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INTRODUCTION

Large biological molecules, such as superoxide dismutase (SOD), triose
phosphate isomerase (TIM), acetylcholinesterase, rhinovirus, bacteriorhodop-
sin, antibodies, RNA, and DNA, have become accessible to theoretical study
recently as a result of the availability of modern computers and sophisticated
theories.1:2 Two rapidly emerging areas of interest are the computation of
electrostatic interactions using continuum models3-5 and the simulation of
diffusional motion in biopolymers and the diffusional encounters between lig-
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ands and their receptors based on Brownian dynamics. With continuum elec-
trostatic methods, one is able to calculate accurate electrostatic energies and
forces for ionizable groups in small molecules and biopolymers, determine
accurate electrostatic free energies of solvation, and compute relative electrosta-
tic free energies of binding. Brownian dynamics, on the other hand, extends
the time frame for studying motions in enzymes, e.g., loop movements and
hinge-bending motion. One can now begin to investigate motions that are in
the nanosecond-to-microsecond range. Brownian dynamics coupled with con-
tinuum electrostatics can be used to understand the effects of electrostatics on
the rate at which a substrate approaches a target enzyme. This has proven to be
a valuable approach in the design of mutants of superoxide dismutase, which
have increased catalytic activities.”

The goal of this chapter is to provide the reader with a resource covering a
variety of computational methods. In keeping with this objective, we give an
overview of electrostatics and Brownian dynamics and also a minitutorial for
the University of Houston Brownian Dynamics (UHBD) program.8 Although
we do not attempt to provide a comprehensive review, the references cited
should provide a good entryway into the literature. Keep in mind that the
electrostatic principles and examples presented here are applicable to other
programs such as DelPhi8-® and MEAD,8 as well. In this chapter, we consider
first the application of continuum electrostatics to the calculation of energies
and forces, then electrostatics coupled with Brownian dynamics simulations.
Model systems of small molecules and proteins will be used to demonstrate the
application and utility of these methods. Each section begins with a short re-
view of the theory, followed by appropriate applications, and, in certain cases,
sample calculations using the UHBD program.
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BROWNIAN DYNAMICS
SIMULATIONS

Theory

Brownian dynamics is a method to simulate the diffusive behavior of a
system of N interacting particles. Some degrees of freedom of the system are
treated explicitly, while others are represented by their stochastic influence on
the former ones. When the solvent frictional effects on the explicit solute parti-
cles are large enough to damp inertial displacements of the solute, one has
Brownian dynamics; otherwise a more general stochastic dynamics model can
be used to describe the solute motion. Various algorithms have been developed
to perform Brownian or stochastic dynamics simulations.’8 The stochastic
dynamics methods are generally based on the traditional deterministic molecu-
lar dynamics approach as opposed to the “Monte Carlo” approach used by
Ermak and McCammon for Brownian dynamics. Only the Ermak—McCammon
approach is discussed here because it has been widely applied to the study of -
diffusion-controlled rate processes, which is a major theme of this chapter. The
Ermak—McCammon methods? for computing Brownian dynamic trajectories
is most easily introduced by considering the following one-dimensional ex-
ample. A particle is placed at an initial position %,. From the analytical form
of the probability distribution function for particle displacements, a new po-
sition at At is randomly chosen. Therefore the first step of a diffusional trajec-
tory is

x =%, + R (36]

where R is a random number with the statistical properties (R) = 0 and (R2) =
2DAt. The trajectory is extended to ¢t = 2At, t = 3At, etc., by sampling
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distributions that are centered at the position found during the previous time
step. This procedure yields one representative diffusional trajectory. By com-
puting a large number of such trajectories with different sets of random num-
bers, one generates a description of how an ensemble of diffusing molecules
behaves.

The generalization of Eq. [36] for the case of a particle diffusing in three
dimensions relative to a second particle and subject to an arbitrary force is

r =ry + (kgT)~"1DF(ry)At + R [137]

where r, is the position before a step is taken, Ry is Boltzmann’s constant, T is
the temperature, D is the relative diffusion constant, F(r,) is the force between
the two particles at ry, At is the time step, and R is a random vector with
statistical properties (R) = 0 and (R,R;) = 2D3;At. Equation [37] can be
further generalized to treat structured entities, hydrodynamic interactions,
etc.59-61 The time step At in any region should be so small that the force on the
particle changes by only about 10% or less during any step. Longer time steps
can be achieved at some additional computing cost by using a second-order
algorithm®2 instead of the first-order algorithm in Eq. (37].

The Brownian dynamics method described above can be used to generate
diffusional trajectories of a substrate in the field of an enzyme target.7-8,60.61,64-71
To calculate a rate constant, the probability 8 of a substrate diffusing from some
given initial separation and reacting with the fixed enzyme is calculated. It is this
probability that is used to calculate the diffusion-controlled rate constant. (If the
substrate is large, it may be necessary to allow for rotational diffusion of the target
enzyme.67-72 Also, the assumption of a translationally fixed target is strictly valid
only for dilute systems.”® The space around the enzyme is divided by a spherical
surface of radius b into an outer region (r > b) and an inner region (r < b) (see
Figure 3). Trajectories of the substrate are initiated on the surface of this sphere.
The value of b is usually chosen to be sufficiently large that the interparticle forces
between the pair are approximately centrosymmetric for > b. Thus, any effect of
charge asymmetry of the species has a negligible effect on translational diffusion at
distances 7 > b. This condition, which allows for the simplest simulation proce-
dure, can be relaxed to increase computational efficiency. An outer spherical
surface of radius g is defined as a truncation surface, at which any trajectories that
wander too far from the target particle are terminated. A correction must be
applied to the combination probability to allow for the possibility that untrun-
cated trajectories could recross the g surface and react with the target particle. As
shown by Zhou, g should be chosen to be sufficiently large that the inward
reactive flux at this distance is centrosymmetric in the reaction being modeled.”#

The value of g is not known a priori but is typically several times larger
than the value of b. This implies that a vast majority of the space in which the
diffusion is simulated is between the b and the g surfaces, where the potential is
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Figure 3 General schematic picture
for computation of bimolecular rate
constants by Brownian dynamics sim-
ulation. The “sphere” at radius b rep-
resents the division of space into an
anisotropic inner region and an iso-
tropic outer region, while the “sphere”
at radius q is for outer trajectory trun-
cation. Electrostatic potential energy
contours would be irregular inside the
sphere of radius b and centrosymmetric
outside.

spherically symmetric. Recently, we proposed a method that takes advantage of
the one-dimensional nature of the potential in this region.” Briefly, if the
particle diffuses outside the b surface, a pretabulated solution to the diffusion
equation is used to determine whether the particle would escape to infinity or
return to some location on the b surface. This method can be quite efficient,
typically cutting the computational time by one-half or more.

Calculation of the reaction probability for a pointlike substrate without

electrostatics is accomplished using the following algorithm.

1.

H W

Define the b and g surfaces with respect to the center of the target. Typical
values for the b surface are on the order of 70—100 A while for the ¢ surface
they are on the order of 300-500 A.

. Randomly place the substrate on the b surface, (r;).
. Calculate the substrate’s new position (7) using Eq. [37].
. Test to determine if the particle (a) reacted, (b) went beyond the g surface,

or (c) was unreactive but not beyond the g surface.

(a) (reacted) Count the trajectory as successful and go to step 2.

(b) (beyond the g surface) Truncate the trajectory and count the trajectory
as unsuccessful and go to step 2.

(c) (unreactive) Set r of the preceding step to r, and go to step 3.
Repeat steps 3 and 4 until several hundreds or thousands of trajectories
have been generated.

. When a sufficient number of trajectories have been run, calculate 8, which is

the number of successful trajectories divided by the total number of trajec-
tories initiated.

With the probability of reaction, the rate constant is given by
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k= kp(b)B[1 — (1 — B)QJ~! [38]

Here, k(b) is the steady state rate at which mobile reactants with » > b would
first strike the spherical surface at » = b, and B is the computed reaction
probability. With the assumptions that the interparticle potential U is centro-
symmetric and the hydrodynamic interaction is negligible for r > b, kp(b) is
given by

kp(b) = 4m [L (%ﬁ}) dr]_l 39]

The quantity ) is given by

Q= D(b) {40]

Where () is the probability that a particle at » = g will eventually return
tor = b. -

The same procedure is used when electrostatics is incorporated into the
calculation except that the electrostatic grid is computed before step 1. The grid
is determined by first placing the target on a grid, defining the high and low
dielectric regions, assigning charges, then solving the PB equation using the
finite difference approaches discussed earlier.

The most straightforward way of determining the reaction probability
is to simply carry out a large number of trajectories (say N) and equate § to the
fraction of trajectories that reach the active site (free diffusion approach). Im-
plicit in Eq. [38] and the statistical properties of the random displacement
vector R is the assumption that diffusional displacements in At are small, on the
average, compared to distances from absorbing and/or reflecting boundaries.
This condition can be satisfied by choosing Az small enough. A more general
approach to this problem is the probability distribution method developed by
Lamm and Schulten’¢ and Northrup et al.””. In this method, account of bound-
aries is taken in generating R, which makes longer time steps permissible.
Northrup et al. showed that survival probabilities w; can then be computed for
each trajectory i and that

N
2w
B =" (41)

The survival probability is computed from

w; = H Wik [42]
k
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where w;, is the survival probability of the kth dynamics step of the ith trajec-
tory. The w,, in turn, are given by

Preact
Wy = —act 43
i prcﬂcct [ ]

Here, p,... is the probability of the substrate initially at ry ending up at r (Eq.
[37]), determined from the short-time solution of the diffusion equation with
the active site taken to be perfectly absorbing, i.e., every collision results in a
reaction, or partially absorbing. On the other hand, p,.q.. is the corresponding
probability when the active site is treated as a reflective boundary. Analytic
expressions for these probabilities can be found elsewhere.”6-78 In addition to
allowing larger time steps near boundaries, the probability distribution method
has the useful advantage that multiple rate constants (for different reactivity
criteria) can be determined in a single simulation. Northrup and co-workers
have applied this method, with perfectly absorbing active sites, to carbonic
anhydrase”® and heme proteins.80 Recently the partially absorbing case has
been studied for simple model systems.”8

Before closing the theory section, it should be mentioned that simulations
also can be used to study “gated” reactions, in which the reactivity criteria vary
in time, perhaps reflecting internal motions in the target. The dynamics of the
gate can be described most simply by the rate constants k. and k&, rate con-
stants for closing and opening the gate (i.e., turning the target reactivity off or
on). Restricting the discussion to stochastic gating, suppose the gate was
open/closed during the preceding dynamics step and that a dynamics step of
duration At is now to be taken. The probability p, that the gate remains
open/closed is

(ko + kcexp<_(ko + kc)At))

k. + k open
= e 44
Pe =Y (ke t kexpl=(h + ROAD) e
ko T kc Close

where “open” and “closed” refer to the initial states. If p, exceeds a uniform
random number selected from the interval (0, 1), the gate remains unchanged.
Otherwise the gate is switched. In the standard approach, the active site is
simply turned off when the gate is closed. In the probability distribution ap-
proach, w; is set to one when the gate is closed and calculated according to Eq.
{43] when it is open. Gated reaction simulations for simple cases have been
reported elsewhere.”® This method permits the inclusion of a gate into a calcu-
lation without actually simulating it. Another approach is to explicitly simulate

the motion of the gate, as is discussed below in the simulation of flexible loops
of TIM.
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