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Dynamics of the mammalian pyruvate
dehydrogenase complex revealed by in-situ
structural analysis

ChenWang1,8, ChengMa 2,8, Yuanyou Xu3,8, Shenghai Chang1,4, HangjunWu1,4,
Chunlan Yan1, Jinghua Chen3, Yongping Wu5, Shaoya An1, Jiaqi Xu1, Qin Han4,
Yujie Jiang1, ZhinongJiang1,XiakunChu6,HaichunGao 3 ,XingZhang 1,4 &
Yunjie Chang 4,7

Themulti-enzymepyruvate dehydrogenase complex (PDHc) links glycolysis to
the citric acid cycle andplays vital roles inmetabolism, energy production, and
cellular signaling. Although all components have been individually character-
ized, the intact PDHc structure remains unclear, hampering our understanding
of its composition anddynamical catalyticmechanisms.Here, we report the in-
situ architecture of intactmammalian PDHcby cryo-electron tomography. The
organization of peripheral E1 and E3 components varies substantially among
the observed PDHcs, with an average of 21 E1 surrounding each PDHc core, and
up to 12 E3 locating primarily along the pentagonal openings. In addition, we
observed dynamic interactions of the substrate translocating lipoyl domains
(LDs) with both E1 and E2, and the interaction interfaces were further analyzed
by molecular dynamics simulations. By revealing intrinsic dynamics of PDHc
peripheral compositions, our findings indicate a distinctive activity regulation
mechanism, through which the number of E1, E3 and functional LDs may be
coordinated to meet constantly changing demands of metabolism.

The pyruvate dehydrogenase complex (PDHc) is a multi-enzyme
complex that plays pivotal roles in cellular energy production, bio-
synthetic metabolism and cellular signaling. By converting pyruvate
into acetyl-coenzyme A (acetyl-CoA)1–4, PDHc links glycolysis to the
citric acid cycle, promotes energy production, and catalyzes the bio-
synthesis of fatty acids and steroids. Recent researches have shown
that PDHc has the ability to translocate from themitochondrion to the
cell nucleus, which provides a pathway for nuclear acetyl-CoA synth-
esis required for histone acetylation andepigenetic regulation5–7. PDHc
also involves in cell proliferation and viability by influencing cellular

signaling pathways8–10. Due to its central roles in maintaining cellular
energy homeostasis, metabolic regulation, and cellular signaling,
PDHc is associated with many major diseases, such as neurodegen-
erative disorders, metabolic acidosis, diabetes, and cancer11–14.

The PDHc, alongwith the 2-oxoglutarate dehydrogenase complex
(OGDHc, also known as α-ketoglutarate dehydrogenase complex) and
the branched-chain α-keto acid dehydrogenase complex (BCKDHc),
belongs to the α-keto acid/2-oxo-acid dehydrogenase (OADH) family,
the largest cellular enzyme system with the molecular weight ranging
from 4 to 10 million Da (MDa)15. The PDHc is composed of multiple
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copies of three catalytic enzymes: pyruvate dehydrogenase (E1;
EC1.2.4.1), dihydrolipoyl transacetylase (E2; EC 2.3.1.12) and dihy-
drolipoyl dehydrogenase (E3; EC 1.8.1.4)16. E1 is a α2 dimer in Gram-
negative bacteria and aα2β2 heterotetramer inGram-positive bacteria
and eukaryotes. E2 is a multidomain protein consisting of 1-3 tandem
lipoyl domains (LDs) separatedbyflexible linkers, a peripheral subunit-
binding domain (PSBD) and an inner catalytic (IC) domain17–19 (Fig. 1a).
E3 is a homodimer20,21 and is shared among different members of the

OADH family. E2 enzymes fold into a cube (24-mer, for gram negative
bacteria) or pentagonal icosahedron (60-mer, for gram-positive bac-
teria and eukaryotes) from trimers22–25, serving as a scaffold for the
assembly of peripheral E1 and E3 enzymes. Compared to the prokar-
yotic counterpart, the eukaryotic PDHc has additional dihy-
drolipoamide dehydrogenase-binding protein (E3BP)26–28, which is
structurally very similar to E2 (Fig. 1a) and localizes at the PDHc core.
The catalytic reaction of PDHc consists of three steps (Fig. 1b). First, E1
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catalyzes the oxidative decarboxylation reaction and transfers an acyl
group to lipoate in the mobile LD of an E2 enzyme. Subsequently, the
activated LD localizes to the IC core and transports the lipoylmoiety to
CoA, forming acetyl-CoA. Finally, the LD is reoxidized for another
catalytic cycle by an E3 enzyme. The E3 enzyme facilitates the transfer
of protons to NAD+, resulting in the formation of NADH3. In the cata-
lytic reaction cycle, the PDHc core-linked LDs function as flexible
“swinging arms” to transport intermediate substrates among the active
sites of different enzymes29,30 (Fig. 1f).

X-ray crystallography hasmade significant contributions to reveal
the structure of PDHc, characterizing its individual components of E1,
E2, and E320–25,31–44, as well as the subcomplexes involving the PSBD of
the PDHc core binding to the E145 and E320,39, which provide crucial
structural information about PDHc components and their interaction
loci. However, due to its large size and structural flexibility, resolving
the intact structure of PDHc is challenging for crystallography.
Recently, structures of endogenous PDHc from bacteria, fungi, and
bovine were obtained by cryo-electron microscopy single-particle
analysis (cryo-EMSPA)41,46–50, whichoffer further insights into the PDHc
core assembly and its interactionwith the LD. In fungal PDHc, E3BPwas
found to residewithin the core as four separate complexes46,47,50.While
in mammals, E3BP substitutes for E2 in the core scaffold33 at possible
stoichiometric ratios of 48:1251–53 or 40:2020,54 E2:E3BP in an unknown
arrangement. The interaction interface of LD and E2 IC domain was
revealed from the resting state E2, which was obtained by growing
Escherichia coli in a minimal medium supplemented with succinate
instead of glucose48. The peripheral E1 and E3 were supposed to be
~5–10 nm away from the PDHc core36,52. Nonetheless, recent cryo-EM
SPA studies41,47 exhibited limited resolutions for the peripheral den-
sities and were unable to distinguish E1 or E3, hampering our under-
standing of the overall PDHc structure.

Characterizing structures of theOADH family complex in its intact
state through crystallization or purification remains challenging due to
the complexity of its assembly and the highly mobile E2-linked lipoyl
“swinging arms”, which play a central role in the multi-step catalytic
mechanism. Moreover, previous biochemical analyses have suggested
that PDHcs also exhibit stoichiometry variations of the E1 and E3
components47,55, but the roles of such variation of stoichiometry and
subunit organization41,46,56,57 remains elusive. Unraveling the molecular
architecture of intact PDHcs is indispensable for a comprehensive
understanding of its catalytic mechanisms.

In the current work, we determine the in-situ structure of an intact
PDHc from the mitochondria of porcine hearts by cryo-electron
tomography (cryo-ET). Our results show highly heterogeneous com-
position and spatial distribution of E1 and E3, indicating collaborative
mechanisms among multiple components within PDHc. Furthermore,
we observe structural snapshots of the LD transfer pathway. We then
analyze the interactions of E1-LD and E2-LD by molecular dynamics
(MD) simulations, which illustrate how the swinging arms bind to the
active sites of E1 and E2 to deliver the substrate-carrying prosthetic
group. Overall, our work provides further understanding on the reg-
ulation, assembly and collaborative catalytic reactions of multi-
enzyme OADH family complexes.

Results
In-situ structure of intact PDHc
To characterize PDHc in its native environment, we reconstructed the
in-situ structure of PDHc within mitochondria of porcine heart using
cryo-ET. The mitochondrial membrane, cristae and ATPase are clearly
visible in the cryo-electron tomograms (Fig. 1c, d). The cristae exhibit a
conventional lamella shape, indicating the investigated regions retain
the microenvironment of mitochondria. PDHc particles were readily
seen in the reconstructed tomograms (Fig. 1c). Toget an idea about the
abundance of PDHc in mitochondria, we measured the volume of the
examined mitochondria in our tomograms and calculated the density
of the PDHc in native mitochondrial lumen. Based on our calculation,
there is only one PDHc particle per 2.7× 10−3 μm3 of mitochondrial
lumen volume. Considering that the volume of mitochondrion ranges
from 0.04–0.08μm3 58, the average number of PDHc is approximately
15–30 per mitochondrion in heart cells.

The PDHc core is found to be surrounded by a shell of protein
densities, which lacks apparent symmetry, does not show any obvious
local cluster organizations, and is speculated to be E1 or E3 (Fig. 1c
insertion). To solve the in-situ structure of the PDHc at high resolution,
we picked PDHc particles from hundreds of tomograms and carried
out sub-tomogram averaging analysis (Supplementary Fig. 1 and
Table 2). In the average structure, E2/E3BP folds into an icosahedral
core (dark green in Fig. 1e), which agrees well with the reported
mammalian PDHc core structure24,41. The surrounding shell densities
were classified, refined, and then distinguished as E1 or E3 by com-
paring with the reported crystal structures and the atomic models
predicted by AlphaFold259 (Supplementary Fig. 1). Moreover, local
refinement and classification help us identified the LD and PSBD
binding on the E1 or E3 (Fig. 1e, details will be shown in following
sections). Thenumbers and locations of E1 andE3 varyacross the PDHc
particles, which will be presented in details in the next section. On
average, each PDHc has twenty-one E1 and four E3 surrounding the 60-
mer E2/E3BP core (Fig. 1e and Supplementary Movie).

Heterogeneous organization of E1 and E3
E1 and E3 components were distinguished by three-dimensional (3D)
refinement, classification and comparison with atomic models (refer to
Methods and Supplementary Fig. 1 for details), making it possible to
analyze their spatial organization. The number of E1 in the periphery of
each PDHc inmitochondria (hereafter calledmitochondrial PDHc) is not
constant, but varies from 1 to 46, with an average of 21 E1 per PDHc
(Fig. 2a). Thedistributionof E1 numberfitswith twonormal distributions
(Fig. 2a). Thenumberof E3 in eachmitochondrial PDHcvaries between0
and 12, with an average of 4 E3 per PDHc (Fig. 2b). It is worth noting that
each PDHc has at least one E1, whereas a subset of PDHc particles has no
E3 at all (Fig. 2b). We then further conducted statistical analysis on the
quantitiesof E1 andE3 in the samemitochondrial PDHc.The result shows
a linear variation in the numbers of E1 and E3 (Fig. 2c). Specifically, for
each mitochondrial PDHc, there was an additional assembly of E3 along
with five more E1. In addition, the distributions of E1 and E3 in the same
PDHc also exhibited two major proportions (Fig. 2c), with the centers
locating around [7E1, 1E3] and [32E1, 6E3], which is consistent with the

Fig. 1 | The molecular architecture and multi-step catalytic reactions of
mammalianPDHc. aOrganization of E2 and E3BPofmammalian PDHc. E2 or E3BP
is composed of one or two lipoyl domains (LDs) followed by a peripheral subunit-
binding domain (PSBD) and an inner catalytic (IC) domain that are connected by
flexible linkers. “S” represents PSBD. E1 or E3 binds on the PSBD of E2 or E3BP,
respectively. b Scheme of the multi-step reaction catalyzed by the individual
components of PDHc. c A representative cryo-electron tomogram slice showing
intact PDHc particles in a mitochondrion. The insertion shows the zoomed in view
of one PDHc particle. Similar features were observed in more than 10 tomograms.
dThree-dimensional surface viewof the tomogramshown in (c). eA representative

model of mammalian PDHc, with 21 E1 and 4 E3 surrounding the 60-mer E2/E3BP
core (green: E2/E3BP, light coral: E1, blue: E3, lime: LD, teal: S). See also Supple-
mentary Movie. Notice that due to the heterogeneity of E1 and E3, this is not a
structure generated by sub-tomogramaveraging. Instead, it is amodel bymanually
placing the E1 andE3at themost likely positions basedonour statistical analysis. fA
putative scheme (based on Arjunan et al. 30) of the substrate channelingmechanism
in the catalytic cycle of PDHc. Only one copy of each enzyme is shown for simpli-
city. From left to right: the pre-catalytic state of PDHc, the first, second and third
reaction step of the PDHc catalytic cycle, respectively. During the catalytic cycle,
the LD interacts with each enzyme sequentially to transport the substrate.
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bimodal distribution of E1 (Fig. 2a). Our results show that native PDHcs
do not have a specific subunit stoichiometry, consistent with previous
reports47,52,54,55. The stoichiometry of E1:E2/E3BP:E3 in porcine PDHc

varies from 1:60:0 to 46:60:12, with an average ratio of 21:60:4.
Accordingly, the molecular weight of porcine PDHc varies from 4 to 11
MDa, with an average weight of ~7.5MDa.

Fig. 2 | The numbers and spatial arrangements of E1 and E3 in the periphery of
PDHcs in mitochondria. a Distribution of the number of E1 in each mitochondrial
PDHc. SD: standard deviation. The dashed blue line shows the overall curve fitting
of the E1 number distribution. The red lines show the twoGaussian fitting curves of
the E1 number distribution. b Distribution of the number of E3 in each mitochon-
drial PDHc. c Distribution of the number of E1 and E3 in the same PDHc in mito-
chondria. As indicated by the grey line, the number of E3 has a linear relationship

with the number of E1 (E3 = 0.2 * E1–0.4). d Statistics of the distance between the E1
center and the PDHc core center. e Statistics of the distance between the E3 center
and the PDHc core center. f, gOrientation distribution plots of E1 and E3 relative to
the PDHc core. The view of the core was shown in the left panel. Each point on the
spheres (middle and right panels) represents an individual E1 or E3. Different colors
of the sphere surface display the density of E1 (or E3) around each point. Refer to
Methods for the generation of these plots.
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The distances between E1/E3 centers and the icosahedral PDHc
core were then measured to analyze the diameter of PDHc. The dis-
tance between the E1 center and the PDHc core center varies between
130Å and 270Å, with an average value and standard deviation of
~200Å and ~24 Å, respectively (Fig. 2d). While the average distance
between E3 center and the PDHc core center is ~193 Å, with the stan-
dard deviation ~30Å (Fig. 2e). Therefore, taking into account of the
size of E1 and E3, the diameter of PDHc typically ranges from
40–60nm, with an average value of 50nm.

The icosahedral PDHc core has two, three, and fivefold symme-
tries. We then analyzed the spatial distributions of E1 and E3 along
different symmetry axes. The E1 scatters around the core, with minor
preference locating along the twofold and threefold axes than the
fivefold axis (Fig. 2f). On the other hand, the E3 primarily locates above
the pentagonal opening (Fig. 2g).

Previous cryo-EM SPA studies using PDHc purified from endo-
genous sources suggest that E1 and E3 may form clusters surrounding
the E2 core41,47,48, which is different from the current cryo-ET analysis of
the mitochondrial PDHcs. To address the difference, we carried out
both cryo-EM SPA and cryo-ET analysis of the PDHcs purified from the
mitochondria of porcine hearts (hereafter called purified PDHcs). The
SDS-PAGE, mass spectrometry and enzyme activity analysis show that
the purified PDHcs maintain all necessary components and are cataly-
tically active (Supplementary Figs. 2 and 3 and Supplementary Table 1).

Although the PDHc core structurewas resolved to 3.2 Å resolution
(Supplementary Fig. 4b–d), a simple asymmetric reconstruction of the
peripheral densities did not provide informative insights into the
structures of E1 or E3 (Supplementary Fig. 4e). Considering that the E1/
E3 like densities were observed in the raw SPA images (Supplementary
Fig. 4a), we hypothesized that collecting 3D tomograms of the PDHc
particles may help us pick the E1/E3 like densities from the raw data
and resolve the E1/E3 structures. Therefore, we carried out cryo-ET
investigations of the purified PDHc. The tomograms show that the
purified PDHcs encountered sample compression, resulting in frag-
mentation and the presence of scattered E1 and E3 like densities in the
background (Supplementary Fig. 4f–h). Some PDHc particles locate
around the tomogram center and possess E2 core with clear icosahe-
dral features (Supplementary Fig. 4g). However, those particles which
are closest to the graphene surfaces, which look perfect along the z-
axis, are broken and have incomplete cores and periphery densities
(Supplementary Fig. 4h). The complete and compressed particles can
be easily distinguished in 3D tomograms, but not in the projection
images for SPA. We thus speculate that themixture of the compressed
particles with the complete ones increases the difficulty for the sub-
sequent distinguishment of E1 and E3.

To further analyze the differences between the purified PDHcs
and mitochondrial PDHcs, we manually picked 1209 complete parti-
cles from 256 tomograms of the purified PDHc and carried out similar
sub-tomogram averaging and statistical analysis as the mitochondrial
PDHc. The quantity of E1 and E3 in each purified PDHc varies between
1–42 and 0–11, respectively, with the average value of 22 E1 and 3 E3
(Supplementary Fig. 5a, b). The distance between E1 center, E3 center
and the PDHc core is ~200Å and ~190Å, respectively (Supplementary
Fig. 5d, e). These features are similar to those native PDHcs observed
within the mitochondrial lumen. However, it is notable that the num-
ber distribution of E1 in purified PDHc fits with one normal distribution
(Supplementary Fig. 5c), rather than the bimodal distribution of
mitochondrial PDHc. This difference could be attributed to the PDHc
extraction, which may lead to sample homogenization and the loss of
the natural distribution observed in the mitochondrial PDHc. More-
over, it further confirms that the mitochondria we observed retain
their microenvironment to some extent. Together, our structural
analysis here reveals the heterogeneous organization of E1 and E3,
illustrating the intrinsicflexibilities of the composition and assemblyof
the PDHc (Supplementary Movie).

Binding of E1 and E3 on PSBD and the E1-LD interactions
The PSBD subunits of the PDHc core provide binding sites for E1 and
E3, and the E2-linked LDs serve as swinging arms to transfer substrates
among different enzymes3,29,60 (Fig. 3a). We carried out 3D classifica-
tions to analyze these interactions of E1 and E3 with PSBD and LD. The
tomograms of the purified PDHc and mitochondrial PDHc were com-
bined together to increase the particle number and improve the
achievable resolution (Supplementary Fig. 1). The E1 were classified
into twomain classes (Fig. 3b, c). The previously reportedmammalian
E1 structure (PDB: 6cfo) fit well with themain architecture of both class
averages, with all E1 possessing an additional density close to the
C-terminal region (Fig. 3b, c) and ~82% E1 having additional density
close to the N-terminal region (Fig. 3b). It was previously reported that
the PSBD binds on the C terminus of E1β, while the N terminus of E1α
interacts with LD45,61,62. We thus docked the PSBD-E1-LD and PSBD-E1
models (predicted by AlphaFold2) into the corresponding class
averages, which agree well with our structures (Fig. 3b, c). Due to the
resolution limitation, PSBD can be fitted in two different ways with
opposite orientations (Fig. 3b, c and Supplementary Fig. 7d). Never-
theless, since E1 is a α2β2 heterotetramer, these two fitting strategies
are thus structurally identical.

On the basis of our PSBD-E1-LD structure and the corresponding
model, we carried out MD simulations to further analyze the interac-
tions between E1 and LD (Supplementary Fig. 7a–c and Supplementary
Fig. 8). The simulations show that LD interacts directly with the cata-
lytic channel formed by E1α and E1β subunits (Fig. 3b). The interaction
is stabilized by electrostatic interactions (Fig. 3d, e), which is notably
supported by interactions involving the negatively charged residues
E239, E248, D250, E254, D258, K259, E265, E268, E269 in LD (Fig. 3d),
and the positively charged residues K77, K83, K85, H92, R235, H292,
R304, R311 in E1α, and R37, R72, R59 in E1β (Fig. 3e). Additionally, we
analyzed the amino acids in E1 that exhibit high interaction frequencies
with the oxidized lipoic acid carried by K259 of LD (Supplementary
Fig. 7c), whichprimarily consist of hydrophilic (H92,H292, Y118onE1α,
and R37, Y64, K69, H159 on E1β) and hydrophobic residues (F90,
M229,M294on E1α, andA67,M112, F116 on E1β). This suggests that the
hydrophobic interactions play an important role in the E1-LD interac-
tion and may also influence the proper positioning of the lipoic acid
moiety or the kinetics of LD binding (Fig. 3f).

Our analysis of the E3 illustrates that one PSBD binds to the
dimerization interface of E3 (Fig. 3g), which agrees with previously
reported PSBD-E3 structures20,39. The structures show that both the E1
and E3 bind on one PDHc core linked PSBD. The E1 roughly faces the
PDHc core with its twofold axis, while the twofold axis of E3 tilts ~60˚
relative to the pentagonal opening of the PDHc core (Fig. 1e and
Supplementary Fig. 7e). Overall, our structures capture snapshots of
PSBD-E1-LD, PSBD-E1 and PSBD-E3 interactions, illustrating the binding
of E1 and E3 to the E2/E3BP core and the substrate transfer between E1
and LD.

Interactions between the LD and the PDHc core
PDHc transfers substrates between different enzymes by the LDs22,
which are connected to the catalytic domains of the PDHc core
through flexible linker regions (Fig. 4a). Analysis of the interactions
between LD and different enzymes of the PDHc is essential for
understanding the catalytic reactions. The in-situ structure of the
PDHc core was resolved by sub-tomogram averaging to analyze the
interactions between LD and the PDHc core. The PDHc core structure
was resolved to a resolution of 4.3 Å (Fig. 4b). The overall structure
shows the expected 60-meric central core with icosahedral symmetry
and the density matches well with our cryo-EM SPA resolved core
structure of porcine PDHc (PDB: 9j1w) (Fig. 4b). Noticeably, if we lower
the threshold of the core structure, significant protruding densities
can be found at the bridges of E2 subunits (arrow indicated in Fig. 4b),
which are supposed to be the LDs.
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To better visualize the protruding densities, we performed
asymmetric reconstruction of the E2 subunits. All 60 E2 subunits were
extracted from each icosahedral PDHc core, aligned together and then
3D classified into two main classes. One class average only consists of
the density of E2 trimer (Fig. 4c and Supplementary Fig. 10b and e),
while the other class average revealed significant protruding densities
(Fig. 4d and Supplementary Fig. 10c and f), which fit well with the
AlphaFold2 predicted E2-LD model (Fig. 4d). Due to the resolution
limitation, we did not observe the substrate density in the PDHc core
structure resolved by cryo-ET (Fig. 4b–e). Fortunately, in our cryo-EM
SPA resolved PDHc core structure, a cylindrical density extending
thinly through the active site channel was observed near the catalytic
residues S556 and H’620 of E2, accommodating a dihydrolipoamide
(DHLA) model (PDB: 1eae) (Supplementary Fig. 4c, d and Supplemen-
tary Fig. 10l). This is consistent with the reported position of DHLA in
the SPA study of bovine PDHc41. Since the E2 active site channel is
located at the interface between two catalytic domains48. Our struc-
tures thus illustrate that the LDbinds above the E2 catalytic pocket and
inserts the lipoyl moiety attached lysine residue (K259) to a funnel-
shaped opening that leads to the E2 active site channel (Fig. 4e, f).

MD simulations were performed to further analyze the interac-
tions between LD and E2 (Supplementary Fig. 9). Results show that the
electrostatic and hydrophobic interactions play crucial roles in the E2-
LD interactions (Fig.4g). In detail, the E2-LD interaction involves resi-
dues K552-H556, F558-G560 of E2 and L226-M230, T257-D258, A260-

I262 of LD (Fig. 4g). Additionally, we tallied the amino acids in E2 that
interact frequently with K259 of LD in MD simulations (Fig. 4h). The
majority of these amino acids are hydrophobic, highlighting the con-
tribution of hydrophobic interactions to the E2-LD interaction. In brief,
we captured the previously indistinct interactions between E2 and LD
in mammalian PDHc, providing insights into the transacetylase reac-
tion taking place within mitochondria.

Discussion
In this study, we purified mitochondria from porcine hearts and uti-
lized cryo-ET and related approaches to elucidate the in-situ structure
of mammalian PDHc. Our results show the intrinsic flexibilities of the
PDHconbothdiameter andperipheral organizations. Inmitochondrial
PDHc, E1 scatters around the icosahedral core, while E3 primarily
locates above the pentagonal faces (Fig. 2f, g). In addition, two normal
distributions of the number of E1 and E3 in each mitochondrial PDHc
were observed (Fig. 2c), suggesting that there may be distinct sub-
populations or heterogeneity within the PDHc population and an
additional regulation to respond todifferent cellular states or nutrition
conditions. Another possible reason for the observation of the bio-
modal distribution of E1 is the potential cell environment change,
including temperature, osmotic pressure, oxidative stress level and
others, for those mitochondria during the purification, which may
regulate the PDHc composition63. Future efforts to characterize the
PDHc within cells or tissues utilizing cryoFocused Ion Beam milling
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fThe results ofMD simulations showing the positions of hydrophilic (magenta) and
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mayenable us to visualize thismulti-enzymecomplex in its truly native
environment (please refer to the Supplementary Information formore
detailed discussions).

As determined by biochemical analysis, E3BP substitutes for a
corresponding E2 in the PDHc core scaffold in mammals33,47,54 instead
of being an additional subunit as in fungus46,47,50. No significant den-
sities were found in our porcine PDHc core structure (Fig. 4b and
Supplementary Fig. 4), thus our results agree with the substitution
model of mammalian PDHc core. The number of E2 and E3BP con-
stituting the 60-mer core of mammalian PDHc is still under debate.
Recent studies favor 48:1233,51–53 or 40:2054,64 for the ratio of mamma-
lian E2:E3BP. Due to the resolution limitation and high similarity
between E2 and E3BP, we are unable to discriminate the densities of
E3BP and E2 in our PDHc core structure. However, considering
E3 specifically binds on the E3BP-linked PSBD27,28, our cryo-ET analysis
reveals up to 12 E3 in each mitochondrial PDHc, which indicates that
the porcine PDHc core scaffold is likely composed of 48 E2 and 12

E3BP. Additionally, the distinct location of E3, found exclusively along
the fivefold axis of the PDHc core, agrees well with the mammalian
PDHc coremodel proposed by Zdanowicz et al. 53, where each of the 12
E3BP locates at one pentagonal face of the icosahedral core. On the
basis of 48:12 E2:E3BP ratio, each PDHc core could bind up to 48 E1 and
12 E3, the actual numbers of E1 and E3 we found in mitochondrial
PDHcs are typically far from saturation (Fig. 2c), similar to the sce-
narios that were previously proposed by M. Smolle et al.65 Such struc-
tural characteristics might also apply to prokaryotic PDHcs, which
could function effectively without fully occupying all the binding sites
of E1 and E331, and potentially allow various substitutions to emerge
during evolution.

The dynamic movement of the N-terminally-located, E2-linked
LDs plays a pivotal role in the catalytic process of PDHc. These LDs,
functioning as swinging arms, facilitate the transferring of their pros-
thetic groups to the active sites of all three enzymes throughout the
catalytic cycle. Here, we captured the previously indistinct dynamic
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cycle, emphasizing the interactions between the LD and the PDHc core in the
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class average with extended densities on the E2 trimer, which fits well with the E2-
LD model predicted by AlphaFold2 (Supplementary Fig. 6c). e The interaction

interface between the LD and E2 trimer, corresponding to the structure shown in
(d) with a rotation to better visualize the active site region. f Enlarged view of the
dash framed region in (e), which shows the interaction interface between the LD
and E2 trimer. The dihydrolipoamide (DHLA) was placed in the active site channel
based on our cryo-EM SPA resolved PDHc core structure (Supplementary
Fig. 4b–d). g The electrostatic surface potential map of the E2-LD interaction
interface. The key amino acids involved in the interaction was analyzed by MD
simulations and shown in different colors. h Frequency distribution of the inter-
actions between K259 of LD and residues of E2. Residues where the frequency
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thoseexceeding40% inpart of repetitionsweremarkedwithblack stars. Thenames
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domain, S: PSBD.

Article https://doi.org/10.1038/s41467-025-56171-8

Nature Communications |          (2025) 16:917 7

https://doi.org/10.2210/pdb9J1W/pdb
https://doi.org/10.2210/pdb9J1W/pdb
www.nature.com/naturecommunications


interactions of LDs with both E1 (Fig. 3) and E2 (Fig. 4) in mammalian
PDHc, and analyzed their interaction details by MD simulations.

As for the E1-LD interaction, it is worth noting that although the
α2β2 heterotetrameric E1 has two active sites (Supplementary Fig. 7a),
only one active site was observed to interact with LD in our results
(Fig. 3b). Biochemistry, kinetics, and spectroscopy studies have shown
that E1 functions through an alternating active-sitemechanism, known
as the flip-flopmechanism, in which, while one active site is involved in
the decarboxylation of pyruvate, the other simultaneously catalyzes
the reductive acetylation of an E2-lipoamide molecule66–69. Our results
provide structural evidence supporting this alternating active-site
mechanism. Additionaly, our class averages show that the number of
E1 enzymes binding with LD is ~4.5 times of that E1 without LD binding
(Supplementary Table 2). This suggests that E1-LD interaction is likely
stable rather than transient, or the binding/unbinding ratio may be
relatedwith the oxidative ormetabolic states in purifiedmitochondria.

Regarding the E2-LD interaction, our MD simulations show that
the interaction primarily relies on electrostatic interactions (Fig. 3d, e
and Fig. 4g), which is consistent with previously reported E2-LD
interactions in both prokaryotic48 and fungal49 PDHcs. This implies that
a general electrostatic-based interaction between LD and E2 may exist
across various species. Furthermore, the sequence alignments of the
LDs inprokaryotes, fungi, andmammals revealed that there are 12 to 15
acidic amino acids with conserved electronic properties across these
species (Supplementary Fig. 10i). We thus propose that the acidic
patches on the LD (Supplementary Fig. 10g) serve as a general binding
site for its interactionswith different components of PDHc. In addition,
the reported LD position relative to E2 in the resting state of PDHc in E.
coli differs from our observations in porcine PDHc (Supplementary
Fig. 10j, k), whereas the position of the DHLA carried by the lysine
residue barely changes (Supplementary Fig. 10j–l). The difference in
LD positioning could be attributed to species differences. Alter-
natively, it might be because the E2-LD interactions are highly
dynamic, allowing LD to deliver the substrate-carrying prosthetic
group into the E2 active site from various directions.

Earlier studies63,70 indicate that the catalytic activity of PDHc
increases as more E1 and E3 assembled to the core. Dave et al.’s work71

showed that reducing the number of tandem LDs in each E2 chain of E.
coli PDHc adversely affects the cell growth, suggesting that the activity
of PDHc also correlates with the number of functional LDs. Together
with the dynamic architecture of PDHc we observed in current work,
we speculate that PDHc can regulate its catalytic activity through the
variation in quantity of E1, E3 and functional LDs. Following the spec-
ulation, we proposed a regulationmodel for the catalytic performance
of mammalian PDHc in response to different metabolic demands,
which may be influenced by the cell energy demands, oxidative stress
levels and other physiological conditions. In a low metabolic demand
state, several E1 and E3 enzymes are sufficient to sustain catalytic
reactions (Fig. 5a). Although each E2 chain in the core possesses two
tandem LDs, only one LD is required for substrate transfer since there
is a limitednumber of E1/E3 active sites (Fig. 5b–d). Initially, E1 captures
and decarboxylates a pyruvate and then transfers it to a mobile LD
(Fig. 5b). Subsequently, the substrate is conveyed by the LD to an
active site on E2 to produce acetyl-CoA (Fig. 5c). Finally, the lipoyl
moiety is shipped to a catalytic site of E3 by the LD, where it is reox-
idized to complete one reaction (Fig. 5d).

In a state of high metabolic demand, more E1 and E3 would be
assembled on the PDHc core to provide more active sites. Meanwhile,
more LDs are required to involve in the catalytic reactions and both
tandem LDs of a single E2 chain may engage concurrently to achieve
more efficient transfer of substrates (Fig. 5e–h).We speculate thatboth
LDs of some E2 chains will interact with different E1 subunits simul-
taneously (Fig. 5f) and transfer acetyl groups, facilitating reactions at
two catalytic sites on the E2 core (Fig. 5g). Subsequently, the reduced
lipoylmoiety is conveyed to the catalytic sites on E3 (Fig. 5h). Although

there are significantly fewer E3 enzymes (nomore than 12) in the PDHc
compared to LD, it is currently unclear whether a single E3 dimer can
interact with two LDs simultaneously or not (indicated by the question
mark in Fig. 5h). Nevertheless, considering that E1 catalyzes the rate-
limiting step of the overall PDHc reaction72, this coordinated process
enables simultaneous completion of multiple reactions, hence
improving the overall catalytic efficiency. This high-performance cat-
alytic process continues until the energy demand of the mitochon-
drion decreases. Then a portion of the E1 and E3 dissociate from the E2
core, and the PDHc reverts to the statewhereonlyone LD is involved in
the catalytic reaction. In summary, the canonical substrate channeling
mechanism in the PDHc may be regulated by modular binding of E1
and E3, and multiple LDs may be used at high turnover, potentially
even simultaneously.

Previous studies have postulated two different mechanisms to
explain the higher-order interaction of the components of OADH
complexes: the “multiple random coupling” (MRC)mechanism73,74 and
the “division-of-labor” (DOL) mechanism54,75. Both the dynamic archi-
tecture ofmammalian PDHcwe observed and themodel we proposed
support theMRCmechanism, inwhich all LDs have the freedom tovisit
various active sites within the complex and the overall activity of the
PDHc is influenced by redundancies and random processes. Given the
similarity among members of the OADH family, the regulation
mechanism proposed here is likely applicable to the entire OADH
family.

Regulation of the mammalian PDHc is crucial for maintaining
glucose homeostasis in feeding and fasting states. It has been reported
that the catalytic reaction of PDHc is regulated through the end-
product inhibition by acetyl-CoA and NADH76,77, as well as through the
reversible phosphorylation and dephosphorylation of the E1 subunit
mediated by PDK and PDP3,78,79. Acetyl-CoA/CoA and NADH/NAD+
ratios act as effectors in feedback inhibition by influencing the redox
and acetylation status of the lipoamide cofactors. While PDK and PDP
inhibit PDHc activity by phosphorylation of the serine residues on E1.
Given that the (de-)phosphorylation regulation directly relates with
the enzyme activity of E1, we suspect such (de-)phosphorylation of the
E1 subunit might affect the (dis-)assembly of E1 and E3, thereby reg-
ulating the catalytic performance of PDHc. To verify this hypothesis, it
would be helpful to perform structural analysis for samples at periods
of high and low expression level of PDP and PDK.

In summary, we obtained the in-situ structure of mammalian
PDHc which indicates the dynamic substrate transporting by the LDs
between different enzymes.We structurally characterized the location
and quantity of peripheral enzymes as well as the interface of their
interactions with the PDHc core. Overall, our results provide further
insights into the structure and regulation of OADH family complexes.

Methods
Ethics statement
The pig hearts were purchased from a local slaughterhouse, and the
subsequent handling procedures were performed at Zhejiang Agri-
culture and ForestryUniversity, following the protocols established by
the institution. The study was approved by the Experimental Animal
Ethics Committee of Zhejiang A&F University (EAEC-ZAFU).

Isolation of mitochondria from porcine heart
All the following procedures were carried out on ice or at 4 °C. Fresh
porcine heart was obtained from the slaughterhouse and transported
to the laboratory as soon as possible. The heart muscles were washed
twicewithMilli-Qwater. 720 × g of heartmuscles were isolated and cut
into small cubes and suspended in 1000mL of buffer A (0.25M
sucrose, 10mM potassium phosphate, 0.1mM EDTA, pH 7.6). These
tissues were homogenized in a large-capacity blender for 5min. The
homogenate was centrifuged in l-liter bottles at 2000 × g for 10min.
The supernatantfluidwas strained through eight layers of cheesecloth.
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The mitochondrial fraction was collected by centrifugation at
22,000 × g for 17min. The crudemitochondria werewashed twicewith
200mL 0.02M potassium phosphate, pH 7.0 and paste was collected
by centrifugation at 22,000 × g for 10min. The crude extracted mito-
chondria were prepared for further purification of PDHc or prepara-
tion of cryo-ET samples.

PDHc purification
The crude mitochondria were suspended in 60mL 0.02M potassium
phosphate (pH 7.0). 5M NaCl and Cooktail were added into the sus-
pension at a ratio of 1:100, and the pH was adjusted to 6.4. The sus-
pension was disrupted twice at 276 bar with a cell disruptor (JNBIO)
equipped with a cooling system. The mitochondria lysate was cen-
trifuged at 30,000× g for 30min, and the supernatant was added
10mM MgCl2 and PEG precipitated in 5% (w/v) PEG 6000 for 10min.
The precipitate was collected by centrifugation at 30,000× g for 20
and resuspended in 25mL buffer B (50mMMOPS-KOH buffer, pH 7.0,
0.02mM thiamin pyrophosphate, 1mM MgCl2, 2mM DTT). The sus-
pension was stored 4 h in a refrigerator and then centrifuged at
40,000× g for 20min before discarding the precipitates. To the clear
supernatant fluidwas added 2mMEGTA. After 20min the solutionwas

loaded onto 10mL 35% (w/v) sucrose cushions centrifuged at
105,000 × g for 3.5 h in a Beckman type SW32 rotor. The precipitate is
resuspended with buffer B supplemented with 2mM EGTA. After
20min, the solution was added to a 10% to 40% sucrose gradient
configured by buffer C (50mM potassium phosphate buffer, pH 7.0,
0.02mM thiamin pyrophosphate,1mM MgCl2, 1mM NAD+, 0.1mM
EDTA, 0.4mM DTT)) and centrifuged at 144,000 × g for 2.5 h using a
SW41Ti rotor with a BeckmanCoulter Optima XPN-100 centrifuge. The
gradients were fractionated and assessed by SDS-PAGE and negative
staining, PDHc around the sucrose density of 15%. The samples were
concentrated to 0.4mgmL−1 by using amembrane concentratorwith a
100 kDa cut-off for biochemical and cryo-ET analyses.

Biochemical analysis of PDHc
After preparing a 12% polyacrylamide gel and assemble the electro-
phoresis tank, we loaded a 20μL aliquot of PDHc protein sample and
5μL of protein marker onto the gel for polyacrylamide gel electro-
phoresis (SDS-PAGE).

For mass spectrometry, purified PDHc obtained by purification
method was concentrated to 30μL using a 100 kDa concentrator.
Protein precipitation was performed using TCA precipitation method
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Fig. 5 | A catalytic performance regulation model of the PDHc. a–d Schematic
diagram of PDHc reaction with low catalytic performance. In low metabolic
demand, limited amount of E1 and E3 bind to the PDHc core. Each E2 has two
tandemLDs, but only one of the LDs functions as swing arm to carry out substrate
transfer among E1, E2, and E3. a E1 catalyzes the decarboxylation of pyruvate. b E1
participates in the subsequent oxidation reaction. c E2 is involved in generating
acetyl-CoA. d E3 catalyzes the reduction and dehydrogenation processes.
e–h Schematic of PDHc reaction with high catalytic performance. With increasing
metabolic demand, more E1 and E3 bind to the PDHc core and provide more
active sites. More LDs are required to function as swing arms for substrate
transfer to increase the catalytic performance. e E1 enzymes participate in pyr-
uvate decarboxylation. f E1 enzymes engage in oxidation, while both tandem LDs

of some E2 chains may interact with E1 enzymes to convert the acetyl group into
S-acetyldihydrolipoamide. The question marker indicates the lack of evidencer-
egarding whether two consecutive LDs belonging to the same E2 chain can
simultaneously bind to distinct E1 subunits. g The two LDs transfer the acetyl
group to coenzyme A, producing acetyl-CoA. h E3 reoxidizes the lipoyl moiety,
allowing the cycle to repeat and produce NADH. The question marker indicates
the undertatinty regarding whether a single E3 dimer can interact with two LDs
simultaneously. In this diagram, all E1 and E3 bind on the PSBD and connect with
the PDHc core by flexible linkers. For simplicity, only one E2 trimer of the core
and only the linkers of two E2 chains are shown. Other linkers are omitted. LD:
lipoyl domain, S: PSBD.
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(n = 1). The precipitated protein was resolubilized by adding a resolu-
bilization solution (8Murea,100mMTris-HCl, pH 8.5), and the protein
concentration was determined using the BCA method. Equal amounts
of protein were taken and adjusted to the same volume. TCEP (tris(2-
carboxyethyl)phosphine) and CAA (chloroacetamide) were added for
reduction and alkylation reaction at 37 °C for 1 h. The reduced and
alkylated samples were diluted with 100mM Tris-HCl solution to
reduce the Urea concentration to below 2M. Trypsin was added at a
1:50 ratio of enzyme to protein and incubated overnight at 37 °C with
shaking for enzymatic digestion. The next day, the digestion reaction
was terminated by adding TFA, and the supernatant was subjected to
desalting using an SDB-RPS desalting column. After vacuum drying,
the samples were stored at −20 °C. Mass spectrometry analysis was
performed using an ion mobility-quadrupole-time-of-flight mass
spectrometer (timsTOF Pro) from Bruker. Sample injection and
separation were performed using an UltiMate 3000 RSLCnano liquid
chromatography system coupled online with the mass spectrometer.
Peptide samples were injected and trapped on a Trap column
(75μm×20mm, 2μmparticle size, 100Åpore size, Thermo), followed
by elution onto an analytical column (75μm×250mm, 1.6 μmparticle
size, 100Å pore size, ionopticks) for separation. The analysis gradient
was established using twomobile phases (mobile phase A: 0.1% formic
acid inH2Oandmobile phaseB: 0.1% formic acid inACN). Theflow rate
of the liquid phase was set to 300nL/min. Peptides were introduced
into themass spectrometer via CaptiveSpray nanospray ion source for
DDA scanning. TIMS function was enabled, and PASEF scanning mode
wasused. Each scancycle consistedof 1.1 s, including oneMS1 scan and
10 PASEF MS/MS scans, with each PASEF MS/MS scan generating 12
MS/MS spectra. The mass spectrometry data were analyzed using
MaxQuant (V2.0.1) software with the Andromeda database search
algorithm. The protein reference database used for the search was the
Sus_scrofa protein reference database from Uniprot (2023-01-09,
containing 46,139 protein sequences). The main search parameters
were as follows: variablemodifications—Oxidation (M), Acetyl (Protein
N-term); fixed modification—Carbamidomethyl (C); enzyme—Trypsin/
P; primary mass tolerance - 20 ppm in the first search and 4.5 ppm in
the main search; secondary mass tolerance - 20 ppm. The search
results were filtered at a 1% FDR (false discovery rate) threshold at the
protein and peptide levels. A total of 236 proteins were identified, of
which 232 proteins have quantitative information. The average mole-
cular weight of the amino acid residues in the proteins is approxi-
mately 110Da, somost of the peptides detected bymass spectrometry
are located within 727 amino acids. Most proteins do not have missed
cleavage sites,while a small number of peptidesmayhave 1 or 2missed
cleavage sites. Protein entries corresponding to reverse sequences,
contaminating proteins, and peptides with a single modification were
removed, and the remaining identification information was used for
further analysis.

PDH activity assay
The Pyruvate Dehydrogenase Activity Assay was performed using the
Kinetic Activity Assay Kit (Catalog Number ab287837, Abcam).
Experiments were conducted following the manufacturer’s protocol.
Briefly, the assay involves a coupled enzyme reaction that produces a
colorimetric product detectable at 450nm, with the intensity corre-
lating to enzymatic activity.

Samples were prepared according to detailed experimental pro-
cedures provided in Supplementary Fig. 3. Absorbance was measured
at 450 nm in kinetic mode over 20min at 37 °C. Background readings
were subtracted from all measurements, and a standard curve for
NADH was generated to quantify the amount of NADH produced
during the reaction time (ΔT =T2–T1). The pyruvate dehydrogenase
activity of each sample was calculated using the formula: B/(ΔT ×V) ×
D = nmol/min/mL =mU/mL, where B represents the amount of NADH,
ΔT is the reaction time, V is the sample volume, and D is the dilution

factor. One unit of pyruvate dehydrogenase activity is defined as the
amount of enzyme that generates 1.0 µmol of NADH perminute under
standard conditions (pH 7.5, 37 °C).

Cryo-EM SPA sample preparation and data collection
An aliquot of a 3μL purified PDHc sample was applied to a holey car-
bon grid covered with graphene-oxide (Quantifoil R1.2/1.3, Au, 300
mesh). After waiting for 60 s, the grids were blotted for 3.5 s at a
humidity of 100% and 4 °C and plunge-frozen in liquid ethane using a
Vitrobot (Thermo Fisher Scientific).

Purified PDHc samples were detected by a Titan Krios cryogenic
electron microscope (Thermo Fisher) operated at 300 kV and equip-
pedwith a Selectris energy filterwith a slit width of 10 eV and a Falcon4
camera (Thermo Fisher), and cryo-EM imageswere acquired using EPU
in the counting mode at a nominal magnification of ×105,000, corre-
sponding to a calibrated physical pixel size of 1.2 Å. The defocus range
was set between −1.3 and −2.0μm. Images were recorded with a 5.85 s
exposure to give a total dose of 51 e−/Å2.

Cryo-EM SPA image processing
The beam-induced motion correction of image stacks was carried out
using MotionCor280 to generate average dose-weighted micrographs.
The contrast transfer function parameters of these average micro-
graphs were calculated by Gctf 81. Other procedures of data processing
were performed in cryoSPARC82. For the data processing procedures
of purified PDHc, 413,042 particles were automatically selected, and
then 2D and 3D classifications were carried out to select consistent
particle classes. Finally, 68,914 particles were selected for 3D refine-
ment. ThePDHccore structurewas refinedwith icosahedral symmetry,
resulting in a mapwith resolution of 3.2 Å. Asymmetric reconstruction
was applied to the peripheral part, with a mask focusing on the per-
ipheral densities surrounding the PDHc core. The data processing
details are summarized in Supplementary Fig. 11.

E2 model building and refinement
Themodels of E2 trimers predicted by AlphaFold2werefirst fitted into
the cryo-EM density map using Chimera83. Subsequently, based on the
map’s symmetry, they were arranged into a dodecahedron structure,
comprising 60 E2 chains, and then adjusted in Coot84. The models of
the E2 core were manually built in Coot. The entire structure was fur-
ther refined through manual adjustments and using
phenix.real_space_refine85. Cryo-EM collection, refinement and valida-
tion statistics are summarized in Supplementary Table 3.

Preparation of cryo-ET samples
Preparation of purified PDHc cryo-ET samples followed the procedure
described for cryo-EM SPA sample preparation. For the mitochondrial
PDHc samples, the crude extractedmitochondria was rinsed gently with
1mL of 0.02M potassium phosphate. An aliquot of a 5μL sample was
applied to a glow-dischargedholey carbongrid (Quantifoil R2/2, Au, 400
mesh). After waiting for 60 s, the grids were blotted for 7 s at a humidity
of 100% and 22 °C and plunge-frozen in liquid ethane using a Vitrobot.

Cryo-ET data collection and tomogram reconstruction
The frozen-hydrated samples were transferred to a 300kV Titan Krios
cryogenic transmission electron microscope (Thermo Fisher Scientific)
equipped with a Selectris energy filter and a Falcon 4 direct electron
detector (ThermoFisher Scientific). All imageswere recorded at ×81,000
magnification with a pixel size of 1.5 Å at the specimen level. PaceTomo
script86 was used with the SerialEM software to collect tilt series at −2 to
−4 µm defocus (dose-symmetric collection theme, start from 0˚, group
size 2), with accumulative dose of ~90–100 e−/Å2 distributed over 35
images and covering angles from −51˚ to 51˚, with a tilt step of 3˚.

All recorded images were first motion-corrected by Relion-4.087 or
Warp88 and then stacked by IMOD89 and aligned by AreTomo90. For
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posterior processing using RELION-4.0 and Protomo-i391,92, Gctf was
used to determine the defocus of each tilt image. For sub-tomogram
averaging using Protomo-i3, the ‘ctfphaseflip’ function in IMOD was
used to do the contrast transfer function (CTF) correction for the tilt
images. For other processing, Warp was used for the defocus estimation
and CTF correction. Tomograms were reconstructed by weighted back-
projection (WBP) or simultaneous iterative reconstruction (SIRT)
methods using IMOD or tomo3D with the CTF-corrected aligned stacks.

Sub-tomogram averaging and corresponding analysis
All PDHc core particles were first manually picked from 6× binned
SIRT reconstructed tomograms. Then sub-tomograms of PDHc parti-
cles were cut from the 4× binned WBP reconstructed tomograms and
aligned by Protomo-i391,92.

Refinement of the PDHc core structure: the sub-tomogram aver-
aging pipeline in RELION-4.0 was used for high-resolution structure
determination. The coordinates and Euler angles of each PDHcparticle
generated from the previous Protomo-i3 alignment step were first
transferred to RELION-4.0 by a homemade script package. 3D align-
ment and classification were generated under binning 4× and 2×, fol-
lowed by local refinement and 2 times ofCTF and frame refinement for
unbinned data, resulting in the 4.3 Å resolution PDHc core structure.

Local refinement and classification of E2: each PDHc core consists
of 60 E2 subunits. After the alignment of PDHc core, the position of each
E2 subunit was calculated using the “symmetry expansion” and “shift
center” functions in RELION-4.0 (60 E2 subunits corresponding to each
PDHc core). Then the corresponding sub-tomograms under binning 2×
were reconstructed by Warp, and RELION-3.1 was used to do 3D classi-
fications for all E2 subunits with fixed alignments. A spherical mask
including the region adjacent to the E2 subunit was applied for classi-
fication. Those particles contain obvious LD density were sorted out and
local refined to generate the E2-LD structure. Other particles were
merged to generate the E2 trimer structure. Afterwards, three iterations
of the geometry refinement (including image warp, particle poses, stage
angles and volume warp) and three iterations of CTF refinement
(including defocus, odd and even Zernike orders) by the software M93

were applied to generate the classification results shown in Fig. 4c, d.
Refinement and classification of E1 and E3: (1) we speculate the

densities surrounding the PDHc cores in raw tomograms (Fig. 1c and
Supplementary Fig. 4g, h) are E1 and E3. Therefore, wemanually picked
~10k particles of these densities from the 6x binned SIRT recon-
structed tomograms. During the picking, we assigned the density of
each particle to the nearby PDHc core. Since the core positions were
already known from the previous alignment of the PDHc core, we thus
got two positions for each E1/E3 like particle, one is the PDHc core
position and another from the manual picking, which help us defined
the initial Euler angles of the E1/E3 like particles. (2) The corresponding
sub-tomograms were cut from the 4× binned WBP reconstructed
tomograms, followed by 3D alignment and classification using
Protomo-i3 to get an initial model. In the initial model, part of the
icosahedral PDHc core is still visible, with strong densities roughly
locating along its C2, C3, and C5 axis and the distance between the
densities and PDHc core is ~20 nm. (3) To generate equally spaced and
overlapping regions of interest for E1/E3 reconstructions, we did ico-
sahedral symmetryexpansionof thepoints at a distanceof 20 nm from
each aligned PDHc core center. We thus got 60 positions corre-
sponding to each PDHc core. Those positions were used as particle
centers to reconstruct sub-tomograms by Warp. The volume size was
set to ~40nm to make sure there are enough overlaps between dif-
ferent sub-tomograms, so that we did not miss any possible E1 or E3
particles. (4) The sub-tomograms were aligned to the initial model
generated from Protomo-i3, followed by 3D classifications by RELION-
3.1. Then the E1 particles and E3 particles were selected from the class
averages by comparing the density shape with the reported E1,
E3 structures and the models predicted by AlphaFold2, then merged

and aligned separately to generate optimized references for E1/E3.
Afterwards, the optimized E1/E3 references and randomly selected
junk particle averageswere used asnew references to align and classify
the sub-tomograms for another cycle. This was repeated for multiple
iterations to make sure we classified the E1 and E3 particles with high
confidence. (5)The selected E1 andE3particleswere separately aligned
and classified by RELION-3.1. Resulting in the PSBD-E1, PSBD-E1-LD and
PSBD-E3 structures. Afterwards, three iterations of the geometry
refinement (including image warp, particle poses, stage angles and
volume warp) were carried out in M. See also Supplementary Fig. 1 for
ths sub-tomogram averaging workflow.

Orientation distribution analysis of E1 and E3
The coordinates of E1, E3, PDHc cores and the rotation matrices of
PDHc cores, derived from the sub-tomogram averaging, were used to
analyze the orientation distribution of E1 and E3. Specifically, the
rotation matrix describes how each PDHc core can be rotated to align
with a defined reference view (left panels in Fig. 2f, g). The vector
formed by the coordinates of E1 (or E3) and the coordinates of the
corresponding PDHc core was rotated according to the PDHc core’s
rotationmatrix. Subsequently, such vectors corresponding to all E1 (or
E3) were shifted to a common origin, and their lengths were normal-
ized to 1. As a result, the E1 (or E3) points were mapped onto the
surface of a 3D sphere, with each point representing an individual E1
(or E3) (middle and right panels in Fig. 2f, g). The heatmaps (middle
and right panels in Fig. 2f, g) display the density of E1 (or E3) around
each point, quantified by the number of points observed within a 0.2
unit length of the reference point.

Mitochondrial volume size calculation
Using the IMOD software89, we manually outline the area of each mito-
chondrion in all tomograms and obtained the area size based on the
IMOD contour information. We then rotate the tomogram along the Z-
axis, measure the height of the mitochondria, and calculate the volume
size of each mitochondrion by multiplying the area size with the height.

Model prediction by AlphaFold2
AlphaFold294,95 was utilized to predict the atomic models of the fol-
lowing complexes: PSBD-E1, PSBD-E1-LD, E2-LD, and PSBD-E3. The
input sequences utilized for AlphaFold2 are detailed in Zenodo
(https://doi.org/10.5281/zenodo.13225551). For all predictions, the top-
ranked model was selected based on the confidence metrics such as
pLDDT, PAE, pTM, and ipTM (Supplementary Fig. 6) for posterior
analysis. The previously reported structure (PDB: 7b9k) was used as a
guidance for the initial placement of LD relative to E2 for the predic-
tion of E2-LD model.

Model building for MD simulations
In order to simulate the acetyl transfer processes in E1 and E2, the
oxidized lipoic acid (LA) and S-acetyl-dihydrolipoamide (SA-DHLA)
were covalently linked to K259 of LD in the PSBD-E1-LD and E2-LD
models predicted by AlphaFold2, respectively. The flexible terminal
loop region was excluded for docking and model refinement. For the
model building of E2-LD system, our cryo-EM SPA resolved PDHc core
structure (Supplementary Fig. 4) and thepreviously reported structure
(PDB: 7b9k)was used as a guidance, then the SA-DHLAwasdocked into
the E2 pocket by AutoDock Vina96, and subsequently connected to
K259 of LD using PyMOL97 builder. Afterwards, the CoA molecule was
docked to E2 based on the relative position of SA-DHLA and the
vacuum electron density of the protein. For the model building of
PSBD-E1-LD system, the TPP, HE-TPP molecules and four Mg2+ were
docked into the corresponding pockets according to the reported
structure (PDB: 3exe), with HE-TPP being positioned closer to K259 of
LD. LA was docked into the space between the E1α and E1βmonomers,
and then connected to K259 using PyMOL.
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Generation of topology and parameter files for ligands
The restrained electrostatic potential (RESP) charges are generated as
follows: Amethylamino group is added to theC-terminal, and anacetyl
group is added to the N-terminal of lysine, where the N atom of the
sidechain is connected with LA (K-LA), and SA-DHLA (K-SA-DHLA),
respectively. All ligands (including K-LA, K-SA-DHLA, TPP, HE-TPP,
CoA) are optimized in B3LYP/6-311g (d, p) using Gaussian 1698, with
solvent effects corrected using the PCM method. Then, the RESP
charges are calculated from the optimized geometry and wave func-
tion using Multiwfn99. The parameters of the Generated Amber force
field (GAFF) for the ligands were obtained using Sobtop100.

MD simulations
Molecular dynamics (MD) simulations were conducted using
GROMACS-v2023101 for the E1-LD (with TPP, HE-TPP, and K-LA) and E2-
LD (with CoA and K-SA-DHLA) systems.

For the E2-LD system, topology and parameter files for CoA and K-
SA-DHLA were incorporated into the force field of AMBER99SB-ILDN102,
and the bonded information (including bond, angle, and dihedral angle)
of K-SA-DHLA to surrounding residues was completed based on the
existing topology. The systemwas solvated in a rectangular water box of
TIP3 water, which extended 1.0nm beyond the complex in any dimen-
sion, and neutralized with 150mM NaCl. MD simulations were con-
ducted in three stages, each imposing different degrees of restraint: (1)
In the “First stage”, atoms of K-SA-DHLA, together with the two nearest
residues (D258 and A260), water, and ions, were allowed to move
without any restraints. (2) In the “Second stage”, only atoms of K-SA-
DHLA and its two nearest residues, along with CoA, and the sidechain of
protein residues within 8Å radius around K-SA-DHLA and CoA, water,
and ions, were permitted to move. (3) The “Third stage” involved
restraining of only the backbone of E2, and releasing all residues of LD,
ligands, and thewater-ion environment. Since the complete PDHc core is
excessively large for MD simulations. The simulations were only carried
out for one E2 trimer interacting with one LD, and the position restraints
applied on the E2 backbone were used to mimic the restraints imposed
by the whole core and to make sure the trimer has a stable structure
across the simulation. Before MD production, energy minimization was
employed with the “first stage” restraint, using the steepest descent
algorithm until the maximum force fell below 1000kJ/mol/nm. This
process utilized a cutoff distance of 1.2 nm for the neighbor list, Van der
Waals interactions, and Coulomb interactions. During the equilibrium
run, the “second stage” restraint was applied. This involved successive
runs in a 100ps NVT ensemble and a 200ps NPT ensemble, utilizing
velocity-rescale temperature coupling with a time constant of 0.1 ps. In
the NPT ensemble, equilibrium was achieved using isotropic pressure
coupling with the Berendsen algorithm103, applying a time constant of
2ps at 1 bar pressure. The first cycle production runwas conductedwith
the “third stage” restraint, carrying out simulations in the NPT ensemble
at a pressure of 1 bar for a total of 47.6 ns. Temperature and pressure
were coupled using the velocity-rescale method with a time constant of
1.0 ps and isotropic pressure coupling with the Parrinello-Rahman
algorithmwith a time constant of 5.0ps, respectively. The second cycle’s
1000ns production run mirrored the first cycle which employed the
“third stage” restraint and was repeated for three times.

The simulation of the E1-LD system mirrored that of the E2-LD
system, with the only difference being the equilibrium achieved in the
NPT ensemble using isotropic pressure coupling with the Parrinello-
Rahman algorithm for 100ps and no restrictions in all processes. The
1000 ns production run was repeated for four times. Necessary files to
repeat the simulations are deposited at Zenodo (https://doi.org/10.
5281/zenodo.13225551).

MD analysis
The Root-Mean-Square-Deviation (RMSD) was analyzed using
GROMACS-v2023. Contact maps were generated to illustrate the

interaction frequency of specific residue pairs between LD and E1, as well
as LD and E2. We define a contact to be formed if: (1) the distance
between the closest atomsof residues is shorter than4Å, (2) the residues
are positioned at the interface, with each residue in a pair originating
from a different monomer, and (3) the contact is present for more than
30% of the simulation time, ensuring that we focus on positive contacts.
The residues were identified using MDAnalysis104, and the minimum
distance between residue pairs was calculated using PLUMED105.

Model fitting and visualization
Atomicmodelswere rigidlyfitted to the corresponding densities using
the “Fit inMap” tool inUCSF chimera or ChimeraX106. EMAN2was used
for segmentation of the mitochondrial membranes and cristae.
ArtiaX107 was used for mapping the PDHc complexes and ATP back to
the raw tomograms. UCSF Chimera and ChimeraX were used for ren-
dering the graphics.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
PDB accession codes of the atomic models used for model building or
as initial models in this work: 6cfo, 1eae, 7b9k, and 3exe. Specific details
are described in the corresponding sections of the article. The coor-
dinates and structures of PDHc generated in this work were deposited
in Electron Microscopy Data Bank108 under accession codes. Cryo-ET
related maps: E2/E3BP core (Fig. 4b): EMD-38712, PSBD-E1-LD (Fig. 3b):
EMD-61082, PSBD-E1 (Fig. 3c): EMD-61081, E2-LD (Fig. 4d): EMD-61084,
E2 trimer (Fig. 4c): EMD-61083, E3-PSBD (Fig. 3g): EMD-38716. Cryo-EM
SPA related maps: E2/E3BP core (Supplementary Fig. 4b): EMD-61080,
PDB: 9j1w. The mass spectrometry proteomics data have been depos-
ited to the ProteomeXchange Consortium (https://proteomecentral.
proteomexchange.org) via the iProX partner repository109,110 with the
dataset identifier PXD059530. Source Data are provided as a Source
Data file. Source data are provided with this paper.

Code availability
The sequence files and MD simulation input, output and parameters
files have been stored in Zenodo (https://doi.org/10.5281/zenodo.
13225551).
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