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Abstract

We present a Monte Carlo sidechain sampling procedure and apply it to assessing the flexibility of
protein binding pockets. We implemented a multiple “time step” Monte Carlo algorithm to optimize
sidechain sampling with a surface generalized Born implicit solvent model. In this approach, certain
forces (those due to long-range electrostatics and the implicit solvent model) are updated
infrequently, in “outer steps”, while short-range forces (covalent, local nonbonded interactions) are
updated at every “inner step”. Two multistep protocols were studied. The first protocol rigorously
obeys detailed balance, and the second protocol introduces an approximation to the solvation term
that increases the acceptance ratio. The first protocol gives a 10-fold improvement over a protocol
that does not use multiple time steps, while the second protocol generates comparable ensembles and
gives a 15-fold improvement. A range of 50-200 inner steps per outer step was found to give optimal
performance for both protocols. The resultant method is a practical means to assess sidechain
flexibility in ligand binding pockets, as we illustrate with proof-of-principle calculations on six
proteins: DB3 antibody, thermolysin, estrogen receptor, PPAR-y, P13 kinase, and CDK2. The
resulting sidechain ensembles of the apo binding sites correlate well with known induced fit
conformational changes and provide insights into binding pocket flexibility.

Introduction

Sidechain sampling and optimization algorithms, mostly based on a rotamer approximation,
1-5 have been used extensively in modeling proteins, including homology modeling,6v7 and
predicting conformational changes due to ligand binding.8‘10 We have been interested in
developing sampling methods for protein sidechains (and, in other work, loops) that generate
thermodynamic ensembles of conformations, in contrast to locating the global energy
minimum.11:12 Minimization methods implicitly neglect the effect of entropy on sidechain
conformations, and generally cannot distinguish whether sidechains will adopt a single well-
defined conformation, or a distribution of conformations. For the many sidechains that are
tightly packed in the core of a protein, minimization is an effective approach. For less tightly
packed sidechains that display some degree of flexibility, a thermodynamic ensemble becomes
a more appropriate description.

Sidechain conformational heterogeneity is important to protein—ligand binding. The ability to
accurately predict the flexibility/rigidity of binding site residues would be useful in structure-
based drug design.lov1 For example, a recent paper by Sherman et al.8 describes a
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computational method to predict “induced fit” effects upon ligand binding which relies on
some advanced knowledge of which sidechains may adopt different conformations upon ligand
binding, e.g., from multiple cocrystal structures. We demonstrate here that thermodynamic
ensembles of sidechain conformations in apo proteins correlate well with known induced fit
conformational changes in various well studied drug targets.

In principle, molecular dynamics sampling methods10:14 can be used to obtain thermodynamic
ensembles for protein binding sites. The main disadvantage is that the timescales required to
observe large changes in sidechain conformations can be long relative to the ~1 fs timesteps
employed in atomically detailed molecular dynamics simulations; transitions between
sidechain rotamers can take up to s, which is a known difficulty in binding affinity
calculations.14-16 Monte Carlo sampling17 can lead to more efficient generation of the
complete thermodynamic ensemble, if the trial moves are constructed carefully.

For macromolecules, which contain complex, heterogeneous, and densely packed atomic
configurations, construction of efficient trial moves can be a substantial challenge. A variety
of both rigorous and nearly rigorous methods have been used12:18-23 o address this
challenge. One common idea among these involves decomposing the degrees of freedom into
subspaces that are more manageable, both computationally and conceptually. The most natural
decomposition for proteins is between backbone and sidechain degrees of freedom. Future
work will incorporate backbone motions, but the current emphasis is on the sidechain sampling.

Another common decomposition is between solvent (water) and solute (protein) degrees of
freedom. Here we use an implicit solvent model, which makes it possible to efficiently sample
large sidechain conformational changes. By contrast, in explicit solvent, large changes (e.g.,
across rotamers) are difficult to sample with good acceptance rates because of steric clashes
between waters and the sidechain, and the need for the solvent to relax around any new trial
conformation. The same steric issues have motivated the use of implicit solvent in molecular
dynamics studies as well.24-26 For this work, the electrostatic solvation term is evaluated with
the SGB model27:28 and the nonpolar solvation energy with the nonpolar (NP) model.29 The
solvation model here was developed for use with the all atom OPLS-AA 2001 forcefield30
and is implemented in the Protein Local Optimization Program.31v32 While this model is
chosen as a compromise between efficiency and accuracy, it remains the most computationally
expensive portion of the energy evaluations. The current effort is to develop a general sampling
scheme which allows optimal use of an implicit solvation model in the context of a Monte
Carlo scheme. The present application is to sidechain sampling, but can be extended to
backbone sampling strategies in a straightforward manner.

The major innovation here in terms of computational methods is the implementation of a
multiscale strategy, analogous to methods such as RESPA,33:34 ysed in molecular dynamics,
to accelerate convergence toward the thermodynamic ensemble. In this approach, certain forces
(primarily those due to long-range electrostatics and the implicit solvent model) are updated
infrequently, in “outer steps”, while short-range forces (covalent, local nonbonded interactions)
are updated at every “inner step”. The theory underlying this approach has been presented
previously,?’5 and is only briefly reviewed here. The application of a multiscale Monte Carlo
approach to sampling proteins in implicit solvent has been presented by Michel et al., 36 with
different implementation details and approximations introduced. Other algorithmic details
crucial for speed, including the rapid elimination of conformations with steric clashes, are also
described. The resultant method is a practical means to assess sidechain flexibility in ligand
binding pockets, as we illustrate with proof-of-principle calculations on six proteins.
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Theory and Methods

Configuration Integral
The implicitly solvated3” macromolecular ensembles of interest can be represented by the
following configuration integral:

0- f dR exp(-BIAR)]) )

where R is the set of all Cartesian coordinates of the macromolecule of interest, and
AR)=UR)+G(R) (2)

where A(R) is the sum of the forcefield energy, U(R), and the implicit solvation energy, G
(R). The solvation energy is dependent on the Born radii, which are a function of the coordinate
state of the macromolecule. In the SGB implementation we use, the Born radii a(R) are
computed using surface integrals, and thus are dependent on the global coordinate state R of
the protein. This calculation can take much longer (roughly 100 times longer in cases studied)
than the pairwise energy terms. Some improvements have been gained by updating only local
regions of the surface area as needed, and efforts are ongoing in this area to improve the
efficiency and accuracy of this model.38,39

In general, however, any attempt to optimize sampling would benefit most from evaluating the
solvation energy less frequently. While this approach is motivated by computational efficiency,
a physical argument can also be made. The Born radii generally vary slowly for relatively
small, local conformational changes. The sampling strategies presented are intended to make
the best use of these ideas while still generating meaningful ensembles.

Constraints on various degrees of freedom can be introduced to generate a configuration
integral qg over asmaller subspace by identifying fixed (F) and sampled (S) degrees of freedom,
such that dR = dR<F> dR<5>, and imposing a rigid constraint on the fixed degrees of freedom,
yielding

q[):de<S> CXp(—ﬁA[(R<S>|R8F>)]) ®

Following the formulation of Deem,20 the transformation from Cartesian to torsional
coordinates can be made with a Jacobian of unity, if bond lengths and angles are preserved.
For the current work, the backbone torsions will be constrained to an initial value of ¢q, and
the fixed sidechains, to an initial value of yo<F>. The resulting integral can be recast as

qo= f ™S exp(-BI AT leowo)]) @

where x<5> is the set of sidechain torsional coordinates that are sampled. The integral of interest
over the subspace can be recast by letting dr = dR<S> and A(r) = A(¥<">) = A(R<S*|Ry<F>),
yielding the more compact expression:

q= f drexp(-B[A(r)]
(5)
Generation of Trial Configurations

To generate a reversible trial move, a single sidechain i is chosen at random from the list of
sampled sidechains and the updated set of torsions is assigned according to

Xi=Xit+E (6)
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where yi’ and y; are the trial and previous set of dihedral coordinates, respectively, for sidechain
i, and &is a vector of uniform random variates of the same dimension, for which each value is
drawn from the domain [—d/2, d/2]. To account for local fluctuations as well as larger
fluctuations, the domain size d is assigned a value of either 360° or 18° with equal probability.
The idea behind the heterogeneous move set is to alternate between large dihedral trial moves
that cross local y wells, and small trial moves, which sample the local y basin. For the present
work, selections from a rotamer library are not incorporated as a trial move, as slight
nonuniformities in the distribution of the y angles of the rotamer library have a quantitative
effect on the distributions. As a practical matter, however, a mixture of rotamer and random
moves could conceivably be implemented if quantitative energy distributions are not required.

For residues with rotatable polar hydrogen groups (Cys, Ser, Thr, Tyr), the torsional angle that
places the hydrogen is also selected randomly when the rotamer state is assigned. Also, the
torsions of the amine hydrogens of lysines are sampled. Torsions for methyl hydrogens are not
currently sampled.

A hard sphere approximation is invoked, which vastly improves sampling efficiency, while
preserving much of the essential physics of the system. This has been shown in liquid
systems4 A1 as well as proteins. For the current work, pairs of atoms that are closer than 0.7
times the sum of the Lennard-Jones radii are considered to be sterically disallowed. That is,
no energy is computed for sterically disallowed states, because the steric clash will result in
high energies and small acceptance probabilities. Cell lists (linked lists) further accelerate the
identification of steric clashes, by only checking for clashes between atoms known to be
proximal. A series of dihedral perturbations is generated as described until a configuration that
is sterically allowed is generated. The resulting configuration is treated as a trial move. For the
systems studied, the average number of sterically disallowed moves ranges from 0.5 to 0.75
(see Table 2), which is roughly a 2-4-fold improvement in sampling efficiency, because the
CPU time per steric clash evaluation is negligible relative to the energy evaluation.

Multiple Time Step Monte Carlo (MTS-MC)

A sampling procedure known as multiple time step Monte Carlo,35 which was originally
developed for Ewald sum calculations,42 can be used to optimally sample against a potential
that can be decomposed into additive components. These components are typically, but not
necessarily, short- and long-range contributions to the energy. The algorithm relies on the
assumption that the short-range term varies rapidly with respect to the move set, while the long-
range term varies more slowly. A related formalism is presented using approximate potentials.

3 Many algorithms use similar ideas, including both molecular dynamics integrators33'34
and minimization algorithms.44 Some applications using algorithms that are similar in spirit
involve evaluating Ewald sums less frequently in fluid simulations with periodic boundary
conditions, sampling of polar fluids, > and polarizable water sampling.46

While the formalisms in these approaches vary, they can all be thought of as relying on some
decomposition of the overall potential to be sampled. The natural choice of decomposition, in
general, is into short- and long-range terms, which we denote by subscripts S and L,
respectively

A(r)=A4(r)+A, (1) %)

The details of the nature of the decomposition of interactions into long and short-range can
vary from system to system. A more detailed description of the decomposition for the present
case, with proof of detailed balance, is given in the Appendix.

Using the above decomposition, detailed balance can be maintained using the following
sampling protocol:

J Chem Theory Comput. Author manuscript; available in PMC 2008 December 30.
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1. Starting with the configuration r;, generate a number N, of inner loop steps, where
each step consists of a trial configuration ry that is generated reversibly (such as the
trial configurations described by eq 6) and accepted according to the following short-
range acceptance criterion:

acc (ryry)
————— =exp(-BlAs(tr) — As(r)])

acc (riry) P=ALA; s (8)

2. Take the final configuration from the inner loop to be the trial configuration r; for the
outer loop and apply the long-range acceptance criterion:

acc, (rjlr;)

————=exp(-BlA, () - A (r)])

acc[_(rilrj) p ﬂ L Chs 9)

It is important to note that any statistical quantities of interest can only be computed using the

outer loop configurations. In all cases where the ratio of acceptance probabilities are given, the

Metropolis acceptance criterion is used in practice.

Recasting MTS-MC to Account for Infrequent Born Radii Updates

For the present case, the most costly term to evaluate in the energy is the solvation term, which
is due largely to the time intensive step of computing the Born radii, a(R), and we develop a
strategy such that the Born radii are not updated in the inner steps. To motivate this method,

it is helpful to express the potential in the following form:

A((Y(Rm),l‘”):U(I'”)‘I'G((Y(Rm),['”) (10)

where ry, is nth configuration of the subset of sampled coordinates, a(Ry,) is the set of Born
radii which are evaluated based on the coordinates of the mth coordinate state Ry, of the entire
protein, U(ry,), and G(a(Rp), ) is the solvation energy evaluated at the given states. We can
further express the energy deviation from the “true” potential, where the Born radii are
synchronous with the current coordinate state, in terms of an error potential e(a(Ryy), n):

a(a/(R,,,),r,,):A(a(R,,),r,,) - A(a/(Rm),r,,):G(a/(R,,),r,,) - G(“(Rln)’rn) (11)

Thus, the inner loop configurations are evaluated according to an approximate short-range
potential Ag(a(Rm), '), where the Born radii are held at a previous or “latent” state. The relation
to the true short-range potential can similarly be written in terms of a short-range error potential

es(0(Rm),rn):

As (R, ),I',,):AS ((Y(Rm)’r/z)"'gs ((Ryp),rp) (12)

where the coordinate state is r,, and the latent Born radii, a(Ry,) are calculated from a previous
step. Likewise, the true long-range potential can be described in terms of long-range error
potential:

AL((Y(Rn)er):AL ((Y(R,,,),I'”)'FSL((Y(R,,,),I'”) (13)
For simplicity, these energies can be expressed in terms of the state indices only:
Ay (n,n)=As(m,n)+es(m,n)

A, (n,n)=A, (m,n)+¢g, (m,n)
g(m,n)=g,(m,n)+¢, (m,n) (14)
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Where, n is the index of the current coordinate state and m is the index of the Born radii held
at a previous state. We can simply recast the decomposition as
A(n,n)=A,(n,n)+A, (n,n)=A;(m,n)+e(m,n)+A, (m,n)
=A(m,n)+&(m,n) (15)

where the index of the coordinate state is first argument in each of the functions, and the index
of the Born radii state is the second argument. While the error potential described in eq 14
contains both long and short-range terms, the idea of the sampling protocols is to treat the all
of error potential terms as long-range terms. Using this new decomposition, we can define two
different sampling protocols:

1. Inboth protocols, start with the configuration R;, generate a number N, of inner loop
steps, where each trial configuration ry is generated using eq 6. The Born radii are
held at a latent state i, such that the short-range acceptance criterion is the following:

aCsWKI0) _ e pl—B(A LK) — A i)
—=exXp[— (,k)— A,
accg (k|k") . ° ’ (16)

2. Take the final configuration from the inner loop to be the trial configuration r; for the

outer loop and apply either of two acceptance criteria:

A. With error correction

26U expl (A, G,y )) — A, )]
ace, (@ T BT o

B. Without error correction

2D expl—BCA, (i,]) — A, (G.)]

ace, (il) e (18)
Protocol A rigorously obeys detailed balance, while protocol B is an approximation introduced
to improve computational efficiency. It should be noted that the Born radii are completely
updated in every outer loop calculation, regardless of protocol. The ideal error potential term
would be narrowly distributed about a mean of zero, so that the distribution generated by
neglecting the term would be nearly equivalent to the true distribution. The effect of the
modification will be discussed in detail in the results section.

As a control, a “standard” Monte Carlo trajectory, or protocol S, was also studied. For the
standard Monte Carlo protocol, the same trial move set was used, including steric screening,
but with the Born radii updated at every step, with no decomposition of potentials. For every
step, the acceptance criterion is simply:

acc(jli) 3 T
aoolil]) j)—CXP[ B(A,)) — AGD)] 10

Estimation of the Time to Convergence and Improvement Ration

To estimate the optimal number of inner steps, we express the total processor time T to compute
a trajectory as
T:N()_.lﬂil‘/dN(P (20)

where <dt/dNg> is the expectation value of the time required to generate an outer step. This
is not a fixed value, since the innermost sampling loop samples an arbitrary number of
configurations until a sterically allowed configuration is obtained. No T is the total number of

J Chem Theory Comput. Author manuscript; available in PMC 2008 December 30.
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outer steps, which includes the both the nonequilibrated steps, np, and equilibrated steps,
No. This can also be expressed as
T=N,. (1, +N,1) (21)

where tg is the average time required to generate a single (sterically allowed) trial coordinate
and evaluate the short-range potential. The rate t;_is the time required to evaluate the long-
range potential, which includes the long-range energies and the time required to update the
Born radii. This quantity does not need to be averaged, since there is no dependence on the
number of steric clashes. N; is the number of inner steps that are set for the simulation. Since
statistics can only be gathered on the equilibrated outer steps, we can express Ng in terms of
the standard error:
0_2

No="78(N)) (22)

where ¢ is the variance of the energy over the entire equilibrated portion of the trajectory, ¢ is
the desired error in the estimate of the energy, and g(N,) is the correlation interval, or distance
between uncorrelated snapshots. This quantity is measured from the simulation, and will vary
with the number of inner steps for a given system with all other conditions held constant. It is
closely related to other measures of quality of Monte Carlo trajectories, such as acceptance
ratio, and a low correlation interval often corresponds to a high acceptance ratio.

Since the number of steps required to equilibrate depends strongly on the initial condition, we
shall overestimate this quantity by assuming that ng = Ng. This varies in practice from a few
correlation intervals to less than half of the number of outer steps. As long as the equilibration
time is proportional to the number of equilibrated steps, it will cancel out in the improvement
ratio calculation. Using this assumption, the estimated CPU time required for a converged
trajectory is

2

o
T:28—2g(N])(tL +N, 1) (23)

where the number of inner steps can be adjusted to locate the optimal computing time. As a
measure of sampling efficiency, the following quantity can be expressed:

I=T,/T (24)

where | is the improvement, and Ty is the time required for a converged trajectory in a standard
Monte Carlo protocol.

Convergence Determination and Error Estimation

Determination of the number of steps required for equilibration and the correlation interval
was performed iteratively. Initially, the number of steps required for equilibration was
estimated very approximately as 3000 for the standard trajectory, 1000 for N, = 1, 50, 100,
200, 300, and 400 for the remaining inner step settings. To estimate the correlation time, an
autocorrelation function of the energy was computed, and the correlation interval g was
identified as the first place that the autocorrelation function crosses zero. This initial estimate
is expected to overestimate the true correlation time since the trajectory may include
nonequilibrated regions, which contain slow fluctuations toward the equilibrium state that
would not be present in the stationary distribution. Using this initial estimate, a blocksize was
assigned to have a value of g. A block standard deviation og is computed at each point (using
the points preceding the point of interest), and the trajectory was deemed to be converged if
the block standard deviation was less than a nominal value og = 15kgT.

J Chem Theory Comput. Author manuscript; available in PMC 2008 December 30.
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With this new estimate of the equilibrated region of the trajectory, another estimate of the
correlation time was applied. To improve the estimate, the autocorrelation function was fit to
a simple exponential exp(—/zp) where zp is the decay constant, or correlation time. For this
procedure, a least-squares fit was performed where the sum of the squares of the errors between
the function and the data points are weighted according to the inverse of error at that point.
The error in the autocorrelation function is given by

8

e[C(n)]=
N() -7 (25)

where g = 1 + 2zp is the correlation interval, or the number of steps between uncorrelated
snapshots. Once a correlation time is obtained, the reverse cumulative averaging (]RCA) method
was used to obtain a better estimate of the location of the equilibrated region,4 with the
blocksize set to g. A confidence level of 85% was used to reject the hypothesis that the block
averaged samples came from a normal distribution, according to the Shapiro-Wilk Test.48:
49 The location of the equilibrated portion of the trajectory depends heavily on the value of
the blocksize, and vice versa, so 30 iterations of the blocksize and RCA convergence calculation
were run. See Figure 1 for the convergence times, correlation intervals, and total simulation
lengths for each simulation.

Preparation of Unbound receptors

The proteins studied are listed in Table 2. A few of the proteins had missing sidechains or
loops, outside of the binding sites (> 15A) being studied. These were reconstructed in arbitrary
configurations free of steric clashes using standard routines in the protein local optimization
program. The sidechains to be sampled in the Monte Carlo were defined as those within 8 A
of any atom of the ligand in the holo structure. All calculations were performed in the absence
of the ligand.

Composite Energy Histograms

Timings

In order to represent multiple simulations of the same sampling protocol as a single histogram,
a superposition of individual energy histograms was computed. This is done to obtain better
statistics so that detailed balance may be demonstrated for protocol A.

For each trajectory histogram, an error eg = V(gng) was assigned at each bin point, where ng
is the number of entries in each bin. To generate the composite histograms for protocols A and
B, each of the trajectory histograms for each protocol were superimposed with a weight
proportional to the number of uncorrelated entries in each bin of each trajectory. The errors
are computed a superposition of square of the errors of each trajectory, with the same weights
used to compute the composite histograms. It should be noted that the sampling protocols
produce the same distribution of energies, independent of number of inner steps chosen. The
data from all ranges of inner steps can therefore be combined to form a single histogram. Since
the error is computed using the autocorrelation times, the fact that the distributions fall within
error suggest also that the correlation times are correctly estimated.

Since simulations were run on a variety of machines, smaller trajectories were collected to
estimate the average time per outer step (see Table 1). Timings of the simulations were
measured on a Linux machine, using a single CPU from a dual AMD Opteron CPU running
at 2.2 GHz.

J Chem Theory Comput. Author manuscript; available in PMC 2008 December 30.
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Results and Discussion

Comparison of Protocols Using Antibody DB3

To optimize the number of inner steps and other parameters of the algorithm, the binding pocket
of apo antibody DB3 (1db8.)50’51 was selected as a model system. A total of three sampling
protocols were explored, as defined in Theory and Methods. To compare the effect of
neglecting the short-range error in the Born updates, identical simulations were run using
protocols A (rigorous) and B (approximate). A single set of 10 trajectories using protocol S
was also generated. The number of inner steps (N;) was set to 1, 50, 100, 200, 300, 400, and
500. For each inner step setting, five trajectories were collected, starting from the same
(nonequilibrium) initial condition with different random seeds. Since the backbone is held
fixed, room temperature simulations tend to exhibit frustrated dynamics. To obtain better
statistics, especially for protocol S, all simulations were run at 600 K. The goals of these
simulations are twofold: (1) to generate sufficient statistics to demonstrate detailed balance
and (2) to study the effect of adjusting the number of inner steps and protocol. A total of 80
separate trajectories were collected for the analysis. Figure 1 summarizes the pertinent
information on these trajectories.

The average energies and standard errors of each simulation are in Table 2, and Figure 2 shows
histograms of equilibrated energies for each sampling protocol. The energy distributions of
protocols A and S (standard) appear to be equivalent. While error bars are not shown for clarity,
the histograms superimpose to well within the estimated error. The energy distribution of
protocol B is offset by roughly 1.75 RT, and is clearly from a different distribution than protocol
A. The standard deviation of protocol B is larger by roughly 0.3 RT. The broader distribution
and higher mean value is due to the more permissive approximation, which increases the
number of states that are accepted.

The correlation interval is shown in Figure 3. A sharp decrease is observed from N; = 50-200,
which steadily decreases over the remaining inner step settings. The acceptance ratio shows
an initially sharp increase, since a smaller number of inner steps helps to generate better trial
moves for the outer loop. As the number of inner steps increase however, the inner loop
becomes less efficient at generating trial configurations. This effect is more prominent in
protocol A, which is the rigorous approach. Figure 3c shows the relative improvement over
protocol S (no inner steps). Optimal values are in the range N; = 50-200. For both protocols
A and B, a broad optimal range is observed, which suggests that this optimal range should hold
for a wide variety of proteins.

Binding Pocket Studies

As a first application, we investigate the flexibility of sidechains in protein bindin% pockets.
As a test set, we consider several proteins from Sherman et aI.,8 as well as PI3K.22 The
assumption of this work is that sidechains that show more flexibility in our ensembles will be
capable of undergoing rearrangements upon binding ligands. Table 2 lists the binding pockets
studied. For all trajectory data which is displayed, individual sidechains conformations were
filtered such that no two conformations are less than an rmsd of 0.05 A from one another.

Protocols A and B were used to generate sidechain ensembles, at a variety of temperatures.
Temperatures >300 K were explored for three primary reasons. First, our goal is to predict
conformational changes that could occur upon binding a ligand. In the limit of pure
“conformational selection”, the bound conformation of the protein would be populated
significantly, or at least measurably, at ambient temperature. However, there can also be some
additional conformational rearrangement of the 1protein to accommodate the ligand (“induced
fit”), derived from the free energy of ligand binding. Here, we have essentially postulated that

J Chem Theory Comput. Author manuscript; available in PMC 2008 December 30.
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ligand binding can “induce” conformational changes that may not be observable with a room
temperature thermal ensemble. It has been observed that sidechain rearrangements within
binding pockets can be cost up to 4 kcal/mol of free energy.15’

Another reason for considering higher temperature distributions of 600 K is related to
limitations of the energy function. In particular, it has been widely reported that generalized
Born solvent models can overstabilize hydrogen bonds and salt bridge interactions. 3993 This
known limitation of the implicit solvent model will tend to result in reduced flexibility of
charged residues at ambient temperatures.

Finally, the use of a rigid backbone will also reduce sidechain flexibility. The test cases were
chosen in part because ligand binding does not induce large changes in backbone conformation;
clearly, further algorithmic development, which will be reported in due course, is needed to
deal with backbone fluctuations. When there is reason to believe that backbone changes are
likely to be small, simply using a higher temperature may help to reduce artifacts due to the
rigid backbone.

Ultimately, from the standpoint of identifying “flexible” sidechains in a binding site, we view
the choice of temperature as a user-definable parameter; in practice, performing simulations
with multiple values of the temperature may be advisable. Note that, since the backbone is held
fixed, the protein will not denature during the simulation, which provides considerable freedom
in the choice of temperature and simulation protocol.

Antibody DB3.50,51

For the DB3 antibody (Figures 4 and 5a), the primary conformational change between the two
structures is the large movement of the Trp100 sidechain to accommodate 4-
hydroxytamoxifen. We studied this system with both protocols A and B at T = 300, 600, and
900 K, with Ny = 200 (the upper end of the optimal range). It is encouraging to observe that
the large conformational change in Trp100 is observed in the Monte Carlo simulations,
performed without a ligand present, at 600 K using protocol B and at 900 K using protocol A.
Two conformational states of Trp100 are observed: a low-population state where the sidechain
is in a similar conformation as the holo structure and a high-population state where it is similar
to the apo structure, although significant fluctuation is observed. Intermediate conformations
are not observed suggesting a high energy barrier for the rotation.

The residues His27D and Asn35 show less flexibility in the simulations and also little
conformational change between the apo and holo structures (Figure 5a). Tyr97, in contrast,
appears to fluctuate in multiple basins. This is because it is mostly solvent exposed, and there
is very little steric hindrance. The sidechain adopts similar conformations in the apo and holo
structures. This does not necessarily imply a failure of the computational prediction, however.
It is possible that this sidechain could adopt different conformations in complex with other
ligands.

The magnitudes of fluctuations observed using protocols A and B for Trp100 and Tyr97 are
similar (Figure 4). Since protocol B is slightly more efficient and appears to provide similar
configurational diversity, it was used for the data presented for all the remaining binding
pockets in Figure 5. In addition, we have chosen to use T = 600 K for the remainder of the test
cases, because it provides a balance between sampling alternative conformations that may be
important in ligand binding, but not so much diversity as to be uninformative. We reiterate that
we view temperature as a user-adjustable parameter, and using multiple temperatures, as with
this test case, may be advisable.
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Thermolysin.54

The residues His142, His146, and Glu66, which coordinate the Zn ion are correctly predicted
to be rigid (Figure 5b). For this simulation, the zinc ion was included. The hydrogen bonding
network of His231 is correctly preserved. Asn112 is predicted to be very flexible, and in fact
rotates significantly upon ligand binding.

Estrogen Receptor.55156

PPAR-y.>7

Residues Leu525, Met421, and His524 all show significant flexibility in the simulations, and
also undergo significant rearrangements upon binding 4-hydroxytamoxifin (Figure 5c).
Glu353 and Arg394 display less flexibility due to the strong salt bridge. These show small
conformational rearrangements upon binding the ligand due to formation of hydrogen bonds
to it. Backbone rearrangements observed upon ligand binding, such as those seen in His524
and Leu525, are of course not captured by the sidechain MC simulations. As a rough guide,
however, the ensemble correlates well with observed rearrangements.

The hydrophobic residues Phe282, Leu452, and Leu469 display flexibilities that correspond
to structural rearrangements upon ligand binding (Figure 5d). Phe363 fails to sample the bound
configuration, and is the first of only two false negative cases from the entire data set (see
CDK?2). It is likely that this is due to the fact that the rigid backbone occupies a region which
occludes the possibility of sampling an alternative state. His449 displays a narrow range of
flexibility which corresponds to the displacement in the target structure. Tyr473 samples
alternative solvent exposed configurations, similar to Tyr97 in the DB3 antibody. GIn286
displays flexibility and appears to sample some conformations similar to the holo
conformation, to the extent that the slightly different backbone configurations permit.

PI3 Kinase.22:98

All residues which do not undergo significant rearrangement upon ligand binding are predicted
to be rigid in the simulations (Figure 5¢). Glu880 and Lys890 display conformational diversity
in the simulations which encompasses the observed apo and holo conformations. Met804
displays significant flexibility in the sidechain ensemble which encompasses the apo and holo
conformations. The movement of this sidechain is critical for opening a hydrophobic pocket
that is critical for ligand binding and specificity.

CDK?2.99-61

Residues Glu81, Leu83, and Asn132 each appear to display conformational diversity
commensurate with the observed changes between the apo and holo structures (Figure 5f),
while Phe80 is the second false negative of the data set. Lys33 displays flexibility, although it
does not quite sample the bound configuration. Instead, in the absence of ligands, it forms a
salt bridge with Asp145, which is disrupted by the hymenialdiside interaction in the bound
form.

Figure 6a shows a closeup of the salt bridge which is transiently disrupted in the 600 K
simulation. Figure 6b shows a superposition of multiple structures of CDK2 which display a
similar structural diversity.

Conclusions and Future Directions

A novel application of the MTS-MC algorithm has been applied to sampling sidechain degrees
of freedom in implicit solvent. Relative to a “simple” Monte Carlo algorithm without the use
of inner steps, the multiscale approach increases the convergence by a factor of 10-15. Rapid
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steric screening provides an additional factor of 2—4 speed up, and other algorithmic details
(rapid updates of energies when only a portion of the protein is moving) also contribute to
efficiency. Applications to small molecule ligand binding sites in proteins demonstrate that the
method can be used to efficiently sample large changes in sidechain conformations and
identifies sidechains that may undergo conformational changes upon ligand binding.

Additional degrees of freedom can be incorporated into this approach in a straightforward
manner. For example, local changes in backbone conformation can be included using analytical
loop closure®2:63 methods with an appropriate Jacobian.64 Such a method, which is under
development, could be an efficient means of sampling conformational changes such as those
that have been observed in the kinase DFG motif, or in loop latching as in TIM barrels,82 in
a way that obeys detailed balance and thus can capture entropy differences between states.
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Appendix: Proof of Detailed Balance with a Short Range Cutoff

A more detailed accounting of the short- and long-range decompositions is presented. These
details are omitted from the body of the text for clarity.

The use of a short- and long-range cutoff is a common way of improving calculation
efficiencies. The advantage gained is in the infrequent updating of the long-distance
interactions. To explicitly track the updating of the short- and long-range cutoffs, eqs 14 and
15 can be re-expressed as follows:

A(m,n)=S (DA(m,n)+(1 — S (1))A(m,n) (26)

Where S(1) is a “switching function” of the coordinate state I, which divides the space over
which the potential A(m, n), as expressed in eq 15, is the potential at Born state m and coordinate
state n. When the Born radii are evaluated based on the current coordinate state, the short- and
long-range potentials can be expressed in terms of the current coordinate (and Born radii) state
n, and latent cutoff state I:

A (I,m,n)=S (DA(m,n)
A (Lmn)=(1 - S(D)A(m,n) @7

Since S(I) is a function of the complete set of coordinates, a full update of the distances must
be computed. The idea behind the use of the cutoff is to limit the number of times the full
distance matrix is computed, as well as the full potential.

To this end, an efficient Monte Carlo protocol will update the switching function infrequently,
while maintaining detailed balance or very nearly doing so. For the updating scheme that is
used for the present work, detailed balance is rigorously maintained with regard to the short
and long-range evaluations. The simplest form that the switching function can take is a simple
distance cutoff, but more complicated forms, such as cell neighbor lists and other types of
additive decompositions can be used. For this work, atoms are treated as short-range if any
single atom within a sidechain is within a cutoff distance of another sidechain. Default settings
that were developed for an optimal minimization strategy were used.44 The cutoffs vary
according to type of interaction. Each sidechain is identified as either charged or nonpolar. All
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atoms in the given sidechain are labeled as such. For nonpolar atoms interacting with nonpolar
atoms, the cutoff is 15 A. For charged-nonpolar interactions, the cutoff is 20 A, and for
charged—charged interactions, the cutoff is 30 A. The updating scheme used for the current
work is to update the switching function at the beginning of the each outer iteration of the
sampling loop.

While the proof of detailed balance for the switching function updating scheme is independent
of the Born radii updating scheme, the full bookkeeping of all latent states is presented here
for completeness. Re-expressing the short- and long-range potentials in eq 13 with the short-
range state made explicit gives the following:

A (Lmn)=As(Ln,n) — &,(l,m,n)
A, (Lmn)=A, (ln,n)+e, (I,m,n)
e(m,n)=g,(l,m,n)+g, (I,m,n) (28)

The resulting (unnormalized) probability distributions are

Ds (l,m,n):c—b’As (I,m,n)
pl_(ly’n,n):efﬂAL (Lm.n)
17g(m,n):e—ﬁ£(m.n) y

where g is given by eq 5. Expressing the probability of a single state in terms of the decomposed
states gives the following:

p(n):e—ﬂA(an)/q
p(n):ps (l’nvn)pL (l’nvn):ps (l”n9n)p£(m’n)p], (l,m,n) (30)

Following the derivations presented in refs 35 gng 43 the required detailed balance condition
is

pOT(l=p(NT (L))
ps@iD)p LLDT (lD)=ps (. Py, (o DT (L) 31)

where T(j|i) is the probability of transitioning from coordinate state i to j. Expanding this
expression gives:

ps@iDp, GiDa(jlace, (j/1)
=PDs (lvlvl)p[ (],],])(Y(Il])aCCl(l/j) (32)

where a(j|i) and accy (j|i) are the selection and acceptance probabilities of outer state j from
state i. Following the MTS-MC derivation,3° the probability of selecting state j from state i is
given by the following:

e N
a(jl)=Ts " (jli) (33)

where the above transition probability is the product of the individual transition probabilities
of the inner loop

N,-2

[ [7sk+11k)

k=1

™ lo=T,(11i) T,GiIN, - 1)

(34)
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In the short-range, or inner loop of sampling, neither the switching function nor the Born radii
are updated, so that each step obeys the following detailed balance relation:

ps (LK) T (K [k)=pg (i,i,k" )T (klk") (35)
The transition between outer states j and i obeys the following detailed balance relation:
N s e i
ps(G,i,DTy ‘(j|1)=ps(l,l,J)T§ ) (36)

Combining eqs 32-35 and solving for the ratio of acceptance probabilities gives the following:

acc[_(j|i)| _PGsi DpsGodod)
aCC]_(ilj) TRUE PL(IJJ)PS(IJ’]) (37)

Protocols A and B follow the same updating scheme for the switching functions. The
acceptance probability for protocol A is expressed in eq 17 as follows:

acc, (jli) | _ P GiPpef)
acc, (1), P (5,0) (38)

The ratio of eqs 37 and 38 is unity

acc(jli) acc(jli)
acc(il)) bypye | \accllil,
_ P00 DPs o)) py (i)
TP Gibpg ) pelip Gok))
_ 2 GDpsUiD_py_
T s i Pl py Gd)  pU) )

and therefore, the sampling scheme described by eqgs 37 and 38 rigorously obeys detailed
balance. For all equations in the body of the text, the state of the switching function is not
shown, but is updated according to the scheme described. It should be noted, however that the
“standard” protocol is not updated according to this scheme, since there is no need to express
the energies in terms of the latent states.

The acceptance probabilities for protocol B, as given in 18, are as follows:

ach(in)| :pL(i,i,j)
acc (11)', p (50 (40)

The ratio of the true acceptance probabilities is equivalent to the acceptance probabilities given
in eq 37, and the ratio is given simply as follows:

acc(j]i) acc(jli)| _ P i Dpe(i)) pyp (D)
acc(jli) g acc(jli) B - pp (000 p )

=pe(i, )=exp[ —Be(i. )] (41)
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Figure 1.

Summary statistics for validation data set. Bars represent the log of simulation lengths, and
black dots connected with lines represent the correlation interval for that simulation. All
simulations are run at 600 K. The blue portion of each bar is the unequilibrated portion, and
the green portion is equilibrated. Different values are given for different runs, which are
trajectories using the same settings, including initial condition, but assigned different random
seeds. The natural log of the number of total steps, No T, appears on the x-axis.
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Figure 2.

Protocol A distributions superimpose with standard energy histograms, and protocol B
generates a similar approximate distribution. All simulations were run at 600 K, under the
conditions summarized in Figure 1. Dimensionless energy is plotted on the x-axis, with the
mean of the energies of the standard simulation <E> subtracted from the energy (see Table 1).
On the y-axis is the probability of observing that energy.
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Approximate protocol provides slightly better performance, and optimal performance of both
protocols is in the range of N; = 50-200. (a) Logarithm of correlation interval. (b) Acceptance
ratio. (c) Improvement ratio, as given by eq 24.
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Figure 4.

Distribution of sidechain configurations for Tyr97 and Trp100 of 1dba. Brown configurations
are from the native structure, and cyan configurations are from the holo structure. Grey
sidechains are distinct configurations from a sidechain trajectory at the given conditions. (a)
Tyr97 at 300 K, protocol A. (b) Tyr97 at 600 K, protocol A. (c) Tyr97 at 900 K, protocol A.
(d) Tyr97 at 300 K, protocol B. (e) Tyr97 at 600 K, protocol B. (f) Tyr97 at 900 K, protocol
B. (g) Trp100 at 300 K, protocol A. (h) Trp100 at 600 K, protocol A. (i) Trp100 at 900 K,
protocol A. (j) Trp100 at 300 K, protocol B. (k) Trp100 at 600 K, protocol B. (I) Trp100 at 900
K, protocol B.
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Figure 5.

Binding pocket ensembles. Simulations are carried out in the absence of ligand at 600 K, with
protocol B (no error correction). Ligand and bound (holo) structures are shown in cyan.
Unbound native sidechains in starting configurations are shown in brown. The computed
ensemble is shown as thin lines. The ligand from the holo structure is shown for reference. (a)
DB3 antibody and progesterone. (b) Thermolysin and Z-D glutamic acid. (c) Estrogen receptor
and raloxifene. (d) PPAR-y and G1262570. (e) P13 kinase and ligand PIK-039. (f) CDK2 and
hymenialdisine.
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Figure 6.

CDK2 salt bridge interaction. (a) Binding pocket ensemble and representation which is
identical to Figure 5f, but from a different perspective. (b) Sidechains from CDK2 structures
1h24, 1h25, 1h26, 1h27, 1h28, 1hcl, 1pw2, 1w98, and 2jgz.
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