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Introduction

The 3-D structure of the enzyme dihydrolipoamide dehydro-
genase has been determined from Azotobacter vinelandii
[1, 2],Pseudomonas putida [3] and Pseudomonas flourescens
[4] by X-ray crystallography. Whereas in the free form the
enzyme controls the redox equilibrium between dihydrolipoic
acid and lipoic acid, it further acts as the E3-component of
the alpha-oxoacid dehydrogenase multienzyme complexes,
like the pyruvate dehydrogenase complex. Here it has the

function to reoxidize the flexible lipoyllysine arm coupled
to the dihydrolipoamide acetyltransferase component E2 [5].
The E2 component forms the core of the multienzyme com-
plex, to which both the pyruvate dehydrogenase (E1) and the
dihydrolipoamide dehydrogenase (E3) components bind. The
pyruvate dehydrogenase complex from Gram-negative bac-
teria like Escherichia coli possesses 24 identical subunits both
of the E1 and the E2 components, while the multiplicity with
respect to the E3 component is not completely clear. From
quantitative determination of coenzyme FAD bound to the
E3 component [6] and from the relative protein content of
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the components [7] a multiplicity of 12 subunits has been
postulated [8], while experiments from other groups support
a stoichiometry of 24:24:24 [9, 10, 11]. Although the subunit
stoichiometry of 24:24:12 became widely accepted [5, 12]
some theoretical arguments are against this. The 24 E2
subunits contribute 24 identical peripheral subunit binding
domains [13, 14, 15, 16] to stabilize the binding of the E1
and the E3-component to the core complex. It is assumed,
that each such domain is able to anchor one E1 dimer [5],
which leads to the occupancy of 12 of the 24 peripheral
subunit-binding domains, leaving 12 domains unbound. As
recently shown by Mande et al. [17] one dimer of the E3 is
bound by one subunit-binding domain. Consequently 12 E3-
dimers should be attached to the complete octahedral PDC
complex. Indeed it is not obvious, which reasons prevent the
smallest subunits of the enzyme complex from binding to its
free binding sites, especially as there exists a surplus of
unbound dihydrolipoamide dehydrogenase in the cell [18].

Electron microscopy [19] as well as the recently resolved
X-ray structure of a truncated E2 component [12, 20] re-
vealed that in the pyruvate dehydrogenase complex from
Gram-negative bacteria 24 E2 subunits aggregate to a regu-
lar cube with a hole in its middle. The edges of the cube are
occupied by 24 E1 subunits and the six faces by the E3 com-
ponent. Assuming a multiplicity of 12, one dihydrolipoamide
dehydrogenase dimer will bind per face, whereas a 24-fold
multiplicity requires the binding of a tetramer.

The X-ray structure of dimeric dihydrolipoamide dehy-
drogenase from Azotobacter vinelandii allows to decide,
whether the formation of functional tetrameric E3 structures
within the multienzyme complex structure may be possible
in principal. We demonstrate with protein modeling tech-
niques and force field calculations that two dimeric
dihydrolipoamide dehydrogenase molecules are able to ag-
gregate to compact tetrameric units. These are superiour to
the dimeric structure in complete shielding of the FAD
coenzyme binding fold from the environment and a comple-
tion of the catalytic center by parts of the other dimeric unit.

Modeling Methods

All modeling procedures were performed applying the pro-
gram SYBYL 6.3 [21] on a Silicon Graphics IRIS Indy
workstation. The conjugate gradient geometry optimization
was realized with the program AMBER 4.0 [22] running on
a CONVEX C220. The Kollman all atom force field was
used. As starting coordinates the reported X-ray structure of
dihydrolipoamide dehydrogenase from Azotobacter vinelandii
(entry: 3LAD) [2] from PDB [23] was chosen. Preference
was given to this structure over the respective structures from
Pseudomonas putida (entry 1LVL, [3]) and Pseudomonas
flourescens (1LPF, [4]) since it is typical for the octahedral
Gram-negative pyruvate dehydrogenase complex. The
sidechains of the residues Lys36, Glu39 and Lys41, which
were invisible in the crystal structure, were introduced ac-
cording to canonical structures. In order to resolve steric con-
flicts created by the contact between sidechains of the two
dimeric structures alternative rotamers were tested at the rel-
evant positions until most van der Waals contacts were elimi-
nated. The constructed model was solvated in a shell of TIP3P-
water and geometry optimized by 5000 steps conjugate gra-
dient energy minimization, setting the non-bonded cutoff to

Figure 1. Two different projections of the dihydrolipoamide
dehydrogenase dimer. Left) Projection in the direction of the
twofold axis. Right) Side-view of two dimers, getting into
contact at the 8 nm long side. The twofold axis of the two
dimers deviates from the perpendicular fourfold axis of the
inner E2-core, because they are turned by the same angle
into opposite directions.
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7.0 Å. The partial charges for the coenzyme FAD were com-
puted by a semiempirical PM3-calculation with the program
MOPAC 6.0 [25]. Solvent accessible surfaces were computed
using the program DSSP [26]. The constructed model was
subjected to the programs WHAT_CHECK, PROCHECK and
SURVOL, available at the EMBL Heidelberg. SURVOL cal-
culates for each atom in a given structure the atomic volume
and compares these volumes with a pre-computed average
for each atom type. From this a structural average “absolute
Z-value” is calculated. This value is expected to be around
0.82 for an average structure. Values are considered poor if
they are larger than 1.0 and bad, if they are higher than 1.2.
The aim of PROCHECK is to assess the overall stereochemi-
cal quality of a given protein structure, as compared with
well-refined structures at the same resolution. PROCHECK
produces a value called “overall average G-factor” to esti-
mate the quality of the whole structure. This value is consid-
ered poor if it is less than -0.5 and bad, if it is less than -1.0.
WHAT_CHECK checks a variety of properties of a protein
structure, like e.g. incorrect bond lenghts, bad van der Waals
contacts and buried unsatisfied h-bond donors and acceptors.
Although during the last years a couple of docking-programs
have become available (see [35] for a review of the different
algorithms applied) the principal construction of the
tetrameric structure was done without these tools and relies
on the arguments outlined in the following section. This was

preferred due to the drastic reduction of conformational space
of the tetrameric model which is enabled by the described
arguments. Furthermore, the local energy-barriers, that ob-
viously have to be overcome by the dimeric structures to
form the tetramer are known to be problematic for automated
docking-programs [35].

Results

Construction of the tetrameric model

The first step for the construction of the tetrameric model of
dihydrolipoamide dehydrogenase consists in principal con-
siderations concerning the orientation of both dimeric units
relative to one another. Special attention has to be payed to
a) the inside-outside orientation of the dimeric units with
respect to the complete pyruvate dehydrogenase complex, b)
the principal contactplane of the dimeric units and c) consid-
erations about possible rotations of the dimeric units in the
constructed tetramer.

The crystallization experiments of Mattevi et al. [12,20]
showed that the faces of the E2 cube of the pyruvate dehy-
drogenase complex obey a fourfold symmetry, the symme-
try-axis directing to the center of mass of the complex struc-
ture. Therefore, the postulated tetrameric structure which
interacts with this face must be determined also by this four-
fold symmetry. This is realized by aligning the twofold axis
of the dimeric units to the fourfold axis of the pyruvate dehy-
drogenase complex inner core. This assumption, which was
already stated by Mattevi et al. [2], allows two possible ori-
entations of the E3 twofold axis, differing by a rotation of

Figure 2. Orientation of the alignement of two dihydrolipo-
amide dehydrogenase dimers. The contacts between the NAD
(N) and the FAD domains (F), and the interface domains (I)
are indicated.



426 J. Mol. Model. 1997, 3

180 degree around an axis perpendicular to the twofold one
and positioning either the upper or the lower region of the
E3-dimer onto a face of the inner core. In [2] it was assumed
that the lower region is oriented toward the face of the trun-
cated inner cube, because this orientation allows the shortest
distance between the centers of gravity of E2 and E3. A fur-
ther argument supports this assumption. The binding site of
the cosubstrate NAD, which is located at the upper site of
the E3 subunit, should open to the surrounding medium to
enable free access of NAD and removal of NADH. Because
this, as well as the arguments given in [2] is valid for both
dimeric units, opposite orientations of both dimers are ruled
out.

To identify the contact region between both dimeric units,
a projection of an E3 dimer onto the plane perpendicular to
the twofold axis of symmetry corresponding to one face of
the inner cube reveals a striking feature. In this projection
the dimer shows a nearly perfect 4 × 8 nm rectangular struc-
ture (Fig. 1A). Thus, alignement of two dimers with both
their long sides yields an approximately 8 × 8 nm regular
square structure of a tetramer fitting excellently to the cube
face.

It has to be mentioned, that the exact alignment of the
twofold axis of E3 to the fourfold axis of the inner core is
really valid only for the complete tetrameric structure. So
the twofold axis of the dimeric E3 units can deviate from
this alignment, as long as the alignment of twofold axis of
the tetramer remains preserved. This allows an orientation of
the two dimers to one another as shown in Fig 1B.

From the above considerations the domain-domain con-
tacts between two E3-dimers can be concluded. The NAD
domain (N) of the subunit of one dimer faces the FAD do-
main (F) of the corresponding subunit of the other dimer (Fig.
2). These two contact areas are separated by the interface
domains (I), which get into plane contact with one another.

Considering these arguments the principal architecture
of the tetrameric structure is predetermined. The procedure
of concrete model building started with the examination of
the detailed secondary structure elements in the contact area
of the two components. Stringent criterions are: i) distor-
tions of the active site had to be avoided, ii) the entrance of
NAD to its binding site must remain open. The model con-
struction concentrated more on the elaboration of the F-N
contacts between the NAD and FAD domains with their highly
structured surfaces, than on the I-I contacts of the plane in-
terface domains. Since F-N contact areas exist at both sites
of the alignement (Fig. 2) the enclosed I-I contacts were defi-
nitely fixed as a result of the modeled F-N interaction. Con-
sequently, the appearence of a reasonable contact between
the secondary structure elements of the interface domains
can be considered as a first test for the validity of the model.

The most remarkable structural feature of the F-N con-
tact area is represented by the two peripheral helices
Val87:Gly113 (helix 1.3 according to the classification given
in [2]) and Asp220:Gln234 (helix 2.6) belonging to the FAD-
domain and the NAD-domain, respectively (Fig. 3A). Since

both helices assume equivalent positions at the 8 nm
alignement site between the two dimers they must get into
direct contact with one another. It is very striking, that both
these peripherical helices are separated from their respective
domains by empty channels, which are exactly suited both in
size and topology to bury the complementary helix inside
the other domain (Fig. 3B). This causes a very intense con-
tact of the two components. Obviously this tight interaction
determines the relative orientation of both dimeric units to
one another. The nearly parallel arrangement of the helices
1.3 (Val87:Gly113) and 2.6 (Asp220:Gln234) dictates the
deviation of the individual dimers from the twofold axis.
Because of the symmetric helix-helix contact of the second
N-F-interaction occuring in the dimer-dimer model there re-
mains only minor freedom for interactive docking of the
dimeric building blocks. Consequently, the interactions of
all other areas of the dimeric units are predetermined and the
reasonableness of these interactions, which fit without es-
sential steric or electrostatic hindrances strongly supports this
approach.

Structural and energetic features of the tetrameric arrange-
ment

The projection of the tetrameric arrangement onto the plane
perpendicular to its twofold axis (Fig. 4a) demonstrates the
tight interaction of the dimeric units and the nearly ideal
square shape of the tetramer, which fits well to the face of
the cubic core of the pyruvate dehydrogenase complex. The
two interface domains fit plane to one another and show nearly
perfect hydrophobic interactions without any steric conflicts.
The solvent accessible surface of the tetramer, evaluated by
the program DSSP [26] is 56088 Å2. After tetramerization
8051 Å2 per dimer became burried, corresponding to a loss
of 22.2 % of the solvent accessible surface of the free dimeric
structure. The monomer area contributing the interface and
the FAD domains to the dimer-dimer contact lost 5201 Å2

solvent accessible surface, while 2850 Å2 of the surface of
the monomer area contributing the NAD domain became
buried. In comparison to the remarkably high value for the
dimer-dimer interaction only 12.6 % and 16.0 % of solvent
accessible surface become lost by monomer-monomer inter-
actions for dihydrolipoamide dehydrogenase of Azotobacter
vinelandii and Pseudomonas flourescens, respectively [2, 3].

In order to evaluate the energetics of the dimer-dimer in-
teraction the energy minimization method as described in
METHODS has been applied. Due to limited computational
resources the model was split into two parts, one consisting
of the two contacting interface domains and the other of two
monomers with interacting FAD- resp. NAD-domains, but
without interface domains. This procedure is justified by the
sharp partition of these two contact areas.

The I-I part of the model relaxed to an AMBER all atom
energy of -16986.1 kcal/mol and showed a RMS-difference
(RMSD) of 0.69 resp. 0.72 Å for the two interface domains
from the C-alpha atoms of the crystal structure. Similar en-
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ergy minimization of a single, free interface domain resulted
in an RMSD of 0.61 Å. The minimized model showed an
energy of interaction between the two interface domains of -
164.4 kcal/mol, nearly equally distributed to the non-bonded
(-76.3 kcal/mol) and the electrostatic/H-bond (-88.1 kcal/mol)
part. The evaluation with the AMBER Anal-modul revealed
22 H-bonds between the two domains. The check of the qual-
ity of the I-I model, using the program SURVOL, resulted in
a volume score of 0.9 concerning the backbone and 0.8 con-
cerning the sidechain atoms. The average value for the whole
structure was 0.9, which is near to the optimal value of 0.82.

Figure 3. Alignement of the peripherical helix 1.3 (Val87:
Gly113) from the FAD domain of one dimeric unit (left, pale)
with the helix 2.6 (Asp220:Gln234) of the NAD domain from
the other dimeric unit (right, dark). Top: Separate presen-
tation. Bottom: Aggregated form. The units are reduced to
one monomer without interface domain. The picture was
produced with the programs Molscript [33] and Raster3D
[34].
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The overall average G factor, computed with PROCHECK,
amounted to -0.20. All these values are in the range, which
indicates an acceptable structure. The investigation of the
model with WHAT_CHECK revealed no essential problems
caused by the modeled subunit-subunit contact. A few unsat-
isfied h-bond donors resp. acceptors were found in the con-

Figure 4. Tetrameric arrangement of dihydrolipoamide
dehydrogenase. Dimer 1 is colored white, dimer 2 cyan. Top:
View-axis aligned with the twofold axis of the tetramer.
Bottom: Side-view. The picture was produced with the
programs Molscript [33] and Raster3D [34].
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tact area, which probably could be compensated by embed-
ded water molecules.

The F-N part of the model relaxed to a force field energy
of -46299.0 kcal/mol. The RMSD of the 350 C-alpha atoms
to the X-ray structure is 1.01 Å for the monomer contribut-
ing the NAD domain and 1.42 Å for the monomer contribut-
ing the FAD domain. The RMSD for a single, free such struc-
ture after the minimization procedure yielded a value of 0.80
Å. The RMSD caused by the contact of the FAD and NAD
domains, which is higher than with the I-I-part, reflects the
more complex nature of this interaction, which may cause
some local distortions of the backbone. The interaction en-
ergy of the NAD and FAD domains of the two monomers
was -483.6 kcal/mol, dominated by the electrostatic part. This
is also reflected by the high number of 210 H-bonds formed
between the NAD and the FAD domains. For the tetramer
the twofold amount of H-bonds must be considered because
of the twofold appearance of the NAD and FAD contacts.
The check of the quality of the F-N model, using the pro-
gram SURVOL, resulted in a volume score of 0.9 concerning
the backbone and 1.0 concerning the sidechain atoms. The
average value for the whole structure was 0.9. The overall
average G factor, computed with PROCHECK, amounted to
-0.36. As with the I-I-model, all values are in the range, which
indicates an acceptable structure. The investigation of the F-
N model with WHAT_CHECK indicated, as with the I-I
model, no essential problems caused by the modeled subunit-
subunit contact. Again a few unsatisfied h-bond donors resp.
acceptors were found in the contact area, which probably
could be compensated by embedded water molecules.

Interaction of the NAD and FAD domains

Since the peripheral helix 1.3 (Val87:Gly113) in the FAD
domain of dimer 1 is close to the active site, the helix 2.6
(Asp220:Gln234) contributed from dimer 2 gets into direct
vicinity of the catalyic center and distortions of the sensible

active site structure as well as impediment of catalytic resi-
dues must be suspected. It turns out, however, that helix 2.6
of dimer 2 as well as the adjacent residues carefully surround
the segment CLNVGC containing the catalytically active
Cys48-Cys53 disulfide group of dimer 1 (Fig. 5). This em-
bedding may contribute to the stabilization of the active site
or it may modulate the affinity to the ligands by inter-dimer
movements in the operating pyruvate dehydrogenase com-
plex.

The mutual interaction of both helical segments gives a
further possibility to prove the reliability of the model. To
achieve this type of interaction the two helices must find an
access into the complementary structure. It is again the dis-
tinct structure of the helix 2.6 of dimer 2 which allows it to
switch below the helix 1.3 of dimer 1 into its final position.
This can be seen from Fig. 5, where the cyan coloured helix
of the second dimeric unit intercalates between the active
site and the white coloured helix of the first unit. It must be
emphasized, that this arrangement would not be possible, if
the parts of the polypeptide chain continuing the helix 2.6 at
both its ends would point into opposite directions.

Contacts are formed also between FAD bound to the FAD
domain and three peripheral loop structures of the NAD do-
main from the other dimeric unit (Fig. 6). These are the loops
Ala211:Val219, which connects the beta-strand C2 with the

Table 1. Kollman all atom force field energies of the I-I part
and the F-N part of the model solvated in a shell of TIP3P-
water after 5000 steps conjugate gradient geometry
optimization (kcal/mol).

F-N Model I-I Model

Total Energy -46299.0 -16986.1

Bond 692.0 294.3

Angle 1167.7 459.6

Torsion 1205.0 369.7

VdWaals -1703.3 -467.0

Electrostatics -46799.0 -17331.9

H-Bond -861.7 -310.8

Figure 5. The ‘overlapping’ helices 1.3 of dimer 1 (white),
2.6 of dimer 2 (cyan) and part of the active site of dimer 1
containing the redox active thiol groups (yellow) of Cys48
and Cys53.

CYS53

CYS48
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helix 2.6, Gly235:Ala242 which connects the helix 2.6 with
the beta-strand D1 and Phe258:Glu264, which connects the
beta-strands D2 and D3. The interaction takes place mainly
with the adenosine and the diphosphate part of FAD, which
remains partially solvent accessible in the free
dihydrolipoamide dehydrogenase structure. The contact
causes a significant loss of the remaining solvent accessible
surface and leads to interaction energies of -26.2 kcal/mol in
the geometry optimized model. In [2] the interaction of FAD
with surrounding amino acids of free dihydrolipoamide de-
hydrogenase was analyzed and the uncompensated negative
charge of the diphosphate part discussed. In the tetrameric
arrangement this charge can be compensated by the positive
charge of Lys214, which is positioned in the first of the three
loops and whose C-alpha is 6.0 A distant from the adenosine
phosphate. This shielding of the FAD binding pocket in the
tetrameric arrangement is conform with the observation that
this coenzyme is bound extremely tight in the pyruvate de-
hydrogenase complex [27] and it guarantees the presence of
the coenzyme during the catalytic sequence of the
multienzyme complex.

Interaction of the interface domains

In contrast to the F-N interactions the interface domains fit
plane together (Fig. 7A). The two anti-parallel beta-strands

Val381:Ala387 and Ala399:Ile405, as well as the
carboxyterminal residues Ile469, His470, Val471 and Ala472
of the both interface domains contribute to these interactions
(Fig. 7B). It is remarkable that in the free dimeric structure
the solvent exposed residues Val381, Val383, Pro385, Ala387,
Ala399, Phe401 and Ile405 of the two beta-strands are
strongly hydrophobic, with the only exception of Lys403.
This unusual exposition of hydrophobic residues on the pro-
tein surface is completely lost in the tetrameric structure.
The energy gain due to an entropy increase may be a signifi-
cant driving force for the tetramerization of the E3 subunits
in the pyruvate dehydrogenase complex. Lys403 forms H-
bonds with the oxygens from the backbone of the
carboxyterminal residues Ile469 and His470 of the opposite
interface domain, which are unsaturated in the free dimer.
This stabilizes the residue His470, which is supposed to be
involved in the binding and the catalytic reaction of the sub-
strate [2].

Discussion

The tetrameric model of two dihydrolipoamide dehydroge-
nase dimers is based on symmetry considerations dictated
by the fourfold axis of the E2 core and it fulfills the expections
and requirements in a convincing manner. The model is sup-
ported, however, not only by structural, but also by func-
tional features. As is observed already with numerous oligo-
meric enzymes, both units contribute elements to complete
and support functions of the respective other unit. It is well
known that FAD, although not covalently bound, cannot eas-
ily be dissociated from the pyruvate dehydrogenase complex
[27]. Solely from the structure of the dihydrolipoamide de-
hydrogenase dimer this extremely tight binding cannot be

Figure 6. Stereo view of the FAD binding region to demon-
strate the shielding of solvent exposed parts by loops of the
additional dimeric unit. Residues belonging to the first
dimeric unit are coloured blue, those of the additional unit
red. The first and the last amino acid of each segment are
labelled.
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The postulated model has severe consequences for architec-
ture and stoichiometry of the Gram-negative pyruvate dehy-
drogenase complex. A ratio of 24:24:24 for the subunits of
the three enzyme components must be assumed, though lower
amounts of E3 subunits were reported [6]. There lack, how-
ever, convincing arguments for what should prevent the E3
subunits from occupying their preexisting binding domains
at the E2 core. The E3 subunits are the smallest ones of the
enzyme complex and there is no reason to assume sterical
hindrance for a tetramer to bind to the square cube face.
Sterical hindrance may occur with the adjacent E1 subunits.
The contact between the E1 and E3 subunits is determined
by the topology of the E1 and E3 binding sites at the E2 core
and the relative orientation of the respective subunits bound.
Due to symmetry this is identical for the both first and the
second E3 dimer bound. The intense fit of both dimers in the

Figure 7. View of the interaction between the two interface
domains. A) The complete interface domains. View axis
aligned with the twofold axis of the tetramer. B) Detailed
representation of the interaction between the beta-strands
Val381:Ala387 and Ala399:Ile405, and the C-terminal amino
acids of the both interface domains. Residues belonging to
the first dimeric unit are coloured blue, those of the additional
unit red.

understood, but the shielding of solvent accessible parts of
the coenzyme by the NAD domain of the opposite dimer in
the tetrameric arrangement gives a clue to understand this
feature. Another example for the cooperation of both dimeric
units in one function is the interaction of the helix 2.6 with
the catalytic site of the other unit.
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tetrameric arrangement rules out a half-of-the-sites reactiv-
ity [28], i.e. impeding of the binding of a second dimer by
the already bound first dimer.

With the pyruvate dehydrogenase complexes from vari-
ous sources it has been observed that binding of the E3 com-
ponent to the core is relatively weak and part of the subunits
were lost during purification even when the complexes are
carefully prepared [29, 30]. This fact may be responsible for
an underestimation of the FAD content after its extraction
from the enzyme complex [6].

The fact that tetramers are not seen in the resolved X-ray
structures of dihydrolipoamide dehydrogenase apparently
argues against the postulated tetrameric arrangement. How-
ever, it first must be considered, that unlike enzymes aggre-
gating in tetrahedral structures like lactate dehydrogenase
(LDH) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), heterologous aggregations as discussed here will
not lead to stable tetramers but to polymeric structures, since
aggregation proceeds at either of their long sides. Such struc-
tures are extremely disadvantageous for the cell and so it
should be expected that the free dimer has no tendency for
aggregation. The tetrameric structure should only be formed
at the multienzyme complex, which stabilizes this structure
and prevents it from further polymerization. The type of in-
teractions between the two dimers in the tetrameric structure
answers the question why spontaneous aggregation of dimers
does not occur. The formation of the stable F-N contacts re-
quires the penetration of the helix 2.6 of the one dimeric unit
into a channel behind helix 1.3 of the other unit. Although
the access to this channel is principally opened it is obvious
that an energy barrier must be surmounted, which is to high
for the free dimers. Binding to and interaction with the E2
core will bring both dimers into a favourable orientation to
one another to achieve the contact and to reduce the energy
necessary to overcome the barrier.

The tetrameric arrangement has further consequences for
the understanding of the interaction of the E3 component
with the flexible lipoyl domain at the E2 component. We
were able to identify the penetration site of the lipoyllysine
residue of this domain to the catalytic center of dihydrolipo-
amide dehydrogenase by molecular modeling techniques [31].
With this information it was possible to localize the periph-
eral binding region of the lipoyl domain. The 3-D structure
of this domain from Bacillus stearothermophilus has recently
been resolved by NMR-spectroscopy [32] and revealed a
bulky structure consisting of 80 amino acids arranged in seven
beta-strands. However, there still does not exist any knowl-
edge about the interaction of this domain with the pyruvate
dehydrogenase complex components on the molecular level.
The tetrameric model provides now this information for the
E3 component, since both the location of the lipoyllysine
penetration site and the complete structural environment of
this site in tetrameric dihydrolipoamide dehydrogenase al-
low the development of a structural model for the binding of
the lipoyl domain.

Conclusion

In the presented study we demonstrate on the basis of the X-
ray structure of homodimeric dihydrolipoamide dehydroge-
nase from Azotobacter vinelandii by protein modeling tech-
niques, that two dimeric units of this enzyme can associate
to a tetrameric structure with intense contacts between the
building blocks. The tetrameric arrangement of two
dihydrolipoamide dehydrogenase dimers in the pyruvate de-
hydrogenase complex is concise, other orientations appear
grossly improbable. The constructed tetrameric structure of
the dihydrolipoamide dehydrogenase dimers from Azoto-
bacter vinelandii results in a regular square aggregate with-
out serious steric conflicts between the two dimeric units.
This is reflected by the low RMSD-values obtained by the
minimization procedure for the I-I contacts and the accept-
able values for the F-N contacts. The new contacts formed
are surprisingly intense as is demonstrated by the consider-
ably high interaction energies and the loss of large amounts
of solvent accessible surface, which exceeds even the mono-
mer-monomer contact in the original dimer. The constructed
model has important consequences for the subunit stoichi-
ometry of the whole multienzyme complex. The multiplicity
of the three enzyme components, i.e. pyruvate dehydroge-
nase, dihydrolipoamide acetyltransferase and dihydrolipo-
amide dehydrogenase in the enzyme complex must be
24:24:24 instead of 24:24:12 assumed so far.

Supplementary material: two partial models (I-I contact, F-
N contact) of tetrameric E3 as PDB-files
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