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The 2-oxoglutarate dehydrogenase complex (OGDHc) orchestrates a critical
reaction regulating the TCA cycle. Although the structure of each OGDHc
subunit has been solved, the architecture of the intact complex and inter-
subunit interactions still remain unknown. Here we report the assembly of
native, intact OGDHc from Sus scrofa heart tissue using cryo-electron micro-
scopy (cryo-EM), cryo-electron tomography (cryo-ET), and subtomogram
averaging (STA) to discern native structures of the whole complex and each
subunit. Our cryo-EM analyses revealed the E20 cubic core structure com-
prising eight homotrimers at 3.3-A resolution. More importantly, the numbers,
positions and orientations of each OGDHc subunit were determined by cryo-
ET and the STA structures of the core were resolved at 7.9-A with the per-
ipheral subunits reaching nanometer resolution. Although the distribution of
the peripheral subunits Elo and E3 vary among complexes, they demonstrate a
certain regularity within the position and orientation. Moreover, we analyzed
and validated the interactions between each subunit, and determined the
flexible binding mode for Elo, E20 and E3, resulting in a proposed model of Sus
scrofa OGDHc. Together, our results reveal distinctive factors driving the
architecture of the intact, native OGDHc.

M Check for updates

The tricarboxylic acid (TCA) cycle is an essential pathway in aerobic  activity can be plausibly linked to cancer and multiple neurodegen-

metabolism. Within the TCA cycle, the 2-oxoglutarate dehydrogenase
complex (OGDHc, also known as the a-ketoglutarate dehydrogenase
complex (KGDHc)) catalyzes the conversion of o-ketoglutarate to
succinyl-coenzyme A (CoA), which simultaneously produces NADH
and releases CO,"”. Because this is an irreversible and rate-limiting
step in the TCA cycle, OGDHc is tightly regulated according to meta-
bolic demands*’. Under certain pathological conditions, reactive
oxygen species (ROS) generated by OGDHc have been shown to
induce mitochondrial oxidative stress®’, and decreased OGDHc

erative diseases such as Parkinson’s disease (PD) and Alzheimer’s dis-
ease (AD)*™. In addition, OGDHc activity affects histone modification
and regulates gene expression'*”,

OGDHc is a member of the o-ketoacid dehydrogenase family
(OADHCc), which also includes the pyruvate dehydrogenase complex
(PDHc) and the branched-chain a-ketoacid dehydrogenase complex
(BCKDHCc)". The complexes in this family usually comprise three types
of metabolic enzymes, including an a-ketoacid dehydrogenase (E1), an
acyltransferase (E2), and a dihydrolipoyl dehydrogenase (E3)™.
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Interestingly, all complexes in this family have identical E3 subunits
except Pseudomonas putida'®, and they all contain an E2 core with E1
and E3 as peripheral subunits bound together by non-covalent
interactions”. The core of PDHc in Azotobacter vinelandii, the core of
OGDHc in Escerichia coli, and the core of BCKDHc in Mycobacterium
tuberculosis are all assembled from eight E2 homotrimers, forming a
24-mer cubic core’®*?°, In mammals and some other eukaryotes, E20
and E2b also assemble into a cubic core* >, whereas E2p assembles
into an icosahedral structure with 20 homotrimers?¢. Moreover, in
eukaryotic PDHc, there is a special protein, E3BP (E3 binding protein),
which is very similar to E2p responsible for binding E3, but the E3BP
subunit is not present in OGDHc**®, Both mammalian and bacteria E20
subunits contain a lipoyl domain (LD), an inner core domain (ICD), and
other flexible linker domains required for its function”. The LD cova-
lently binds lipoic acid to participate in the reaction, while the ICD
stabilizes the core of the protein complex and catalyzes the transfer of
succinyl groups to CoA”. In E20 of bacteria and yeast, there is a small
peripheral subunit binding domain (PSBD) between the LD and ICD*°,
but no PSBD has been identified in E20 in mammals® . Instead, in
mammals, some evidence suggests that Elo is participating in binding
E3**%, Moreover, the dual subunit binding domain (DSBD) in Elo
strongly binds to E20 and simultaneously weakly binds to E3*. But so
far, there are no structural data from the native complex to support
this hypothesis.

Most studies to determine the OGDHc structure have used cell
expression systems to express individual subunits, which are analyzed
by X-ray crystallography and cryo-EM. For E. coli, the structures of E20-
LD, E20-PSBD, a truncated ecE2o cubic core, and the trimeric form of
the catalytic domain have been reported'**°**, and the structures of
Elo and E3 were resolved by X-ray crystallography*”*°. For mammalian
OGDHc, high-resolution structures of E20 and Elo were obtained by
cryo-EM**, and the E3 structure was obtained by X-ray
crystallography*?, but very few studies have examined the whole
structure of the OGDHc. Initially, the structure of OGDHc was thought
to conform to the 2:2:1 face-edge model****, in which a single Elo
dimer binds to each of the 12 edges of the E20 core while a single E3
dimer binds to each of the 6 faces; in this configuration, the E2o LDs
move freely above and between the Elo, E20-ICD and E3 subunits*.
Other subunit ratios have also been proposed, including 1:1:1.5,
1:1.2:1.4, 1:2:1, and 1:1:1%°*%, Increasingly, the evidence points to a het-
erogeneous and flexible assembly of OGDHc in which the occupancy of
the peripheral subunits cannot reach 100%***°-*?, indicating that Elo
and E3 are flexibly distributed around the E20 core.

Owing to its heterogeneous structure, cryo-EM single-particle
analysis and X-ray crystallography are inadequate to precisely deter-
mine the OGDHc overall structure. Here we combine cryo-ET, single-
particle analysis (SPA), and subtomogram averaging (STA) to study the
intact OGDHc, including the interactions between the E20 core and
peripheral Elo and E3 subunits. On the basis of our results, we propose
a model for mammalian OGDHc to report the architecture and
assembly of native OGDHc.

Results

Purification and characterization of mammalian OGDHc

To obtain intact OGDHc, mitochondria from Sus scrofa (porcine) heart
tissue were isolated and lysed. The endogenous OGDHcs within the
mitochondrial matrix were extracted by polyethylene glycol pre-
cipitation and preliminarily purified using sucrose gradient fractiona-
tion (Supplementary Fig. 1a). Examination of the gradient fractions by
sodium dodecyl-sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) suggested the presence of intact OGDHc in specific
sedimentation coefficient sections, in which there was also a very small
amount of co-migrating substances, corresponding to PDHc> (Sup-
plementary Fig. 1a). We next purified the OGDHc-containing fractions
using a reformative GraFix method™ to further remove all other

proteins and to stabilize the individual macromolecules of OGDHc.
Results of subsequent gel exclusion chromatography combined with
gel electrophoresis confirmed the purity of OGDHc-containing frac-
tions as well as the integrity of OGDHc molecules after GraFix (Sup-
plementary Fig. 1b). The OGDHc sample was then analyzed by mass
spectrometry, and each component was identified (Supplementary
Table 1). Continuous spectrophotometric measurement of the cata-
lysis of a-ketoglutarate to generate NADH indicated that the purified
OGDHcs maintained biological activity (Supplementary Fig. 1c). At the
same time, the cross-corroboration of enzyme activity experiments
with different substrates of OGDHc (2-oxoglutarate), PDHc (pyruvate),
BCKDHc (4-methyl-2-oxovalerate) can further indicate that our pur-
ified OGDHc samples contain very small amounts of PDHcs, while
BCKDHc is almost absent. The core shape of the PDHc is different from
that of the OGDHc, which does not affect our subsequent manual
particle selection. These results confirm that we isolated functional
OGDHc in its native conformation, which was, therefore, suitable for
structural analysis.

Because OGDHcs are highly flexible and heterogeneous, we
combined cryo-ET and STA to reconstruct the overall structure of
mammalian OGDHc (Fig. 1a-d and Supplementary Figs. 1d, 2). The
OGDHc cryo-samples were prepared with 10-nm gold fiducial markers
by plunge freezing. After collecting 137 tilt series using a dose-
symmetry scheme, we were able to observe the intact OGDHc on
reconstructed, low-passed tomograms (Fig. 1a). The tomograms were
also processed by IsoNet> (Supplementary Fig. 3a). The representative
4-fold symmetry orientation of the OGDHc cubic core and the sur-
rounding peripheral subunits were easily identifiable, and the diameter
of the whole complex was ~35nm (Fig. 1a, b). In the tomogram, the
number of visible peripheral subunits varied from approximately four
to approximately ten. This reflects the heterogeneity of the OGDHcs*,
which was consistent with the heterogeneous situations reported from
E. coli®, C. thermophilum®, and bovine kidney**. Moreover, this finding
suggested that the occupancy of the E20 core with peripheral subunits
could not reach 100%. The peripheral subunits were mostly distributed
in a spherical shell outside the cubic core. The gap between the inner
core and the spherical shell was about 3 nm.

We then picked 2014 OGDHc core subunits (E20) and 17,513 per-
ipheral subunits (Elo and E3) from the tomograms and performed
classification and STA, which yielded a 7.9-A E20 core map, a 9.7-A Elo
map, and a 12.2-A E3 map (Fig. 1c-e and Supplementary Figs. 1d, 2).
Among the refined peripheral subtomograms, approximately 50%
were Elo subunits and 50% were E3 subunits (see “Methods”). After
back-projecting the picked subunits to the tomograms, we recon-
structed the whole complex structure (Fig. 1b and Supplementary
Fig. 3b). In each reconstructed complex map, we could clearly observe
the position and orientation of the peripheral subunits around the E20
core, and the results indicated that the assembly of the OGDHc is not
consistent with the face-edge model*”. We further speculated that Elo
and E3 subunits were connected to the core domain of E20 via a linker
whose density could not be seen in the displayed map owing to its
flexible swinging. An average of 4.16 +1.82 Elo subunits and 4.10 + 2.13
E3 subunits were found to be randomly distributed on each E20 core
(Fig. 1f). The maximum number of Elo and E3 subunits reached 12 and
13, respectively, while the minimum number for both subunits was 0.
This large variation in subunit stoichiometry is probably one of the
main factors driving the structural heterogeneity of OGDHcs. We
considered OGDHcs with O Elo or E3 subunits to be not fully assem-
bled, and this result may also indicate that Elo and E3 subunits can
independently bind the E20 core without the other peripheral subunit.
By stipulating two conditions where either all 24 of the E20 monomers
were bound to peripheral subunits (100% occupied) and where none of
the E20 monomers was bound to peripheral subunits (0% occupied),
we determined that the core occupancy of S. scrofa OGDHc was
roughly concentrated between 25%-50% (Fig. 1g), which is a little
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Fig. 1| Overall landscape of OGDHc. a One slide of a representative tomogram
from all the 137 tomograms. One intact OGDHc was marked by the orange box. The
black bar represents 100 nm. b A representative OGDHc from 2014 complexes is
reconstructed by back-projecting E20 (blue), Elo (orange), and E3 (green) to the
tomogram according to their refined coordinates and Euler angles. The black bar
represents 3 nm. ¢ E20 density map from subtomogram averaging. Structures are
shown as transparent surfaces fitted with the atomic model of single particle

E20 (this article). d Elo density map from subtomogram averaging. Structures are
shown as transparent surfaces fitted with atomic model Elo (PDB:7WGR). e E3
density map from subtomogram averaging. Structures are shown as transparent
surfaces fitted with atomic model E3 (PDB:614Q). f Statistical numbers of Elo and E3
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per complex. The mean values of Elo and E3 were 4.16 and 4.10 in a complex,
respectively, and the whole ratio of Elo and E3 is nearly 1:1. All of the 2014 OGDHcs
were analyzed, which contain 8379 Elos and 8252 E3s. A boxplot shows the outliers,
minimum, first quartile, medium, third quartile, and maximum of the data.

g Occupancy of the peripheral subunits. E20 in the complex is not fully occupied,
and most of the complex occupancy is lower than 50%. The largest number of
reconstructed complexes are those with about 30% occupancy. h Distance dis-
tribution of the peripheral subunit. E1 and E3 both have a peak at a distance from
the center of the 24-mer cubic core and their mean values are not much different. E1
distribution is more concentrated, and E3 is more diffuse.
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Fig. 2 | In situ overall landscape of the cubic-core complex. a One slide of a

representative mitochondria tomogram from all 28 tomograms. Complex with the
cubic core in the mitochondria matrix was marked by the orange box. The black bar
represents 100 nm. b Statistical numbers of E1lo and E3 per cubic-core complex. The
mean values of Elo and E3 were 4.19 and 4.36 in a complex, respectively, and the
whole ratio of Elo and E3 is nearly 1:1. All of the 86 complexes were analyzed, which
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contain 361 Elos and 375 E3s. A boxplot shows the outliers, minimum, first quartile,
medium, third quartile, and maximum of the data. ¢ Occupancy of the peripheral
subunits. The cubic-core complex is not fully occupied, and most of the complex
occupancy is lower than 50%. The largest number of particles in our reconstructed
complexes are those with about 30% occupancy, which is the same as the
purified OGDHc.

higher than the situation in E. coli OGDHcs with about 2-8 peripheral
subunits”, indicating that OGDHc core occupancy varies between
species. More interestingly, although the overall Elo:E3 ratio is nearly
1:1, the Elo:E3 ratio in each complex was highly variable among
OGDHcs, suggesting a complicated binding mode for Elo and E3 in the
complex (Supplementary Fig. 4a). This ratio diverges from the 2:2:1
ratio of E10:E20:E3 proposed in the original face-edge model as well as
from other proposed stoichiometries of 1:1:1.5 and 1:2:1*".

In situ characterization of mammalian OGDHc

In order to verify that the peripheral subunits do not dissociate during
purification and sample preparation, which could introduce some
artifacts, we plunged freezing the porcine mitochondria and then
directly imaged the samples and collected cryo-ET tilt series. Endo-
genous proteins within the mitochondria are protected within the
bilayer membrane and are, therefore, not affected by purification and
sample preparation procedures. We collected 28 tilt series and
reconstructed the tomograms by compensating the missing wedge
with IsoNet. The mitochondria outer membrane (OMM) and cristae, as
well as the cubic core in the mitochondrial matrix, are clearly visible in
the tomogram (Fig. 2a). We also estimated the size of a cubic core
complex, which is very similar to the purified OGDHc, with a scale of
about 35nm (Fig. 1a). However, both OGDHc and BCKDHc core are
cubic morphologies in the mitochondria of the porcine heart tissue.
Therefore, we can’t distinguish whether the cube core is OGDHc or
BCKDHCc only based on the tomograms.

We manually picked 86 OGDHc/BCKDHc cubic cores, as well as
1054 initial peripheral subtomograms (need to remove duplicates)
around these 86 cores (Supplementary Fig. 5). The number of the
peripheral subtomograms proves that the occupancy of the complex is
still not high (1054/(86 « 24) = 51%) in the mitochondria without sub-
tomogram averaging. We subsequently refined the cubic core to
14.4 A. At this resolution it is impossible to distinguish between the
OGDHc and BCKDHc due to the subtle structural differences between
them (Supplementary Fig. 5). Next, we use Elo (PDB:7WGR), Elb
(PDB:2J9F) and E3 (PDB:614Q) as initial references for multi-reference
3D classification (Supplementary Fig. 5¢). The results showed that 507,
547 and O particles were classified into the Elo, E3, and Elb reference
class, respectively. Our overall classification results seem to suggest

that the number of BCKDHc in our selected mitochondria is much
lower than that of OGDHc. However, there is currently no direct bio-
chemical approach to identify and cross-validate BCKDHc and OGDHc
in the in situ mitochondrial environment. Thus we consider the cubic-
core complex to be OGDHc and E1 to be Elo based on the existing
technology. This does not lead to appreciable statistical errors in the
number and occupancy of the peripheral subunits.

In mitochondria, each cubic-core complex has an average of
4.19 £2.03 E1, and an average of 4.36 +1.63 E3 (Fig. 2b). Among these
complexes, a minimum of three peripheral subunits were present, and
in addition, there exist complexes with O Elos, the same as in the
purified samples, suggesting that there were still not fully assembled
complexes in vivo. We calculated the occupancy and found that,
similar to the in vitro purified OGDHc, the occupancy was still mostly
less than 50%, and most of the occupancy is concentrated in 30%-40%
(Fig. 2c). Meanwhile, the same situation as in the purified OGDHc, the
overall EL.E3 ratio of the cubic-core complex in mitochondria is nearly
1:1, but EL:E3 ratio in each complex was also highly variable among
complexes (Supplementary Fig. 4b). The statistics of the number and
occupancy of in situ mitochondria samples proved that the peripheral
subunits did not dissociate and lead to artifacts during the purification
and sample preparation process, which is essential to support the
analysis of the purified samples. Therefore, subsequent statistical
analyses were performed based on our purified OGDC samples.

Distribution of peripheral subunits around the core

Screening of all the reconstructed OGDHcs showed that the distribu-
tion of peripheral Elo and E3 subunits, as well as the position and
orientation, were variable between each complex (Figs. 1h, 3). Statis-
tical analyses revealed that, among the 2014 screened OGDHcs, Elo
and E3 both approximately followed the normal distribution. On
average, Elo and E3 distributed 153.97 +34.4 A and 148.90 + 51.00 A,
respectively, from the center of the cubic core (Fig. 1h). The mean
value of the distance between the mass of E1o/E3 and the core is about
the same but the peak shape of the distance distribution for Elo was
sharper compared with that of E3, which indicates that Elo subunits are
more clustered. Besides, compared with the native OGDHcs from C.
thermophilum?®, our results indicate that although the mean value of
the distance of Elo and E3 retain approximately equal from the core,
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Fig. 3 | Distribution analysis of peripheral subunits in intact OGDHc. a Relative
position of a E1lo group to one vertex. The points represent individual projections of
the mass of Elo along the Z-axis. The positive direction of the z-axis is defined as the
direction from the origin of the core to the center of the vertex. The characteristics
of 3-fold symmetry in the x-y plane are demonstrated. b Orientation of Elo around
the core. Elo prefers a tilt of 30° relative to the E2 center-Elo center line.
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the vertical axis represent the angles and distance of each Elo relative to E20. The
shade of color represents the frequency of the corresponding distance and angle.
d Relative position of E3 to one vertex. e Orientation of E3 around the core. E3
distributes diffusely in the tilt of 60-120°. f Comprehensive distance and angle
distribution of E3. g Illustration of angle tilt of Elo and E3’s orientation in the
complex. The orientation angle is defined as the angle between the C2 axis of the
Elo/E3 and the E20-E10/E3 line.

the standard deviation of the Elo’s and E3’s distance is not about the
same. By subtracting Elo and E3’s own size (Fig. 1b), it seems that Elo’s
edges are positioned a little closer to the outer circumference of the
cubic core, which is somewhat inconsistent with the previous results
obtained with in vitro recombinant E. coli OGDHc, showing the E3 gap
was farther than the Elo gap®’. Moreover, we use the swinging distance,
which is defined as the distance between Elo’s or E3’s contour
boundary (to subtract the geometric dimension size) and the
N-terminal ICD residue L221 to characterize the putative binding
position of the Elo/E3 on E20 linker (Methods details). This linker
region contains poly-A and poly-P peptides that don’t appear to form a
stable and fixed conformation and exist as the loop form, which is one
of the most important factors in the high heterogeneity of OADHc
family proteins. We found that the swing distances of Elo and E3 were
9520+3559A and 98.39+49.99A, respectively. (Supplementary
Fig. 6a, b). To further depict the position distribution of the peripheral
subunit intuitively, we defined a new coordinate system, with the
3-fold axis of the cube’s diagonal as the z-axis and the center of the
vertex as the origin, and we calculated the relative position of each Elo

or E3 with respect to its nearest adjacent vertex and projected them
onto the x-y plane (Fig. 3a, d, “Methods” details). Statistically, the
equilateral triangular distribution shows a triple symmetry feature
corresponding to the E2o trimer form of each vertex. The result
showed that, although the distribution of Elo and E3 varied among
each complex, the positions of the peripheral subunits were not
completely random; rather, there appeared to be some constraints
that determined the binding pattern and forced the subunits to swing
according to statistical laws.

Next, we calculated the angle between the z-axis of Elo/E3 and the
E20-El0o/E20-E3 line to reflect the angle change of the peripheral sub-
units (Fig. 3g). The tilt angle distribution suggested that E3 has a large
angular rotation range, which was almost entirely distributed between
60° and 120° (Fig. 3e), while the Elo angle was relatively fixed, and most
Elo subunits concentrated around 30° (Fig. 3b). Similar findings were
observed when we analyzed the angle between the z-axis of Elo/E3 and
its nearest vertex-E1o/E3 line (Supplementary Fig. 6c, d). Our com-
prehensive analyses of distance and angle distribution (Fig. 3c, f)
suggested that Elo and E3 subunits were both distributed flexibly
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around the E20 core, but Elo is distributed more concentratedly
compared with E3, and E3 may have more degrees of freedom and a
more complicated binding mode in OGDHcs. The aggregated dis-
tribution of Elo indicates that most Elos were less likely affected by
and insensitive to the swinging of the linker. By projecting the refined
Elo/E3’s subtomograms in two dimensions with a larger box size (144
pixels), we categorized the projections into 20 classes (Supplementary
Fig. 7) and can see that, since the reconstructing parameters for Elo
can bring out the approximate shape of E20, the majority of Elos
seemed to be anchored to the surface of E20 doing slight oscillations.
This suggested that for most Elo dimers, both sides are fixed, whereas,
on E2o, there may be more than one binding site for E1lo dimer, which
seems to allow reasonable constraints on the framework. In the case of
E3, most of E3’s subtomograms parameters cannot bring out E20’s
geometry (class 1), and even in the classes where E20’s signal was
displayed, the common characteristics of the core signals shown are
not as distinctive as those of Elo, which seemed that most of E3 were
not slight vibrations outside the core, but may be connected with the
linker, thus randomly oscillating around the core.

Native structure of each OGDHc component

To obtain a high-resolution map of the OGDHc core, we acquired a
dataset consisting of 6,587 micrographs of the OGDHc sample without
gold fiducial markers (Supplementary Fig. 8a), and we solely extracted
the interior components to resolve the E20 core structure via single-
particle analysis. Using 2D class average evaluation, we validated the
regular square-shaped features of the core frame (Supplementary
Fig. 8b), and we subsequently imposed octahedral symmetry during
3D reconstruction to resolve the S. scrofa OGDHc core structure to a
resolution of 3.3 A based on 183,521 selected particles (Supplementary
Figs. 8, 9). The cubic shape of the core comprised 24 E20 units in total
and was demonstrated by distinct symmetric views with two-, three-,
and four-fold axes (Fig. 4a). Thus, our data indicates that the core
scaffold of S. scrofa OGDHc shares significant structural similarities
with that of both bovine BCKDHc and A. vinelandii PDHc'**,

For each monomer, the atomic model of the E20 inner core
domain (residues 221-454) could be properly built according to the
density map (Fig. 4b), while other parts of the E20 subunits such as LD
(residues 71-145) and the linker region (residues 146-220) remained
invisible. Within the structure of the E20 inner core, we identified
conserved secondary structures, which included six o helixes (H1I-H6),
two short turns (T1, T2), and a central 3 sheet (32, B5-p7, p9-p11)
(Fig. 4b). All these structural components showed good agreement
between the amino acid sequence and the respective side chain den-
sities (Supplementary Fig. 9c). E20 ICDs are arranged as trimers to
constitute 8 vertexes of the core frame with substantial hydrogen
bonds (Fig. 4c, d). These interaction sites are highly consistent with
those recently reported for the E20 trimer of bovine OGDHc** and are
mainly located in four regions: (a) N-terminal interaction (NI) sites at
the N-terminal 31 of ICD; (b) head interaction (HI) sites around three H1
helix at the top of the vertex; (c) waist interaction (WI) sites at the 32
and 8 in the vertex flank; and d) tail interaction (TI) sites of R439 and
F379 at the vertex end (Fig. 4c). Notably, despite very high similarity
among species, stronger binding was observed in the N-terminal and
the head of the vertex in S. scrofa E2o0 trimers compared to the
recombinant human-E20. For instance, extra side-chain interactions
(D318-R222’, Q234-K309’) and side-chain to main-chain interactions
(K228-E310’) were detected at the NI sites in addition to the typical
main-chain to main-chain hydrogen bonds (Fig. 4e). Likewise, addi-
tional side-chain to main-chain bindings (K241-Q244’, K241-T246’)
observed at HI sites to maintain the interaction of three H1 helixes
(Fig. 4e). Collectively, these findings indicate E20 trimer in S. scrofa
OGDHc seems to interact tightly in the N terminal compared with that
of other mammals.

Between neighboring E20 trimers, a palindromic pattern is
formed in which hydrophobic interactions play a vital role in vertex
interactions (Fig. 4d). L453 on the C-terminal end of E20, with its
contiguous counterpart, forms a prominent arm inserted into the
opposite hydrophobic pocket (Fig. 4d), as described in several
2-oxoglutarate dehydrogenase complexes®**. In addition, hydrogen
bond interactions were also participating in the stabilization between
E20 trimers. The extra side-chain interactions (D263-R449’), and side-
chain to main-chain binding (L452-N341’) in the atomic model were
identified compared to human E2o (Fig. 4f). In contrast, the catalytic
and substrate binding residues as well as the active center remain
conserved in the mitochondrial dihydrolipoamide acyltransferases of
OGDHc, which was previously reported®.

The native structure of peripheral subunits is determined by STA.
Elo homodimers adopt a transketolase fold. Due to relatively high
homology and sequence identity (Supplementary Fig. 10), we
embedded the cryo-EM structure of human Elo (PDB: 7WGR) into the
9.7-A STA density map (Fig. 4g). Most secondary structures in each
domain could be well fitted to the map, which indicated that the
overall structure of the native protein is similar to that of the over-
expressed purified protein*. H17, H6, and H16 in the a/B1 domain is the
best-resolved density (Supplementary Fig. 2a). We also found that the
excess density of the linker region (residues 590-616) in the STA map
partially connected the /Bl and /B2 domains (Fig. 4g), which could
not be modeled due to its flexibility in the atomic model. Similarly, the
small linker in the a/p1 domain (residues 362-379) was not modeled
for the same reason. In addition, we resolved some excess densities at
the edges of the N-terminal domain (Fig. 4g), which could not corre-
spond to the atomic model because of their flexibility.

The STA structure of E3 is bone-shaped, and we docked the
structure of the human E3 homodimer (PDB: 614Q) into the 12.2-A STA
density map (Fig. 1e). Because of limited resolution, we could not
visualize each individual secondary structure, but we could discern the
outline of the density of the corresponding domain in E3 (Fig. 1e). In
sum, the reconstruction of each native OGDHc subunit was highly
similar to each corresponding high-resolution structure, which
demonstrates that the subunits in OGDHc are conserved among spe-
cies. This is consistent with the critical role of OGDHc in regulating the
TCA cycle.

Interaction among OGDHc components

Analysis of each OGDHc we reconstructed showed that there is a cer-
tain amount of Elos and E3s bound around the E20 core, and the
distribution of Elo and E3 in the outer ring suggests that the assembly
and binding of the subunits is diverse and complicated. Our structural
analysis and statistical results indicate that Elo is distributed more
concentrated around the inner core while E3 is distributed more dif-
fusely. In addition, there is no PSBD in mammalian E2o0 to bind Elo and
E3. Therefore, it remains unclear how the peripheral subunits bind
around the core to form functional OGDHc. Interestingly, there is
some evidence that the DSBD in Elo can bind E20 and
E3 simultaneously®. After screening all of our tomograms, we found
some Elo in the complex is likely to bind to E3 (Fig. 5a); however, this
close proximity between Elo and E3 in OGDHc is atypical.

To determine the interactions among the OGDHc subunits, we
separately overexpressed the S. scrofa E20 LD (residues 71-145), linker
region (residues 146-220), the di-domain containing both the LD and
the linker region (residues 71-220) and the ICD (residues 221-455) of
the E20 (Fig. 5b). As for peripheral subunits, we overexpressed the full-
length Elo, the Elo linker region (residues 41-128), the DSBD (residues
58-80), the Elo main region (residues 129-1038) (Fig. 5b) and full-
length E3. For the non-core region, in vitro pull-down assays were
performed by using the GST-LD, GST-E20-linker, GST-di, GST-Elo, GST-
E3 as bait proteins to separately pull-down the Elo and E3 as prey
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Fig. 4 | Native structure of each OGDHc component. a Cryo-EM density map of
the cubic core. The blue highlights the E20 symmetric units. b The monomer model
for the E20 core domain. The secondary structure is labeled in the figure. H: helix, 3:
B-strand, T: turn. ¢ Interactions in one homotrimer. The head interaction site (HI),
side interaction site (SI), waist interaction site (WI), and tail interaction site (TI) are
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circled in the atomic model. d Interactions between two homotrimers. The
hydrophobic pocket is circled in the interaction region. e Extra interactions in one
homotrimer. f Extra interactions between two homotrimers. g Elo subtomogram
averaging maps fitted with PDB: 7WGR. Densities of the linker region in Elo (S41-
L128, D590 to S616, V362 to R379) are highlighted in the insets.

proteins (Fig. 5¢). For the core region’s interaction, GST-Elo, GST-Elo-
linker, GST-Elo-DSBD and GST-Elo-main region were used as bait
proteins to pull down ICD. Western blot analysis showed that the di-
domain is indeed combined with Elo and E3, respectively (Fig. 5¢). It is
consistent with our cryo-ET and STA results in which the peripheral
subunits can bind to E20o core via the invisible region in cryo-EM map.
Further analysis showed that both LD and the linker region of E20 can
bind Elo and E3, but the binding strength is weak compared with the
input, especially for E3. This indicates that, in mammalian OGDHc,

there is indeed no PSBD to strongly bind Elo and E3, such as is present
in PDHc. However, the linker region has similar functions to PSBD in
combining the peripheral Elo and E3 subunits, but these interactions
are much weaker than those of PSBD, which is the main difference
between E20 and E2p. Furthermore, the binding of E3 to E20 is weaker
than the binding of Elo and E20, which is similar to previously reported
data®. For the core region, we found that E20-ICD can bind to Elo but
not to E3, which can reveal that why a significant portion of Elos
concentrates near the core to a certain extent. More specifically, the
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E20-ICD binds to the N-terminal linker region of Elo, which provides an
alternative mode of Elo and E20’s binding in addition to the interaction
between Elo and E2o-linker. The Elo-main region seems to have no
contribution to the E20 core’s binding. In addition, quantitative
method surface plasmon resonance (SPR) was also used to detect
interactions between the critical subunits (Fig. 5d and Supplementary
Fig. 11). The GST-tag was excised from the E20-LD, E2o-linker, Elo, E3,
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ICD, Elo-linker, and Elo-main region, and the results show that ICD
does bind to Elo and Elo-linker, but not bind to E3 and Elo-main-region
(Supplementary Fig. 11a-d), which corroborate with our western-blot
results. At the same time, the binding of LD to E1 and E3 is indeed very
weak, but the binding of E2o-linker to Elo is stronger than E20-LD to
Elo and is also stronger than that of E2o-linker and E3 (Supplementary
Fig. 11e-h) and their affinity is weaker than E20-ICD to Elo.
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Fig. 5 | Molecular assembly of intact OGDHc. a A representative complex con-
taining tightly adjacent Elo and E3. The orange dot marked particle is identified as
Elo, and the green triangle marked particle is identified as E3. b Organization of S.
scrofa E20 and Elo domains. ¢ Western blot analysis for subunit interaction
detection between each OGDHc component. The first row is for anti-Elo detection
and anti-E20-ICD detection, and the second row is for anti-E3 detection. All of the
experiments were performed in triplicate. Source data are provided in the Source
Data file. d Surface plasmon resonance was used to detect the interaction between
Elo and E3. The real-time binding curves were obtained by injecting different
concentrations (49nm-25uM) of the analytes over the ligands-immobilized SPR

chip. The curves were analyzed to calculate the equilibrium dissociation constant
(KD =1.84 pM). e Assembly of a structural model of intact eukaryotic OGDHC. The
architecture model contains 6 binding modes (i) Elo-E20_linker binding state, (ii)
Elo-E20_ICD binding state, (iii) Elo-E20_LD binding state, iv)E3-E20 _liker binding
state, v) E3-E20_LD binding state, (vi) E1o-E3 binding state. Structure models were
built on the basis of our single-particle E20 core (blue) in the center with Elo
(orange, PDB:7WGR) and E3 (green, PDB:614Q) as peripheral subunit, LD (brown,
PDB:1LAB) as E20 component. The flexible linker between the LD and the ICD in E20
and the N terminal linker in Elo is presented as the blue and yellow curves,
respectively.

Importantly, we also detected the interactions between Elo and
E3 subunits when using GST-Elo, GST-Elo-linker, GST-Elo-DSBD, and
GST-Elo-main-region as bait proteins to pull down E3. This result
shows that Elo and E3 can combine with each other, which can also be
concluded from SPR results at a dissociation constant (KD) of 1.84 pM
(Fig. 5¢, d). Meanwhile, the SPR results indicated that the affinity of Elo
and E3 was not much different from that of Elo and E2o-linker (Fig. 5¢
and Extended Fig. 11f). What’s more importantly, E3 and Elo’s affinity is
much stronger (-100 times) than E3 and E2o-linkers (Fig. 5¢ and
Extended Fig. 11g, h), which indicates that most E3s may participate in
the complex via Elo rather than E20. Moreover, E3 was bound to Elo-
linker, but not to El-main-region (Extended Fig. 11i, j), suggesting that
the position of E3 relative to Elo is also oscillating, consistent with our
western-blot results and the same conclusion can be drawn from cryo-
ET. We calculated the distance between each Elo and its nearest
adjacent E3 in our tomograms and found that most of the distances
between the corresponding Elo and E3 were still relatively far, farther
than the maximum distance that the rigidity density can stick to each
other (100-A) (Supplementary Fig. 12a). And when Elo and E3 that were
close, the angles between them did not seem to be fixed (Supple-
mentary Fig. 12b). We screened each of our back-projected complexes
in previous cryo-ET reconstruction and found a variety of different
patterns between Elo and E3 subunits that were close enough to
potentially interact (Supplementary Fig. 12c). Then we extracted the
subtomograms of potentially interacted Elo and E3 (distance less than
100 A) and their 2D projections by regarding Elo as the center. 2D
classification of the projections showed only a diffuse region around
Elo in the class average (Supplementary Fig. 12d). Meanwhile, we
directly reconstructed and classified the Elo-E3 subtomograms with
the Euler angle obtained from previous E10-STA refinement. The
results showed that Elo was reconstructed well in the center; however,
there was no fixed density of E3, only some faint density around the
reconstructed Elo subunit (Supplementary Fig. 12e). A similar finding
was obtained for E3 as the center when the Euler angle of E3 was used
to reconstruct (Supplementary Fig. 12f). This indicates that in OGDHc,
Elo and E3 do not combine in a fixed pattern determined by the
putative binding Elo and E3. Further experimental results showed that
the DSBD did interact with E3 (Fig. 5c), corresponding to the previous
result®®. Collectively, the binding of Elo and E3 to the complex is
attributed to the integrated interactions detected between the sub-
units (Fig. 5¢c, d, and Supplementary Fig. 11), and because of this, the
entire OGDHc is an intact and stable complex, even in the absence
of PSBD.

Discussion

Elucidating the overall structure and the assembly mechanism of the
OGDHc family represents an important goal for structural biologists,
and the resolution of the intact, native complex is of utmost impor-
tance. Here, we established an assay to obtain endogenous mammalian
OGDHc from S. scrofa heart tissue. Compared with protein complexes
expressed in vitro, protein complexes isolated from tissues can more
accurately reflect the structure and the tested enzyme activity can
reflect biological significance. By combining single-particle analysis,

cryo-ET, and STA, we obtained an overall structure of native mam-
malian OGDHc and validated our findings by in vitro pull-down assay
and SPR.

Although the overall structure of OGDHc is highly flexible, the
distribution of each of the subunits occurs within certain parameters.
Interestingly, the spatial distribution of Elo in OGDHc seems to have
fewer degrees of freedom and more constraints than E3. The unob-
served di-domain was identified to be critical for Elo/E3-E20 interac-
tions. However, the relatively weak binding between E20-Elo and E2o-
E3 may be due to the fact that there is no PSBD in mammalian E2o,
which may also explain, to some extent, why the occupancy of OGDHc
is not as high as that of PDHc. The 2D classification results, the GST-pull
down assay, and SPR all indicate that both the E2o-linker and E20-ICD
can bind Elo, although E20-ICD is the stronger one. Therefore, we
deduced thatin the portion of Elo near the core surface, one monomer
of Elo’s dimer binds to the E2o-linker and the other monomer binds to
the ICD and that the putative binding site for E1lo on the E20-linker may
not far from the ICD. This kind of both-end-combination mode on two
Elo’s monomers results in a very restricted range of Elo’s motion
around the core. At the same time, the results of the back-projecting
complex and the two-dimensional classification also showed that there
seemed to be different interaction manners for Elo on the surface of
the core. However, due to the constraints of cryo-ET, we cannot
exclude the possibility that a part of the Elo dimers may occupy the
linker or ICD of two E20 monomers. If such a situation exists, the
binding site of E20 may be underutilized, which may also be another
contribution to the low occupancy of OGDHc.

In the complexes we reconstructed, some Elos were far from the
core, and the swinging of the binding region in the linker domain could
not reach these distant subunits; therefore, the LD may be required to
combine some Elo relatively far from the core. For these Elos, each
homodimer contains two LD binding sites, suggesting that one plays
an active role in the reaction, while the other can maintain a relatively
homeostatic combination to hold the Elo in place. This situation may
be similar for some E3 far away from the core, in which this part of E3
binds LD to participate in the complex. However, in our result, E3 did
not bind to ICD. Thus, for the portion of E3 close to the core, they are
not directly bound to the ICD but are bound to the E2o-linker or LD,
indicating that they have a relatively large swinging range to reach the
edge of the core. This may be the main factor contributing to the
diffuse distribution of E3. Moreover, Elo-E3 binding in OGDHcs is
distinct compared with other OADHc members, and our cryo-ET
results suggest that Elo-E3 binding in S. scrofa OGDHc is variable,
indicating that E3 binds the flexible region in the N terminus of Elo.
This agrees with our western blot, SPR results, and the previous work
showing that Elo binds E3 via the DSBD in the N terminus®. Interest-
ingly, the stronger bind of E3-Elo compared with E3-E20-linker and E3-
E20-LD seems to indicate that similarly to E20, Elo can be regarded as
another “core” in the complex, insofar as it binds other subunits (E2o/
E3) via the flexible region in the N terminus and randomly oscillates.
Meanwhile, it is possible for E20-Elo-E3-E20 to form a closed-loop
structure in which all three subunits interact, substantially increasing
the stability of the OGDHc in different cellular milieus.
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Based on our cryo-ET and biochemical experiments, we pro-
posed a complete architectural model of native, intact mammalian
OGDHc (Fig. 5e). This model contains 6 binding modes among each
component: Elo-E20_linker binding state, Elo-E20_ICD binding
state, Elo-E2_LD binding state, E3-E2o_linker binding state,
E3-E20_ LD binding state, and Elo-E3 binding state. Although the
number and proportion of peripheral subunits in each complex are
different, we chose a 1:1 ratio and a mean value of 4 Elo homodimers
and 4 E3 homodimers to build the model. The E20 ICD is centered as
the core of the complex, and Elo binds the E2o0 linker region and ICD
close to the core as well as binds the E20 LD relatively far from the
core. E3 does not interact with the ICD, and it only binds LD and E2o-
linker. Meanwhile, Elo binds E3 by its N-terminal linker. Elo-LD
binding is based on the putative LD binding site resolved in the Elo
cryo-EM single-particle structure®, whereas Elo-E2o0 linker binding
and Elo-E3 binding are based on the N-terminal of Elo. And E3-LD
and E3-linker are based on the binding method predicted by
Alphafold2Complex.

A recently identified protein KGD4 (Ymr31/MRPS36), which was
previously described as a subunit of the mitochondrial ribosome, is
thought to be a molecular adapter to bind E3 in OGDHc*’". A model was
proposed in which KGD4 binds to the E1o-E2o0 to recruit the E3 subunit
into the complex, functionally replacing the PSBD*®, In OGDHc from C.
thermophilum, it has been suggested that there exists E3BPo, tethering
E3 to E20 core”. However, in our research, we did not observe an
obvious KGD4 or E3BPo band in our SDS-PAGE analysis (Supplemen-
tary Fig. 1c), and it is difficult to identify it by cryo-EM due to its
potentially flexible structure. Meanwhile, our results from STA do not
indicate any portion of the density where KGD4 may exist, although
this could be due to the resolution limitations of STA and the low SNR
of the tomograms and particles. Also, it seems that, even if KGD4 is a
component in the complex, the amount of KGD4 is very low, and the
binding ratio of KGD4 to E20 and E3 is well below 1:1 according to our
results. Therefore, our data suggest that E3 is likely to be involved in
the complex through E20 and Elo, even if the bond between E3 and E20
is not strong on account of the absence of the PSBD. Another possible
explanation is that the expression of KGD4 and assembly of OGDHc is
specific in different tissues and species, and it is not evident in our S.
scrofa heart-derived OGDHc.

Methods

Ethical statement

All animal maintenance and experimental procedures used in the
current study were carried out according to guidelines set forth by the
Institutional Animal Care and Use Committee (IACUC) of Tsinghua
University, Beijing, China. Fresh heart tissues were collected from
eight-month-old male domestic pigs purchased from the market at
Tsinghua University.

Isolation of mitochondria from S. scrofa heart

All steps to isolate mitochondria were performed at 4 °C. To isolate
mitochondria, 300g S. scrofa heart tissue was chopped into small
pieces, washed three times with ultrapure water to remove blood, and
suspended in 200 ml buffer A (100 mM Tris pH 7.4, 225 mM sorbitol,
75 mM sucrose, 1mM EGTA, and 0.1% BSA). Then, the minced tissue
was homogenized in a high-speed blender for 300, and the homo-
genate was centrifuged twice at 3000 x g for 20 min to remove cell
debris. Supernatants were pooled and centrifuged again at 20,000 x g
for 30 min. The pellets containing crude mitochondria were collected.
Crude mitochondria were suspended in 100 mL buffer B (10 mM Tris
pH 7.4, 250 mM sucrose, 40% Percoll, and 1 mM EGTA) and centrifuged
at 60,000 x g for 50 min. The clear mitochondrial band was aspirated
carefully and diluted with buffer C (100 mM Tris pH7.4, 100 mM KClI,
1mM EGTA). The pure mitochondria were obtained after the diluted
sample was centrifuged for 30 min at 20,000 x g.

Purification of OGDHc

The pure mitochondria were collected and resuspended in buffer K
(25 mM potassium phosphate, pH 6.5, 10 mM sodium chloride, 1%
PMSF) and disrupted using a high-pressure crusher three times. The
mitochondrial lysate was centrifuged at 60,000 x g for 30 min and de-
precipitated to retain the mitochondrial matrix. Then, 15% (w/v) PEG-
6000 was added dropwise to the supernatant, and the solution was
incubated for 10 min at room temperature to extract OGDHcs. The
crude extract was collected by ultracentrifugation at 150,000 x g for
30 min at 4 °C and suspended in 50 ml buffer D (50 mM MOPs, pH 7.2;
1 mM magnesium chloride; 20 mM DTT). After dissolving at 4 °C for
12 h, the resulting supernatant was concentrated to a volume of 6 ml
using a 100-kDa-cutoff centrifuge filter (Millipore). Next, the sample
was divided into 6 1-ml aliquots, which were centrifuged on 0.3-1.0-M
sucrose cushions in 11.5ml buffer S (25mM Tris, pH 7.4, 20 mM
potassium chloride) at 150,000 x g for 2.5 h at 4 °C using a SW41 rotor
(Beckman Colter). Gradients were fractionated (1 ml per gradient) and
analyzed seriatim on 10% SDS-PAGE gels. Fractions containing OGDHc
components were identified and pooled. Next, for further purification
by GraFix, the OGDHc fractions were re-concentrated to 6 ml and
centrifuged in 12 ml pre-prepared 0.5-1.5M sucrose gradient (0.1%
EDC) at 120,000 x g for 17 h. Then, GraFix gradients were split into 1 ml
fractions and evaluated seriatim by SDS-PAGE. Finally, OGDHc frac-
tions were subjected to gel exclusion chromatography using a micro
S6 column (GE Healthcare) to obtain endogenous OGDHcs.

In vitro enzyme activity assay

OGDHc (0.6 mg/mL final concentration) were added to a 96-well black,
clear-bottom plate (Costar 3603) within 190 pL buffer D. NAD*, MgCl,,
ThDP, CoA were added at 3mM, 2mM, 2mM, 0.5mM final con-
centration while the different substrates in each group (2-oxogluta-
rate, pyruvate and 4-methyl-2-oxovalerate) were added at 2 mM final
concentration. The final volume was controlled at 200 pL each group.
Reactions were incubated for 1h at 37°C while being read on an
Enspire device (PerkinElmer) once every 60s. By measuring the
absorption of 340 nm light, the concentration of NADH can be indir-
ectly reflected. Each group experiment was repeated three times and
the figures were created by GraphPad.

Mass spectrometry

The protein solution was subjected to an in-depth analytical exam-
ination after the digestion process, by using the Thermo Scientific
Vanquish Neo UHPLC system. A 60-minute gradient elution method
was performed at a flow rate of 0.300 ml/min. Following the chroma-
tographic separation, the system interfaced seamlessly with the
Thermo Orbitrap Ascend Tribrid mass spectrometer. For this analysis,
an analytical column, which consisted of a fused quartz capillary
(100 mm inner diameter, 40 cm in length) packed with C-18 stationary
phase material (pore size 120 A, particle size 1.9 um, sourced from Dr.
Maisch, Ammerbuch, Germany) was utilized. The mobile phases,
identified as solvents A and B, were characterized by the following
compositions: solvent A was a solution of 0.1% formic acid, whereas
solvent B was a mixture containing 100% acetonitrile and 0.1% formic
acid. The Orbitrap Ascend Tribrid mass spectrometer was set to
operate in a data-dependent acquisition mode, facilitated by the Xca-
libur 4.6 software suite. Mass spectrometric analysis was conducted in
a full-scan mode, scanning a mass range from 350 to 1600 m/z at a
resolving power of 240,000. The Orbitrap was also employed for the
efficient execution of high-speed MS/MS scans. For protein identifi-
cation, the S. scrofa database was retrieved from UniProt and utilized in
conjunction with Proteome Discoverer software (Version 3.0, Thermo
Fisher Scientific, USA). The MS/MS spectra generated from each LC-
MS/MS analysis were collected and analyzed. The search criteria were
stringent, requiring strict trypsin cleavage specificity and allowing for a
maximum of two missed cleavage sites. Mass tolerances were precisely
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defined; a 20 ppm tolerance was set for precursor ions detected by the
Orbitrap mass spectrometer, and a 0.02 Da tolerance was applied for
the mass measurements of fragment ions in the MS2 spectra. The
assessment of the false discovery rate (FDR) for peptide identifications
was performed using the percolator algorithm, which is an integral
module of the Proteome Discoverer software suite. The FDR calcula-
tion was based on peptide-spectrum matches (PSMs) resulting from
database searches against a decoy database. Peptides that mapped to a
specific protein group which were identified as unique hits. To ensure
the robustness of protein identifications, a stringent FDR threshold of
0.01 was applied.

Cryo-EM sample preparation and data collection

OGDHcs were prepared for cryo-EM analysis by applying 4 pl aliquots
of purified OGDHcs (0.15mg/ml) to glow-discharged 400-mesh
Quantifoil R1.2/1.3 grids (Quantifoil, Micro Tools, Germany). Grids
were blotted for 1.5 s and plunged into liquid ethane using an FEI Mark
IV Vitrobot operated at 4°C and 100% humidity. High-resolution
images were collected on an FEI Titan Krios microscope operated at a
voltage of 300kV with a Gatan K2 direct electron detector (FEI).
Automated single-particle data acquisition was performed using the
EPU package (FEI), with a pixel size of 1.097 A at the object scale and
with defocus ranging from -1.5 um to —2.5 um. The dose rate on the
detector was ~ 50 electrons per pixel per second, with a total exposure
time of 1.0 s. Each micrograph stack contained 24 frames. A total of
6587 micrographs were acquired, among which 1935 and 1581 micro-
graphs were obtained from the sample stage tilted at 20° and 30°,
respectively, to prevent dominant orientation.

Cryo-EM image processing

The workflow for single-particle analysis is summarized in Supple-
mentary Fig. 8d. For each micrograph in the dataset, the collected
stacks were processed by subregion motion correction and dose
weighting using MotionCor2*’. Summed micrographs were further
subjected to CTFFIND4“ for estimating contrast transfer function
(CTF) parameters. Approximately 1500 particles were manually picked
and processed by two-dimensional (2D) classification to produce auto-
picking templates from the resulting 2D averages. Then, particles were
auto-picked using RELION 3.0°. A total of 244,587 particles were
subjected to a two-round 2D classification to exclude noise and other
bad particles. The qualified particles (183,521) from 2D averages were
sub-selected for further 3D analysis. To achieve higher resolution, we
imposed two rounds of 3D classification and obtained good particles
with good signals. The selected particles were then re-centered and
processed by auto-refine with a soft mask using RELION 3.0. Gctf®* was
used to refine the local defocus parameters. After post-processing, we
generated a 3.3-A resolution map with octahedral symmetry. The local
resolution map was calculated using ResMap® and displayed in
Chimera®*.

3D model building

Initial atomic modeling was performed using CryoNet®. The 3.3-A
cryo-EM map and C-terminal 234 amino acid residues (221-454) of E20
were used as input owing to the lack of N-terminal density. The output
model composed of 24 E20 core-forming domains was manually
adjusted in Coot-0.9.7°. After steric clashes and sidechain rotamer
conformations were improved, we used real-space refinement and
obtained the final model using Phenix®’. Visualization of the cryo-EM
density map was accomplished in UCSF Chimera®, and the structural
model was analyzed and illustrated using PyMol.

Cryo-ET sample preparation and data collection

For the purified OGDHc samples, OGDHc was mixed with 10 nm col-
loidal gold in a 1:1 ratio at a concentration of 0.15mg/ml, and 4 pL of
the solution was added to the glow-discharged grid at the same as the

cryo-EM sample preparation. Grids were blotted for 1.5 s and plunged
into liquid ethane using an FEI Mark IV Vitrobot operated at 4 °C and
100% humidity, then stored in liquid nitrogen until imaging. The grids
were loaded into a 300-KV FEI Titan Krios transmission electron
microscope with an energy filter (slit width, 20 eV). The samples were
imaged using a Gatan K3 Summit direct-detection camera in super-
resolution mode at the nominal magnification (64,000 x), with a cali-
brated pixel size of 0.6795 A. A tilt series was collected from 0° using a
dose-symmetry scheme®® with a 3° angular increment between —60°
and +60° by SerialEM®. At each angle, a 10-frame movie was recorded
with an exposure time of 0.27 s, giving a dose of 123e/A? per tilt series.
The defocus range was from -2 to —4.5 pm.

For the mitochondria samples, the pure mitochondria were
washed twice using 5 ml buffer C, and 4 pL of the sample was added
to the glow-discharged grid (Quantifoil R2/2, Au, 200 mesh). Grids
were blotted for 8s, waited for 60s, and then plunged into liquid
ethane using an FEI Mark IV Vitrobot operated at 22 °C and 100%
humidity, then stored in liquid nitrogen until imaging. The grids were
loaded into a 300-KV FEI Titan Krios transmission electron micro-
scope with an energy filter (slit width, 20 eV). The samples were
imaged using a Gatan K3 Summit direct-detection camera in super-
resolution mode at the nominal magnification (81,000 x), with a
calibrated pixel size of 0.75 A. Tilt series were collected from 0° using
a dose-symmetry scheme with a 3° angular increment between - 60°
and + 60° by SerialEM. At each angle, an 8-frame movie was recorded
with a dose of 123e/A? per tilt series. The defocus range was from - 2
to —4.5pum.

Cryo-ET data processing

For the purified OGDHc samples, the beam-induced motion and the
defocus of the frames were corrected and estimated in Warp’®. The tilt
series with gold fiducial markers were combined and aligned by fidu-
cial alignment in IMOD”.. Tilt series with less than three fiducial mar-
kers and more than 2 pixels residues were discarded. Then, the
processed stacks were CTF-corrected using NovaCTF’. Finally, 137
tomograms were generated by weighted-back-projection (WBP) in
IMOD. Tomograms were 4 x binned and low-pass filtered to 80 A in
EMAN 2.3 and were generated by IsoNet™ for visualization.

For the mitochondria samples, all the micrographs were motion-
corrected and CTF-estimated in Warp. The tilt series were aligned by
AreTomo’* and CTF-corrected by NovaCTF. 28 tomograms were gen-
erated by IMOD and were submitted to IsoNet to compensate for the
missing wedge.

Particle picking and subtomogram averaging

For the OGDHc tomograms, particle picking was performed in
Dynamo”. In total, 2014 OGDHcs containing 2014 E20 subunits and
corresponding 17,513 peripheral subunits (Elo+E3) were manually
picked. Each particle was clicked on its center. All of the picked par-
ticles were saved in a Dynamo catalog”.

STA was performed in RELION 3.0 For E20, 2014 subtomograms
were firstly extracted by 4 x downsampling into a 48 x 48 x 48 box,
then our single-particle E20 structure was used as a template, low-pass
filtered to 30 A for 3D alignment with C1 symmetry. The resolution was
restricted to 20 A, and we re-extracted the bin2 subtomograms into a
96 x 96 x 96 box for auto-refining, which used gold standard alignment
with O symmetry imposed to reach the final resolution of 8.4 A. A
criterion of 0.143 for the Fourier shell correlation was used to estimate
the resolution’. The final post-processed map achieved 7.9-A resolu-
tion, and universal empirical B-factors of -390 were applied to sharpen
the map. The local resolution map was calculated using ResMap® and
displayed in Chimera®*.

For Elo and E3 peripheral subunits, 17,513 subtomograms were
extracted from bin4 tomograms into a 36 x 36 x 36 box. Considering
the heterogeneity and complexity of the particles, two rounds of
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multireference classification were performed with Elo (PDB:7WGR)
single-particle structure and E3 (PDB:614Q) crystal structures, low-
passed to 30 A, as templates, which finally yielded 8,995 Elo and 8,518
E3 particles. Coordinates of the two classes were used to extract the
bin2 particles into a 72 x 72 x 72 box. The Elo and E3s bin2 particles
were further refined by imposing C2 symmetry using golden standard
alignment. After removing duplicates, 8379 Elo particles were refined
and reached a resolution of 9.7 A, and 8,252 E3 particles were refined
and reached a resolution of 12.2 A. Universal empirical B-factors of
-750 and -200 were applied to sharpen the Elo and E3 maps,
respectively. The local resolution map was calculated using ResMap
and displayed in Chimera.

For mitochondria tomograms, particle picking was performed in
Dynamo and 86 complexes were selected, containing 86 E2 cubic
cores and 1054 peripheral subunits. The E2 was processed the same as
purified OGDHc, which was extracted firstly into a 48 x 48 x 48 box.
The subtomograms were all aligned using the STA map (low-passed to
30A) generated from the purified OGDHcs’ E20 with C1 symmetry.
After that, bin2 particles were extracted into a 96 x 96 x 96 box and
refined at the resolution of 14.4 A. For peripheral subunits, 1054 sub-
tomograms were extracted from bin4 tomograms into a 36 x 36 x 36
box. The multireference classification was conducted with Elo
(PDB:7WGR), E3 (PDB:614Q), and E1b (PDB:2J9F), low-passed to 30 A as
the initial template, which results in 507 particles in Elo class, 547
particles in E3 class, and no particles in E1b class. The selected Elo class
and E3 class were re-extracted from bin2 tomograms, and after
removing duplicates, they were both refined to 18 A. A criterion of
0.143 for the Fourier shell correlation was used to estimate the
resolution.

Subunit back-projection and complex reconstruction

In total, 2014 OGDHcs from OGDHc tomograms were reconstructed by
projecting all E20, Elo, and E3 subunits according to their refined
coordinates and Euler angles. Plugin subtomo2Chimera (code reposi-
tory https://doi.org/10.5281/zenodo.6820118) was used to apply the
inverse transformations on the Elo, E20, E3 to position it in the original
tomogram. UCSF Chimera®* and ChimeraX’’ were used to display the
results.

Complex statistical analysis

Statistical analyses were performed to analyze the regularities of Elo,
E3, and E20. The number of Elo and E3 subunits in each complex was
counted (Fig. 1f), from which the proportion (Fig. 1g) and the E1/E3
ratio (Supplementary Fig. 4) were derived. All 2,014 OGDHcs were
included in the analysis except the E1/E3 ratio, from which we excluded
the complexes with O Elo or O E3 subunits. For statistical analyses of
the distances between subunits, the mass centers of Elo, E3, and E20
were used to determine the distance and relative position (Figs. 1h, 3a,
¢, d, f and Supplementary Fig 12a). The tilt angles of Elo and E3 with
respect to E20 were defined as the angle between the z-axis (C2 axis
with N-terminal as positive direction) on the Elo/E3 map and the
E20-Elo/E3 vector (Fig. 3b, c). To analyze the vertex, we selected the
coordinates of the most N-terminal residue of the E2-ICD (L221) in our
atomic model as the vertex center to calculate the corresponding
distance and relative position of the peripheral subunits. For all Elo
and E3 subunits, the vertex closest to them was selected, and they were
classified into 8 groups. Each vertex and its corresponding peripheral
subunits were rotated to the positive z-axis through a rotation matrix
to calculate the position relative to the most adjacent vertex
(Fig. 3a, d). The swinging distance was defined as the distance of the
length of the tangent from the vertex center to the sphere with E10/E3
as the center, and half of the sum of the longest and shortest widths
was set as the diameter (Supplementary Fig. 6a, b). In addition, to test
the interactions between Elo and E3, we analyzed the distances
between each Elo and the most adjacent E3 in each complex and

calculated the angles between the z-axis of the corresponding Elo and
E3 (Supplementary Fig. 6c, d).

Plasmid construction and gene cloning

The gene encoding the full-length Elo (OGDH, UniProt ID: HOVOP6),
E20 (DLST, Uniprot ID: Q9NOF1), and E3 (DLD, UniProt ID: P09623)
were synthesized and cloned into the prokaryotic expression vector
pGEX-6p-1. For E20-LD (residues 71-145), E2o-linker (residues
146-220), and E20-di (residues 71-220), the indicated fragment was
amplified by PCR using the synthesized E20 gene as template, while
Elo-linker (residues 41-128), Elo-main region (residues 129-1038) and
Elo-DSBD (residues 58-80) using Elo gene as template. The amplified
fragments were cloned into pGEX-6p-1 to produce the GST fusion
protein. All constructs were confirmed by DNA sequencing. The
recombinant plasmids were transformed into E. coli strain BL21 for
protein expression.

Subunit expression and purification

E. coli cells were grown in LB medium supplemented with 50 pg/ml
ampicillin at 37 °C until the optical density (OD) reached 0.6. Protein
expression was induced by adding IPTG to a final concentration of
1mM, and the induced culture was then incubated for 18 h at 16 °C with
shaking. The cells were then harvested and resuspended in lysis buffer
(300 mM KCl, 50 mM KH,PO,, 1 mM MgCl,, 1 mM PMSF pH 8.0 for Elo
and Elo-main region; 50 mM MOPS, 147 mM NacCl, 1 mM MgCl,, 1mM
PMSF pH 8.0 for E20-LD, E20-di, E20-linker, E3, Elo-linker and DSBD;
100 mM Tris, 150 mM NaCl, 1mM EDTA pH 8.0 for E20-ICD) and cru-
shed by a high-pressure homogenizer. Cell debris was removed by
centrifuging at 105,000 x g for 90 min at 4 °C. Expressed proteins were
isolated using a GST-affinity column to adsorb the protein, and GST-
Elo, GST-E3, GST-E20-ICD were digested with PreScission Protease
overnight at 4 °C. The amount of beads in the column was strictly
controlled to ensure the protein was overloaded on the beads. The
eluant containing Elo, E3, or E20-ICD was concentrated and loaded
onto a HiLoad 16/60 Superdex 200 Prep Grade column (GE Health-
care) equilibrated with the lysis buffer. The purified proteins were all
analyzed by SDS - PAGE.

GST pull-down and western blot

Equal amounts of overloaded E20-LD, E20-di, E20-linker, and Elo beads
were incubated with the same volume and same concentration of E3,
equal amounts of overloaded E20-LD, E20-di, E20-linker, and E3 beads
were incubated with the same volume and concentration of Elo, equal
amounts of overloaded Elo, E3, Elo-linker, Elo-main region and DSBD
beads were incubated with the same volume and concentration of E20-
ICD and equal amounts of overloaded Elo-linker, E1o-DSBD, and Elo
main region were incubated with the same volume and concentration
of E3 at 4 °C for 12 h. The incubation protein and the beads overloaded
with GST were used as positive and negative controls, respectively.
After thoroughly washing off the incubation protein with the E1o/E3/
E20-ICD lysis buffer, equal amounts of the beads with GST-tagged
protein interacting with E1o/E3/E20-ICD were analyzed on to a 4-20%
SDS-PAGE gel (GenScript) and transferred onto a polyvinylidene
difluoride (PVDF) membrane. Membranes were washed in PBST and
blocked with 10% milk for 1 h, then incubated overnight at 4 °C with
primary antibodies specific for Elo (Bioswamp, Cat # PAB31066;
diluted 1:5000 in 10% milk), E3 (Cloud-Clone Corp, Cat #
PAA919HuOI; diluted 1:5000 in 10% milk) or E20-ICD (Invitrogen, Cat
# PA5-22239; diluted 1:5000 in 10% milk). Next, the membranes were
washed 6 times in PBST, incubated with horseradish peroxidase-
conjugated anti-rabbit antibodies at 1:5000 dilution at room tem-
perature for 1h, and washed again 6 times in PBST. Densitometric
analysis was conducted, and the blot shown is representative of three
independent experiments. Uncropped, unprocessed blots are pre-
sented in the Source Data.

Nature Communications | (2024)15:8407

12


https://doi.org/10.2210/pdb7WGR/pdb
https://doi.org/10.2210/pdb6I4Q/pdb
https://doi.org/10.2210/pdb7WGR/pdb
https://doi.org/10.2210/pdb6I4Q/pdb
https://doi.org/10.2210/pdb2J9F/pdb
https://doi.org/10.5281/zenodo.6820118
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52792-7

Protein binding affinity measurement

GST-Elo, GST-E3, GST-E20-ICD, GST-E20-LD, GST-E20-linker, GST-Elo-
linker and GST-Elo-main-region were digested with PreScission Pro-
tease overnight at 4 °C. The binding kinetics of related proteins were
analyzed by Surface plasmon resonance (SPR) assay using Biacore 8 K
plus (Cytiva) at room temperature (25 °C). Elo, E3, or E20-ICD proteins
were immobilized on the chip CMS5 surface (pH =4.0 for Elo and E2o-
ICD, whereas pH =5.5 for E3), and other proteins were applied as the
analyte via serial dilution. Proteins used were exchanged into PBS
buffer and serially diluted with PBST (PBS containing 0.05% Tween-20)
as indicated in figures, sequentially injected into the chip at a flow rate
of 30 pL/min for 2 min, and then allowed to dissociate. Data were
analyzed using Biacore insight evaluation software (Cytiva).

Protein-protein interaction model

Protein-protein interactions were modeled using AlphaFold2Complex®
prediction (version 1.4.0, template database: 2 August 2022). First, the
network models from AF2 developed for E3, E20-LD, E20-di, and E2o0-
linker single protein sequences were predicted. Then, the stoichiometry
of the complex, including the presence of Elo and E3 as dimers, was
provided to generate the models.

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

Data availability

The 3D cryo-electron microscopy density map of E2o0 has been
deposited in the Electron Microscopy Data Bank under accession code
EMD-37965. The coordinates of the atomic model of E20 have been
deposited in the Protein Data Bank 8X02. Cryo-ET subtomogram
averaging maps were deposited in Electron Microscopy Data Bank
under accession codes: EMD-37966 (Elo), EMD-37967 (E20), and EMD-
37968 (E3). In situ cryo-ET maps were deposited in Electron Micro-
scopy Data Bank under accession codes: EMD-61087 (Elo), EMD-61089
(E20), and EMD-61090 (E3). PDB codes of previously published struc-
tures used in this study are 7WGR, 2J9F, 614Q, and 1LAB. Source data
are provided as a Source Data file. Correspondence and requests for
materials should be addressed to M.Y. (maojunyang@mail.tsin-
ghua.edu.cn). Source data are provided in this paper.
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