binding pocket of MDM2 and although most of these water molecules displayed dynamic
behavior similar to that of bulk water, several water clusters were thermodynamically
unstable and their release to bulk water during peptide binding were hypothesized to
significantly improve the free energy of binding.

The above studies provided valuable information for understanding the role of
hydrocarbon stapling in modulating the solution helicity and binding mechanisms of the
stapled peptide, but a rigorous understanding of the individual physical factors of
hydrocarbon stapling is still lacking. It is clear that hydrocarbon stapling modulates the
peptide conformation via some interplay between the geometric constraints imposed by
the act of stapling (referred as the constraint effect hereafter) and the enhanced peptide
hydrophobicity due to the hydrocarbon chain (referred as the hydrophobic effect
hereafter); however, their individual contributions in modulating the peptide helicity are
not clear. Insights into the two effects could be useful in optimizing the length and
chemistry of the staple chain. Moreover, the peptide conformation strongly depends on
the micro-environment >°. As the peptide approaches the binding pocket from the bulk
aqueous phase, the peptide will experience some conformational adaptations in response
to changes in the micro-environment (partitioning from bulk phase to a semi buried state
upon being embedded in the target, which is MDM2 in the current study). Although
several studies have focused on the peptide conformation in the binding pocket **°, the
conformational changes along the binding pathway have not been characterized in detail.

In this study, we employ rigorous MD simulations to dissect the effects that
hydrophobicity and geometric constraints of hydrocarbon stapling have on the internal
dynamics of the peptide and its interactions with its target. We explore these effects using
a stapled peptide called PM2 which has been demonstrated to enter cells, bind its target
MDM?2 with high affinity and result in p53 activation’” °®. The MDM2-PM2 complex
represents a good model to study the role of hydrocarbon stapling because X-ray
structures of MDM2 complexed with a PM2 variant >® and an unstapled counterpart >° are
available and it has been well-characterized using experimental and computational
methods®® 6% ¢!, We used replica exchange with solute tempering (REST) simulations® %3,
also known as Hamiltonian replica exchange molecular dynamics (HREMD)



simulations® ® to examine the constraint effect and the hydrophobic effect of
hydrocarbon stapling separately using PM2 and another 3 virtual peptides (Figure 1). In
the first peptide (referred to as PM2-spring), we replaced the hydrocarbon staple by a
harmonic spring, thus eliminating the hydrophobic effect and retaining only the constraint
effect. To understand how the hydrophobicity of the staple chain modulates the peptide
conformation, in the second peptide (referred to as PM2-PEG), we modified the
hydrocarbon chain into a hydrophilic polyethylene glycol (PEG) chain consisting of three
ethylene glycol units. We chose three ethylene glycol units so to ensure that the ensuing
chain length is the same as that of the hydrocarbon staple chain. Therefore PM2-PEG has
reduced hydrophobicity while still retains the geometric constraint. The third peptide
(referred to as PM2-linear) is an unstapled peptide (the stapling sites along the peptide
chain are mutated into Ala), where both the constraint and the hydrophobic effects are
eliminated. We also carried out HREMD simulations to explore how hydrocarbon
stapling modulates the conformations of the peptides and associated free energy
landscapes in detail as they approach the binding pocket in MDM2. We find that
hydrocarbon stapling modulates the conformational landscape of PM2 in solution. This
manifests in enhancing its affinity for its receptor MDM2 through two effects: attenuation
of the entropic penalty that results from constraining the peptide to its bound
conformation and contacts that hydrocarbon chain makes with the surface residues of
MDM?2, in agreement with previous studies*?. We also discussed the effect of stapling on
the chemical equilibrium of binding, e.g., how stapling changes the binding mechanism
from a two-equilibrium process to a one-equilibrium process.
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Figure 1. In silico construction of the peptides used in HREMD simulations. PM2 is
derived using the stapled peptide in the PDB file 4UMN (MDM?2 is shown as surface on
the left and is complexed to the peptide in green with sequence TSFX/EYWYLLXo; the
staple chain is shown as sticks and residues X; and X, are stapling sites) which is
changed to PM2 by mutating the Tyr at position 8 to Ala (shown in bold in the sequence
in the figure). The PM2-linear peptide is generated by mutating X; and Xz to Ala. The
PM2-spring peptide is constructed by mutating X; and X> to Ala and the hydrocarbon
chain to a harmonic spring. The PM2-PEG stapled peptide is constructed by mutating X
and X> to Xi» and X»+ and connecting the two side chains, in which the hydrocarbon
staple chain is replaced by 3 PEG units.

2. Methods:

The crystal structure of MDM2 complexed with a stapled peptide with sequence Ac-
TSFX:EYWYLLX>-NH; (where X; and X> indicate the stapling sites; PDB code 4UMN,
resolved at 0.2 nm %, and Ac and NH2 refer to the acetyl and amide groups that are used
to cap the N and C termini respectively) was used for our studies. The PM2 molecule was
created by mutating the residue Y8 to alanine®®. We explore the conformational dynamics
of PM2, its unstapled analogue with alanine at the stapling positions 4 & 11 (referred to
as PM2-linear), a peptide in which the staple chain is replaced by a harmonic spring
(referred as PM2-spring) and a fourth peptide in which the hydrocarbon chain is mutated
into a hydrophilic chain consisting of three PEG monomers with length similar to that of
the hydrocarbon chain in the staple (referred to as PM2-PEG) (Table S1 and Figure 1),
using HREMD simulations * ¢ 6 67 In each HREMD simulation, 8 replicas with
different Hamiltonians were simulated in parallel. The solute-solute and solute-solvent
interactions were rescaled from 100% of the original interactions for the first replica to a
certain percentage (usually 50%) for the last replica, while the solvent-solvent
Interactions were retained as normal. At certain time intervals, a Monte Carlo move was
attempted to exchange the conformations of adjacent replicas with the acceptance
governed by the Metropolis criterion®®. This ensures that the system is not stuck in any
local minimum of the free energy surface and instead can efficiently sample the phase
space®. To obtain unstructured conformations of the peptides in solution to initiate the
HREMD simulations, we performed a short MD simulation performed on the folded
structures of PM2 and PM2-PEG, with the interactions involving the peptide atoms
rescaled to 50%. This resulted in their unfolding (A high temperature was also used for
PM2-PEG to accelerate unfolding). The unfolded state of PM2 was used to generate
PM2-linear and PM2-spring by mutating the residues at the stapling sites of PM2 into
alanine. Next, each of the 4 unfolded states (Figure S1) was subject to HREMD
simulations for 200 ns. Analysis of the trajectories was carried out over the last 100 ns.

To understand how hydrocarbon stapling modulates the binding mechanism of PM2,
HREMD simulations were also performed on PM2, PM2-linear, PM2-PEG and PM2-
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spring, in complex with MDM2, respectively. The initial conformation of the complex of
PM2 with MDM2 was taken from a crystal structure (PDB ID 4UMN, resolution: 0.2
nm)>%, while the complex of the other three peptides with MDM2 was constructed by
mutating PM2 bound to MDM2. In addition to the simulations where each peptide was in
the binding pocket, a series of HREMD simulations were also carried out with the
peptides placed at increasing distances from MDM2. The distance between the center of
mass of the folded peptide and the center of mass of MDM?2 was set at 1.4, 1.7 and 2.1
nm and at each distance, a harmonic potential with a force constant of 1000 kJ mol™! nm™
was added to the center of mass of the peptide with respect to the center of mass of
MDM?2 to maintain the distance. (Figure S1); The distances were chosen because at 1.4
nm the peptide is displaced from its bound state, but still within the binding pocket; at 1.7
nm the peptide is further displaced away from the bound state while at 2.1 nm, it is
completely out of the binding pocket. The aim is to understand the conformational
changes associated with the peptide as it approaches the binding pocket. The alpha-
carbon atoms of MDM2 were position restrained so that the binding pocket remains open
during the HREMD simulation. In each HREMD simulation, 8 replicas were used with
the non-bonded interactions and the dihedral potentials involving the peptide atoms
gradually rescaled from 100% to 50%, while keeping other interactions unchanged. In
particular, the LJ potentials were rescaled by adjusting the parameter epsilon, while the
electrostatic potentials were rescaled by adjusting the partial charges of each atom. The
dihedral potentials were rescaled by adjusting the force constant.

All the simulations were carried out using the AMBER99sb force field ° coupled with
the TIP3P water model ’!. We chose this combination as it has been extensively
benchmarked by several groups including ours, producing models that are consistent with
experimental data*> 7>7°; there are reports that suggest that AMBERI14sb showed
improved accuracy over AMBER99sb in certain systems, but for the MDM2-p53
complex, both force fields have been shown to give similar results’®””. The parameters of
the unnatural amino acids at the staple sites of PM2 were obtained from previous studies
43.49.73 " while the parameters of the PEG chain were obtained using antechamber’®. In the
peptide PM2-spring, a harmonic spring with the force constant of 500 kJ/mol/nm? was
applied to restrain the distance between the alpha carbon atoms of residue 5 and residue
12 to be 1.12 nm, which corresponds to the distance when the peptide is in helical
conformation. Counter ions were added to neutralize the simulation box. Short-range
electrostatic interactions and van der Waals interactions were calculated by a cut-off
scheme of 1.0 nm, while long-range electrostatic interactions were computed using
PME”. The details of all the simulated systems were included in Table S2. We found 8
replicas result in sufficient overlap in the potential energy distribution between adjacent
replicas and can achieve an average acceptance ratio between 20%-35% (Figure S2). All
the simulations were performed in the NPT ensemble with the temperature and pressure
maintained at 300K and 1 bar using Nose-Hoover thermostat and Parrinello-Rahman
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barostat, respectively. The Links algorithm was applied which enables a time step of 2 fs
during the MD simulations. The simulations of the peptides in solution were run for 200
ns, and the simulations of the complex were run for 300 ns. In each simulation, the first
100 ns was discarded, and the analysis was performed for the rest of the trajectory. The
secondary structure evolution during the simulations was calculated using DSSP%’. The
water density around the binding pocket of MDM?2 was calculated using the grid module
of the AMBER20 package®'. Binding energies were calculated using g mmpbsa. This
method calculates two energies: the change of gas state energy upon binding AEgas (e.g.,
direct interaction energy without including solvent) and the change of solvation energy
upon binding, AGsolv (corresponding to the energy of transferring a molecule from gas

state to solvent). The change of gas state energy AEgas is the sum of vdw (AEvdw) and
electrostatic contributions (AEele), while the change of solvation energy AGsolv is the sum
of polar solvation energy (AGsolv,polar) and the non-polar solvation energy (AGsolv,non-polar).
The polar solvation energy is calculated by solving the Poisson-Boltzmann equation and
is highly positive in typical MMPBSA calculations, reflecting the change of electrostatic
interactions between the solute and the solvent upon binding®* %, In addition, the sum of
AGsolv,polar and AEele gives an estimate of the penalty that is paid for the protein and
peptide to form a complex as both move partially out of bulk solvent. All simulations
were performed using the GROMACS 4.6 package patched with PLUMED®* #,
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Figure 2. Secondary structural changes of the different peptides in solution during the last
100 ns of HREMD simulations. Y-axis is the residue index.

3. Results



3.1 Hydrocarbon stapling favors helical conformation in solution

The introduction of a hydrocarbon staple can affect the peptide conformation by acting as
a distance constraint that restricts the peptide from adopting extended conformations and
by providing a hydrophobic environment to stabilize nonpolar side chains and partially
shield the polar backbone from attack by water molecules; this may promote helical
conformations. To distill out these possibilities, we carried out HREMD simulations on a
stapled peptide PM2 and three variants including an unstapled peptide (PM2-linear), a
peptide with its staple replaced by a virtual harmonic spring (PM2-spring) and a variant
where PEG replaces the hydrocarbon staple (PM2-PEG). The evolution of the secondary
structures during the simulations (Figure 2 and Table S3) reveals that along with different
degrees of alpha-helicity, the peptides also adopt certain populations of 3-10 helical
conformations. It is clear that PM2 displays the highest degree of helicity followed by
PM2-spring, PM2-PEG and the unstapled peptide PM2-linear. PM2-spring is more
helical than PM2-linear, suggesting that the constraint effect itself partially accounts for
the enhanced helicity of the stapled peptide. Interestingly, although PM2-spring has
lower alpha-helicity compared to PM2, it displays a higher percentage of 3-10 helicity.
The overall helicity for PM2-spring (the sum of alpha-helix and 3-10 helix) is 30.9%
(Table S3), which is much higher than for the unstapled PM2-linear. Compared to the
alpha-helix in which hydrogen bonds formed between residues (i, i+4), the hydrogen
bonds in 3-10 helix are formed between residues (i, i+3). Hence 3-10 helix is thinner and
the backbone atoms are more exposed to water molecules. Studies also showed that 3-10 helix
usually appears at N and C terminal regions of a peptide or in short peptides, suggesting a
correlation between the population of 3-10 helix and the backbone hydration®®*’. In PM2-
spring, the lack of staple chain to stabilize the hydrophobic side chains results in higher
3-10 helix population. As a result, the PM2-spring displays higher backbone hydration.
Therefore the 3-10 helix appears to be localized largely to the exposed N or C termini®®,
The absence of the hydrocarbon staple chain in PM2-spring results in reduced sidechain
packing (compared to PM2), and this allows for higher backbone hydration, resulting in
higher 3-10 helix population. Moreover, for some short peptides, 3-10 helices have been
shown to be thermodynamically inter-changeable with alpha-helices, with only ~2kJ/mol
free energy difference between the two states®” *°. In contrast, the introduction of polar
atoms in the staple chain destabilizes the helical conformation of the peptide. When the
hydrocarbon staple chain is replaced by a polar PEG chain, the helicity is significantly
reduced, suggesting that hydrophobicity is critical in stabilizing the helical conformations
of PM2. This may arise from the hydrophobic associations of the hydrocarbon chain with
the hydrophobic residues of PM2 such as Phe and Trp; and this sidechain packing shields
the peptide backbone from the water molecules, thus stabilizing the main-chain hydrogen
bonds that favor the helical conformation. Nevertheless, because of the constraint effect,
the PM2-PEG peptide has slightly higher overall helicity (17%) than the PM2-linear
peptide (13.8%), as a result of a higher degree of 3-10 helical conformations. Together,
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these observations suggest that the constraint effect appears to favor 3-10 helices while
the hydrophobic hydrocarbon chain shifts the 3-10 helical states towards alpha-helical
states. We also bin the peptide conformations into different clusters based on a RMSD
cutoff value of 0.2 nm. Figure S3 shows snapshots of the peptide conformations
representative of the three largest clusters. The largest cluster of PM2 displays a helical
conformation and occupies 29% of the conformational space, while the population of the
largest cluster for PM2-linear is 2.6% and only partially helical, suggesting that the
unstapled peptide PM2-linear is highly dynamic in solution. The largest clusters for the
other two peptides (PM2-PEG and PM2-spring) are also partially helical and show
intermediate populations, consistent with the secondary structure results in Figure 2.
Once again, it is clear that hydrocarbon stapling reduces the conformational flexibility of
the peptide and shifts the phase space of the peptide towards helical conformations.
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Figure 3. (a) Pair-wise RMSD of the four peptides in solution; (b) The probability
distributions of the hydration number of backbone atoms of the 4 peptides in the solution.
Water molecules within 0.5 nm of peptide molecule are defined as hydration water. The
calculations is based on the last 100ns of the simulations.
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Figure 4. (a) Snapshot of PM2; (b) Snapshot of PM2-PEG showing two hydrogen bonds
(red dashed lines) between the PEG chain and the backbone; (c) number of contacts
between the hydrocarbon chain with the side chains of each residue; and (d) the number
of hydrogen bonds between the PEG chain and the backbone. In Figures (a) and (b), TRP
and PHE residues are represented by licorice and transparent surface (blue), the staple
chain is represented by licorice and transparent surface (red).

To further understand the conformational flexibility of the four peptides, we calculated
the pairwise RMSD between the conformations sampled by each peptide (over the last
100 ns of each trajectory (Figure 3a). Unlike proteins, peptides are small and the side
chain orientation can significantly affect the RMSD, therefore we used all the peptide
atoms to calculate RMSD. The pairwise RMSD is defined as the RMSD of each
conformation sampled relative to every other conformation sampled (this characterizes
the flexibility of the peptides) and has been shown to be related to the B-factor °'. The
results reveal that the unstapled peptide PM2-linear adopts the most diverse
conformations while PM2 is the most restrained, and the other two peptides are
characterized by intermediate flexibilities, as we have seen above. Hence, there is a clear
correlation between peptide flexibility and helicity. We also performed PCA analysis of
the four peptides using the last 100 ns of the trajectory. Figure S4 plots the free energy
landscapes of the peptides using the first and second principal components (PC1 and PC2)
as the reaction coordinates. The unstapled peptide PM2-linear is characterized by a rough
free energy surface consistent with its high flexibility while the others show deep minima.

Although all the three peptides with constraints (e.g, PM2, PM2-spring and PM2-PEG)
display higher helicity than the unstapled peptide, the helicity of PM2 is much higher
than the two virtual peptides, suggesting the hydrophobicity of the staple chain also plays
an important role. It appears that the hydrocarbon staple nucleates the formation of a
hydrophobic cluster between the hydrocarbon staple and the side chains of F3 and W7
(Figures 4a 4c), stabilized by the associated reduction in the solvation free energy of both
the hydrocarbon staple chain and the hydrophobic moieties. The backbone atoms beneath
the staple largely remained shielded from the solvent, and in the absence of approach by
water molecules, tend to form intra-molecular hydrogen bonds, thus favoring helical
conformations. The importance of a hydrophobic environment in promoting helix
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formation has been known>® ®2. For example, trifluoroethanol (TFE) is known to induce
helical conformations in peptides because the trifluoromethyl group of TFE faces and
stabilizes the hydrophobic residues, while the hydroxyl group faces the solvent water,
stabilizing the hydrophobic residues in helical conformation®. In the case of PM2-PEG,
the polar oxygen atoms of the PEG units interact with water molecules as well as the
polar atoms of the peptide backbone, thus disrupting the stability of the backbone
hydrogen bonds. The number of water molecules within 0.5 nm of the backbone atoms
calculated from the last 100 ns of each simulation (Figure 3b) confirms that the backbone
of PM2 is the least solvated, while the backbone atoms of the unstapled peptide have the
highest degree of solvation. Reduced backbone hydration has been observed to favor
helicity in peptides®. Although PM2-PEG shows a lower degree of backbone hydration,
the polar atoms of the hydrophilic PEG chain can form hydrogen bonds with the amide
groups of the backbone, thus interfering with the intra-peptide hydrogen bonds that are
needed to stabilize the helical conformations (Figures 4b, 4d).

3.2 How hydrocarbon stapling modulates binding to the receptor

Peptides are flexible molecules, and their conformations are very much dependent on
their micro-environment, as we have seen in the section above. To understand how the
micro-environment of the binding pocket affects the conformations of the four peptides,
we performed a series of HREMD simulations for each of them in the presence of
MDM2. For each peptide, we first explored the behavior of the peptide located in the
canonical binding pocket of MDM2. Subsequently, the peptide was gradually moved
away from the binding pocket. Along the chosen unbinding coordinate, each peptide was
restrained to remain at distances of 1.4, 1.7 and 2.1 nm from MDM2, and at each distance,
the systems were subjected to 300 ns HREMD simulations. Figure 5 shows the secondary
structural evolution of the four peptides at different distances and Table S3 shows the
corresponding percentages of helicity. In the bound state without any restraints, all
peptides adopt higher populations of helical conformations compared to those in solution,
and this is not surprising since the binding pocket of MDM2 provides the geometric
constraints in which the peptide fluctuates around its helical conformation. It is clear that
the hydrophobic character and the shape complementarity of the binding pocket favor
helicity. The lack of the constraining chain in PM2-spring/PM2-linear enables them to
adjust their conformations in the hydrophobic pocket, maximizing the intrahelical
hydrogen bonds. In comparison the chains in PM2/PM2-PEG act as restraints that result
in somewhat restricted adjustment and hence lesser helicities. Even at 1.4nm (the distance
between the centre of mass of MDM2 and the peptides), the peptides are close to some of
the MDM?2 side chains, and the staples/PEG chains do interact with them (e.g., with
Phe55, GIn61 etc). When the peptides are pulled a little away from the binding pocket,
e.g., at the restraint distance of 1.4 nm, all the peptides still maintain high populations of
helicity as they are still within the hydrophobic binding pocket (Figure S5). As the
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peptide further moves away from the binding pocket, e.g., in the case of restrained
distances of 1.7 nm, the peptide gradually loses its helicity. At the largest restrained
distance of 2.1 nm, the peptides are completely out of the binding pocket, resulting in a
significant reduction in the helicity of the peptide. Compared to the other three peptides,
PM2 displays minimum reduction in helicity, from 57% in the binding pocket to 46%
when it is out of the binding pocket (e.g., at restraint distance of 2.1 nm), followed by
PM2-PEG whose helicity decreases from 58% to 24%. In contrast, the other two peptides
show significant reduction in helicities (60% to 9% for PM2-linear and 62% to 9% for
PM2-spring) due to the absence of the staple chain. This suggests that PM2 pays the least
entropic penalty upon binding to MDM2. Although at 2.1 nm, the peptides are out of the
binding pocket, the peptides still appear to experience the effects of MDM2, particularly
through long-range electrostatic interactions. As a result, the structural properties of the
peptides at 2.1 nm from MDM?2 are not exactly the same as those in solution. For
example, the helicities at 2.1 nm and in solution respectively are: 46% vs 38%; 9% vs
14%; 24% vs 17% and 9% vs 31% for PM2, PM2-linear, PM2-PEG and PM2-spring.
The former three peptides show similar helicity between at 2.1 nm and in solution, while
PM2-spring displays larger difference, suggesting that the interactions between peptide
and MDM2 at 2.1 nm have more significant effect on PM2-spring. The number of
hydration water molecules (Table S4) increases when the peptide moves out of the
binding pocket to 2.1 nm, and further increases when the peptides are in bulk solvent; this
is in general to be expected. Figure S6 shows that the pairwise RMSD distribution in
solution is close to that at 2.1 nm except for PM2-spring, whose pairwise RMSD moves
to larger value compared to that at 2.1 nm. The higher fluctuations of PM2-spring in
solution compared to that at 2.1 nm suggests that PM2-spring experiences stronger
interactions with MDM2 which restricts its conformational flexibility.
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Figure 5. Secondary structure evolution of the four peptides at different restraint
distances away from MDM2 during the last 200ns of the 300ns HREMD simulations

We next clustered the conformations of the peptide in each HREMD simulation and
representative conformations of the complexes taken from the first cluster are shown in
Figure S5. When the peptide is restrained at 1.7 nm, the two stapled peptides: PM2 and
PM2-PEG are still partially inserted in the binding pocket, while the other two peptides
PM2-linear and PM2-spring have already emerged out of the binding pocket (but still
interact with MDM2). This suggests that the staple and the helical nature of the peptides
is intimately coupled to the dynamics of the pocket of MDM2 which clearly is engaged in
stabilizing interactions with these 2 peptides. At 2.1 nm, all the peptides are out of the
binding pocket and the corresponding helicity is significantly reduced. Although the
hydration of the peptide increases as the peptide moves out of the binding pocket
(TableS4), the peptides restrained at 2.1 nm differ from free peptides in solution because
at the restrained distance, the peptide still experiences interactions from MDM2,
particularly the long-range electrostatic interactions. This can be seen from the smaller
hydration number (e.g., number of water molecules with 0.5 nm of the peptide molecule)
at 2.1 nm compared to the peptide in solution (Table S4). To further understand how the
staple chain mediates the interactions with MDM?2, we calculated the number of atomic
contacts of MDM2 with the peptide and the staple chain, respectively (Figure S7). An
atomic contact is defined if the distance of one heavy atom of the peptide and one heavy
atom of MDM2 is within 0.5 nm. Then the ratio of the two numbers of atomic contacts
can tell the orientation of the peptide with respect to MDM2. At restraint distance of 2.1
nm, the ratios for both PM2 and PM2-PEG peptides show a broad distribution,
suggesting both peptides adopt various orientations with respect to MDM2. At the
restraint distance of 1.7 nm where the peptide partially inserts into the MDM2, a high
peak in the distribution appears at large ratio for PM2, while the peak shifts to lower ratio
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when the PM2 further inserts into the binding pocket, suggesting that the initial atomic
contacts are primarily mediated by the hydrocarbon staple chain of PM2. For the PM2-
PEG peptide, at the restraint distance of 1.7 nm, the peak at large ratio decreases and an
additional peak at very low ratio appears, suggesting that the atomic contacts between the
PEG chain and MDM2 are not as stable as the hydrocarbon chain of PM2.
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Figure 6. Distribution of the peptide MDM?2 distances, with the peptide located at
different distances from MDM?2. The calculations were carried out over the last 200 ns of

the simulations.

(a)1200

—o— PM2-inear (b) 800

—to— PM2-
< —— PM2-PEG 700
S —t— PM2-spring

< 600

£ 500 } <
2 g
a i 500
=]
£ D 400
w 400

w
o
o

. . . . . 200
native 1.4nm 1.7nm 2.1nm solution PM2-inear PM2  PM2-PEG PM2-spring

Figure 7. Configurational entropy of the four peptides in different states calculated using
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Figure8. Pairwise RMSD of the peptides in complex with MDM?2, with the peptide
located at different distances from MDM?2. The calculations were carried out over the last
200 ns of the simulations.

Next, we explore the effect that stapling on the binding affinity of PM2 to MDM2.
Peptide stapling has been shown to be an important contribution to the overall free energy
of binding®* %%, Due to the complex free energy surface of the peptide-MDM?2 system,
direct calculation of the binding free energy is challenging. However, an approximation
may be made regarding the relative binding affinities by the extent of deviation of the
peptides from the restrained distances (Figure 6). When the peptide is in the binding
pocket without any restraints, all four peptides show similar distance distributions. At 1.4
nm, all peptides show distance distributions that are slightly smaller than 1.4 nm,
suggesting that all peptides tend to rebind to MDM2. PM2 shows the shortest distance,
indicating the highest tendency of rebinding to MDM2. As the restrained distance
increases to 1.7 nm, the PM2 and PM2-PEG display shorter distances than 1.7 nm (the
restrained distance), while PM2-spring and PM2-linear show larger distances than 1.7 nm.
This results from the former two peptides remaining partially inserted in the binding
pocket, while the latter two move out of the binding pocket (Figure S5). The contrasting
distance distributions suggest that both hydrocarbon and the PEG staple chains contribute
to the binding affinity, resulting in higher affinity for MDM2, which is consistent with
previous computational observations showing that at small displacements away from the
binding pocket, the stapled peptide has a higher probability of rebinding to the binding
pocket than the PM2-linear peptides *>. We further calculated the energetics of binding
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of each peptide with MDM2 using the MMPBSA protocol implemented in GROMACS**
% Table S5 shows that the two stapled peptides PM2 and PM2-PEG are more
energetically favorable in binding to MDM2 than the two unstapled peptides PM2-linear
and PM2-spring. The two stapled peptides essentially bind with similar affinities (given
the large standard deviations). While the gas phase interactions between MDM2 and the
peptides are in the order PM2 > PM2-linear > PM2-spring > PM2-PEG, however the
PM2-PEG balances this with a favorable desolvation term; in contrast the rest of the
peptides pay a penalty for desolvation as they are sequestered into MDM?2 from solvent.
The presence of the three polar atoms on the PEG chain imparts favorable solvation
energy. It should be noted that the MMPBSA method has limitations which include the
lack of entropic terms (some are captured by the solvation terms) and it employs an
implicit solvent model, which cannot capture the water mediated binding. Advanced
sampling methods such as thermodynamic integration (TI), in theory, can give more
accurate results, but are largely limited to small molecules. Using TI to calculate the
binding free energy of peptide to protein is still challenging due to insufficient sampling
and convergence issue. Despite its limitations, the MMPBSA method provides a rapid
method with reasonable accuracy and is an attractive approach to examine the energetics
of peptide binding to protein®’.
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Figure 9. Grid based water density around the binding pocket of MDM2 with the peptide
at different distances from MDM?2. The water density (blue mesh) is calculated based on
the last 200 ns of each simulation. The yellow surface denotes the binding pocket.

The conformational transition of the peptide along the pathway can also be seen by PCA
analysis. Figures S8 shows that when the peptides are within or in the immediate vicinity
of the binding pocket (no restraint or 1.4 nm), there are very few minima in the free
energy landscape as the system is dominated by the interactions between MDM?2 and the
helical conformations. When the peptides gradually move out of the binding pocket, the
free energy landscape becomes more frustrated, suggesting many more metastable
conformational states. Unsurprisingly, PM2 experiences less perturbation to its helicity
because of the constraints imposed by the staple chain. This suggests that clearly PM2
will pay a lower entropic cost than the PM2-linear peptide upon binding. The population
shift along the pathway can also be seen from the percentage of the first cluster of each
peptide (Figure S5). In the binding pocket, all peptides display high population of helical
conformations, while out of the binding pocket, the population of the first cluster for PM2
is 31%, while it is much lower for all other peptides. Particularly the population of the 1%
cluster for PM2-linear drops to 2.9%, suggesting that this peptide will incur a much
higher entropic penalty upon binding to MDM2. To quantify the entropic loss of the
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peptide during binding, we calculated the change of configurational entropy of the four
peptides using quasi harmonic approximation (Figure 7). As expected, the PM2 has the
lowest configurational entropy in solution. Although all the four peptides experience
entropy loss when approaching the binding pocket, PM2 displays the lowest entropy loss
upon binding.

To further understand the effect of binding on peptide conformation, we calculated the
pairwise RMSD of each peptide. Figure 8 shows that in the binding pocket without
restraints (no restrained potential) or under a small deviation from the binding pocket
(e.g., at 1.4 nm), all peptides show small pairwise RMSD because they are largely helical.
As the peptide moves out of the binding pocket (1.7 and 2.1 nm), the pairwise RMSD
distribution shifts to much higher values, indicating that the peptides become more
dynamic. Again, PM2 displays the smallest increase in the pairwise RMSD, followed by
PM2-PEG. The results suggest that the conformational dynamics of the peptides are
modulated by the interplay between the micro-environment and the staple chain.

We next explored the effects of the peptides on the solvation of the receptor. In the
absence of the peptides, the binding pocket is solvated with water molecules. Peptide
binding to MDM2 results in desolvation of the binding pocket, as has been demonstrated
in previous computational studies®® *®. We calculated the grid-based water density around
the binding pocket when the peptide is at different distances (Figure 9). We also
calculated the number of water molecules in the binding pocket (Figure S9) which we
define as the number of water molecules within 0.5 nm of a set of reference atoms of
MDM?2 (e.g., the heavy atoms in the sidechains of L57, 161 and 199, the CE1 atom of F91,
the CD atom of 193 and the CD atom of [103). When the peptide is in the binding pocket,
the binding pocket is desolvated and water molecules can only access the edge of the
binding pocket, as a result of the excluded volume effect of the peptide molecule. When
the peptide is at 1.4 nm, the peptides remain in the pocket and hence the binding pocket is
still desolvated, especially for the two stapled peptides PM2 and PM2-PEG due to the
excluded volume of their staple chain. In such a case, even though single water molecules
may transiently penetrate into the space between the peptide and MDM2, that water
molecule will not be able to engage in thermodynamically favorable interactions
(hydrogen bonds) in the hydrophobic environment; this results in dewetting, a
phenomena that was observed to occur between planar hydrophobic molecules (e.g., two
graphene molecules) as well as between protein surfaces™ ', 1In contrast, for PM2-
linear and PM2-spring, the pockets are solvated to a greater extent because the lack of
staple chain provides available volume to accommodate water molecules near the binding
pocket. At larger distances between the peptides and MDM2 (1.7 nm), when there is
sufficient space between the peptide and MDM2, solvation of the binding pocket starts.
Although at distance of 1.7 nm, there are large space to accommodate water molecules
between the peptide and MDM2, PM2 displays the lower degree of solvation, and the
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solvation is mainly at the edge of the binding pocket. Figure S7 also suggests that at
distance of 1.7 nm, the hydrocarbon chain of PM2 faces the binding pocket, suggesting
hydrophobicity of the staple contribute to the desolvation of the binding pocket. At 2.1
nm, all peptides move out of the binding pocket, the binding pocket becomes fully
solvated. Since the peptide-MDM2 binding interface is hydrophobic in nature, the
increase in solvation of the binding pocket can also be seen from the reduction of
hydrophobic solvent accessible surface area (SASA) of the binding pocket upon binding
(Figure S10). When the peptide is in the binding pocket or at 1.4 nm, PM2 and PM2-PEG
result in higher desolvation of the binding pocket, hence likely resulting in higher binding
affinity.

4. Discussion

Stapled peptides are a promising new class of drug candidates being developed to target
protein-protein interfaces. Their design is still fraught with complex issues and unknowns
such as the determination of the optimal stapling sites, the chemistry of the stapled chain,
the cell permeability etc. It is clear that hydrocarbon stapling may modulate the peptide
conformation via constraint and hydrophobic effects. To understand the relative
importance of these two factors, we chose a well characterized stapled peptide PM2,
together with 3 modelled peptide variants of PM2 and explored their dynamics, solution
conformations and interactions with MDM?2. By modifying the hydrocarbon staple chain
into a harmonic spring, we found that the constraint effect significantly reduces the
conformational flexibility of the peptide and restricts the peptide from non-helical
conformations. Replacement of the hydrocarbon staple chain with a hydrophilic PEG
chain demonstrates that the hydrophobicity of the staple chain favors helical
conformation of PM2 because the hydrocarbon chain can nucleate the hydrophobic
residues to stabilize the helical conformation, a phenomenon similar to the cooperativity
of the Zimm-Bragg or Lifson-Roig models in which the helicity of the peptide depends
on the intrinsic helical propensity of individual residues as well as the cooperativity of the
nearby residues 101192,

MD simulations of the complexes of these peptides with their receptor MDM2 revealed
the added importance of the micro-environment in modulating the peptide conformations
5. The binding pocket of MDM2 is characterized by a large and deep hydrophobic cavity
that complements the shape of the four model peptides when they are in a helical
conformation. Due to the shape of the binding pocket, the flexibilities of the four peptides
are attenuated upon binding, particularly for PM2-linear and PM2-spring, which show
low tendency to rebind MDM2 when they are in the vicinity of the binding pocket. PM2
exhibits the least extensive conformational change upon binding, followed by PM2-PEG,
resulting in reduced entropic penalty upon binding'> 3. The other two peptides display
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large population shifts in their conformational states upon binding. Moreover, the
stapling chain also modulates the binding affinity by direct interactions with MDM?2.
Compared to the bound state, the structures of the unbound peptides in solution are very
dynamic and display only small populations of helical conformations that are in
equilibrium with non-helical conformations. When the helical conformations of the
peptide are docked into the binding pocket to form a complex, the population of the
helical conformations of the unbound peptide decreases in solution. As a result, more and
more non-helical conformations are transformed to helical conformations, driven by the
thermodynamic equilibrium between helical and non-helical conformations of the
unbound peptide. Therefore, binding of the peptide to MDM2 can be viewed as a two-
step process with two thermodynamic equilibria: the equilibrium between helical
conformations and non-helical conformations of the unbound peptide; the equilibrium
between helical conformations of the unbound peptide and the helical conformations of
the peptide in the binding pocket. PM2 displays a high population of helical
conformations in solution, therefore the binding can be approximated as a one-step
process that only involves an equilibrium between helical conformations of unbound
PM2 and helical conformations of PM2 in the binding pocket; this results in higher
binding affinity for MDM2. In contrast, binding of the other three peptides seems to
depend on the interplay of the two equilibria at least. Moreover, the hydrocarbon staple
chain also favors dehydration of the hydrophobic surface of the binding pocket of MDM?2,
further contributing to the binding affinity. And finally the hydrocarbon staple contributes
to the binding by engaging in direct interactions with the surface residues of MDM2, as
has been shown previously too 3 4% 30103,

The findings of this study suggest some guidelines towards the design of staple peptides.
Firstly, to maintain helical conformation, the staple chain should not interfere with the
hydrogen bonds between backbone atoms. Secondly, stabilization of the side chain of the
peptides can be used to stabilize the helical conformation, as evidenced by the
hydrophobic interactions of the hydrocarbon staple chain with the Phe and Trp residues
of PM2. For example, if the peptide contains positively charged residues, one may
consider incorporating aromatic moieties to engage cation-pi interactions. Thirdly, to
enhance binding, one can engineer direct interactions between the staple chain and the
receptor. For instance, if the binding pocket of the receptor is hydrophilic in nature, one
can incorporate polar groups in the staple, such as in the form of PEG-staples'® to
engage favorable interactions with the receptor. Finally, stapling may also affect other
pharmaceutical properties of the peptides such as membrane permeability and solubility.
It has been shown that stapling enhances the membrane permeability of some peptides’ !’
because (i) it increases the overall hydrophobicity (ii) enhances the helical conformations
such that the polar backbone atoms not only are buried inside, but also form
intramolecular hydrogen bonds, resulting in less desolvation free energy when the peptide
transits to the membrane phase. In addition, hydrocarbon stapling may lower the peptide
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solubility. To overcome this, several stapling strategies (e.g., triazole stapling) have been
used to enhance the solubility of the stapled peptide!®> 1%, Clearly there will be additional
developments that will catalyze the progress of this class of molecules as effective probes
of protein-protein interactions and as therapeutics.
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