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Abstract

To aid in the discovery and development of peptides and proteins as therapeutic agents, a virtual
screen can be used to predict trends and direct workflow. We have developed the Parasol
Protocol, a dynamic method implemented using the AMBER MD package, for computational site-
directed mutagenesis. This tool can mutate between any pair of amino acids in a computationally
expedient, automated manner. To demonstrate the potential of this methodology, we have em-
ployed the protocol to investigate a test case involving stapled peptides, and have demonstrated

good agreement with experiment.

Key words: molecular dynamics, in silico mutation

Introduction

Computational screens are a fundamental tool in drug discovery and
development (Clark, 2008). It has become routine to use them to aid
in the identification of compounds that show potential for use in medi-
cine, and increasingly sophisticated techniques can make for great pre-
dictive ability (Cano et al.). The main advantage of these methods is
obvious: the automation and parallelisation of the process allows to
handle amounts of data that would be difficult to replicate with experi-
mental techniques. As a result, they can be highly cost-effective,
together with the potential for faster scanning of large virtual libraries.
However, the speed and relative low cost of virtual screening methods
are subordinate to their predictive power.

There has been considerable interest in developing virtual screens
for systems which involve expensive (Masso and Vaisman, 2007) and
time-consuming (Park ez al., 2012) techniques such as peptide, protein
and antibody synthesis. Protein—protein interactions (PPIs) have been
increasingly studied due to their central role in cellular regulation

(Stites, 1997), but are notoriously problematic to analyse (Fry,
2006), because their binding surfaces are broad and relatively feature-
less. This makes it hard to determine which residues are important for
the interaction (Kozakov et al., 2011), and hotspot analysis is merely
one tool in the arsenal. Development of a rapid and predictive compu-
tational method would therefore be a very powerful tool in drug dis-
covery and development. There are computational examples where
virtual mutagenesis has been used to analyse and direct the develop-
ment of antibodies as drugs (Clark et al., 2006; Sivasubramanian
et al., 2006; Azoitei et al., 2014; Schwans et al., 2014). Molecular dy-
namics (MD) is a widely applied tool for simulating proteins and can
be used to extract information about structure and molecular interac-
tions. Widely used computer packages for MD include AMBER
(Salomon-Ferrer et al., 2013a,b; Case et al., 2015), GROMACS
(Berendsen et al., 1995), NAMD (Phillips et al., 2005) and
CHARMM (Brooks et al., 2009), which can use different force fields
and parameter sets. For our work, we have used the AMBER package,

© The Author 2016. Published by Oxford University Press. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com 1

65

70

75

80

85

90

95

100

105

110

115

120


Q1: No change

http://www.oxfordjournals.org

125

130

135

140

145

150

155

160

165

170

175

180

Q9

Q9:

Q2

P.G.A. Aronica et al.

which we have also previously applied successfully in the analysis of
PPIs (Bradshaw et al., 2010, 2012).

AMBER is currently limited to the simple mutations, as it only has
in-built protocols for mutations to alanine and glycine. More general
introduction of mutations presents complications due to the potential
for steric clashes by residues of increased size. Software solutions
that have been used successfully include the rotamer-based SWISS-
MODEL (Guex and Peitsch, 1997) and the more sophisticated
RosettaDesign (Liu and Kuhlman). In this paper, we report an alterna-
tive approach that generates mutations during the MD simulation it-
self. The advantage of such an approach is that it should allow more
scope for local rearrangements to accompany the mutations, which in
turn may make it more likely to generate realistic mutant structures
that are also better starting points for further MD simulations.

Our efforts have produced what we describe as the ‘Parasol
Protocol’, a dynamic method that is able to mutate between any
pair of amino acids, although the methodology can be extended to
non-natural residues as it is exemplified in this paper using stapled re-
sidues. The method is remarkably flexible in its execution and capable
of a vast range of functional group interconversions, including rings,
most common functional groups such alcohols, carboxylic acids,
amines, amides and thiols, and the introduction of charged residues.
The majority of the processes required for the ‘Parasol Protocol’ have
been automated and optimised for rapid use with the AMBER MD
package. In this paper, we report on our first application of the
‘Parasol Protocol’ in the PPI of the MCL-1/MCL-1 BH3 helix inter-
action (Stewart et al., 2010).

Challenges in mutagenesis

There already exist several tools that are able to perform computation-
al mutagenesis. In this section, we will outline some of these existing
methods and explain how our approach differs from these.

In computational mutagenesis experiments, the single greatest
challenge is to grow residues, via mutation from a small amino acid
to a larger one. Going from large to small is inherently an easier pro-
cess and therefore commonplace: alanine scanning mutagenesis, for
example, is a well-established technique (Massova and Kollman,
1999). Any change that involves the addition of atoms and groups,
however, is potentially problematic, since there may not be any phys-
ical space in which to add these new atoms if the interface is especially
tight. How the environment adapts to accommodate the different side
chains is extremely difficult to predict, and a variety of techniques has
been developed in order to get around this problem. Figure 1 shows
this issue in pictorial form.

No change

5,57
L.l

Fig. 1 Schematic depiction of the problem of mutating from a small amino acid
to a larger one. On the left, the original residue has a methyl group that needs

to be converted to an ethyl group. The starting structure does not allow this to
be accommodated and simple replacement of atoms that would lead to

0.11 structural instability.

No change

011: Black and
White only

One of the simplest ways to obviate this problem is by using a li-
brary of rotamers for each side chain, and implementing an algorithm
to determine which form of the residue can best fit, given the environ-
ment it is in. This is the approach used by software such as
SwissPDBViewer (Guex and Peitsch, 1997) and PyMOL (Vaz et al.,
2010), and it has the advantage of being extremely quick; however,
a significant limitation of this technique is that it only considers the
structure of the mutated residue and does not allow for any other con-
formational changes that might occur in the surrounding amino acids.
As it is not unreasonable to assume that a mutation will affect more
than just the residue that is being mutated, further steps are required
to predict the conformational behaviour of the amino acids around the
point of mutation. To attempt to remove the restriction on surround-
ing residues, software such as TRITON (Damborsky et al., 2001) or
SWISS-MODEL (Arnold et al., 2006) employ homology modelling
(Marti-Renom et al., 2000), which models protein backbones and
residues based on the structure of other proteins with comparable se-
quences. The assumption, not always correct (Fiser et al., 2000), is that
similar proteins or segments of proteins will fold in similar ways, thus
giving us the ability to predict how a change in the sequence will trans-
late in terms of conformation. Finally, RosettaDesign (Liu and
Kuhlman) uses a combination of these two approaches, the rotamer
library complemented by homology modelling.

While these single-point approaches are fast and simple to imple-
ment (Fischer et al., 2011), they do present some limitations
(Humphris and Kortemme, 2008), mostly because they focus princi-
pally on the residue to mutate rather than the environment around
it. Predicting how the structure around the mutation is modified by
the change is not straightforward, and the risk is that a false energy
minimum might be generated, seemingly stable but which does not re-
flect the ‘true’ structure that would be reached when the same muta-
tion is made experimentally. Nevertheless, because of their simplicity,
these techniques remain popular and widely used.

Another possible approach to mutations involving growth is that
offered by the thermodynamic integration (TI) and free energy
perturbation (FEP) models (Chipot and Pearlman, 2002). TI and
FEP are considered the gold standard in computational chemistry
(Jensen, 2006), and they employ alchemical transformation (Yang
et al.,2004) to carry out mutagenesis. This technique uses the gradual
manipulation of parameters such as mass and charge to convert from
one functional group to another, effectively mutating the amino acid.
It is called alchemical because the intermediate structures, with partial
charges and half-formed bonds, are not chemical species; this evolving
interpolation between the two states allows the system around the mu-
tation to adapt to it and rearrange the environment’s structure to re-
spond to the change. This is considered the gold standard because it is
exact with respect to statistical mechanics, but this comes at the cost of
speed and needs significant computing power. TI and FEP are very ex-
pensive in terms of computational resources, and they are significantly
limited in application due to the long timescales required to reach con-
vergence; for this reason, they are rarely used in mutagenesis (Gouda
et al., 2003).

We have identified two of the many possible approaches to muta-
genesis, both of which attempt to solve the problem when growing re-
sidues. However, these two strategies both have limitations and are not
conducive to being fully automated in an algorithmic fashion.
Therefore, we have chosen to develop a protocol that could unite
the best qualities of the two techniques. The method is based on
MD coupled with a gradual transformation of one amino acid to an-
other. In this respect, it is also alchemical, as the intermediate states are
not natural chemical species. It also allows bond rotations to
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accommodate the structural effects of mutations, but does so via the
inherent motions of MD rather than by the use of rotamer libraries.

Our efforts have produced the Parasol Protocol, a gradual method
which takes advantage of the AMBER architecture and suite of pro-
grams to manipulate amino acids and proteins, leading to mutagen-
esis. The protocol is fully automated, fast and inexpensive to
implement on modern computers, and it has been used with success
on a variety of systems to mutate between all natural amino acids,
as well as some exemplar non-natural residues. In the next sections,
the workings of the protocol will be detailed, followed by a case
study in which Parasol is used to replicate experimental data.

Methods

Work was carried out on a Linux machine with Fedora 12 and CentOS
6, equipped with two Intel® Dual-Core E5700 central processing unit
(CPU) cores running at 3.00 GHz and a single GTX 680 graphical
processing unit (GPU) running at 1.63 GHz. MD simulations and
analysis were carried out with the AMBER 12 and AMBERTools
12 package (Case et al., 2012), using the FF99SB force field
(Lindorff-Larsen et al., 2010).

Analysis and supporting scripts were written and run on the CPUs,
leaving the bulk of the simulation to the GPU. This was done using
PMEMD (Particle Mesh Ewald Molecular Dynamics) in its CUDA
(Sanders and Kandrot, 2010; Salomon-Ferrer et al., 2013a,b)
(Compute Unified Device Architecture) package, which runs on
GPUs. This is to take advantage of the architecture of GPUs, which,
being far more parallelised, are much faster than CPUs (Anderson
et al., 2008; Xu et al., 2010). This translates, we have found, to a
20-fold increase in speed in simulations.

Simulations were neutralised prior to running, using counterions
(CI” in the case of positively charged systems, Na* for negatively
charged ones), and solvated with TIP3P water molecules (Jorgensen
et al., 1983). The employed solvation shell was a truncated octahedral
box in which no part of the system was closer than 8 A from the edge.
Periodic boundary conditions were used, with an 8 A radius; inside the
radius, non-bonded terms were calculated explicitly by the force field,
and outside, the particle mesh Ewald method (Darden ez al., 1993)
was used to describe interactions. The SHAKE algorithm (Ryckaert
et al., 1977) was employed to lengthen simulations by constraining
bonds including hydrogen atoms, with the effect of lessening the com-
putational load.

Simulations consist of three stages. The first is the minimisation
stage, performed on the crystal structure, and used to remove inherent
clashes and artefacts left over from crystallisation. It consists of a first
minimisation (500 steps of steepest descent protocol) and a second
minimisation (500 steps of conjugate gradient protocol). The second
stage is the equilibration, which is itself divided into first and second
equilibration. In the first equilibration, the temperature is raised from
0 to 300 K in the NVT ensemble, while the second equilibration is per-
formed in the NPT ensemble at 1.0 bar of pressure. Once the system
has been equilibrated and its temperature and pressure are as close as
possible to biological values, the production run is carried out in the
NPT ensemble. The temperature is controlled throughout with a
Langevin thermostat (Loncharich et al., 1992).

There are two sorts of simulations we run: mutations carried out
with the Parasol Protocol and simulations. Mutations use for the first
equilibration a 0.5 fs time step for 25 ps, while for the second equili-
bration, they use the same time step over 6.25 ps. As will be explained
later, the mutation is divided into 11 short production runs each with a

Minimisation
1000 steps (500 steepest descent, 500 conjugate gradient)

First Equilibration
50,000 steps, 0.5 s time step, 0 to 300 K in 40,000 steps.
\/

Second Equilibration
12,500 steps, 0.5 fs time step
\/

0-100
10-90
20-80

30-70
40-60 Individual mutations

50-50 5,000 steps
60-40 | fs time step

70-30

80-20

90-10

100-0

Fig. 2 A schematic representation of the mutation sequence.

1 fs time step lasting 5 ps, although we have experimented with differ-
ent time step sizes. Figure 2 shows this schematically.

The simulations are run on native or mutated structures to generate
average, equilibrated dynamics over a longer period of time and obtain
MMGB/PBSA estimates of free energy. The first and second equilibra-
tions both use a 2 fs time step over 250 ps, while the production run
proper uses the same time step over 1 ns. Simulations are usually run in
10 copies for greater statistical significance.

Supporting manipulations are run with programs that are part of
AMBERTOools, and include LEaP, ptraj, ante-MMPBSA and parmed.
py. Visual inspection of proteins and systems was carried out with
VMD (Humphrey et al., 1996). For GB calculations, the GBS sug-
gested parameters were used (mbondi2 radii, LCPO calculation of
the SASA and 0.005 surface tension offset), while for PB calculations,
the PB1 suggested parameters (mbondi radii, Molsurf calculation
of the SASA and 0.0072 surface tension offset).

The Parasol Protocol

The underlying concept behind the Parasol Protocol is to allow a slow
and gradual growth or removal of functional groups during an MD
simulation, which allows the side chain to assume the best structure,
as well as allowing the environment around it to adapt to the change.
To this end, custom residues and atom types are used to finely control
and manipulate all the parameters and properties of the mutated resi-
due, which include the masses and charges of the atoms, the length
and width of the bonds, angles and dihedrals, and the interactions be-
tween different parts of the amino acid. During the simulation, the
parameters are slowly morphed from the starting values to the final
ones, resulting in the final mutated state.

The scheme of the simplest mutation, the conversion of a hydrogen
into a methyl group, is shown in Fig. 3 as it is implemented using the
Q03: No change

The methyl group is placed so that it occupies the same virtual space
as the hydrogen from which it is to be grown, with the carbon halfway

Parasol Protocol.

between carbon and hydrogen, and the hydrogens superimposed on the
original hydrogen. At the beginning of the simulation, this methyl group
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dh
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d
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fc fc fc

Fig. 3 A schematic representation of the Parasol Protocol, showing here the
mutation from a hydrogen to a methyl group. (Left) The initial structure, with
the hydrogen to be mutated (sh, special hydrogen) and the carbon it is attached
to (fc, fixed carbon). The methyl to be grown is added by placing its carbon (dc,
dummy carbon) halfway between fc and sh, and positioning the three
hydrogens superimposed on sh. The colouring (black for ‘realness’, grey for
varying degrees of ‘non-existence’) represents the gradual change of the
parameters across the mutation. During the simulation, the methyl
hydrogens ‘open out’ in a manner reminiscent to the way that a parasol
opens, giving rise to the name of this protocol.

is ‘non-existent’, as shown by it being greyed out in Fig. 3. This means
that the charges of its atoms are all 0, its interactions with any other
atoms are set to be 0 and it has no ability to affect anything else in
the simulation. It is present in the system, but nothing can ‘see’ it, and
it can ‘see’ nothing. Furthermore, its bonds, angles and dihedrals are re-
strained, so that it occupies a small volume around the hydrogen, with
bonds set at shorter distances (half a standard C-H length, 0.545 A)
and the angle set at 180°. In contrast, the parameters of the hydrogen,
even if it has a custom atom type, are set to be as normal.

As the simulation progresses, the residue’s parameters are modified
in a stepwise fashion. We have found that increasing these in 10% in-
crements is the optimal approach. So, after a first simulation where the
distribution of parameter characteristics is 0%:100% (the methyl is
0% ‘real’, and the hydrogen is 100%), a second simulation is per-
formed where the parameters are changed to 10:90: the charge of
the methyl begins to increase, that of the hydrogen begins its descent
to 0, the bonds and angles begin to lengthen and contract, and so on.
After this, the 20:80 state is simulated, followed by the 30:70, the
40:60 and so on until the 100:0 is performed. In each step, the simu-
lation is performed on the last set of coordinates obtained from the
previous simulation. This gives a total of 11 short runs (5 ps for
each) at the end of which the hydrogen has become ‘non-existent’,
while the methyl is now ‘real’. The motion of the methyl as it opens
and takes its tetrahedral conformation resembles that of a parasol,
which is what the protocol is named after.

This whole process is gradual and dynamic; no minimisation or
equilibration is carried out between steps, thus enabling the system
to adapt continuously to the mutation. Grown functional groups are
allowed to rotate and move as freely as the system allows them to, so
they can explore the conformational space in a purely dynamic way.

The success of this protocol in growing methyl groups led us to
adapt and modify the strategy to grow and manipulate other function-
al groups, such that all those present in natural residues (like alcohols,
amines, carboxylic acids, rings, etc.) can be handled. The protocol can
add and remove any of these groups, and it can perform even more
complicated and sophisticated mutations, like growing two groups
at the same time, or the simultaneous growth and removal of groups.
This is shown in Fig. 4.

0
A B
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& c & c
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Fig. 4 A few representative mutations possible with the Parasol Protocol. The
protocol can (A) grow functional groups such as alcohols, (B) grow charged
groups, (C) perform two growths at the same time (such as two methyls in
alanine to produce valine) or (D) grow and remove at the same time (such as
leucine to isoleucine).

The approach to growing rings is slightly different, and shown in
Fig. 5. Rather than adding atoms and groups at the end, these are
added in between other atoms, so that they may grow sideways and
generate ring-like structures. Our approach to generate aromatic resi-
dues is first to grow an intermediate hypothetical amino acid that has
four carbon atoms and is a cyclobutadiene version of phenylalanine,
which we term annuline. This has been parameterised for this purpose
and the protocol uses this as a common intermediate for aromatic re-
sidues. This strategy of using intercalated carbons has also been used
for other mutations, such as cysteine to homocysteine, or norleucine to
arginine.

Another feature of the protocol is sequential mutations, which are
carried out without removal of the solvation shell for greater continu-
ity between the two systems. Because the protocol cannot create some-
thing out of nothing, some mutations need to be done in multiple
steps. For example, alanine cannot be mutated to isoleucine in one
step, and valine must be used as an intermediate. The protocol is
set, so that it keeps the same solvation shell throughout, also avoiding
superfluous minimisations and equilibrations.

The protocol has been automated for maximum efficiency and
speed. The generation of the input files and the carrying out of the si-
mulations is controlled by a series of scripts that run automatically,
which leads to a very streamlined, rapid process. In an average sized
system of ~20 000 atoms consisting of protein and solvation shell, a
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Fig. 5 The intercalated carbon method used to make rings. Rather than adding
the carbons at the end of chains, adding them between other carbons leads to
ring formation. In this example, the ethyl-like group from norvaline is made
into a four-membered ring, generating the artificial annuline, used as
a precursor to the other aromatic residues (mutations to phenylalanine,
histidine and tryptophan shown).

one-step mutation will take ~10 min, and subsequent mutations on
the same system a further 5 min each; larger systems will require
more time. This great speed is due to the protocol relying on
PMEMD.CUDA (Gétz et al., 2012), which allows for a drastic
improvement in performance.

Case study: growing stapled peptides

The Parasol Protocol works efficiently and consistently, and it can be
used to manipulate proteins and peptides by mutating residues. It dif-
fers from existing methods in that it allows for local conformational
rearrangements to be accommodated automatically and without the
need for manual intervention. The question we need to answer at
this point is whether the mutated structures it produces can be used
to predict trends and direct workflow. Ideally, it should generate mu-
tated structures whose properties can be computationally compared
with those of the native. To test this, we have applied the method to
an investigation of the effect of mutations on the strength of PPIs.

Specifically, we have computed the interaction energy between a pro- 550
tein receptor and another protein or peptide ligand, using the
MMPBSA (Lee et al., 2000) and the related MMGBSA (Gohlke and
Case, 2004) protocols. Where experimental data are available, this al-
lows direct evaluation of the predictive power of the method, by cal-
culating the energies for both native and mutant structures, and 555
comparing with the value obtained in the laboratory.

There are a vast number of systems that could be examined in this
way, but to exemplify the power of our new protocol, we have chosen
to examine the effect of a set of mutations that would be very difficult
to derive by alternative methods. Stapled peptides, which involve a co- 560
valent tether between amino acids distant in the sequence, have been
the subject of many recent studies as they offer the advantage of con-
formationally fixing small peptides into a bioactive conformation
(Verdine and Hilinski, 2012; Chang et al., 2013; Lau et al., 2014).
Generating a stapled structure involves not only mutating two residues 565
to half-staples, there is also the need to covalently bridge these two
halves while producing energetically feasible structures. The adaptive
dynamic approach of the Parasol Protocol can easily be used to grow
even such demanding mutations, providing a suitable and unique test.
The full protocol as implemented for growing staples is shown in Q4570
Fig. 7. The first step is to place two norleucine residues (straight-chain
version of leucine) in 4, i + 4 positions where the staple is to be addedQ 4: Not
This is done by successive mutagenesis of the starting amino acids.
Once two norleucine residues have been created, a tether is formed peSULE what
tween the two ends. This bond has no force constant at the beginningthes7pr axi
of the simulation, meaning that it does not have the ability to affectthej g in thi
dynamics of the norleucines, which are able to flop around and move- ace: f 1g
as freely as they can. However, as the run progresses, the bond gains . .
strength, meaning that it forces the two carbons to come together,7 1s cite
while its equilibrium length, fixed at an arbitrarily large value at thef i r&tt but
beginning of the simulation to allow the norleucine side chains as{ , the
much freedom as possible, begins to decrease until it reaches the .
value of a C—C double bond. The structure is constrained so that itl ayout 1t
adopts a cis geometry, as this is the conformation found in the systemCOMES
described below. At the same time, two methyl groups are grown onto] gt &8 . I
the a-carbon to match the staple used in experimental conditions. would

As with the Parasol Protocol, graduality is the key; by slowly in-
creasing the force of the bond from 0 to the actual value for a C—Cde fer to
bond and at the same time reducing the bond distance from large toy OUX
the correct length, the system is allowed to adapt to the change andsup@%ior
mcorpor.at.e t'he s.taple in t.h.e new structure. The sFapler tool uses the exper tise
same minimisation, equilibration and production parameters as
those described above for the mutation of amino acids. It should be
noted that this staple is by no means the only one that could be created
and with the correct use of atoms and parameters, any sort of staple 595
can be introduced.

The specific system that we investigated was that of the MCL-1/
MCL-1 BH3 helix interaction (Stewart et al., 2010) (PDB code:
3MKS8). MCL-1 is part of the BCL-2 protein family, the members of
which possess anti-apoptotic properties. Some cancers exploit this 600
ability to propagate uncontrollably, and therefore, there is consider-
able interest in finding ways of preventing MCL-1’s action. This
has led the authors of the original work to discover an inhibitory pep-
tide in the MCL-1 BH3 o-helix, which specifically and selectively
binds to MCL-1. The interaction is depicted in Fig. 6. As the binding 605
is dependent upon BH3 having the correct helical conformation, the
authors have applied a chemical staple to enforce the structure. The
staple in this example is a relatively simple aliphatic chain built with
residues in the 7, 7 + 4 positions, with a double bond in the middle
and a methyl in place of the a-hydrogen. It is made from non-natural 610


Q4: Not sure what the praxis is in this case: fig 7 is cited first but in the layout it comes later. I would defer to your superior expertise.
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amino acids incorporating olefin tethers (Schafmeister ez al., 2000)
linked via ruthenium-catalysed ring-closing metathesis (Blackwell
et al., 2001). It is chemically possible to position the staple between

Fig. 6 The analysed system, with MCL-1 in red and the BH3 helical peptide in blue.
As the peptide needs that conformation to interact, a staple can be added to it to
ensure the proper structure in retained in solution and so increase potency.

142 145 150

any 4, i +4 pair of residues in the sequence, but the question as to
which position to select is not a trivial one, as two amino acids have
to be sacrificed to incorporate the ligation. It is therefore fundamental
to ensure that activity persists after the staple is added and avoid
removing residues that are important for specificity or interaction.

The authors describe a series of five staple position variants, which
were arrived at after performing alanine-scanning mutagenesis to
identify the best residues to replace. These results are shown in
Table I and illustrate clearly that not all positions are equally viable.
The synthesis of stapled peptides is technically demanding and the
authors did not attempt to produce each possible 7, i + 4 staple.

To see how computational methods might have expedited this
study, we have taken the crystal structure provided by the authors
and used the Parasol Protocol to recreate the stapled peptides that
were used in the original study (Fig. 7). After this, the interaction be-
tween the peptide and the protein was calculated with the MMPBSA
and MMGBSA protocols. For such a procedure to be successful re-
quires two factors to be in place. First, it should be possible to generate
suitable mutant structures for the system under study. Secondly, the
technique used to calculate the energetics should be robust enough
to provide correct values. The energetic calculations used are well es-
tablished and their advantages and limitations understood (Gohlke
and Case, 2004). There is therefore just the question of how well the
grown staple structures reproduce the experimental observations.

In each case studied, it was found possible to grow a staple that re-
sulted in a plausible, energetically stable protein-ligand complex. The
resulting structures were then used to predict the binding energetics. It
was found that the computational approach generated predictions
that, in broad terms, give good agreement with those that are ex-
perimentally derived. It must be stressed that the nature of the

155 160

ALA-LEU-GLU-THR-LEU-ARG-ARG-VAL-GLY-ASP-GLY-VAL-GLN-ARG-ASN-HIS-GLU-THR-ALA

B ALA-LEU-GLU-THR-LEU-ARG-NLE-VAL-GLY-ASP-NLE-VAL-GLN-ARG-ASN-HIS-GLU-THR-ALA

C ALA-LEU-GLU-THR-LEU-ARG-NI

-VAL-GLY-ASP-NLE

-VAL-GLN-ARG-ASN-HIS-GLU-THR-ALA

Fig. 7 The stapling procedure implemented within the Parasol Protocol. The native peptide (A) is taken, and two residues in j, i+ 4 positions are mutated to
norleucines (B). These norleucines are then tethered with a loose bond with arbitrarily large length and 0 force constant (C). As the simulation progresses, the
tether brings the two ends together and the staple is formed (D). Note the cis structure of the double bond in the final product, as well as the methyl grown on
the a-carbon. The numbering and sequence of the peptide are different from the original used by Stewart et al. (the terminal lysine and phenylalanine are

missing) because they were not resolved in the crystal structure.
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Table I. Full peptide scan of the helix, varying the staple across every possible position, and comparison with the experimental data of
Stewart et al. (Stewart et al., 2010)

Identifier Sequence Experiment Kp (nM) Rank GB (kcal/mol) Rank PB (kcal/mol) Rank
Native ALETLRRVGDGVQRNHETA 24529 N/A -49.7+6.0 —-68.4+6.2

143-147 AXETLXRVGDGVQRNHETA No experimental data —43.5+6.0 -59.5+6.1

144-148 ALXTLRXVGDGVQRNHETA 18+4 2 —-54.1+5.4 -71.3+5.4

145-149 ALEXLRRXGDGVQRNHETA No experimental data -55.2=+5.5 -71.9+5.5

146-150 ALETXRRVXDGVQRNHETA No experimental data —-42.4+5.0 -57.7+53

147-151 ALETLXRVGXGVQRNHETA No experimental data -26.9+4.8 -43.2+5.0

148-152 ALETLRXVGDXVQRNHETA 43+ 16 4 -49.8 +6.1 8 (4) —-66.5+6.3 8 (4)
149-153 ALETLRRXGDGXQRNHETA No experimental data -53.8+54 6 —68.6+6.1 7
150-154  ALETLRRVXDGVXRNHETA >1000 5 ~334x5.1 . —493+5.6 .
151-155 ALETLRRVGXGVQXNHETA No experimental data -31.6+5.6 —47.8+5.8

152-156 ALETLRRVGDXVQRXHETA No experimental data -51.0+5.3 7 -70.9+5.6 6
153-157 ALETLRRVGDGXQRNXETA No experimental data -59.2+5.5 1 -77.1+5.3 1
154-158 ALETLRRVGDGVXRNHXTA 10«3 1 -56.8+5.3 - -74.4+5.3

155-159 ALETLRRVGDGVQXNHEXA No experimental data —45.5+6.0 9 —-63.2=+6.1 9
156-160 ALETLRRVGDGVQRXHETX 33=10 3 -54.6+6.6 - -76.9=+6.6

Staples with experimental data are highlighted in grey. The columns on the right rank the peptides by activity, with red as the worst, orange as the bottom third,

yellow the middle, green the top and light green the best. The numbers in the parentheses refer to internal ranking between peptides with experimental data.

computational energy calculations means that we do not expect calcu-
lated energies to relate to binding energy directly; rather, we are look-
ing for gross differences in rank order to be reflected. In this particular
case, peptide 150-154 binds far weaker than the others and this is
fully predicted by the calculations. The four other stapled peptides
all bind well, with 154-158 being the most potent. In energy terms,
there is not much difference between them, with only a 4-fold differ-
ence in Kp, (<1 kcal mol™!). While we would not necessarily expect the
computational energy calculations to be precise enough to differenti-
ate between these, the predicted rank order does indeed place them in
roughly the correct order, with the best peptide determined experi-
mentally being predicted correctly by the calculations (best in GB
and second best in PB). Both the GB and PB calculation procedures
produce very similar predicted rank orders and either seems appropri-
ate to use.

Figure 8 plots the correlation between the energy derived from the
calculation, using the GB method, and that from the experimental K,
values. There is clear demarcation between the poorly binding 150-
154 staple and the others, and overall excellent correlation. This result
is very pleasing as it suggests that computational simulation can offer
an excellent guide to the experimental design. In this particular in-
stance, stapled peptides are very difficult to synthesise and so methods
that reduce time and costs have clear benefit.

The original publication described the synthesis and testing of five
of the stapled peptides discussed above. However, there are a total of
14 positions within the sequence where a staple can be introduced.
Creating these synthetically would be a considerable challenge, but
computationally, it is easy to perform a more complete staple scan
of the whole sequence. This computational stapling procedure was
carried out for all possible positions on the peptide. The results are
also shown in Table I together with the available experimental results.
It should be noted that an inherent factor in the methods used to derive
energetics from the MMPB(GB)SA (Chipot and Pohorille, 2007) MD
simulations is that the values obtained are of relatively low precision.
The energy is computed as a thermodynamic cycle, shown in Fig. 9;
the difference in energy between the complex and the lone receptor
and ligand, however, does not only arise from the interactions between
the two, but also from random motions in the system, such as loops
unfolding and chains fluctuating, which may have large contributions
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Fig. 8 Correlation of experimental DG values with those calculated using the
GB protocol following growth of staples using the Parasol Protocol.

that may not affect the active site at all. If the difference in energy
is small, it may be overshadowed by these other effects, and
thus it may be hard to compare the interaction energies if they are
particularly close.

When interpreting these data, it is therefore important not to place
too much emphasis on small differences but where the differences are
large then these can be significant. For example, the interaction energy
differences between the weakest binding 150-154 peptide and the
strongest binding peptide 154-158 demonstrate the predictive power
of such calculations.

Our work can be compared with a previous study (Joseph ez al.,
2012) which had the same aim of replicating the experimental results
and observations of that particular system. Our own data compare fa-
vourably and improve upon those finds. Both methods correctly pre-
dict the worst inhibitor, but our new method can also correctly predict
the second-worst inhibitor, which is not as adequately described in the
previous study.
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8
Receptor Ligand Complex
ern.vac
L R (J
I Gsolvjrec 1 G solv,lig I G solv,com
® (@
ern, solv

Fig. 9 The thermodynamic cycle used to calculate the interaction energy in
solution, AGxn,solv- Because it is hard to compute directly (Stewart et al.,
2010), the cycle is calculated instead, taking the energies of solvation of the
single components (receptor, rec, ligand, lig, and complex, com) and
calculating the in vacuo interaction energy.

acids. Owing to the flexibility of the protocol, it is relatively easy to
extend the methodology and so allow the introduction of new struc-
tures such as staples and non-natural amino acids.
In this paper, we show how this procedure, applied to the introduc-
tion of stapled peptides, can be used in combination with prediction of 920
binding energy, in order to give broad agreement with experimental
results. We have also shown how it is simple and rapid to predict
the effect of introducing a far greater range of mutations than would
be feasible experimentally, which would be of significant benefit to
studies involving the design of more potential inhibitors. 925
Further work can focus on staples of a different chemical nature,
featuring perhaps different functional groups, and of varying length (s,
i+3,4,i+5,4,i+7) applied in other systems. Work to validate the
Parasol Protocol and make it more automated and accessible is well

underway. 6710 : EPSRC: Engineering and **°
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Change to table I; there is no table II.

Table II includes a series of predictions for which there are no
experimental data. It is interesting to note that the peptides that
were selected for synthesis include neither the predicted worst nor
the predicted best peptides. We must stress that the calculations are
only suggested to be a guide to experimental design, but it is interesting
to speculate how we would have used these data if they had been avail-
able. On the basis of these results, we would certainly have advocated
that the untested peptide 153-157 be tried as this is a possible im-
provement on the best of the rest. Peptides 143-147, 146-150, 147-
151, 150-154 and 151-155 result in calculated energies that are sig-
nificantly lower than the best examples and so could safely be omitted.

The non-stapled native peptide was also tested for comparison.
While the best of the stapled versions do show lower energies that
are in part consistent with their improved binding, it is not appropriate
to consider that this is the sole factor responsible. The computational
calculation does not take into account the entropic contributions to
the interaction, as the peptide is modelled already in its pocket and
with the correct conformation. Under experimental conditions, the
interaction also depends on the equilibrium between the bound helical
structure and random coil, which these simulations do not replicate.
The reason that stapling is advantageous is that it helps stabilise and
pre-form the correct secondary structure required for appropriate
docking onto the target. For this reason, any comparison of stapled
versus non-stapled forms is unlikely to give a complete description.
For comparisons of the stapled versions to be valid, we implicitly as-
sume that each of these has an equivalent propensity to result in an
organised a-helical structure.

Conclusion

We have described here a novel protocol for computational site-
directed mutagenesis, the Parasol Protocol. The method differs from
existing procedures by being fully dynamic, allowing the environment
to adapt to the mutation. As it does not rely on reference to existing
structures, it is possible to incorporate quite complex mutations,
which we have exemplified here by introducing a covalent staple with-
in a polypeptide chain. In computational terms, the method, which we
have implemented within the molecular mechanics package AMBER,
is fast, relatively cheap and is able to mutate between all natural amino
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