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Computational techniques have an increasingly important role in the design of stapled
peptides to target protein–protein interactions.
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Stapling is a key technique for stabilising peptides in an a-helical structure.

The resultant stapled peptides are then able to compete efficiently for

binding to protein targets involved in protein–protein interactions that

are mediated by a-helices. Certain general design principles to optimise

their binding and biological activity have emerged in recent years. This is

accompanied by an increasing use of computational methods in stapled

peptide design. In this article, we detail these design principles and review

the contributions that computation has made to the field. We also

highlight several pressing questions regarding the mechanism of action of

stapled peptides, which could potentially be resolved by computational

means.

Introduction
Protein–protein interactions (PPIs) mediate many important cellular functions and regulatory

pathways. They have traditionally been considered an ‘undruggable’ class of molecular targets for

drug discovery because of their relatively large and shallow interfaces, which are not optimal for

the binding of small molecules [1]. High-throughput approaches for lead discovery have met with

limited success when applied to PPIs [2]. This is not surprising, given that the chemical make-up

of the small molecules that comprise high-throughput screening libraries is biased towards

organic molecules that bind to the deeper pockets found in traditional protein targets, such

as enzymes and G-protein-coupled receptors [3]. Nevertheless, there have been several recent

successes in targeting PPIs with small molecules [4]. Some of these small-molecule inhibitors are

now in clinical trials [5–7].

Peptides are an alternative class of drug molecules that have shown promise as therapeutic

agents for the modulation of PPIs [8,9]. Being larger in size, they are able to span a large contact

surface area, making them suitable for the inhibition of these attractive, yet challenging, drug

targets. They are also able to bind with high specificity and potency to their targets, resulting in

reduced off-target effects and improved safety [9]. Despite these advantages, peptides are limited
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FIGURE 1

Macrocyclisation chemistries for forming side-chain crosslinks. (a)
Ruthenium-catalysed ring-closing metathesis. (b) Cu(I)-catalysed azide-

alkyne cycloaddition. (c) Double-click Cu(I)-catalysed azide-alkyne

cycloaddition. Abbreviation: THPTA, tris(3-
hydroxypropyltriazolylmethyl)amine.
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in their pharmacological applications because of their low oral

bioavailability, poor metabolic stability, poor membrane perme-

ability, and rapid clearance [10]. Moreover, the unbound peptide is

usually highly unstructured, with low intrinsic secondary struc-

ture in solution. It has to incur a potentially huge entropic penalty

for binding because of the need for reorganisation into a confor-

mation that mimics that of the target protein’s binding partner,

resulting in poor target affinity.

The a-helix is the most common motif found at protein–protein

interfaces [11,12]. Peptides that are constrained into a helical

structure and, hence, preorganised into their bound conforma-

tions, can bind to protein targets involved in a-helix-mediated

PPIs with reduced entropic penalty. A variety of strategies to

stabilise the a-helical structure have been developed in recent

decades [13]. These include the introduction of hydrogen bonding

or electrostatic interactions between side chains, incorporation of

a,a-disubstituted residues [14] such as aminoisobutyric acid [15]

into the a-helix, use of hydrogen-bond surrogates [16,17], and

formation of side-chain-to-side-chain covalent bridges called ‘sta-

ples’ [18].

The stapling technique is rapidly emerging as one of the most

widely adopted strategies for a-helix stabilisation. Stapled peptides

are highly promising therapeutic agents for the inhibition of PPIs,

because they generally exhibit enhanced helicity, protease resis-

tance, and biological potency [19–22]. The development of stapled

peptides promises to enable access to a-helix-mediated PPI drug

targets [23,24]. Challenging targets, such as transcription factors,

which were thought to be undruggable, have been successfully

inhibited by stapled peptides [25,26]. It has also been shown that

stapled peptides are able to disrupt enzyme [27], multidrug resis-

tance efflux pump [28] and membrane receptor [29] dimers, thus

opening up new possibilities for targeting traditional drug targets,

which is becoming especially important because of the develop-

ment of resistance against current drugs.

Given that there are 3.6 residues per a-helical turn, residues are

found on the same side of the helix at the i, i + 4, i + 7, and i + 11

positions (where the residue C terminal to residue i is designated

i + 1, and so on). Lys, Asp, Cys, and suitable unnatural residues

may be incorporated into the peptide at any two of these positions

for covalent crosslinking. There is an array of macrocyclisation

chemistries for forming side-chain crosslinks, including the hy-

drocarbon [30], triazole [31], lactam [32], thiol-based [33,34], and

azobenzene [35] staples. Comprehensive reviews of the different

stapling strategies are available in the literature, and are not

further discussed here [18,36]. Among the various staple types,

the hydrocarbon and triazole staples are among the most stable

chemically and the least susceptible to biological degradation.

There is ample evidence to suggest that the hydrocarbon and

triazole staples enable cell penetration [22,37], which is an impor-

tant property that allows access to intracellular drug targets. The

design principles presented in this review are derived mainly from

case studies of these two highly promising classes of stapled

peptides, but they can also be applied to the other types of staples.

Hydrocarbon staples
The hydrocarbon stapling technique combines two a-helix stabi-

lisation strategies, namely a,a-disubstitution and macrocyclic

bridge formation [30]. Two a,a-disubstituted residues bearing
olefin side chains of varying lengths are introduced into the

peptide a-helix, followed by a ruthenium-catalysed ring-closing

metathesis reaction [38] to form the staple across one or two a-

helical turns (Fig. 1a). An i, i + 3 or i, i + 4 staple spans one a-helical

turn, while an i, i + 7 staple spans two a-helical turns. Various

studies have reported the therapeutic potential of hydrocarbon-

stapled peptides in the treatment of cancer, specifically by inhibit-

ing the NOTCH transcription factor complex [25], reactivating the

p53 tumour suppressor pathway [39–42], and promoting B cell

lymphoma 2 (Bcl-2)-mediated apoptosis [43]. They have also

shown potential as therapeutic agents for various other diseases,

such as HIV [44,45], diabetes [46], cardiovascular disease [47], and

respiratory infection [48]. Two hydrocarbon-stapled peptides de-

veloped by Aileron Therapeutics are currently undergoing clinical

trials for the treatment of orphan endocrine disorders and malig-

nant tumours [49].

Triazole staples
Triazole staples are formed by the Cu(I)-catalysed cycloaddition

‘click’ reaction between azido and alkynyl functionalities on the

side chains of residues in the i, i + 4 positions (Fig. 1b). They have

been used to stabilise the helical structure of peptides derived from

parathyroid hormone-related protein and Bcl9 [31,50]. The latter

stapled peptide was shown to be more helical, protease resistant,
www.drugdiscoverytoday.com 1643
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and tighter binding than the corresponding linear peptide. Dou-

ble-click reactions involving two side chains with azido functional

groups at the i, i + 4 or i + 7 positions and a dialkynyl linker (Fig. 1c)

have also been used to enhance helicity in peptides derived from

the GCN4 leucine zipper and p53 transactivation domain [51,52].

These reactions allow for wider exploration of chemical space than

hydrocarbon staples as different dialkynyl linkers can be installed.

However, the double-triazole stapled p53 peptide did not exhibit

any activity in cellular assays until its overall charge was altered by

the use of positively charged dialkynyl linkers, while the cellular

activity of the stapled GCN4 peptide was not evaluated. A follow-

up study that carried out double-click triazole stapling on phage-

derived sequences with fewer negatively charged residues than the

p53 wild-type sequence also yielded cell-active peptides [22]. The

effect of net charge on the cell permeability of stapled peptides is

addressed later in this review.

The need for rational design
Hydrocarbon stapled peptides are at a relatively advanced stage of

development, whereas triazole stapled peptides are emerging as

promising alternatives with the possibility of customisable linkers

that confer certain desirable properties. A wealth of data is begin-

ning to provide important information regarding the effects of

staple position, staple structure, and peptide sequence on the

activity of stapled peptides. At the same time, computational tools

are becoming an essential part of the design process because they

help to rationalise empirical observations, provide insights into

molecular mechanisms of binding, and identify promising candi-

date peptides through molecular models, thus reducing the need

for screening extensive peptide libraries, which is both tedious and

expensive. In this review, we summarise the general design prin-

ciples that have emerged so far and provide insight into the

important roles of computational techniques in stapled peptide

design.

General design principles
Staple position
Residues to be stapled have to be placed on the same side of the

helix for the macrocyclisation reaction to proceed efficiently. In

theory, staples can be placed anywhere along the length of the

peptide helix. In practice, however, not all staple positions are

equal. The most important rule-of-thumb in the placement of

staples is not to replace critical interacting residues, so that the

entropic penalty for binding is decreased without compromising

the enthalpy of binding. This core principle has guided the design

of the majority of stapled peptides reported in the literature, such

as those targeting BCL-2 [43], HIV integrase [27], and Rep Protein A

[53]. In the last case, comprehensive alanine scanning [54] was

carried out to identify important binding residues. Single-point

alanine mutations were systematically introduced to the peptides

and their binding affinities evaluated. This experimental tech-

nique is especially useful for targets with no available structural

information of the protein–peptide complex.

Several studies have shown that staples that replace important

binding residues invariably attenuate the binding affinity of the

stapled peptides [55,56]. Staple scanning, which involves the

sampling of all possible staple positions along the peptide helix,

was carried out on the BIM BH3 sequence [55]. One of the stapled
1644 www.drugdiscoverytoday.com
peptides generated had two interface residues replaced by a staple

and displayed a drastic reduction in cellular activity. Another

study observed no improvement in eIF4E binding affinity when

two interacting phenylalanine residues in the eIF4EG peptide were

replaced by an i, i + 4 hydrocarbon staple [56].

Just as there are certain positions to avoid, there are also

positions on the peptide helix that are desirable for staple place-

ment. Given that staples should not be placed on the binding

surface of the peptide, they can either point into the solvent on the

opposite side of the helix (fully solvent exposed) or flank the

binding interface (partially solvent exposed). There is a growing

realisation that flanking staples are able to enhance binding

affinity by both entropic and enthalpic means. Due to their

proximity to the protein surface, additional favourable van der

Waals contacts may be formed between the partially solvent-

exposed staple and protein, provided that the fit between the

staple and protein surface is complimentary and no steric clash

occurs. This also reduces the entropic penalty for solvating the

hydrocarbon staple [57].

The first evidence of such an interaction was provided by a

crystal structure of a hydrocarbon stapled MCL-1 BH3 peptide

bound to MCL-1 (Fig. 2a) [58]. A methyl group attached to the Ca

atom of a stapled residue binds in a shallow hydrophobic groove

formed by Gly262, Phe318, and Phe319. Weak hydrophobic con-

tacts also exist for the hydrocarbon linker. These additional hy-

drophobic interactions conferred up to a fourfold improvement in

MCL-1 binding affinity compared with peptides stapled at other

positions. A computational study subsequently found that a simi-

lar situation exists in a set of hydrocarbon stapled peptides that

were designed to inhibit the MDM2–p53 interaction [57]. Molec-

ular dynamics (MD) simulations of the stapled peptides com-

plexed to MDM2 demonstrated the positive contribution to the

binding free energy by staples that lie close to and interact directly

with the protein surface. The computational models were subse-

quently confirmed by X-ray crystallography, which revealed the

intimate contacts between the hydrocarbon staple of the most

potent stapled peptide and the MDM2 surface (Fig. 2b) [59].

Another crystal structure revealed that a stapled peptide developed

by Aileron Therapeutics binds in a similar fashion to the structur-

ally homologous MDMX, with the hydrocarbon staple engaging a

flat binding platform beside the p53 binding pocket (Fig. 2c) [41].

This type of interaction is not unique to the hydrocarbon staple, as

a recent crystal structure shows a triazole staple formed by double-

click cycloaddition interacting with MDM2 in a similar manner

(Fig. 2d) [22].

Oestrogen receptors (ERs) are another class of protein targets

that has been shown to interact directly with hydrocarbon staples.

In the case of ERa, aliphatic side chains that are part of the

peptide’s recognition motif and partially solvent exposed when

bound to the protein were replaced by a hydrocarbon staple,

leading to a sevenfold improvement in the binding affinity

(Fig. 3a) of the stapled peptide (SP2) over that of the unstapled

peptide [60]. Solvent-exposed positions were also selected for

stapling to generate an alternative stapled peptide (SP1). The

structure of its complex with ERb shows that rotation of the

peptide helix has occurred relative to the unstapled peptide,

allowing the staple to collapse onto the protein surface to form

extensive hydrophobic contacts (Fig. 3b). This study illustrates the
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FIGURE 2

Staple binding sites on target proteins (white). (a) MCL-1 complexed with MCL-1 SAHBD (PDB 3MK8 [58]). (b) MDM2 complexed with SAH-p53-8 (PDB 3V3B [59]).

(c) MDMX complexed with ATSP-7041 (PDB 4N5T [41]). (d) MDM2 complexed with triazole stapled peptide E1 (PDB 5AFG [22]).

(a) (b)
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FIGURE 3

Structures of estrogen receptors (ER; white) bound to stapled coactivator peptides (orange), with the corresponding linear peptides (yellow) superimposed. The staples

and residues that they replace are shown in sticks. (a) Structure of ERa bound to SP2 (PDB 2YJA [60]). The staple replaces residues that interact with the protein surface.

(b) Structure of ERb bound to SP1 (PDB 2YJD [60]). The staple induces rotation of the peptide helix, such that it is able to interact with the protein surface.
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importance of direct interactions of the hydrocarbon staple with

the protein and their potential to dictate the binding conforma-

tion and affinity of the stapled peptide.

Staple stereochemistry
Once the optimal staple positions have been determined, whether

they are at the [i, i + 3], [i, i + 4], or [i, i + 7] positions, the
appropriate staples can then be installed. Each staple architecture

can vary in its stereochemistry and linker length. These two

variables are tightly coupled to each other and, more often than

not, there is only one optimal combination of stereochemistry and

linker length for a particular staple architecture (Fig. 4). The two

unnatural residues forming a hydrocarbon staple can adopt either

the S or R absolute configuration at the Ca carbon, and are referred
www.drugdiscoverytoday.com 1645
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FIGURE 4

Stapled peptide architectures. Amino acids required for the formation of the

hydrocarbon staples are indicated as either Rn or Sn, representing their

absolute configuration as well as the number of carbon atoms (n) in their
alkenyl side chain. (a) i, i + 3 hydrocarbon staples with six (left) and eight

(right) carbon atoms. (b) i, i + 4 hydrocarbon staple. (c) i, i + 7 hydrocarbon

staple. (d) i, i + 4 triazole staple. (e) i, i + 4 + 4 stitch.

R
eview

s
�K

E
Y
N
O
T
E
R
E
V
IE
W

to as either Sn or Rn, representing their absolute configuration as

well as the number of carbon atoms (n) in their alkenyl side chain.

There are four possible stereochemical combinations for a

staple: (R,R), (S,S), (R,S), and (S,R). For the i, i + 3 hydrocarbon

staple, the most favourable stereochemistry for metathesis reac-

tion and a-helix stabilisation is (R,S) [61]. However, it is not as

effective at a-helix stabilisation as the most widely used staple

architecture, the i, i + 4 hydrocarbon staple, whose optimal

stereochemical combination is (S,S). The stereochemically op-

posite (R,R) version of the i, i + 4 hydrocarbon staple is formed

by metathesis just as efficiently, but it is significantly less

effective at a-helicity stabilisation and promoting cellular up-

take and, hence, seldom used [62]. The next most popular staple

architecture is the i, i + 7 hydrocarbon staple and, similar to its i,

i + 3 counterpart, favours the (R,S) stereochemical configura-

tion. Conversely, there have been no reports of the use of i,

i + 11 hydrocarbon staples. Such long staples are likely to be too

flexible to impart any noticeable entropic benefit, thus preclud-

ing their development and utilisation.

In the case of triazole staples, only i, i + 4 and i, i + 7 architec-

tures have been described. Limited investigations into the effect

of stereochemistry indicate that the (S,R) configuration might be

more favourable than (S,S) for the i, i + 4 triazole staple [63],

although a more exhaustive study is required to examine and

characterise all possible stereochemical combinations. Only the

(S,S) configuration has been adopted for the i, i + 7 triazole staple

in double-click stapling, and the effect of stereochemistry has not

been examined [52]. So far, the unnatural residues used to form

the triazole staples are monosubstituted, and do not have an a-

methyl group. Monosubstituted a-alkenyl amino acids were also

used to staple BID BH3 peptides, and they were found to have

comparable helicity, protease resistance, and binding potency to

those stapled by the a,a-disubstituted analogues [64], which calls

into question the necessity for a,a-disubstitution in peptide

stapling.
1646 www.drugdiscoverytoday.com
Staple length
Linker lengths for hydrocarbon staples have to be optimised for

maximal crosslinking efficiency and helicity. If the linker length is

too short, metathesis cannot proceed efficiently, whereas if the

linker length is too long, it might not be rigid enough to provide

any helix stabilisation effects. There are two possible linker lengths

for the i, i + 3 hydrocarbon staple, featuring either six or eight

carbon atoms. The former is used if less hydrophobicity is desired,

whereas the latter is more helix stabilising [65]. The six-carbon

linker is formed by the amino acids R3 and S5, whereas the eight-

carbon linker is formed by R5 and S5 (Fig. 4a). The six-carbon

variant of the i, i + 3 staple has been successfully used to increase

the helical and proteolytic stability of peptides derived from the

HIV-1 envelope glycoprotein gp41 [66]. Curiously, the R5 + S3

combination, which differs from R3 and S5 only in the position

of the carbon double bond, resulted in a lower yield of the cross-

linked product and reduced helix stabilisation and, therefore, is

not recommended for i, i + 3 stapling. By contrast, there is only

one optimal linker length each for the i, i + 4 and i, i + 7 hydrocar-

bon staples, involving the use of an eight-carbon linker (S5 + S5)

and 11-carbon linker (R8 + S5 or R5 + S8), respectively (Fig. 4b,c). No

study has yet compared the two variants of the 11-carbon linker in

i, i + 7 staples.

There have also been attempts to optimise the linker length for

triazole staples, as well as the position of the triazole moiety within

the linker. D’Ursi and coworkers determined that five or six

methylene units in the triazole staple are optimal for helix stabi-

lisation [31]. Wang and coworkers went a step further by screening

different linker lengths and triazole positions. They concluded

that the most suitable triazole staple for helix stabilisation com-

prises a triazole moiety flanked by four methylene groups at its N-

terminal side and one methylene group at its C-terminal side

(Fig. 4d) [50]. This particular linker has been used to generate

triazole stapled peptides that inhibit the formation of the b-

catenin–BCL9 and shelterin complexes [63].

Multiple staples
In cases where the helical portion of the peptide is very long, a

single staple may not be adequate to protect it from proteolysis.

For example, both single hydrocarbon and lactam staples were

shown to be ineffective in enhancing the protease resistance of the

30-residue vasoactive intestinal peptide [67]. Multiple staples may

then be required to protect the entire length of the peptide from

proteolytic degradation.

Double i, i + 4 hydrocarbon staples were used to stabilise a 37-

residue peptide from the gp41 envelope glycoprotein, improving

its resistance to proteolytic degradation by at least threefold

compared with the singly stapled peptides [68]. In a later study,

[i, i + 4], [i, i + 3] double staples were used to stabilise a peptide

derived from another region of gp41 [66]. These doubly stapled

peptides demonstrated comparable binding affinity and enhanced

proteolytic stability relative to the equivalent singly stapled pep-

tide. A fusion peptide derived from the respiratory syncytial virus

and stabilised by two i, i + 7 staples was also found to be excep-

tionally protease resistant and highly effective in suppressing viral

infection in mouse models [48].

Stitches are a unique form of multiple stapling, in which a

hydrocarbon staple is immediately followed by another
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hydrocarbon staple. This technique requires the use of the amino

acid bis-pentenylglycine (B5), which acts as a junction point that

allows two staples to emerge from a common residue in the

peptide. There are many possible combinations of stereochemistry

and linker length in such a system. A rigorous study of the various

stitch permutations was carried out, and two systems, i, i + 4 + 4

(S5 + B5 + R5) and i, i + 4 + 7 (S5 + B5 + S8), emerged as the most

effective for helix stabilisation (Fig. 4e) [69]. A peptide with the

latter stitch architecture was found to have superior helicity and

cell penetration compared with an i, i + 7 stapled analogue.

Stitched peptides appear to be promising alternatives to the singly

stapled versions, and further investigation is required to assess the

effect of stitching on binding affinity and cell activity.

Sequence modifications
One of the advantages of installing a hydrocarbon staple to a

peptide is its ability to enhance cell permeability. However, the

introduction of a hydrocarbon staple alone is not always enough

and, more often than not, the sequence of the peptide has to be

subtly modified to optimise its net charge. The adjustment of

overall charge to within the range of 0 to +2 has often been shown

to be an effective strategy to enhance the cell permeability of

hydrocarbon stapled peptides [70]. The importance of formal

charge is borne out in a study of more than 200 hydrocarbon

stapled peptides, in which peptides carrying a net negative charge

displayed poor cellular uptake, whereas peptides with a net posi-

tive charge exhibited significantly higher cellular uptake [37]. This

observation can be explained by experimental data reported in the

same study, which indicated the importance of cell surface anionic

sulphated proteoglycans in mediating cellular uptake of peptides

via a clathrin- and caveolin-independent endocytosis pathway.

There are three ways to increase peptide net charge. Positively

charged residues can be added to the N- or C-terminus of the

peptide to increase the net charge directly [26,71]. Negative charges

can be neutralised by mutating Asp and Glu to their respective

uncharged analogues, Asn and Gln [39]. Lastly, negatively charged

residues may be replaced by a strategically placed hydrocarbon

staple [53]. However, charge alteration should be practised with

caution, as peptides with high positive charges tend to cause cell

membrane disruption, thus reducing target specificity [72].

Roles of computation
The development of stapled peptides tends to be an expensive

process, in terms of labour, cost, and time. As discussed above,

there are many variables in stapled peptide design, and the num-

ber of permutations is tremendous. Comprehensive staple scan-

ning to determine the optimal staple positions is not always

feasible, especially when the peptide sequence is long and the

research group is constrained by limited funds. Computational

methods can be used to develop in silico models, which may help

in reducing the number of candidate stapled peptides to be tested

experimentally and to rationalise certain experimental observa-

tions. Here, we discuss the roles that various computational tech-

niques have played in stapled peptide design thus far (Fig. 5).

Energy minimisation
Energy minimisation is by far the simplest, fastest, and easiest

computational method to use to obtain a model of a stapled
peptide. It is useful for relieving any unfavourable interactions

in the initial molecular model. Wang and coworkers used a com-

mercial molecular modelling software suite to perform energy

minimisation on several triazole stapled Bcl9 peptides to deter-

mine the optimal combination of linker length and stereochem-

istry for the staple [50]. They found that the linker that causes the

least perturbation of the peptide backbone has an (S,R) configura-

tion, with the triazole moiety sandwiched between five methylene

units. The peptide stapled by this linker was later verified to be the

most helical and tightest-binding peptide among those tested in

the study. Energy minimisation has also been used to rationalise

experimental observations. A hydrocarbon stapled HIV-1 integrase

peptide was found to have high helicity but extremely low potency

compared with the wild-type peptide [27]. The two peptides were

energy minimised using a commercial software suite to obtain

low-energy conformers. An essential binding residue in the stapled

peptide was found to deviate conformationally from that in the

wild-type peptide, and this was proposed as the reason for the loss

in activity. However, energy minimisation is not the best method

for obtaining accurate stapled peptide models, as it is only able to

calculate local energy minima based on the initial conformation of

the peptide, and will likely not be able to locate its lowest-energy

conformation, which may be more relevant for the evaluation of

different staple structures.

Monte Carlo simulations
Monte Carlo (MC) simulation is one method to sample different

low-energy states of stapled peptides. It generates an ensemble of

conformations by making random changes to the positions of the

atoms at each step. The new configuration is accepted or rejected

based on the Metropolis algorithm. Multiple local energy minima

can then be sampled.

Kutchukian et al. observed that the i, i + 7 hydrocarbon staple is

more helix stabilising than the i, i + 4 version in some cases, and

vice versa in others [73]. RNAse A and BID BH3 peptides were

selected as case studies. MC simulations of the unstapled, i, i + 4,

and i, i + 7 stapled peptides were performed to obtain a conforma-

tional ensemble. Multiple runs were carried out until the average

helicities converged. The simulations reproduced the helicity

trends observed in experiments, showing that the i, i + 7 staple is

indeed less effective than the i, i + 4 staple at enhancing the helicity

of the BID peptide. This is attributed to the high occupancy of a

partially helical decoy state by the i, i + 7 stapled peptide, which

hinders optimal helix stabilisation. However, the authors did not

address the question of what it is in the sequences of RNase A and

BID that causes this disparity in helix stabilisation by different

staples. The results also come with a caveat, as the hydrocarbon

linkers in the simulations were saturated. It is not known whether

the use of the unsaturated linkers will yield similar results.

MC simulations have also proven to be useful for the identifi-

cation of optimal combinations of stereoisomers for new staple

systems. In a study that described the development of the i, i + 3

hydrocarbon staple system, MC simulations identified the (R,S)

configuration as the most helix-stabilising stereochemical combi-

nation, similar to what was determined from the experiments [61].

This configuration is the only one that avoids so-called ‘syn-

pentane’ interactions between the a-methyl group and the hydro-

carbon crosslink, which lead to deformation from the helical
www.drugdiscoverytoday.com 1647
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Overview of computational approaches in current use for stapled peptide design.
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structure. MC simulations have also been used to predict the

structure of the linker when multiple metathesis products are

obtained in the synthesis of stitched peptides [69]. Here, syn-

pentane interactions again have an important role in determining

the structure of the major stitched product.

Molecular dynamics simulations
Molecular dynamics (MD) is a computer simulation method that

generates new molecular conformations by the integration of

Newton’s equations of motion, resulting in a trajectory that

describes the temporal evolution of a set of interacting atoms.

MD simulations of the unbound peptide of interest in solution

may be performed to provide insight into its dynamics at the

atomistic level. Helicity trends derived from such simulations were

shown to correspond to those obtained by circular dichroism

spectroscopy [69]. Within the same study, the authors also pro-

vided an atomistic explanation for the enhanced helicity of

stitched peptides relative to singly stapled peptides. Being more

extended, stitches are able to shield more peptide backbone hy-

drogen bonds from hydration compared with a single hydrocar-

bon staple, thus accounting for their greater helix stabilisation

effect. In cases where multiple stapled products are obtained
1648 www.drugdiscoverytoday.com
during synthesis, MD simulations of the unbound peptide can

be used to predict the structures of the major and minor products.

In a study on in situ stapling, the double-click reaction that formed

the triazole stapled peptide resulted in four possible regioisomers

[22]. MD simulations of the isomers indicated that the most helical

isomer corresponded to the major product, whose structure was

subsequently confirmed by X-ray crystallography. This suggests a

role for MD simulations in linker structure prediction, especially in

cases of complex staple linkages formed by two-component sta-

pling techniques [18].

Replica exchange MD (REMD) is a variation of the standard MD

simulation method that enhances sampling efficiency by simula-

tion at different temperatures. It was used to study a set of i, i + 7

hydrocarbon stapled p53 peptides that varied in their staple posi-

tion and helix propensities [74]. The helicities obtained from the

REMD simulations were in good qualitative agreement with the

experimental values. Low helix propensity was linked to the

population of decoy states, also observed by Kutchukian et al. in

their MC simulations of BID stapled peptides [73]. Certain staple

positions resulted in highly populated semihelical decoy states

and lowly populated fully helical states, thus accounting for the

difference in helicities within the set of stapled peptides. The MD
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studies described so far indicate that MD simulations of unbound

stapled peptides are able to provide good qualitative approxima-

tions of the experimental helicity trends, and can be used to

whittle down the number of stapled peptides to be synthesised

and tested in a project. REMD also proved useful for guiding the

design of a set of stapled eIF4G peptides, for which binding affinity

was found to correlate with the extent of conformational similari-

ty between the unbound and bound peptides [56].

Besides analysing simulations of the unbound peptide, simula-

tions of the protein–peptide complex can also yield valuable

information that helps in stapled peptide design. A combination

of such simulations can be a very useful tool for in silico staple

scanning in situations where experimental staple scanning is not

possible because of limited resources. A library of stapled peptides

containing all possible permutations of staple positions and archi-

tecture can be easily created and then screened via MD simulations

to identify the most helical and tightest-binding stapled peptide. A

simulation study conducted by Joseph et al. on several MCL-1 BH3

hydrocarbon stapled peptides with varying staple positions helped

to provide structural insights into the experimental binding trends

[75]. The results also indicated that a new staple position that was

untried in the experiments is likely to provide a bigger affinity

boost than the current optimal position. Simulations of the pro-

tein–peptide complex were also used in conjunction with REMD

simulations of the unbound peptides to design stapled eIF4G

peptides with improved binding affinities [56]. As mentioned

above, MD simulations of the protein–peptide complex were also

instrumental in revealing the interaction of the hydrocarbon

staple of a stapled p53 peptide with the surface of MDM2 [57],

which was subsequently validated by X-ray crystallography [59].

This has contributed to the important realisation that the hydro-

carbon staple itself is able to contribute to target binding and

should be considered in future stapled peptide designs. In these

studies, MD simulations were complemented by the molecular

mechanics/generalised Born surface area (MM/GBSA) method [76]

to estimate the free energy of binding, which is estimated as the

sum of gas-phase molecular mechanics energies, solvation free

energies, and configurational entropies. MM/GBSA and the closely

related molecular mechanics/Poisson–Boltzmann surface area

(MM/PBSA) [77] are computationally efficient free energy methods

that also allow for the decomposition of the binding free energy

into contributions from the side chain and backbone atoms of the

protein and peptide on a per-residue basis [78]. They are usually

preferred to the more rigorous, but expensive, free energy pertur-

bation and thermodynamic integration methods [79], as well as

the linear interaction energy method [80], which requires the use

of empirical parameters. A major drawback of the MM/PB(GB)SA

method relates to the calculation of the entropy term, which is

computationally demanding and leads to large fluctuations arising

from inadequate sampling [81].

A special type of MD simulation method called ligand-mapping

molecular dynamics (LMMD) has been shown to be effective at

locating the shallow hydrophobic binding sites occupied by these

hydrocarbon staples [82]. In LMMD, benzene molecules are used at

low concentrations in explicit-solvent MD simulations of the

target protein to probe for hydrophobic binding sites. The posi-

tions sampled by the benzene probes during the simulations are

then converted into occupancy maps that are represented by
density grids. Such simulations have been successfully used to

identify a novel ligand-binding mode at a cryptic binding pocket

[83], enhance conformational sampling, and locate hydrophobic

peptide binding sites [82,84]. The method was tested on five

proteins that have known hydrocarbon staple interaction sites.

All of them were successfully detected in the simulations by the

benzene probes (Fig. 6). A novel staple binding site on one of the

test proteins, MCL-1, was also predicted to be more druggable than

the current known staple binding site. This is in agreement with

the results of the computational study mentioned earlier by Joseph

et al., who utilised staple-scanning MD simulations to study the

MCL-1–peptide interaction [75], further lending support to the

targeting of this alternative binding site. We eagerly await the

testing of this prediction by experimentalists.

The temporal nature of MD simulations means that they can be

useful for understanding binding events, such as peptide–protein

binding. Multiple short approach simulations were performed for

a range of peptide–protein distances on a set of wild-type,

unstapled, and stapled p53 peptides, to study the effect of the

hydrocarbon staple on the mechanism of peptide binding [85].

The peptide set featured those with staples that associate with the

MDM2 protein surface in the complex. While the wild-type p53

peptide favours rebinding to MDM2 by tilting in the direction of

Phe19, one of the key binding residues, the stapled peptide has no

such preference and tilts initially towards either the Phe19 or

Leu26 binding pockets. An ordered water network was also ob-

served between the staple and protein surface as the peptide

rebound to the protein in these approach simulations. This was

conspicuously absent for the unstapled peptides. A subsequent

detailed study on these interfacial water molecules restrained the

position of the peptides instead of allowing rebinding [86]. The

results suggest that the hydrophobic staple facilitates the forma-

tion of the interfacial water network, which helps to lower the

energy barrier for binding due to enthalpic gain from the forma-

tion of hydrogen bonds between the structured water molecules.

The role of individual water molecules in facilitating hydropho-

bic interactions can be further elucidated by using inhomogeneous

fluid solvation theory (IFST) [87], which quantifies solvation free

energies by analysing the extent of perturbation of bulk water

structure and thermodynamics by a solute. IFST is included in

the commercial drug discovery software suite, Schrodinger, as

the WaterMap module. The ring closing metathesis reaction that

generates the hydrocarbon staples usually results in the formation

of a mixture of cis (Z) and trans (E) isomers, which are challenging to

separate. A computational study investigated the effects of geomet-

ric isomerism in i, i + 7 hydrocarbon staples using MD simulations

[88]. Free energies obtained from WaterMap indicate that the trans

linker packs more tightly than the cis linker against the hydropho-

bic binding pocket of the staple, even though REMD simulations

show that both cis and trans configurations confer comparable

helicities; however, these observations have yet to be experimen-

tally verified. Nevertheless, the results suggest that geometric isom-

erism in hydrocarbon staples influences peptide potency. Recent

advances in synthetic methodologies have allowed the stereoselec-

tive synthesis of the Z isomer [89]. It is hoped that further progress

in catalyst design will enable E-selective olefin metathesis, which

should facilitate experimental investigation of the role of geometric

isomerism in stapled peptide helicity and activity.
www.drugdiscoverytoday.com 1649



REVIEWS Drug Discovery Today � Volume 21, Number 10 �October 2016

(a) (b)

(c) (d)

(e)

Drug Discovery Today 

FIGURE 6

Benzene occupancy maps (black mesh) of (a) MDM2 (PDB 3V3B [59]), (b) MDMX (PDB 4N5T [41]), (c) ERa (PDB 2YJA [60]), (d) ERb (PDB 2YJD [60]), and (e) MCL-1

(PDB 3MK8 [58]) with their respective stapled peptide binders (orange) superimposed. Adapted with permission from [82]. Copyright 2015 American Chemical
Society.

R
eview

s
�K

E
Y
N
O
T
E
R
E
V
IE
W

A key consideration that might limit the application of MC and

MD simulations in stapled peptide design is accurate parameterisa-

tion of the unnatural amino acid residues that form the staple

linkages. Force fields have been developed separately to describe the

common amino acid residues found in proteins [90] and small

molecules [91,92], but there are none specifically developed for

unnatural amino acid residues. Parameters for these non-standard

residues could be obtained by using approaches based on quantum

mechanical calculations [93,94]; however, their suitability for the

parameterisation of residues with a third attachment point, such as

those found in stapled peptides, has not been properly evaluated.

Future directions
The application of computational techniques to stapled peptide

design is still at a nascent stage, and there are many questions that

can potentially be addressed by the appropriate method. Of ut-

most concern are the relations between peptide helicity, in vitro

binding affinity, cellular activity, and biological potency. Contrary

to expectations, there appears to be weak correlations between
1650 www.drugdiscoverytoday.com
these factors. For instance, in a study on the development of

hydrocarbon stapled MCL-1 BH3 peptides, there was no discern-

ible relation between helicity, binding affinity, and cellular activi-

ty [58]. Peptides that were less helical displayed better binding

affinity for MCL-1 compared with a more helical peptide. The most

helical stapled peptide was the second least active in cells, while

the least helical stapled peptide was the second most cell active. No

direct correlation was also found between helical content and cell

activity in another study on the targeting of HIV-1 integrase by

hydrocarbon stapled peptides [27]. Stapling also does not always

improve the peptide’s binding affinity, as observed in several

independent studies [40,95–97]. Enthalpy–entropy compensation

has recently been invoked to explain these perplexing observa-

tions [97]. It is suggested that, because of the presence of backbone

hydrogen bonding prior to binding, the gain in favourable enthal-

py upon binding by a stapled peptide is not as significant as that

observed with the unstapled peptide. This could offset the entropic

advantage that the stapled peptide has over the unstapled peptide.

Atomistic MD simulations coupled with rigorous free energy
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methods may be able to provide meaningful insights into this

perplexing phenomenon.

Given the recent rapid advances in computational efficiency

and hardware that allow MD simulations on timescales as long as

milliseconds to be performed [98], it might be possible for these

simulations to provide insights into key aspects of the mechanism

of action of stapled peptides. As more is understood about the

mechanism of cell entry by stapled peptides [37], appropriate

models of peptide–membrane systems could be built and simulat-

ed to understand peptide cell penetration at the atomic level, thus

aiding in the optimisation of cell-permeable stapled peptides.

Longer simulation timescales can be attained by the use of

coarse-grained models [99]. It has been shown that long MD

simulations are able to reproduce the crystallographic binding

mode of a small molecule that is initially randomly placed away

from the target protein [100]. Similarly, it may not be long before

such extended simulations are able to provide an atomistic under-

standing of the entire process of peptide binding. These could help

researchers to reconcile the apparent discordance between peptide

helicity, in vitro binding affinity, and cell activity trends.

The inhibitory effect of serum on the biological activity of hydro-

carbon stapled peptides has been highlighted in recent reports

[40,41,101]. As serum concentration increases, the activity of about

one third of published stapled peptide constructs diminishes [70].

This effect might result from the direct binding of the stapled

peptides to serum components, thus inhibiting their cell permeabil-

ity. However, a recent study by Li et al. suggested that the cytotoxic

activity of certain stapled peptides targeting the MDM2–p53 inter-

action may be due to target-independent membrane disruption

rather than specific target binding, and that serum protects the cell

membrane from stapled peptide-mediated membrane damage by an

as-yet-unknown mechanism [72]. To exclude the possibility of direct

interaction between serum proteins and stapled peptides, the

authors performed experiments to show that the activities of the

studied stapled peptides remain unchanged in cell lysates that have

serum added. These results are contradictory to those reported by

Chang et al. [41], who showed that one of the stapled peptides in the

Li et al. study is highly associated (98%) with serum proteins in

ultracentrifugation experiments. Thus, there is a need for more

conclusive studies. One such possible study would be to screen a

set of common serum proteins for direct association with stapled

peptides in biophysical binding assays. These experimental efforts

could be complemented by computational methods, such as mo-

lecular docking [102] and MD simulations, to develop and evaluate

models of the putative serum protein–stapled peptide complexes.

Despite the plethora of published studies on stapled peptides,

no one has managed to come up with a set of guiding principles for

choosing a suitable staple architecture. More often than not, there

is no detailed investigation into the use of alternative staple

architectures, presumably because of limited resources. For exam-
ple, in the study on the development of hydrocarbon stapled

peptides to target the NOTCH transcription factor complex, the

i, i + 4 staple was arbitrarily employed, even though the helical

peptide sequence is long enough to accommodate an i, i + 7 staple

[25]. The 2009 computational study by Kutchukian et al. proposed

the concept of decoy states to explain the staple preference for a

particular peptide sequence [73]. That study could have been

furthered by the use of MD simulations to investigate the origins

of the decoy states and provide useful insights into the decoy-

forming propensity of different hydrocarbon staple architectures,

thus contributing to our knowledge of stapled peptide design.

Concluding remarks
Peptide stapling to enhance helicity and biological activity has

been practised since 1988, when the first lactam staples were

formed between lysine and aspartic acid residues [103]. Stapling

ensures that the peptide retains the a-helical conformation essen-

tial for binding at a-helix-mediated protein–protein interfaces, thus

enhancing binding potency. However, the field only truly burst

into life after the introduction of hydrocarbon staples by Verdine

and coworkers in 2000 [30]. Since then, a range of studies have

demonstrated the potential utility of hydrocarbon stapled peptides

in the treatment of various human diseases. Two hydrocarbon

stapled peptides have reached clinical trials, epitomising the re-

markable progress made in this field within the past 15 years [49]. A

paradigm for stapled peptide design is also gradually being devel-

oped based on the huge body of experimental data that has been

collected so far.

While design principles for optimising affinity and cellular

uptake are still being refined, computational methods are playing

an increasingly important role in the design process. They can help

to rationalise experimental observations and reduce the number of

stapled peptide variants to be tested, saving time and money.

Simulation techniques, such as MC and MD simulations, have

been used to predict optimal positions for staple placement and

stereochemical combinations of building blocks for staple forma-

tion, as well as to understand the binding mechanism. There is

tremendous potential for computation to play an even bigger role

in stapled peptide design. Pressing issues, such as the lack of

correlation between helicity and cellular activity trends, the mech-

anism of stapled peptide cellular uptake, the role of serum in

affecting membrane penetration, and choosing the most suitable

staple architecture, could potentially be addressed with the help of

computational models. We expect computational methods to

assume expanded and even more prominent roles in stapled

peptide design in the near future.
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