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Abstract

Pyruvate metabolism requires the mitochondrial pyruvate carrier (MPC) proteins to transport
pyruvate from the intermembrane space through the inner mitochondrial membrane to the
mitochondrial matrix. The lack of the atomic structures of MPC hampers the understanding of the
functional states of MPC and molecular interactions with substrate or inhibitor. Here we develop
the de novo models of human MPC complexes and characterize the conformational dynamics

of the MPC heterodimer formed by MPC1 and MPC2 (MPC1/2) by computational simulations.
Our results reveal that functional MPC1/2 prefers to adopt an inward-open conformation, with
the carrier open to the matrix side, whereas the outward-open states are less populated. The
energy barrier for pyruvate transport in MPC1/2 is low enough, and the inhibitor UK5099

blocks the pyruvate transport by stably binding to MPC1/2. Notably, consistent with experimental
results, the MPC1 L79H mutation significantly alters the conformations of the MPC1/2 and thus
fails for substrate transport. However, the MPC1 R97W mutation seems to retain the transport
activity. The present de novo models of MPC complexes provide structural insights into the
conformational states of MPC complexes and mechanistic understanding of interactions between
substrate/inhibitor and MPC proteins.

Graphical Abstract

Corresponding author: liang.xu@utsa.edu.

Supporting Information

Summary of the simulations (including replica simulations) performed in this work (Table S1-Table S3); Comparison of structural
models predicted by RoseTTAFold and AlphaFold (Fig. S1); The RESP partial charges for pyruvate, pyruvic acid, and UK5099
molecule (Fig. S2); The fraction of native contact Q and root-mean-square deviations (RMSDs) calculated for different MPC dimers
(Fig. S3); Interaction energies calculated between MPC1 and MPC?2 in different MPC1 complexes (Fig. S4); A representative
conformation of MPC1/2 heterodimer in an outward-open state (Fig. S5); Effects on the N-terminal dynamics on the conformational
states (Fig. S6); Results of MD simulations of MPC1/2 in complex with pyruvates (Fig. S7); Results of MD simulations of MPC1/2 in
complex with pyruvic acids (Fig. S8); Repeated simulations of MPC1/2 in complex with UK5099 (Fig. S9); Contact maps calculated
for MPC1/2 heterodimer carrying MPC1 L79H and R97W mutations (Fig. S10 and Fig. S11); Replica simulations of MPC1/2
heterodimer with the MPC1 L79H mutation (Fig. S12-Fig. S14); Replica simulations of MPC1/2 heterodimer with the MPC1 R97W
mutation (Fig. S15-Fig. S18); Contacting residues between MPC1 and MPC2 in MPC1/2 heterodimer (Table S4), MPC1 homodimer
(Table S5) and MPC2 homodimer (Table S6).

The authors declare no competing financial interest.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Xu et al.

Page 2

Intermembrane space

Matrix

Introduction

The mitochondrial pyruvate carrier (MPC) proteins in the inner mitochondrial membrane
(IMM) facilitate the metabolism of pyruvate by contributing the final step of pyruvate
transport from the cytoplasm into the mitochondrial matrix.1=3 Aberrant pyruvate
metabolism due to dysfunctional MPC has been associated with cancer, heart failure, and
neurodegeneration.3-> MPC proteins have been identified in humans, yeast, Drosophila, as
well as in plants.2 6 In humans, two molecular identities of the MPC have been identified,
1.6, MPC1 (12 kD) and MPC2 (14 kD), which are composed of 109 and 127 amino acids
respectively.”: 8 In yeast, three MPC proteins were identified, including MPC1, MPC2, and
MPC3, which are composed of 130, 129, and 146 amino acids, respectively. The sequence
identity between human and yeast MPCs varies from 40% to 49%. The functional states of
human MPCs have been proposed as ~150-kD oligomers formed by MPC1 and MPC2.7-8
However, such complexes could contain lipid/detergent micelle also, suggesting the presence
of even lower molecular weight MPC complexes.? In yeast, the functional states of MPC
have been identified as heterodimers formed by either MPC1 and MPC2 (MPC1/2) or
MPC1 and MPC3 (MPC1/3).% 10 The human MPC homo- and heterodimers have also been
reported recently, showing that the MPC heterodimers appear more stable and exist as the
main functional state in support of pyruvate metabolism.1

Since no crystal structures of MPC proteins are available to date, investigation of the
structure-function relationship of MPC proteins remains a large challenge.1? Previous
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experimental data suggested that yeast MPC1 may have only two transmembrane helices,
but MPC2 and MPC3 may contain three transmembrane helices.® As a result, the yeast
MPC1/2 and MPC1/3 heterodimers would use five transmembrane helices to form a
functional pyruvate transport path in yeast, which seems not feasible because no other
transmembrane transporters in the solute carrier family (SLC) (MPC defines a unique
SLC family: SLC54A) involve only five transmembrane helices.12 The smallest carrier in
the SLC50 family, /.e, the bacterial SemiSWEET glucose transporters, whose functional
unit is the homodimer of the SemiSWEET protein, has six transmembrane helices in
total 13 14 In addition, other experimental evidence suggests that the yeast MPC1 may
possess three transmembrane helices like MPC2 and MPC3.15 Because the monomeric
SemiSWEET protein (~100 residues) includes three transmembrane helices and an N-
terminal amphipathic helix and thus resembles the topology proposed for yeast MPC2
and MPC3, the SemiSWEET protein has been used as a template for homology modelling
of the MPC complexes.2 11 However, because the sequence identity between the MPC
and SemiSWEET protein is only ~10%,12, a careful evaluation of the homology models
of MPC based on the SemiSWEET protein seems necessary. Also, Phelix and coworkers
have previously reported on a homology model of human and plant MPC1/2 heterodimer,
using RaptorX and PyDock with respiratory complex | from £. coli; (PDB ID: 3RKO) as
the template.5: 16 Alternative template-free methods of protein modeling, de novo protein
prediction, are using deep learning, such as the methods implemented in Rosetta,17: 18
These methods have been successfully applied to predict different types of protein structures
including membrane proteins.19-21

During substrate translocation, the SemiSWEET may adopt different conformational states
including the outward-open and the inward-open conformations in which the substrate
may alternatively access the extracellular and intracellular spaces.1# 22: 23 |n contrast,

the conformational states of MPC proteins remain unclear due to the lack of reliable
structural models. In this work, we proposed de novo models of MPC complexes, and
fully relaxed these structures in a lipid bilayer of IMM by performing molecular dynamics
(MD) simulations. The resulting MPC1/2 heterodimer has six transmembrane helices and
favors an inward-open conformation (opening to the matrix side). Furthermore, our results
provide structural insights into the molecular mechanism of the inhibitor UK5099 and the
distinct effects of two MPC1 mutations (L79H and R97W) on the conformational dynamics
of MPC1/2 heterodimer.

De novo modeling of human MPC complexes

We focused on the sequences of human MPC1 (UniProt ID: Q9Y5U8) and MPC2 (UnitProt
ID: 095563). The deep learning based modeling method, TrRosetta, which is available for
protein prediction on Robetta web server (https:/robetta.bakerlab.org/),2* was applied to
predict a 3D structural model of MPC1 and MPC2 monomers first.2> The only input for
this web server is the MPC amino acid sequence. The output models were found to display
a similar topology and further ranked according to the Rosetta energy function.2® Because
the Robetta server accepts only one sequence, to predict the structure of MPC homo- or
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heterodimer, a linker containing 20/30 alanine/glycine residues were inserted between two
MPC1, two MPC2, and MPC1 and MPC2 (starting from either MPC1 or MPC2) sequences.
The predicted models were also ranked in terms of the Rosetta energy function, and the
model with the lowest energy was selected for respective MPC dimer. Three dimers, MPC1
and MPC2 homodimers, and one MPC1/2 heterodimer, were found to display a similar
fold. Of interest, the MPC monomer in each dimer was nearly identical with the predicted
MPC monomer. Such results seemed expected as the monomeric sequence of MPC had
become the training sequence that was used to predict the monomer structure in the MPC
dimers. The de novo model of MPC1/2 dimer is shown in Fig. 1. The predicted MPC dimer
with the linker is compactly arranged, especially the parallel arrangement of MPC1 and
MPC2. Since the N-terminal amphipathic helix of MPC1 and MPC2 folded around the TM
helices, we manually repositioned this segment in both MPC1 and MPC2 to be parallel
with the membrane surface. The final MPC1/2 heterodimer was obtained after removing the
linker (Fig. 1C). Applying the same procedure, the de novo models of MPC1 and MPC2
homodimers were also obtained. Note that all MPC dimers adopted a similar topology with
the dimeric form of the SemiSWEET protein (Fig. 1D).

Recently the above Robetta web server changed its default method from TrRosetta to
RoseTTAFold,2” we have then compared the structural models predicted by the new
RoseTTAFold approach with those models discussed in the current work. Nearly identical
structural models were obtained. In addition to the above methods, an alternative deep
learning algorithm, AlphaFold,28 has also been developed for protein structural prediction.
To compare the current models with those predicted by AlphaFold, the AlphaFold (v 2.0.0)
installed at Frontera, a supercomputing cluster at Texas Advanced Computing Center, was
applied to predict the structural models of MPC1, MPC2, and MPC1/2 heterodimer. Results
were summarized in Fig. S1. Note that the structural models yielded by AlphaFold displayed
a similar fold and overlapped well with the current MPC models, providing additional
support for the MPC models discussed in the present work.

MD simulations of MPC complexes in inner mitochondria membrane

In current MD simulations, the IMM was modeled as an asymmetric lipid bilayer including
the outer layer and inner layer. The composition of each layer was taken from the simulation
study of the mitochondrial membranes:2° the outer monolayer of IMM contains 50% POPC,
40% POPE, and 10% CRDL; whereas, the inner monolayer contains 30% POPC, 30%
POPE, 30% CRDL, and 10% SAPI. Note that the outer and inner monolayer face to

the intermembrane space (IMS) and matrix side, respectively (Fig. 1C). And the inner
monolayer contains more negatively charged lipids (CRDL and SAPI lipids).

MD simulations of MPC1 and MPC2 monomer in IMM were first performed to relax the
MPC proteins. The CHARMM-GUI webserver (https://www.charmm-gui.org/) was used
to generate the input files used for MD simulations.3%-33 The protein was solvated by
adding a 25 A thick water layer (TIP3P water molecules) below and above the lipid
bilayer. The salt concentration (NaCl) in each system was 0.15 M. The protein and

lipid structures were represented with the CHARMM36m and CHARMM36 force field
parameters, respectively.34 35 The equilibration procedures were the same as used in
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our previous studies of membrane proteins.36: 37 Briefly, each system was first energy
minimized for 10,000 steps, followed by six stages of equilibration with the harmonic
constraints exerted on lipid, and protein heavy atoms. The force constants for lipid head
group were decreased from 1000 kJ/(mol-nm?) to 0, whereas the force constants for protein
backbone and sidechain (denoted as backbone/sidechain) were gradually decreased from
4000/2000 kJ/(mol-nm?2) and 50/0 kJ/(mol-nm?2) during the equilibration procedures. The
temperature was kept constant at 310 K using the Berendsen thermostat with a coupling
parameter of 0.1 ps,38 and the pressure was controlled at 1.0 bar using the Berendsen
barostat with a time constant of 5.0 ps for the last four stages of equilibration.38 The
semiisotropic pressure coupling was applied for membrane simulations. A cutoff of 12 A
was applied for the van der Waals interactions and the long-range electrostatic interactions
were treated using the particle mesh Ewald method.3® The integration time step was 2 fs
and trajectory was saved every 10 ps. The production dynamics were performed at constant
temperature (310 K) controlled by the Nosé-Hoover thermostat®: 41 and constant pressure
(1.0 bar) controlled by the Parrinello-Rahman*2 43 barostat without any restraints. All MD
simulations were carried out using GROMACS simulation package (version 2019.6).44-46

After short (50-100 ns) relaxation, the electrostatic potential energy surface was calculated
for MPC monomers and dimers using the Adaptive Poisson-Boltzmann Solver (APBS)*#’
(Fig. 2). The N-terminal amphipathic helix of MPC1 and MPC2 was found to possess
more positively charged surface, complementary to the negatively charged inner monolayer
of IMM (matrix side). Thus, MPC1 and MPC2 tend to anchor to the IMM with the
N-terminal amphipathic helix due to the electrostatic attraction. Such an orientation may
further facilitate the formation of MPC dimer in a parallel arrangement.

MD simulations of MPC1/2 in complex with pyruvates and UK5099

To model the structure of MPC1/2 heterodimer in complex with pyruvate and the inhibitor
UK5099,48: 49 one conformation of MPC1/2 was randomly selected from the last 1.5-ps
simulations of MPC1/2, and AutoDock Vina program®° was applied to dock one pyruvate
or UK5099 molecule into the MPC1/2 heterodimer. In the docking process, the MPC1/2
structure was modeled as rigid while the ligand structure was modeled as flexible. The
optimal binding pose with the lowest binding energy was obtained. The protein structure
was represented with the CHARMM36m force field parameters,34 and the ligand structure
was represented with the CHARMM General Force Field (CGenFF)°! along with the RESP
partial charges®? (Fig. S2). To enhance sampling, four pyruvate molecules were placed in
different sites of MPC1/2 at distances that would prevent them from influencing each other
directly. MD simulations of MPC1/2 in complex with pyruvates or UK5099 were carried out
under the same simulation conditions as described above. The pyruvate transport has been
suggested to be highly dependent on the pH and coupled with H*.53 Different pH values

in the intermembrane space and mitochondrial matrix have also been reported.>* 55 Since
no pH gradient was present in the current simulations, for comparison, MPC1/2 in complex
with four pyruvic acids were also simulated with each pyruvic acid bound to the same site
of MPC1/2 as occupied by each pyruvate molecule. All systems simulated in this work,
including repeated simulations, are summarized in Tables S1-S3.
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Results and Discussion

Structural characterization of human MPC1/2 heterodimer.

Fig. 1A shows that like SemiSWEET protein, the de novo models of MPC1 and MPC2 have
three transmembrane helices. For additional comparison, homology modelling using the
Modeller (v9.23) program was performed.>® Fig. 1B shows the homology models of MPC1
and MPC2 using the SemiSWEET protein as the unique template. Besides the structural
similarity between the de novo and homology models, the transmembrane helices involve
distinct segments. Specifically, in the SemiSWEET protein (PDB ID: 4QND), the TM1
includes residues 19-31, TM2 includes residues 54-71, and TM3 includes residues 80-95.
By contrast, in the de novo model of MPC1, TM1 includes residues 25-46, TM2 includes
residues 53-73, and TM3 includes residues 77-107. In MPC2, TM1 includes residues 38—
62, TM2 includes residues 68-89, and TM3 includes residues 94-126. To compare the
relative stability of MPC monomers generated from different protocols, the Rosetta energy
function was applied to calculate the conformational energy for each model.26 The de novo
model of MPC1 and MPC2 have a conformational energy of —358.5 (in Rosetta Energy
Units, REU) and —430.8 (REU), respectively. However, the energy values are 26.6 (REU)
and 10.0 (REU) for the homology models of MPC1 and MPC2, respectively. Hence, these
homology models with SemiSWEET as the template seemed unfavorable, and we focused
on the de novo models in the following sections.

Fig. 1C shows the most stable de novo model of MPC1/2 heterodimer screened in terms of
the Rosetta energy function, in which the MPC1 and MPC2 were in a parallel orientation,
and the N-terminal amphipathic helix was positioned to be parallel to the membrane surface.
Because the N-terminal amphipathic helix is positively charged (Fig. 2), complementary to
the negatively charged inner layer of IMM (matrix side), the N-terminal of MPC complex
seems favorable to associate with the mitochondria matrix and the C-terminal resides within
the intermembrane space (IMS) (Fig. 1C). Of note, such an orientation was also indicated
for yeast MPC.%: 10. 15 Fig. 1D shows the structural superposition of the de novo MPC
dimers with the dimeric assembly of SemiSWEET protein, suggesting that MPC2 dimer
shares a similar topology with the SemiSWEET homodimer and thus may also form a
transporter with six transmembrane helices, consistent with a previous report.5’

The three MPC dimers were individually relaxed in an asymmetric IMM by performing
3-ps MD simulations. The calculated fraction of native contact indicated that no significant
fluctuations in the intramolecular contacts were observed after 1.5-us simulations (Fig. S3).
However, the backbone root-mean-square deviations of the transmembrane helices suggested
that MPC1/2 heterodimer seemed more stable than MPC1 and MPC2 homodimers (Fig.
S3). The calculated contact maps shown in Fig. 3 further demonstrate that there were more
contacts between two MPC monomers in MPC1/2 that contribute to its stability. In MPC1/2
heterodimer, there were 49 contacts with contact frequencies greater than 50%, compared

to the 34 contacts identified in MPC1 homodimer and 17 contacts identified in MPC2
homodimer. Moreover, the calculated interaction energies showed that there were more
strong interactions between two MPC monomers in MPC1/2 heterodimer than in MPC1 and
MPC2 homodimers (Fig. S4). Taken together, the above results collectively suggested that

J Chem Inf Model. Author manuscript; available in PMC 2022 November 22.
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the heterodimer formed by MPC1 and MPC2 appeared more stable than the homodimers
formed by either MPC1 or MPC2, in agreement with a recent experimental study.1

To further characterize the conformational dynamics of MPC1/2 heterodimer, several
distances of paired residues between MPC1 and MPC2 were calculated to determine the
conformational states sampled by MPC1/2 (Fig. 4A). The distance between Pro48 of MPC1
and Pro63 of MPC2 was used to assess the open or close of the outward-facing side of
MPC1/2; whereas the distance between Pro75 of MPC1 and Pro91 of MPC2 was used

to assess the open or close of the inward-facing side of MPC1/2 (Fig. 4B). When the
minimal distance between Asp43 of MPC1 and Arg62 of MPC2 was < 3.0 A, a salt-bridge
between the two residues would be expected (Fig. 4C). The remaining distance is between
two bulky hydrophobic residues, Tyr62 of MPC1 and Trp82 of MPC2, which could act

as the gating residues to define the open or close of the central path in MPC1/2 (Fig.

4D). The average distance between Pro48 of MPC1 and Pro68 of MPC2 (block averaged
over the last 1.5-ps simulations) was 13.0 + 0.2 A, and the average distance between

Pro75 of MPC1 and Pro91 of MPC2 was 22.0 + 0.5 A, indicating a wider opening of

the inward-facing side of MPC1/2 (Fig. 4B). Moreover, the residues Asp43 of MPC1 and
Arg62 of MPC2 had a high probability (73%) of participating in a salt-bridge (Fig. 4C),
which may help to stabilize and narrow the outward-facing side of MPC1/2. In addition, the
average distance between Tyr62 of MPC1 and Trp82 of MPC2 was 6.2 + 0.3 A, implying an
open pathway in MPC1/2 (Fig. 4D). Taken together, the present simulations suggested that
MPC1/2 heterodimer predominantly populated an inward-open state. Such a representative
inward-open conformation was shown in Fig. 4A. The HOLE program was used®8 to
determine the radius of the transport pathway. The minimal radius of 0.7 A found in the
transport pathway was at the same position where the salt-bridge between Asp43 of MPC1
and Arg62 of MPC2 was established. In addition to the inward-open state, the fluctuations
in the different distances also suggested the presence of other less populated states and

the possibility of state-to-state transition over MD simulations of MPC1/2 heterodimer.

Fig. S5 shows a representative conformation of MPC1/2 in an outward-open state. In this
outward-open conformation, no salt-bridge was formed between Asp43 of MPC1 and Arg62
of MPC2. The two gating residues, Tyr62 of MPC1 and Trp82 of MPC2, approached each
other and blocked the transport pathway, resulting in the minimal radius of 0.03 A at the
same position of the passage (Fig. S5).

Since the N-terminal amphipathic helix is flexible relative to the transmembrane domain,
and could adopt different orientations (Fig. S1), the effects of the N-terminal dynamics on
the conformational states of MPC1/2 heterodimer were investigated. Three snapshots taken
att=0, 1000 ns, and 3000 ns of the simulation were superimposed and their corresponding
conformational states were compared. Interestingly, the dynamics of the N-terminal seemed
to be restrained (Fig. S6). For instance, the N-terminal at the end of the simulation (t = 3000
ns) was in a position between the orientations at the starting (t = 0) and during the simulation
(t = 1000 ns). However, the MPC1/2 heterodimer adopted an outward-open state at the t =
0, an inward-open state at t = 1000 ns, and an inward-open state at t = 3000 ns (Fig. 4),
respectively. The above results indicate that the dynamics of the N-terminal may have little
effect on the conformational states of MPC1/2 heterodimer over current simulations.

J Chem Inf Model. Author manuscript; available in PMC 2022 November 22.
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Characterization of pyruvate transport in MPC1/2 and inhibitory mechanism of UK5099.

Without crystal structures of MPC, how the well-established inhibitor UK5099 blocks
pyruvate transport remains largely unclear. To examine the interactions of pyruvate with
MPC1/2 heterodimer, four pyruvate molecules were simultaneously placed to the different
binding sites of MPC1/2 as predicted by docking. In this way, we could enhance sampling
of pyruvate transport in one simulation, and investigate the effect of the presence of a
second pyruvate on the pyruvate transport. For the UK5099-bound MPC1/2 complex, one
UKS5099 was placed to the most favorable binding site of MPC1/2 as obtained by docking.
MD simulations showed that one pyruvate (circled in yellow in Fig. 5A) moved toward the
matrix side and left the MPC1/2 transport pathway at ~10 ns. Two pyruvate molecules with
their initial positions above this pyruvate diffused into the IMS even faster; whereas the
remaining pyruvate with its initial position below the circled one also diffused faster but
into the matrix side. The contacting residues and corresponding frequencies during pyruvate
transport are shown in Fig. 5B and Fig. 5C, respectively. Results of MD simulations of
pyruvate-bound MPC1/2 initially in a different inward-open conformation are shown in Fig.
S7, and results of MD simulations of MPC1/2 in complex with pyruvic acids are shown in
Fig. S8. Since the time scale for pyruvate/pyruvic acid transport varied from 4 ns to 236
ns, we focused on the relative values of the contact frequency and identified those MPC1/2
residues involving in the substrate transport. Combining all results from simulations of
MPC1/2 in complex with pyruvate/pyruvic acid (Fig. 5, Fig. S7, and Fig. S8), Asn33,
Leu36, His84, and Asn87 in MPC1, and Leu52, Ala55, Leu75, Trp82, Asn100, and Val103
in MPC2 appeared as important interfering residues that may define the transport pathway
of substrates in MPC1/2 heterodimer (Fig. 5B). The above results also revealed that the
energy barriers for substrate transport were rather low, independent of the conformational
states of MPC1/2 heterodimer. And the presence of additional pyruvate may not affect

the transport of pyruvate in the MPC1/2 heterodimer in these simulations. Of interest, the
glucose transport in the SemiSWEET was also observed to resemble a “free ride”, with
SemiSWEET adopting the same conformation.22

Fig. 6 summarizes the results of simulations of MPC1/2 in complex with UK5099. The
initial binding site of UK5099 was predicted by molecular docking (Fig. 6A). The distance
between the center-of-mass of MPC1/2 and the center-of-mass of UK5099 implied that
UK5099 was trapped in the transport pathway of MPC1/2 over the 500-ns simulations (Fig.
6B). Moreover, UK5099 interacted with Leu36 and Asn87 of MPC1, and Leu52, Ala55,
Leu75, Thr78, Gly79, Trp82, Asn100, and Val103 of MPC2, with contact frequencies >50%
(Fig. 6C—6F). Similar results were also obtained from another independent simulation of
MPC1/2 in complex with UK5099 (Fig. S9). Note that these interacting residues were

also identified as interacting residues with pyruvate (Fig. 5), suggesting that UK5099 may
inhibit the pyruvate transport by stably occupying the essential binding sites of pyruvate in
MPC1/2.

Effects of L79H and R97W mutations in MPC1 on the conformational dynamics of MPC1/2
heterodimer.

Two pathogenic mutations, L79H and R97W in MPC1, have been described in patients,
showing distinct effects on the formation and function of MPC1/2 complex.>® The MPC1

J Chem Inf Model. Author manuscript; available in PMC 2022 November 22.
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L79H mutant could form stable complexes with MPC2, but the MPC1/2 complexes lost

the function of pyruvate transport, ex vivoand in vitro. Conversely, the MPC1/2 complexes
formed by MPC1 R97W mutant and MPC2, ex vivoand in vitro, retained the pyruvate
transport function.®® To investigate the effects of these two mutations on the conformational
dynamics of MPC1/2 heterodimer, two independent simulations of MPC1/2 carrying the
MPC1 L79H mutation were carried out, with one simulation starting from the inward-open
conformation of MPC1/2 (Fig. 4A) and the other simulation starting from the outward-open
conformation of MPC1/2 (Fig. S5). In each conformation of MPC1/2, the Leu79 or Arg97
of MPC1 was replaced by the residue His or Trp, respectively, and simulations including
the minimization and equilibration were under the same conditions. The relative stability
of MPC1/2 heterodimer containing MPC1 L79H mutation (MPC1-79H/2) was assessed in
terms of the contact maps (Fig. S10). Our results implied that the MPC1L79H/2 heterodimer
starting from the inward-open state was less stable than the corresponding MPC1 L79H/2
heterodimer starting from the outward-open conformation. Specifically, there were 48 pairs
of contacting residues with contact frequencies > 50% in the MPC1L79H/2 with the initial
outward-open conformation, however, there were only 30 pair of contacting residues with
frequencies > 50% in the MPC1-79H/2 starting from the inward-open conformation (Fig.
S10). The calculated interaction energies also indicated that MPC1L-"H was more strongly
associated with MPC2 in the MPC1-7°H/2 with the initial outward-open conformation
(Table S2). We repeated the above two simulations, and found stronger interactions
between MPC1L79H and MPC2 in MPC1-79H/2 in both systems. The interaction energy for
MPC1L79H72 with the initial outward-open state decreased from —128.8 kcal/mol to —142.4
kcal/mol, whereas the interaction energy for MPC1-7°H/2 with the initial inward-open

state decreased from —49.4 kcal/mol to —116.7 kcal/mol (Table S2). The large fluctuation
in the interaction energy of MPC1-79H/2 with the initial inward-open state indicated that
this conformation seemed more sensitive to the MPC1 L79H mutation, and may lead to
significant conformational alterations. Taken together, the above results suggest that the
MPC1L79H/2 heterodimer with the initial outward-open conformation could be more stable
and thus more populated.

The conformational dynamics of the most populated MPC1L79H/2 heterodimer starting from
the outward-open conformation were further characterized and results are shown in Fig.

7. Compared to the wild-type MPC1/2 (Fig. 4), the distance between Pro48 of MPC1 and
Pro63 of MPC2 slightly decreased from 13.0 + 0.2 A to 12.2 + 0.2 A (block averaged

over the last 500-ns trajectory). However, a significant decrease in the distance between
Pro75 of MPC1 and Pro91 of MPC2 was observed (22.0 + 0.5 A vs. 16.2 + 0.5 A) in the
MPC1L7°H/2 (Fig. 7B). Unlike the wild-type MPC1/2 (Fig. 4), no salt-bridge was formed
between Asp43 of MPC1 and Arg62 of MPC2 (Fig. 7C), but the minimal distance between
Tyr62 of MPC1 and Trp82 of MPC2 maintained at 2.3 + 0.4 A after 100-ns simulations
(Fig. 7D). The above changes in the relevant distances suggested a narrower outward- facing
and inward-facing side in MPC1L79H/2 in which the pyruvate transport could actually be
blocked due to the closure of the pathway at the position of the gating residues (Tyr62

of MPC1 and Trp82 of MPC2). Such a representative conformation of MPC1-79H/2 was
shown in Fig. 7A. In addition to the above distance restraints, the formation of short helices
around Pro48 of MPC1 and Pro63 of MPC2 may also contribute to the minimal radius of
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the transport pathway that occurred at the outward-facing side (Fig. 7A). Because of the
narrowing in both sides of the transport pathway and the closure inside the pathway, this
conformational state populated by MPC1-79H/2 seemed different from the functional states
(outward-open or inward-open state), and more like a dysfunctional form of MPC1/2 that
failed to transport pyruvate. Note that this dysfunctional form of MPC1L79H/2 was also
observed in the repeated simulation (Fig. S12). The present results thus provided molecular
insights into the mechanism of the dysfunction of MPC1/2 complexes caused by MPC1
L79H mutation.>®

Similar to the simulations of MPC1-79H/2, two independent simulations were also
performed for MPC1/2 heterodimer carrying the MPC1 R97W mutation (MPC1R97W/2),
The relative stability of MPC1R97W/2 was also assessed in terms of the contact maps

(Fig. S11). There were 43 and 44 contacting residues for the MPC1R97W/2 heterodimer
starting from the outward-open and the inward-open conformations, respectively (Fig. S11).
Similar to MPC1-79H/2, interaction energies also suggest a stronger association between
MPC1R9"W and MPC2 in the MPC1R97W/2 starting from the outward-open state (Table. S3).
Comparable interaction energies were obtained from repeated simulations, indicating that
the MPC1R97W/2 heterodimer may not be so sensitive to the MPC1 R97W mutation, and
could populate different states originating from different initial conformations. The results
of characterization of MPC1R97W/2 starting from the inward-open and outward-open states
of MPC1/2 are shown in Figs. S15-S18. Fig. S15 demonstrates that although Asp43 of
MPC1 and Arg62 of MPC2 still have a probability of 38% to establish a salt-bridge, such

a salt-bridge could not be stably established in the repeated simulation (Fig. S16). On the
other hand, the inward-facing side of MPC1R97W/2, especially the gating residues Tyr62

of MPC1 and Trp82 of MPC2, is widely open, corresponding to the inward-open states of
MPC1/2. Also, Fig. S17 demonstrates that the distance between the two gating residues
(Tyr62 of MPC1 and Trp82 of MPC2) can be < 3.0 A (8%). And the outward-facing side
(the distance between the Pro48 of MPC1 and Pro63 of MPC2) can be even wider than the
inward-facing side (the distance between the Pro75 of MPC1 and Pro91 of MPC2). Such
results indicate the possibility of sampling the outward-open state by MPC1R97W/2_ Since
both outward-open and inward-open states could be accessed by MPC1R9"W/2 heterodimers,
especially the substrate transport pathway is not blocked, it therefore seems reasonable

to speculate that MPC1R97W/2 could retain pyruvate transport activity, in line with the
experimental reports.>®

Conclusions

To bridge the gap between the structure and function of MPC proteins, de novo protein
prediction was applied to develop the structural models of MPC complexes, which were
further relaxed in a model of IMM by carrying out all-atom MD simulations. In particular,
the conformational dynamics of the MPC1/2 complexes were characterized. Several
conclusions emerged from the present simulation results when compared with available
experimental data. First, the proposed de novo MPC models suggest the presence of three
transmembrane helices and an N-terminal amphipathic helix in human MPC1 and MPC2
(Fig. 1). Although the general topology of the de novo MPC structures is similar to the
SemiSWEET protein, the positions of transmembrane segments are different, and the de
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novo models seem more stable than the homology models generated using the SemiSWEET
protein as the template. Moreover, based on the electrostatic properties of MPC proteins and
the IMM, MPC1 and MPC2 expose the N-terminus to the matrix side (Fig. 2), in line with
the experimental evidence of the yeast MPC positions in IMM.?: 10. 15 MPC1 and MPC2
adopt a parallel arrangement in both homo- and heterodimers, and the heterodimer appears
to be more stable (Fig. 3).

Second, the conformational dynamics reveal that the MPC1/2 heterodimer favors an inward-
open conformation, and the salt-bridge between Asp43 of MPC1 and Arg62 of MPC2
could stabilize such conformations (Fig. 4). Less populated states like the outward-open
conformations were also visited by MPC1/2 heterodimer, indicating the feasibility of
conformational transitions in the de novo MPC1/2 heterodimer. Third, depending on the
initial conformations, the MPC1 L79H mutation in MPC1/2 heterodimer may populate
distinct states, but the most populated and thus most stable states show a blocked pathway
(Fig. 7), consistent with the dysfunctional effect of MPC1 L79H on pyruvate transport.>®
In contrast, the conformational states seem less sensitive to the MPC1 R97W mutation in
MPC1/2, and therefore pyruvate transport activity can be retained, also consistent with the
experimental results.>? In addition to L79H and R97W mutations, our results also imply
that Tyr62 of MPC1 and Trp82 of MPC2 are important to define the conformational states
of MPC1/2, thus, mutations on the two residues may significantly alter the conformations
of MPC1/2 and consequently affect the transport function of MPC complexes. Further
investigations are required to gain molecular insights into the role of the two residues.

Finally, our results demonstrate that the inhibitor UK5099 could stably bind to the site

that overlaps with the positions of interfering residues in the transport pathway of MPC1/2
over pyruvate translocation across the IMM. The pyruvate transport process is fast and
unlikely to alter the conformations of MPC1/2, similar to the glucose transport in the
SemiSWEET.22 The present work provides valuable structural insights into the functional
unit of MPC complexes. And the de novo models may be potentially useful for the design
of novel inhibitors of MPC®0 and understanding of protein-ligand interactions.81 However,
the present work does not exclude the possibility of the presence of other pyruvate topology.
The pyruvate inhibitor has been suggested to bind to the pyruvate site and react with the
thiol (-SH) group.53: 82 The present de novo structure of MPC1/2 does not show such
interactions with residues containing a thiol-group. In contrast, in the proposed homology
model of MPC1/2 heterodimer based on the template of the respiratory complex | from

E. coli, (PDB ID: 3RKO), interactions of different substrates with -SH group within the
carrier were possible.5: 16 However, it should be noted that the rat mitochondria were used
in the early experimental studies of MPC inhibitors.6%- 62 Although the sequence identity
between rat MPC and human MPC proteins is > 90% (94.5% for MPC1 and 91.3% for
MPC1), it remains largely unknown to what extent the difference in the sequence would lead
to structural variation between rat and human MPC proteins. Moreover, in human, yeast,
and Drosophila, MPC1 and MPC2 could be able to associate to form an ~150-kD complex
in the inner mitochondrial membrane,8 suggesting the formation of MPC oligomers larger
than dimers. Thus, MPC inhibitors including UK5099 could be able to bind to the pocket
formed in MPC oligomers and interact with a cysteine residue outside the pyruvate transport
pathway. Results from the experimental study89 seem also to support this assumption. In
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that study, different source of rat mitochondria (heart, kidney, liver, and brain) displayed
different concentrations of binding site (pmol per mg protein) for the same inhibitor,
indicating the formation of various types of MPC oligomers with different ratios of rat
MPC1 and MPC2. The presence of a hydrophobic binding site on the matrix surface of the
carrier was indicated.89 Taken together, UK5099 and other inhibitors may reversibly interact
with cysteine resides of MPC when MPC proteins associate to form high-order oligomers,
but could also block the pyruvate transport by directly binding to the inside of MPC1/2
heterodimer. The proposed hydrophobic binding sites for MPC inhibitors are most likely
those binding pockets formed in MPC oligomers but not available in MPC1/2 heterodimers.
Investigation of MPC oligomers appears interesting and challenging, and further studies are
necessary to elucidate the structures and functions of the MPC proteins.
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Fig. 1.
(A) Superposition of the de novo models of MPC1 (blue) and MPC2 (red) with the

SemiSWEET protein (light gray). (B) Superposition of the homology models of MPC1
(blue) and MPC2 (red) with the SemiSWEET protein (light gray) (PDB ID: 4QND).

(C) An illustration of the construction of MCP1/2 heterodimer from the de novo model

of MPC1/2 with a linker containing 20 glycine residues (green). AH denotes the N-

terminal amphipathic helix. IMS and IMM denote the intermembrane space and the inner
mitochondrial membrane, respectively. (D) Superposition of the de novo models of MPC1/2
heterodimer, MPC1, and MPC2 homodimers with the dimeric form the SemiSWEET protein
(light gray). The SemiSWEET dimer was generated based on the symmetric operations in
the PDB file 4QND.
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Fig. 2.
Electrostatic potential surface calculated for MPC complexes. The negative potential surface

is colored in red whereas the positive potential surface is colored in blue. AH denotes the
N-terminal amphipathic helix. (A) MPC1 monomer; (B) MPC2 monomer; (C) MPC1/2
heterodimer; (D) MPC1 homodimer; and (E) MPC2 homodimer.
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Contact maps calculated for human MPC1/2 heterodimer (A), MPC1 homodimer (B), and
MPC2 homodimer (C). A contact occurs if any atom in MPC monomer is within 3 A of any
atom in another MPC monomer, and only a contact frequency >0.5 (50%) is shown. Contact
frequency was calculated using the last 500-ns trajectory of each simulation. For details of
contacting residues, see Tables S4-S6.
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Fig. 4.

(A?) Representative conformation of MPC1/2 heterodimer in an inward-open state. MPC1
and relevant residues are colored in blue, and MPC2 and relevant residues are colored in red.
(B) The minimal distances between Pro48 of MPC1 and Pro63 of MPC2 and between Pro75
of MPC1 and Pro91 of MPC2 over simulations. (C) The minimal distance between Asp43
of MPC1 and Arg62 of MPC2 over simulations. (D) The minimal distance between gating
residues Tyr62 of MPC1 and Trp82 of MPC2.

J Chem Inf Model. Author manuscript; available in PMC 2022 November 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Xu et al. Page 21

G79
L3
N33
K92
40 - 50 -
35
L36 il N100
30 ws2
I L52
25| N87 il
2 L59 Qo1 5 103
£ sl 62 £ A55
g o Losf
o o
2 5L & 7
IC N33
E88 K92
1ok G79
10k T78
51 F27 L7S
A39 r
L 1 I i - 1 1 L T | 1 1
5 1 1 aldl | I
20 30 40 50 60 70 80 90 0O 10 20 30 40 50 60 70 80 90 100 110
MPC1 Residue No. MPC2 Residue No.
Fig. 5.

Results of MD simulations of MPC1/2 in complex with pyruvates. (A) The initial binding
position of pyruvates. The pyruvate whose trace is monitored is circled in yellow. The
MPC1/2 is initially in the inward-open conformation. (B) Interacting residues of MPC1
(colored in blue) and MPC2 (colored in red) with the circled pyruvate during translocation.
(C and D) The contact frequency of residues of MPC1 (C) and MPC2 (D) with the circled
pyruvate during pyruvate transport.
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Results of MD simulations of MPC1/2 in complex with UK5099. (A) The initial binding
site of UK5099 in MPC1/2. (B) The distance between the center-of-mass of MPC1/2 and
the center-of-mass of UK5099. (C and D) The interacting residues of MPC1 with UK5099
and corresponding contact frequencies. (E and F) The interacting residues of MPC2 with

UK5099 and corresponding contact frequencies.
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Fig. 7.
(A) Representative conformation of MPC1/2 heterodimer with the MPC1 L79H mutation.

The initial conformation is the same outward-open state of MPC1/2 heterodimer as shown
in Fig. S4. (B) The minimal distances between Pro48 of MPC1 and Pro63 of MPC2 and
between Pro75 of MPC1 and Pro91 of MPC2 over simulations. (C) The minimal distance
between Asp43 of MPC1 and Arg62 of MPC2 over simulations. (D) The minimal distance
between gating residues Tyr62 of MPC1 and Trp82 of MPC2.
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