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ABSTRACT: Pyruvate dehydrogenase complex (PDC) is a
large multienzyme complex that catalyzes the irreversible
conversion of pyruvate to acetyl-coenzyme A with reduction of
NAD+. Distinctive from PDCs in lower forms of life, in
mammalian PDC, dihydrolipoyl acetyltransferase (E2; E2p in
PDC) and dihydrolipoamide dehydrogenase binding protein
(E3BP) combine to form a complex that plays a central role in
the organization, regulation, and integration of catalytic
reactions of PDC. However, the atomic structure and
organization of the mammalian E2p/E3BP heterocomplex
are unknown. Here, we report the structure of the
recombinant dodecahedral core formed by the C-terminal
inner-core/catalytic (IC) domain of human E2p determined at 3.1 Å resolution by cryo electron microscopy (cryoEM). The
structure of the N-terminal fragment and four other surface areas of the human E2p IC domain exhibit signiﬁcant diﬀerences
from those of the other E2 crystal structures, which may have implications for the integration of E3BP in mammals. This
structure also allowed us to obtain a homology model for the highly homologous IC domain of E3BP. Analysis of the interactions
of human E2p or E3BP with their adjacent IC domains in the dodecahedron provides new insights into the organization of the
E2p/E3BP heterocomplex and suggests a potential contribution by E3BP to catalysis in mammalian PDC.

■

states.8−10 Activation of PDC by treatment with PDK inhibitors
prevents glucose depletion in insulin-resistant diabetes and
damage due to lactic acid in ischemic heart and allows killing of
cancer cells undergoing Warburg metabolism.8−14 Consequently, PDC activation is a pivotal target for therapeutic
interventions.
PDC has three catalytic components: pyruvate dehydrogenase (E1p), dihydrolipoyl acetyltransferase (E2p), and dihydrolipoyl dehydrogenase (E3).1,2 E1p and E2p are unique to
PDC, whereas a common E3 supports all three α-keto acid
dehydrogenase complexes in most organisms. E2p forms the
core structure of PDC and invariably plays a central role in the
organization and the integration of the chemical reactions
catalyzed by PDC.2 Multiple copies of E1p and E3 are normally
bound to the E2p core. However, the core structure of most
eukaryotic PDCs include an additional putatively noncatalytic
subunit, E3-binding protein (E3BP, initially protein X),15,16

INTRODUCTION
The mammalian pyruvate dehydrogenase complex (PDC) is a
large and highly organized multienzyme system found in both
prokaryotes and eukaryotes. PDC, as well as 2-oxoglutarate
dehydrogenase complex (OGDC) and branched-chain α-keto
acid dehydrogenase complex (BCDC), belongs to the α-keto
acid dehydrogenase complex family for which complexes range
from 4 to 10 million Da in total molecular weight and share
common features in the organization of subunits.1−3 These
complexes catalyze the oxidative decarboxylation of α-keto
acids to yield acyl-CoA and NADH. In particular, the reaction
that PDC catalyzes links glycolysis to the citric acid cycle and to
fatty acid biosynthesis. Diminished PDC activity due to defects
in PDC components causes metabolic acidosis, serious
neurologic defects, and other genetic and physiological
disorders.4 PDC is inactivated by a set of pyruvate dehydrogenase kinase (PDK) isoforms and activated by pyruvate
dehydrogenase phosphatase (PDP) isoforms.5−8 Decreased
PDC activity due to defects in regulatory signaling that alter
PDK expression and eﬀector control occurs in many disease
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that speciﬁcally binds E3,17−21 whereas prokaryotic and plant
PDC and other classes of α-keto acid dehydrogenase complex
lack E3BP.22,23 Each mammalian E2p subunit consists of two
consecutive N-terminal lipoyl domains (L1 and L2), a small
E1p-binding domain (E1pBD), and a C-terminal inner core/
catalytic (IC) domain.24 Similarly, mammalian E3BP consists of
an N-terminal lipoyl domain (L3), an E3-binding domain
(E3BD), and an apparently noncatalytic inner domain.21 The
lipoyl domains and the subunit binding domains are connected
by extended, mobile linker regions.1,21,22
The core structure of PDC from eukaryotes, Gram-positive
bacteria, and Gram-negative Alphaproteobacteria (except outgroup) show a dodecahedral organization, whereas most other
known Gram-negative bacteria and all OGDCs and BCDCs
show 24-meric cubic organization.2,3,22,23,25−33 Atomic-resolution crystal structures of the cubic inner cores from diﬀerent
members of the α-keto acid dehydrogenase complex family,
including A. vinelandii PDC, E. coli OGDC, and bovine BCDC,
have been reported.27−29 The crystals of the dodecahedral inner
cores of E2p from B. stearothermophilus and E. faecalis diﬀracted
to 4.4 Å,32 and a homology model was built based on the highresolution structure of A. vinelandii E2p.27 These structures
show that the IC domains, in diﬀerent types of α-keto acid
dehydrogenase complexes from various prokaryotic and
eukaryotic species, have a conserved 3-D fold and trimerbased substructure. This is consistent with their amino acid
sequence similarity and the vital function of the α-keto acid
dehydrogenase complexes in most species. However, despite
rigid conservation of the PDC function, E2p IC domain
structures have evolved, as indicated above, with signiﬁcant
diversity in subunit composition, for example, PDC in plants
lacks E3BPs and trimer organization (cubic or dodecahedral).
Two “substitution” models have been proposed for the E2p/
E3BP inner core of mammalian PDC: 48 E2p + 12 E3BP and
40 E2p + 20 E3BP with 12 or 20 copies of E3BP replacing an
equivalent number of E2p proteins in the 60-meric inner
core.34−37 This highly varied pattern with the eukaryotic E2p
IC domains is further complicated by the lack of any highresolution structures.
In the present study, we used cryo electron microscopy
(cryoEM) and single-particle reconstruction to determine a 3.1
Å resolution structure of the pentagonal dodecahedron
assemblage of 60 IC domains of recombinant human E2p.
The atomic model of the human E2p IC domain shows an
appreciable similarity with A. vinelandii PDC, E. coli OGDC,
and bovine BCDC structures; however, it also displays marked
structural diﬀerences primarily on the 3- and 2-fold interfaces.
We develop a homology model of the IC domain of human
E3BP that shows a conserved structure similar to human E2p
but diﬀers in the interface regions between domains, either 3or 2-fold related. Analysis of possible associations of E2p, E3BP,
or mixed subunits of these two suggests a model for the E2p/
E3BP core in which E3BP substitutes no more than one E2p
within each trimer. While E3BP lacks the His residue to
support catalysis by one domain in an active site,21 our
homology model for the E3BP IC domain strongly supports
that it can perform the other domain role since it contains
conserved residues in positions to carry out the primary role in
substrate binding within an active site.

from scE2, which contains a PreScission site in the third linker
region, as described previously.33,34 E. coli cells with scE2
plasmid were grown at 37 °C to mid log phase and induced
expression by adding 0.5 mM IPTG at 25 °C for 18 h.
Harvested cells were disrupted by ultrasonication, and crude
extract was fractionated by polyethylene glycol (PEG) 8000 (50
wt %/vol) and polyethylenimine. The active fraction was
applied to gel ﬁltration using a Sephacryl S-400 HR column.
After assaying for activity and analyzing with SDS-PAGE, those
containing high activity was pelleted by ultracentrifugation in a
Beckman type 50.1 Ti angle rotor at 35,000 rpm for 4 h at 4 °C.
The resuspended pellets were further clariﬁed by centrifugation,
and the resulting supernatant was subsequently applied to a
Sephacryl S-400 HR column. Fractions (1.1 mL/tube) were
monitored according to absorbance at 260 and 280 nm, activity,
as well as SDS-PAGE proﬁle. Treatment of scE2 with the
PreScission protease (Amersham Biosciences) removed the Nterminal 319 amino acids. The resulting E2p IC domain was
puriﬁed by gel ﬁltration with a Sephacryl S-300 HR column.
The assembly of the recombinant molecules into fully
functional, pentagonal, dodecahedral cores was conﬁrmed by
a previously described method and by analytical ultracentrifugation.34,38
CryoEM Sample Preparation and Data Collection. To
prepare cryoEM grids, 2.5 μL of sample was applied to a glowdischarged Quantifoil R2/1 grid. The grid was then blotted
with ﬁlter paper (Whatman #1) to remove excess sample and
ﬂash-frozen in liquid ethane with a homemade plunger. The
grid was loaded into an FEI Titan Krios electron microscope
operated at 300 kV for automated image acquisition with the
Leginon software.39 One set of images was recorded on Kodak
SO-163 ﬁlms at a dosage of ∼25 e−/Å2 and 59,000× nominal
magniﬁcation with defocus values ranging from −1.8 to −3.9
μm. The ﬁlms were digitized with a Nikon Super CoolScan
9000 ED scanner at a step size of 6.35 μm/pixel. The ﬁnal pixel
size was calibrated to 1.14 Å on the sample level using catalase
2D crystals as a standard. A second set of images was recorded
with a Gatan K2 Summit direct electron detection camera using
the counting mode at 29,000× nominal magniﬁcation
(calibrated pixel size of 1.02 Å on the sample level) and
defocus values ranging from −0.7 to −2.7 μm. The dose rate on
the camera was ∼8 e− pixel−1 s−1. The total exposure time was
5 s and was fractionated into 25 frames of images with 0.2 s
exposure time for each frame. The frame images were aligned
and averaged using the GPU-accelerated motion correction
program Motioncor.40
Image Processing. For the data acquired with ﬁlms, a total
of 409,191 particles (320 × 320 pixels) were picked from 1,369
micrographs using a combination of the batchboxer in EMAN
and the DoGpicker.41,42 The defocus values were determined by
CTFFIND,43 and the micrographs were corrected for contrast
transfer function (CTF) by phase-ﬂipping with the corresponding defocus and astigmatism values using Bsof t.44 The particles
were initially processed using EMAN for an initial 3D
reconstruction and reﬁnement enforced with the icosahedral
symmetry followed by 2D and 3D classiﬁcation using
RELION.45 The preliminary 3D map generated using EMAN
was low-pass ﬁltered to 60 Å to serve as a starting model for the
3D classiﬁcation of RELION. The 2D class averages and 3D
class reconstructions generated by RELION were visually
inspected to remove those without high-resolution features.
The best 47,768 particles selected from the “good” classes were
then sent to 3D autoreﬁnement using RELION. The
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MATERIALS AND METHODS
Protein Puriﬁcation. The sample of the human E2p IC
domain (also called human truncated E2p or tE2) was prepared
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Figure 1. Structure of the octahedral core of the human E2p IC domain solved by cryoEM single particle reconstruction. (A) CryoEM 3D
reconstruction of the dodecahedral core of human E2p IC domain. Radially colored surface view is shown along the 5-, 3-, and 2-fold axes from left
to right. The 2-fold view (right) is cut through to show the interior. (B) Rainbow-colored ribbon of the atomic model of the human E2p IC domain
(left) and superimposition of the IC domains (right) of human E2p, A. vinelandii E2p (PDB ID: 1EAA), E. coli E2o (PDB ID: 1E2O), and bovine
E2b (PDB ID: 2IHW). The left and right panels are in the same angle of view. The regions with high variability among these structures are
highlighted with dashed boxes in the superimposition. The resolvable N-terminal residues are indicated by diamond (human E2p, E. coli E2o, and
bovine E2b) or asterisk (A. vinelandii E2p). The inset in the middle shows the extended “tip” in the human E2p IC trimers formed by the loop
connecting βI2 and βJ. (C) Structure of the human E2p IC trimer with the subunits colored in diﬀerent shades of blue. (D) Close-up views of the
interface between two subunits within a trimer of the IC domain. The subunits are colored in diﬀerent shades of blue as in (C), and the prime
symbol is used for the 3-fold related subunit on the clockwise position.

icosahedral symmetry was applied in the 3D classiﬁcation and
autoreﬁnement of RELION. The ﬁnal resolution of 4.1 Å was
estimated with two independently reﬁned maps from the halves
of the data set with the gold-standard FSC at the 0.143 criterion
using the relion_postprocess program in RELION.
For the data acquired with the K2 camera, the average images
of all frames from each exposure were used for particle picking,
defocus determination, and 2D and 3D classiﬁcation using
procedures similar to those for the ﬁlm data described above.
Brieﬂy, a total of 61,418 particles (320 × 320 pixels) manually
picked from 1,072 micrographs were subjected to 2D and 3D
classiﬁcation. The “bad” classes that did not have highresolution features were discarded, and 49,374 particles were
combined from the “good” classes for the following 3D
autoreﬁnement. For maximizing usable signals from the frame

images acquired with the K2 camera, the particles were
“polished” following the previously described procedures.46,47
Brieﬂy, 49,374 particles averaged from all frames with wholeimage drift correction were ﬁrst sent to a preliminary 3D
autoreﬁnement. Particle images from individual frames were
then used to calculate translational alignments for the particlebased drift correction using RELION following the suggested
protocol of RELION. Last, particle images from frame 2 to
frame 20 (∼30 e−/Å2 total dose on sample) were translated
using the above optimal alignment and weighted with diﬀerent
B-factors as estimated from the single-frame reconstructions to
generate optimal “shiny” average images. The 3D autoreﬁnement enforced with the icosahedral symmetry using these
“shiny” particles generated a map at 3.1 Å resolution estimated
with two independently reﬁned maps from the halves of the
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Figure 2. Position of the N-terminus of the human E2p IC domain. (A) Space-ﬁlling models of the IC trimers of human E2p and A. vinelandii E2p,
showing how the N-terminal arm of each domain of a trimer extends along an outer edge of a trimer as seen in the 3-fold exterior view. (B) Residues
408−416 of human E2p, corresponding to the region of A. vinelandii E2p structure extending to the 3-fold axis, are not visible in the EM map
(transparent gray surface). In contrast to the structure of A. vinelandii E2p, the resolvable N-terminal residues of human E2p, E. coli E2o, and bovine
E2b are in similar positions close to the 2-fold axis.

data set with the gold-standard FSC at the 0.143 criterion using
the relion_postprocess program in RELION. The local resolution
was estimated by ResMap using the two cryoEM maps
independently reﬁned from the halves of the data.48
Before visualization and atomic modeling, the cryoEM maps
were sharpened by B-factor and low-pass ﬁltered to the stated
resolution using the relion_postprocess program.
Atomic Model Building. De novo atomic model building
was carried out on the 3.1 Å resolution map using Coot.49 First,
we traced an initial backbone using the “C-alpha Baton Mode”
tool. Second, we observed bulky side chains in the EM map to
assist the amino acid registration. Third, we ﬁtted the side
chains into the density using the “Real Space Reﬁne Zone” tool
to generate a full atomic model. The torsion, planar, and
Ramachandran restraints were enabled to ensure that the
structure is in an energetically favorable conformation.
The coarse model from Coot was then reﬁned using PHENIX
in a pseudocrystallographic manner.50 Note this procedure only
improved the atomic model and did not modify the cryoEM
map. Brieﬂy, the cryoEM map was put into an artiﬁcial crystal
lattice to calculate its structure factor using the em_map_to_hkl.inp utility program in CNS.51 The amplitudes and phases of
the structural factor were used as pseudoexperimental
diﬀraction data for model reﬁnement in PHENIX. The
restraints of Ramachandran, secondary structure, and noncrystallographic symmetry were used in the reﬁnement.
The cryoEM maps and atomic model were visualized using
UCSF Chimera52 and DeepView/Swiss pdp viewer.53

The 3D reconstruction at 3.1 Å resolution shows a structure
with the IC domains organized as a pentagonal dodecahedron
(Figure 1A) with structural features similar to those of B.
stearothermophilus or E. faecalis E2p.32 The dodecahedron of the
human E2p IC domain has a maximum outer diameter of ∼240
Å and a central hollow cavity with a diameter of ∼120 Å. Three
IC domains closely associate into a trimer located at each of the
20 3-fold axes of the dodecahedron. Through trimer−trimer
interactions along the 2-fold axes in a double-handed manner,
20 trimers assemble into a dodecahedral shell with large
openings (∼70 Å in diameter) along the 5-fold axes. By
contrast, the shell of the cubic core of A. vinelandii E2p has an
outer diameter of 160 Å and openings of ∼30 Å in diameter
along the 4-fold axes.27
Atomic Model of the Human E2p IC Domain. A de
novo atomic model of the human E2p IC domain was built
from the 3.1 Å resolution EM map. The backbone of residues
417−647 is fully traceable except for residues 519 and 520,
which lack densities. The structure of the human E2p IC
domain contains six α-helices (H1−6), a short C-terminal 310helix (H7), and ten β-strands (A−J) (Figure 1B). The
identiﬁcation scheme for secondary structure elements
described here is the same as that for E. coli E2o (OGDC
E2) and bovine E2b (BCDC E2)28,29 but diﬀerent from that for
A. vinelandii E2p in which the short H5 is not assigned.27 The
βI1 and βI2 regions exist in the E2’s IC domains of all of these
four diﬀerent species. The assembled trimer has a diameter of
80 Å and height of 70 Å (Figure 1C) and incorporates 51
interdomain hydrogen bonds and total buried areas of 4,352 Å2.
The interactions between two IC domains (the one with the
prime symbol is on the clockwise position of the exterior view)
within a trimer occurs at four diﬀerent regions (Figure 1D),
generally similar to the intratrimer interactions in the cubic
cores of A. vinelandii E2p, E. coli E2o, and bovine E2b.27−29
First, βH interacts with βB′ to join the β-sheet as an additional
antiparallel strand. Second, βA interacts with βD′, forming a
peripheral sheet with βC′. Third, H1 interacts with several
residues from the clockwise adjacent domain. Lastly, βI2, βJ,
and the loop connecting them interact with their 3-fold related
counterparts.
Superposition of the IC domain of human E2p with those of
A. vinelandii E2p, E. coli E2o, and bovine E2b shows their high

■

RESULTS
CryoEM Reconstruction of the Dodecahedral Core of
Human E2p. Initially, we acquired cryoEM images of the
dodecahedral core of human E2p using photographic ﬁlms and
obtained a 3D reconstruction at 4.1 Å resolution using the best
47,768 particles of a data set of over 400,000 particles (Figure
S1). We subsequently reimaged the same batch cryoEM grids
with the Gatan K2 Summit direct electron detection camera
(hereafter mentioned as K2 camera) using the counting mode.
A data set of 61,418 particles was collected using the K2
camera, from which 49,374 were used to obtain a 3D
reconstruction at 3.1 Å resolution (Figure 1A, Figure S1, and
Table S1).
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Figure 3. Interdomain active site of the human E2p IC trimers. (A) One of three active sites in a trimeric unit of human E2p (left) and a close-up
view of the active site (right). Three inner domains are shown as ribbons and colored in diﬀerent shades of blue. The catalytic residues S566 and
H620′ from two adjacent IC domains, respectively, are displayed as red spheres. The putative CoA and dihydrolipoamide (DHLA) positions are
adopted from A. vinelandii E2p structures (PDB ID: 1EAD and 1EAE). (B) The densities of A519 and G520 are not visible in the EM map (chicken
wire) due to their ﬂexibility. The density of the side chain of L521 (colored in purple), whose corresponding residue (L293) in bovine E2b is a
gatekeeper residue for binding of the lipoyl group, is well-deﬁned. Only the backbone of the atomic model is shown except for the side chains of
L521 and the catalytic residues S566 and H620′.

Figure 4. Two-fold interface between trimers determines the dodecahedral assembly of human E2p. (A) Two-fold related dimer unit of the human
E2p inner core. The amino acid residues are colored by their hydropathy index (brown, hydrophobic; purple, hydrophilic; white, neutral) to show
the double-handed hydrophobic “knob-and-hole” interaction between the 2-fold related subunits. One of the two 2-fold related subunits is marked
with the prime symbol. (B) Comparison of the helix H2 of the human E2p IC domain (blue) with that of A. vinelandii E2p IC domain (green). The
H2 of A. vinelandii E2p is bent and separated into two fragments. However, the H2 of human E2p IC domain is straight and tilted toward the H6′
and H7′ of the 2-fold related domain. (C) Side view of the 2-fold interface of the human E2p inner core. Two IC domains are colored in diﬀerent
shades of blue. The side chains of the residues (E463, L464, I467, K641′, I643′, I531, and I531′) involved in maintaining the geometry of the 2-fold
interaction are displayed. (D) Space-ﬁlling models of the dodecahedral human E2p inner core and the cubic A. vinelandii E2p inner core. The
included angle between two 2-fold related trimers is 138.2° for the dodecahedron and 109.5° for the cube.

structural similarity in the fold (Figure 1B), which is consistent
with their sequence similarity. In the 229-residue structure, the
r.m.s.d. of 185 pairs of matching Cα-atoms between the IC
domains of human E2p and A. vinelandii E2p is 1.0 Å. Structural
comparisons of these three proteins reveal several variable
regions, including H2, H7, the β-hairpin turn connecting βC
and βD, and the loop connecting βI2 and βJ (Figure 1B, boxed
elements). This divergence is in contrast to the general
conservation of the overall fold and secondary structure
elements mentioned above. Interestingly, H2 and H7 are
directly involved in the interaction between two 2-fold related
trimers and along with H4 determine the geometry of the 2-

fold interface and consequently the symmetric assembly of
cubic or dodecahedral cores as discussed below. Both human
and A. vinelandii E2p proteins have the same helix length and
similar structures for H7, whereas E. coli E2o and bovine E2b
have two and three additional residues at the C-termini,
respectively. Compared to the hairpin structures connecting
βI2 and βJ in A. vinelandii E2p, E. coli E2o, and bovine E2b,
human E2p has two extra residues (E603 and K604) in this
loop. Three of these loops associate in a trimer to form a tip
(Figure1B) about the 3-fold axis that extends inside the cavity
of the dodecahedral core.
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Figure 5. Sequence and structure conservation of the IC domains between E2p and E3BP in humans. (A) Sequence alignment of the IC domains of
E2p and E3BP in humans. The regions in E3BP with low identity are colored in red. (B) Homology model of the E3BP IC domain (ribbon) and its
interactions with the 3- and 2-fold related E2p IC domains (transparent space-ﬁlling models). The regions in E3BP with low identity are colored in
red as in (A).

vinelandii E2p inner core resolves a few more N-terminal
residues; this extended strand makes a sharp turn near the
equivalent 2-fold interface and ends close to the 3-fold axis.27 In
the EM density map of the human E2p IC domain, there is no
density corresponding to these residues of A. vinelandii E2p
(Figure 2B). Therefore, it is unlikely that the ﬂexible linker
connecting the IC domain and the E1BD of human E2p is
organized similarly to that of A. vinelandii E2p. It is more

The construct of the human E2p IC domain used in the
present study contains part of the ﬂexible linker (residues 408−
416) that connects the E1BD to the IC domain, but this linker
region is invisible in the EM density map due to its high
ﬂexibility. The structure of the N-terminus of the human E2p
IC domain is similar to those from the crystal structures of E.
coli E2o and bovine E2b with the termini placed above the 2fold interface of the clockwise neighboring domain within a
trimer (Figure 2A). In contrast, the crystal structure of A.
2330
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interface. The two “knob−holes” merge via L646−L646′
interaction in the center of the 2-fold axis. Despite the
conservation of the “knob−hole” and secondary structure
elements, sequence alignment does not show conservation of
the residues involved in the 2-fold interactions in human E2p,
yeast E2p, B. stearothermophilus E2p, and E. faecalis E2p, which
all form dodecahedral cores. This variation suggests that the
residues stabilizing the 2-fold interface have evolved diﬀerently
to meet the requirements for the organization, dynamic
structure, and activity regulation in diﬀerent species.
Homology Model of the IC Domain of Human E3BP.
E3BP is an essential component of human PDC, and its
absence results in greatly diminished overall PDC activity.21
The structure of the IC domain of E3BP is necessary for
understanding the organization and function of the E2p/E3BP
core complex, but there is no high-resolution structure available
yet. Thanks to the very high level of sequence identity (49%
identity and 69% similarity) between the IC domains of human
E2p and E3BP (Figure 5A), we were able to build a homology
model of the IC domain of human E3BP with SWISSMODEL55 using the structure of the human E2p IC domain as
a template (Figure 5B). The homology model of the human
E3BP IC domain is highly similar to the structure of the human
E2p IC domain (Figure S3A) consistent with their sequence
identity. Sequence alignment also shows notable diﬀerences
between the IC domains of E2p and E3BP in several regions
(Figure 5). Interestingly, these regions are located in βB, H2,
βD, βI2, βJ, H6, H7, and the loop connecting βF and H4, all of
which are involved in intra- or intertrimer interfaces (Figure
5B). It is worth noting that the putative H7 of E3BP is both
one residue shorter (Figure 5A) and less stabilized than its
equivalent in E2p and is consequently unable to form a typical
“knob” and “hole” interaction between 2-fold related domains.
Three residues of H2, which participate in the 2-fold interaction
in the dodecahedral core of E2p, are also absent in E3BP
(Figure 5A, Figure S3A). These diﬀerences might compromise
the stability of the 2-fold interface, as it was reported that
puriﬁed E3BP is unstable and does not form dodecahedral
complexes but may form dimers instead.35 In contrast to the
absent residues, the loop connecting βI and βJ in E3BP has
three additional residues (Figure 5A, Figure S3A). The function
of this longer loop is unknown; however, it may contribute to
the selective binding of E3BP to E2p to form a heterotrimer.

plausible that E1BD and the linker are localized near the 2-fold
interface of the core complex, as previously suggested.33
The structure of the E2 active site is highly conserved in αketo acid dehydrogenase complexes. In human E2p, S566 from
one IC domain and H620′ from the clockwise, 3-fold related IC
domain of a trimer are two residues directly involved in
catalysis (Figure 3A). Using the crystal structures of A.
vinelandii E2p bound with the dihydrolipoyl group (DHL) or
CoA (PDB ID: 1EAE and 1EAD),54 we modeled DHL and
CoA into the structure of the human E2p IC domain (Figure
3A). The DHL, which carries an 8-S-acetyl group for the
forward reaction, gains access to the active site from the outside
of the dodecahedral core via a narrow passage next to H1. The
acetyl-accepting CoA enters the other end of the long active
site channel via an entry within the inner core after ﬁrst passing
through a pentagonal opening, and the product acetyl-CoA
exits reversely. The exterior of the dodecahedron has a surplus
of positively charged residues, which may aid in attracting both
the negatively charged lipoyl domains and CoA; in contrast,
there is a balance of negative and positive charges in the passage
through the open face followed by an interior surface enriched
in negatively charged residues, which may help avoid
nonspeciﬁc binding of the CoA substrate and product (Figure
S2). The density of two residues, A519 and G520, which form
part of the tight β-turn connecting βE and βF, is missing in the
EM density map (Figure 3B), suggesting a high mobility for
these two residues. The corresponding β-turn in bovine E2b is
proposed to carry out a synchronized substrate-gating
mechanism.29 The mobility of this β-turn in human E2p
suggests that it may have a similar gating function in substrate
binding.
Two-Fold Related Interface and the Dodecahedral
Core of Human E2p. The crystal structures of the cubic cores
of A. vinelandii E2p, E. coli E2o, and bovine E2b all reveal a
similar interaction between trimers. The C-terminal residues of
each domain form a hydrophobic “knob” that is then buried
into a hydrophobic “hole” of its 2-fold related domain to form a
double “knob−hole” interaction along each 2-fold axis.27−29
Because all E2 proteins in the α-keto acid dehydrogenase
complex family maintain hydrophobicity in the C-terminal
residue, it was suggested that this common arrangement is
maintained whether they form a cubic or dodecahedral core.27
Indeed, the arrangement of a double “knob” and “hole” is
similar in the dodecahedral core of human E2p (Figure 4A).
Each “knob” formed by residues of H7 sits in the “hole” formed
by the hydrophobic residues of H7′, H2′, and the N-terminal
end of H4′ in the 2-fold related domain.
In comparison with the above-mentioned crystal structures,
the IC domain of human E2p diﬀers markedly from those of
the other E2 proteins in its straight H2, which is bent in A.
vinelandii E2p, E. coli E2o, and bovine E2b (Figure 4B). The
straight H2 of human E2p is tilted toward the 2-fold related
domain and requires repositioning of H7′ of the 2-fold related
IC domain in forming the “knob−hole” interaction. The
included angle between the 2-fold related trimers is 109.5° in
the cubic cores of A. vinelandii E2p (Figure 4D), E. coli E2o,
and bovine E2b. However, in human E2p, avoidance steric
strain in forming the two H2−H7′ interactions between each
pair of 2-fold related domains fosters a larger included angle of
138.2° to achieve the dodecahedral symmetry (Figure 4C and
D). In addition, two hydrophobic residues, I531 and its 2-fold
related counterpart I531′, contact each other opposite the H2−
H7′ interaction (Figure 4C), stabilizing the 2-fold related

■

DISCUSSION
The following have been experimentally observed: ﬁrst, each
bovine E2p/E3BP dodecahedron has ∼12 copies of E3BP in
vivo,20 and each human E2p/E3BP dodecahedron has at most
20 copies of E3BP when E2p and E3BP are overexpressed.35,37
Second, ∼12 copies of E3BP were estimated in the E2p/E3BP
complex when overexpression of E3BP did not occur.34 Third,
following subunit dissociation of the E2p/E3BP complex,
reversal of dissociating conditions by rapid dialysis produced
E2p 60-mers with little, if any, E3BP.18,56 Fourth, trimers
formed ﬁrst and then reassembled into dodecahedrons as
dissociating agents were further lowered.56 Fifth, E3BP was
only incorporated into reconstituted products when the
lowering of the concentration of the dissociating agent was
carried out very slowly.57 Finally, biophysical studies have
eliminated the possibility that E3BP adds to E2p 60-mer,
strongly suggesting that E3BP substitutes for E2p within
trimers of the dodecahedron.34−37 These observations favor the
incorporation of one E3BP into a trimer with two E2ps but did
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of the aligned E3BP residues implicated in the binding of DHL
are identical with their E2p counterpart, and the other two are
conservatively substituted (Table S2); all are positioned within
standard binding distances of DHL in the active site (Figure
S4). Similarly, for the E2p residues gauged by their positions to
bind CoA, there are 14 identical aligned residues in E3BP and
three conservatively substituted (Table S2) and again, all are
near CoA in the homology model (Figure S4). Two residues of
E3BP (Arg444, Phe445) are not conservative substitutions; like
the aligned E2p residues (Ala592, S593), these are positioned
near the adenine ring of CoA but could form even more
favorable interactions. Furthermore, in our homology model,
E3BP folding in regions contributing substrate-binding residues
readily conserves comparable conformations to E2p. Also
conserved in E3BP are residues that are positioned at the entry
to the lipoyl binding site at the surface of the E2p trimer, where
the lipoyl domain that covalently holds dihydrolipoyl on lysyl εamino must interact in delivering the dihydrolipoyl group to
the active site. Thus, we suggest that the E3BP IC domain in a
heterotrimer can participate in the primary role of substrate
binding and enclosing one active site and thereby aids catalysis.
This would indicate that it is proper to call the E3BP inner
domain an IC domain (i.e., both inner and catalytic).
In summary, the 3.1 Å resolution cryoEM structure of the
human E2p IC domain presented here is the ﬁrst highresolution structure of the inner core dodecahedron of a
mammalian dihydrolipoyl acetyltransferase. This structure will
open the door for further analyses of catalytic function and
inner core dynamics using a variety of experimental and
modeling approaches. Indeed, the atomic structure of the
human E2p IC domain has enabled us to derive a homology
model of the E3BP IC domain and a model for the E2p/E3BP
complex in which the IC domains of E2p and E3BP form
heterotrimers. Beyond describing how human E3BP IC
domains could be integrated with human E2p into the
dodecahedron structure, we also provide the ﬁrst evidence
that, like human E2p, human E3BP likely participates in
catalysis based on the very similar structure and conservation of
residues of E3BP that play a primary substrate binding/
enclosing role.

not completely eliminate production of trimers formed by three
E3BP.
Beyond E2p trimers, we have used the homology model of
the E3BP IC domain to assess whether E3BP can form stable
trimers by itself or with two E2p IC domains. As a ﬁrst
indication of stability, we used PDBePISA58 to calculate the
solvation free energy (ΔiG) change upon formation of diﬀerent
trimer combinations (Figure S3B). It is worth noting that the
above calculation of solvation free energy was based on the
homology model of the E3BP IC domain, and no conformational changes were considered during oligomerization. The
similarly favorable ΔiG with incorporation of one E3BP IC
domain but not with a homotrimer of E3BP further supports
the heterotrimer structure with one E3BP and two copies of
E2p and is consistent with models for the structure of the inner
core based on experimental approaches.34,35,37 As noted above,
the major diﬀerences in sequence in E3BP reside in the regions
involved in intra- or intertrimer interactions. The three extra
residues in the loop connecting βI2 with βIJ in E3BP may form
a special structure that selectively favors binding to two E2ps
while repelling insertion of another E3BP inner domain to
thereby confer strict maintenance of the 2 E2p + 1 E3BP
stoichiometry in heterotrimers.
The E3BP subunit has one less lipoyl domain and
correspondingly one less connecting linker region. Despite
the consequently lower mass of a 60-subunit E2p/E3BP
complex than that of the E2p 60-mer, the E2/E3BP complex
was found by equilibrium centrifugation and small-angle X-ray
studies to have a larger exclusion volume than that of the E2p
60-mer.34 One contribution to this might involve weaker
connections along the 2-fold interface allowing greater
expansion of the inner core of the lighter E2/E3BP complex.
At the 2-fold interface, the interaction between the IC domains
of E2p and E3BP has a ΔiG less favorable than the ΔiG for two
E2ps but much more favorable than two E3BPs (Figure S3C).
Therefore, statistically, E2p-E3BP 2-fold connections would be
favored. However, much stronger E2p−E2p interactions along
the 2-fold axis might by default favor heterotrimers pairing up
along the 2-fold axis to form a unique but weaker E3BP−E3BP
interaction along the 2-fold axis. This would allow the E2p IC
domains to maintain their normal conformation in 2-fold
connections and dominate in imposing the correct dodecahedron angles. This hypothesis is similar to the previously
proposed 48E2p + 12E3BP model in which 12 copies of E3BP
formed trimers with 2 E2p and were placed as six dimers on 2fold axis in the dodecahedron in a completely equivalent and
symmetric fashion.34 The availability of a high-resolution
structure for E2p dodecahedron and homology model for
E3BP from this study will greatly aid further studies to elucidate
the organization and dynamics of the native structure of the
E2p/E3BP complex.
An active site in the human E2p trimer is located on the
interface between two E2p subunits and is comprised of
residues from both subunits that bind, contain, and position the
DHL and CoA substrates and facilitate transfer of an acetyl
group between these substrates, whereas each IC domain in the
trimer participates in two active sites. At the aligned position,
E3BP lacks the critical catalytic His residue and, by itself, is
inactive in the transacetylation reaction.21 However, we ﬁnd
that on its other active site side (counterclockwise side within
the trimer), the E3BP IC domain may carry out the role of
substrate binding and conﬁnement. There is high conservation
of aligned residues in the E3BP sequence with those of E2p. Six
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