
Structures and mechanism of human 
mitochondrial pyruvate carrier

Jiaming Liang, Junhui Shi, Ailong Song, Meihua Lu, Kairan Zhang, Meng Xu, 
Gaoxingyu Huang, Peilong Lu, Xudong Wu & Dan Ma

This is a PDF file of a peer-reviewed paper that has been accepted for publication. 
Although unedited, the content has been subjected to preliminary formatting. Nature 
is providing this early version of the typeset paper as a service to our authors and 
readers. The text and figures will undergo copyediting and a proof review before the 
paper is published in its final form. Please note that during the production process 
errors may be discovered which could affect the content, and all legal disclaimers 
apply.

Received: 10 April 2024

Accepted: 6 March 2025

Accelerated Article Preview 
Published online xx xx xxxx

Cite this article as: Liang, J. et al. Structures 
and mechanism of human mitochondrial 
pyruvate carrier. Nature https://doi.org/ 
10.1038/s41586-025-08873-8 (2025)

https://doi.org/10.1038/s41586-025-08873-8

Nature  |  www.nature.com

Accelerated Article Preview

ACCELE
RATED  

ARTIC
LE  

PREVIE
W  

https://doi.org/10.1038/s41586-025-08873-8


 1 

Structures and mechanism of human mitochondrial pyruvate carrier 1 

 2 

Jiaming Liang1, 2, 3, 4#, Junhui Shi1, 2, 3, 4#, Ailong Song1, 2, 3, 4#, Meihua Lu 2, 3, 4, Kairan Zhang2, 3, 3 

4, Meng Xu1, 2, 3, 4, Gaoxingyu Huang 2, 3, 4, Peilong Lu2, 3, 4, Xudong Wu 2, 3, 4* and Dan Ma2, 3, 4*  4 

1. Fudan University, Shanghai, China 5 

2. Key Laboratory of Structural Biology of Zhejiang Province, School of Life Sciences, 6 

Westlake University, Hangzhou, Zhejiang, China. 7 

3. Westlake Laboratory of Life Sciences and Biomedicine, Hangzhou, Zhejiang, China. 8 

4. Institute of Biology, Westlake Institute for Advanced Study, Hangzhou, Zhejiang, China. 9 

 10 

# These authors contributed equally: Jiaming Liang, Junhui Shi, Ailong Song. 11 

* Corresponding emails: D. Ma madan@westlake.edu.cn, X. Wu wuxudong@westlake.edu.cn 12 

Key Words: mitochondrial pyruvate carrier; MPC; pyruvate metabolism; transporter; cryo-EM 13 

structure; mitochondria; drug target; pyruvate; UK5099. 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

ACCELE
RATED A

RTIC
LE

 P
REVIE

W

mailto:madan@westlake.edu.cn
mailto:wuxudong@westlake.edu.cn


 2 

Summary 25 

Mitochondrial pyruvate carrier (MPC) is a mitochondrial inner membrane protein complex 26 

essential for uptake of pyruvate into matrix as the primary carbon source for tricarboxylic acid 27 

(TCA) cycle1,2. Here, we report six cryo-EM structures of human MPC in three different states: 28 

three structures obtained at different conditions in intermembrane space (IMS)-open state with 29 

highest resolution of 3.2 Å, a structure of pyruvate-treated MPC in occluded state at 3.7 Å, 30 

and two structures in matrix-facing state bound with the inhibitor UK5099 or an inhibitory 31 

nanobody on the matrix side at 3.2 Å and 3.0 Å, respectively. MPC is assigned into a 32 

heterodimer consisting of MPC1 and MPC2, with the transmembrane domain adopting 33 

pseudo-C2-symmetry. Approximate rigid body movements occur between the IMS-open state 34 

and the occluded state, while structural changes primarily on the matrix side facilitate the 35 

transition between the occluded state and the matrix-facing state, revealing the alternating 36 

access mechanism during pyruvate transport. In the UK5099-bound structure, the inhibitor fits 37 

well and interacts extensively with a pocket that opens to the matrix side. Our findings provide 38 

important insights into the mechanisms underlying MPC-mediated substrate transport, and 39 

the recognition and inhibition by UK5099, which will facilitate future drug development 40 

targeting MPC. 41 

Introduction 42 

MPC transports pyruvate, a crucial metabolite mainly derived from glycolysis, from cytosol 43 

into mitochondrial matrix. Within the matrix, pyruvate serves as the primary carbon source for 44 

TCA cycle, supporting the generation of ATP and providing substrates for various biosynthetic 45 

processes3. Occupying the central node for cell metabolism, MPC-mediated pyruvate uptake 46 

connects multiple key metabolic pathways including those for carbohydrates, amino acids and 47 

fatty acids4.  48 

MPC is composed of two paralogous subunits, mainly MPC1 and MPC2 in higher 49 

eukaryotes. In addition to these two subunits, an alternative subunit called MPC3, which can 50 

functionally replace MPC2, has been identified in yeast1,2. Besides, a homologous subunit 51 
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 3 

functionally equivalent to MPC1 was reported to uniquely expressed in postmeiotic male germ 52 

cells of placental mammals and named MPC1L5. MPC subunits exhibit significant sequence 53 

homology to each other and are conserved across different species. Notably, there are 54 

topology similarities predicted between MPC and SemiSWEET sugar transporters 4,6. 55 

Environmental pH plays a critical role in substrate transport mediated by MPC7,8, and 56 

conversely, MPC activity can also impact the pH of its surrounding environment9,10. The pH 57 

difference between the mitochondrial intermembrane space (IMS, weakly acidic) and the 58 

matrix (weakly alkaline)11 is important for pyruvate transport by MPC. In turn, malfunction of 59 

MPC may result in intracellular and extracellular acidification due to the accumulation of lactic 60 

acid, a byproduct of increased glycolytic flux. This phenomenon is often observed in tumor 61 

microenvironment, where cancer cells exhibit heightened glucose consumption and lactate 62 

production, known as the Warburg effect12,13. 63 

Since identification and characterization, MPC has sparked significant interest due to the 64 

importance in cellular metabolism and its association with various human diseases, including 65 

cancers14-16, heart failure17,18, and neurodegeneration19-21. Dysfunction of MPC has also been 66 

implicated in metabolic disorders and impaired energy metabolism22,23. More and more studies 67 

suggest MPC as a promising therapeutic target for the treatment of metabolically dependent 68 

cancers like androgen receptor (AR)-driven prostate cancer, metabolic disorders including 69 

type-2 diabetes, neurodegenerative diseases, and severe COVID-1924. 70 

Despite the importance of MPC, its three-dimensional structures are lacking and 71 

molecular mechanism for substrate transport remains unelucidated. Here, we report six cryo-72 

EM structures of human MPC: three IMS-open structures best at 3.2 Å resolution, an occluded 73 

structure of pyruvate-treated MPC at 3.7 Å resolution, a matrix-facing structure with the 74 

transport path blocked by a nanobody at 3.0 Å resolution, and a 3.2 Å-resolution structure 75 

bound with UK5099, a well-known cyanocinnamate-based MPC inhibitor that suppresses 76 

tumor growth7,14,25,26. Our study reveals the structural assignment of MPC, molecular 77 

mechanism of substrate transport, as well as recognition and inhibition mechanism by the 78 
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inhibitor UK5099, which will facilitate drug development for the treatment of metabolically 79 

dependent cancers and other related human diseases.  80 

Results 81 

Structures of MPC in an IMS-open state 82 

Human MPC1 and MPC2 were recombinantly co-expressed in Expi293F cells before the 83 

complex was purified into homogeneity. Proteoliposome-based transport assay results 84 

suggested that wild-type (WT) MPC could actively transport pyruvate (Extended Data Fig. 1a-85 

c). To increase the size of the MPC complexes to facilitate cryo-EM studies, we performed 86 

nanobody (Nb) screening and finally selected two Nbs (Nb1 and Nb2) targeting MPC. 87 

Transport assay results suggested that Nb1 binding did not affect MPC transport activity, 88 

whereas Nb2 binding inhibited substrate transport (Extended Data Fig. 1d). We generated 89 

different MPC-Nb complexes with or without the supplementation of pyruvate or UK5099 90 

(Extended Data Fig. 1e) for cryo-EM analysis (Extended Data Figs. 2, 3 and Extended Data 91 

Table 1). Uncropped gels for gels in Extended Data Fig. 1e and those in following Extended 92 

Data Figures, see Supplementary Fig. 1. 93 

Since pyruvate transport by MPC exhibits pH dependency7, to obtain MPC structures in 94 

different conformations, we prepared cryo-EM samples of MPC-Nb complexes with or without 95 

pyruvate treatment at different pH values. pH 8.0 was used to mimic the matrix side condition 96 

and pH 6.8 was used to mimic the IMS side condition. We obtained cryo-EM maps for apo 97 

MPC-Nb1 complex purified at pH 8.0 and pH 6.8, and for pyruvate-treated MPC in complex 98 

with Nb1 purified at pH 8.0, at resolution of 3.2 Å, 3.4 Å and 3.4 Å, respectively (Extended 99 

Data Fig. 2). The MPC structures built based on these maps are almost identical and exhibit 100 

an IMS-open conformation (Fig. 1a, b and Extended Data Fig. 4a, b). Consistent with previous 101 

topology studies on MPC27, both MPC1 and MPC2 consist of three transmembrane helices, 102 

with their N-termini located on the matrix side and C-termini located on the IMS side, 103 

respectively. Notably, in MPC2, there is an amphipathic helix (APH) at the N-terminus, which 104 

serves as the major epitope region for Nb1. This may explain why density for MPC2-APH is 105 

ACCELE
RATED A

RTIC
LE

 P
REVIE

W



 5 

clearly visible, while density for a similar N-terminal region of MPC1 is too weak for model 106 

building in all the cryo-EM maps. The transmembrane domain (TMD) of each subunit is 107 

arranged into a 1-3-2 triple-helix bundle (THB), similar to the helix arrangement in 108 

SemiSWEETs28-30. Superimposition of TMDs of MPC1 and MPC2 indicates a significant 109 

structural similarity (Extended Data Fig. 4c), and therefore, TMD of MPC is assigned into 110 

pseudo-C2-symmetry along the axis perpendicular to the membrane.  111 

APH in MPC2 may be able to interact with mitochondrial inner membrane and embed into 112 

the lipid bilayer, which is facilitated by hydrophobic residues in APH that face to the membrane 113 

(Extended Data Fig. 4d). Additionally, the multiple positively charged N-terminal residues may 114 

interact with the negatively charged phosphate groups of the membrane lipids (Extended Data 115 

Fig. 4d). Interestingly, we identified a lipid molecule cardiolipin, which is abundant in 116 

mitochondrial inner membrane, lies between the MPC2-APH and MPC1-TMD (Fig. 1b and 117 

Extended Data Fig. 4e).  118 

Electrostatic analysis reveals that the regions exposed to IMS and matrix are highly 119 

charged, and a cut-away surface illustration indicates MPC is open towards IMS (Fig. 1c). We 120 

found a large side cleft that accommodates a phosphatidylcholine (PC) (Fig. 1a-c and 121 

Extended Data Fig. 4f). The lipid mediates indirect interaction between MPC1 and MPC2 by 122 

connecting the cleft-forming transmembrane helices including MPC1-TM1 and MPC2-TM2 123 

(Fig. 1b). The observation of lipids in the structure seems to be consistent with previous 124 

studies about the possible correlation between lipid composition of mitochondrial membrane 125 

and MPC activity31. In addition to the indirect interactions mediated by the lipid, there are 126 

extensive direct inter-subunit interactions on the matrix side, particularly around the putative 127 

transport path (Fig. 1d). These interactions involve a hydrophobic interaction network formed 128 

by residues Phe69, Val73 and Leu80 in MPC1, as well as Phe42, Trp82, Tyr85, Ile89 and 129 

Leu96 in MPC2. Furthermore, a hydrogen bond is formed between Asn77 in MPC1 and Tyr85 130 

in MPC2. These interactions not only contribute to the heterodimer formation but also play a 131 

role in maintaining the closed conformation on the matrix side. 132 
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 133 

Structure of MPC in an occluded state 134 

In contrast to structures of apo MPC-Nb1 at pH 6.8 and pyruvate-treated MPC-Nb1 at pH 135 

8.0, which exhibit IMS-open conformation (Extended Data Figs. 2b, c and 4a, b), we were able 136 

to obtain a structure of MPC that adopts a different conformation with the sample of pyruvate-137 

treated MPC-Nb1 at pH 6.8 (Fig.2 a, b and Extended Data Fig. 3a). We found a cardiolipin 138 

lies between MPC1-TMD and MPC2-APH (Fig. 2b), similar to that in the IMS-open structure 139 

(Fig. 1b), indicating that this lipid may be a constitutive component of the MPC complex. A 140 

cut-away surface illustration shows that transport path of MPC is closed on both the IMS and 141 

matrix sides (Fig. 2c), suggesting that this structure represents an occluded state during 142 

substrate transport. These results indicated that the occluded state may be induced by the 143 

pyruvate treatment at pH 6.8. It is challenging to clearly identify bound pyruvate in the 3.7 Å 144 

MPC structure. Nevertheless, a small but highly positively charged pocket emerges within the 145 

putative transport path (Fig. 2c), formed by highly conserved residues from both MPC 146 

protomers including Asn33, Tyr62, Phe66, His84 in MPC1 and Lys49, Trp82, Asn100 in MPC2 147 

(Fig. 2d and Extended Data Fig. 5a), which may correspond to the pyruvate substrate binding 148 

site. Transport assay results demonstrated that mutating the putative pyruvate binding site 149 

residues MPC2-Lys49, Trp82, and Asn100 to alanine significantly decreased pyruvate 150 

transport (Fig. 2e and Extended Data Fig. 5b-d), underscoring the critical role of these residues 151 

in substrate transport.   152 

    On the IMS side of this occluded structure, the loops between TM1 and TM2 (L1 loops) 153 

from both subunits approach to each other and generate 'zipper’-like interactions (Fig. 2f and 154 

Extended Data Fig. 5e). Specifically, a salt bridge is formed between MPC1-Glu49 and MPC2-155 

Lys66 at the center of the loops. Hydrogen bonds are formed between MPC1-Asp43 and 156 

MPC2-Ser68 at one end of the L1 loops, and between MPC1-Ser52 and MPC2-Asp59 at the 157 

other end. Interactions between the 'zipper' forming residues tighten surrounding structural 158 

elements towards the central transport path, resulting in a closed conformation on the IMS 159 
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side. Furthermore, Arg54 in TM2 of MPC1 interacts with MPC2-Asp59 through electrostatic 160 

interaction, which may further stabilize interactions between the L1 loops (Fig. 2f). To examine 161 

the importance of residues on the L1 loops, we mutated corresponding residues to alanine 162 

(Extended Data Fig. 5b) and performed transport assay. MPC complexes carrying either 163 

MPC1-S52A or MPC2-K66A mutation exhibited significantly lower transport activity compared 164 

to WT MPC (Fig. 2g and Extended Data Fig. 5f), indicating that the interactions between the 165 

L1 loops are important to substrate transport. 166 

Below the L1 loops on the IMS side, we observed that polar residues including Thr56 and 167 

Gln91 in MPC1, and Gln71, Ser72 and Gln110 in MPC2 mediate the interaction between 168 

MPC1 and MPC2 through hydrogen bonds (Fig. 2h and Extended Data Fig. 5g). We mutated 169 

either Gln71 or Gln110 in MPC2 to alanine to examined pyruvate uptake (Extended Data Fig. 170 

5b). Strikingly, both mutations decreased pyruvate transport of MPC by more than 90% (Fig. 171 

2i and Extended Data Fig. 5h). We speculate that these residues may be important for the 172 

interactions between MPC1 and MPC2 to maintain the occluded conformation on the IMS side, 173 

and therefore crucial for substrate transport. The residue corresponding to Gln110 in human 174 

MPC2 is conserved in yeast MPC2 but substituted by a histidine residue in yeast MPC3, and 175 

yeast MPC1/MPC3 complex exhibits higher substrate transport activity compared to yeast 176 

MPC1/MPC2 complex27. We mutated human MPC2-Gln110 to histidine (Extended Data Fig. 177 

5b) and examined the effect on MPC activity and found that the mutated complex can 178 

efficiently transport pyruvate with higher activity compared to WT human MPC (Fig. 2i and 179 

Extended Data Fig. 5h), which is consistent with previous studies. 180 

Structure of UK5099-bound MPC 181 

UK5099 is a well-established inhibitor of MPC7,26,32,33 and is frequently used in functional 182 

studies of MPC and studies towards MPC-related diseases 25,32,34,35. However, the precise 183 

mechanism of inhibition by UK5099 is still unclear. To investigate the recognition and inhibition 184 

mechanism of UK5099, we treated the MPC-Nb1 complex with UK5099 for cryo-EM analysis. 185 

We obtained a cryo-EM map at 3.2 Å resolution (Fig. 3a and Extended Data Fig.3b), enabling 186 
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us to build a structural model and identify the density corresponding to UK5099 and its binding 187 

site (Extended Data Fig. 6a, b).  188 

In the structure of the UK5099-bound MPC-Nb1 complex, UK5099 inserts from the matrix 189 

side of MPC to the position of the putative pyruvate binding pocket in the occluded state (Fig. 190 

3b). As a result, the pyruvate transport path is blocked by UK5099. Extensive polar 191 

interactions and hydrophobic interactions are found between UK5099 and MPC (Fig. 3c and 192 

Extended Data Fig. 6b). The carboxyl group of UK5099 inserts deeply into the binding pocket 193 

and forms hydrogen bonds with Asn33, Tyr62 and His84 in MPC1, as well as a salt bridge 194 

with Lys49 in MPC2. The cyano group of UK5099 forms a hydrogen bond with Asn100 in 195 

MPC2, and the 1-phenylindole group of UK5099 is engaged in hydrophobic interactions with 196 

residues including Phe66, Phe69, Leu80 in MPC1 and Trp82, Tyr85, Leu96 in MPC2. (Fig. 197 

3c). It is noteworthy that all residues forming the putative pyruvate binding pocket in the 198 

occluded structure also participate in UK5099 binding (Figs. 2d, 3c). This structure suggests 199 

that UK5099 directly binds to the pocket on the matrix side of MPC and inhibits substrate 200 

transport by blocking the transport path.  201 

To validate the UK5099 binding pocket, we compared the relative binding capabilities of 202 

mutants carrying K49A, W82A, W82D or N100A mutations in MPC2 to WT, and found that 203 

binding to UK5099 was dramatically weakened in all these mutants (Extended Data Fig. 6d). 204 

Among these mutants, only the MPC2-W82D mutant exhibited similar level of pyruvate uptake 205 

in 30 s compared to WT (Figs. 2e, 3d and Extended Data Fig. 6e). We determined the IC50 206 

values of UK5099 inhibition for substrate transport by both the WT MPC and the mutant 207 

carrying the MPC2-W82D mutation. The IC50 value of the mutant was more than 300-fold 208 

higher than that of the WT MPC (Fig. 3e). These results suggested that the inhibition efficiency 209 

of UK5099 is significantly lower for the UK5099 binding pocket mutant. The findings highlight 210 

the critical role of corresponding residues in the binding and inhibition of MPC by UK5099.  211 

 We also performed ligand docking with UK5099 and other known MPC inhibitors towards 212 

MPC36,37. The results indicated that the top model, which had the lowest binding energy during 213 
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calculation, of each tested inhibitor exhibited a similar binding mode to that of UK5099 in the 214 

cryo-EM structure (Extended Data Fig 6.f, g). To be more specific, all inhibitors tend to insert 215 

at least three closely arranged polar atoms deeply into the pocket as UK5099 does, forming 216 

extensive hydrogen bonds with UK5099-interacting residues in MPC (Fig. 3c). Besides, the 217 

inhibitors orient their hydrophobic moieties towards the sub-pocket surrounded by multiple 218 

hydrophobic residues similar to UK5099 (Fig. 3c and Extended Data Fig. 6f, g). Above 219 

analyses are consistent with previous studies about MPC inhibitors development36,37, and 220 

provide a reasonable explanation for why many different classes of highly potent MPC 221 

inhibitors share common features of closely arranged hydrogen bond-forming groups 222 

connected to an aromatic ring structure. 223 

MPC Structure in a matrix-facing state 224 

To capture MPC structure in other possible states and achieve higher resolution, we 225 

introduced Nb2 that was compatible with Nb1 to the pyruvate-treated MPC in addition to Nb1 226 

at pH 6.8 and obtained a cryo-EM map for Nb1-MPC-Nb2 tertiary complex with a resolution 227 

of 3.0 Å (Fig. 4a and Extended Data Fig. 3c).  228 

In this structure, Nb2 binds to MPC on the matrix side and inserts into the transport path 229 

with a short connecting loop of a beta hairpin (Fig. 4b). MPC adopts a matrix-facing 230 

conformation (Fig. 4c). Similar to UK5099 (Fig. 3c), Nb2 interacts with residues along the 231 

transport path by forming a hydrogen bond between the carboxyl group of Nb2-Glu105 and 232 

side chain of MPC1-Tyr62, a salt bridge between Nb2-Glu105 and MPC2-Lys49, as well as 233 

hydrophobic interactions between the hydrophobic portion of the Nb2-hairpin and MPC1-234 

Phe66/Phe69/Leu80, MPC2-Trp82/Tyr85/Leu96. In addition, Nb2 also forms hydrogen bonds 235 

with MPC2-Tyr85 and some other residues in MPC loops on the matrix side (Fig. 4d).  236 

Through structural superimposition, we found that the structure of TMDs in the Nb2-bound 237 

and UK5099-bound MPC complexes are highly similar, and only minor structural differences 238 

could be observed for residues along the transport path that form corresponding pockets to 239 

accommodate Nb2 and UK5099 (Fig. 4e). These results suggest that the two inhibitor-bound 240 
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 10 

structures may represent a pre-existing matrix-facing conformation in the substrate transport 241 

cycle of MPC. This conformation appears to be stabilized rather than induced by UK5099 and 242 

Nb2, as it is unlikely that two distinct inhibitory molecules would induce the same matrix-facing 243 

state. We compared the binding patterns of MPC with the two inhibitory molecules and found 244 

that the polar interactions between the carboxylate groups of UK5099 and Nb2 and the 245 

putative pyruvate binding pocket residues, MPC1-Tyr62 and MPC2-Lys49, are similar (Fig. 246 

4f). We speculate that the carboxylate group of pyruvate may also form similar interactions 247 

with these residues during binding. 248 

MPC structural changes during transport 249 

Comparing structure of MPC-TMD in the occluded state with that in the IMS-open state 250 

reveals dramatic conformational changes. TMDs of MPC1 and MPC2 rotate towards each 251 

other on the IMS side to accomplish the state transition (Fig. 5a). However, intra-subunit 252 

structural arrangements remain largely unchanged with only minor structural differences in 253 

TM1 of both MPC1 and MPC2 (Fig. 5b). These structural observations support that 254 

approximate rigid body movements happen during substrate transport to accomplish the 255 

transition between IMS-open state and occluded state. The approach of the L1 loops from 256 

both subunits lead to the closure of the substrate transport path on the IMS side in the 257 

occluded state (Fig. 2b, f). The movements of MPC1-TM1 and MPC2-TM2 narrows the 258 

hydrophobic side cleft that accommodates the PC molecule in the IMS-open structure (Fig. 259 

1b), and we could not find density for PC between MPC1-TM1 and MPC2-TM2 in the map of 260 

MPC in the occluded state.  261 

Structural alignment between MPC TMDs in occluded state and matrix-facing state (Nb2-262 

bound) suggested that the structural differences between these two structures are mainly 263 

observed on the matrix side (Fig. 5c). The matrix-facing conformation and the resulting 264 

opening on the matrix side are primarily generated through structural changes at the matrix 265 

side of the helical bundle, which swings toward the peripheral regions (Fig. 5c, d and Extended 266 

Data Fig. 7). We speculate that the residues adopting conformational changes at the matrix 267 
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end of the transport path may serve as the gating residues and control the open or closure of 268 

substrate transport path on the matrix side. 269 

The structures of MPC in IMS-open, occluded and matrix-facing states reveal the 270 

alternating access mechanism for pyruvate transport. The putative pyruvate binding site is 271 

alternatively exposed to the IMS side and matrix side in the IMS-open and matrix-facing states, 272 

while it is fully closed in the occluded state (Fig. 5e). Notable differences are observed in the 273 

configurations of the conserved MPC2-Lys49, which may directly interact with pyruvate (Fig. 274 

5e). These structural features enable pyruvate to access the binding site during the IMS-open 275 

state, triggering conformational changes into the occluded state, and subsequently reaching 276 

the matrix-facing state for substrate release into the matrix. 277 

Discussion 278 

    Our structural and functional analyses of MPC provide important insights into the 279 

molecular mechanism of pyruvate transport and the inhibition mechanism by UK5099. We 280 

obtained cryo-EM structures of MPC in three distinct states: IMS-open, occluded, and matrix-281 

facing. These structures reveal the alternating access mechanism of MPC during substrate 282 

transport. Notably, the transition between the IMS-open state and the occluded state involves 283 

approximate rigid-body movements between the two subunits, resulting in significant structural 284 

changes (Fig. 5a, b). In contrast, the transition between the occluded and the matrix-facing 285 

state involves minor structural differences, with the helical bundle slightly open on the matrix 286 

side in the matrix-facing state, while the remainder of the structure remains largely unchanged, 287 

particularly on the IMS side (Fig. 5c). The rearrangements of several hydrophobic residues on 288 

the matrix side open the transport path (Fig. 5d) and generate a pocket in the matrix-facing 289 

state, which allows the binding of UK5099 and subsequent inhibition. UK5099 may reach the 290 

binding site through passive diffusion across mitochondrial membranes or translocation by 291 

MPC as implied by previous studies7,26,38, since the IMS-open MPC bears a large opening that 292 

may allow UK5099 to directly gain access to the binding site. Some more hydrophobic keto-293 
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acids, such as phenylpyruvate and alpha-ketoisocaproate that can inhibit pyruvate transport26, 294 

may also get stuck in the same pocket on the matrix side. 295 

In the two matrix-facing structures, both UK5099 and Nb2 insert a carboxyl group into the 296 

transport path, generating polar interactions with MPC1-Tyr62 and MPC2-Lys49. The 297 

hydrophobic portion of these inhibitors are stabilized by hydrophobic residues within the 298 

binding pocket (Fig. 3c and 4d). Given that pyruvate and other reported substrates of MPC26 299 

all contain a carboxyl group, it is plausible that these substrates share a similar binding mode 300 

with the MPC. However, slight conformational rearrangements of the side chains of putative 301 

ligand-binding pocket residues may be necessary to accommodate the transport of substrates 302 

with varying sizes. Corroborating above hypothesis, the putative substrate binding site, fully 303 

encapsulated in the occluded state, becomes accessible from the IMS side in the IMS-open 304 

state and from the matrix side in the matrix-facing state (Fig. 5e). 305 

MPC subunits are conserved in primary sequences among different species (Extended 306 

Data Fig. 8a, b), and sequence alignment results also suggest that residues in L1 loops and 307 

along transport path are highly conserved, indicating that MPC from different species may 308 

adopt a similar mechanism for pyruvate transport. It worth noticing that the UK5099 binding 309 

pocket forming residues of MPC1-Phe69 and MPC2-Tyr85 in human are replaced by Tyr and 310 

Trp in yeast, respectively. We generated corresponding mutations based on our cryo-EM 311 

structure model of UK5099-bound MPC and found that these substitutions narrow the opening 312 

of the pocket on the matrix side (Extended Data Fig. 8c), which may require UK5099 to 313 

overcome higher energy barrier to enter the pocket from the matrix side. This finding is 314 

consistent with previous studies showing that yeast MPC exhibits a much lower affinity for 315 

UK5099 compared to mammalian MPC8. 316 

MPC structures in this study are compared to previously reported crystal structures of 317 

bacterial SemiSWEETs28-30. We found the structure of MPC in IMS-open state closely 318 

resembles an inward-open (cytoplasm-facing) structure of a SemiSWEET (Extended Data Fig. 319 

9a), the MPC structure in occluded state shows significant similarity to the SemiSWEETs 320 
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structures in occluded conformation (Extended Data Fig. 9b), and MPC structure in matrix-321 

facing state (Nb2-bound) is highly similar to a SemiSWEET structure in outward-open 322 

conformation (Extended Data Fig. 9c). These comparisons suggest that transporters 323 

composed of a similar 1-3-2 triple helix bundle may share a similar alternating access 324 

mechanism for substrate transport. However, unlike SemiSWEET, which possesses a 325 

spacious putative sugar binding pocket in the occluded state (Extended Data Fig. 9d), the 326 

putative pyruvate binding pocket in MPC is notably small (Fig. 2c). By comparing the pocket-327 

forming residues between the two occluded structures, we found that in MPC, several residues 328 

with large side chains orient towards the transport path, thus creating a much smaller pocket 329 

compared to that in SemiSWEET (Extended Data Fig. 9e). These analyses highlight the 330 

structural adaptations for different substrates among transporters with the same protein fold. 331 

Taken together, our study provides a comprehensive and mechanistic understanding for 332 

mitochondrial pyruvate carrier and offers valuable insights into the substrate transport 333 

mechanisms of other homologous transporters. Furthermore, our research will also greatly 334 

promote the development of drugs targeting MPC for the treatment of related human diseases. 335 
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 Methods  444 

Constructs design and expression of MPC  445 

The cDNAs of human MPC1 and MPC2 were separately cloned into pCAG vectors with 446 

a C-terminal HA-tag for MPC1 and a C-terminal 3xFLAG-tag for MPC2. During co-expression, 447 

plasmids containing cDNAs of MPC1 and MPC2 were co-transfected into Expi293F cells 448 

(Thermo Fisher Scientific). After transfection, cells were cultured in Multitron shaker at 37 °C, 449 

125 rpm, 8% CO2, and 80% humidity for 60 hrs.    450 

Mitochondria isolation and MPC purification  451 

The transfected cells for recombinant overexpression of MPC complex were harvested 452 

and resuspended in Buffer A (83 mM sucrose, 20 mM HEPES pH 7.4). Resuspended cells 453 

were frozen by liquid nitrogen and thawed by water bath at room temperature followed by 454 

gentle sonication for cell lysis. A two-fold dilution of cell lysate was achieved by adding equal 455 

volume of Buffer B (250 mM sucrose, 20 mM HEPES pH 7.4). After centrifugation at 700 g for 456 

8 mins, cell debris and nuclei were pelleted. The supernatant was then subjected to 457 

centrifugation at 12,000 g for 1 hr.   458 

The obtained crude mitochondria pellet was resuspended in solubilization buffer (150 mM 459 

NaCl, 20 mM HEPES pH 7,4, 10% glycerol) supplemented with protease inhibitors cocktail. 460 

Membrane proteins were extracted from above crude mitochondria suspension by adding 461 

detergents at final concentration of 1% (w/v) lauryl maltose neopentyl glycol (LMNG) and 0.1% 462 

(w/v) cholesteryl hemisuccinate (CHS). After gentle stirring at 4 °C for 2 hrs, the lysate was 463 

cleared by centrifugation at 30,000 g for 1 hr before removal of the insoluble fraction. 464 
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Supernatant was collected and loaded onto anti-FLAG agarose resin (GenScript) in gravity 465 

column (Bio-Rad). The resin was washed by 50 column volumes with wash buffer (150 mM 466 

NaCl, 20 mM HEPES pH 7.4, 0.01% LMNG and 0.001% CHS). Proteins were then eluted by 467 

wash buffer supplemented with 0.5 mg/mL 3xFLAF peptide. Each protein solution was 468 

concentrated and subjected to further purification by size-exclusion chromatography (SEC) on 469 

a Superdex 200 Increase 10/300 GL column (Cytiva) with buffer containing 150 mM NaCl, 470 

0.01% LMNG, 0.001% CHS and 20 mM of a desired pH buffer according to different purposes.  471 

In vitro selection of MPC-specific nanobodies 472 

The procedure of obtaining MPC-specific nanobodies was similar as previously 473 

described39. One round of ribosome display and three rounds of phage display were performed 474 

before single clone selection via ELISA.  475 

For ribosome display, in vitro translation of five home-made synthetic nanobody mRNA 476 

libraries were performed using PUREfrex2.1 kit (GeneFrontier). 80 nM of biotinylated MPC 477 

was added to the diluted reaction to start solution panning. Bound nanobodies with their 478 

corresponding mRNAs were captured by pulling down biotinylated MPC with pre-blocked 479 

Dynabeads MyOne Streptavidin T1 (Invitrogen). After elution, mRNAs were purified, reverse 480 

transcribed and then amplified by PCR using customized primers. The PCR products were 481 

cloned into a phage display vector modified based on pDX_init39 and transformed into SS320 482 

cells via electroporation. Phage library was produced by bacteria culture containing the 483 

nanobody library with the help of M13KO7 helper phage (NEB). 484 

The first round of phage display was performed in 96-well plates. 50 nM of biotinylated 485 

MPC was incubated with purified phages (1012 phages/mL in 5 ml) on ice for 20 mins. Then 486 

the panning solution was added into pre-blocked NeutrAvidin-coated 96-well plates (Nunc 487 

Maxisorp, Merck) and incubated for 15 mins. The wells were washed before phages elution 488 

using mild trypsin digestion. SS320 cells were infected by eluted phages to amplify phages 489 

for a second round of display, during which, 80 nM of biotinylated MPC were incubated with 490 

purified phages in panning solution on ice for 20 mins. Bound phages were then captured by 491 
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pre-blocked Dynabeads MyOne Streptavidin C1 (Invitrogen). After washing, weakly 492 

associated phages were removed by adding 2 μM of non-biotinylated MPC for incubation on 493 

ice for 6 mins. Phages were eluted and used as seeds for the third round of display, which 494 

was similar to the second round except that: phages were pre-incubated with empty pre-495 

blocked beads to remove streptavidin binders; the concentration of biotinylated MPC was 496 

reduced to 50 nM; and no off-rate step was performed. The final phagemid was extracted 497 

(QIAprep Spin Miniprep Kit, Qiagen). DNA fragments encoding enriched nanobodies were 498 

cloned into the expression vector pET26b with an N-terminal pelB signal sequence and a C-499 

terminal His-tag. ELISA was used to identify positive clones for sequencing.  500 

Expression and purification of nanobodies 501 

Positive clones were transformed into E.coli BL21 competent cells and nanobody 502 

overexpression was induced by 1 mM isopropyl-β-d-thiogalactoside (IPTG) for 16 hrs at 22 °C 503 

in TB medium. Nanobodies were extracted by osmotic shock from the periplasmic space. 504 

Specifically, each cell pellet from 50 mL culture was resuspended with 5 mL of periplasmic 505 

extraction buffer containing 0.5 M sucrose, 0.2 M Tris-HCl pH 8.0, 0.5 mM EDTA before 10 ml 506 

of water was added to start extraction at 4°C for 1 hr. After incubation, 2 mM MgCl2, 20 mM 507 

imidazole, and 300 mM NaCl were supplemented into the suspension. The extract was 508 

cleared by centrifugation at 8,000 g for 20 mins. The supernatant was incubated with 200 ul 509 

of Ni-NTA Superflow (Smart-Lifesciences) for 1 hr at 4°C before transferred to an empty 510 

gravity column and washed with Washing Buffer (25 mM HEPES pH 7.4, 300 mM NaCl, 25 511 

mM imidazole). Nanobodies were eluted with Washing Buffer supplemented with 400 mM 512 

imidazole. Eluted proteins were further purified on Superdex 75 10/300 (Cytiva) in buffer 513 

containing 25 mM HEPES pH7.4, 150 mM NaCl and 5% glycerol.  514 

Nanobody Characterization 515 

The binding properties of the nanobodies were characterized using both Biolayer 516 

Interferometry (BLI, ForteBio Octet Red96e) and pull-down assays. In BLI analysis, we 517 

evaluated the affinities of the nanobodies for MPC in two states, substrate-bound and inhibitor-518 
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bound. MPC was pre-incubated with sodium pyruvate or UK5099 for 30 mins on ice. The NTA 519 

biosensor (Sartorius) was used to immobilize His-tagged nanobodies, and MPC at a 520 

concentration of 500nM was allowed to bind and dissociate from the biosensor. The assay 521 

buffer contained 20 mM HEPES pH 7.4, 150 mM NaCl, 0.01% LMNG, 0.001% CHS, 10 mM 522 

imidazole, with either 500 μM UK5099 or 2 mM sodium pyruvate supplemented. 523 

During pull-down assay, we examined MPC in both pyruvate-bound and inhibitor-bound 524 

states using His-tagged nanobody as bait. MPC was diluted to 1.8 μM in 50 ul of assay buffer 525 

(same as above but without imidazole) for incubation on ice for 30 mins. Then, an equal molar 526 

of nanobodies was added to incubate for another 30 mins. The pull-down procedure was 527 

performed using 10 μl of pre-washed Anti-DYKDDDDK G1 Affinity resin (GenScript), followed 528 

by washing and elution steps. The eluted proteins were analyzed by SDS-PAGE. 529 

Cryo‐EM sample preparation and data acquisition 530 

Apo, pyruvate-bound and UK5099-bound MPC complexes were purified with SEC buffers 531 

containing 20 mM Tris-HCl pH8.0, HEPES pH 6.8 and HEPES pH 7.4, respectively. During 532 

purification of pyruvate-treated MPC, 2 mM pyruvate was supplemented since the extraction 533 

step. For UK5099-bound MPC purification, SEC buffer was supplemented with 100 μM 534 

UK5099. To obtain MPC-Nb1 and Nb1-MPC-Nb2 complexes, each nanobody was added to 535 

purified MPC at 1.5: 1 molar ratio and incubated overnight at 4 °C. The resulting samples were 536 

further purified by SEC. Peak fractions were collected and concentrated to ~ 4-5 mg/ mL for 537 

cryo-EM grids preparation. 538 

Protein samples as mentioned above were applied to glow-discharged holey carbon-539 

coated grids (Quantifoil 300 mesh, Au R1.2/1.3) for 30 s. The grids were blotted for 4.5 s at 540 

100% relative humidity at a chamber temperature of 4 °C then plunge-frozen in liquid ethane 541 

for flash freezing using Vitrobot Mark IV (Thermo Fisher Scientific). Image acquisitions were 542 

performed on Titan Krios G4 (FEI) operating at 300 kV with a Selectris X imaging filter (Thermo 543 

Fisher Scientific) and Falcon 4i direct electron detector (Thermo Fisher Scientific). Data were 544 

collected in counted super-resolution mode at magnification of 215,000 x, physical pixel size 545 
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of 0.57 Å. Movie stacks were automatically acquired using Thermo Scientific EPU (Thermo 546 

Fisher Scientific) with a 20 eV slit width and a defocus range from −0.8 to − 1.2 μm. The movies 547 

were stored as EER format which were exposed for 2.45 s with total dose of ~50 e−/Å². 548 

Cryo-EM data processing 549 

The image processing workflows are illustrated in Extended Data Figs. 2，3c. Motion-550 

correction and dose weighting were performed using Patch Motion Correction in cryoSPARC40. 551 

Contrast transfer function (CTF) parameters were estimated with Patch-CTF in cryoSPAR40. 552 

Micrographs with CTF fitting resolution worse than 6 Å were excluded during manual curation. 553 

Initial particles were picked from few partial micrographs using blob picker in cryoSPARC40 554 

and 2D averages were generated. Final particle picking was done by template picker using 555 

templates from those 2D results. Particles were extracted using a box size of 320 pixels and 556 

cropped into 20 pixels, 40 pixels, 80 pixels, 160 pixels respectively to speed up early 557 

calculation steps. 558 

For dataset of the apo MPC in complex with Nb1 in IMS-open state (pH 8.0), 1997 k 559 

particles were extracted from 6948 micrographs with pixel size of 9.12 Å (box size 20 pixels), 560 

After one round of 2D classification, the good particles were re-extracted and re-centered with 561 

pixel size of 4.56 Å (box size 40 pixels) for the next round of 2D classification. Above process 562 

was continued until the particles were re-extracted with pixel size of 1.14 Å (box size 160 563 

pixels). After 4 rounds of 2D classification to remove obvious junk, a total of 479 k particles 564 

were retained. This data set was then used for ab-initio reconstruction, with carefully tuning 565 

parameters including the number of classes, initial resolution, initial and final minibatch sizes 566 

using cryoSPARC40. A resulting map with clear transmembrane helices was generated from 567 

a 4 classes ab-initio reconstruction. After non-uniform (NU) refinement41, a good reference at 568 

3.7 Å resolution was generated for the next 3D classification. Another 4201 k particles were 569 

extracted from 14604 new micrographs and were combined with above 1997 k particles. After 570 

4 rounds of 2D classification, 886k particles (1.14 Å pixel size) were used for hetero refinement, 571 

and the map with a resolution of 3.7 Å was imported as a good reference. A map with a 572 

resolution of 3.3 Å was reconstructed using 223 k particles, after 3 rounds of hetero refinement 573 
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and NU-refinement. To further improve the resolution, seed-facilitated 3D classification42 was 574 

performed. A dataset containing 3487k particles was re-extracted with pixel size of 0.57 Å 575 

(box size 320 pixels), which was used as the seed pool. The above 223k particles were also 576 

re-extracted with pixel size of 0.57 Å (box size 320 pixels), and were used as seeds for seed-577 

facilitated 3D classification. After seed-facilitated 3D classification, hetero refinement and NU-578 

refinement, a final map at an average resolution of 3.2 Å was reconstructed by 474 k particles. 579 

For dataset of the apo MPC in complex with Nb1 in IMS-open state (pH 6.8), 2, 411 k 580 

particles were extracted from 7, 340 micrographs with pixel size of 9.12 Å (box size 20 pixels). 581 

The same 2D classification strategy as the apo MPC-Nb1 complex in IMS-open state (pH 8.0) 582 

dataset was performed. After that, 404 k particles with pixel size of 1.14 Å were used for ab-583 

initio reconstruction, and a good class containing 128 k particles was selected. After NU-584 

refinement，a map at 3.9 Å resolution was generated. Another 3, 201 k particles were extracted 585 

from 8, 809 micrographs and were combined with above 2, 411 k particles. After 1 round of 586 

2D classification, the resulting 2, 344 k particles were re-extracted with pixel size of 0.57 Å 587 

(box size 320 pixels). The above 128 k particles were imported as seeds into the dataset of 588 

the 2, 344 k particles. After seed-facilitated 3D classification, multiple hetero refinement and 589 

NU-refinement, a map with a resolution of 3.7 Å was reconstructed using 445 k particles. 590 

These particles were subjected to 2 rounds of hetero refinement, ab-initio reconstruction and 591 

NU-refinement, which resulted in a final map at 3.4 Å resolution. 592 

For the dataset of pyruvate-treated MPC in complex with Nb1 in IMS-open state (pH 8.0), 593 

8, 183 k particles were extracted from 27, 987 micrographs with pixel size of 9.12 Å (box size 594 

20 pixels). The same 2D classification strategy as the apo MPC-Nb1 complex in IMS-open 595 

state (pH 8.0) dataset was performed. The remaining 947 k particles with pixel size of 1.14 Å 596 

were used for ab-initio reconstruction. A resulting map with clear transmembrane helices was 597 

generated from a 5 classes ab-initio reconstruction. After NU-refinement, a good reference at 598 

3.8 Å resolution was generated by 284 k particles. These particles were re-extracted with pixel 599 

size of 0.57 Å (box size 320 pixels). A dataset containing 5, 476 k particles were also re-600 

extracted with pixel size of 0.57 Å (box size 320 pixels). The 284 k particles were imported as 601 
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seeds into the dataset of the 5, 476 k particles. After seed-facilitated 3D classification, 1, 026 602 

k particles were subjected to NU-refinement, which resulted in a map at 3.5 Å resolution. After 603 

2 rounds of hetero refinement, ab-initio reconstruction and NU-refinement, the MPC-Nb1 604 

complex in intermediate state (pyruvate-treated, pH 8.0 ) dataset gave rise to a reconstruction 605 

at an average resolution of 3.4 Å. 606 

For the dataset of pyruvate-treated MPC in complex with Nb1 in occluded state (pH 6.8), 607 

12, 865 k particles were extracted from 40, 380 micrographs with pixel size of 9.12 Å (box size 608 

20 pixels). The same 2D classification strategy as the apo MPC-Nb1 complex in IMS-open 609 

state (pH 8.0) dataset was performed. After that, 1, 347 k particles with pixel size of 1.14 Å 610 

were used for 2 rounds of ab-initio reconstruction & hetero refinement respectively, and a good 611 

class containing 405 k particles was selected for the further ab-initio reconstruction. Through 612 

3D classification,  intermediate state maps were reconstructed using 69 % of the 405 k 613 

particles, and a ‘ apo ’ like state was reconstructed using remaining ~30 % of the particles. 614 

The particles belong to the intermediate state were re-extracted with pixel size of 0.57 Å (box 615 

size 320 pixels). Another 4, 472 k particles were extracted from 12, 783 new micrographs and 616 

were combined with above 12, 865 k particles. After 1 round of 2D classification, the resulting 617 

7, 289 k particles were re-extracted with pixel size of 0.57 Å (box size 320 pixels). The above 618 

particles belong to the intermediate state were imported as seeds into the dataset of the 7, 619 

289 k particles. After seed-facilitated 3D classification,  multiple hetero refinement, and NU-620 

refinement, a map with a resolution of 3.9 Å was reconstructed using 472 k particles. To further 621 

improve the resolution, ab-initio reconstruction and hetero refinement were performed. The 622 

resulting 312 k particles were subjected to NU-refinement, yielding a final map with the 623 

resolution of 3.7 Å. 624 

For the dataset of MPC-Nb1 complex in UK5099-bound state, 1665 k particles were 625 

extracted from 6614 micrographs with pixel size of 9.12 Å (box size 20 pixels). The same 2D 626 

classification strategy as apo MPC-Nb1 complex in IMS-open state (pH 8.0) dataset was 627 

performed. After that, 222 k particles with pixel size of 1.14 Å were used for ab-initio 628 

reconstruction, and a good class containing 69 k particles was selected for the next 3D 629 
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classification. Another 29743 micrographs were combined with above 6614 micrographs, from 630 

which a total of 9473 k particles were extracted with pixel size of 9.12 Å (box size 20 pixels). 631 

These particles were subjected to 5 rounds of 2D classification and 932 k particles with pixel 632 

size of 1.14 Å were remained. The map generated by above 69 k particles was used as a 633 

good reference for the hetero refinement of the 932 k particles. After 3 rounds of hetero 634 

refinement, ab-initio reconstruction and NU-refinement, a map with a resolution of 3.6 Å was 635 

reconstructed using 184 k particles. These particles were imported as seeds into the dataset 636 

of 9473 k particles, all particles for seeding were re-extracted with pixel size of 0.57 Å (box 637 

size 320 pixels). After 2 rounds of seed-facilitated 3D classification, 1639 k particles were 638 

subjected to NU-refinement, which resulted in a map at 3.3 Å resolution. After 2 rounds of 639 

hetero refinement, ab-initio reconstruction and NU-refinement, the MPC-Nb1 complex in the 640 

UK5099-bound state dataset gave rise to a reconstruction at an average resolution of 3.2 Å. 641 

For the dataset of pyruvate-treated MPC in complex with Nb1 and Nb2 in matrix-facing 642 

state (pH 6.8), 10, 642 k particles were extracted from 31195 micrographs with pixel size of 643 

9.12 Å (box size 20 pixels). The same 2D classification strategy as the apo MPC-Nb1 complex 644 

in IMS-open state (pH 8.0) dataset was performed. The remaining 1197 k particles with pixel 645 

size of 1.14 Å were used for ab-initio reconstruction. A class that showed obvious secondary 646 

structure features were selected and subjected to additional 2 rounds of hetero refinement 647 

and NU-refinement, which resulted in a map with a resolution of 3.2 Å containing 300 k 648 

particles. These particles were re-extracted with pixel size of 0.57 Å (box size 320 pixels). 649 

Another 10, 882 k particles were extracted from 30067 new micrographs and were combined 650 

with above 10, 642 k particles. After 1 round of 2D classification, the resulting 14,254 k 651 

particles were re-extracted with pixel size of 0.57 Å (box size 320 pixels). The above 300 k 652 

particles were imported as seeds into the dataset of the 14,254 k particles. After seed-653 

facilitated 3D classification, and NU-refinement, a map with a resolution of 3.2 Å was 654 

reconstructed using 2296 k particles. To further improve the resolution, 2 rounds of 3D 655 

classification using good and biased references or references with resolution gradients were 656 
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performed. The resulting 1023 k particles were subjected to NU-refinement, yielding a final 657 

map with the resolution of 3.0 Å. 658 

Model building and refinement. 659 

The initial structure models for MPC and nanobodies were generated by AlphaFold243. 660 

The structure was docked into the density map and manually adjusted and re-built by COOT44. 661 

Model refinement was performed using phenix.real_space_refine in PHENIX45. For cross-662 

validations, the model vs. map Fourier Shell Correlation (FSC) curves were generated in the 663 

Comprehensive Validation module in PHENIX. The structures of all states were validated 664 

through examination of the Molprobity scores46, and statistics of the Ramachandran plots. 665 

Local resolutions were estimated using cyroSPARC40 local resolution estimation. Structure 666 

Figures were produced using PyMOL (http://www.pymol.org), UCSF Chimera47 and 667 

ChimeraX48. 668 

Proteoliposomes reconstitution 669 

The MPC complexes were reconstituted into liposomes as previously established with 670 

modifications8. Briefly, egg L-a-phosphatidylcholine (Sigma) and tetraoleoyl cardiolipin (Sigma) 671 

were dissolved into methanol at a 20:1 (w/w) ratio. Solvent was removed through drying by 672 

nitrogen gas. Above dissolving and drying procedure was performed twice. The prepared 673 

lipids were resuspended by buffer containing 20 mM Tris-HCl pH 8.0 and 100 mM NaCl to a 674 

final concentration of 15 mg/mL. Lipids were further solubilized with 1.2% (v/v) pentaethylene 675 

glycol monododecyl ether (Sigma), and purified protein was added at a lipid-to-protein ratio of 676 

60:1 (w/w) following by incubation for 2 hrs at 4 °C. Pentaethylene glycol monododecyl ether 677 

and detergents from protein samples were removed by Bio-Beads SM-2 (Bio-Rad) during the 678 

proteoliposomes formation. Samples were then extruded through 0.4 μm filter (Cytiva) by 679 

extruder (Avanti). Proteoliposomes were harvested by centrifugation at 120,000 g for 1 hr. The 680 

pelleted proteoliposomes were resuspended in buffer containing 20 mM Tris-HCl pH 8.0 and 681 

100mM NaCl at a final protein concentration of 0. 5 mg/mL.  682 

[14C]-Pyruvate transport assay  683 
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The pyruvate transport activity was measured by [14C]-Pyruvate uptake assays described 684 

previously with modifications2,8. To initiate transport, the proteoliposomes were diluted 100 685 

folds in external buffer containing 50 μM [14C]-pyruvate (Revvity, Product Number: NEC256, 686 

specific activity: 10.7 mCi/mmol) at room temperature. The external buffers of different pH 687 

containing 50 μM [14C]-pyruvate were chosen accordingly (20 mM MES pH 6.4, 100 mM NaCl 688 

or 20 mM Tris-HCl pH 8.0, 100 mM NaCl). After transport for 30 s, reactions were immediately 689 

terminated by addition of UK5099 at final concentration of 1 mM. Samples were then rapidly 690 

filtrated through cellulose nitrate 0.22-μm filters (Millipore) followed by triple washes with 0.8 691 

ml of ice-cold internal buffer (20 mM Tris-HCl pH 8.0, 100 mM NaCl). Each filter was placed 692 

into 24-well plate (Perkin Elmer) and overnight dissolved in 800 μl of Ultima Gold scintillation 693 

liquid (Perkin Elmer). Scintillation counting was performed using MicroBeta2® Microplate 694 

Counter (Perkin Elmer). Empty liposomes without MPC were used as control. Standard 695 

calibration curve was made with CPM values read from [14C]-pyruvate of 4.5 pmol, 45 pmol, 696 

450 pmol and 4.5 nmol in 800 μL Ultima Gold scintillation liquid (Perkin Elmer). For the time 697 

course measurement of pyruvate transport activity by WT (MPC1/2) in proteoliposome and 698 

empty liposomes measured by [14C]-pyruvate uptake assay. Imported pyruvate was quantified 699 

by scintillation counting at uptake duration of 0s, 10s, 20s, 30s, 60s, 120s and 180s. To 700 

determine the Km value, reactions were initiated by adding a series of [14C]-Pyruvate 701 

concentration (25 μM, 50 μM, 100 μM, 200 μM, 400 μM and 600 μM). Km value was calculated 702 

by fitting to the Michaelis–Menten equation in GraphPad Prism 10. For dose-dependent 703 

inhibition assay, proteoliposomes were pre-incubated with UK5099 at different concentrations 704 

(0.001nM, 10 nM, 50 nM, 100 nM, 500 nM, 1 μM, 5 μM, 10 μM, 50 μM and 100 μM) for 1 min 705 

at room temperature before the reaction initiated by addition of 50 μM [14C]-pyruvate. The IC50 706 

values were determined using nonlinear regression fittings using GraphPad Prism 10. 707 

Microscale thermophoresis (MST) binding assay 708 

The binding affinity of MPC variants towards UK5099 was measured using the Monolith 709 

NT.115 from NanoTemper Technologies. The purified C-terminal 8 ×His-tagged MPC1/MPC2 710 

was diluted with buffer containing 20 mM HEPES 7.4, 150 mM NaCl, and 0.01% LMNG+ 0.001% 711 
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CHS (w/v). MPC proteins were fluorescently labelled with RED-tris-NTA 2nd generation dye 712 

(NanoTemper technologies) according to the manufacturer’s protocol and about 50 nM of 713 

labelled protein was used for each assay. UK5099 with serial dilutions up to 2 μM or 300 μM 714 

were mixed with indicated protein. After incubating at room temperature for 30 minutes, the 715 

samples were loaded into NanoTemper glass capillaries. Measurements were performed 716 

using 40% LED excitation and medium MST power settings. The MST data was further 717 

analyzed by Monolith NT.115. 718 

Computational inhibitor docking 719 

All protein residues in the cryo-EM structure of MPC in complex with UK5099 were 720 

extracted as the receptor model, to which hydrogens were added with PyMol. The model was 721 

then prepared for docking using ADFR suite v1.049. Briefly, the model was converted to 722 

PDBQT file by prepare_receptor; grid maps were generated using AutoGrid v4.2.750, and a 723 

large grid box centered at the hydroxyl oxygen of Tyr62 with grid dimensions of 160 Å x 80 Å 724 

x 80 Å and 0.375 Å spacing was specified to cover the entire protein. The last sidechain 725 

dihedrals of the pocket-surrounding residues (chain A: Asn33, Tyr62, Phe66, Phe69, Leu80; 726 

chain B: Trp82, Leu96, Asn100) were set as flexible. The SDF files of all the ligands were 727 

obtained from PubChem51. The protonation states of the ligands were corrected using 728 

OpenBabel v3.1.052 with pH 7.4, and Meeko v0.5.153 was used to prepare the ligands for 729 

docking. Docking was performed using AutoDock-Vina v1.2.554,55 with default parameters, 730 

except that exhaustiveness were set to 128 and the maximum number of generated binding 731 

modes were set to 100. 732 

Data availability 733 

Atomic coordinates and corresponding EM maps of the structures of apo MPC in complex 734 

with Nb1 at pH 8.0 (PDB ID: 8YW6 and EMDB ID: EMD-39624) and pH 6.8 (PDB ID: 9KNW 735 

and EMDB ID: EMD-62464) in IMS-open state, structure of pyruvate-treated MPC in complex 736 

with Nb1 at pH 8.0 in IMS-open state (PDB ID: 9KNY and EMDB ID: EMD-62466), structure 737 

of pyruvate-treated MPC in complex with Nb1 at pH 6.8 in occluded state (PDB ID: 9KNX and 738 
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EMDB ID: EMD-62465), structure of pyruvate-treated MPC in complex with Nb1 and Nb2 at 739 

pH 6.8 in matrix-facing/inhibitory state (PDB ID : 8YW9 and EMDB ID : EMD-39626), and 740 

UK5099-bound structure (PDB ID : 8YW8 and EMDB ID : EMD-39625) have been deposited 741 

in the Protein Data Bank (http://www.rcsb.org) and the Electron Microscopy Data Bank 742 

(https://www.ebi.ac.uk/pdbe/emdb/), respectively. The SemiSWEET structures used for 743 

structural comparisons with MPC in Extended Data Fig. 9 are accessible in the Protein Data 744 

Bank with PDB codes of 4X5M, 4RNG, 4QNC and 4QND. 745 
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 816 

Figure legends 817 

Fig. 1 Structure of MPC in IMS-open conformation. a, Cryo-EM map of apo MPC in complex with 818 

Nb1 at pH 8.0. MPC1, MPC2, Nb1, PC/cardiolipin and other surrounding lipid-like densities are colored 819 

green, violet, grey, brown and light grey, respectively. This color scheme was used throughout the text. 820 

b, Overall structure of apo MPC in IMS-open conformation. Structure is shown in cartoon with MPC1 821 

colored green, MPC2 colored violet, Nb1 colored grey, and the lipids colored brown. Key structural 822 

elements of both subunits are labeled in corresponding colors. Both side view and view from IMS side 823 

are shown. c, Electrostatic analysis result. A cut-away surface illustration of the structure shows a wide 824 

opening towards the IMS side. d, Interaction details between MPC1 and MPC2 on the matrix side. 825 

Hydrogen bonds are indicated as yellow dash lines in this and all following figures.  826 

Fig. 2 Structure of pyruvate-treated MPC in occluded conformation. a, Cryo-EM map of pyruvate-827 

treated MPC in complex with Nb1 at pH 6.8. b, Overall structure of pyruvate-treated MPC in complex 828 

with Nb1 at pH 6.8. c, A cut-away surface illustration of pyruvate-treated MPC purified at pH 6.8 829 

suggests an occluded conformation. The putative pyruvate binding pocket is highlighted by a red square.  830 

d, Conservation of the residues forming the putative pyruvate binding pocket. Transparency of cartoon 831 

is set as 40%. The conservation surface was generated with the ConSurf web server. e, Comparison 832 

of pyruvate uptake by WT MPC and mutants carrying mutations in the putative pyruvate binding site. 833 

Proteoliposome-based transport assay using [14C]-pyruvate was performed for 30 s followed by 834 

scintillation counting. Internal pH of liposomes was 8.0 and external pH was 6.4. Y axis represents 835 

relative pyruvate uptake with that of WT as 100%. In all assay figures, residues on MPC1 and MPC2 836 

are colored green and violet, respectively. Average value of empty liposomes was used as control and 837 
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subtracted. f, ‘Zipper’-like interactions between L1 loops on the IMS side. g, Comparison of pyruvate 838 

uptake by WT MPC and mutants carrying mutations on L1 loops. h, Interaction between MPC1 and 839 

MPC2 mediated by MPC2-Gln71, MPC2-Gln110 and other nearby residues. i, Comparison of pyruvate 840 

uptake by WT MPC and MPC2-Gln71, MPC2-Gln110 mutants. In all transport assay figures, data are 841 

shown as mean ± SD, n = 3 technical replicates. All transport assay experiments were independently 842 

repeated twice with similar results. For original data of all the assays in this study, see Source Data. 843 

Fig. 3 Structure of UK5099-bound MPC. a, Cryo-EM map of MPC-Nb1 complex treated with UK5099. 844 

b, Overall structure of UK5099-bound MPC with the binding pocket highlighted in grey color. UK5099 845 

is colored yellow. The pocket is generated via PyMOL by showing solid surface with cavities and pockets 846 

culled at 60% transparency. c, Interaction details between UK5099 and MPC. d, Comparison of 847 

substrate transport activity of WT MPC and the UK5099 binding site mutant MPC2-W82D. e, 848 

Comparison of UK5099 inhibition on substrate transport by WT MPC and UK5099 binding site mutant 849 

with control subtracted. For dose-dependent inhibition assay, proteoliposomes were pre-incubated with 850 

a series of UK5099 concentrations (0.001nM, 10 nM, 50 nM, 100 nM, 500 nM, 1 μM, 5 μM, 10 μM, 50 851 

μM and 100 μM) for 1 min at room temperature before the reaction initiated by the addition of 50 μM 852 

[14C]-pyruvate. The IC50 values were determined using nonlinear regression fittings in GraphPad Prism 853 

10 [Inhibitor] vs. response -- Variable slope (four parameters)] with constrain settings of ‘Bottom 854 

constant equal to 0, Top constant equal to 100’. In all transport assay figures, data are shown as mean 855 

± SD, n = 3 technical replicates. All transport assay experiments were independently repeated twice 856 

with similar results. 857 

Fig. 4 Structure of MPC in matrix-facing state with a nanobody block the transport path. a, Cryo-858 

EM map of pyruvate-treated MPC in complex with Nb1 and Nb2, at pH 6.8. b, Overall structure of Nb1-859 

MPC-Nb2 complex. c, A cut-away surface illustration of Nb1-MPC-Nb2 complex. d, Interaction details 860 

between Nb2 and MPC. e, Structural alignment between structures of MPC in Nb1-MPC-Nb2 and 861 

UK5099-bound complexes. Pocket-forming residues on the matrix side of the two structures are 862 

highlighted. f, Comparison between the binding pattern between MPC and the two inhibitory molecules. 863 

Only conserved polar interactions with MPC1-Tyr62 and MPC2-Lys49 are shown. 864 

Fig. 5 Conformational changes of MPC. a, Structural alignment between TMDs of MPC in the 865 

occluded structure and the IMS-open structure. b, Superimposition of TMDs of corresponding subunits 866 

from the IMS-open structure and the occluded structure. c, Superimposition of structures in the 867 

occluded state and the matrix-facing state (Nb2-bound). Structural elements are labeled in green and 868 

violet numbers for MPC1 and MPC2, respectively. d, Comparison of the gating residues on the matrix 869 

side between the occluded state and the matrix-facing state. e, Comparison of the putative pyruvate 870 

binding site in the structures of MPC in IMS-open, occluded and matrix-facing states. The putative 871 

binding site are indicated by MPC2-Lys49 in the cutting-surface illustration of the three structures. 872 

Extended data figure legends 873 

Extended Data Fig. 1 | Cryo-EM samples preparation and validation. a, Time course profile for 874 

pyruvate transport by purified WT MPC. Black dots represent readings for proteoliposomes 875 

incorporated with MPC and black squares represent readings for empty liposomes. Internal pH was 8.0 876 

ACCELE
RATED A

RTIC
LE

 P
REVIE

W



 31 

and external pH was 6.4. In the following transport assay experiments we chose to measure pyruvate 877 

uptake by MPC at the time point of 30 s, which is approximately within the linear range. b, Influence of 878 

different termination conditions on substrate transport. In the following transport assay experiments we 879 

added 1 mM of UK5099 for transport termination. c, Km value determination for WT MPC. The Km value 880 

was obtained from automatic curve fitting within the pyruvate concentration range of 100-600 μM. d, 881 

Transport activity of WT MPC with or without binding to nanobodies. MPC samples were pre-incubated 882 

with corresponding nanobodies before incorporated into liposomes. Liposomes were run into SDS-883 

PAGE to monitor incorporation efficiency of different MPC samples. e, Protein complexes purified for 884 

cryo-EM analyses. Peak containing desired complex in each gel filtration profile is indicated by a red 885 

star, and peak fractions were analyzed by SDS-PAGE. Each MPC sample was purified at least twice 886 

with similar behavior. For all gels, the same molecular weight marker was used as that in panel d, and 887 

for uncropped gels, see Supplementary Figure 1. In all transport assay figures, data are shown as mean 888 

± SD, n = 3 technical replicates. All transport assay experiments were independently repeated twice 889 

with similar results. 890 

Extended Data Fig. 2 | Cryo-EM analysis of MPC in IMS-open state. a, Cryo-EM analysis of apo 891 

MPC in complex with Nb1 at pH 8.0. b, Cryo-EM analysis of apo MPC in complex with Nb1 at pH 6.8. 892 

c, Cryo-EM analysis of pyruvate-treated MPC in complex with Nb1 at pH 8.0. For each sample, a 893 

representative raw micrograph, 2D-class averages of particle images, the flowchart of the EM analysis, 894 

the local resolution map, the angular distribution of the particles, the Fourier shell correlation (FSC) 895 

curve and the FSC curve of the refined model versus the corresponding map in MPC region are shown. 896 

 897 

Extended Data Fig. 3 | Cryo-EM analysis of MPC in occluded state and matrix-facing state. a, 898 

Cryo-EM analysis of pyruvate-treated MPC in complex with Nb1 at pH 6.8. b, Cryo-EM analysis of 899 

UK5099-bound MPC in complex with Nb1. C, Cryo-EM analysis of pyruvate-treated MPC in complex 900 

with Nb1 and Nb2 at pH 6.8. For each sample, a representative raw micrograph, 2D-class averages of 901 

particle images, the flowchart of the EM analysis, the local resolution map, the angular distribution of 902 

the particles, the Fourier shell correlation (FSC) curve and the FSC curve of the refined model versus 903 

the corresponding map in MPC region are shown. 904 

 905 

Extended Data Fig. 4 | Structural features of MPC structures in IMS-open state. a, Overall 906 

structures of MPC purified in different conditions that exhibit IMS-open conformation. b, Structural 907 

alignment of the three MPC structures in IMS-open state. c, Superimposition of TMDs of MPC1 and 908 

MPC2. d, Structure details of MPC2-APH. e, Density for the cardiolipin molecule found between MPC2-909 

APH and MPC1-TMD. f, Density for the PC molecule found between MPC1-TM1 and MPC2-TM2. All 910 

figures of local densities were generated by isomesh function in PyMOL at sigma value of 4.5. 911 

 912 

Extended Data Fig. 5 | Importance of structural features in the occluded MPC structure. a, Cryo-913 

EM densities of residues forming the putative pyruvate binding pocket in the occluded MPC structure. 914 

b, Gel filtration profiles of corresponding MPC variants. Peak positions of MPC are indicated by reverse 915 

triangles. The differences in elution volume of MPC variants are mainly due to different equipment and 916 

columns were used during purification. Each MPC mutant was purified at least twice with similar 917 
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behavior. c, Substrate transport by MPC carrying mutations on residues in the putative pyruvate binding 918 

pocket. d, Time courses of pyruvate transport by putative pyruvate binding pocket mutants. e, Cryo-EM 919 

densities of the L1 loops in the occluded structure. f, Substrate transport by MPC carrying mutations on 920 

residues in the L1 loops. g, Cryo-EM densities of residues mediating interaction between MPC1 and 921 

MPC2 below the L1 loops on the IMS side of the occluded structure. h, Substrate transport by MPC 922 

carrying MPC2-Q71A, Q110A and Q110H mutations. For all gels, the same molecular weight marker 923 

was used as that in panel c, and for uncropped gels, see Supplementary Figure 1. In all transport assay 924 

figures, data are shown as mean ± SD, n = 3 technical replicates. All transport assay experiments were 925 

independently repeated twice with similar results.  926 

 927 

Extended Data Fig. 6 | Binding features of inhibitors towards MPC. a, Chemical structure of 928 

UK5099. Key structural elements of UK5099 discussed in main text are indicated. b, Densities of 929 

UK5099 and binding pocket forming residues. All densities are isolated at sigma value of 4.5. c, Gel 930 

filtration profiles of WT MPC and the mutant carrying MPC2-W82D mutation. The mutant was purified 931 

at least twice with similar behavior. d, Microscale thermophoresis (MST) binding measurement of MPC 932 

variants towards UK5099 at different maximum UK5099 concentrations. Binding curves of MPC 933 

variants are presented. Binding affinity between WT and UK5099 is 353.8 ± 97.03 nM, while binding 934 

between binding pocket mutants and UK5099 was not detectable in the UK5099 concentration range 935 

of up to 2 μM. Binding affinities between the mutants and UK5099 could be detected at 159.2 ± 26.72 936 

μM for K49A mutant, 122.8 ± 20.57 μM for W82A mutant, 269.1± 15.40 μM for W82D mutant and 122.4 937 

± 22.99  μM for N100A mutant, respectively, in the UK5099 concentration range of up to 300 μM. Error 938 

bars represent mean ± SD based on three independent measurements. e, Substrate transport of WT 939 

MPC and the mutant carrying MPC2-W82D mutation. Data are shown as mean ± SD, n = 3 technical 940 

replicates. Experiments were independently repeated twice with similar results. For uncropped gel, see 941 

Supplementary Figure 1. f, Ligand docking results of known inhibitors towards MPC. General fitting of 942 

inhibitors in the UK5099 binding pocket in the overall structure context of MPC. g, In silico docking 943 

results of known inhibitors targeting the UK5099 binding pocket. Ligands are shown in the UK5099 944 

binding pocket (grey, 60% transparency).  945 

 946 

Extended Data Fig. 7 | Cryo-EM densities of the putative gating residues on the matrix side. 947 

Densities for corresponding residues in the occluded structure and the Nb2-bound matrix-facing 948 

structure are shown. 949 

 950 

Extended Data Fig. 8 | Sequence alignments of MPC subunits among different species. a, 951 

Sequence alignment of MPC1. Sequences were obtained from UniProt with the following accession 952 

codes of MPC1 from corresponding species: Homo sapiens (Q9Y5U8), Mus musculus (P63030), S. 953 

cerevisiae (P53157), C. elegans (Q21828), D. melanogaster (Q7KSC4) and Danio rerio (F1Q6Z3). b, 954 

Sequence alignment of MPC2 from different species and MPC3 from S. cerevisiae. Sequences were 955 

obtained from UniProt with the following accession codes of MPC2 from corresponding species: Homo 956 

sapiens (O95563), Mus musculus (Q9D023), S. cerevisiae (P38857), C. elegans (O01578), D. 957 

melanogaster (Q9VHB2), Danio rerio (Q7ZUJ3) and MPC3 from S. cerevisiae (P53311). In the 958 

sequence alignment results in panels a and b, residues forming the putative pyruvate binding pocket in 959 
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the occluded structure are indicated by reversed blue triangles, zipper-forming residues on L1 loops 960 

are indicated by reversed red triangles, residues mediating interactions between MPC1 and MPC2 961 

below L1 loops are indicated by green squares, and UK5099 binding pocket forming residues are 962 

indicated by red dots. c, Difference in UK5099 binding pocket between human MPC and yeast MPC. 963 

Pockets were generated using PyMOL. The pocket of yeast MPC was mimicked by mutating 964 

corresponding residues in our UK5099-bound cryo-EM structure model. The opening of each binding 965 

pocket is highlighted by a red dashed line. 966 

 967 

Extended Data Fig. 9 | Structural comparison between structures of MPC and SemiSWEETs. a, 968 

Structural comparison between the IMS-open MPC and an inward-open (cytoplasm-facing) 969 

SemiSWEET (PDB code: 4X5M). b, Structural comparison between occluded structure of MPC and 970 

structures of SemiSWEETs (PDB code: 4RNG and 4QNC) in occluded conformation. c, Structural 971 

comparison between the matrix-facing MPC and an outward-open SemiSWEET (PDB code: 4QND). d, 972 

The putative substrate binding pocket in SemiSWEET. An occluded structure of SemiSWEET (PDB 973 

code: 4RNG) was used for the cut-away surface generation. e, Comparison between the putative 974 

substrate binding pocket forming residues in occluded structures of MPC and SemiSWEET. 975 

 976 

Extended Data Table 1 | Cryo-EM data collection, refinement and validation statistics. 977 
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Extended Data Fig. 1
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Extended Data Fig. 2
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Extended Data Fig. 3
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Extended Data Fig. 4
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Extended Data Fig. 5
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Extended Data Fig. 6
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Extended Data Fig. 7
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Extended Data Fig. 8
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