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The highly symmetric pyruvate dehydrogenase multien-
zyme complexes have molecular masses ranging from 5 to
10 million daltons. They consist of numerous copies of
three different enzymes: pyruvate dehydrogenase, dihy-
drolipoyl transacetylase, and lipoamide dehydrogenase.
The three-dimensional crystal structure of the catalytic
domain of Azotobacter vinelandii dihydrolipoyl trans-
acetylase has been determined at 2.6 angstrom (A) reso-
lution. Eight trimers assemble as a hollow truncated cube
with an edge of 125 A, forming the core of the multien-
zyme complex. Coenzyme A must enter the 29 A long
active site channel from the inside of the cube, and
lipoamide must enter from the outside. The trimer of the
catalytic domain of dihydrolipoyl transacetylase has a
topology identical to chloramphenicol acetyl transferase.
The atomic structure of the 24-subunit cubic core pro-
vides a framework for understanding all pyruvate dehy-
drogenase and related multienzyme complexes.

(PDC) catalyzes a key reaction in the aerobic energy-gener-

ating glucose metabolism because it occurs at the junction of
the glycolysis and the citric acid cycle (1). The PDC is composed of
numerous copies of at least three different enzymes, pyruvate
decarboxylase (Elp; E.C. 1.2.4.1), dihydrolipoyl transacetylase
(E2p; E.C. 2.3.1.12), and lipoamide dehydrogenase (E3; E.C.
1.8.1.4), yielding a total molecular mass of 5 to 10 million daltons.
The complex catalyzes the decarboxylation of pyruvate and the
acetylation of coenzyme A (CoA) by a multistep reaction involving
not less than five different cofactors: thiamin pyrophosphate (TPP),
dihydrolipoamide [Lip(SH),], nicotinamide adenine dinucleotide
(NAD), flavin adenine dinucleotide (FAD), and CoA (Fig. 1).
Deficiencies in the activity of this system lead to various pathological
states, whose typical clinical manifestations are metabolic acidosis
and neurological dysfunctions (2, 3).

In all organisms studied the structural core of the complex is made
up by the transacetylase, although the architecture of the PDC
differs among the various sources. In mammals and Gram-positive
bacteria, 60 copies of E2p are associated to form the icosahedral core
of the complex, whereas in Gram-negative bacteria the inner part of
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the system consists of 24 E2p molecules arranged with octahedral
symmetry [for reviews, see (2, 4-8)].

The number of potential binding sites for E1p and E3 is related
to the symmetry of the core. Although the compositions of isolated
complexes vary (9), reconstitution experiments with the proteins
from Gram-negative sources show that optimum catalytic activity is
obtained with complexes that contain 12 dimers of Elp and 6
dimers of E3 per 24 molecules of E2p (10, 11).

The E2p component also plays a central role in the functioning of
the complex. Each E2p subunit is composed of several domains (8,
12, 13): (i) one or more lipoyl domains of ~100 residues, each
carrying a lipoamide molecule covalently attached to a lysine; (ii) an
Elp-E3 binding domain of ~50 residues; and (iii) a catalytic
COOH-terminal domain of 250 residues that contains the catalytic
center and the intersubunit E2p binding site. The domains are
linked to each other by segments rich in alanine and proline that
have a high degree of conformational flexibility (14) and that have
an essential role for PDC activity (15). They provide the lipoyl
domains with the mobility required for interacting with the catalytic
centers located on the three different enzymes in the complex.

The PDC appears to be the prototype for the entire class of
2-oxoacid dehydrogenase complexes (1, 8), which comprises the
oxo-glutarate dehydrogenase (OGDH) and the branched-chain
oxoacid dehydrogenase (BCODH). They all share a common
organization, with the transferase enzyme (E2p in PDC, succinyl
transferase or “E20” in OGDH, and transacylase or “E2b” in
BCODH) forming the core of these assemblies. Furthermore, E2p,
E20, and E2b show a considerable homology in amino acid
sequence (16). In almost all organisms the same lipoamide dehydro-
genase dimer occurs in all three multienzyme complexes (8), with
the only known exception of Pseudomonas putida (17).

The PDC from Gram-negative Azotobacter vinelandii is well
characterized (18). The isolated E2p core consists of 24 subunits,
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Fig. 1. Reaction sequence in the pyruvate dehydrogenase complex (7).
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Fig. 2. Quality of the MIRAS electron density map calcu-
lated with coefficients m|F . |exp(iopiras), Where m is the
figure of merit. The region shown comprises the residues in
the active center. The map is calculated with phases obtained
from all three heavy-atom derivatives (Table 1) including
anomalous data. The unusual conformation of His®'°, which
allows a hydrogen bond between N31 and the carbonyl O of
the same residue, is emphasized by the dashed line connect-
ing the two atoms.

which, unlike complexes from other organisms, dissociates into
smaller oligomers upon binding of Elp or E3 or both (19).

Attempts to crystallize the entire A. vinelandii E2p molecule failed
to produce crystals suitable for high-resolution diffraction studies,
probably because of the high flexibility of the lipoyl domains. How-
ever, the cloning and overexpression of the catalytic domain of A.
vinelandii E2p allowed the growth of good-quality crystals (20) that
enabled us to elucidate the atomic structure of the core of the complex,
which has the rather uncommon octahedral 432 symmetry.

Structure determination. The E2p catalytic domain (E2pCD)
was expressed as a fusion protein that contained: (i) the catalytic
domain (residues 409 to 638 of A. vinelandii E2p); (ii) the Ala-Pro-
rich sequence (residues 382 to 408), which connects this part of the
structure to the E1p-E3 binding domain; and (iii) six amino acids
from B-galactosidase at the NH,,-terminus (20). A multiple isomor-
phous replacement map including anomalous data (MIRAS) with
an average figure of merit of 0.74 (Table 1) was calculated which
allowed an unambiguous tracing of most of the polypeptide chain
(Fig. 2). A model was built by using the fragment search option of
the program O (21), and the initial structure was improved by
crystallographic refinement with the energy minimization option of
the program X-PLOR (22) and by manual model rebuilding. The
current model contains highly restrained individual temperature
factors and coordinates for 2182 protein atoms and 37 water
molecules. The crystallographic R factor is 0.188 for 10,336 inde-
pendent reflections between 10.0 A and 2.6 A resolution. The
root-mean-square (rms) deviations from the ideal values for bonds
and angles are 0.017 A and 3.3°, respectively. All backbone dihedral
angles (¢, ¥ pairs) fall within the allowed regions, except for Ala'>,
for which the ¢ angle is 10° outside an allowed region.

The first 19 residues are not visible in the electron density map
probably because they are disordered. The first 6 amino acids belong
to the fusion sequence, whereas the next 13 belong to the Ala-Pro-
rich sequence at the NH,-terminus of E2pCD, thereby confirming
the high level of flexibility of this part of the molecule. Since the
amino acids of B-galactosidase present at the NH,-terminus of the
fusion protein are not visible in the electron density map, we use the
residue numbering of A. vinelandii E2p to describe the structure.

The tight association of the trimer. Each subunit of E2pCD
consists of a mixed B sheet composed of three central parallel strands
(strands E, G, and I) and three antiparallel ones (strands F, ], and B)
at its borders. Moreover, a threefold-related subunit provides a
seventh additional strand (strand H), that is adjacent and antiparallel
to strand B. This large B sheet is flanked on one side by helix H1 and
on the other by the remaining four « helices to generate a kind of
open face sandwich structure (Fig. 3A). In total the individual
subunit contains five o helices, one 3,4-helix (H6), and ten B
strands, which comprise 64 percent of the total number of residues.

20 MARCH 1992

A most remarkable feature is the NH,-terminal “elbow” formed by
residues 395 to 415, which has no nonbonded contacts with the
single globular domain of an individual subunit.

Each monomer is tightly associated with two other subunits
related by the threefold rotation axis (Fig. 3B). The intersubunit
interactions are extensive as is indicated by the fact that 3900 A2,
or 25 percent, of the monomer solvent accessible surface is buried
upon trimerization, involving 12 intersubunit hydrogen bonds.
Out of 243 residues, a total of 66 of each monomer has one or
more atoms contributing to the intratrimer interface. In particular,
several hydrophobic side chains (Ile3%%, Trp*?®, Leu**°, Phe*3%,
Thr%¢, and Pro®®?) are involved in the interactions along the
threefold axis and are in van der Waals contact with their
symmetry-related partners. The cylinder-shaped trimer has a

Table 1. Data collection, multiple isomorphous replacement, and
refinement statistics. Crystals were obtained by vapor diffusion at pH 7.0
with 18 percent ammonium sulfate as a precipitant with the use of
macroseeding technique (space group F432, cell axis 224.8 A). There are
four 24-subunit complexes in the unit cell, which correspond to one
subunit per asymmetric unit and a solvent content of 73 percent (45).
Diffraction data were collected on a FAST television area detector and
evaluated by the software MADNES followed by profile fitting (46). One
Hg and two Pt derivatives were used for phasing. The heavy-atom
positions were located with the direct methods option of SHELXS-86
(47) and by a vector search program (W.G.J.H.). The mercury acetate
(HgAc) derivative had one site, and the PtCl, and Pt(NO,)3;(NHj),
(PeNIt) derivative each had two sites. The heavy-atom parameters were
refined including anomalous data by the program PHARE written by G.
Bricogne. In particular, the Hg derivative was of excellent quality. The
final model includes 2182 protein atoms and 37 solvent molecules, and
has an R factor of 0.188 at 2.6 A resolution and an average B factor of
16.0 A2. There are 73 main-chain hydrogen bonds per 100 residues (48,
49). The rms deviations from ideality are 0.017 A for bond lengths and
3.3° for bond angles.

Parameter Native HgAc PtCl, PNIT
Measured reflections 68,417 52,164 48,771 47,572
Unique reflections 10,391 9,581 8,891 8,810
Completeness to 0.779 0.931 0.881 0.870

30A
Completeness to 0.721
26 A
Roerge® 0.025 0.031 0.035 0.037
R 0210 0.197 0.099
<Fy>/E+ 3.1 1.5 1.7
cullis 0.482 0.741 0.622

*The merging R factor is defined as R™'8¢ = 3II; — <I>|[E<I>.  1Rp,is given by
Rpae = ZIFpy — Fyl/2IFyl, where Fpyy and Fy are the measured structure factors for
the heavy-atom derivative and the native crystals, respectively.  $<Fy>/E is the
“phasing power” calculated as (rms calculated Fy;)/(rms lack of closure error), where Fiy
is the heavy-atom structure factor. §The Cullis R factor is defined as R, =
3| IFpy * Fpl —IFyl I/2IFpgy — Fpl, only for centric reflections.
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height of ~46 A along the threefold axis and a radius of 27 A.
An important contribution to the intratrimer interactions comes
from the NH,-terminal “elbow,” which extends over a neighboring
monomer (Fig. 3A). The first part of this “clbow” comprises a
pentapeptide (396 to 400) in an extended conformation, with four
trans Pro residues (Pro®%, Pro®%’, Pro®%, and Pro*®). After a
sharp “elbow” bend of 120°, residues 409 to 412, form a short B
strand (strand A) that, together with residues 486 to 498 (strands C
and D; Fig. 3C) of a threefold-related subunit, generates a small g

Comparison with chloramphenicol acetyl transferase (CAT)
and location of the catalytic center. The topology of E2pCD is
virtually identical to that of CAT (23), confirming a prediction by
Guest (24) based on a sequence alignment, which showed 19
percent amino acid identity mainly localized on the residues
around the catalytic center. A structure-based sequence alignment
(Fig. 3C) shows that, among the numerous insertions and dele-
tions, a noticeable feature is the significantly shorter NH,-terminal
helix (residues 417 to 432) in CAT. Most remarkably, these

sheet located on the outside of the molecule.

helices occupy virtually the same position in the trimers of E2pCD

Fig. 3. (A) Ribbon diagram (50) of a subunit of
E2pCD viewed along the threefold axis. The arm
made by the NH,-terminal residues is clearly
visible and extends from the subunit. In chloram-
phenicol acetyl transferase (CAT), the NH,-ter-
minal helix H1 [residues 417 to 432 according to
E2p numbering; see (C)] is rotated by 120° and,
therefore, this arm, which extends over a threefold-related chain, is not
present in CAT. The central B sheet of the E2pCD subunit (strands B, E, F,
G, J, and I) is extended by strand H’', which is on a threefold-related
monomer and runs antiparallel to B. In an analogous way, strand A forms a
B sheet together with strands C” and D" from another threefold-related
subunit. (B) Space-filling model (only Ca atoms) of a trimer of subunits
viewed along the threefold axis with the red subunit in the same orientation
as in (A). Note the close association of the subunits along the threefold axis.
The direction of view is from the outside toward the center of the E2p
24-mer. (C) Structure-based alignment of the sequences of the A. vinelandii
(residues 395 to 637), E. coli (13), and human (57) E2pCD and of CAT
(52). For the structural comparisons, the coordinates of CAT deposited in
the Brookhaven Protein Data Bank (3CLA) have been used. Residues
belonging to « helices and B strands according to the program DSSP (49) are
outlined by the letters h and e, respectively, and are named following the
scheme used for CAT (23). The amino acids involved in the intertrimer
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contacts along the twofold axis are indicated by asterisks. Ile3%® is the first

amino acid visible in the electron density map. This alignment is strictly
speaking only valid as of residue 434. Amino acids from E2pCD and CAT
before this residue are not structurally equivalent when one single subunit of
E2pCD is used for the superposition. However, when the NH ,-terminal arm
(residues 409 to 427) of an adjacent subunit of E2pCD is superimposed
onto CAT, then the rms deviation is 1.7 A for these 19 positionally
equivalent residues. These residues are indicated by lowercase in the align-
ment. Only one of these 21 residues, Leu*?® in E2pCD, is identical in the
two proteins. (D) Schematic drawing showing the totally different organi-
zation of the NH,-terminal strand A (residues 409 to 412) and helix H1
(416 to 432) in CAT with respect to E2pCD. In E2pCD the NH,-terminal
residues form an arm connecting two threefold-related subunits, whereas in
CAT they curl back and interact with amino acids of their own monomer.
The trimers are viewed along the threefold axis from the outside toward the
center of the cubic core in the same orientation as in (B).
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and CAT, but belong to different subunits. In CAT the NH,-
terminal helix is rotated by 120° with respect to the corresponding
helix of the E2pCD (Fig. 3D). Comparison of the helices with the
use of the operations obtained by superposition of the globular
domains of E2pCD and CAT yields an rms deviation of 1.7 A for

558'
\Ser >

H

CoA N\

binding Lipoamide
site binding
site

Fig. 4. Schematic representation of E2pCD catalytic center. The 29 A long
channel goes across the subunit trimer, with the CoA and lipoamide binding
sites located at the two opposite entrances, as derived by analogy with CAT.
The similarity between the two enzymes is particularly evident for the CoA
binding region. The sequence identity between the residues forming the
walls of this part of the channel is 27 percent. However, the different
specificity for the second substrate involved in the transacetylase reaction,
dihydrolipoamide in E2pCD and chloramphenicol in CAT, leads to a much
lower degree of similarity for the other side of the channel, indicated by the
lack of any sequence identity between the residues forming the lipoamide-
chloramphenicol binding pocket.

19 residues, with only one identical side chain (Leu*?®).

Overall, the rms displacement between 121 superimposable Ca
atoms of E2pCD and CAT is 1.6 A. The homology can be used to
identify residues likely be involved in substrate binding and catalysis,
which are located at the trimer interface and involve amino acids of
two threefold-related subunits. Particularly, His'®® and Ser'*s
known to be essential for CAT activity (25), are conserved in
E2pCD (Ser®® and His®'?), as predicted by Guest et al. (7, 24). The
distance between O of Ser and Ne2 of His is 7.1 A in CAT and 6.9
A in E2pCD. These residues are in the middle of a 29 A long
channel, which provides the binding pockets for the two substrates
(Fig. 4). The walls of this “catalytic” channel are defined by strands
E, F, G, and H of one subunit and helix H5 of a threefold-related
one. Mutagenesis experiments have established the essential role
played in catalysis by Ser®*® (homologous to 148 of CAT) in
Escherichia coli E2p (26), where replacement of Ser by Ala resulted in
a significant decrease in the enzyme activity.

The structural similarity between His®'° of E2pCD and His'®® of
CAT is striking. In both enzymes (Fig. 2), this amino acid has an
unusual conformation, with (&, ¥) values of (—61°, —19°) and a
(X1> X2) combination of (—155°, —7°) in E2pCD, whereas in CAT
these dihedrals are (—67°, —21°) and (—148°, —32°), respectively.
Such a conformation allows a hydrogen bond between the imidazole
nitrogen N31 and the carbonyl O of the same amino acid. In CAT
this interaction has been related to the role played by this residue in
catalysis (23, 25) and its conservation is suggestive of an analogous
function also in E2pCD. This interpretation is supported by the
mutagenesis studies on the E. coli enzyme (27) but not by those on
the yeast molecule (28), where the replacement of this His by Ala
does not affect the activity.

In spite of these similarities, the catalytic centers of E2pCD and
CAT also show several significant differences. Among them, it is
quite remarkable that the salt bridge Asp'®®-Arg!'®, known to be
functionally and structurally essential in CAT (29), is absent in
E2pCD because Asp*®® of CAT is replaced by Asn®** and Arg'® of
CAT does not have a counterpart in E2pCD because of a deletion
between strand A and helix H1 (Fig. 3C). Furthermore, in E2pCD
the residues flanking the catalytic His (Asp®®® and Arg®!!) form a
salt bridge (Fig. 4), which might be of functional relevance, because
the tripeptide Asp-His-Arg is conserved in all E2 sequences (16).
This feature is not observed in CAT, where Asp®®® and Arg®'! of
E2pCD are replaced by His and Ala, respectively (Fig. 3C).

Val 456’ Val 456°
Leu 637 Leu 637

e 635 Ser 525°
Fig. 5. Stereo drawing of the interactions made by the COOH-
terminal residues with the amino acids of the twofold-related 632 632
subunit, viewed approximately along the twofold axis. The hydro-
gen bonds are shown by the dashed lines. Most of the side chains o 635° ,
involved in these types of contacts are hydrophobic. Note that the Len 636° Leu 636’ Be 635

COOH-terminal helix 632 to 637 of one subunit (shown in fat
lines) forms a “knob” fitting into a “hole” formed by the other
twofold-related subunit whose residues numbers are indicated with
primes.
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The truncated cube. The E2pCD of A. vinelandii E2pCD can
assemble into oligomers of 24 subunits arranged with 432 symme-
try. In contrast to the extensive intratrimer contacts, the intertrimer
interactions, which lead to the generation of the oligomer, are based
on a quite limited number of contacts (Figs. 5 and 6B). No subunit
interactions across the fourfold axis are present. The association of
the trimers along the twofold axis buries only 8 percent (1150 A2)
of the monomer-accessible surface. The residues of the two subunits
involved in this type of intersubunit interactions are: (i) the
COOH-terminal residues 632 to 637, which form a 3,-like helix
(H6); (ii) the NH.,-terminal part of the o helix H4; and (iii) the side
chains of Phe**?, GIn*®3, and Val**® along helix H2. Only two
intertrimer hydrogen bonds are formed (see Fig. 5), which involve
the carbonyl O of Leu®®® and the negatively charged carboxylate O

Fig. 6. The 24-subunit truncated cube forming the core of the A. vinelandii
pyruvate dehydrogenase complex. (A) Space-filling representation (only Ca
atoms) of the 24 E2pCD molecules (cight trimers), as viewed along the
fourfold axis, obtained by applying the fourfold- and twofold-
operations to the trimer shown in Fig. 3B. The distance left to right in this
view is ~125 A. (B) The same as in (A) but viewed along the twofold axis.
The white spheres indicate the position of Arg*!é, which according to
mutagenesis studies (32) is involved in Elp binding.
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of the COOH-terminal residue Leu®?”. These atoms interact with
the main-chain nitrogens of Leu®26 and Leu®2” located at beginning
of helix H4 of the opposite subunit. Because of the direction of the
helix dipole (30) and the negative charge of the carboxylate, this
interaction appears to be electrostatically favorable.

The side chains of the dimer interface are hydrophobic in
character (Fig. 5). The COOH-terminal residues 632 to 637 form a
sort of hydrophobic “knob” that is buried into a “hole” of the
twofold-related subunit. The chemical nature of these side chains is
conserved among all known E2p sequences whether they form
octahedral or dodecahedral arrangements [Fig. 3C (16)]. Moreover,
a similar arrangement is likely to be maintained in the entire class of
the oxo-acid dehydrogenase complexes because the COOH-terminal
residues are conserved in all of the transferase sequences (16).

The assembly of eight identical trimers leads to the generation of
the 24-subunit complex, which corresponds to the inner core of the

* PDC. The shape of the multisubunit structure is that of a truncated

cube whose corners are made by the trimers, which only partially fill
the volume of the cube. They generate a hollow cage whose internal
cavity is connected to the outside through large channels crossing
the faces of the cube (Fig. 6A). Overall, less than 50 percent of its
volume is occupied by protein atoms. The length of edge of the cube
is 125 A, but due to its truncation, the distance from corner (taking
the Ca of I1e%5) to center is only 80 A, instead of 108 A expected
for an “untruncated” cube. The radius of the channels going
through the faces is ~30 A. The largest sphere inside the cube that
does not touch any atom has a radius of 23 A.

Interestingly, whereas the entrance of the acetyllipoamide binding
site points toward the outside of the oligomeric truncated cube
structure, CoA has to approach its binding pocket from the internal
cavity of the oligomer.

The tightly associated trimer appears to be the actual “building
block” for the entire cubic core because the interactions at the trimer
interface are by far the most extensive ones in the oligomer. The
isolated 24-subunit complex of A. vinelandii E2p is known to
dissociate into smaller suboligomers upon binding of the peripheral

Fig. 7. Model of the cubic-octahedral PDC viewed along the threefold axis.
In red and -filling models (only Ca atoms) of A. vinelandii
E2pCD and E3 arc shown, respectively. The structure of Elp is approxi-
mated by a dimer of spheres (bluc) with a radius of 29 A, whereas each lipoyl
domain is indicated by a sphere (yellow) with a radius of 17 A. For clarity,
the other two lipoyl domains of A. vinelandii E2p as well as the E2p-E3
binding domain have been omitted. Figures 3B, 6A, 6B, and 7 were
generated by the program Raster3d (53).
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components Elp or E3, or both (19). In view of the number and
type of interactions at the trimer interface, the products of dissocia-
tion are probably trimers.

After ferritin (31), E2pCD provides the second multisubunit
- structure with 432 symmetry known at atomic level. The organiza-
tion of the two quaternary structures appears, however, to be very
different. In E2pCD the strongest intersubunit interactions are
along the threefold axis with no contacts along the fourfold, but in
ferritin the most extensive interactions are along the twofold, with
weaker associations along the threefold and fourfold axes.

Toward an atomic model of a multienzyme complex. In A.
vinelandii E2p, removal of the E1p-E3 binding domain, which is
located at the NH,-terminus of the catalytic domain and not present
in our structure, prevents the binding of the peripheral components
of the multienzyme complex. However, mutagenesis experiments on
A. vinelandii E2p show a dramatic decrease in the affinity for Elp
caused by the replacement of Arg*!S at the NH,-terminus of the
catalytic domain by an Asp (32), suggesting a direct contact between
this side chain and the Elp molecule. This result is in agreement
with studies in other related organisms [for example, in E. coli PDC;
see (7) and references therein] in which the E1p-E3 binding domain
seems to be necessary only for E3 and not for Elp binding,
indicating that the latter enzyme must interact also with residues of
the catalytic domain. Arg*¢ is located (Fig. 6B) on the edge of the
truncated cube, at a distance of 75 \A from the center of the
oligomer. This distance agrees well with results obtained by mass-
distribution analysis of the BCODH complex, which is closely
related to the PDC (33), demonstrating that the inner radial limit for
Elp mass is ~80 A.

Models derived from “negatively stained” electron microscopy
images show that the 12 copies of Elp present in the PDC bind
along the edges of the cube-like core (4). Elp is a dimer of identical
subunits with a molecular weight of 2 x 90,000. Its atomic
structure is not known, but for the present purposes, by assuming a
packing density of 0.85 dalton per cubic angstrom, the dimer can be
approximated by two spheres with a radius of 29 A each. In order to
define their location with respect to the PDC core, we used the
position of Arg*!® as a point of contact and, as a second criterion,
the condition that Elp should not block the catalytic channel of
E2p. This approach leads to the model shown in Fig. 7, where the
12 pairs of spheres, approximating the E1p molecules, are situated
at the edges of the cube, with their twofold axes coinciding with that
of the 24-subunit complex, as derived by Reed and co-workers (4).

Electron microscopy analysis of PDC (4, 34) and the low-
resolution studies of crystals of E2p/E3 subcomplexes (35) led to a
model where the six E3 dimers sit on the centers of each face of the
cubic core. Taking this as a starting point, a tentative model of the
E2p/E3 association can be generated, because the atomic structure
of the A. vinelandii E3 dimer (molecular mass 2 X 53,000 daltons)
has been determined at 2.2 A resolution (36) in our laboratories.
First, the molecular twofold axis has been aligned with the fourfold

Fig. 8. Stereo picture of the dodecahedral complex (only Ca trace)
viewed along a threefold axis obtained by ifying the mutual
orientation and position of a pair of twofold-related trimers in order
to make them compatible with the 532 symmetry, with the restrain
of causing the least possible changes at the twofold interface. This
approach led to a rotation of one trimer with respect to the other by
28°. Because of “knob-into-hole” architecture of the subunit asso-
ciation along the twofold axis (Fig. 5), this reorientation can be
readily accommodated without the requirement of major confor-
mational . The two trimers have been then expanded to the
truncated dodecahedron by applying the 532 symmetry operators.
The three chains forming each trimer are colored in blue, yellow,

and green.
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axis of the PDC core. Next, the orientation and position that allow
the minimum distance between the centers of gravity of E2p and E3,
while keeping all interatomic contacts longer than 4.0 A, have been
searched (37). This analysis leads to the structure shown in Fig. 7. In
this tentative model the highly mobile lipoyl domains, as spheres
with radii of 17 A, are also included to show that the space required
for reaching and coupling the catalytic centers on the various
enzymes is available.

In the model, the distance between a catalytic center of E2p and
the nearest E3 active site is 45 A, whereas the separation between
E2p catalytic centers related by a threefold axis is significantly
shorter (34 A). This result confirms spectroscopic observations (38),
which indicate a distance of at least 40 A between the catalytic sites
of different enzymes. Moreover, it suggests that a single lipoyl group
covalently attached to a lipoyl domain is capable of coupling the
active centers of all three subunits on the corner of the cube. This
observation substantiates the model of a random-coupling mecha-
nism (39), proposed on the bases of a wealth of biochemical and
mutagenesis data [for reviews, see (4, 5, 7, 8)].

Images obtained by cryoelectron microscopy (40) seem to indi-
cate that the peripheral components are well separated (40 to 50 A)
from the core of the complex. Although for Elp this result seems to
be contradicted by the above-mentioned mutagenesis results, it
might be indicative of a degree of flexibility in the mode of binding
(41) of E3 to the complex.

A model for the dodecahedral inner core of human PDC. The
core of the PDC of mammals, yeast, fungi, and the Gram-positive
bacterium Bacillus stearothermophilus consists of 60 E2p subunits
arranged in a dodecahedronlike structure with 532 symmetry (4, 5).
The mammalian and yeast systems also possess additional compo-
nents that are involved in the regulation (kinase and phosphorylase)
and possibly in the assembly (the so-called protein X) of the complex
(42). Sequence analysis reveals that, in spite of the different quater-
nary structure, the homology between the human (a prototype for
the dodecahedral arrangement) and the A. vinelandii E2p is signif-
icant [28 percent sequence identity; Fig. 3C (16)]. Therefore, the
conservation of the protein fold and a close similarity of the
extensive molecular interactions along the threefold axis can be
predicted for dodecameric PDC’s. Furthermore, the conserved
active-site residues (Fig. 3C) are located at the trimer interface,
further substantiating the assumption that the trimer provides the
“building block” not only for the 24-subunit complex but also for
the 60-subunit complex.

As mentioned by Oliver and Reed (4), this similarity of interac-
tions in multimers with different point-group symmetry is related to
the concept of “quasi-equivalence,” initially developed by Caspar
and Klug (43). We propose that the modifications in the intertrimer
interactions along the twofold axis required to construct a dodeca-
hedral oligomer from a cubic one can be accommodated without
major structural modifications of individual subunits. It is likely that
the “knob” formed by the COOH-terminal helix fitting into the
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“hole” provided by a twofold-related subunit (Fig. 5) can accom-
modate the rotations required for building a truncated dodecahe-

dr
sli.

on from a truncated cube. In addition, the “knob” itself may rotate
ghtly with respect to the main body of the subunit to which it is

covalently connected.

Fi

A model for the dodecahedral 60-subunit oligomer is shown in
g. 8. As for the cube-like structure, its shape is that of a hollow

cage, whose volume is only partially filled by protein atoms. The
inner radius of the dodecahedron is ~100 A, whereas the “holes” in

th

e pentameric faces have a radius of 35 A. These dimensions are in

good agreement with those observed by electron microscopy (44).
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