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Human mitochondrial pyruvate carriers (hMPCs), which are required for the uptake of pyruvate into mitochondria,

are associated with several metabolic diseases, including type 2 diabetes and various cancers. Yeast MPC was

recently demonstrated to form a functional unit of heterodimers. However, human MPC-1 (hMPC-1) and MPC-2

(hMPC-2) have not yet been individually isolated for their detailed characterization, in particular in terms of their

structural and functional properties, namely, whether they exist as homo- or heterodimers. In this study, hMPC-1

and hMPC-2 were successfully isolated in micelles and they formed stable homodimers. However, the heterodimer

state was found to be dominant when both hMPC-1 and hMPC-2 were present. In addition, as heterodimers, the

molecules exhibited a higher binding capacity to both substrates and inhibitors, together with a larger structural

stability than when they existed as homodimers. Taken together, our results demonstrated that the hetero-

dimerization of hMPCs is the main functional unit of the pyruvate metabolism, providing a structural insight into the

transport mechanisms of hMPCs.
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1. Introduction

As the final product of glycolysis, pyruvate is essential for numerous aspects of the human metabolism . It is

necessary for the generation of ATP and drives several major biosynthetic pathways in mitochondria . Many

studies of the pyruvate metabolism have evaluated the correlations between diseases and pyruvate flow .

The pyruvate branch point, which controls the flow of pyruvate between oxidative and fermentative routes, is

central to cellular homeostasis. Although the transport of pyruvate into mitochondria has been studied for decades

, mitochondrial pyruvate carriers (MPCs), which play key roles in pyruvate uptake, have been discovered only

recently . MPCs regulate the uptake of pyruvate from the mitochondrial intermembrane space into the

mitochondrial matrix, the dysfunction of which can lead to the development of metabolic diseases . The discovery

of MPCs has led to a number of molecular genetic studies, including those on numerous cellular processes

controlled by pyruvate uptake.

Human MPCs (hMPCs) include two protomers, hMPC-1 and hMPC-2, which are essential for pyruvate transport 

. However, the homo- and heterotypic assembly and stoichiometry of the two protomers is not yet fully

understood . Very recently, structural analyses demonstrated that the functional units of yeast MPC are

heterodimers . In a previous study, hMPCs were co-expressed and purified using a yeast expression system,

and although no substantial complex formation was observed, the individual function of hMPC-2 as an autonomous
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pyruvate transporter was demonstrated . Subsequently, the molecular characterization of the homo- and

heterotypic assemblies of hMPCs in vitro is necessary to improve our understanding of these molecules.

Recently, several studies on MPCs have focused on the individual activities of homotypic as well as heterotypic

MPCs. As a result, the downregulation or deletion of MPC-1 was found to be associated with various types of

cancer, while MPC-2 was found to play an important role in the control of hepatic gluconeogenesis . Thus,

the different expression levels and activities of individual MPCs and the ratio of heterotypic MPC formation are

associated with differences in cellular metabolism. Moreover, the dysfunction of MPCs has been associated with

various diseases, including cancer, Alzheimer’s disease, and type 2 diabetes, caused by abnormal metabolic

activities. As a result, MPCs represent a potential target molecule for the development of therapeutic drugs 

.

Several compounds have been shown to inhibit MPC activity . For example, thiazolidinediones (TZD), a

group of oral anti-diabetic drugs, act as ligands for PPARγ (peroxisome proliferator-activated receptor-gamma) 

 and inhibit MPC activity at clinically relevant concentrations . α-cyano-β-(1-phenylindol-3-yl)-acrylate

(UK5099), an efficient blocker of MPC, inhibits pyruvate-dependent oxygen consumption and pyruvate

mitochondrial transportation in vitro .

2. Expression and Purification of hMPCs

Although MPC-1 and MPC-2 are generally considered to form heterotypic complexes, there is little structural

evidence to support this in vitro . hMPCs were recently characterized in vitro, however, more information about

their formation of heterotypic complexes is needed, since previous studies have mainly focused on the homotypic

complex of hMPC-2, rather than its formation of a heterotypic complex with hMPC-1 . In the case of hMPC-1,

the N-terminal tags, including the 10× His-tag, FLAG tag, and PreScission enzyme recognition sequence, were

moved to the C-terminal region for protein expression (Figure 1A). None of the hMPC-1 constructs containing N-

terminal tags expressed well. To determine the structural and biochemical properties of the heterotypic complex of

hMPCs in vitro, two constructs of hMPC-2 were designed and evaluated for their size distribution using size-

exclusion gel chromatography (SEC). The first, labeled hMPC-2, contained an influenza hemagglutinin (HA) tag,

10× His-tag, and Tobacco Etch Virus (TEV) cleavage sequence at the N-terminus. The other, labeled T-hMPC-2,

contained an additional T4 Lysozyme (T4L) sequence after the 10× His-tag (Figure 1A). A modified pFastBac

vector comprised of a polyhedrin (PH) promoter and a HA tag was used for all of the constructs to increase

expression on the membrane .
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Figure 1.  Construct design and purification of human mitochondrial pyruvate carriers (hMPCs). (A) Schematic

diagram of designed hMPC constructs. (B–D) Purification profiles of (B) His-hMPC-1, (C) His-hMPC-2 (left) and

untagged hMPC-2 (right), and (D) His-T-hMPC-2. The N-terminal tags were removed from hMPC-2 by Tobacco

Etch Virus (TEV). Un-tagged hMPC-2 (14.3 kDa) was isolated after reversed affinity column. The recombinant

proteins were visualized by Coomassie blue staining in SDS-PAGE after metal affinity purification. (E) His-hMPC-1

(15.9 kDa) and untagged hMPC-2 (14.3 kDa) after the FLAG-resin column was co-eluted and confirmed by SDS-

PAGE. (F) The co-expressed proteins, co-hMPC-1/-2, were confirmed by Coomassie blue staining in SDS-PAGE

after purification. After TEV cleavage reaction, His-hMPC-1 and untagged hMPC-2 was co-eluted in the FLAG-

resin column. hMPC-1 was confirmed by anti-FLAG-tag immunoblot analysis.

Three constructs, hMPC-1, hMPC-2, and T-hMPC-2, were successfully purified using a TALON affinity column in

buffer containing 20 mM HEPES (pH 8), 150 mM NaCl, and 0.05% (w/v) DDM with 500 mM imidazole (Figure 1B–

D). The purified hMPC-1, hMPC-2, and T-hMPC-2 showed a single protein band at the expected molecular weight

in SDS-PAGE analysis. For hMPC-2, the sample was treated with TEV enzyme for tag cleavage, after which the

untagged protein was isolated using reversed affinity column (Figure 1C). For the hMPC-1/hMPC-2 complex

sample, C-terminal tagged hMPC-1 and untagged hMPC-2 were used. After mixing hMPC-1 and hMPC-2 at a 1:1

molar ratio, FLAG-resin column work were performed. hMPC-2 was found to co-elute with hMPC-1, indicating that

they interacted to form a stable complex (Figure 1E).

hMPC-1 and hMPC-2 (co-hMPC-1/-2) were co-expressed using a co-infection method in Sf9 cells, the co-eluted

MPCs was confirmed after purification using both Ni-NTA and FLAG affinity column works (Figure 1F). In our result,

since the intensities of the purified hMPC-1 was relatively weaker than those of the purified hMPC-2, we verified

the hMPC-1 band using a FLAG-antibody, which does not exist in hMPC-2 (Figure 1F).

Since the difficulty of the protein expression and the similar molecular weight of hMPC-1 than hMPC-2, we further

analyzed hMPC-1 through the liquid chromatography-mass spectrometry (LC-MS) (Figure 2). In the tryptic peptide

mapping, four trypsin digested peptide fragments such as KAADYVR (Figure 2B), KSPEIISGR (Figure 2C),
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FAYKVQPR (Figure 2D), and LIKHEMTK (Figure 2E) were seen. Sequence coverage is around 25% due to the

limitation of the cleavage site of the trypsin. The purity of the protein was over 95% and no further peptide derived

from other impurities identified. Non-specific glycosylation modification often occurs during protein expression in

sf9 cells, which may affect the function of the target protein. In our experiments, there was no evidence of the

glycosylation modification in the purified hMPCs from sf9 cell.

Figure 2.  Tryptic peptide mapping of purified hMPC-1 by nano-LC-LTQ-Orbitrap-MS spectrum. (A) Sequence

coverage of identified tryptic peptide fragments of hMPC-1. The peptide fragments identified in the LC-LTQ mass

spectrum are highlighted in red. The trypsin digestion sites are marked in green lines. Gray boxes denote the

transmembrane region. (B–E) The nano-LC-LTQ-Orbitrap-MS spectrum of tryptic peptide hMPC-1 fragments. The

identified tryptic fragments sequence was as follows: (B) KAADYVR, (C) KSPEIISGR, (D) FAYKVQPR, and (E)

LIKHEMTK. The peaks of the b-ion and y-ion are marked in blue and red together with identified amino acid

sequences. The m/z of the identified peaks is labeled with blue and red characters.

The final yields of hMPC-1, hMPC-2, and T-hMPC-2 were approximately 0.9 mg, 0.8 mg, and 1.25 mg per liter,

respectively. These results demonstrate the successful expression and purification of hMPCs on a large scale.

These samples were then used for further characterization in vitro.

3. Discussion
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Recently, evidence has suggested that MPCs are good therapeutic targets for neurodegenerative and metabolic

diseases, including Parkinson’s disease, cancer, and type 2 diabetes . Moreover, the expression levels

of MPC1 and MPC2 differ in various diseases, and the reduced expression of the MPC hetero-complex is

associated with unfavorable clinicopathological characteristics . The elucidation of the formation and properties

of hetero- or homo-complex structures are very important owing to their direct links to functional and pathological

features . However, the composition of MPC complexes, oligomer states, and stoichiometry remain a topic of

controversy. Despite the whole-body metabolic homeostasis of MPC and its important role in disease, little is

known about the relationship between its function and structural conformation.

In this study, the large-scale purification of both hMPC-1 and hMPC-2 was performed for the first time using insect

cells. Interestingly, although the same strategy was applied to hMPC-1 and hMPC-2 for high expression, their

behaviors were markedly different. hMPC-1 with N-terminal tags was not well expressed, whereas hMPC-2 with N-

terminal tags was expressed well in Sf9. This suggests that the orientation during membrane anchoring differs .

Our model structures of hMPC-1 and hMPC-2 also suggest that they preferentially form a hetero-complex with

reverse topology . Very recently, hMPC-1 and hMPC-2 were co-expressed and purified in yeast; however,

reliable homo- and hetero-complexes were not comprehensively characterized owing to the fact that a co-

expression system was studied, rather than individual expression systems . Thus, an advantage of our approach

is that hMPC-1 and hMPC-2 were expressed and purified using both single and co-expression systems, with the

flexibility to perform accurate comparisons in each experiment. Our results indicated that hMPC-1 is

thermodynamically more stable than hMPC-2 and is the main determinant of the formation of hetero-complexes.

These results support those reported in previous studies wherein hMPC-1 was found to be a key molecule in

mitochondrial respiration, energy generation, various cancers, and type 2 diabetic kidney disease; despite this,

hMPC-2 is also important . In several studies, both the homo- and heterodimers of hMPCs have

been proposed as functional units . Our results suggest that the heterodimeric state is the more stable

conformation, with higher binding affinities to ligands compared with the homodimeric state. Interestingly, the

homo-complexes of hMPC-1 and hMPC-2 showed different stabilities and it may be related to their function. In the

pyruvate-transport mechanism of hMPC-1 and hMPC-2, the hetero-complex is still considered the main

conformation in vivo. Inhibitors were selected according to their ability to block pyruvate uptake in vivo, in which

hMPCs exist as a hetero-complex. Our study of the interaction between hMPCs and various ligands demonstrated

that the heterodimeric state had a stronger binding affinity than those of the homodimeric states of hMPCs. Even if

the binding affinity did not directly represent the pyruvate uptake ability, it was indicative of the transport energy

barrier under the same conditions. For this reason, we hypothesized that it is significantly easier to transport

pyruvate by the hetero-complex than the homo-complex, where an efficient binding pocket of inhibitors is formed

by hMPC hetero-complexes. The results of our interaction studies support this hypothesis to some degree.

In summary, the changes in the homo- and hetero-conformation of hMPCs induced by differences in expression

levels and stability are associated with cellular regulation, such as the compression of pyruvate uptake, the

adjustment of protomer transcription, and the blocking of hMPC oligomerization, as well as disease generation and

progression. Our results provide an insight into the detail properties of individual MPCs and provide a basis for

further structural studies on MPCs.
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