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Atomistic Simulations of Competition between Substrates Binding to
an Enzyme

Adrian H. Elcock
Department of Biochemistry, University of lowa, lowa City, lowa 55242 USA

ABSTRACT Although the idea that electrostatic potentials generated by enzymes can guide substrates to active sites is well
established, it is not always appreciated that the same potentials can also promote the binding of molecules other than the
intended substrate, with the result that such enzymes might be sensitive to the presence of competing molecules. To provide
a novel means of studying such “electrostatic competition” effects, computer simulation methodology has been developed
to allow the diffusion and association of many solute molecules around a single enzyme to be simulated. To demonstrate the
power of the methodology, simulations have been conducted on an artificial fusion protein of citrate synthase (CS) and malate
dehydrogenase (MDH) to assess the chances of oxaloacetate being channeled between the MDH and CS active sites. The
simulations demonstrate that the probability of channeling is strongly dependent on the concentration of the initial substrate
(malate) in the solution. In fact, the high concentrations of malate used in experiments appear high enough to abolish any
channeling of oxaloacetate. The simulations provide a resolution of a serious discrepancy between previous simulations and
experiments and raise important questions relating to the observability of electrostatically mediated substrate channeling in

vitro and in vivo.

INTRODUCTION

A number of enzymes are known to exert electrostatic
forces on substrates that promote their productive encounter
with the active site (Blacklow et al., 1988; Getzoff et al.,
1992; Radic et al., 1997). The relatively long-range nature
of electrostatic interactions means that they can operate at
distances beyond those at which the atomic details of the
molecules are important. As a result, the same attractive
forces that act on an intended substrate are equally capable
of operating on “incorrect” molecules that happen to share
the same essentia charge features of the rea substrate. As
the concentration of these other molecules is increased, it
becomesincreasingly likely that the substrate will encounter
“electrostatic competition” during the process of binding to
the enzyme. If the concentration is high enough, electrostat-
icaly driven association might be completely suppressed,
with the result that the substrate associates at a rate more
consistent with a random collision with the enzyme. A
familiar manifestation of such a phenomenon is the sensi-
tivity of enzyme-substrate and protein—protein association
kinetics to ionic strength. In these cases, the substrate is
usualy in competition with small inorganic ions such as
Na" and Cl~ (Radic et al., 1997; Schreiber and Fersht,
1996; Stone et al., 1986). However, a potentially much more
important competition effect arises when one considers the
potential role played by €electrostatic interactions in driving
association events in vivo. Many researchers have ques-
tioned in conversation, if not in print, whether electrostatic
interactions can provide a strong driving force in vivo in the
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presence of relatively high concentrations of other charged
metabolites. That this is a legitimate concern can be illus-
trated by considering the diffusion-limited enzyme triose-
phosphate isomerase, a glycolytic enzyme well known to
electrostatically accelerate the binding of its substrates/
products dihydroxyacetone phosphate (DHAP) and glycer-
aldehyde-3-phosphate (GAP). Both DHAP and GAP carry
chargesof ~—2eat pH 7 dueto their phosphate groups, but
this feature is also shared by almost all other substrates in
the glycolytic pathway, several of which appear to be
present at similar or higher concentrations in the cytosol
(Kashiwaya et al., 1994; Srivastava and Bernhard, 1987).
Much of our current understanding of electrostatically
driven association processes has come from computer sim-
ulations based on Brownian dynamics (BD) methods
(Wade, 1996; Gabdoulline and Wade, 2001; Elcock et al.,
2001). Up to now, atomically detailed variants of such
methods have been limited to simulating the association of
two molecules (e.g., proteins), one of which isusually fixed
at the center of the simulation coordinate system (Gabdoul-
line and Wade, 1997). It is to be expected that a similar
degree of insight into electrostatic competition effects might
also be forthcoming from simulations, but, obviously, this
requires the availability of simulation methods capable of
handling many molecules at areasonable level of detail. The
present work addresses this issue and reports the application
of a many-particle BD simulation method to an explicit
biochemical problem for which competition effects are
likely to be important. As is discussed, the simulations
provide an unprecedented view of the way interactions
between a substrate and competing molecules can affect the
substrate’ s association with an enzyme active site. In addi-
tion, by providing quantitative estimates of the concentra-
tion dependence of competition effects, the simulations
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identify a potential cause of a serious discrepancy between
previous simulations and experiments.

The background to the specific problem investigated here
is as follows. Severa years ago, in their studies of tricar-
boxylic acid cycle enzymes, Srere and co-workers (Lind-
bladh et al., 1994) artificially fused citrate synthase (CS)
and malate dehydrogenase (MDH) into a single protein in
an attempt to circumvent the inherent weakness of the
noncovalent interactions known to occur between CS and
MDH. Kinetic studies of the malate—oxal oacetate—citrate
conversion were performed on the resulting fusion and
appeared to indicate that oxal oacetate produced by MDH
diffused to the CS active sites without first escaping to bulk
solution, i.e., the substrate oxaloacetate was “channeled.”
Computer simulations using BD techniques supported this
conclusion and suggested that channeling was mediated by
favorable electrostatic interactions between the negatively
charged substrate and a positive electrostatic potential ex-
tending over much of the surface of the protein (Elcock and
McCammon, 1996; Elcock et a., 1997). Simulations of
substrate diffusion indicated that ~45% of oxaloacetate
molecules exiting the MDH active site would successfully
diffuse to the CS active sites in the absence of added salt, a
view that was cemented by further experiments performed
by Srere's group (Shatalin et al., 1999). Recently however,
Pettersson et al. (2000) have presented more detailed kinetic
studies of the same fusion protein that call for a reexami-
nation of these conclusions. Before Pettersson’s work, ki-
netic analyses of CS-MDH were performed under the im-
plicit assumption that the production of oxaloacetate by
MDH is an irreversible process. However, the reaction
catalyzed by MDH (in the oxal oacetate direction) is highly
thermodynamically unfavorable. Pettersson’'s work has
shown that, when account is taken of the reaction’s revers-
ibility (together with the potentia inhibitory effects of ox-
a oacetate on the forward reaction), the experimental results
are not consistent with channeling of oxal oacetate.

This leaves an open question. How is the experimental
observation (or interpretation) of no oxaloacetate channel-
ing to be reconciled with the result from simulations that
channeling can occur with an efficiency of up to 45%7? One
potential explanation of course is simply that the simula-
tions are wrong. This is certainly possible, in part because
several assumptions are involved in the simulations, not
least of which is the modeling of the fusion protein’s struc-
ture from structures of the separate enzymes. But aside from
these structural uncertainties, there are few other reasons to
question the simulations. In addition to performing well in
simulating substrate channeling in another bifunctional
enzyme, dihydrofolate reductase-thymidylate synthase
(DHFR-TS) (Elcock et al., 1996, 1997), BD techniques
have been used repeatedly in the past to simulate enzyme—
substrate (Wade, 1996) and protein—protein association
events (Gabdoulline and Wade, 2001; Elcock et al., 2001)
with great success.
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An alternative explanation that emerges here is that the
discrepancy arises because previous simulations and exper-
iments were, in effect, performed under different condi-
tions. Specifically, the experiments were performed with a
10-mM concentration of malate to ensure that the MDH-
catalyzed forward reaction occurs at an appreciable rate. In
line with the capabilities of previous programs, the simula-
tions considered only the diffusion of a single oxaloacetate
molecule, ignoring the presence of other solutes. But, from
the opening to this Introduction, we know that, because
malate is structurally almost identical to oxaloacetate, it is
as likely to be affected by long-range electrostatic interac-
tions with the enzyme as oxaloacetate. The hypothesis ex-
plored here, therefore, is that the high concentrations of
malate used in the experiments might be so high that they
compete with, and therefore suppress, any channeling of
oxal oacetate that might otherwise occur.

To investigate this hypothesis and provide a direct link
between simulation and experiment, we report here the
extension of previous BD methods to allow simulation of
the diffusion of many molecules at once (up to ~300 in the
present case). With the new method, BD simulations are
performed to obtain the probability of oxaloacetate being
successfully transferred to the CS active sites in the pres-
ence of varying concentrations of malate. Asit turns out, we
do indeed find that malate suppresses the channeling of
oxaloacetate, and additional simulations demonstrate that
this results more because of unfavorable electrostatic inter-
actions between the two types of solute than because of any
direct competition between the two for binding to the CS
active sites. In addition to providing a novel view of elec-
trostatic competition effects and a potential reconciliation of
the previous simulations and experiments, the new results
raise serious questions both about how to investigate elec-
trostatically mediated substrate channeling in vitro and its
potential importance in vivo.

METHODS
Structures

The modeled structure of the CS-MDH fusion protein used here is essen-
tialy identical to that used previously. The two N-termini of the MDH
dimer are docked at a short distance from the C-termini of the CS dimer in
away consistent with the presence in the fusion protein of a 3-amino acid
linker (Lindbladh et a., 1994). A minor modification in the present work
is the use of a NADH-bound structure of MDH in place of the ligand-free
structure that was used previously. It is known from kinetics studies that
MDH follows an ordered bi-bi- kinetic scheme in which oxaloacetate is
released before NADH (Raval and Wolfe, 1962). Because we are interested
here in the behavior of oxaloacetate as it leaves the MDH active site, an
NADH-bound form of MDH is a more appropriate structure to use. No
NADH-bound form of pig mitochondrial MDH is directly available, so a
structure was homology-modeled (Sanchez and Sali, 1997) using the
NADH-bound Escherichia coli MDH enzyme (1emd) as a template with
the SWISS-MODEL program (Peitsch, 1996).
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FIGURE 1 Modeled structure of the CS-MDH fusion protein (yellow)
surrounded by 48 malate molecules (red) and 96 sodium ions (blue) at the
end of a 1-us period of equilibration (see text for details). The numbers of
solute molecules are consistent with that of a 10-mM (Na),malate solution.
This figure was prepared using MolMol (Koradi et a., 1996).

Simulations

All BD simulations were performed with a heavily modified version of the
program SDA, originally developed by Gabdoulline and Wade (1997) for
the simulation of protein—protein association events. Because the original
program islimited to the simulation of two molecules, extensive alterations
were required to allow the simulation of multiple molecules. Conceptually,
however, the principles remain the same. The motion of each molecule is
simulated with the BD algorithm of Ermak and McCammon (1978).
Diffusion coefficients for malates and oxal oacetate were set to 0.1 A%ps 4,
those for sodium and chloride were set to 0.2 A%ps™. Forces on each
molecule are assumed to be solely electrostatic in origin, and stem from the
interaction of the effective charges of the molecule with the electrostatic
potentials generated by other molecules (Gabdoulline and Wade, 1996).
Steric clashes between molecules are prevented by rejecting any simulation
step that causes surface atoms to overlap. In the present case, simulations
are performed in a periodic cube, at the center of which lies the CS-MDH
protein (Fig. 1). The dimensions of this cube (199.76 A in each direction)
are set so that relatively high concentrations of malate can be simulated
without the need for prohibitive numbers of molecules. Using this box size,
a simulation of a 10-M Na,(malate) solution, for example, requires the
presence of 48 malates and 96 sodium ions. Simulation of a 30-mM NaCl
solution, in contrast, requires 144 sodium and 144 chloride ions. In al
simulations, periodic boundary conditions are applied so that, as a mole-
cule leaves the box, it returns on the opposite side. Interactions between
molecules are determined under the minimum-image convention, i.e.,
interactions between two molecules occur only through their nearest copies
(not through other periodic images).

Electrostatic potentials around each molecule were calculated by solv-
ing the Poisson-Boltzmann equation using the finite difference program
UHBD (Madura et a., 1995). Charges and radii for all electrostatics
calculations were assigned from the CHARMM23 parameter set (MacK-
erell et a., 1998). Aspartate, glutamate, arginine, and lysine residues were
assumed to be in their ionized forms, histidines were assumed to be neutral
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to be consistent with the experiments for which a pH of 8.1 was main-
tained. Parameters for NADH, oxaloacetate, and malate were derived by
analogy to functional groups in the parameter set. Protein and solvent
dielectrics were set to 4.0 and 78.4, respectively. For al solutes, the PB
equation was solved on a grid of dimensions 150 X 150 X 150. For
CS-MDH, the spacing between grid points was 1.5 A to allow a proper
description of its electrostatic potential at long distances. For other solutes,
the spacing was 0.5 A. Except where noted, the ionic strength in al PB
calculations was set to zero. The potentials are therefore calculated under
the assumption that the solvent is pure water, and that the screening effects
due to dissolved ions can be modeled accurately by representing the ions
explicitly. For use in the BD simulations, effective charges were assigned
to al moving molecules using previously described methods (Gabdoulline
and Wade, 1996). For oxaloacetate and malate molecules, a total of four
effective charges per molecule were used, placed at the positions of the
four carboxylate oxygen atoms.

The starting position of the oxaloacetate was assigned by docking it
adjacent to arginine 152 and therefore close to the MDH active site. This
location was chosen on the basis of avisual assessment of the possible exit
routes for oxaloacetate from its bound position. Initial positions of the
malate molecules and sodium ions were assigned by the following proce-
dure. Starting with only the positions of CS-MDH and oxal oacetate de-
termined, 5000 possible positions of a malate molecule were generated at
random, and the position with the most favorable electrostatic interaction
energy was selected. Then, with the positions of CS-MDH, oxal oacetate,
and the first malate molecule assigned, a sodium ion was added after
generating 5000 possible positions. After a second sodium ion was in-
serted, a second malate molecule was added. This process was repeated
until the requisite number of molecules was added.

Before simulation of the diffusion of oxal oacetate, the malate molecules
and sodium ions were allowed to diffuse freely for a period of 1 us with
the oxaloacetate fixed at its starting position. This long period of equili-
bration was performed to ensure that the configuration of the system at the
beginning of channeling simulations is representative and is not unduly
influenced by the somewhat arbitrary way in which coordinates for the
malates and sodiums were initially assigned. To assess the likelihood of
malate molecules entering the CS active sites during the course of the
equilibration simulation, the distance between the C3 atoms of the malates
and the CD atoms of the two His-238 residues in CS were continually
monitored. Binding of the malate to a CS active site was assumed to occur
when this distance dropped below 12 A.

The entire process of adding malates and sodiums and simulating for 1
us was conducted ten different times to generate ten different representa-
tive states of the system. Channeling simulations were performed starting
from each such state, with the diffusion of the malates, sodiums, and now
also the oxal oacetate being simulated. The position of the oxal oacetate was
monitored throughout. If the C3 atom of oxal oacetate came within 12 A of
CD of one of the two His-238 residues (located in the CS active sites), it
was assumed to have successfully channeled. To do this, the oxal oacetate
must traverse a distance of ~45 A, in the course of which journey it may
or may not encounter malate molecules (Fig. 2). In contrast, if the C3 atom
of oxaloacetate left the confines of the central simulation box, it was
assumed to have escaped to bulk solution. When either channeling or
escape occurred, the simulation was terminated and a new one started from
the original state. This process was conducted 100 times for each of the ten
starting states, leading to 1000 different simulations of oxaloacetate diffu-
sion from the MDH active site.

RESULTS
Equilibration

Figure 3 plots the history of each of the malate molecules
during the 1-us period of equilibration of malate and so-
diumionsin atypical simulation with 10 mM (Na),malate.
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malates in vicinity
of citrate synthase
active site

starting position
of oxaloacetate

FIGURE 2 Close-up view of the fusion protein, marking the starting
position of the oxaloacetate molecule at the entrance/exit of one of the
MDH active sites. Notice the string of malate molecules lying between the
oxaloacetate and its intended destination, one of the CS active sites.

The figure records for each malate the periods of time at
which it occupied either of the CS active sites (see Meth-
ods). In the simulation shown, the first CS active site is
occupied at some point by 16 of the 48 malates, whereas the
second active site is occupied by 21 malates. Interestingly,
the two sets are not mutualy exclusive. Seven of the
malates occupy both active sites at some point during the
1-us simulation. The longest near-continuous occupation of
an active site by a single malate molecule is ~100 ns,
although one malate (arbitrarily numbered #26 in Fig. 3)
binds on and off for ~300 ns. In total, the first and second
CS active sites are occupied 30% and 28% of the time,
respectively. The good correspondence between results for
the two active sites is a signal that the 1-us duration of
equilibration is sufficient to obtain a representative sam-
pling of malate diffusion events in and around the enzyme.
Not surprisingly, given the large distance between the two
active sites and the fact that the enzyme is assumed to be
rigid in the simulations, events at the two active sites are
independent. Both active sites are simultaneously occupied
only 8.7% of the time, which is exactly the same as the
product 30% X 28%. In typical simulations with 2.5 and 5
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FIGURE 3 History of malate molecules during the 1-us equilibration
period of a 10-mM (Na),maate solution. Each vertical line plots the
history of a different malate. Red and blue squares indicate times at which
the malate is occupying the first and second CS active sites, respectively.
Note that the size of the square symbols exaggerates the apparent length of
time in which malates occupy the active sites.

mM (Na),malate, the active sites are occupied ~18% and
25% of the time, respectively. These numbers allow us to
estimate K, the concentration component of the equilibrium
constant for binding, using the relation,

_[EM]
K= [EnIm]

where E, M, and E-M represent the enzyme, malate, and the
enzyme-malate complex, respectively, and the square
brackets denote their concentrations. For example, the 30%
occupancy of the active sitewith 10 mM (Na),malate means
that the relative proportions of [E-M] to [E] are 30:70. This
translates into a value for K, of 43 M. Using the same
equation, the calculated equilibrium constants for enzyme-—
malate binding with (Na),malate concentrations of 2.5 and
5 mM are 90 and 67 M, respectively. The fact that the
caculated values of K, change as a function of malate
concentration indicates that there must be a change in ac-
tivity coefficient of one or more of the binding species.
Because any change in the activity coefficient of E islikely
to be matched by a similar change in that of E-M, the most
obvious culpritis M, malate. In fact, the resultsindicate that
the activity coefficient of malate decreases by a factor of 2
as the concentration increases from 2.5 to 10 mM. It is
worth noting that this behavior, although that expected of an
ionic solute (Bockris and Reddy, 1970), would be next to
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FIGURE 4 Probability of oxaloacetate successfully channeling from
MDH to either of the CS active sites as a function of the ionic strength of
solutions of (Na),malate (circles), and NaCl (squares). Comparison is also
provided with the results obtained when the effects of the NaCl solution are
modeled implicitly using the Poisson-Boltzmann equation (triangles).

impossible to capture in a theoretical model that does not
treat the solute explicitly.

Channeling simulations

Figure 4 shows the probability of successful channeling of
an oxal oacetate molecule from the MDH to the CS active
sites as a function of the ionic strength of the (Na),malate
solution. In the absence of malate, the probability of chan-
neling is 0.31. This is somewhat lower than the probability
of 0.45 obtained in previous work (Elcock and McCammon,
1996), which can probably be attributed to the use here of a
dlightly different structure of the CS-MDH fusion protein, a
more detailed model of the substrate, or a different starting
position (see Methods). The more important point however,
is that, as the concentration of malate is increased from O to
10 mM, the probahility of successful channeling decreases
by afactor of more than four to ~7% (Fig. 4, circles). The
suppressing effects of a (Na),malate solution are compared
with those of a NaCl solution of identical ionic strength in
the same figure (squares). For a given ionic strength, the
channeling suppressing effects of malate are clearly greater
than those of chloride, even though there are three times as
many chlorideions as malatesin corresponding simulations.
Also shown in Fig. 4 are the results of channeling simula-
tionsin which the effects of NaCl are modeled implicitly by
recalculating the electrostatic potential for CS-MDH for
each ionic strength (triangles). In such simulations, only
CS-MDH and oxaoacetate appear explicitly. This latter
method, which relies on the Poisson-Boltzmann equation to
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FIGURE 5 Probability of oxaloacetate successfully channeling as a
function of the concentration of (Na),malate, using different interaction
models. (circles) The same results as in Fig. 4 but replotted against
(Na),malate concentration. (squares) Results obtained with uncharged
malate molecules and sodium ions. (triangles) Results obtained with
malate and sodium ions that interact electrostatically with CS-MDH, but
which interact only sterically with oxal oacetate (see text).

provide an adeguate description of ionic strength effects, is
the method that has been used in all previous BD simula-
tions of association kinetics. It is encouraging to see, then,
that the calculated effects of NaCl on channeling using
the explicit and implicit representations are more or less
identical.

In principle, the observed suppression of substrate chan-
neling by malate could be caused by two potential factors.
One possibility is that the presence of malates, which are
clearly attracted to the CS active sites (Fig. 3), stericaly
prevents oxaloacetate from reaching the active sites. An
alternative possibility is that the presence of the negatively
charged malates results in a decrease in the positive elec-
trostatic potential in the vicinity of the enzyme, making it
less attractive for oxal oacetate to bind. Simulations allow us
to assess both possibilities in a way that is not possible to
perform experimentally. Figure 5 compares the results first
shown in Fig. 4 (circles) with those obtained from simula-
tions in which uncharged malate molecules and sodium
atoms are used in place of the proper, charged forms
(squares). In the latter simulations, the malates and sodiums
effectively function solely as “filler” that simply excludes
volume (albeit not very much). As expected, in these cases,
the channeling probability is completely insensitive to the
concentration of the malate. The concentrations studied here
are far below those at which excluded volume effects might
become important (Ellis, 2001). The same figure also shows
the results of hybrid simulations in which the malates and
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sodiums are charged and interact fully with the CS-MDH
fusion protein, but in which their electrostatic interactions
with oxal oacetate are ignored. These simulations allow usto
determine whether malate can suppress channeling by sim-
ply occupying the active site. Including electrostatic inter-
actions between the malates and CS-MDH ensures that the
spatial distribution of the malates is realistic, i.e., that they
have a good chance of being found in the CS active site. In
these simulations, there does appear to be a very dlight
suppression of channeling (Fig. 5, triangles), but because
this is nowhere near large enough to account for the effects
observed in the full simulations, we can conclude that the
primary contribution to channeling suppression comes from
unfavorable electrostatic interactions between malate and
oxaloacetate.

DISCUSSION

The simulations reported here raise a number of important
new points. The first and most genera point is that the
extension and application of atomicaly detailed BD meth-
ods to meaningful simulation of many-particle systems is
now afeasible undertaking. The present example provides a
glimpse of the kinds of findings that might be obtained from
simulations that take explicit account of interactions be-
tween multiple solutes. Of course, the result that malate
strongly suppresses substrate channeling is not a hugely
surprising result. After all, the simulations were performed
in the first place to investigate just this hypothesis. In
contrast, the finding that the activity coefficient of malate
(reflected in its binding to the CS active sites) drops dra-
matically as its concentration increases is a completely
unanticipated (but, in retrospect, reasonable) result. In ad-
dition, the demonstration that the suppression of channeling
is due primarily to unfavorable electrostatic interactions
between the malate and the oxaloacetate (Fig. 5) indicates
the potential power of simulations for providing biochemi-
cal insight that would otherwise be difficult to obtain. This
is particularly important to note, given that our current
understanding of competition effects (such as those implicit
in enzyme inhibition) is really only phenomenological. Al-
though they can be described by formulation of suitable
chemical rate equations, such descriptions provide no true
atomic-level understanding. Computer simulations might
ultimately enable such an understanding to be attained.
The second major point to make is that, in its first
application to a specific biochemical problem, the new
simulation methodology has provided a potential resolution
of serious discrepancies between previous simulations and
experimental results for the CS-MDH fusion protein. The
simulations indicate that the malate concentrations used in
the experiments are sufficient to reduce channeling to ~7%,
a level sufficiently low that it is unlikely it would be
observed at all, and this is despite the fact that the equilib-
rium constant for malate binding to the CS active sites is
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actually very low. This point should be further reinforced
when it is considered that, in addition to 10 mM malate, the
experiments were also conducted with a 40-mM phosphate
buffer (Lindbladh et al., 1994; Shatalin et al., 1999). Figure
4 shows that a simple inorganic salt such as NaCl, although
not as effective as (Na),malate, is nevertheless more than
capable of diminishing channeling. Because of this, we can
see now that electrostatically driven channeling would be
unlikely to occur in the experiments, even if (in the absence
of other competing molecules) the fusion protein was tech-
nically capable of it.

These results, in turn, raise important questions. First,
how is substrate channeling to be measured in systems such
as CS-MDH? The experimental use of 10 mM malate was
originally made (quite reasonably) because the equilibrium
of the malate—oxal oacetate conversion lies strongly in fa-
vor of the reactants. The high concentration was used under
the assumption that it would ensure that the forward reac-
tion was essentially irreversible. Pettersson’ swork has since
shown that this was not correct. The concentration of ox-
al oacetate soon reaches alevel at which the reverse reaction
becomes noticeable and important (Pettersson et al., 2000).
Even higher concentrations of malate could, of course, be
used to avoid this problem, but the present results indicate
that this approach would just further abolish any chance of
channeling occurring. In fact, to demonstrate channeling in
CS-MDH at all would appear to require dropping both the
malate concentration and ionic strength of the buffer sub-
stantially. This can certainly be done. Numerical analysis of
the observed kinetics of coupled enzyme systems does not
reguire that the first enzyme operate irreversibly (although
this condition certainly helps in formulating analytical so-
Iutions to the rate equations). Having said that, it should be
noted that there are other reasons why electrostatic substrate
channeling might not ultimately be observed in CS-MDH
experimentally. The current simulations are performed un-
der two structural assumptions: first, that the overall struc-
ture of the protein can be modeled by docking separate
structures of CS and MDH together, and second, that the
starting point for oxaloacetate's diffusion can be identified
simply on the basis of a purely visual examination of the
active site structure of MDH. Neither assumptionislikely to
affect the most important result reported here: that increas-
ing concentrations of malate progressively disrupts sub-
strate channeling because malate electrostatically competes
with the channeling metabolite. However, aternative struc-
tural models of the fusion protein may well differ signifi-
cantly in their basal levels of channeling, i.e., in their ability
to efficiently channel oxaloacetate in the absence of malate.
Because of this, it isimportant to add the unfortunate caveat
that, even in properly designed experiments, it may even-
tually be found that the CS-MDH fusion protein does not
channel substrate. If this provesto be the case, it need not be
viewed as a death knell for the idea of electrostatic substrate
channeling (Knighton et al., 1994). The fusion protein is,
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after al, an entirely artificial construct, produced in an
attempt to circumvent the problem of the low stability of
interactions between CS and MDH. It is frustrating to note
that the inherent weakness of many enzyme—enzyme inter-
actions remains a fundamental impediment to their experi-
mental study.

The final important question is what these results mean
for prospects for electrostatic substrate channeling occur-
ring in vivo. This is a simple question to raise, but, at the
moment, a near impossible one to answer. Clearly, the
present results indicate that electrostatic channeling of a
substrate is likely to be sensitive to competition from other
charged metabolites. But to assess just how sensitive it is
requires knowing the local concentrations of potential com-
peting metabolites. These can be extremely difficult to
obtain for a number of reasons, not least of which is that it
is often difficult to assess the relative proportions of free
and enzyme-bound forms of the metabolite (Fell, 1997).
Recent experimental advances suggest that proper quantita-
tive measures of metabolite concentrations may soon be
attainable (Fiehn et al., 2000). Together with accurate mea-
sures of the distributions and concentrations of enzymes, it
should, in future, be possible to develop a conceptual frame-
work suitable for answering this question.

A.H.E. is grateful to Dr. Kip Murphy for valuable discussions on the
thermodynamics of malate binding. He is also extremely grateful to Drs
Rebecca A. Wade and Razif R. Gabdoulline for providing access to, and
insight into the workings of their SDA program.

REFERENCES

Blacklow, S. C., R. T. Raines, W. A. Lim, P. D. Zamore, and J. R.
Knowles. 1988. Triosephosphate isomerase catalysis is diffusion con-
trolled. Biochemistry. 27:1158-1167.

Bockris, J. O., and A. K. N. Reddy. 1970. Modern Electrochemistry.
Plenum Press, New York.

Elcock, A. H., and J. A. McCammon. 1996. Evidence for electrostatic
channeling in a fusion protein of malate dehydrogenase and citrate
synthase. Biochemistry. 35:12652—12658.

Elcock, A. H., G. A. Huber, and J. A. McCammon. 1997. Electrostatic
channeling of substrates between enzyme active sites. comparison of
simulation and experiment. Biochemistry. 36:16049—-16058.

Elcock, A. H., M. J. Potter, D. A. Matthews, D. R. Knighton, and J. A.
McCammon. 1996. Electrostatic channeling in the bifunctional enzyme
dihydrofolate reductase-thymidylate synthase. J. Mol. Biol. 262:
370-374.

Elcock, A. H., D. Sept, and J. A. McCammon. 2001. Computer simulation
of protein—protein interactions. J. Phys. Chem. B. 105:1504-1518.

Ellis, R. J. 2001. Macromolecular crowding: an important but neglected
aspect of the intracellular environment. Curr. Opin. Struct. Biol. 11:
114-119.

Ermak, D. L., and J. A. McCammon. 1978. Brownian dynamics with
hydrodynamic interactions. J. Chem. Phys. 69:1352-1360.

Fell, D. A. 1997. Understanding the control of metabolism. Portland Press,
London.

Fiehn, O., J. Kopka, P. Ddormann, T. Altmann, R. N. Trethewey, and L.
Willmitzer. 2000. Metabolite profiling for plant functional genomics.
Nature Biotech. 18:1157-1161.

Biophysical Journal 82(5) 2326-2332

Elcock

Gabdoulline, R. R., and R. C. Wade. 1996. Effective charges for macro-
molecules in solvent. J. Phys. Chem. 100:3868—-3878.

Gabdoulling, R. R., and R. C. Wade. 1997. Simulation of the diffusional
association of barnase and barstar. Biophys. J. 72:1917-1929.

Gabdoulline, R. R., and R. C. Wade. 2001. Protein—protein association:
investigation of factors influencing association rates by Brownian dy-
namics simulations. J. Mol. Biol. 306:1139-1155.

Getzoff, E. D., D. E. Cabelli, C. L. Fisher, H. E. Parge, M. S. Viezzoli, L.
Banci, and R. A. Hallewell. 1992. Faster superoxide-dismutase mutants
designed by enhancing electrostatic guidance. Science. 358:347-351.

Kashiwaya, Y., K. Sato, N. Tsuchiya, S. Thomas, D. A. Fell, R. L. Veech,
and J. V. Passonneau. 1994. Control of glucose-utilization in working
perfused rat-heart. J. Biol. Chem. 269:25502—25514.

Knighton, D. R., C.-C. Kan, E. Howland, C. A. Janson, Z. Hostomska,
K. M. Welsh, and D. A. Matthews. 1994. Structure of and kinetic
channeling in bifunctional dihydrofolate reductase-thymidylate syn-
thase. Nature Struct. Biol. 1:186-194.

Koradi, R., M. Billeter, and K. Wiithrich. 1996. MOLMOL: a program for
display and analysis of macromolecular structures. J. Mol. Graph. 14:
51-55.

Lindbladh, C., M. Rault, C. Hagglund, W. C. Small, K. Moshach, L.
Bulow, C. Evans, and P. A. Srere. 1994. Preparation and kinetic char-
acterization of a fusion protein of yeast mitochondria citrate synthase
and malate-dehydrogenase. Biochemistry. 33:11692-11698.

MacKerell, A. D., D. Bashford, M. Bellott, R. L. Dunbrack, J. D. Evan-
seck, M. J. Field, S. Fischer, J. Gao, H. Guo, S. Ha, D. Joseph-
McCarthy, L. Kuchnir, K. Kuczera, F. T. K. Lau, C. Mattos, S. Michnik,
T. Ngo, D. T. Nguyen, B. Prodhom, W. E. Reiher, B. Roux, M.
Schlenkrich, J. C. Smith, R. Stote, J. Straub, M. Watanabe, J. Wiork-
iewicz-Kuczera, D. Yin, and M. Karplus. 1998. All-atom empirical
potential for molecular modeling and dynamics studies of proteins.
J. Phys. Chem. B. 102:3586—-3616.

Madura, J. D., J. M. Briggs, R. C. Wade, M. E. Davis, B. A. Luty, A. Ilin,
J. Antosiewicz, M. K. Gilson, B. Bagheri, L. R. Scott, and J. A.
McCammon. 1995. Electrostatics and diffusion of molecules in solu-
tion—simulations with the University of Houston Brownian Dynamics
program. Comp. Phys. Comm. 91:57-95.

Peitsch, M. C. 1996. ProMod and Swiss-model: internet-based tools for
automated comparative protein modeling. Biochem. Soc. Trans. 24:
274-279.

Pettersson, H., P. Olsson, L. Bulow, and G. Pettersson. 2000. Kinetics of
the coupled reaction catalysed by afusion protein of yeast mitochondrial
malate dehydrogenase and citrate synthase. Eur. J. Biochem. 267:
5041-5046.

Radic, Z., P. Kirchhoff, D. M. Quinn, J. A. McCammon, and P. Taylor.
1997. Electrostatic influence on the kinetics of ligand binding to ace-
tylcholinesterase—distinctions between active center ligands and fasci-
culin. J. Biol. Chem. 272:23265-23277.

Raval, D. N., and R. G. Wolfe. 1962. Malic dehydrogenase. I11. Kinetic
studies of the reaction mechanism by product inhibition. Biochemistry.
1:1112-1117.

Sanchez, R., and A. Sali. 1997. Advances in comparative protein-structure
modeling. Curr. Opin. Sruct. Biol. 7:206-214.

Schreiber, G., and A. R. Fersht. 1996. Rapid, electrostatically assisted
association of proteins. Nat. Struct. Biol. 3:427—-431.

Shatalin, K., S. Lebreton, M. Rault-Leonardon, C. Véot, and P. A. Srere.
1999. Electrostatic channeling of oxaloacetate in a fusion protein of
porcine citrate synthase and porcine mitochondrial malate dehydroge-
nase. Biochemistry. 38:881-889.

Srivastava, D. K., and S. A. Bernhard. 1987. Biophysical chemistry of
metabolic reaction sequences in concentrated enzyme solutions and in
the cell. Annu. Rev. Biophys. Biophys. Chem. 16:175-204.

Stone, S. R., S. Dennis, and J. Hofsteenge. 1986. Quantitative evaluation of
the contribution of ionic interactions to the formation of the
thrombin—hirudin complex. Biochemistry. 28:6857—-6863.

Wade, R. C. 1996. Brownian dynamics simulations of enzyme-substrate
encounter. Biochem. Soc. Trans. 24:254-259.



