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The crystal structure of glucose dehydrogenase (GlcDH) from Bacillus megaterium
IWG3 has been determined to an iJ-factor of 17.9% at 1.7 A resolution. The enzyme con-
sists of four identical subunits, which are similar to those of other short-chain reduc-
tases/dehydrogenases (SDRs) in their overall folding and subunit architecture, although
cofactor binding sites and subunit interactions differ. Whereas a pair of basic residues is
well conserved among NADP+-preferring SDRs, only Arg39 was found around the ade-
nine ribose moiety of GlcDH. This suggests that one basic amino acid is enough to deter-
mine the coenzyme specificity. The four subunits are interrelated by three mutually per-
pendicular diad axes (P, Q, and R). While subunit interactions through the P-axis for
GlcDH are not so different from those of the other SDRs, those through the Q-axis differ
significantly. GlcDH was found to have weaker hydrophobic interactions in the Q-inter-
face. Moreover, GlcDH lacks the salt bridge that stabilizes the subunit interaction in the
Q-interface in the other SDRs. Hydrogen bonds between Q-axis related subunits are also
less common than in the other SDRs. The GlcDH tetramer dissociates into inactive
monomers at pH 9.0, which can be attributed mainly to the weakness of the Q-axis inter-
face.

Key words: crystal structure, dissociation-association, glucose dehydrogenase, short-
chain dehydrogenases/reductases, subunit interaction.

Glucose dehydrogenase (GlcDH; EC 1.1.1.47) catalyzes the
oxidation of D-glucose to D-glucono-8-lactone in the presence
of coenzyme NAD+ or NADP+. NAD(P)+ dependent GlcDH
is produced by Bacillus species during endospore formation
(1-3) and has been suggested to play a role in spore germi-
nation (4-6). The purified enzymes from B. cereus (1, 7), B.
megaterium M1286 (2), B. megaterium IAM1030 (8), and B.
subtilis (4) have been characterized, and the GlcDH genes
from B. subtilis (9) and from different strains of B. megate-
rium, M1286 (10), IWG3 (11), and IAM1030 (12-14), have
been cloned and the corresponding expressed enzymes
characterized. Amino acid sequence alignment revealed
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that GlcDHs from these Bacillus species have more than
80% homology (14).

Glucose dehydrogenase from B. megaterium is a tetra-
meric enzyme (Mr 112,800) with four identical subunits (8,
11, 12,15). GlcDH belongs to the family of short-chain de-
hydrogenases/reductases (SDRs) (16). More than 1,000
SDR DNA sequences have been registered in the sequence
database (17), and more than 50 of these enzymes have
been characterized (16). The active form of SDR enzymes is
either a tetramer or a dimer, and each subunit typically
consists of about 250 amino acid residues (16).

The three-dimensional structures of more than 10 mem-
bers of the SDR family have been determined in the last
decade (18-37). Despite their low sequence identities (no
more than 30%), the three-dimensional structures of these
enzymes show striking similarities in overall folding and
intersubunit contacts. Accordingly, the overall structure of
GlcDH is inferred to resemble those of the tetrameric SDRs
of known structure. To date, however, only GlcDH shows a
reversible dissociation-association of subunits under mod-
erate conditions. The enzyme is inactivated in alkaline
solution because of the dissociation of the tetramer into
inactive monomers, which can reversibly associate into the
fully active tetramer when the pH is lowered to 6.5 (38-40).
The addition of 3 M NaCl prevents the alkaline dissocia-
tion, thereby stabilizing the tetramer structure (39).

To understand this remarkable feature that distin-
guishes GlcDH from other SDRs, information on the three-
dimensional structure is indispensable. Here we report the
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refined crystal structure of glucose dehydrogenase from B.
megaterium IWG3 complexed with NAD+ at 1.7 A resolu-
tion, showing detailed subunit interactions and a compari-
son of the intersubunit interactions with those of other
tetrameric SDR enzymes. The amino acid residues that
determine coenzyme specificities are also discussed.

MATERIALS AND METHODS

Crystallization and Data Collection—Crystallization and
data collection were described previously (41). Briefly, crys-
tals of GlcDH in complex with NAD+ were obtained by the
hanging-drop vapor diffusion method with the micro-seed-
ing technique (42) using PEG2000 as a precipitant. Rod-
shaped crystals grew to a maximum size of 0.25 X 0.25 X
3.0 mm in 2 weeks.

A data set for structure analysis was collected on syn-
chrotron radiation at the beamline BL-18B of the Photon
Factory operated at 2.5 GeV at the High Energy Accelera-
tor Research Organization, Japan. Reflections were re-
corded on 400 mm X 800 mm imaging plates mounted on a
screenless Weissenberg camera for macromolecular crystals
(43) with a cylindrical cassette of 430 mm radius at 290 K
The latent images were digitized on a Rigaku SOR-DS48
scanner. The X-ray images were processed and scaled with
the programs DENZO and SCALEPACK (44).

Molecular Replacement—The crystal structure was
solved by molecular replacement with the program AMoRe
(45). Coordinates of 3a,20p-hydroxysteroid dehydrogenase
(3a-HSDH, PDB code 2HSD) having 35.0% sequence iden-
tity with GlcDH was used as a search model. Since subunit
architecture in the asymmetric unit, dimer or tetramer,
was unknown for GlcDH, a dimer unit formed by chains A
and C of 3ot-HSDH was used. All amino acid residues ex-
cept for glycine in 3a-HSDH were replaced by alanine for
the calculation. Since the cross-rotation functions did not
give a definite single solution, each of the six most probable
solutions with higher correlation coefficients was subjected
to subsequent translation function calculations. The solu-
tion giving the highest correlation coefficient of translation
function was selected to further search for translational
solution of a second dimer unit in repetition. Crystal pack-
ing was analyzed for each dimer using the program QU-
ANTA (Molecular Simulations, Burlington MA, USA) to
select the final four subunits. The best solution gave a cor-
relation coefficient of 29.7% and an .R-factor of 51.0% after
rigid-body refinement using the program AMoRe. Two
kinds of tetramers in the unit cell having different orienta-
tions were found as shown in Fig. 1.

Model Building and Structure Refinement—Structure
refinement was carried out initially with the program
XPLOR, version 3.84 (46), and at the later stages with the
program CNS, version 0.9 (47). The model obtained by the
molecular replacement calculation was used as the initial
model. Improvement of the model was monitored with a
free R -value calculated from 5% of randomly selected re-
flections, which were excluded from the refinement proce-
dure. The asymmetric unit is represented by chains A, B, E,
and F. In the initial stage of refinement, non-crystallo-
graphic symmetry restraints were applied separately be-
tween chains A and B and between chains E and F. Each
chain pair belonged to the same tetramer. Alanine side
chains of the model were replaced with the corresponding

side chain of GlcDH in several steps during refinement,
giving priority to regions of higher sequence identity in
order to avoid model biases. Iterative refinement cycles by
XPLOR were performed until the i?-value dropped below
30% (R^ = 36.9%). Subsequently the molecular model was
manually rebuilt in the maps with coefficients of sigma
weighted 2F0 - Fe and Fo - Fc maps using the program O,
version 6.2.2 (48). The quality of the electron density map
was improved significantly by the program DM (45) with
solvent flattening, histogram matching and density modifi-
cation options. At this refinement stage, non-crystallo-
graphic symmetry restraints were imposed on the four sub-
units in an asymmetric unit. NAD+ molecules were incor-
porated into the model upon detection in Fo - Fc difference
maps. The crystallographic refinement was further contin-
ued with the program CNS after the resolution range of
refinement was extended to 40-1.7 A. In the final refine-
ment stages, the residues from 39 to 55 were excluded from
NCS restraints in consideration of the conformational dif-
ferences among the chains resulting from crystal packing.
After the first round of refinement (R = 22.0%, R^ =
22.8%), water molecules having peak heights above 3.0 a in
the Fo - Fc maps and exhibiting acceptable hydrogen-bond-
ing geometry were added to the model automatically using
a water-pick option of CNS. Water molecules having S-val-
ues greater than 50 A2 were eliminated. The final .R-value
was 17.9% (R^ = 19.2%) for the resolution range of 40-1.7

TABLE I. Data collection and refinement statistics of GlcDH.
Data collection statistics

Cell parameters: a (A)
6 (A)
c(A)CO

.

Space group
Total No. of reflections
No. of unique reflections
Completeness: % (range A)

Outermost shell
i?-merge*: % (range A)

Outermost shell
I/aiD (outermost shell)
Redundancy (outermost shell)

' Radiation source
Wavelength (A)

120.8 (1)
66.7(1)
119.6(1)
93.25 (3)
C2
357,354
94,821
91.9 (100.0-1.70)
77.3 (1.76-1.70)
3.3 (100.0-1.70)
16.6 (1.76-1.70)
29.2 (11.2)
3.77 (3.71)
Photon Factory, Japan
1.0000

Refinement statistics
Resolution range (A)
fl-factor (%)

Free fl-factor (%)
Number of protein atoms
Number of NAD* atoms
Number of solvent atoms
Rms deviations from ideal values

Bond length (A)
Bond angles (*)
Dihedrals (')

Ramachandran plot statistics (%)
Most favored residues
Allowed residues

Mean B-values (A1)
All atoms
Main chain atoms
Side chain atoms
NAD* atoms
Solvent atoms

40.0-1.70
17.9
19.2
1972 x 4
44 X 4
562

0.005
1.2
21.9

90.7
9.3

20.6
18.5
21.2
18.7
32.2

, ^ . IQikl), where Khkfti is the ith
measurement of the intensity of reflection hkl and (J(hkl)) is the
mean intensity of reflection hkl.
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Crystal Structure of Glucose Dehydrogenase 305

A. The stereochemistry of the model was verified using the
software package PROCHECK (49). The refinement statis-
tics are summarized in Table I.

RESULTS AND DISCUSSION

Quality of the Model—The crystal structure of GlcDH in
complex with NAD+ was determined by the molecular
replacement method with chains A and C of 3a-HSDH as
the search model. The model was refined to a crystallo-
graphic .R-factor of 17.9% (R^ = 19.2%) for 94,821 unique
reflections [70 > 2<r</o)] in the resolution range of 40-1.7 A.
Table I summarizes the data collection and the results of

the crystallographic refinement A crystal asymmetric unit
contains four chemically identical subunits (chains A, B, E,
and F), four molecules of NAD+, and 562 solvent molecules.
The unit cell contains tetramers 1 and 2 (Fig. 1) comprising
chains A, B, C, and D and chains E, F, G, and H, respec-
tively. Tetramer 2 can be rotated around the R-axis by 84*
into the same orientation as that of tetramer 1. The peptide
chains were well defined in 2Fa - Fc maps. The pairwise
rms discrepancies of the main chain atoms Ca, C, N, and O
among the four crystallographically independent subunits
vary at a value of 0.18 A for pair A and B and 0.37 A for
pair A and E. The largest pairwise discrepancy along the
chains was commonly observed at Lys41 located in the sur-

Chain F
Chain E

tetramer 1

Chain C

Chain A

Chain D

Fig. 1. Ribbon representation of two
tetramers of GlcDH viewed along
the R-axes coinciding with crystallo-
graphic 2-fold axes. Chains A, B, E,
and F constitute the asymmetric unit.
Chains C and D of tetramer 1 are related
to chains A and B by the crystallographic
2-fold axis intersecting the center of tet-
ramer 1. Similarly, chains G and H are
related to chains E and F by another
crystallographic 2-fold axis intersecting
the center of tetramer 2. The three mutu-
ally perpendicular 2-fold axes in the tet-
rameric dehydrogenase molecules are
conventionally designated as P, Q, and R
{18). The R-axis of each tetramer coin-
cides with a crystallographic 2-fold aria
The figure was produced with the pro-
grams MOLSCRUT (55) and Raster3D
(57).

Fig. 2. Mode of NAD+ binding to
the active site of GlcDH. (a) Omit
electron density map of (Fo - Fc) con-
toured at 4<j at a resolution range of
8.0 to 1.7 A superimposed on models
of NAD+ and surrounding residues,
(b) Possible hydrogen bonds be-
tween NAD* and protein. Hydrogen
bonds are represented by broken
lines. Oxygen, nitrogen and carbon
atoms are colored red, blue and
black, respectively. Bonds in protein
and NAD+ are colored white and
gray, respectively. Both drawings
were produced with the programs
BOBSCRIPT (56) and Raster3D
(57).
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face loop (Arg39-Asp43) between pB and aC, where sec-
ondary structure is described in the next section. Located
at a contact region of crystal packing is Lys41 of chain A
rendering a weak salt bridge with AsplO8 of chain D in the
neighboring tetramer. The loop region formed at residues
Arg39 to Asp43 is flexible, as reflected in the higher B val-
ues by about 10 A2 than the average value of all residues,
thereby making the conformation of the loop susceptible to
crystal packing influence. Differences in conformation are
mainly at residues Arg39 to Asp43 and at the N-terminal
region of helix aC (Glu44-Lys53). The rms deviation
among the four subunits of the main chain atoms excluding
the segment from Arg39 to Lys53 was 0.039 A. The confor-
mation of these four crystallographically independent sub-
units is therefore essentially identical.

Subunit Structure—The subunit structure of GlcDH
shares the typical fold of the short chain dehydrogenases/
reductases of known structure. As shown in Fig. 3, the sub-
unit of GlcDH folds into a single domain of the a/p doubly
wound structure (51) consisting of seven-stranded central
parallel p-sheet sandwiched by two arrays of three a-heli-
ces (aC, aB, and otG on one side and otD, ctE, and aF on the
other side). Secondary structure elements were assigned
according to the convention described by Ghosh et at. (18)
to allow easier comparison between GlcDH and the other
SDR members of known structure. The two (Japap motifs,
pA-aB-pB-aC-pC and pD-aE-pE-aF-pF, constitute the di-
nucleotide binding motif, the Rossmann fold (52). The motif
pD-aE-pE-aF-pF-aG-pG, together with an adjoining loop
from Asp255 to Gly261, is responsible for substrate binding
and tetramer formation. A loop region from Asnl92 to

C-term

He218 including helices aFGl and oFG2 in the present
crystal structure is well defined in electron density maps.
The loop region is stabilized by several hydrogen bonds
between the protein and NAD+ (see below), which are more
numerous in GlcDH than in other SDRs except for Datura
stramonium tropinone reductase II (TR-II) (36).

This loop region contributes to the binding of the sub-
strate (19, 27-30, 33, 36). In apo-form or in complex with
the cofactor, the loop region of SDR enzymes is disordered,
whereas those in the ternary (enzyme-cofactor-substrate)
complex are fixed because the substrate binding induces
conformational change and stabilization of the loops (19,
27-30, 33). In the case of GlcDH, however, the loop region
containing aFGl and aFG2 is already fixed in the protein-
NAD+ complex where conformational change might have
occurred upon NAD+ binding, leading to stabilization of the
loop in a conformation suitable for glucose binding. A simi-
lar phenomenon is also suggested for the structure of the
ternary complex of TR-II (36).

The Conformation of NAD* and Its Binding Environ-
ment—Figure 2a shows the well-defined electron density of
the NAD+ molecule and the surrounding amino acid resi-
dues. The NAD+ is bound to the enzyme in an extended
conformation at the carboxyl ends of the central parallel p-
strands. The overall conformation of the NAD+ and its
binding mode to the Rossmann fold is similar to those of
the other SDRs, with the adenine ring in the and confor-
mation and the nicotinamide ring in the syn conformation
(52). Both ribose rings have 2E(C2'-ercdo) puckering. No-
menclature for the coenzyme atoms and sugar puckering
forms is adopted from the polynucleotdde IUPAC-IUB de-
scription (53). The distance between C6A of the adenine
ring and C2N of the nicotinamide ring is 14.1 A, a value
very close to those in other SDRs (18, 21, 28, 31, 34). The
NAD+-protein interactions are essentially identical among
the four subunits in the asymmetric unit. There are also

TABLE II. Hydrogen bonds between NAD+ and protein of
GlcDH/

Fig. 3. Ribbon drawing of GlcDH subunit completed with
NAD+ . The bound NAD" is shown in ball-and-stick models. oc-Heli-
ces B to G and p-strands A to G as well as the N and C termini are
marked. The amino acid residues located at the start and end posi-
tion of the a-helices and ^-sheets are numbered. The figure was pro-
duced with the program MOLSCRIPT (55).

NAD*

Nicotinamide nucleoside moiety
O7N

N7N
O3'N

O2'N

Pyrophosphate moiety
O1PN
O2PN

O5'PA

Adenine ribot>t! niuiety
O3PR
O4PR

GlcDH

Asnl96
Glyl89
Ilel91
Ilel91
Thrl93
Lysl62
Asn92
Tyrl58
WAT136

Thrl93
Leu 19
WATl"
Thrl7
WAT1"

Thrl7
Gly94

ND2
0
N
0
OG1
NZ
0
OH
C*

OG1
0

OG1

OG1
N

Mean distance'
(A)

3.15
3.34
2.85
3.45
2.95
3.45
2.74
2.72
2.77

2.65
2.83
2.74
3.56
2.94

2.65
3.54

•Hydrogen bonds were detected using the program CONTACT
(45). 'Distances were averaged over four subunits. T h e function-
ally identical water molecules are WAT68 for chain B, WAT88 for
chain C, and WAT65 for chain D. 'The functionally identical water
molecules are WAT36 for chain B, WAT12 for chain C, and WAT17
for chain D.
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Crystal Structure of Glucose Dehydrogenase 307

two well-ordered water molecules, which mediate hydro-
gen-bond interactions between NAD+ and the interior sur-
face of the protein. The interactions are shown in Fig. 2b
and are summarized in Table II.

Nicotinamide Nucleoside Moiety—There are nine direct
hydrogen bonds and one water-mediated hydrogen bond
between the nicotinamide nucleoside moiety and the pro-
tein surface. The number of hydrogen bonds is greater in
GlcDH than in other SDRs. Due to the close proximity of a
loop region (residues 188-194) to the nicotinamide ring,
additional interactions peculiar to GlcDH between this loop
and the cofactor through hydrogen bonding may stabilize
the loop region, which is essential for the formation of the
active site cavity. A similar pattern of hydrogen bonding is
found in TR-II (36). These interactions may allow the

proper conformation of aFGl and <xFG2 for glucose bind-
ing.

Adenine Ring Moiety—No direct interactions are ob-
served between the adenine ring and the internal surface of
the protein. The adenine ring fits into a mostly hydrophobic
pocket formed by Val66, Ala93 and the Cp, C7, and C5
atoms of Arg39. The plane of the Cf$, C7, and C8 atoms is
parallel to the adenine ring of NAD+.

Adenine Ribose and Pyrophosphate Moiety—The adenine
ribose and pyrophosphate moiety is situated on the turn
between pA and <xB (Glyl4—Gly20), which is involved in
the nucleotide-binding motif of the SDR members having
the consensus sequence GXXXGXG (16). There are two hy-
drogen bonds between the protein and the adenine ribose
and three hydrogen bonds between the protein and the

(a)

R12? - i
E17S(A)

E223(A)

Fig. 4. Major residues involved in
non-covalent interactions at sub-
unit interfaces. The ribbon represen-
tations for Ca backbones are colored in
magenta for chain A and in pale green
for chains B, C, and D. Hydrophobic res-
idues are shown in yellow, and other res-
idues in white. Carbon, nitrogen, and
oxygen atoms are colored black, blue
and red, respectively. A, B, C, and D in
parentheses after residue numbers refer
to the chains A, B, C, and D where the
residue is located. The probable hydro-
gen bonds are represented with broken
lines, (a) Q-axis related interface, (b) P-
axis related interface (c) R-axis related
interface.

Vol. 129, No. 2,2001

 at Peking U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


308 K Yamamoto et al.

pyrophosphate. Water-mediated hydrogen bonds are form-
ed from the main chain Os of Glyl4 and Thrl7, the main
chain NH of Gly20 and the OD1 of Asn92 to the O2"N and
05TA of the NAD+ as shown in Fig. 2b.

Coenzyme Specificity—GlcDH prefers NADP+ to NAD+

as the cofactor. The K^ value with NADP* as cofactor is
about 10-fold lower than with NAD+ (54). In most SDRs of
known structure preferring NADP(H), two negative
charges of the 2'-phosphate group are balanced by two posi-
tively charged residues (27, 29, 35, 36). One of the basic
residues is the conserved arginine residue located at the
turn following the (3B strand. In GlcDH, Arg39 is close to
O2PR of the adenine ribose. The distance of 3.75 A between
CD of Arg39 and C6A of the adenine of GlcDH is very simi-
lar to the value of 3.74 A for mouse lung carbonyl reductase
(MLCR) (29). The distance between NH2 of Arg39 and
02PR of the adenine ribose of GlcDH is, however, 1.37 A
longer than that of MLCR. If NADP+ bound to GlcDH, the
conformation of the side chain of Arg39 would change to
compensate for the negative charge of 2'-phosphate group
of NADP+. The other positively charged residue is usually
Lys or Arg, which is located in the fourth position of the
GXXXGXG consensus sequence of the dinudeotide binding
motif of the SDR family (29,35,36) except for human estro-
genic 17p-hydroxysteroid dehydrogenase (17|3-HSDH). A
basic residue is lacking in the 4th position of the GXXXG-
XG of 17(3-HSDH, but instead the charge was compensated
for by the interaction between the 2'-phosphate and Lys 195
located in the flexible loop following strand (3F (27).

Thrl7 of GlcDH located in the 4th position of the consen-
sus sequence forms a hydrogen bond with the 2'-hydroxyl
group of the adenine ribose. The well-defined electron den-
sity around the adenine ribose moiety strongly indicates
that no basic residues other than Arg39 compensate for the
negative charges of the 2'-phosphate group. In addition,
there is no ambiguous electron density detected in the
main chain of the flexible loop region between (3F and aG,
which would provide a second basic residue to the 2'-phos-
phate group. These findings suggest that in GlcDH, only
one basic residue is enough to compensate for the negative
charges of the 2'-phosphate group and to determine the

coenzyme specificity.
The Active Site Architecture—The active site of GlcDH

consisting of the nicotinamide moiety of NAD+ and the
highly conserved Ser-Tyr-Lys catalytic triad (16), namely,
Serl45, Tyrl58 and Lysl62, is very similar to that of the
other SDR enzymes. The conserved tyrosine residue (Tyr-
158) is considered as a general basic catalyst (29, 34, 36),
and the pKB value of its hydroxyl group is lowered by
Lysl62, leading to the stabilization of the tyrosinate anion
at physiological pH (29,34,36).

The optimum pH of the oxidation reaction of GlcDH is
8.0 (12), whereas those of other SDR enzymes are greater
than 8.5. The distance between Tyrl58 OH and Lysl62 NZ
for GlcDH is 4.06 A, the shortest among the SDRs of
known structure. The distance between the two residues is
4.23 A in 3a-HSDH, 4.28 A in MLCR, 4.32 A in Pseudomo-
nas sp. cts-biphenyl-2,3-dihydrodiol-2,3-dehydrogenase
(BphB), 4.32 A in TR-II, 4.39 A in Drosophila lebanonensis
alcohol dehydrogenase (DADH), 4.54 A in mouse sepiapter-
ine reductase, 4.71 A in 17P-HSDH, 4.84 A in Eschrichia
coli 7a-hydroxysteroid dehydrogenase (7a-HSDH) and 4.84
A in Mycobacterium tuberculosis enoyl-acyl carrier protein
reductase. It is likely that the shorter distance between
Tyrl58 OH and Lysl62 NZ of GlcDH stabilizes the depro-
tonated form of Tyrl58 at lower pH, thereby lowering its
optimum pH.

Q-Axis Related Interface—The Q-axis related interface
has the most extensive intersubunit interaction among the
three axis related interfaces. The Q-axis interface of GlcDH
comprises two long helices aE and aF of subunit A, which
form a four-helix bundle together with those of helices of
subunit B. Hereafter, the word "subunit" is used instead of
"chain." A second residue pair related by the 2-fold axis
always accompanies a residue pair of interaction such as
hydrogen bonding or hydrophobicity between one subunit
and its symmetry mate. Hence here we describe only one of
the two residue pairs in this section. Hydrophobic interac-
tions especially of aromatic residues are predominant at
the Q-axis interface of GlcDH (Fig. 4a) without forming any
salt bridges. The Q-axis interface is subdivided into the aE-
aE and oeF-aF interfaces. In the aE-otE interface (Fig. 4a),

TABLE III. List of hydrogen bond interactions through subunit interfaces.*

P-ans related interface
Direct hydrogen bonds

Leull4 O...Glu257 NE2,
Gly219 N...Tyr238 OH,
Tyr238 O...Aap247 N,

Pro214 O...Prol78 N,
Glu223 OE2...Ser237 OG,
Tyr238 O...Gly248 N,

Tyr217 O...Tyr238 OH
Glu235 OEl.._Arg26 NHlb

Gln252 NE2...Gly241 O
Q-axis related interface

SerlOl N...Glul75 OE2,
MetlO4 O..-Argl25 NH1,

Direct hydrogen bonds
SerlOl OG...Glul75 OE1,
HislO2 NDl...Tyrl76 OH,
Trpl52 N...Thrl71 OG1,

Water-mediated hydrogen bonds
Glul70(A)c OE1...WAT41 O...Lysl49(B) O,
SerltXXA) OG...WAT59 O...Glul76(B) OE2,
LeulO6(A) N...WAT93 O...[Glu69(B) OEl,Argl25(B) NH1],
AsnllKXA) OD1...WAT193 O...[Aspll4(B) OD2,Thrll8(B) OG1],

HislO2 N...Tyrl76 OH
TrplO9 NEl...Thrll8 OG1

Lysl49(A) O...WAT58 O...Glul70(B) OE1
Glul75(A) OE2...WAT178 O...SerlOO(B) OG
[Glu69(A) OE1, Argl26 (A) NH1] ...WAT143 O...Leul06(B) N
Glyl63 (A) O...WAT169 O...Glyl63(B) O

R-axis related interface
Direct hydrogen bonds

Trpl52 NEl..Arg260 O,
Thr251 O...Tyr253 OH,

Prol53 O...Gly259 N, Asp208 ODl..Arg260 NH2"

"Hydrogen bonds were detected using the program CONTACT (45). bIon pair interaction. CA, B, C, and D in parentheses refer to the sub-
unit A, B, C, and D where the residue is located.
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the side chains of TrplO9 in subunit A is stacked on that of
Phel21 of subunit B. The hydrophobic residue He 113 (A)
faces Leull7 (B). Hydrogen bond interactions are listed in
Table m.

Figure 5 shows the amino acid sequence alignment of the
aE and aF helices among SDRs. In the OE-OLE interface,
four hydrophobic residues colored red are clustered in the
space, of which interactions are partaken by two or more
aromatic residues (Fig. 6). The aE-helix of GlcDH kinks at
Leull7 (Fig. 4a) and similar kinks are also observed in
other SDR enzymes (Fig. 6). In a dimeric SDR of DADH,
the kink at aE serves to optimize the subunit>-subunit
interactions for dimer formation (33), while the kinks of 7a-
HSDH, MLCR, BphB, and THNR serve to optimize the
separation between the two aEs, in which every second
and/or third hydrophobic residue is an aromatic residue.

aE helix region

GlcDH 106 LSDWNKVIDTNLTGAFLGSREAIKYFVE 133
3O-HSDH I O O S V E R F R K W D I N L T G V F I G M K T V I P A M K D 126

7a-HSDH 108 MADFRRAYELNVFSFFHLSQLVAPEMEKN 136
MLCR 97 KEAFDRSFSVNLRSVFQVSQMVARDMINR 125
BphB 104LDAAFDEVFHINVKGYIHAVKACLPALVAS 133
THNR 123 PEEFDRVFTINTRGQFFVAREAYKH 152

aF helix region

G l c D H 156VHYAASKGGMKLMTETLALEY nt

3 a - H S D H isoSSYGASKWGVRGLSKLAAVELGT 172

7O-HSDH 157TSYASSKAAASHLVRNMAFDLG 178

MLCR H7ITYSSTKGAMTMLTKAMAMEL 167

BphB 153 PLYTAAKHAIVGLVRELAFEL 173

THNR 176AVYSGSKGAIETFARCMAIDMADK 199

Fig. 5. Alignments of amino acid sequences of tetrameric SDR
enzymes whose folds resemble that of GlcDH. Amino acid resi-
dues involved in hydrophobic interaction are colored red and those
involved in ion pair interactions are colored blue, (a) aE-aE contact
region, (b) aF-aF contact region.

On the contrary, every second or third residue of GlcDH
and 3a-HSDH is a small residue such as He, Leu, and Val,
leading to less extensive hydrophobic interactions (Figs. 5
and 6). It is unlikely that the kinks of GlcDH and 3a-
HSDH would contribute to the optimization of hydrophobic
interactions at the regions.

The numbers of hydrogen bonds and salt bridges be-
tween the Q-axis related subunit pairs are summarized in
Table IV. One pair of salt bridges further stabilizes the aE-
aE interfaces of other SDRs (Fig. 6), whereas no salt bridge
is observed in GlcDH. In addition, the total number of
hydrogen bonds and salt bridges in GlcDH between the Q-
axis related subunit pair is one of the smallest in the SDR
family. The weakness of the aE-otE interface of GlcDH com-
pared to other SDRs is attributable to less extensive hydro-
phobic interactions and the absence of ion pair interactions.

In contrast to the aE-aE interface, there are no large
hydrophobic residues on the aF-aF interface. Instead, the
small hydrophobic residues Vall56, Alal59, Alal60, Leu-
167, and Thrl71 of subunits A and B are found. Conse-
quently, the two aF helices are situated closer to each other
than those in the aE-aE interface. The amino acid se-
quence alignment of the aF-helices is shown in Fig. 5. In
the case of GlcDH, the side chain of Metl68, which does not
face the inner side of the four-helical bundle, and Glyl63
and Glyl64 of GlcDH do not contribute to the hydrophobic
interactions. There are also no direct hydrogen bonds at the
aF-aF interface (Table IV). Thus, interactions at the aF-aF
interface are also likely to be weaker in GlcDH than the
other SDR enzymes.

P-Axis Related Interface—Interactions between the P-
axis—related subunits are not extensive compared to those
of the Q-axis. The P-axis interface consists of aG and flG of
subunit A and those of symmetry-related subunit D (Fig.
4b). In the aG-aG interface, the indole ring of Trp230(A) is
stacked on that of subinit D. No direct hydrogen bond inter-
action is found in the aG-aG and pG-(3G interfaces, but
hydrogen bonds are formed between other parts of the P-
axis related subunits. Direct hydrogen bond interactions

Fig. 6. Comparison of subunit in-
teractions at the aE-aE contact re-
gion of the Q-axis related inter-
face. Amino acid residues involved in
hydrophobic interactions are colored
yellow and those involved in ion pair
interactions white. The figure was pro-
duced with the programs MOL-
SCRTPT (55) and Raster3D (57).
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TABLE IV. Comparison of the numbers of direct hydrogen bonds and salt bridges between Q-axis related subunits among
SDR enzymes.'

GlcDH
3a-HSDH
7a-HSDH
MLCR
BphB
THNR

aE-aE contact
Hydrogen bonds

2
4
0
0
4
6

Salt bridges
0
2
2
2
2
2

aF-aF contact
Hydrogen bonds

0
0
0
0
2
2

Salt bridges
0
0
0
0
0
0

Total
Hydrogen bonds

14
14
20
12
22
20

Salt bridges
0
4
4
2
4
2

•Hydrogen bonds and salt bridges were detected using the program CONTACT (45).

TABLE V. Comparison of the numbers of direct hydrogen
bonds and salt bridges between P-axis related subunits
among SDR enzymes.*

aG-aG contact Other than aG-aG contact
Enzyme

GlcDH
3a-HSDH
7a-HSDH
MLCR
BphB
THNR

Hydrogen
bonds

0
0
0
0
0
0

Salt bridges

0
0
0
0
0
0

Hydrogen
bonds

16
28
24
18
14
30

Salt
bridges

2
2
0
2
2
4

•Hydrogen bonds and salt bridges were detected using the program
CONTACT (45).

and water-mediated hydrogen bonds are summarized in
Table EH. The interactions through the P-interface of
GlcDH are weaker than those through the Q-interface. The
tetrameric SDRs have no conserved amino acid residue or
characteristic sequence motifs at the aG-helix region, ever
though they have similar folds. Table V compares the direct
hydrogen bonds for the P-axis related subunits among the
SDRs. There are no direct hydrogen bonds at the aG-aG
interface, whereas about 20 or more direct hydrogen bonds
and salt bridges are observed between the P-axis related
subunits. The buried solvent-accessible area around the P-
axis interface of GlcDH is 1,600 A2 per subunit, which is
similar to the mean value of 1,680 A2 per subunit of the
other SDR members. Accordingly, the P-axis related inter-
face is of similar strength in GlcDH and the other SDRs.
The weakness of P-interface must be a common feature of
SDRs of known structure (18,23,28-30,32).

R-Axis Related Interface—The R-axis interface contains
only one prominent interaction: the side chain of Tyr253(A)
is stacked on that of its symmetry-related subunit C (Fig.
4c). The C-terminal amino acid residues of subunit A
[Phe255(A)-Gly261(A)] interact with a part of subunit C
and are close to the active site cavity of subunit C. Hydro-
gen bonds are listed in Table EH. GlcDH dissociates into
inactive monomers at pH 9.0 (38-40). This suggests that
the C-terminal region of subunit C is indispensable to the
formation of the active site cavity of subunit A. Jany et al.,
showed that GlcDH from R megaterium M1286, which
shows 82.8% sequence identity with GlcDH used in this
study, is inactivated by chemical modification of Tyr253 (10,
15). The result indicated the importance of C-terminal
region of R-axis related subunit C for formation of the
active site cavity of subunit A.

In the tetrameric SDR enzymes, the four subunits are
related by three mutually perpendicular 2-fold axes desig-
nated as P, Q, and R. The quaternary structures and the P-

and Q-axis interfaces are similar among the tetrameric
SDRs. Some SDRs have a few direct interactions among
the R-axis related subunits, while others such as 7a-HSDH
(28) and THNR (30) have none at all. Hence, the tetrameric
structures of SDR enzymes, as well as that of GlcDH, are
mainly maintained by the interactions through the P- and
Q-axis interfaces. Only GlcDH exhibits a remarkable fea-
ture of a reversible dissociation-association of subunits
under moderate conditions (38-40). Comparison of the sub-
unit interactions reveals that the interactions between the
P-axis related subunits are similar among SDR enzymes
and the interactions of the P-interface are weak compared
to the Q-interface. Moreover, the interactions through the
Q-axis related interface of GlcDH are weaker than those of
other SDRs. The strength of the interactions of the Q-axis
related interface, especially aE-aE contact, might be insuf-
ficient to maintain the tetrameric structure of GlcDH at pH
9.0.
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