SIDECHAIN ROTATIONAL ISOMERIZATION IN PROTEINS

Dynamic Simulation with Solvent Surroundings
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ABSTRACT Molecular dynamics simulations are used to study the rotational isomerization of the tyrosine 35 ring in
bovine pancreatic trypsin inhibitor immersed in liquid water. Inclusion of the solvent surroundings improves the
agreement with experimental results significantly, although the theoretical free energy barrier (13 kcal/mol at 300K) is
still ~3 kcal/mol below that found by nuclear magnetic resonance studies. This remaining discrepancy will probably be
eliminated in future calculations by the use of a more accurate model for the hydrogen atoms on the tyrosine ring. An
important finding in the present work is that frictional effects due to solvent damping appear to be small for the tyrosine
35 ring, which is largely but not completely buried in the protein surface.

INTRODUCTION

Sidechain reorientations are an essential feature of many
of the activities of proteins, including ligand binding and
catalysis of substrate reactions (1-4). As a relatively
simple model of such reorientations and other local acti-
vated processes in biopolymers, the rotational isomeriza-
tion of tyrosine rings in the bovine pancreatic trypsin
inhibitor (BPTI) has been the subject of particularly
intense experimental and theoretical study (4-14, 33). As
discussed below, the rotation of rings that are buried in
BPTI is coupled to larger-scale structural fluctuations in
the surrounding protein (4, 12, 13, 15). In principle, such
collective fluctuations may be altered by changes in the
solvent surroundings of the protein and thereby mediate
solvent effects on local dynamical processes inside the
protein. Two different types of solvent effects that can be
imagined are specific effects that depend on solvent com-
position (e.g., differences in solvent association with pro-
tein surface groups that lead to shifts in protein conforma-
tion) and viscosity effects that alter the dynamics of the
collective fluctuations and thereby the rate of local transi-
tions in the interior (4, 12, 16-20). Here we report the first
results from a molecular dynamics study of ring rotations
in BPTI in water. The questions that arise in this study
arise also in connection with sidechain conformational
transitions in other proteins (17, 18, 20), ligand penetra-
tion into myoglobin (16, 19, 21), and other cases in which
local transitions in the interior of a protein may be coupled
to collective motions (4).

The most detailed theoretical results presently available
for ring rotation in BPTI pertain to tyrosine 35, which is
the most deeply buried and has the smallest rate of ring
rotation of the four tyrosine rings in the protein. These
results were obtained by the activated trajectory method,
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in which one uses molecular dynamics simulation methods
first to compute the free energy barrier (and thus the ideal
transition state theory rate) for an activated process, and
then to determine the detailed reaction mechanism and
corrections to the ideal rate by analysis of trajectories
initiated at the peak of the barrier (4, 10, 12). The results
obtained to date have added considerably to our under-
standing of the nature of local conformational changes in
proteins, particularly in showing how such changes can be
controlled or “gated” by larger scale fluctuations in the
structure of a protein. In the specific case of tyrosine 35,
the ring rotation is preceded by displacement of a section of
backbone that covers one face of the ring (12).

The theoretical studies described above included a num-
ber of simplifying features designed to reduce computa-
tional requirements (10). The most important of these was
the neglect of explicit solvent surroundings of the protein.
The solvent surroundings are expected to influence both
the structure and dynamics of the protein surface. Because
the section of backbone that gates the ring rotation and a
small part of the tyrosine 35 ring itself are exposed at the
protein surface, solvent effects are expected to be signifi-
cant. In the previous work, the charges of the protein atoms
were set to zero to reflect the dielectric screening properties
of water. This clearly represents an overcorrection, how-
ever, and does not allow for such structural influences as
solvent hydrogen bonding. In fact, the difference between
the calculated and experimental free energy barriers (10
kcal/mol and 16 kcal/mol, respectively) was attributed to
distortions of the protein surface arising from the absence
of detailed solvation effects (10). Frictional effects due to
solvent damping were also absent in the calculations.
Finally, only atoms within 7.7 A of the tyrosine ring
centroid (a total of 94 atoms) were allowed to move during
these earlier simulations.
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In the calculations described here, all of the above
approximations have been relaxed. The system now con-
sists of BPTI with partial charges on the atoms, immersed
in a detailed model of liquid water. As before, only a finite
part of the system is allowed to move in most of the
simulations, but this part is five times larger than in the
previous work. We show that the agreement with experi-
mental results for the kinetics of rotation is significantly
improved by use of the more detailed model. We also show
that the explicit effect of solvent damping is small, a result
of interest in connection with this particular process and
also more generally. In a subsequent paper, we plan to
examine the mechanistic details of the transitions and the
effects of variations in solvent viscosity.

METHODS

The approach used in this work is largely the same as that described by
Northrup et al. (10). We therefore provide only an outline of the overall
procedure for the sake of clarity in the subsequent sections, and describe
new elements of this procedure in greater detail.

The rate constant k for an activated transition can be written as (4)

k=12 x<|El>0@ ) [o®di M

where £ is a reaction coordinate that describes the progress of the
transition from its initial to its final state through a transition state where
£ =£", « is a transmission coefficient (discussed below), <|§|> is the
average absolute value of the velocity d£/d? evaluated at £*, p(£)d£ is the
relative frequency of occurrence of configurations with values of the
reaction coordinate in the range £, £ + d¢, and the integral is over the
range of £ corresponding to the initial configurations of the system. The
ideal transition state theory (x = 1) corresponds to the assumption that
any trajectory at the transition state that is moving toward the product
state will continue in that direction and lead to a stable product. In a dense
system such as a protein, crossings of moderate free energy barriers are
likely to be interrupted so that x < 1. As before, the reaction coordinate
used to describe the rotation of the tyrosine 35 ring is £ = x3s5 — x,,» Where
x2s is the familiar dihedral angle C§; — C4; — C¥s — C% and x, is the
“virtual” dihedral angle C5; — Cls — C% — N,

The first step in the calculation of k consists of the determination of
p(£) by an umbrella sampling procedure (4, 10). A sequence of molecular
dynamics calculations is carried out with “window potentials” added to
the usual potential energy function of the system to concentrate the
sampling in a sequence of overlapping regions of “windows” of £. The data
from these simulations are analyzed as described previously to provide
p(%), the corresponding potential of mean force or free energy

W (§) = —kgTlnp (), ()

and the mean potential energy <¥(£)>. The calculation differs from the
earlier one primarily in the molecular model that is used, although there
are also differences in the simulation and analysis procedures.

The initial structure for the system was obtained by superimposing the
atomic coordinates of the 1.5-A resolution x-ray structure of BPTI (with
60 associated water molecules) (22, 23) and those of a large volume of
bulk water in a typical configuration from a dynamic simulation of pure
water. Bulk water molecules closer than 2.3 A to any nonhydrogen atom
in the crystal strucutre were deleted, as was one bulk water molecule that
was left in a poor location for forming multiple hydrogen bonds in the
protein interior. Finally, all water molecules more than 27 A from Cl,
were deleted.
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Energy relaxation and molecular dynamics calculations were then
carried out using the GROMOS suite of programs (24-26). This includes
a model for water molecules (SPC water) that is compatible with the
protein model. The SHAKE algorithm was used to constrain all bond
lengths and the internal geometries of the water molecules (4, 27). The
Verlet leapfrog method was used for the dynamics (4, 28). Nonbonded
interactions were cut off at a distance of 8.0 A. The waters exterior to the
protein were partly equilibrated by 100 steps of steepest descent energy
refinement followed by alternation of Maxwellian velocity reassignment
(at 295K) and dynamical propagation (time step = 2 fs) for 0.2-ps
intervals for a total period of 1.0 ps. The dynamics of the external solvent
was then continued for 4.5 ps with Maxwellian velocity reassignment at
295K every 0.9 ps. The protein was held fixed to avoid the development of
any structural distortions during this partial equilibration of the solvent
surroundings.

The final list of mobile atoms was then generated and these atoms were
further equilibrated in the field of the remaining fixed atoms (which are
either protein atoms in the x-ray structure or water atoms in the partly
relaxed solvent). All atoms closer than 10 A to the C” of tyrosine 35 were
initially placed in the mobile atom list. The list was then expanded by
adding the remaining atoms of any residue or water molecule that had one
or more atoms in the initial list. The final list comprised 306 protein atoms
and 162 water atoms. The next phase of dynamic equilibration of the
mobile atoms consisted of Maxwellian velocity reassignments at 295K
followed by 1.5-ps intervals of dynamics for a total period of 7.5 ps. The
masses of all hydrogen atoms were then increased to 10 amu (to improve
sampling efficiency by slowing hydrogen libration during the calculation
of equilibrium properties) (29), the time step was increased from 2 to 4.5
fs, and the dynamic equilibration was continued for an additional 4.5 ps
but with Maxwellian velocity assignments at 300K. The equilibration was
completed by coupling the system to a heat bath at 300K with a relaxation
time of 0.1 ps (30) and continuing the dynamics for 10 ps.

At this point the umbrella sampling calculations were carried out to
determine p(£), W(§), and <V(£)>. The procedure is essentially the same
as previously except that a single type of window potential was used
(harmonic in £), rather than separate window potentials in x3; and x,; the
dynamic equilibration for each window was longer than before, 7 ps vs. 3
ps; the simulation for each window was slightly shorter than before, 12 ps
vs. 17 ps; and more windows were used than before, 21 windows vs. 9.

The second step in the calculation of k consists of the determination of
(|$|) and «. The former quantity can be obtained easily from the velocities
of the atoms at a representative set of occurrences of the transition state
structures. The transmission coefficient, however, depends on the history
of trajectories that pass through the transition state region. To compute
these quantities, a 43-ps simulation was performed with the window
potential U(£) = (K/2) (¢ — £*)%, K = 100 kcal mol~' rad~2 and £* =
90°, to generate a representative set of transition state coordinate and
velocity sets. This simulation was done with normal hydrogen masses (so
that correct dynamic or nonequilibrium results are obtained), and was
preceded by a 3-ps equilibration with Maxwellian reassignments at 300K
every 0.5 ps, to allow the system to adjust to the window potential and the
normal masses. 190 representative coordinate and velocity sets were
selected from this simulation. Each set was separated by at least 0.2 ps
from the others to ensure dynamical independence and had 89° < £ < 91°
to avoid artifacts due to the subsequent removal of the window potential.

The transmission coefficient was calculated by the absorbing boundary
method recently introduced by Berne and Straub (31, 32). Each of the
190 coordinate and velocity sets obtained above was dynamically propa-
gated in the absence of the window potential. A number Nj of these
trajectories had £ > O initially; these were terminated when ¢ reached
300° (at which point it is assumed that the system has been trapped in the
product state), or when £ returned to 90°. The number Ng(¢) of these
trajectories that were not absorbed at £ = 90° by time 7 was recorded for
times up to 1.2 ps. Corresponding numbers N, and N,(f) were deter-
mined for trajectories that started in the reactant direction and had not
returned to £ = 90° by time 7. The transmission coefficient x was then
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obtained from the plateau region of the function

k(1) = TA()T(8)/[Ta(t) + To () — Ta() Te(1)] (3)

where

TA(2) = Na(2)/ Ny and Tg() = Ng(2)/Ng.

RESULTS AND DISCUSSION

The results for the potential of mean force W(§) and the
mean potential energy { V' (£) ) are presented in Fig. 1. By
separate analysis, the data from the first and second halves
of the 21 different windows in the umbrella sampling
calculation gave results for W(£) and (V(£)) that were
generally within 0.5 and 1.5 kcal/mol of those shown,
respectively. Thus, the statistical uncertainty in these
results appears to be reasonably small.

The potential of mean force and mean potential energy
differ somewhat from those obtained in earlier work (10).
The free energy barrier is 30% higher than before, ~13
kcal/mol vs. 10 kcal/mol, and the location of the peak has
shifted from ~120° to ~90°. As discussed before (10), the
internal energy of the system E(§) varies with £ in the same
manner as (V(£)), so that variations in W(£) can be
decomposed into energy and entropy components as

AW(E) = AE(E) — TAS(E) = A(V(§) ) — TAS(H). 4

The present results agree with the previous results in
showing that the free energy barrier is dominated by the
internal energy contribution. There may be a larger
entropic contribution to the barrier (TAS =~ 2—4 kcal/mol
vs. ~ 1 kcal/mol) in the present case, but the statistical
uncertainty in ( ¥(£) ) limits the reliability of this result.
The results of the absorbing barrier calculation are

20. T T T

—
o
b

kcal/mol
o

energy,

100.0 200.0
¥ ,degrees

FIGURE 1 Potential of mean force W(£) (—) and average potential
energy ( V(£)) (---) as functions of the tyrosine 35 ring-rotation reaction
coordinate £.
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FIGURE 2 Values of the apparent transmission coefficient «(f) as a
function of trajectory length z. Results are given for the full set of 190
trajectories (—) and for the first and second half of the set (---).

shown in Fig. 2. The transmission coefficient estimated
from the plateau region of the curve is k = 0.25. This is
remarkably similar to the value obtained in the previous
calculation that did not include explicit solvent surround-
ings, k = 0.22. Although the ring rotation occurs within the
surface region of the protein, direct solvent viscosity effects
appear to be less important than internal friction effects
(due to collisions among atoms in the protein) for the
solvent model considered here.

The mean crossing velocity obtained in the present work
({I€]y = 9.7 x 10'? rad/s) is essentially identical to that
obtained previously (1.0 x 10" rad/s). Combining this
velocity with the results displayed in Figs. 1 and 2, one
obtains from Eq. 1 the rate constant for ring rotation at
300K, k = 540 s~". This result is closer to the experimental
rate constant based on nuclear magnetic resonance studies
(6 s7', reference 6; 1-10 s~!, reference 33) than the result
of the previous calculation that did not include the solvent
surroundings explicitly (8.9 x 10*s™!, reference 10), but it
is still too large by two orders of magnitude. The insensitiv-
ity of the transmission coefficient to the refinement of the
model to date suggests that the free energy barrier
obtained here is lower than the true barrier by ~3 kcal/
mol. This discrepancy could be due to approximations in
the potential function used. In particular, hydrogen atoms
that cannot participate in hydrogen bonding are repre-
sented implicitly in the present model by adjustment of the
nonbonded interaction parameters of the heavy atoms to
which they are attached (25). Replacement of this “ex-
tended atom” description by one in which all hydrogens are
represented explicitly would increase the van der Waals
radius of the tyrosine ring by ~0.35 A in the direction from
the rotation axis to C® or C*. A somewhat larger barrier
would be expected for the all-hydrogen model, because
slightly larger distortions of the protein matrix would be
required to allow rotation of the ring.
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CONCLUDING REMARKS

Improved agreement with the experimental rate constant
for tyrosine 35 ring rotational isomerization in BPTI has
been obtained by using a more detailed theoretical model
that includes solvent surroundings. The primary effect of
the improvements in the model has been thermodynamic
rather than explicitly dynamic in character. This result is
consistent with the recent experimental finding that the
chemical nature of a solvent has a larger effect on tyrosine
ring rotation rates in cytochrome ¢ than does the viscosity
of the solvent, at least for viscosities in the range 0.8-2.0 cp
(20). This result can perhaps be understood in terms of
variations in solvent exposure of protein groups during the
collective “gate opening” step that precedes ring rotation
(12). The situation for these ring rotation processes
appears to be different from that for ligand binding to
myoglobin, where experimental studies indicate that
ligand displacement transitions in the protein respond to
the viscosity of the surrounding solvent (16). We plan to
investigate the mechanistic details in the simulations
described here and in other simulations with a high
viscosity solvent to provide a more complete picture of the
physical nature of the solvent effects.
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