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Crystallization of Eukaryotic E3, Lipoamide Dehydrogenase, from
Yeast, for Exhibiting X-Ray Diffraction beyond 2.5 A Resolution, and
Preliminary Structure Analysis1
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Lipoamide dehydrogenase, which is a common component of a-keto acid dehydrogenase
complexes, has been highly purified from yeast (Saccharomyces cerevisiae) to reveal its
structure at higher resolution. New crystals obtained by a desalting method exhibited
diffraction beyond 2.5 A resolution. The cell dimensions are a = 97.1, 6 = 158.7, and c = 67.9
A, and the space group is P2i2,2,. There is a dimeric enzyme in the asymmetric unit. The
crystal structure was solved by means of the molecular-replacement technique and refined
in a preliminary manner.
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a-Keto arid dehydrogenase complexes form a family of
well-organized multienzyme systems which catalyze the
oxidative decarboxylation of ff-keto acids with NAD+ as a
coenzyme (1-5).

RCOCOOH + CoASH+N AD+ >
C02 + RCO-S-CoA + NADH + H+

These complexes consist of multiple copies of, in general,
three kinds of enzymes, El , E2, and E3. Els and E2s are
different depending on the substrate, respectively. For
example, in the pyruvate dehydrogenase complex (PDC),
El is pyruvate dehydrogenase and E2 is acetyltransferase,
and in the 2-oxoglutarate dehydrogenase complex (OGDC),
El is 2-oxoglutarate dehydrogenase and E2 is succinyl-
transferase. These complexes, however, commonly contain
the same lipoamide dehydrogenase as E3, which catalyzes
the oxidation of the lipoic acid of E2 in the last step of the
whole reaction.

E2-Lip(SH)2 + NAD+ >E2-LipS2 + NADH+H+

The architecture of these complexes differs with the
organisms. The core structures are composed of 24 copies
of E2 with a 432 symmetry in Gram-negative bacteria. In
Gram-positive bacteria and eukaryotes, however, 60 copies
of E2 form the core of PDC with a 532 symmetry, though
the core of OGDC still exhibits a 432 symmetry. It is
interesting that in the latter organisms, E3 is incorporated
into the cores with 532 and 432 symmetries, respectively.
1 This work was supported in part by a Grant-in-Aid for Scientific
Research on Priority Areas (No. 08214203) from the Ministry of
Education, Science, Sport and Culture of Japan, and by the Sakabe
project of TARA (Tsukuba Advanced Research Alliance), University
of Tsukuba, Japan.
1 To whom correspondence should be addressed. Phone: + 81-45-924-
5709, Fax: +81-45-924-5748, Email: atakenak@bio.titech.ac.jp
Abbreviations: Lip(SH),: reduced form of the lipoamide group
attached to the enzyme; LipSj: oxidized form of the lipoamide group
attached to the enzyme.

More strictly speaking, protein X is required for binding
with E3 in the icosahedral core of yeast PDC and pig heart
PDC. Therefore, these eukaryotic E3s would have two faces
to function in both architectures. The crystal structures of
E38 from Gram-negative bacteria have been reported (6,
7), but the detailed structure of a eukaryotic E3 has not yet
been revealed, though the 4.5 A resolution structure of E3
from Saccharomyces oviformis has been reported (8). In
order to clarify the reaction mechanism in the highly
organized multi-enzyme systems, we have continued to
solve this structure at higher resolution. Recently, the
enzyme was newly isolated and purified from baker's yeast
(Saccharomyces cerevisiae), and we have obtained new
crystals which diffract beyond 2.5 A resolution. In this
paper, the purification procedure, crystallographic data and
preliminary structure determination are described.

Five hundred grams of pressed baker's yeast (Sacchar-
omyces cerevisiae) was disrupted with ethyl acetate accord-
ing to a similar procedure to that reported by Kawahara Y.
et al. (9) except that proteins were extracted at 30"C. Since
yeast E3 is relatively thermostable, other proteins were
removed to some extent by heat-treatment of the super-
natant at 70"C for 10 min. After fractionation with ammo-
nium sulfate, the precipitate of the active fractions was
suspended in 50 mM sodium phosphate buffer (pH 7.6) and
then dialyzed against the same buffer overnight. The
dialysate was applied to a hydroxylapatite column (2.6 x 27
cm) equilibrated with the same buffer. The column was
washed consecutively with about 200 ml of 50,100, and 200
mM sodium phosphate buffer (pH 7.6), respectively. The
enzyme was eluted with 200 mM sodium phosphate buffer
(a linear gradient of 0-8% ammonium sulfate). The active
fractions were dialyzed against 50 mM potassium phos-
phate buffer (pH 8.0) containing 100 mM NaCl overnight.
The dialyzate was put on a nickel-chelating Sepharose FF
column (2.6 X16 cm). The column was washed with 50 mM
phosphate buffer (pH 8.0) containing 100 mM NaCl to elute
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unbound proteins. Then the adsorbed proteins were eluted
with a linear 0-50 mM imidazole gradient in 50 mM
potassium phosphate buffer (pH 8.0) containing 100 mM
NaCl. The active fractions were pooled and then concen-
trated. The purity of the enzyme, E3, was confirmed by
SDS-PAGE, as shown in Fig. 1.

The enzyme activity of yeast E3 was assayed spectro-
photometrically by following the reduction of NAD+ at 340
nm at 37"C with a Shimadzu UV-265 recording spectro-
photometer. DL-Dihydrolipoamide was synthesized accord-
ing to Reed et al. (10). The reaction mixture ( lml)
comprised 100 mM potassium phosphate buffer (pH 8.0), 3
mM DL-dihydrolipoamide, 1.5 mM NAD+, 1.5 mM EDTA,
and enzyme solution.

Several precipitants were examined as to crystallization
of yeast E3, partly using a Crystal Screen kit (Hampton
Research), but no crystalline materials appeared. Single
crystals were obtained in a similar way to that previously
reported (8). A 10-20 mg/ml protein solution in 25 mM
potassium phosphate buffer (pH 7.0) was sealed in a micro
dialysis cell and then dialyzed against water containing 5%

94.0 kDa
67.0
43.0

30.0
20.1

14.4

Fig. 1. SDS-PAGE of the purified enzyme. The molecular
weights were calibrated with a LMW kit E (Pharmacia Biotech) in the
right lane.

(w/v) polyethylene glycol 6000 at 25"C. Needle crystals
precipitated and grew up to 0.2 X 0.2 X 1.0 mm in size in a
few days. The crystallization conditions were almost the
same as the previous ones.

X-ray diffraction data were collected with synchrotron

Fig. 2. A pseodoprecession plot of the Okl zone, calculated
using the program, HKLVIEW, from the CCP4 suite (Collabo-
rative Computational Project Number 4, 1994). The outer edge of the
pattern shows 2.4 A resolution.

Fig. 3. Omit maps of (a) FAD and (b) inserted residues, calculated with 17,765 reflexions of 30-3.0 A resolution data. The thin lines
indicate the peptide backbone of the reference molecule and thick Unes the polyalanine model of Upoamide dehydrogenase. FAD in (a) and amino
acids in (b), indicated by broken Unes, were omitted in the calculations.
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TABLE I. Results of molecular replacement. Calculations were
performed with the program, AMoRe (16), using the 30-5.0 A
resolution data. Q is the correlation coefficient, a, /9, and y are the
Eulerian angles, and (Tx, T>, T,) is the translation vector. A reason-
able solution is indicated by bold letters.
Rotation function

Solution

SI
S2

Translation
Solution

Sl-1
Sl-2

function
7 x •

0.1263
0.2611

a

23.0
112.8

Ty

0.3754
0.0533

P
47.0
67.4

Tt

0.2788
0.3057

y

122.3
295.2

Q

0.450
0.264

a
0.105
0.068

fl-factor
0.497
0.563

radiation (A = 1.00 A) at the Photon Factory using a
Weissenberg camera for macromolecules (11). The inten-
sities recorded on imaging plates (Fuji Film) were digital-
ized with a Fuji Film BAS2000 and integrated for each
reflexion with the program, WEIS (12). The reflexion data
obtained from different frames of Weissenberg photo-
graphs were scaled in one data set with the program,
ROT A V ATA, in CCP4 (13).

The space group was confirmed to be the same as the
previous one (8). The cell dimensions were, however,
slightly different, the new parameters being o=97.1, b =
158.7, and c=67.9A, with a dimeric enzyme in the
asymmetric unit. Among 97,677 observed reflexions
beyond 2.5 A resolution, 33,372 independent ones were
obtained with Rmerge = 6.7%. A precession image generated
from the observed data is shown in Fig. 2. The complete-
ness of the data was 94.0% at 2.7 A and 80.2% at 2.4 A
resolution. The present crystal is expected to allow solving
of the structure at higher resolution to determine the
details of the three-dimensional structure of eukaryotic E3,
which is very impotant for revealing the structural princi-
ple of the highly organized multienzyme complex.

As compared with the previous crystal (8), the unit cell
is smaller by 6% in volume. The R factor between the two
data sets, i.e., the present and previous ones, was 15%,
suggesting the possibility that the crystal structures are
different from each other. As for different crystal packing,
we have applied the molecular replacement method to solve
the structure de novo. Another reason for molecular
replacement was that it was difficult to prepare suitable
crystals of heavy atom derivatives, because the crystals
were obtained by a desalting method. As it has been found
that the tertiary structures of E3 and glutathione reductase
(GR) are similar, a polyalanine structure for the dimeric
enzyme, which was constructed from the atomic coordi-
nates of human erythrocyte GR (14) deposited in the
Brookhaven Protein Data Bank (3GRS) (15), was used as a
probe molecule. Molecular replacement calculations were
performed with the four programs, MERLOT (16), MOL-
REP (Takenaka, A., unpublished work), X-PLOR (17), and
AMoRe (18), to confirm their consistency, and they gave a
unique solution (Table I) with reasonable molecular pack-
ing. The correctness was also easily judged by .R-omit
profile analysis (19). The crystal structure was refined by
the least-squares method with rigid-body approximation
[program X-PLOR (17)]. The R value was 48.7% for 30-
5.0 A resolution data. There are no abnormal contacts
between molecules. Based on the structure, the initial
phases were calculated and were improved by means of

density modification techniques with the programs, DEN-
AF (Takenaka, A., unpublished work) and SQUASH (20).
The electron densities for FAD, and for inserted and
deleted amino acids appeared on their omitted maps (see
Fig. 3). Adjustment of main chain conformations and
addition of the FAD molecule decreased the R value further
to 37.3% for 17,765 reflexions in the case of 30-3.0 A
resolution data. As compared with the previous structure
(8), the dimeric molecule is rotated by 2.6* and shifted by
2.3 A in the unit cell. These small differences will be related
to the decrease in the unit cell volume.

As a means to solve the structure of yeast E3 at higher
resolution has become available, model building and its
refinement are in progress. This would be a promising
approach for revealing the structure of eukaryotic E3. For
comprehensive understanding of the structure of multien-
zyme complexes, it is necessary to X-ray analyse the
structures of the other components, El and E2.

We wish to thank N. Sakabe and N. Watanabe for the use of the
Weissenberg camera at the Photon Factory, and D. Tsuchiya for
calculation of the ij-omit profile.
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