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Abstract: Recent work has shown that the incorporation of an all-hydrocarbon “staple” into peptides can
greatly increase their R-helix propensity, leading to an improvement in pharmaceutical properties such as
proteolytic stability, receptor affinity, and cell permeability. Stapled peptides thus show promise as a new
class of drugs capable of accessing intractable targets such as those that engage in intracellular
protein-protein interactions. The extent of R-helix stabilization provided by stapling has proven to be
substantially context dependent, requiring cumbersome screening to identify the optimal site for staple
incorporation. In certain cases, a staple encompassing one turn of the helix (attached at residues i and
i+4) furnishes greater helix stabilization than one encompassing two turns (i,i+7 staple), which runs counter
to expectation based on polymer theory. These findings highlight the need for a more thorough understanding
of the forces that underlie helix stabilization by hydrocarbon staples. Here we report all-atom Monte Carlo
folding simulations comparing unmodified peptides derived from RNase A and BID BH3 with various i,i+4
and i,i+7 stapled versions thereof. The results of these simulations were found to be in quantitative
agreement with experimentally determined helix propensities. We also discovered that staples can stabilize
quasi-stable decoy conformations, and that the removal of these states plays a major role in determining
the helix stability of stapled peptides. Finally, we critically investigate why our method works, exposing the
underlying physical forces that stabilize stapled peptides.

Introduction

In principle, an appealing approach to the modulation of
protein-protein interactions is the use of “dominant-negative”
peptides representing only the fragment of a protein that engages
a target. In practice, however, such dominant-negative peptide
fragments rarely exhibit potent biologic activity, because their
removal from the folded context of the parent protein tends to
deprive them of conformational stability, leading to poor binding
affinity, proteolytic instability, cell impermeability, and rapid
clearance in vivo by renal filtration. One approach toward
circumventing this problem involves the introduction of syn-
thetic cross-linking functionality into the peptide, so as to restore
and enforce its bioactive conformation.1-5 Given that the R-helix
is the most common secondary structural motif in proteins, it
is not surprising that this particular folding motif has received

the greatest deal of attention with respect to cross-link-induced
stabilization.6-14 Experience has shown that the extent of R-helix
stabilization conferred by introduction of a cross-link is highly
context dependent. For example, helix induction by lactam cross-
links has been found to be dependent on the length of the lactam
linker, the placement and orientation of the amide moiety along
the cross-link, and the position of the linking residues in a
peptide sequence.6 Similar context dependence has been reported
for an all-hydrocarbon, R-methylated system referred to as a
“staple”.15,16 Furthermore, staples have been described that
encompass one or two helical turns (i,i+4 and i,i+7, respec-
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tively), and in certain cases, one or the other type has been found
to confer greater helix stability.15,16

Polymer theory has long held that cross-link-induced stabi-
lization of folded structure in polypeptide chains results
primarily from the reduction in configurational entropy of the
unfolded state.17-19 Should helix stabilization result exclusively
from such entropic contributions, polymer theory would predict
that the extent of stabilization would vary as a function of the
logarithm of the number of residues that lie in a loop closed by
a cross-link, with longer loops being more stable.17-19 Models
based on this theoretical construct have had some success in
predicting the stability of proteins stabilized by cross-links,20-22

and we found qualitative agreement with these models when
simulating disulfide cross-linked lattice proteins.23 However,
these models have failed in other cases,24 suggesting that other
factors may sometimes make even greater contributions to the
overall stability of cross-linked polypeptide chains. In some
regards it is not surprising that these models might not apply to
cross-linked peptides, as they assume a Gaussian distribution
of cross-linking residue end-to-end distances, and while this
might be true for a long polypeptide, it has been demonstrated
that this is not the case for short peptides.25 Furthermore, in
the case of the stapled peptides, the linking residues are
connected by relatively long flexible chains (8- and 11-carbon
chains in the i,i+4 and i,i+7 staples, respectively), resulting in
a system that might be described as a heteropolymer (peptide)
and homopolymer (hydrocarbon) chain connected with two
cross-links.

Our current work aims to understand, at atomic resolution,
how staples affect R-helicity, with the ultimate aim being to
develop a tool that can be used a priori to predict which cross-
linking configurations will be most stabilizing for specific
peptide sequences. Such a computational tool would be of great
practical utility, as stapled R-helical peptides have proven
capable of targeting therapeutically relevant macromolecules that
are difficult to target using other types of molecules,16,26-32 and

computational screening could eliminate the cumbersome
process of synthesizing and screening multiple stapled versions
of a candidate peptide.

Knowledge-based (KB) potentials have proven useful in the
prediction of protein33 and peptide34 conformational stability.
With this in mind, we used as a starting point the Monte Carlo
(MC) approach to all-atom protein folding with a KB potential
we have previously described.35 Our KB potential was able to
accurately predict the structure of a diverse set of proteins,35

and recent work employing our KB potential to study the folding
trajectory as well as Φ-values of three helix bundles was in
excellent agreement with experimental evidence.36 Furthermore,
a critical assessment of our potential revealed that it recapitulates
physically meaningful quantities.37 We anticipated that it would
also be able to predict conformational stabilities of peptides in
the present study. It was necessary to modify the method to
accommodate the atomic representation of the cross-link, and
we also added a KB side-chain torsional energy term (Support-
ing Information). The MC move set used to study thermody-
namics also required modification in order to appropriately
sample the macrocyclic conformations introduced by the cross-
link (Supporting Information).

Methods

The all-atom energy function H in our previous study35 has been
further developed to model cross-linked peptides and consists of
the following energy terms:

where Econ is the pairwise atom-atom contact potential, Ehb is the
geometrically sensitive hydrogen-bonding potential, Ebbtor is the
sequence-dependent backbone torsional potential based on the
statistics of sequential amino acid triplets, Esct is the side-chain
torsional angle potential, and Elinktor is the torsional potential for
hydrocarbon linkers. The first three energy terms were described
in detail in our previous publication,35 while the last two are
described in the Supporting Information. All of our potential terms
are trained on a database of crystal structures,35 and they are in no
way trained or fitted on the basis of the experimental helical
propensities of the peptides used in the present study. Details of
the MC ensemble simulations and analysis procedures are provided
in the Supporting Information.

Results

We have tested our new potential and move set on peptides
that have been shown experimentally to be preferentially
stabilized either by the i,i+4 staple (stapled alpha-helical BID
BH3 (SAHB) peptides, Figure 1B)16 or by the i,i+7 staple
(RNase A peptides, Figure 1B).15 Conformations that were
obtained during MC simulations were analyzed for percent
helicity using DSSP (Supporting Information).38 When we
compared the average helicities obtained in such a manner with
experimentally determined ones, we found that our potential
was able to predict which staple would be more stabilizing for
each peptide (Figure 1A). It should be noted that the experi-
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mental conditions used to determine helical content for RNase
A and BID BH3 differed,39 and as such we sought to predict
the best stapling system in each case, without comparing the
relative helicities of the two peptide systems.

The helical propensity of the unnatural cross-linking amino
acids is expected to be enhanced as they are R-methylated, which
reduces backbone flexibility.40 In order to tease apart energetic
contributions such as backbone torsions from the geometric
constraint of the staple, we also included mutant versions in
which alanine is inserted in the place of the stapling residues
as controls (Figure 1). Alanine has a helical propensity similar
to that of aminoisobutyric acid (AIB),41 and we used its
backbone torsional energy for the unnatural amino acids as well.
In all cases, the stapled peptides are more helical than the
corresponding alanine-substituted versions, suggesting that the
physical constraint conferred by macrocyclic ring formation
contributes to increased helical propensity. In some cases the
alanine mutants show increased helical propensity as compared
with the corresponding wild-type (WT) peptide, suggesting that
the overall helical propensity observed in the stapled peptides
is due to both the torsional preferences of the backbone and
the physical constraint imposed by the hydrocarbon cross-link.

In stark contrast to what we might expect from polymer theory
predictions, the i,i+7 staple is not always more stabilizing than
the i,i+4 staple. This unexpected experimental finding was

reproduced in our work: the RNase A peptide is more stabilized
by the i,i+7 staple, while the BID BH3 peptide is more
stabilized by the i,i+4 staple. We sought to understand the
physical basis for the discrepancy between these peptides. By
carefully studying these peptides with microscopic resolution
afforded by our equilibrium simulations, we have been able lay
down a physically sound, albeit unexpected, explanation that
follows below.

To understand how localized the effect of the staple was, the
likelihood of each residue to be in a helical conformation was
examined. In the case of RNase A, the probability that a residue
exists in an R-helix increases for residues encompassed by either
the i,i+4 or i,i+7 staples (Figure 2A). Residues lying outside
the stapled region are also more likely to reside in helices,
although this increased helical propensity drops off moving away
from the staple. This may suggest that the staple increases the
local helical propensity, and this templates further elongation
of the helix.

In the case of BID BH3, we observed a very different profile
(Figure 2B). Although the i,i+4 staple seemed to increase the
helical propensity of all residues (especially residues 10-20),
the i,i+7 staple increased the helix propensity of residues to-
ward the N-terminus of the staple but failed to significantly
increase the helical propensity of residues encompassed by the
staple, especially the residues in positions i+3 (Q) and i+4 (V),
and only slightly increased those near the C-terminus of the
staple.

To further understand the unexpected behavior of the BID
BH3 peptide relative to the other stapled peptides, we looked
at what fraction and to what extent the obtained conformations
were helical. In the case of RNase A, we observed largely a
two-state distribution, comprised of either highly helical con-
formations or random coil conformations (Figure 2C). In the
case of the BID BH3 peptides, however, we noticed that there
was apparently a third, partially helical state present which
we term a decoy state (Figure 2D). We regard this as a decoy
state because, although it is partially folded, it is not the fully
folded R-helical state that we expected to be stabilized by the
staple. The population of this state is increased when the i,i+7
staple is present, while the population of the R-helical state is
increased when the i,i+4 staple is present.

We next employed graph theory36,42,43 to examine the nature
of the unexpected decoy state that was stabilized by the BID
BH3 i,i+7 staple. In an attempt to identify the most representa-
tive conformations of this population, BID BH3 peptide
structures with 9-11 helical residues were selected from
thermodynamic runs for clustering analysis. Single linkage
clustering was employed using CR rmsd between each confor-
mation as the clustering metric (Supporting Information). The
size of the largest cluster, the giant component (GC), was
monitored versus rmsd cutoff. Cutoffs were selected at the GC
transition, when the GC contains half of the total structures.
Representative structures that characterize the decoy state were
selected from the GC by choosing the structure with the greatest
connectivity k (Figure 3).44

As might be expected from our residue helicities (Figure 2B),
the N-terminus was folded in an R-helix for the wild-type
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Figure 1. (A) Experimental (gray) and simulation (black, blue, and red, T
) 0.72) percent helicities for WT and stapled peptides. Simulation results
for alanine mutants (yellow or green, T ) 0.72) are also depicted. (B) Peptide
sequences used in this study. Asterisks denote unnatural amino acids
connecting the staple to the peptide. Residues mutated to alanine in control
peptides are colored green.
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(Figure 3, left) and i,i+7 stapled (Figure 3, right) peptides. In
contrast, this conformation is not stabilized by the i,i+4 staple.
Instead we see a helical fold that is centered on the staple with
unfolded ends (Figure 3, middle). These findings demonstrate
that adding cross-links to certain peptides may preferentially
stabilize a decoy state over the native fold that is present in the
context of a full protein.

In all stapled peptides, however, we observed at least some
stabilization of the R-helical fold, and we were interested in
understanding what energetic factors contribute to this stabiliza-
tion. In a preliminary effort we looked at the CR distance

distribution of the i,i+4 and i,i+7 residues when either an i,i+4
or i,i+7 staple is present (Figure S4). We used a temperature
(T ) 1.0) well above the melting temperature (Figure S5) of
each peptide. Even so, although the peptides are largely
unfolded, we still see that the average distance of the i and i+4
R-carbons is less when stapled in an i,i+4 fashion, and similarly
the average distance of the i and i+7 R-carbons is less when
stapled in an i,i+7 fashion. Furthermore, in both cases there
are distances that the unstapled peptide can access that the
stapled peptide cannot. This demonstrates that specific unfolded
conformations present in the WT peptide are geometrically not
allowed in the stapled peptide, pointing to the importance of
the entropic component in helical stabilization of stapled
peptides.

We were curious to see whether the reduction of configura-
tional entropy in the unfolded state of the stapled peptides was
the dominant thermodynamic feature that increased the overall
helical propensity. Using the number of helical residues h as
an order parameter, the average energy (enthalpy, H(h)) and
entropy S(h) of peptides with specified helical residues were
ascertained from long equilibrium simulations (Supporting
Information), and the free energy G(h) was calculated from these
values (Figure S9). When we refer to entropy in this text, we

Figure 2. Probability of each residue in RNase A (A) or BID BH3 (B) peptides to reside in a helical region during simulations (T ) 0.72). Probabilities
of finding RNase A (C) or BID BH3 (D) peptides in R-helical (“R-H”), denatured (“D”), or decoy (“DY”) state during simulations (T ) 0.72).

Figure 3. Representative decoy structures for the BID BH3 WT (left),
i,i+4 stapled (middle), and i,i+7 stapled (right) peptides. The N-termini
are at the top of the image, and the staples are rendered blue (i,i+4) or red
(i,i+7).

Table 1. Thermodynamic Analysis of RNAse A and BID BH3 Simulations Using the Number of Helical Residues as the Order Parameter

∆H -T∆S ∆G ∆∆H -T∆∆S ∆∆G

RNase A
WT -29.2 ( 0.6 32.5 ( 0.6 3.3 ( 0.1
i,i+4 staple -30.0 ( 0.5 31.9 ( 0.4 1.9 ( 0.1 -0.8 ( 0.5 -0.6 ( 0.5 -1.37 ( 0.07
i,i+7 staple -33.25 ( 0.06 33.4 ( 0.1 0.12 ( 0.09 -4.0 ( 0.6 0.9 ( 0.5 -3.14 ( 0.07
i,i+7 Ala -32.59 ( 0.09 34.16 ( 0.09 1.57 ( 0.04 -3.4 ( 0.5 1.7 ( 0.5 -1.7 ( 0.2

BID BH3
WT -47.0 ( 0.4 48.2 ( 0.4 1.2 ( 0.1
i,i+4 staple -48.3 ( 0.3 47.7 ( 0.3 -0.63 ( 0.03 -1.4 ( 0.5 -0.5 ( 0.4 -1.8 ( 0.1
i,i+4 Ala -49.2 ( 0.4 49.0 ( 0.5 -0.16 ( 0.04 -2.2 ( 0.3 0.8 ( 0.4 -1.4 ( 0.1
i,i+7 staple -47.5 ( 0.2 48.0 ( 0.1 0.56 ( 0.05 -0.5 ( 0.5 -0.1 ( 0.5 -0.7 ( 0.1
i,i+7 Ala -46.5 ( 0.4 47.9 ( 0.3 1.38 ( 0.04 0.4 ( 0.5 -0.2 ( 0.4 0.2 ( 0.1

a The temperatures used for RNase A and BID BH3 were 0.78 and 0.70, respectively. Errors are reported as standard deviations of averages of three
groups of 50 runs (RNase A) or 200 runs (BID BH3). Thermodynamic values for folding to the helical state (∆H, ∆S, ∆G) are given, as well as these
values relative to the WT peptide (∆∆H, ∆∆S, ∆∆G).
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specifically mean the configurational entropy of the peptide and
staple. Our enthalpy refers to the total score of our KB potential.
It is important to note that KB potentials are intended to correlate
with free energies, rather than enthalpies, and thus specific terms
may reflect both enthalpic and entropic contributions. For
example, the atom-atom pairwise interaction energy Econ is a
potential of mean force where the solvent degrees of freedom
are averaged out, and entropic contributions from solvent (such
as from the desolvation of hydrophobic residues) might be
included. Furthermore, our backbone torsional term based on
the geometric arrangement of amino acid triplets Ebbtor will score
certain conformations as favorable because they tend to be
observed frequently in our training database, but these confor-
mations are likely physically stabilized by a mixture of enthalpic
and entropic contributions which we refrain from attempting
to deconvolute. Thus, we cannot easily interpret what we term
“enthalpic” contributions from our potential, as these may
include entropic contributions as well, and when we refer to
enthalpy it is important to keep these types of considerations
in mind.

In good agreement with expectations, helix formation is
driven by our enthalpy while being disfavored by configurational
entropy (Table 1). In order to more deeply understand what
contribution each of our potential terms was making to the
overall stability of helix formation, we divided the total enthalpy
into individual components (Table S2). The most significant
terms in helix formation were the hydrogen-bonding ∆H(hb)
and the backbone torsion ∆H(bbtor) terms. When we calculated
the change in thermodynamic terms relative to the WT peptide
(Table 1), it is clear that for all stapled peptides ∆∆H makes a
larger contribution to ∆∆G than -T∆∆S. We also observed
that, although the stapled peptides were not always stabilized
entropically compared to the WT peptide, they were always
more entropically stabilized relative to the Ala mutant controls,
except for the i,i+7 stapled BID BH3. Since ∆∆H was the most
significant stabilizing contribution, especially for the most
stabilized peptides of each series (i,i+7 stapled RNase A and
i,i+4 stapled BID BH3), we computed the individual potential
terms to understand what factors were most important. Once
again, the most significant changes that took place in the stapled
peptides relative to the WT peptides were in the hydrogen-
bonding ∆∆H(hb) and backbone torsional ∆∆H(bbtor) terms
(Table S2).

Changes in enthalpy could result from either destabilizing
the denatured state or stabilizing the folded state. By defining
the change in enthalpy of a specific helical state as the difference
in energy of a stapled peptide in a specific folded state relative
to the WT peptide in the same state, δHstate

peptide ) Hstate
peptide - Hstate

WT,
we were able to elucidate whether the overall changes in
hydrogen-bonding and backbone torsional energy arose from
changes that occurred in the folded state δHR-H or unfolded state
δHD (Figures S10 and 4A,B). In the RNase A stapled peptides
and the i,i+4 stapled BID BH3 peptide, the hydrogen-bonding
term is stabilizing by lowering the energy of the folded state.
Interestingly, for the i,i+7 stapled BID BH3 peptide, this term
is destabilizing by increasing the energy of the folded state.
The backbone torsional term, on the other hand, stabilizes all
of the stapled peptides by increasing the energy of the denatured
state. To understand why this was the case, we statistically
analyzed the secondary (Figure S11) and tertiary structures
(Figure S12) present in the denatured state, and we noticed that
the most significant difference when a staple is present is in
the bend propensity (local curvature)38,45 of residues lying

between the stapling residues (Figure 4C,D). In the i,i+4 stapled
peptides there is a dramatic increase in the bend propensity of
the residue in position i+2. In the case of the i,i+7 stapled

Figure 4. RNase A (A) and BID BH3 (B) changes in hydrogen-bonding
δH(hb) and sequence-dependent backbone torsions δH(bbtor) of dena-
tured (“D”) and helical (“R-H”) states of stapled and Ala mutant peptides
relative to the corresponding WT peptide. Probability that a residue is
classified as a bend for RNase A (C) and BID BH3 (D). A cartoon
depicting the staple is above the plot. (E) Probability of finding
conformations with a certain number of “bend” residues in the denatured
state for RNase A peptides. (F) The average backbone triplet energy
H(bbtor) of conformations in the denatured state versus number of “bend”
residues. RNase A and BID BH3 simulations were carried out at T )
0.78 and 0.70, respectively. Colors of peptides in panels C, D, E, and F
are as follows: WT, black; i,i+4 stapled, blue; i,i+7 stapled, red; i,i+4
Ala, yellow; i,i+7 stapled, green.
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peptides, the bend propensity increases for residues in the i+2
through i+5 positions. As a result, the distribution of peptides
with residues in bends shifts toward peptides with higher bend
content when stapled in an i,i+4 fashion, and this shift is even
more drastic when stapled in the i,i+7 positions (Figures 4E
and S13A). We also observed that the average backbone
torsional energy H(bbtor) of conformations with a given number
of bends is higher in stapled and Ala control peptides compared
to WT peptides, and that for all peptides the backbone energy
increases with more bends (Figures 4F and S13B). Thus, staples
destabilize the denatured state in our model by increasing the
backbone torsional energy of bent conformations, and by
increasing the bend content in the denatured ensemble.

Discussion

Our initial goal was to understand why in some cases an i,i+7
staple can be more stabilizing than an i,i+4 staple, while in
other cases the opposite is true. We then sought to uncover the
physical forces that underlie stapled peptide stabilization. Our
findings suggest that there are three primary modes of stabiliza-
tion of helical content in stapled peptides. By adding a staple,
all peptides except one were stabilized compared to Ala controls
by the reduction of configurational entropy in the denatured
state, although they were not all stabilized compared to the WT
peptide. Staples also stabilize or destabilize the R-helical fold
by modulating the hydrogen-bonding energy in the folded state.
We also found that they destabilize the denatured state by
making regions of high curvature more energetically demanding
while concomitantly increasing the likelihood of these unfavor-
able residue “bends”. Stabilizing the native state of proteins by
disrupting favorable interactions in the denatured ensemble has
garnered much attention experimentally and theoretically.46,47

We present an interesting example of stabilizing the native state
of peptides by disrupting favorable backbone conformations in
the denatured state and replacing them with energetically
demanding ones.

The increase in bend propensity induced by staples can also
help explain why, in the case of the BID BH3 peptide, the i,i+7
staple stabilizes a decoy conformation over the all-helical state.
A partially folded conformation with some bend propensity
present in the WT ensemble is stabilized by increasing the
intrinsic bend propensity with a i,i+7 staple that spans the bend.
The idea that the denatured state of peptides is composed of a
heterogeneous ensemble of energetically trapped states as well
as entropically stabilized random coils has been experimentally
and theoretically supported.48-52 We did not classify the “decoy”
state as part of the denatured state, but using a different
theoretical framework for thermodynamic evaluation this could
have been the case, and we consider it similar to “trapped” states

reported by other groups. Thus, in the case of BID BH3, the
i,i+7 staple stabilizes what we termed a decoy state over the
native state, resulting in the i,i+4 staple being more stabilizing
in this case.

It is important to point out that these results would not be
realized with a simpler model. For example, we might assume
predictions based on incorporating a helix-promoting amino acid
such as alanine in the stapling positions might correlate with
stapled peptide helicities. Using such sequences (identical to
our Ala controls), computations employing AGADIR,53-56 a
state-of-the-art helix prediction tool, were unable to predict the
correct helical trends (Figure S14). Models such as the Goj model
do not include non-native interactions and would be unable to
detect the crucial decoy state in the BID BH3 system which
led to the i,i+4 staple being more stabilizing than the i,i+7
staple. While a previous study employing the Goj model and
treating amino acids as beads found that the BID BH3 i,i+4
stapled peptide was more stable than the WT peptide, the BID
BH3 i,i+7 stapled peptide was not included in this work.57

Furthermore the Goj potential is nontransferable and therefore
cannot be used for predictive purposes.57-59 It is worthwhile
to note that when we employed the Goj potential with an all-
atom representation of the peptide and cross-link, we were
unable to reproduce experimental helical propensity trends
(Figures S15 and S16).

In conclusion, we have developed an all-atom model that
predicts helical propensities of stapled peptides in excellent
agreement with experimental values. In addition, the current
study revealed that, in certain peptides, specific staples may
stabilize a decoy state rather than the all-helical state. Prior to
the present study, it has been tempting to attribute the overall
R-helical stabilization of staples to a decrease in the configu-
rational entropy of the unfolded state. By carefully examining
our ensemble simulations, we were able to elucidate a more
complex mixture of energetic factors that act on both the
denatured and folded states. Our model yields accurate results
with microscopic resolution, and we are currently using it in
the design of therapeutically relevant stapled peptides.
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