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Association of the malate
dehydrogenase-citrate synthase
metabolon is modulated

by intermediates of the Krebs
tricarboxylic acid cycle

Joy Omini?, Izabela Wojciechowska?, Aleksandra Skirycz**, Hideaki Moriyama3 &
Toshihiro Obata®*

Mitochondrial malate dehydrogenase (MDH)-citrate synthase (CS) multi-enzyme complex is a part of
the Krebs tricarboxylic acid (TCA) cycle ‘metabolon’ which is enzyme machinery catalyzing sequential
reactions without diffusion of reaction intermediates into a bulk matrix. This complex is assumed to
be a dynamic structure involved in the regulation of the cycle by enhancing metabolic flux. Microscale
Thermophoresis analysis of the porcine heart MDH-CS complex revealed that substrates of the MDH
and CS reactions, NAD* and acetyl-CoA, enhance complex association while products of the reactions,
NADH and citrate, weaken the affinity of the complex. Oxaloacetate enhanced the interaction only
when it was present together with acetyl-CoA. Structural modeling using published CS structures
suggested that the binding of these substrates can stabilize the closed format of CS which favors

the MDH-CS association. Two other TCA cycle intermediates, ATP, and low pH also enhanced the
association of the complex. These results suggest that dynamic formation of the MDH-CS multi-
enzyme complex is modulated by metabolic factors responding to respiratory metabolism, and it may
function in the feedback regulation of the cycle and adjacent metabolic pathways.

Multi-enzyme complexes are involved in various metabolic pathways in the cell', including the Krebs-tricar-
boxylic acid (TCA) cycle where citrate synthase (CS) and malate dehydrogenase (MDH) form a complex by an
electrostatic interaction involving arginine residues of the CS (65Arg and 67Arg)?. This multi-enzyme complex
channels the reaction intermediate, oxaloacetate (OAA), within the complex to prevent its diffusion to the cellular
matrix>®. The formation of such a multi-enzyme complex mediating substrate channeling, so-called ‘metabo-
lon, has many potential advantages including enhancement of pathway flux due to increased local substrate
concentration near the enzyme reaction center, protection of intermediates, and catalytic centers from inhibitors
and competing pathways, and increased stability of intermediates®>¢. Therefore, the dynamic association and
dissociation of the TCA cycle metabolon can be a means of regulating metabolic fluxes through the cycle and
adjacent metabolic pathways. The MDH-CS multi-enzyme complex is particularly interesting because concen-
trations of OAA in the mitochondrial matrix are believed to be insufficient to sustain the determined rate of the
TCA cycle’. MDH forward reaction producing OAA is thermodynamically unfavorable at physiological pH and
OAA concentration and predicted to constrain the pathway flux®®. The MDH-CS complex and metabolite chan-
neling have been considered essential to achieve high OAA concentration at the CS reaction center to overcome
the thermodynamic limitations>®%°. Therefore, this multi-enzyme complex is conserved in multiple domains
of life including bacteria, plants, and mammals™'’, and likely evolved at the early stage of pathway evolution as
essential machinery to efficiently complete the cycle'!.

The TCA cycle feeds anabolic processes and participates in energy metabolism, being responsible for the
oxidation of respiratory substrates to drive ATP synthesis. Oxidative phosphorylation involves the pumping of
protons by the respiratory chain and back-flux of protons across ATP synthase leading to changes in matrix pH'?.
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The TCA cycle is very tightly regulated by various factors in the mitochondrial matrix®. The cycle is regulated
primarily by the mitochondrial NAD*/NADH ratio which is directly related to the mitochondrial ATP/ADP
ratio that signals energy level in the cell®. NADH inhibits all the regulatory enzymes of the cycle, it functions
as a feedback inhibitor to downregulate the TCA cycle and further the ATP production®'®. Additionally, ample
acetyl-CoA (which is a product of oxidative pathways including glycolysis and lipid p-oxidation) upregulates
flux through the cycle as an allosteric regulator causing a conformational change to the CS structure to enhance
catalytic activity'*. Thus, activities of the TCA cycle enzymes are regulated by various products and substrates of
oxidative pathways and anabolic processes. Therefore, it is reasonable to assume that these allosteric regulators
control not only the enzyme activities but also transient multi-enzyme complex formation through conforma-
tional changes of individual enzymes. We hypothesize that metabolites whose levels fluctuate in the mitochon-
drial matrix depending on the metabolic flux through the TCA cycle and adjacent metabolic pathways regulate
multi-enzyme complex formation as a means of feedback regulation of these pathways. In this work, we explore
the effects of metabolites and pH on the affinity of the MDH-CS multi-enzyme complex in vitro. We also com-
putationally evaluate the effect of ligand binding on already established CS structures and accessibility of the
65Arg and 67Arg residues for multi-enzyme complex formation. The results showed the effects of the metabolic
intermediates on the affinity of the MDH-CS complex, suggestive of the dynamics and function of the multi-
enzyme complex in the regulation of the TCA cycle and adjacent pathways.

Results

To determine the effect on the binding affinity of the MDH-CS complex, we assessed the affinity of the com-
plex in the presence of various metabolites in the mitochondrial matrix whose concentrations are expected
to alter depending on the respiratory activity. The K, value of MDH-CS interaction was determined by MST
as 2.29+0.46 uM in the control condition when CS was used as the ligand (Fig. 1A, green curve). No binding
was observed when MDH was incubated with bovine serum albumin (Fig. S1 in Supplementary Information,
orange curve).

Effects of the metabolites involved in the reactions catalyzed by MDH and CS.  The presence of
10 mM of the substrates of MDH and CS reactions led to significant changes in the K, of the complex. The addi-
tion of acetyl-CoA and NAD" significantly reduced the K, to 1.10+0.23 and 0.89 £0.26, while malate slightly but
not significantly reduced K, to 1.80+0.17 uM (Fig. 1A). On the other hand, products of these reactions, NADH
and citrate, significantly increased the K values to 7.50 £ 0.60 uM and 25.1 £6.3 uM, respectively (Fig. 1B). The
effect of CoA on the affinity of this complex was not significant (K4 2.32+1.15 uM; Fig. 1B). Thus, substrates of
the MDH and CS reactions increased complex association while products of the reaction decreased it.
MDH-CS multienzyme complex channels oxaloacetate by electropositive interaction®". Oxaloacetate did not
alter the dissociation constant of this complex (K4=2.23 +0.60 uM; Fig. 1C). We evaluated the effect of oxaloac-
etate, in the presence of NADH or acetyl-CoA which are other substrates involved in the enzyme reactions. The
addition of NADH together with oxaloacetate (Fig. 1C) did not significantly alter the binding affinity of MDH
and CS (K4=2.01%0.79 uM). However, oxaloacetate together with acetyl-CoA significantly reduced the K, to
0.52+0.11 puM (Fig. 1C) in comparison to those at both the control condition and the presence of acetyl-CoA.
Hence, OAA altered the affinity of the multienzyme complex association only in the presence of acetyl-CoA.

Alteration of CS structure by the interaction with acetyl-CoA and OAA.  To gain insight into how
two substrates of the CS reaction synergistically increased the MDH-CS binding affinity, we evaluated the effect
of these intermediates on the structure and conformation of CS. Two previously established porcine CS struc-
tures, which were solved in the presence of citrate and citrate with CoA referred to as the open (PDB Icts;
Fig. 2A) and closed formats (PDB 2cts; Fig. 2C), respectively'®, were used for computational analyses. These
formats are believed to be the form to accept the substrates and release the products and that to carry out cata-
lytic steps with its active site buried deep within the protein, respectively'’. The bottom half domain was well
conserved, and the top half was inconsistent between these two conformations (Fig. 2B). The distribution of the
surface charges was reallocated between the open and closed formats (Fig. 2D and E). While the patches are
negatively charged and hydrophobic on the surface near the active site in the open format (Fig. 2D), positively
charged patches become dominant in the closed format (Fig. 2E). Acetyl-CoA forms hydrogen bonds with the
274His and 375Asp at the CS active site as the first step in the reaction'®. The structural modeling of the acetyl-
CoA localization in the closed format of CS suggested that acetyl-CoA also forms hydrogen bonds with A46Arg
and B164Arg (A and B represent the subunits of the CS homodimer) in the bottom conserved domain, and
B164Arg is connected to A366Lys in the top mobile domain through acetyl-CoA (Fig. 2B). Thus, the presence of
acetyl-CoA in the catalytic site of CS likely favors the closed format of CS protein by forming a hydrogen bond
network.

MDH protein (PDB 1mld) is predicted to interact with open and closed CS differently (Fig. 2F&G). ZDOC
score, a relative binding energy function calculated by ZDOC, of the 65Arg residue was larger in closed format
than open format, indicating that CS in closed format binds better with MDH (Table S2 in Supplementary
Information). The closed CS also has a larger accessible surface area, buried surface area after binding, and
more hydrogen bonds with MDH than the open format (Table S2 in Supplementary Information). These results
indicate that the CS in the closed format favors MDH binding.

Acetyl-CoA also allosterically regulates CS activity'®. Our structural modeling predicted one potential acetyl-
CoA binding site in the CS apoenzyme in the open format that locates very close to the 65Arg and 67Arg involved
in the interaction between MDH and CS (Fig. 2F).
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Figure 1. Effects of metabolites involved in the MDH and CS reactions on the affinity of the MDH-CS
multi-enzyme complex. The affinity of the MDH-CS multi-enzyme complex was analyzed by microscale
thermophoresis (MST) using fluorescently labeled MDH and CS as the ligand. Curves represent the response
(fraction bound) against CS concentration (M). The interaction was assessed in the MST buffer (control, green)
or those with 10 mM of metabolites. Error bars represent the standard deviations of three measurements.
Asterisks indicate the conditions that showed significant K differences with no K4 confidence overlap with

the control. (A) Effects of reaction substrates of MDH and CS. The MDH-CS interaction was assessed in the
presence of acetyl-CoA (red), NAD" (blue), or malate (brown). (B) Effects of reaction products of CS and MDH.
The MDH-CS interaction was assessed in the presence of CoA (grey), NADH (orange), or citrate (green). (C)
Effects of the oxalacetate (OAA) in combination with other CS substrates. The effects of sole substrates, acetyl-
CoA (red), OAA (blue), and NADH (orange), as well as their combinations, OAA/acetyl-CoA (purple) and
OAA/NADH (gray), were analyzed.
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«Figure 2. Effect of acetyl-CoA binding on CS structure. (A) The open format of CS (PDB ID, lcts) in a cartoon
model, with cylindrical a-helices containing a citrate molecule in a stick model. Subunits A and B are colored
white and cyan, respectively. Key residues, A266Lys, A46Arg, and B164Arg, are shown in the sticks’ side chains.
The residues are shown in the order of the chain name, residue number, and amino acid. the dimer structure
was generated using crystallographic symmetry. One active site domain composed mainly by the A-chain is
shown. (B) The superimposed model between the open (1cts; white) and close (2cts; wheat) formats. The citrate
molecule is at the same location with a slight rotation. The CoA molecule is present only in the closed format.
The molecular domain shown can be divided into the movable upper half and the rigid bottom half. In the
bottom domain, A45Arg and B146Arg are shown in the stick model. The locations of those two Ca in Arg are
almost consistent between the open and close formats. The top half domain is movable. The motion is visible
as the rotation of a-helices represented by A312Gly and A365Gly, indicated by arrows. The A366Lys moves
inward and forms a hydrogen bond network A366Lys (NZ):: A438COA(O8A):: B164Arg(NHI). (C) The closed
format of CS (PDB ID, 2cts) with citrate and CoA molecules in stick models. (D) The surface electrostatic
potential of the open format CS excluding ligands. Calculations were performed in the vacuum environment
and ranged between — 71 and +71. Red and blue represent the negative and positive potentials. The domain
shown corresponds to panel A. Patches of negative charge (NC) and hydrophobic area (HF) are observed. (E)
The surface electrostatic potential of the closed format CS excluding ligands. The domain shown corresponds to
panel D. Patches of positive charge (PC1, PC2) are observed. (F and G) Simulated interactions between MDH
(green) and CS in open (F; white) and close (G; wheat) formats. The 65Arg and 67 Arg residues that are involved
in the MDH-CS interaction are highlighted in blue. Active site residues, His 274, His320 (blue), and Asp375
(red) were shown. Residues involved in the binding are listed in Table S2. (H) Predicted acetyl-CoA binding
sites in CS apoenzyme. The white surface model of the CS apoenzyme in the open format is shown. The 274His,
320His, 65Arg, and 67Arg residues are highlighted in blue. The orange mesh indicates the positions of acetyl-
CoA at the predicted binding sites. White and orange stick models indicate the citrate and CoA in the reported
crystal structure, respectively.

Effects of other TCA cycle intermediates. Since the TCA cycle intermediates are known to allosteri-
cally regulate the activities of the enzymes of the cycle, we tested the effect of these intermediates on the binding
affinity of the MDH-CS multi-enzyme complex. Succinate and a-ketoglutarate significantly reduced the Ky of
the interaction to 0.18 +0.41 uM and 1.14£0.21 uM, respectively (Table 1). No significant effect on the MDH-
CS complex affinity was observed by the addition of fumarate and succinyl-CoA into the test solution (Table 1).
Thus, succinate and a-ketoglutarate increased the binding affinity of this complex, while citrate decreased bind-
ing affinity (Table 1, Fig. 1B).

Effects of the indicators of mitochondrial energy status. The TCA cycle is an amphibolic path-
way. The catabolic role of this cycle is to generate reducing equivalents that are used in the electron transport
chain for oxidative phosphorylation. The energy level in the cell is closely related to respiratory activities which
must be constantly regulated in response to metabolic conditions. To determine whether energy molecules in
the mitochondria have any effect on the binding affinity of the MDH-CS complex, we evaluated the binding
affinity of the complex in the presence of 10 mM AMP, ADP, and ATP. AMP and ADP did not significantly
affect the K values (3.10£0.62 uM and 2.24+0.56 uM for AMP and ADP, respectively; Fig. 3A). There was a
significant increase in the binding affinity of the MDH-CS complex in the presence of ATP with the Ky reduced
t0 0.46£0.03 uM (Fig. 3A). The reduction of K, was also observed at lower concentrations of ATP with a dose-
dependent trend; the K, value reduced with increasing ATP concentration (Fig. 3B). The presence of 1.25, 5, 10,
and 20 mM of ATP significantly reduced the Ky of MDH-CS interaction to 1.06+0.26, 0.77 +0.30, 0.76 £0.11,
and 0.72+0.15 uM, respectively, in comparison to the control condition. The pH in the mitochondrial matrix
changes in response to the electron transport chain activities which are closely related to the energy status'.
Resting matrix pH ranges between pH 7 and 8, and when protons diffuse back into the matrix to drive ATP
synthesis, the matrix pH becomes more acidic down to pH 6%. To assess the effect of pH in the mitochondrial
matrix on the MDH-CS complex affinity, we monitored binding affinity in the pH range between 6.0 and 8.0.
MDH-CS interaction in pH 8 MST buffer (control) yielded a K4 of 2.29+0.46 uM (Fig. 3C). At pH 6 and 7, the
K4 values were 0.68 +0.05 uM and 1.60 +0.45 uM, respectively, and significant differences were observed when
the control group (pH 8) was compared with pH 6.

Discussion

Here, we report the effects of metabolic intermediates as regulators of MDH-CS multi-enzyme complex forma-
tion in vitro. Many of the tested intermediates related to the TCA cycle either enhanced or reduced the affinity
of the enzyme complex, suggesting their functions in the dynamic regulation of the TCA cycle metabolon in
response to the metabolic status in the mitochondrial matrix. We tested the effects of metabolites at a high con-
centration of 10 mM to capture any possible effects of compounds. This is a much higher concentration than
the reported concentrations of the metabolites in the mitochondria®!, which is calculated with an assumption
of equal metabolite distribution in the mitochondria. However, a higher concentration is achievable by local
metabolite accumulation in microcompartments such as a metabolon??-?%. It should be noted that the effects of
these metabolites on the MDH-CS complex are compound-specific as some metabolites showed no effect even
at this high concentration. Additionally, ATP had significant effects on MDH-CS binding even at the reported
concentration range in mammalian mitochondria?!'. Thus, the observed effects of metabolites on MDH-CS
interaction are likely reproducible in living cells.
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Intermediate (10 mM) K, £ K, confidence (uM)
Control 2.29+0.46

Citrate 25.1+£6.3*

Oxaloacetate 2.23+0.60

Malate 1.85+0.17

Succinyl CoA 1.97+0.48
a-ketoglutarate 1.14+0.21*

Fumarate 1.58+0.37

Succinate 0.18+0.41*

Table 1. Effects of the TCA cycle intermediates on the affinity of the MDH-CS complex Data are presented as
K4+ Ky confidence. Asterisks represent metabolites that showed significant differences with no Ky confidence
overlap with the control. The data for citrate, oxaloacetate, and malate are the same as Fig. 1.

Interestingly, the compounds produced by the MDH and CS reactions (citrate and NADH) reduced the
affinity of the complex, whereas the substrates of the reactions (acetyl-CoA and NAD") and the TCA cycle
intermediates (a-ketoglutarate and succinate) enhanced it. These results suggest the possible function of the
MDH-CS multi-enzyme complex in feedback regulation of the TCA cycle flux. Assuming that the metabolon
enhances the MDH-CS forward reactions, the responses of the MDH-CS complex to the metabolite availabilities
would facilitate the forward flux of the cycle when the substrates of the reactions are abundant and suppress it
when the products accumulate. Our results corroborate with the modeling results showing that the decrease in
NAD*":NADH ratio reduced the thermodynamic driving force for the MDH forward reaction and led to the accu-
mulation of the reactant-malate and vice versa®. Additionally, the majority of the TCA cycle enzymes are known
to be allosterically regulated by various compounds related to the cycle leading to the feedback regulations®.
Our results indicate that these metabolites regulate the TCA cycle flux via multiple mechanisms including the
regulation of metabolon formation enabling the fine-tuning of the TCA cycle flux.

The regulation of the MDH-CS association by metabolites can contribute to the diurnal oscillation of the TCA
cycle. Mitochondrial metabolism including the TCA cycle activity oscillates diurnally® leading to the rhythmic
accumulation of metabolic intermediates in various organisms*>”’. NAD* and ATP, which enhanced MDH-CS
complex association in the current study, show diurnal oscillation and play a crucial role to synchronize oxida-
tive metabolic pathways via the circadian control of enzyme acetylation by NAD*-dependent deacetylase in
mice”. These metabolites may also contribute to enhancing the TCA cycle flux by increasing the affinity of the
MDH-CS complex. Citrate accumulates in plant leaves during the night and the concentration peaks at dawn?®2,
Hence, accumulated citrate may dissociate the MDH-CS complex to reduce the TCA cycle flux in daytime*-*.

It should be noted that the metabolites that affected the MDH-CS complex affinity in this study are also
involved in other metabolic pathways. Therefore, the observed effects of the intermediates may also function in
balancing metabolic fluxes through the TCA cycle and the related pathways. For instance, citrate can function
to balance the metabolic flux through the TCA cycle and fatty acid biosynthesis. The results in this study indi-
cate that citrate may downregulate the CS reaction by the inhibition of MDH-CS interaction. Accumulation of
citrate also likely stimulates mitochondrial fatty acid synthesis by promoting the polymerization of acetyl-CoA
carboxylase to activate it*!. a-ketoglutarate and succinate enhanced the interaction of the MDH-CS multi-enzyme
complex in this study. While these metabolites are TCA cycle intermediates, a-ketoglutarate is also derived
from the transamination of amino acids*. Succinate is a substrate for succinate dehydrogenase of the electron
transport chain (complex IT), which couples the TCA cycle and the respiratory chain®. These metabolites both
enter the TCA cycle as anaplerotic intermediates. These oxidative pathways are activated to produce ATP when
the energy status is low?*. Therefore, it is reasonable that these metabolites facilitate the MDH-CS interaction to
enhance the TCA cycle flux to further enhance the production of reducing equivalent and ATP. OAA is another
metabolite at a branching point of metabolic pathways. OAA is a substrate for aspartate aminotransferase (AAT)
which converts OAA to aspartate using glutamate as the amino donor. As the AAT reaction mediates significantly
higher flux than the TCA cycle at least in some mammalian tissues®, the TCA cycle competes for OAA with the
AAT reaction in vivo. Accumulation of acetyl-CoA likely facilitates metabolic flux through the TCA cycle over
the AAT pathway at this branch point by promoting MDH-CS complex formation and metabolite channeling
of OAA to limit its accessibility to AAT®. Interestingly, the co-presence of both acetyl-CoA and OAA further
enhances the interaction in this study, which most likely strengthens the re-direction of metabolic flux to the
TCA cycle. Such a multi-step mechanism may enable the fine-tuning of the metabolic flux through the pathways.

The effects of CS substrates on the MDH-CS complex affinity observed in this study are partially explained
by the conformational changes taking place when compounds are bound and released from the enzymes. The
binding of acetyl-CoA to the substrate-binding site puts CS in the closed format which favors MDH binding.
Additionally, dominant positive charges in the closed format likely enhance electrostatic interaction with MDH.
This positive electrostatic potential extending over much of the surface of the protein probably also favors
metabolite channeling by the electrostatic interactions with the negatively charged substrate®*’. These suggest
that CS is in the closed format in the MDH-CS metabolon, while direct experimental evidence is missing.

OAA alone did not affect the binding affinity of the two enzymes. This agrees with the report of Tompa et al.*®
in which 10* M OAA did not affect the enzyme interaction. The insignificant effect of OAA might be due to the
location of the OAA binding site deep in the cleft of the catalytic active site (Fig. 2) which would have a limited
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Figure 3. Effects of mitochondrial energy status on the affinity of the MDH-CS multi-enzyme complex.

The affinity of the MDH-CS multi-enzyme complex was analyzed by microscale thermophoresis (MST)

using fluorescently labeled MDH and CS as the ligands. Points and bars represent the means, and the error
bars represent the standard deviations of three measurements. Asterisks indicate the conditions that showed
significant Ky differences with no K confidence overlap with the control. (A) Effects of 10 mM ATP (red), ADP
(brown), and AMP (blue) on the interaction between CS and MDH. Curves represent the response (fraction
bound) against CS concentration (M). The interaction was assessed in the MST buffer (control, green circle) or
those with 10 mM of metabolites. (B) Dose-dependent effect of ATP on the dissociation constant (Ky) of the
MDH-CS interaction. K4 was calculated from the response curve against CS concentration. (C) Effects of pH.
Curves represent the response (fraction bound) against CS concentration. The interaction was assessed in the
MST buffer with pH 8.0 (control, green) or that with pH 6.0 (red) and 7.0 (blue).

effect on the transition to the closed format. On the other hand, acetyl-CoA makes hydrogen bonds with residues
in the mobile domain and can contribute to stabilizing the closed format. In the presence of acetyl-CoA, OAA
significantly increased the affinity of the MDH-CS complex likely by further stabilizing the close format in which
the CS reaction takes place. Alternatively, this effect could be a result of a conformational change that occurs
when acetyl-CoA binds to the CS active site. Acetyl-CoA is considered important for the proper positioning of
OAA in the active site of CS. When acetyl-CoA is absent, CS is highly flexible and unstructured, which prevents
OAA from proper positioning in the active site*. These can explain the need for acetyl-CoA in the function of
OAA to modulate the interaction of the MDH-CS complex.

The structural modeling in this study also indicates that the binding of acetyl-CoA to potential allosteric
sites can facilitate MDH-CS complex formation by bringing MDH residues closer to the CS arginine residues
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which contribute to the electrostatic forces responsible for the protein-protein interaction®. We observed that
a-ketoglutarate, which has been reported as allosteric effectors of the CS activity**-** also significantly increased
the binding affinity of the MDH-CS complex. Our simulation indicated that this compound did not share the
same binding site as acetyl-CoA (Fig. S2 in Supplementary Information), indicating that the enhancing effect of
ATP and a-ketoglutarate on the multi-enzyme complex formation is likely not based on the same mechanism
as that of acetyl-CoA.

Mitochondrial energy status can also affect the formation of the MDH-CS complex. It is reasonable since
energy production is one of the significant outcomes of respiratory metabolism. ATP plays an important role
in the regulation of metabolism, and it fluctuates with changes in metabolic conditions. It has been reported
as an allosteric*! and competitive inhibitor of CS for acetyl-CoA*. In this study, we observed a concentration-
dependent positive effect of ATP on the binding affinity of the MDH-CS complex. Variations in the pH of the
mitochondrial matrix reflect the pumping of protons by the respiratory chain and back-flux of protons across
the ATP synthase'? and range between pH 6 to 8*>**. Protons return to the matrix through’ ATP synthase driv-
ing the synthesis of ATP*, and an increase in H* concentration will lead to a slight drop in pH. The significant
difference in binding affinity of MDH and CS was observed when the pH 6 condition was compared to pH 8,
suggesting that the MDH-CS complex formation is likely affected by the pH changes in the mitochondrial matrix
that occur with ATP synthesis. Our results indicate that the energy-rich conditions can favor the interaction
of MDH-CS, which is expected to further increase ATP production, although the metabolic and physiological
relevance of this regulation is still unclear. These regulations might be related to the recycling of deuterium
depleted water by the hydration reaction of the CS and other hydration enzymes of the TCA cycle*. Deuterium
depleted water is proposed to activate the electron transport through mitochondria electron transport chain®.
The enhancement of the MDH-CS interaction at high energy status may facilitate the recycling of deuterium
depleted water to coordinate the mitochondrial electron transport chain and the TCA cycle, although this should
be experimentally tested.

Our study showed that substrates of individual MDH and CS enzymes, which have been reported to increase
the reaction rates, favor MDH-CS multi-enzyme complex association. On the other hand, reaction products that
inhibit the forward reactions favor dissociation of the complex. The results also suggest that metabolites used
for anabolic processes dissociate the complex while products of catabolic processes enhance it. These results
indicate that the TCA cycle metabolon would dynamically interact depending on the accumulation of metabolic
intermediates and is probably involved in a switch between catabolic and anabolic processes as a mechanism
underlying metabolic network regulation. The dynamics of the MDH-CS complex association and its relation-
ship with metabolic flux distributions in central carbon metabolism and local metabolite concentrations in the
mitochondrial matrix should be analyzed in a living system to evaluate the metabolic functions of the dynamic
metabolon.

Methods

Materials. Mitochondrial CS (#SLCC7842) and MDH (#SLCD5169) isolated from porcine hearts were pur-
chased from Millipore Sigma (Miinchen, Germany). MST dilution Buffer was composed of 0.1 M potassium
phosphate buffer containing 0.05% Tween 20 with pH 8 unless otherwise stated.

Sample preparation. Fluorescence labeling of the target protein (MDH) was performed by Red N-hydroxy
succinimide (NHS) 2nd generation (NanoTemper Technologies GmbH, Miinchen, Germany) following the
manufacturer’s protocol. Ammonium sulfate suspension of the MDH was centrifuged at 23,000 x g for 1 min at
4 °C and the precipitate was resuspended in the labeling buffer to gain 90 pL of 10 uM MDH and mixed with 10
uL of 300 uM of dye (NanoTemper Technologies) prepared in dimethyl sulfoxide to create 100 pl of dye-protein
solution. This was incubated in the dark for 30 min at room temperature. Unbound fluorophores were removed
by a desalting column using MST buffer as the running buffer. Labeled protein was diluted with MST buffer to
obtain final fluorescent counts between 500-1000 FU. Fifty microlitres of ammonium sulfate suspension of the
ligand protein (CS) was centrifuged and resuspended in 25 pl of the MST buffer to gain 30 uM CS solution. A
twofold CS dilution series was prepared with the MST buffer across eight tubes. A series of eight dilutions was
used because there was no binding at lower concentrations, and higher concentrations of CS were difficult to be
achieved with the commercially available enzyme products. No binding could be detected when CS was labeled
and MDH was used as the ligand protein. Ten microliters of the diluted ligand protein solution were mixed with
an equal volume of the target protein solution to be analyzed. The effects of the metabolites on the affinity of the
MDH-CS complex were examined by adding the metabolites to the MST buffer to be 10 mM final concentra-
tions. To test the effects of pH, the MST buffer was prepared with pH 6 and 7 potassium phosphate buffers.

Microscale thermophoresis (MST) assay. MST experiments were performed by a Nano Temper Mono-
lith NT.115 device (NanoTemper Technologies) using nano-red excitation. Samples were loaded into premium-
coated capillaries (NanoTemper Technologies) and analyzed with MST power 40%, excitation power 80%, and
the time windows of 5 s before, 30 s during, and 5 s after the IR-laser. The temperature of the instrument was set
to 23 °C for all measurements.

Data analysis. All measurements were conducted with three replicates and the results were presented
as mean values * standard deviation. After recording the MST time traces, data were analyzed using the MO
Affinity Analysis software (Nano Temper Technologies) by temperature jump (T-Jump) analysis, and the values
obtained were normalized and plotted against the CS concentration. The dissociation constants (K;) with confi-
dence intervals were determined using the K4 binding model. Graph Pad Prism 9.1.1 (GraphPad Software, San
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Diego, CA, USA) was used to create K;-binding curves. K; values were considered significantly different when
there was no overlap of Kj intervals between the two groups.

Structural modeling. Structural mining and preparation of graphics were performed using PyMOL
Molecular Graphics System, Version 2.4.1 (Schrodinger, LLC, New York, NY, USA). Both CS (PDB ID, Icts
and 2 cts), and MDH (1mld) structures were registered as asymmetric monomers. Dimer formats of enzymes
were generated via the symmetry operations in PyMol. Apo format enzymes were subjected to the prediction
of ligand binding on the Swiss Dock server®; http://www.swissdock.ch). Ligand structures were taken from the
ZINC15 database® via the Swiss Dock server. Neighboring ligand sites were clustered by the Swiss Dock server
(Table S1 in Supplementary Information). In the figures, only the first one structure in the first ten clusters is
shown. Docking experiments were performed between MDH and either open or closed CS by the ZDOCK
server® (https://zdock.umassmed.edu). The binding was performed to fix the CS structures and rotate the MDH
structure. Both CS and MDH were dimerized via symmetry operation using PYMOL. Complexes with the con-
tact surface near 65Arg and 67Arg residues were selected from the top ten binding mates out of 2000 configura-
tions. Surface areas and suffice interactions were evaluated using Proteins, Interfaces, Structures, and Assemblies
(PDBePISA) server® (https://www.ebi.ac.uk/pdbe/pisa/).

Received: 16 July 2021; Accepted: 7 September 2021
Published online: 21 September 2021

References
1. Obata, T. Metabolons in plant primary and secondary metabolism. Phytochem. Rev. 18, 1483-1507 (2019).
2. Bulutogluy, B., Garcia, K. E., Wu, E, Minteer, S. D. & Banta, S. Direct evidence for metabolon formation and substrate channeling
in recombinant TCA cycle enzymes. ACS Chem. Biol. 11, 2847-2853 (2016).
3. Wheeldon, L. et al. Substrate channelling as an approach to cascade reactions. Nat. Chem. 8,299-309 (2016).
. Srere, P. A. The metabolon. Trends Biochem. Sci. 10, 109-110 (1985).
5. Nunes-Nesi, A., Aratjo, W. L., Obata, T. & Fernie, A. R. Regulation of the mitochondrial tricarboxylic acid cycle. Curr. Opin. Plant
Biol. 16, 335-343 (2013).
6. Morgunov, I. & Srere, P. A. Interaction between citrate synthase and malate dehydrogenase. Substrate channeling of oxaloacetate.
J. Biol. Chem. 273, 29540-29544 (1998).
7. Robinson, J. B., Inman, L., Sumegi, B. & Srere, P. A. Further characterization of the Krebs tricarboxylic acid cycle metabolon. J.
Biol. Chem. 262, 1786-1790 (1987).
8. Huang, Y. M., Huber, G. A., Wang, N., Minteer, S. D. & McCammon, J. A. Brownian dynamic study of an enzyme metabolon in
the TCA cycle: Substrate kinetics and channeling. Protein Sci. 27, 463-471 (2018).
9. Noor, E. et al. Pathway thermodynamics highlights kinetic obstacles in central metabolism. PLoS Comput. Biol. 10, e1003483
(2014).
10. Zhang, Y. et al. Protein-protein interactions and metabolite channelling in the plant tricarboxylic acid cycle. Nat. Commun. 8,
15212 (2017).
11. Baldwin, J. E. & Krebs, H. The evolution of metabolic cycles. Nature 291, 381-382 (1981).
12. Santo-Domingo, J. & Demaurex, N. The renaissance of mitochondrial pH. J. Gen. Physiol. 139, 415-423 (2012).
13. Williamson, J. R. & Cooper, R. H. Regulation of the citric acid cycle in mammalian systems. FEBS Lett. 117, K73-K85 (1980).
14. Beeckmans, S. Some structural and regulatory aspects of citrate synthase. Int. J. Biochem. 16, 341-351 (1984).
15. Wu, F. & Minteer, S. Krebs cycle metabolon: Structural evidence of substrate channeling revealed by cross-linking and mass
spectrometry. Angew. Chemie Int. Ed. 54, 1851-1854 (2015).
16. Remington, S., Wiegand, G. & Huber, R. Crystallographic refinement and atomic models of two different forms of citrate synthase
at 2.7 and 1.7 A resolution. J. Mol. Biol. 158, 111-152 (1982).
17. Kurz, L. C. et al. Effects of changes in three catalytic residues on the relative stabilities of some of the intermediates and transition
states in the citrate synthase reaction. Biochemistry 37, 9724-9737 (1998).
18. Usher, K. C., Remington, S. J., Martin, D. P. & Drueckhammer, D. G. A very short hydrogen bond provides only moderate stabiliza-
tion of an enzyme-inhibitor complex of citrate synthase. Biochemistry 33, 7753-7759 (1994).
19. Duckworth, H. W. et al. Enzyme-substrate complexes of allosteric citrate synthase: Evidence for a novel intermediate in substrate
binding. Biochim. Biophys. Acta - Proteins Proteomics 1834, 25462553 (2013).
20. Porcelli, A. M. et al. pH difference across the outer mitochondrial membrane measured with a green fluorescent protein mutant.
Biochem. Biophys. Res. Commun. 326, 799-804 (2005).
21. Chen, W. W, Freinkman, E., Wang, T., Birsoy, K. & Sabatini, D. M. Absolute quantification of matrix metabolites reveals the
dynamics of mitochondrial metabolism. Cell 166, 1324-1337.e11 (2016).
22. Zhou, H. X,, Rivas, G. & Minton, A. P. Macromolecular crowding and confinement: Biochemical, biophysical, and potential physi-
ological consequences. Annu. Rev. Biophys. 37, 375-397 (2008).
23. Ellis, R. J. Macromolecular crowding: An important but neglected aspect of the intracellular environment. Curr. Opin. Struct. Biol.
11, 114-119 (2001).
24. Sweetlove, L. ]. & Fernie, A. R. The role of dynamic enzyme assemblies and substrate channelling in metabolic regulation. Nat.
Commun. 9, 2136 (2018).
25. Cannon, W. R. Simulating metabolism with statistical thermodynamics. PLoS ONE 9, 103582 (2014).
26. Urbanczyk-Wochniak, E. et al. Profiling of diurnal patterns of metabolite and transcript abundance in potato (Solanum tuberosum)
leaves. Planta 221, 891-903 (2005).
27. Peek, C. B. et al. Circadian clock NAD* cycle drives mitochondrial oxidative metabolism in mice. Science 342, 1243417 (2013).
28. Rosado-Souza, L. et al. Appropriate thiamin pyrophosphate levels are required for acclimation to changes in photoperiod. Plant
Physiol. 180, 185-197 (2019).
29. Sweetlove, L. ]., Beard, K. E. M., Nunes-Nesi, A., Fernie, A. R. & Ratcliffe, R. G. Not just a circle: Flux modes in the plant TCA cycle.
Trends Plant Sci. 15, 462-470 (2010).
30. Lee, C. P, Eubel, H. & Millar, A. H. Diurnal changes in mitochondrial function reveal daily optimization of light and dark respira-
tory metabolism in Arabidopsis. Mol. Cell. Proteomics 9, 2125-2139 (2010).
31. Brownsey, R. W,, Boone, A. N, Elliott, J. E., Kulpa, J. E. & Lee, W. M. Regulation of acetyl-CoA carboxylase. Biochem. Soc. Trans.
34,223-227 (2006).

IS

Scientific Reports |

(2021) 11:18770 | https://doi.org/10.1038/s41598-021-98314-z nature portfolio


http://www.swissdock.ch
https://zdock.umassmed.edu
https://www.ebi.ac.uk/pdbe/pisa/

www.nature.com/scientificreports/

32. Katunuma, N., Okada, M. & Nishii, Y. Regulation of the urea cycle and TCA cycle by ammonia. Adv. Enzyme Regul. 4, 317-335
(1966).

33. Tretter, L., Patocs, A. & Chinopoulos, C. Succinate, an intermediate in metabolism, signal transduction, ROS, hypoxia, and tumo-
rigenesis. Biochim. Biophys. Acta - Bioenerg. 1857, 1086-1101 (2016).

34. Hardie, D. G, Ross, F. A. & Hawley, S. A. AMPK: A nutrient and energy sensor that maintains energy homeostasis. Nat. Rev. Mol.
Cell Biol. 13, 251-262 (2012).

35. Yudkoff, M., Nelson, D., Daikhin, Y. & Erecinska, M. Tricarboxylic acid cycle in rat brain synaptosomes. Fluxes and interactions
with aspartate aminotransferase and malate/aspartate shuttle. J. Biol. Chem. 269, 27414-27420 (1994).

36. Elcock, A. H. & McCammon, J. A. Evidence for electrostatic channeling in a fusion protein of malate dehydrogenase and citrate
synthase. Biochemistry 35, 12652-12658 (1996).

37. Vélot, C., Mixon, M. B., Teige, M. & Srere, P. A. Model of a quinary structure between Krebs TCA cycle enzymes: A model for the
metabolon. Biochemistry 36, 14271-14276 (1997).

38. Tompa, P, Batke, J., Ovadi, J., Welch, G. R. & Srere, P. A. Quantitation of the interaction between citrate synthase and malate
dehydrogenase. J. Biol. Chem. 262, 6089-6092 (1987).

39. Ferraris, D. M., Spallek, R., Oehlmann, W,, Singh, M. & Rizzi, M. Structures of citrate synthase and malate dehydrogenase of
Mycobacterium tuberculosis. Proteins Struct. Funct. Bioinforma. 83, 389-394 (2015).

40. Weitzman, P. D. ]. & Danson, M. J. Citrate synthase. Curr. Top. Cell. Regul. 10, 161-204 (1976).

41. Smith, C. M. & Williamson, J. R. Inhibition of citrate synthase by succinyl-CoA and other metabolites. FEBS Lett. 18, 35-38 (1971).

42. Martinez-Reyes, I. & Chandel, N. S. Mitochondrial TCA cycle metabolites control physiology and disease. Nat. Commun. 11, 102
(2020).

43. Balut, C. et al. Measurement of cytosolic and mitochondrial pH in living cells during reversible metabolic inhibition. Kidney Int.
73, 226-232 (2008).

44. Abad, M. E C,, Di Benedetto, G., Magalhaes, P. J., Filippin, L. & Pozzan, T. Mitochondrial pH monitored by a new engineered
green fluorescent protein mutant. J. Biol. Chem. 279, 11521-11529 (2004).

45. Sherratt, H. S. Mitochondria: structure and function. Rev Neurol 147, 417-430 (1991).

46. Boros, L. G. et al. Submolecular regulation of cell transformation by deuterium depleting water exchange reactions in the tricar-
boxylic acid substrate cycle. Med. Hypotheses 87, 69-74 (2016).

47. Zhang, X., Gaetani, M., Chernobrovkin, A. & Zubarev, R. A. Anticancer effect of deuterium depleted water—Redox disbalance
leads to oxidative stress. Mol. Cell. Proteomics 18, 2373-2387 (2019).

48. Grosdidier, A., Zoete, V. & Michielin, O. SwissDock, a protein-small molecule docking web service based on EADock DSS. Nucleic
Acids Res. 39, W270-W277 (2011).

49. Sterling, T. & Irwin, J. J. ZINC 15—Ligand discovery for everyone. J. Chem. Inf. Model. 55, 2324-2337 (2015).

50. Pierce, B. G. et al. ZDOCK server: Interactive docking prediction of protein-protein complexes and symmetric multimers. Bioin-
formatics 30, 1771-1773 (2014).

51. Krissinel, E. & Henrick, K. Inference of macromolecular assemblies from crystalline state. . Mol. Biol. 372, 774-797 (2007).

Acknowledgements
This material is based upon work supported by the National Science Foundation Faculty Early Career Develop-
ment Program (CAREER) to T.O. under Grant No. 1845451.

Author contributions

T.O. conceived and designed the experiments; J.O., LW.,, and A.S. established the MST procedure; J.O., LW.
conducted MST experiments; J.O. and T.O. analyzed the MST data; H.M. performed structural modeling; J.O.
and T.O. wrote the manuscript; A.S. and H.M. edited the manuscript; all authors have approved the final version
of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-98314-z.

Correspondence and requests for materials should be addressed to T.O.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:18770 | https://doi.org/10.1038/s41598-021-98314-z nature portfolio


https://doi.org/10.1038/s41598-021-98314-z
https://doi.org/10.1038/s41598-021-98314-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

Supplementary Information

Association of the malate dehydrogenase-citrate synthase
metabolon is modulated by intermediates of the Krebs
tricarboxylic acid cycle

Joy Omini, Izabela Wojciechowska, Aleksandra Skirycz, Hideaki Moriyama, Toshihiro
Obata



Table S1. Simulation results in ligand binding by Swiss Dock.

Ligand Total listed binding sites Cluster Energy in cluster 0 Energy in cluster 9
Acetyl-CoA 256 32 —15.6943 —29.8399
a-ketoglutarate 256 44 —17.7629 —4.75648
succinyl-CoA 256 32 —35.1062 —26.976

ATP 252 34 —35.9538 —30.2348

Energy (no dimension), relative energies provided by the Swiss Dock server. The greater the negative values,
the stronger the binding.

Table S2. Properties of CS A subunit 65Arg—60Ser in complex with MDH A subunit.

Parameters

Open (1cts)

Close (2cts)

Difference

ZDOCK Score (No. of selected structure)

Accessible Surface Area, A2

Buried Surface Area before binding, A2
Buried Surface Area after binding, A2

Hydrogen bonds

Salt bridges

644.695 (4)
284.54
0.00
214.35

4

## Structure 1 Dist. [A] Structure 2
1ATYR69[N]3.51 A:ASP 88[ O]

2 A:ARG 67[ NE ] 3.75 A:ASP 88[ OD1]

3 A:ARG 65[ NH2] 3.32 A:ASP 88[ OD2]
4 A:ASP 12[ OD1] 2.88 A:ASN 312[ ND2]

4

## Structure 1 Dist. [A] Structure 2

1 A:ARG 67[ NE ] 3.75 A:ASP 88[ OD1]

2 A:ARG 67[ NH2] 3.73 A:ASP 88[ OD1]
3 A:ARG 65[ NH2] 3.32 A:ASP 88[ OD2]
4 A:LYS 16[ NZ ] 3.17 A:GLU 308[ OE1]

742.992 (12)
325.35

0.00

280.46

6

## Structure 1 Dist. [A] Structure 2
1A:LYS 76[ NZ] 2.60 A:VAL249[ O]

2 A:ARG 65[ NH1] 2.78 A:ASN 278[ O ]

3 A:ARG 20[ NH1] 2.82 A:GLU 289[ OE2]
4 A:GLU 104[ OE2] 3.55 A:ARG 167[ NH2]
5 A:TYR 69[ OH ] 3.53 A:CYS 188[ N ]

6 A:THR 103[ OG1] 3.71 A:VAL 192[ N]

4

## Structure 1 Dist. [A] Structure 2

1 A:ARG 20[ NH1] 2.82 A:GLU 289[ OE2]
2 A:ARG 20[ NH2] 3.70 A:GLU 289[ OE2]
3 A:GLU 104[ OE2] 3.55 A:ARG 167[ NH2]
4 A:GLU 104[ OE2] 3.55 A:ARG 167[ NH2]

+98.297 (+8) in 2cts
+40.81 in 2cts

0.00

+66.11 in 2cts
+2in 2cts
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Figure S1. Microscale thermophoresis (MST) analysis of the MDH-CS multi-enzyme complex. The affinity
of the MDH-CS multi-enzyme complex was analyzed by MST using fluorescently labeled MDH as the target.
CS (green) and bovine serum albumin (orange) were used as the ligand proteins. Curves represent the response

(fraction bound) against the concentrations (M) of ligand proteins. Error bars represent the standard deviations

of three measurements.



a-ketoglutarate (-)

Figure S2. Predicted ligand binding sites in CS apoenzyme. The white surface models of the CS apoenzyme
in the open format are shown. The 274His and 320 His residues at the reaction center and the 65Arg and 67Arg
residues that are involved in the MDH-CS interaction are highlighted in blue. The mesh of blue, green, and
magenta indicate the positions of a-ketoglutarate and ATP at the predicted binding sites, respectively. White and

orange stick models indicate the citrate and CoA in the reported crystal structure, respectively.
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