
Atomic Structure of the Cubic Core of the 
Pyruvate Dehydrogenase Multienzyme Complex 

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. 

T H E  I'YRUVATE DEHYDROGENASE MULTIENZYME COMPLEX 

(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, pynlvate 
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), 
dihydrolipoarnide [Lip(SH),], nicotinamide a4enine 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 
sy&etry [for reviews, see (2, 4-8)]. 

The number of potential binding sites for E l p  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 catalpc aitivity is 
obtained with complexes that contain 12 dimers of E l p  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 ~ovalently 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 compl&es ( 1 , -  8), which comprises the 
0x0-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 fipoamide 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, 

NADH + H+ 
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Fig. 1. Reaction sequence in the pyruvate dehydrogenase complex (1). 
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Fig. 2. Quality of the MIRAS electron density map calcu- 
lated with coefficients m~Fobs(exp(icu,,,,), 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  is^", which 
allows a hydrogen bond between N61 and the carbony10 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 E l p  or E3 or both (19). 

Attempts to cryst* the entire A. vinelandii E2p molecule failed 
to produce crystals suitable for high-resolution difiaction studies, 
probably because of the high flexibility of the lipoyl domains. How- 
ever, the cloning and overexpression of the catalyuc 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 catalyuc 
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 Elp-E3 binding domain; and (iii) six amino acids 
from P-galactosidase at the NH2-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 0 (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 ~ l a l ~ ~ ,  
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 NH2-terminus of E2pCD, thereby confirming 
the high level of flexibility of this part of the molecule. Since the 
amino acids of p-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 p sheet composed of three central parallel strands 
(strands E, G, and I) and three antiparallel ones (strands F, J, 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 P sheet is flanked on one side by helix H l  and 
on the other by the remaining four (Y helices to generate a kind of 
open face sandwich structure (Fig. 3A). In total the individual 
subunit contains five (Y helices, one 3,,-helk (H6), and ten 
strands, which comprise 64  percent of the total number of residues. 

A most remarkable feature is the NH2-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 (Ile395, Trp429, Leu430, Phe438, 
Thr566, and Pross9) are involved in the interactions along the 
threefold axis and are in van der Wads 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 d i k i o n  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 
H g  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 PtC1, and Pt(N03),(NH3), 
(PtNIt) 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 H g  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 PtCI, PtNIT 

Measured reflections 
Unique reflections 
Completeness to 

3.0 A 
Completeness to 

2.6 A 
R,,, .* 
~ " , , f  
<F,>IE$ 
Rcu~lisS 

'The merging R factor is defined as RmCrge = XIIi - <I> I p < I > .  tR,,, is given by 
R,,, = XIFpH - FNIpIFNI,  where F,, and F, are the measured structure factors for 
the heavy-atom derivative and the nauve crystals, res *<FH>/E is the 
"phasing power" calculated as (rms calculated FH)/ ( rms  ~ f ~ ~ ~ ! ~ ~ ~ r ~  where FH 
is the heavy-atom structure factor. §The Cullis R factor is defined as Rdli, = 
XI IFpH '- F,I -IFHI l p l F p H  - Fpl, only for centric reflections. 
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height of -46 A along the thredbld axis and a radius of 27 A. 
An important contribution to the intratrimer interactions comes 

from the NH,-tcnninal "elbow," which extends over a neighboring 
monomer (Fig. 3A). The first part of this "elbow" comprises a 
pentapeptide (3% to 400) in an extended conformation, with tbur 
trans Pro residues (Pro3", Pro3W, Pro399, and Prom). After a 
sharp "elbow" bend of 120", residues 409 to 412, hrm a short fi 
strand (strand A) that, together with residues 486 to 498 (strands C 
and D; Fig. 3C) of a threefold-related subunit, generates a small fi 
sheet located on the outside of the molecule. 

Compvison with chloramphcnicol acctyl broskmsc (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 locaked 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 NH2-terminal 
helix (residues 417 to 432) in CAT. Most remarkably, these 
helices occupy virtually the same position in the trimers ofE2pCD 

D 

I 

R p L I * l W X m ~ ( 5 O ) d a ~ t d  
82pvicwrdalong thrcefoMaxir.Thum Subunit 
rmde by tbc N H 2 - d  rtsidacs is b d y  
visibk;ledmrndsbrbcsubunitIn~- 
pbmiml retyl t r a ~ & m ~  (CAT), tbe NHz-~- CAT 
mind helix H 1  [midues 417 to 432 rmrdiog m 
Bpmrmbaiag; = (C)1 ism=dbyluPand, 
t b a c E i m , t h i s a n u , w h i c h a r m d s o v a a ~ t c d c h a i u , i s n o t  c c m a c 1 ~ a b n g t t u t w o f o l d a x i s u c ~ b y ~ . I L 5 9 5 i s t h c f i t s t  
~mCAT.lbcccnalpshmdthtB2pCDJubunit (saadrB,E,F,  ? m i a o d v i s i b l c i n t b e d a m n d e a s i y r m p . T h i s ~ i s s a i c d y  
G, J, d I )  is  is amcadcd Ii', whicb is on a tbrdiAd--rrlami ~ ~ ~ v a l i d a s o f ~ 4 3 4 . A m i w r i d r h E 2 p W a n d C A T  
m o m m c r m d n u . a n t i & m B . I n a n ~ w a Y , d A h a  behe r r ~ l d u c n m l t n m n y . ~ w h c n ~ ~ ~ s i n g k s u b u a i t o f  

w i t h s a a d P C a n d D ' f m m v l o t h a ~ ~  E 2 p C D h ~ f o r t h c ~ c i c m . H o w c v c r , ~ t h c N H 2 ~ a c m  '-? d ( r m l g C a ~ ) ~ a ~ d ~  (Iddo.4091~427')danadjaantahuirdE2pCDis 
vkwedalongthe *( ) S p a c o ~ a x . k w i t h t h t r c d ~ t m t h e s a m c ~  cmtoCAT,Ibr.tbemdcridmis 1.7dbrbrc 1 9 s  
~ ~ ~ m ( A ) . N o c r d u c f o s c ~ d d u ~ ~ t h c W a x i s .  cquiv?kat&.lhatrcsidocsuc~bylowaco#:inthcll igrr 
' I b c d i r e f t i m d v i c w i s f m m t h c ~ a o w u d r b c c c n ~ o f t b c E 2 p  nraOnlyoruofthcsc21rcdducs,LenUbinE2pCD,isi&ntialmdw 
%mu. (C) Stmuwebased ;rligamcm ofthe ~cquavcs dtht  R u k h d  two pmch. (D) Sdwmpdc drawing showing tbe aoc?lly di&llcm or@- 
(rdducs 395 to 637), E. mli (13), d h u m  (51) EZpW md of CAT & of thc N H 2 ~  stcud A (rcsiducs 409 to 412) and &lix H 1  
( 5 2 ) . P o r t h c s t r u m d o o m p p r i s o a r , t b c ~ o f C A T ~ i n  (416m432)inCATwithrrspcamEZpCD.InE2pCDdrcNHI~ 
t b e ~ P r o r d n D a t a ~ ( 3 C L A ) h n n b e c n u s a d .  Residua n s i d u e s h a u a r m ~ ~ d u u f d d - d a d s u b u & , w b a t l s m  
b t l o o l g i a g r 0 a h c l i a s d $ s a a d p ~ m ~ ~ D S S P ( 4 9 ) n  CATt&yadba&~inbmtwithaminoacidsofthcirownmnroma. 
o u d i n c d b y t h c l a t a s h d c , r c q x & d y , d u c n v a e d ~ t h c  Thct r imnrarcv icwcd l laag~W~6rantheours idcDowvdthc  
s c b a n c d h r C A T ( 2 3 ) . ~ v n i a o y i d s i m d v a d i n t b e i n ~  c c n b c r o f ~ c u b i c c a r r ~ ~ s y a c o r i c o t a t i o n a s ~ ( 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 

Asn 

binding 

Fig. 4. Schematic representation of E2pCD catalytic center. The 29 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. 

Fig. 5. Stereo drawing of the interactions made by the COOH- 
terminal residues with the amino acids of the twofold-related 
subunit, viewed approximately along the twofold axis. The hydro- 
gen bonds are shown by the dashed lines. Most of the side chains 
involved in these types of contacts are hydrophobic. Note that the 
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. 

19  residues, with only one identical side chain 
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, His19' and Ser14', 
known to be essential for CAT activity (25), are conserved in 
E2pCD (Ser5'' and His610), as pre+cted by Guest et al. (7, 24). The 
distance between Oy 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 H 5  of a threefold-related 
one. Mutagenesis experiments have established the essential role 
played in catalysis by SerSs8 (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 His610 of E2pCD and His19' of 
CAT is striking. In both enzymes (Fig. 2), this amino acid has an 
unusual conformation, with (+, $) values of (-61°, -19") and a 
(x,, x,) combination of (-155", -7") in E2pCD, whereas in CAT 
these dihedrals are (-67", -21") and (-148", -327, respectively. 
Such a conformation allows a hydrogen bond between the imidazole 
nitrogen N61 and the carbony10 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 Asp199-Arg1s, known to be 
functionally and structurally essential in CAT (29), is absent in 
E2pCD because Asp199 of CAT is replaced by Asn614 and Arg18 of 
CAT does not have a counterpart in E2pCD because of a deletion 
between strand A and helix H 1  (Fig. 3C). Furthermore, in E2pCD 
the residues flanking the catalytic His (Asp609 and Arg611) 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 Asp609 and Arg611 of 
E2pCD are replaced by His and Ala, respectively (Fig. 3C). 

Ser 515' 
Ile 635 
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The tnmcad cube. The E2pCD of A. vinelundii E2pCD can 
assemble into oligomez~ of 24 subunits vrangcd with 432 symme- 
try. In contrast to the extensive intratrimer contacts, the intemimer 
interactions, which lead to the generation ofthe oligomer, arc based 
on a quite limited number of contacts (Figs. 5 and 6B). No subunit 
interactions across the fburfbld axis are present. The association of 
the trimers alonghe twofold axis buries only 8 percent (1150 A') 
of the monomer-accessible surface. The residues ofthe two subunits 
involved in this typc of intersuwt interactions are: (i) the 
COOH-termid residues 632 to 637, which form a I,,-like helix 
(H6); (ii) the NH,-terminal part ofthe a helix H4; and (iii) the side 
chains of PhecYg, Glna3, and V e 6  along helix H2. Only two 
intcrtrimer hydrogen bonds are formed (see Fig. 5), which involve 
thec~lbonylOofLeu~andthenegativdycharged&~cO 

of the COOH-terminal residue Leua7. These atoms interact with 
the main-chain nitrogens of Ledu and Leusa7 located at beginning 
of helix H4 of the opposite subunit. Because ofthe direction ofthe 
helix dipole (30) and the negative charge of the carboxylate, this 
interaction appears to be ekcmxtaticaUy favorabk. 
The side chains of the dimer interface are hydrophobic in 

charmer (Fig. 5). The COOH-terminal residues 632 to 637 fbrm a 
sort of hydrophobic %obn that is buried into a "hole" of the 
twofold-related subunit. The chemical naturc of these side chains is 
conserved among all known E2p sequences whether they hnn 
octahedral or dodecahedral amqements [Fig. 3C (16)l. Moreover, 
a similar arranecmcnt is likelv to be maintained in the entire dass of 
the omacid d&Ydmpase fomplexes because the COOH-termid 
residues are consend in all ofthe tramkrase sequences (16). 
The assembly of eight identical trimers leads to-the gen&~on of 

the 24-subunit complex, which componds to the inner core ofthe 
PDC. The shape ofthe multisubunit structue is that of a truncated 
cube whose cakm are made by the trimas, which only partially 6U 
the volume of the cube. They p r a t e  a hollow cage whosc internal 
cavityisconaectedtotheoutsideduoughlargcchanndscrossing 
the taces ofthe cube (Fig. 6A). OveraU, less than 50 percent ofits 
volume is occupied by protein atoms. The length of edge ofthe cube 
is 125 A, but due to its truncation, the distance h m  corner (taking 
the ~ a a f 1 1 C j ~ )  to center is d y 8 0 A  instead of108 Aexpectd 
for an "untruncatedn cube. The radius of the channds going 
through the fices is -30 A. The largest sphere inside the cube that 
docs not touch any atom has a radius of 23 k 

Intercstingly,wh~theentranceofthe acetylhpoamidebii 
site points toward the outside of the oligomeric truncated cube 
6 CoA has to approach its bindingding* fiom the internal - - - - 

cavity of the oligomer. 
Thc tightly associated trimer appears to be the actual "building 

block" for the entire cubic core because the interactions at the trims 
interhe are by far the most extensive ones in the oligomer. The 
isolated 24-subunit complex of A. vinelandii E2p is known to 
dismiate into d e r  suboligomers upon binding of the peripheral 

Flg. 6. The 't murucd cube drccorrofthcA. vhdadii 
pyruvaa dch= complex (A) S x  t i  (only Ca 
a t o m s ) o f c h c 2 4 E 2 p Q , m o ~ ( ~ t t r i m a 8 ) , a s M a l o n g d r c  
foudbId axis, obtained by applying thc fourhId- and a0dId-s-y 
operations to thc niwr shown in Fig. 3B. The disrancc left to right in this 
view is -125 A (8) The same as in (A) but viewed along thc aodId axis. 
The whia spheres indiaa the position of Arg416, which umrding to 
mumgene& stladks (32) is involved in Elp binding. 

Fig.7.Modclofthccubic-ocnhcdnlPDCMalongtkthrrctoldPris. 
In red and green, spacc6ilmg models (only Ca atoms) of A. uirvlandii 
E2pcDandE3 arc shown, ccspcctivcly. T h e ~ h c  ofElp  is 
d b y a ~ o f s p h ( b h u ) w i t h a + o f 2 9 ~ ~ ~ ~  
damin is indimmi by a spba~  with a radius of 17 A  or duity, 
thcothatwolipoyldo&ofA.vhdaduE2paswdastheE2pE3 
biodurg domain have bccn omitted. Figuns 3B, 6 4  6B, and 7 war  
gmntcd by plognm -3d (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 fourhld, but in 
knitin the most extensive interactions are along the twofold, with 
weaker associations along the threefold and fourfold axes. 
Toward an atomic model of a multiemzyme complex. In A. 

vinefundii E2p, removal of the ElpE3 binding domain, which is 
located at the NK-terminus of the catalvtic domain and not vresent 
in our structure, pivents thc binding &the periph~ral combnents 
of the multienzyme complex. However, mutagenesis experiments on 
A. vinefundii ~2~ showa dramatic decrease the &ty for Elp  
cawed by the replacement of Arg4'" 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 Elp-E3 binding domain 
seems to be necessary only for E3 and not for Elp  biding, 
indicating that the-latter enzyme must interact also with residues of 
the catalytic domain. A%+'" is located (Fig. 6B) on the edge of the 
truncated cube, at a djstance of 75 A fiom the center of the 
oligsmer. This djstance agrees well wih 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 
~1~ mass is -80 k 

Models derived fiom "negatively stained" electron micmcopy 
images show that the 12 copies of Elp present in the PDC bind 
along the edges ofthe cube-like core (4). E lp  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 Arg4'" 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 Elp  molecules, are situated 
at the edges of the cube, with their twofold axes coinading with that 
of the 24-subunit complex, as derived by Reed and m-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 facc of the 
cubic core. Taking this as a starting point, a tentative model of the 
E2p/E3 association can be because the atomic struaure 
of the A. vinefundii E3 dimer (molecular mass 2 x 53,000 daltons) 
has been demmined at 2.2 A resolution (36) in our laboratories~ 
First, the molecular twofold axis has been aligned with the fourfold 

Fig. 8. Stereo picnur ofthc Qdccahcdnl wmplcx (only Cu trace) 
viewed dong a tkefbld axis obtained by modifying the mutual 
orientation and position ofa pair oftwofold-dated aimas in orda 
to make them wmpatibk with thc 532 symmetry, with the rrsain 
of causing the kast possibk changes at the nvofbld intcrhx. This 
approach Icd to a rotation of one trimcr with respect to thc other by 
28". Bcc?usc of "hob-iito-hole" architamre of the subunit asso- 
ciation along the twofold axis (Fig. 5), this reorientation can bc 
readily acwmmodatal without thc requirement of major wnfor- 
mational changes. Thc two trimas have been then cxpvlded to the 
uuncatcd dodecahedron by applying the 532 symmetry operators. 
Thc three chains forming each trimcr arr w h c d  in blue, yellow, 
and green. 

axis ofthe PDC core. Nexq 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 % 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 % are also included to show that the space required 
for reaching and coupling the catalytic centers o n  the vkous 
enzymes is available. 

In the model, the distance between a catalytic center of E2p and 
the nearest E3 active site is 45 11 whereas the saaration between 
E2p catalytic centers related by. a threefold a& is significantly 
shorter (34 A). This result confirms spectroscopic observations (38), 
which indicate a distance of at least 40 A between the catalvtic sites 
ofdifferent 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 &&its on the comer 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 
mutagenesii data [for reviews, see (4, 5, 7, 811. 
Images obtained by cryoelectron microscopy (40) seem to indi- 

cate that the peripheral components are well separated (40 to 50 A) 
fiom 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 lbr the dodecahedral inner core of human PDC. The 
core of the PDC of mammals, yeast, fungi, and the Gram-positive 
bacterium l3aciJJu.s stearothennophilus consists of 60 E2p subunits 
arranged in a dodecahedronlike structure with 532 sym&etry (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 s d e d  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 amngement) and the A. vinehndii E2p is sigmf- 
icant [28 percent sequence identity; Fig. 3C (16)l. Therefore, the 
conservation of the protein fold and a close similarity of the 
extensive molecular &teractions along the threefold ax& 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 modi6cations in the intertrirner 
interactions along the twofold axis required to construct a dodeca- 
hedral oligomer fiom a cubic one can be accommodated without 
major structural modi6cations 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- 
dron from a truncated cube. In addition, the "knob" itself may rotate 
slightly with respect to  the main body of the subunit to  which it is 
covalently connected. 

A model for the dodecahedral 60-subunit oligomer is shown in 
Fig. 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 
the ~entameric faces have a radius of 35 A. These dimensions are in 
good agreement with those observed by electron microscopy (44). 
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