12652 Biochemistry1996, 35, 12652-12658

Accelerated Publications

Evidence for Electrostatic Channeling in a Fusion Protein of Malate Dehydrogenase
and Citrate Synthage

Adrian H. Elcock* and J. Andrew McCammon

Department of Chemistry and Biochemistry and Department of Pharmacologyersity of California at San Diego,
La Jolla, California 92093-0365

Receied June 20, 1996; Resed Manuscript Receed August 2, 1996

ABSTRACT. Brownian dynamics simulations were performed to investigate a possible role for electrostatic
channeling in transferring substrate between two of the enzymes of the citric acid cycle. The diffusion
of oxaloacetate from one of the active sites of malate dehydrogenase (MDH) to the active sites of citrate
synthase (CS) was simulated in the presence and absence of electrostatic forces using a modeled structure
for a MDH—CS fusion protein. In the absence of electrostatic forces, fewer than 1% of substrate molecules
leaving the MDH active site are transferred to CS. When electrostatic forces are present at zero ionic
strength however, around 45% of substrate molecules are successfully channeled. As expected for an
electrostatic mechanism of transfer, increasing the ionic strength in the simulations reduces the calculated
transfer efficiency. Even at 150 mM however, the inclusion of electrostatic forces results in an increase
in transfer efficiency of more than 1 order of magnitude. The simulations therefore provide evidence for
the involvement of electrostatic channeling in guiding substrate transfer between two of the enzymes of
the citric acid cycle. Similar effects may operate between other members of the citric acid metabolon.

The association of enzymes involved in a particular the dihydrofolate (Fk) produced by the TS-catalyzed
metabolic pathway into a single multienzyme complex is a reaction subsequently acting as the substrate for the DHFR-
well-known phenomenon, with perhaps the most prominent catalyzed reaction. Experimentally the bifunctional form of
example being the pyruvate dehydrogenase complex (Reedthe enzyme has been shown to have significant kinetic
1974) responsible for production of acetyl coenzyme A. The advantages over the related monofunctional enzymes in terms
purported advantages of forming such multienzyme com- of a markedly reduced lag time for appearance of the final
plexes seem intuitively reasonable (Welch, 1977; Srere, products of the coupled system (Meekal, 1984). The
1985): the close proximity of enzymes responsible for crystal structure of DHFRTS shows the entrances to the
catalyzing consecutive steps of a metabolic cycle may reducective sites to be at the enzyme surface and separated by
the time required for substrate to diffuse between enzymes5,o,nd 40 A. Lying between the two active sites is a number

and prevent the substrate from escaping into solution where ¢ positively charged residues which were hypothesized to
it might be sequestered by other enzymes for use in different uide FH, which has a net charge ef2e, from the TS to

metabolic pathways. This latter aspect may be particularly the DHFR active site. Strong support for this idea has come

important f_or maintaining metabolic flux with low overall from Brownian dynamics (BD) simulations of the process
concen'Fratllons of metabghte (Welch, 1977)' . of substrate transfer (Elcoast al, 1996). In simulations

In principle, consecutive enzymes in a multienzyme conducted at zero ionic strength the efficiency with which
complex might be close enough together that simple randomgpstrate was transferred from the TS to the DHFR active
diffusion would be sufficient to provide an efficient means  gjie was found to be almost 100%. Perhaps more impor-
of transferring substrate between active sites. RecCeNntyynqy the simulations suggested that uncharged substrates,
experimental and theoretical work suggests however that the it experience no electrostatic guidance mechanism, are
efficiency of substrat_e transfer ml_gh_t be dramatically en- 5, qferred with an efficiency of only around 5%: much too
hanced by electrostatic effects. This idea stems largely from low to explain the experimental observation of efficient
the so_luhon of the c_rystal structure of the protozoan channeling. Further support for electrostatic channeling in
bifunctional enzyme dihydrofolate reductasaymidylate DHFR_TS has been provided by recent experimental work

synthase (DHFRTS)! (Knightonet al., 1994). DHFR and . - :
. : : ... showing that the efficiency of substrate transfer is dependent
TS catalyze sequential steps in the thymidylate cycle, with showin . :
y g P yridy y on ionic strength Truijillo et al., 1995, 1996); this result,
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which was also reflected in the simulations, is an expected
characteristic of an electrostatic mechanism of transfer.

Given the apparent importance of electrostatic effects
suggested by both experimental and theoretical results for
DHFR-TS, it is clearly of considerable interest to ask
whether a similar mechanism operates elsewhere in nature
The focus of the present work is therefore on investigating
the possible role of an electrostatic channeling mechanismy._,
in transferring substrate oxaloacetate between the citric acid
cycle enzymes malate dehydrogenase (MDH) and citrate
synthase (CS). Recent experimental work (Lindtaal.,
1994) has described the preparation and characterization of
a fusion protein of the yeast forms of the two enzymes in
which the C-termini of CS are connected by a short linker
sequence (Gly-Ser-Gly) to the N-termini of MDH. Kinetics
studies of the fusion protein resulted in two findings that
suggest that oxaloacetate is efficiently channeled between
MDH and CS. First, the lag (transient) time for formation
of the final products (NADH and citrate) in the fusion protein
was shorter than in the free enzymes; the lag time was also
shorter than the theoretical estimate based on the ratio of
Umax andKm for the CS pz_art of the coupled system (Easterby, Ficure 1: Ca trace of the MDH-CS fusion protein model. The
1973). Second, addition of aspartate aminotransferasecs gimer is shown in red, with the three C-terminal residues of
(AAT), which competes with CS for the intermediate each monomer colored purple. The MDH dimer is shown in blue,
substrate oxaloacetate, had much less of an effect on thewith the three N-terminal residues of each monomer colored green.
steady-state rate of the fusion protein than that of the free This figure was prepared using the program QUANTA.

enzymes, an observation that indicates that oxaloacetate is ] ) ]
largely sequestered from the bulk solution. 1982) (both of which are dimers) were used as the starting

From a simulation viewpoint the MDHCS fusion protein point for generating a model of the fusion protein. The

is attractive since good structural information, a prerequisite
for theoretical work, is available for each of the individual
components of the system. While crystal structures of the

yeast forms of the enzymes have not been solved, structure

are available for the pig heart forms of both enzymes, and

these are expected to be good models for the yeast enzyme

The problem of docking the two enzymes together in some

reasonable fashion remains of course, but the use in the

experimental work of a very short linker region (three amino

acids) to connect the CS and MDH enzymes means that the

orientational possibilities for such a fusion protein are

drastically reduced. In fact, this sufficiently constrains the

system that it is possible for a model of the fusion protein
to be constructed by simply docking the CS and MDH

structures so that the CS C-termini are adjacent to the MDH
N-termini (Lindblahet al., 1994).

A model of the fusion protein built in this way has the
MDH and CS active sites separated by nearly 60 A, with
the MDH active site facing away from CS. This is such a
large distance that it would appear at first sight unlikely that

substrate would be transferred between active sites with any
great efficiency: certainly, it appears to have prompted Srere

and co-workers to consider the possibility of a dimer of the
fusion protein being responsible for efficient channeling
(Lindblahet al., 1994). We report here, however, the results
of BD simulations which suggest that, even in a monomer
of the fusion protein, an electrostatically based channeling
mechanism can be surprisingly efficient.

MATERIALS AND METHODS

All BD simulations were performed with the program
UHBD (Maduraet al, 1994, 1995). The crystal structures
of MDH (Gleasonet al., 1994) and CS (Remingtoet al.,

“open” form of CS was used as it has been suggested to
represent a substrate entry/product release form of the
enzyme (Remingtoet al., 1982). Bound citrate molecules
ere removed from both the MDH and CS structures.
ydrogens were added to each enzyme using the molecular
imulation program CHARMM (Brooket al., 1983). Ti-
ratable residues were assumed to be in their usual proto-
nation state at pH 7; i.e., the net charge of all Asp and Glu
residues was set tole and all Arg and Lys residues set to
+1e; protonation states for histidines were assigned on the
basis of their local environment, and all were in neutral
forms. The total charge on the MDH dimer was therefore
+6e; that on the CS dimer wa2e. The two enzymes were
docked so that the C-termini of the CS dimer were within 5
A of the N-termini of the MDH dimer and so that structural
overlap was kept to a minimum (Figure 1). A more refined
method of docking involving energy minimization of the
resulting structure could of course be envisaged, but the
structural uncertainties involved are large enough at this stage
that we feel that such an approach would not be justified; in
any case, the results are not likely to be altered significantly.

Prior to BD simulations being performed, the electrostatic
potential around the fusion protein was obtained by finite-
difference solution of the linear PoisseBoltzmann equation
(Honig & Nicholls, 1995) using a 16Qgrid of spacing 1.2
A. Boundary potentials were set assuming that each charge
in the system is subject to Debyelickel screening. Atomic
radii and charges were obtained from the CHARMM?22
parameter set (Mackeralt al., 1995). The internal dielectric
of the protein was set to 4.0 while that of the solvent was
set to 78.0, appropriate for water at Z5. The ionic strength
was set to 0 mM in most simulations, although a range of
values between 0 and 150 mM was used to investigate the
ionic strength dependence of transfer efficiency. Oxalo-
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Ficure 2: MDH—-CS system viewed from a similar position to that in Figure 1. The molecular surface of the protein is colored according

to the electrostatic potential calculated at zero ionic strength. Blue areas on the molecular surface represent electrostatically positive regions;
red, electrostatically negative regions (limits setd6 kT). The green area indicates the substrate starting point at the first MDH monomer’s
active site. The purple area marks the substrate reaction region at the first (most favored) CS active site. The second (less favored active
site) CS active site is around the back of the figure. Substrate molecules reaching the purple surface are assumed to react at the CS active
sites. The large sphere marks a radius 90 A from the center of the protein: substrate molecules which reach any point on this surface are
considered to have escaped to bulk solution. This figure was prepared using the program GRASP.

acetate was modeled as a sphere of radius 2 A and chargescaped to bulk solution (see Figure 2)); (3) the trajectory
—2e; as in previous work (Elcoalt al., 1996) this does not  exceeded 1x 1P steps. The last criterion was required
represent a particularly realistic description of the substrate’s because a few simulations remained trapped at the MDH
atomic level structure, but electrostatic channeling effects, active site where they would have stayed indefinitely; such
if present are likely to be largely accounted for by the overall trajectories were omitted from the analysis of results. A
charge of the substrate. Simple spherical models of substratéreaction” was assumed to occur when the substrate came
have worked well in other simulations, for example in studies within 8 A of the position of the C3 atom of the bound citrate
of the diffusion of acetylcholine to the active site of molecule observed at the active sites of the CS crystal
acetylcholinesterase (Antosiewieral., 1995). A series of  structure (Remingtoret al, 1982). An 8 A distance was
BD simulations were performed starting from 1180 different selected since it gives a reaction region small enough that it
positions evenly distributed over a surface 12 A from the provides a good definition of the active site area but
position of the C1 atom of the bound citrate molecule in the sufficiently large that it is unaffected by changing the
active site of the first MDH monomer. These starting points molecule’s grid positioning; the results reported here are not
are located adjacent to the flexible loop formed by residues sensitive to this choice of reaction distance. Substrate
77—87 known to play a role in substrate binding (Gleason transfer efficiency was calculated as the percentage of
et al., 1994); these points therefore appear to be a reasonablérajectories which terminate successfully at one or other of
model for the location of oxaloacetate emerging from the the CS active sites.

MDH active site. Substrate trajectories were simulated using

the Ermak-McCammon algorithm (Ermak & McCammon, RESULTS
1978) with a time step of 0.05 ps. Trajectories were Inthe simulations, the efficiency of substrate transfer from
propagated until one of the following criteria were satis- the MDH active site to either of the CS active sites is strongly
fied: (1) the substrate “reacted” at the CS active sites; (2) dependent on the net charge of the substrate (Figure 3),
the substrate reached a distance of 90 A from the center ofdropping sharply as the charge is changed fre@e (that

the fusion protein (at which point it was assumed to have of oxaloacetate) tet2e. A more important result is that
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35 - the presence of a large area of positive (i.e., favorable)
] —&— 15t CS active site electrostatic potential extending over the region where MDH
30 - ~ O 2nd CS active site and CS meet. That the transfer efficiency does not exceed

50% appears to be due to the fact that the region of favorable
potential does not quite extend to the substrate starting
positions, though the apparently unfavorable positioning of
the MDH active site probably also plays a role. Once
substrate molecules reach the region of favorable electrostatic
potential however, they are likely to remain within it and,
once trapped in this way, stand a good chance of ultimately
diffusing to one or other of the CS active sites.

Simulations performed to assess the relative contributions
of the two enzymes in determining the efficiency of substrate
transfer suggest that both play important roles, though CS
dominates. When the electrostatic field due only to MDH
is switched off (i.e., when all atomic charges on MDH are
set to zero), the transfer efficiency is reduced by a factor of
4 to 12+ 2%; when the electrostatic field due only to CS is
s S et B enen e ey € o pe Sched o, the ranster effciency s reduced even mare
gs thge percentage of subsgtrate molecules Ieavinz;/ the MDH activedramatlca"y' to 0“'3_/ O'_& 0.5%. This apparent d_omlnance
site which reach a CS active site. of CS’s electrostatic field was further emphasized by the
results of simulations run in the opposite direction, i.e.,
starting at the CS active site and terminating at the MDH
active sites. In the DHFRTS system such “backward”
simulations were of comparable efficiency to the “forward”
results, suggesting that in DHFR'S the role of electrostatics
is more one of restricting the substrate’s diffusion to the
region between the active sites than one of actively guiding
substrate from one active site to the other (Elcetlal.,
1996). Results for the MDHCS system are more difficult
to interpret since all backward trajectories remained trapped
indefinitely at the CS active site, making it impossible to
calculate substrate transfer efficiencies. However, since this
trapping results from strong electrostatic effects (no trapping
was observed when the enzyme’s electrostatic field was
switched off), it is tempting, and perhaps not unreasonable,
to interpret this result as implying that, in contrast to DHFR
TS, the electrostatic channeling in the MBIES system is
indeed directional.

Consistent with the above results suggesting the impor-
tance of electrostatic effects, the transfer efficiency obtained
FIGURE 4: Electrostatic isopotential contours around the MBH  from the simulations is found to be strongly dependent on
CS fusion protein (calculated at zero ionic strength) viewed from the ionic strength of the solution (Figure 5); at 150 mM the
the same position as in Figure 2. The blue surface connects allefficiency drops to a value of 1% 2%. Again, this result
points having a potential of 1.5 KT; the red surface connects all 5 nderstandable in terms of the electrostatic potential
points having a potential of-1.5 kT. Note the presence of a . . - L . .
continuous region of positive electrostatic potential covering the (Figure 6); the increased shielding of the_ fusion protein’s
area where the MDH and CS dimers meet. charged residues means that the regions of favorable

electrostatic potential no longer extend out so far into solution
the transfer efficiency for an uncharged substrate, which is so that the probability of substrate escape is increased.
not subject to any electrostatic channeling effects (and Inthe model that we have constructed substrate molecules
therefore behaves in exactly the same way as a chargedstart their trajectories at one end of the fusion protein (Figure
substrate would with the enzyme’s electrostatic field switched 2). Since it is possible for the substrate to diffuse from this
off), is only around 0.5t 0.4%. This is perhaps what one position around either side of the protein, reactions are
would expect, given the relative positioning of the active expected to be obtained at both of the CS active sites.
sites in the model of the fusion protein (Figure 2). In However, as the substrate starting positions are slightly
contrast, the transfer efficiency for a charge-dfe is 43+ displaced toward one side of the protein, it is perhaps not
2%. This result, which does not seem at all obvious from surprising that an approximately 2-fold preference is obtained
simple inspection of the model structure, represents anfor reaction at one of the CS active sites (from here on, we
approximate 100-fold increase in efficiency over the simula- use “first” active site to mean “more favored”) (Figures 3
tions without electrostatic channeling effects. On the other and 5). More interesting is the fact that the distributions of
hand, the result is less surprising when the electrostatic reaction times (i.e., trajectory lengths) for reactions at the
potential around the fusion protein is examined (Figure 4); two CS active sites are very different (Figure 7). For the
isopotential contours marked at valuesdaf.5 KT indicate less-favored CS active site, the probability of a particular

Transfer Efficiency (%)

Substrate Charge
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Ficure 5: Dependence of substrate transfer efficiency on ionic
strength for a substrate charge -e2.

FiGurRE 6: Electrostatic isopotential contours around the MBH
CS fusion protein (calculated at 150 mM) viewed from the same
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Ficure 7: Distribution of reaction times (i.e., trajectory lengths)
for reaction at the two CS active sites obtained at zero ionic strength.

relevance to overall channeling efficiency; further work will
be required to address this problem more closely.

DISCUSSION

The simulation results reported here provide evidence that
the experimental observation of efficient substrate channeling
in the MDH-CS fusion protein is due to an electrostatic
mechanism. Since electrostatic effects appear so important
in the simulations, it is of course no surprise to find that if
channeling is very efficient for a substrate charge-@e
(asitis here), it is extremely inefficient for a substrate charge
of +2e. On the other hand, comparison with results obtained
for a substrate charge of zero is more illuminating since it
gives not only a measure of the increase in transfer efficiency
that might result from electrostatic channeling but also an
indication of whether electrostatic channeling is required at
all in the first place. In the present case, the MDH and CS
active sites are separated by around 60 A, and in the absence

position as in Figure 2. The blue surface connects all points having Of electrostatic effects (i.e., when the substrate has a charge
a potential of+1.5 kT; the red surface connects all points having 0f zero) much less than 1% of substrate molecules leaving

a potential of—1.5 KkT.

the MDH active site reach the CS active site. The simula-

reaction time increases monotonically as a function of the tions suggest therefore that efficient channeling of substrate

reaction time itself. In contrast, for the more favored CS
active site, a distinct maximum in the distribution is observed

does not result simply from the proximity of the CS and
MDH active sites. When electrostatic effects are included

at much shorter times, superimposed on a trend similar to however (i.e., when the substrate has a chargead), the
that seen with the second CS active site (Figure 7). In othertransfer efficiency not only increases by around 2 orders of
words, a considerable proportion of the reactive trajectories magnitude but also approaches a value that is more consistent

for the first CS active site reactsery rapidly: out of 438

with the experimental observation of efficient substrate

trajectories which terminate at the first CS active site, 113 channeling.
(26%) do so in less than 10 ns, whereas only 4 out of 227 Many of the results reported here for the MBES system
reactive trajectories (2%) at the second CS active site reactparallel those we obtained previously in our studies of

within this time. The reasons for this dramatic difference

channeling in DHFRTS (Elcock et al., 1996) and are

are not immediately obvious, but it is interesting to note that obviously those to be expected of an electrostatic channeling
no correlation appears between the substrate’s startingmechanism. The ionic strength dependence of transfer

position and either its eventual fate or its speed of reaction;

efficiency obtained here appears more marked than in our

any concern that the results might be very sensitive to the study of the DHFR-TS system, but not surprisingly follows
former aspect can therefore be ruled out. Instead, it appeargdhe same qualitative trend: increasing ionic strength tends

likely that the bimodal distribution reflects real differences

to suppress any electrostatic channeling effect which might

in substrate trajectories, though it is by no means clear of be present. The magnitude of this ionic strength effect is

course whether these effects will ultimately be of much

likely to vary from system to system and, in extreme cases
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of very strong electrostatic effects, might even be almost interpretation of the experimental results may well be
completely insensitive to ionic strength within the physi- difficult. It is important to point out for example that in
ological range. However, in the present case it seems thatstudies in which two enzymes, which would otherwise
ionic strength changes should result in experimentally remain separate, are forced to associate [for example by the
measurable changes in the kinetics of the MBES protein. use of a covalent linker as in the work of Lindbleh al.

This aspect leads us to consider how contact between our(1994)] it may not be possible to decide with certainty
theoretical findings and experimental results is to be made; whether the absence of a channeling effect is real or simply
it is important to stress, for example, that there is as yet no due to the fact that structural constraints force the enzymes
direct experimental evidence that transfer of oxaloacetate isto adopt a relative orientation unfavorable for channeling.
electrostatically mediated. One problem with connecting the By the same token, the efficient channeling obtained in the
present work to experimental results is the use here of pig MDH—CS fusion protein might conceivably result from the
heart enzyme structures, when the experimental work enzymes being forced to adopt a relative orientation which
involved the yeast forms of the enzymes. As stated in the just happens to be favorable for channeling. In the citric
introduction, this difference is unavoidable owing to the lack acid cycle metabolon itself, the two enzymes will probably
of structural information for the yeast enzymes. A related be oriented in a different way, which may either increase or
difficulty involves our overall structure of the fusion protein; decrease the efficiency of channeling.
in the absence of further structural information we have no  Finally it is worth pointing out that, even if accurate
way of knowing whether our structure represents a good or structural data are available, the simulation results reported
poor model of the real fusion protein. Before dismissing here indicate that simple inspection of a structure may not
the results reported here as artifacts of our modeled structurebe a good guide to estimating the efficiency of substrate
however, it should be borne in mind that it places the MDH channeling. If an electrostatic mechanism is important, as
active site facing away from CS and thus would not be is suggested strongly by the present results, the spatial
expected to bias the results toward very efficient channeling. proximity of active sites need not correlate at all with the
A more fundamental problem, and one of obvious impor- substrate transfer efficiency; what is likely to be more
tance, is how to connect the transfer efficiencies obtainedimportant is the presence of an unbroken electrostatically
by simulation with lag times and other observables obtained favorable region connecting the active sites.
by experimental kinetics studies. Preliminary results (un-
published work) based on a reaction kinetics scheme suggesACKNOWLEDGMENT
that the transfer efficiency of~45% obtained in our
simulations is probably sufficient to account for the chan-
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