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CHAPTER 2:
Molecular interactions between malate dehydrogenase and citrate synthase.

ABSTRACT:

Molecular interactions between pig heart malate dehydrogenase (MDH) and citrate synthase (CS)
were simulated to predict how soluble enzymes might form complexes and how this organization
could facilitate intermediate channeling. This study indicates that the amino and carboxyl termini of
CS fold into a pair of alpha-helices that fill a pocket domain on the surface of the mitochondrial
isoform of MDH. In this docking position an open channel connects the active sites of these two
enzymes. Enzyme complex assembly is thought to be required for the channeling of oxaloacetate
between the enzymes in mitochondria. The cytosolic isoform of MDH is predicted not to bind with
CS in an identical manner as the mitochondrial isoform. The predictions of this work are expected
to have a direct bearing on the engineering of metabolic pathways in living cells. Some of this
work was submitted in partial fulfillment of requirements for Biochemistry 5984: Molecular
Modeling of Proteins and Nucleic Acids.
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INTRODUCTION:

Many metabolic pathways are now known to exist as enzyme complexes (Mathews, 1993a;
Mathews, 1993b; Ovadi and Srere, 1996). This organization is thought to be essential for
channeling of intermediates (Ovadi, 1991) and the separation of competing anabolic and catabolic
processes (Srere, 1987). The ability to channel intermediates is essential for normal cellular
physiology (Srere and Knull, 1998) and accumulating evidence continues to support this idea
(Wojtos et al., 1997). Several models have been proposed that describe the molecular architecture
of an enzyme complex (reviewed in Srere, 1987).

 Enzyme complexes are believed to exist as either linear arrays or as large vessels with
pools of intermediates held inside based on experimental evidence. The predictions of these models
can be tested by simulating interactions between enzymes that are known to interact. The structure
of the assembled complex should indicate how enzyme-enzyme interactions direct the channeling
of intermediates. Moreover, it should be possible to identify specific residues at protein-protein
interaction domains. The arrangement in enzymes in a complex should also reveal structural
determinants that delegate intermediates among competeing pathways.

The use of software to model atomic structures and interactions between biological
molecules has accelerated drug discovery (Kuntz, 1992; Shoichet et al., 1993; Lunney and al.,
1994) and protein engineering (Gunsteren, 1988; Cheng and Rossky, 1998). Techniques to
simulate the contribution of water to the energetics of the protein-folding process (Duan and
Kollman, 1998) hold promise for revealing the forces that control protein-protein interactions
(Cheng & Rossky, 1998). The current study was focused on modeling the protein-protein
interactions between pig heart malate dehydrogenase (MDH) (E.C.1.1.1.37) and citrate synthase
(CS) (E.C.4.1.3.7). These proteins were chosen because these two enzymes are known to interact
and crystal structures were available at the time. The citric acid cycle accounts for the major portion
of carbohydrate, fatty acid, and amino acid oxidation and generates numerous biosynthetic
precursors (Krebs, 1970; Srere, 1975). This pathway is believed to exist as a complex (Srere,
1972; Sumegi et al., 1992) attached to the matrix face of the inner mitochondrial membrane
(D'Souza and Srere, 1983). Two forms of MDH exist in the cell, a mitochondrial (mMDH) and a
cytosolic (cMDH) form. The cMDH does not directly participate in the citric acid cycle. Modeling
interactions between these enzymes is expected to increase our understanding of the consequences
of enzyme-enzyme interactions on pathway function.
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MATERIALS AND METHODS:

The docking simulations of MDH and CS were performed using Quanta 4.0 on a Silicon
Graphics personal IRIS 4D35. The crystal structures corresponding to mMDH (E.C.1.1.1.37),
CS (E.C.4.1.3.7), and cMDH (E.C.1.1.1.37) were obtained as PDB files from Brookhaven
National Laboratory. Coordinates corresponding to water were eliminated from the file to reduce
computational burden. Structures were individually subjected to 20 psec Molecular Dynamics
simulation (Hirono and Kollman, 1990) and the energy was minimized using CHARMM
(McKelvey et al., 1991). Possible docking orientations between CS and MDH isoforms were
manually determined using the solid docking feature of Quanta. The interaction energy of close
contacts between atoms (Molecular Simulations, Inc., Burlington) is monitored during this process
to maximize topological complementarity at the protein interface. PDB files of docking proteins
were converted into molecular models for visualization using the program O 5.1 (Alwyn Jones,
Uppsala University) on a Silicon Graphics INDY workstation. Images were produced using
Kodak Gold Plus ASA 100 film and a Nikon N6006 camera.
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RESULTS:

Simulated interactions between mMDH and CS.
mMDH and CS are predicted to form a complex that aligns the active sites of these

enzymes. mMDH is a 2-fold symmetrical homodimer and is characterized by a large pocket domain
(Gleason et al., 1994) (Figure 1). CS is also a homodimer with 2-fold symmetry and is noted for a
large set of symmetrical alpha helices that wrap around the globular enzyme core (Remington et al.,
1982) (Figure 2). Manipulation of these proteins revealed one specific orientation that resulted in
the maximum surface area contact with the highest degree of topological complementarity (Figure
3). The most striking feature of this interaction between mMDH and CS was the unique "lock and
key" type of association between the two proteins. The pocket domain on mMDH is filled by the
protruding alpha helical globular domain from CS (Figure 3).

Domains at the protein-protein interface were identified on the surfaces of both mMDH and
CS. mMDH (Figure 4) has four domains that come in contact with two symmetrical alpha helical
domains protruding from CS (Figure 2). The types of residues in the interaction domains were
examined in order to determine what forces might be involved at the protein-protein interface. Polar
uncharged residues occupy most of the interior surface area of the CS-binding pocket domain of
mMDH. Charged residues decorate the solvent-exposed interaction domains outside of the pocket
on both mMDH and CS. Ionic and van der Waals forces are thus predicted to define enzyme-
enzyme interactions between mMDH and CS. Hydrogen bonding contributions could not be
effectively examined due to computational constraints, however.

A cavity is created between the active sites of mMDH and CS that is consistent with the
requirement of intermediate channeling. The structural organization of these enzymes is postulated
to account for the channeling of oxaloacetate from the active site of mMDH to that of CS. Among
the possible docking orientations between these two enzymes, the orientation shown in Figure 3
brings the active sites of mMDH and CS closest together. A cavity connects the active site of
mMDH to the active site of CS. No other docking orientation could be found that would allow
oxaloacetate to be resonably channeled between mMDH and CS.

cMDH and CS are not predicted to form a complex that is competent to channel
intermediates. cMDH is similar in shape to mMDH, but has unique surface characteristics that
distinguish it from the mitochondrial isoform (Birktoft et al., 1987) (Figure 5). cMDH does not
appear to interact with CS in a similar manner as does mMDH. The residues of cMDH that contact
CS are different than those of mMDH that contact CS. Furthermore, cMDH is rotated by
approximately 45° when bound to CS relative to the binding of mMDH to CS. As a consequence
the active sites of cMDH and CS do not line up (Figure 5 and 6).
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DISCUSSION:
This work highlights both the potential and the limitations of molecular modeling

techniques. We have identified interaction domains on MDH and CS in silico. This model predicts
that ionic forces predominate on domains likely to be solvent-exposed and van der Waals forces
occur within a pocket likely to be solvent-protected. Moreover, a channel connects the two active
sites and provides a conceptual model of how these enzymes may channel intermediates. This
aspect of the model agrees with the theoretical requirements for intermediate channeling. The
structural organization of the mMDH/CS complex should satisfy this requirement for proper
function of the citric acid cycle. Importantly, these interactions between the different isoforms of
MDH and CS have provided predictions that can be tested by experiment.

A significant limitation to this technique of computer modeling of enzyme interactions is the
inability to readily simulate protein-protein interactions in the presence of water. Water is thought
to play a major role in protein-protein interactions (Clegg, 1979). Only recently has a protein
folding event been simulated for a microsecond in aqueous solution (Duan & Kollman, 1998).
Although the interactions between MDH and CS were not simulated in the presence of water,
important predictions about how proteins interact can still be made. The work of Cheng (1998) has
shown that the surface topology of a protein can significantly alter the entropic contribution to the
free energy of protein-protein interactions. Clathrate water structures dominate around nonpolar
convex surfaces, whereas the hydration shell near flat or concave surfaces fluctuates between
pseudoclathrate and disordered structures.  This indicates that dehydration of the lock and key
domains on mMDH and CS, respectively, can be a substantial driving force to promote protein-
protein interactions.

 Enzymes are dynamic structures in vivo. It is known that both mMDH and CS change
conformation by as much as 15 Å upon substrate binding (Remington, 1992). These alterations
could play a role in stabilizing binding between mMDH, CS, and other citric acid cycle enzymes.
Molecular motions and their contribution to interactions between MDH and CS cannot be
accounted for using this method, but probably play an important role in vivo.

The structural differences between the two isoforms of MDH may have evolutionary
significance. These isoforms fulfill different roles in the cell and the interactions in which these
enzymes normally participate have, in theory, selected for residues that allow these enzymes to
function. Unlike mMDH, cMDH does not come into contact with CS in the cell. The differences
between the interaction domains of mMDH and cMDH may reflect the mutations these proteins
have aquired through the course of evolution, mutations that, in theory, have refined protein-
protein interactions to satisfy the requirements of the cell (McConkey, 1982). This may account for
the differences between the cytosolic and mitochondrial isoforms of MDH.

In summary, this project has predicted a unique docking association between mMDH and
CS which may be mediated via van der Waals and ionic interactions. This docked configuration
also satisfies spatial requirements consistent with the channeling of intermediates from one active
site to the next. In support of this conclusion, subsequent simulations have extended this work by
showing that in no other docking orientation could intermediates be channeled effectively from
mMDH to CS. Elcock (1996) showed that when mMDH and CS interact in this orientation an
electrostatic channel is formed (Figure 3) that shuttles oxaloacetate from the active site of mMDH to
CS with 45% efficiency. In the absence of electrostatic forces less than 1% of the oxaloacacetate
molecules leaving mMDH enter the CS active site. Molecular modeling can provide effective tool
for the examination of specific protein-protein interactions. This tool provides a theoretical
foundation for evaluating experimental data and provides a means for predicting the roles of
enzyme-enzyme interactions in the function of metabollic pathways in vivo.
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Click on figure TITLE to link to figure:

Figure 1. Structure of the porcine heart mMDH.

Carbon backbone diagram of porcine heart mMDH. This enzyme is a homodimer with 2-fold
symetry. Each monomer has an active site. The active sites is indicated by the stars.

A. Side view of homodimer. The X axis is horizontal and the Y axis is vertical. The amino
terminus is indicated by the N.
B. 90° rotation of side view of homodimer. The Y axis is vertical and the Z axis is now horizontal.
The carboxyl terminus is indicated by the C.
C. Top view of homodimer. The 2-fold symmetry is evident. The white box (residues 22 - 39)
and circles (residues 425 - 437) indicates the predicted placement of the CS interaction domains
into the binding pocket of cMDH. Notice that the placement of CS residues 22 - 39 separates the
active sites mMDH. When CS and mMDH are bound in this fashion the active sites of CS align
with the active sites of mMDH.
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Figure 2. Structure of CS.

Carbon backbone diagram of porcine heart citrate synthase (red). This enzyme is a homodimer
with 2-fold symmetry. Each monomer has an acitve site. The active sites are indicated by the stars.

A. Side view of homodimer. The carboxyl terminus is indicated by the C.
B. 90° rotation of side view of homodimer. The amino terminus is indicated by the N.
C. 90° rotation of side view with predicted interaction domains highlighted (blue tubes). Peptides
fold into a set of symmetrical alpha helical domains. Amino acid residues corresponding to these
helices, 22 - 39 and 425 - 437, are indicated.
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Figure 3. Predicted molecular interactions between mMDH and CS.

Diagram of the predicted interactions between mMDH and CS. Carbon backbone of CS is in red
while the carbon backbone of mMDH is shown in green. The acive sites are indicated by the stars.
Although difficult to see in these 2-dimensional photographs, an unobstructed cavity is created
between the two enzymes that connects the active sites of mMDH to the active sites of CS (as
indicated by the arrows).

A. Side view of interacting enzymes.
B. 90° rotation of interacting enzymes.
C. Highlighted interaction domains on the surface of these enzymes. Blue coils are amino acid
residues 425 - 437 on CS. Purple coils are amino acid residues 234 - 248 on mMDH.
D. Highlighted interaction domains on the surface of these enzymes. Blue coils are amino acid
residues 425 - 437 on CS. Purple coils are amino acid residues 1 - 4 on mMDH.
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Figure 4. Predicted interaction domains of mMDH.

Carbon backbone of mMDH (green) with predicted interaction domains highlighted in purple. The
active sites are indicated by the stars. The amino and carboxyl termini are indicated by N and C,
respectively.

A. Amino terminal residues 1 - 4.
B. Amino acid residues 21 - 28.
C. Amino acid residues 161 - 168.
D. Amino acid residues 234 - 248.
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Figure 5. Structure of cMDH.

Carbon backbone of the cytosolic isoform of MDH. cMDH is a two-fold symmetrical homodimer.
The active sites are indicated by the stars.

A. Top view of enzyme looking down into the potential binding pocket.
B. Potential interaction domains of cMDH that are predicted to contact CS are highlighted as
purple tubes. The residues corresponding to these domians are indicated. The white box (residues
22 - 39) and circles (residues 425 - 437) indicates the placement of the CS interaction domains into
the binding pocket of cMDH. Notice how the alignment of these CS interaction domains are rotated
by approximately 45° when bound to cMDH relative to mMDH. When CS and cMDH are bound in
this fashion the active sites of CS do not align with the active sites of cMDH. Residues
coresponding to the interaction domains of cMDH are indicated by the following designations:
a. 1 - 4
b. 29 - 34
c. 196 - 206
d. 263 - 257
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Figure 6. Molecular interactions between CS and cMDH.

Carbon backbone of interacting CS (red) and cMDH (yellow). This docking orientation represents
the best fit model for these two enzymes according to solid docking analysis using Quanta 4.0. The
amino and carboxyl termini are indicated by N and C, respectively.

A. Side view of interacting proteins.
B. 90° rotation of docked proteins with interaction domains highlighted. Residues 425 - 437 of CS
are represented as blue tubes, and residues 1 - 4, 196 - 206, and 257 - 263 of cMDH are
represented as purple tubes.
C. Side view of docked proteins with highlighted interaction domains. Residues 22 - 39 of CS
represented as blue tubes, and residues 196 -206 of cMDH are represented as purple tubes.
D. 90° rotation of docked proteins with interaction domains highlighted. Residues 22 - 39 of CS
are represented as blue tubes, and residues 257 - 263 of cMDH are represented as purple tubes.


