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ABSTRACT: Bacterial UDP-glucose dehydrogenase (UDPGlcDH) is essential for formation of the
antiphagocytic capsule that protects many virulent bacteria such asStreptococcus pyogenesand
Streptococcus pneumoniaetype 3 from the host’s immune system. We have determined the X-ray structures
of both native and Cys260Ser UDPGlcDH fromS. pyogenes(74% similarity toS. pneumoniae) in ternary
complexes with UDP-xylose/NAD+ and UDP-glucuronic acid/NAD(H), respectively. The 402 residue
homodimeric UDPGlcDH is composed of an N-terminal NAD+ dinucleotide binding domain and a
C-terminal UDP-sugar binding domain connected by a long (48 Å) centralR-helix. The first 290 residues
of UDPGlcDH share structural homology with 6-phosphogluconate dehydrogenase, including conservation
of an active site lysine and asparagine that are implicated in the enzyme mechanism. Also proposed to
participate in the catalytic mechanism are a threonine and a glutamate that hydrogen bond to a conserved
active site water molecule suitably positioned for general acid/base catalysis.

UDP-glucose dehydrogenase (UDPGlcDH)1 catalyzes
the NAD+-dependent oxidation of UDP-glucose to UDP-
glucuronic acid (UDPGlcA) (1). Since the original report of
this enzymatic activity in preparations of calf liver more than
40 years ago (2), UDPGlcDH has been identified in many
other sources, and recently the human enzyme has been
cloned and sequenced (3). The product of UDPGlcDH,
UDPGlcA, is the activated donor of the glucuronic acid
moiety and serves many critical roles in a variety of
organisms ranging from mammals to bacteria. In mammals,
UDPGlcA is the substrate for UDP-glucuronosyl transferases
in the liver that catalyze the formation of glucuronide
conjugates with various substances such as bilirubin and

thereby aid in their excretion (4). UDPGlcA is also essential
for the biosynthesis of hyaluronan and various glycos-
aminoglycans such as chondroitin sulfate and heparan sulfate
(5). Mutation of the UDPGlcDH gene ofDrosophilia
melanogaster(designatedsugarless) disrupts biosynthesis of
the heparan sulfate side chains on proteoglycan core proteins
and is identical in phenotype to the classicalwingless
mutation (6). In plants, UDPGlcDH may be an important
regulatory enzyme in the carbon flux toward cell wall and
glycoprotein biosynthesis due to feedback inhibition from
UDP-xylose (7). In many strains of pathogenic bacteria such
as group A streptococci (8) andStreptococcus pneumoniae
type 3 (74% similarity toS. pyogenes), UDPGlcDH provides
the UDPGlcA necessary for construction of the antiphago-
cytic capsular polysaccharide (9). Mutations responsible for
altered capsule formation in mutant pneumococcal capsular
type 3 strains have been found to map to the gene encoding
UDPGlcDH (9). Since proper formation of the capsular
polysaccharide is essential for virulence in many pathogenic
bacteria, UDPGlcDH is a logical target for the development
of new antibacterial drugs.

UDPGlcDH [and its homologues UDP-N-acetylmannos-
amine dehydrogenase (UDPManNAcDH) and GDP-mannose
dehydrogenase (GDPManDH)] has traditionally been classi-
fied as an NAD+-dependent four-electron-transfer dehydro-
genase along with the two other known examples: histidinol
dehydrogenase and 3-hydroxy-3-methylglutaryl-coenzyme A
(HMG-CoA) reductase (1). Although all three of these
enzymes combine the enzymatic activities of both an alcohol
and an aldehyde dehydrogenase in a single active site without
release of an aldehyde intermediate, they lack significant
sequence homology and in the case of histidinol dehydro-
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genase, a Zn2+-metalloenzyme, employ distinctly different
chemical mechanisms (10). The structure of the only other
metal-independent enzyme that performs a 2-fold oxidation/
reduction, HMG-CoA reductase, has been solved (11, 12).
This enzyme shares no structural homology with UDPGlcDH
and does not utilize a nucleophilic cysteine residue since the
thiol is provided by the substrate, coenzyme A.

The majority of previous studies on UDPGlcDH have
focused on the bovine liver enzyme (1, 13), and until recently
very little was known about the bacterial enzyme (14). The
availability of recombinant UDPGlcDH fromS. pyogenes
(8) prompted the first thorough investigation of the catalytic
mechanism of the bacterial enzyme and has provided
mounting evidence in favor of the proposed mechanism
shown in Scheme 1 (15-18). The mechanism of UDPGlcDH
proceeds through an initial oxidation of UDP-glucose with
transfer of the C6′′ pro-R hydride (HR in Scheme 1) to the
si face (B face) of NAD+ to form NADH and the aldehyde
intermediate (1). The order in which the C6′′ hydrides are
transferred to NAD+ was originally established for the bovine
enzyme (19) but has recently been corroborated for theS.
pyogenesenzyme using UDP-glucose analogues (18). Co-
valent catalysis proceeds with nucleophilic attack of Cys 260
on the aldehyde to give a thiohemiacetal that is oxidized to
a thioester intermediate by transfer of the remaining hydride
(HS in Scheme 1) to a second molecule of NAD+. In the
final step of the normal enzymatic reaction, the thioester
intermediate is irreversibly hydrolyzed to give UDPGlcA.
The involvement of a nucleophilic cysteine in covalent
catalysis has been thoroughly established for both mam-
malian (20) and bacterial UDPGlcDH (15, 17). The strongest
evidence in support of a thioester intermediate comes from
the observation that the Cys260Ser mutant incubated with
either UDP-glucose or the aldehyde intermediate forms a
covalently bound ester intermediate that is slowly hydrolyzed
and therefore accumulates (17).

As described in this report, we have solved the X-ray
structure of native UDPGlcDH with bound UDP-xylose and
NAD+. We have also solved the structure of Cys260Ser
UDPGlcDH that was crystallized in the presence of UDP-
glucose and NAD+. Although this attempt to observe the

covalent ester intermediate was unsuccessful, the structure
did reveal the ternary complex of UDPGlcDH with the bound
products UDPGlcA and NAD(H).

MATERIALS AND METHODS

Purification and Crystallization. UDP-glucose, UDP-
xylose, NAD+, and dithiothreitol were purchased from Sigma
(St. Louis, MO). Ammonium sulfate and magnesium chloride
were purchased from Fisher Scientific (Fair Lawn, NJ). For
all reported procedures, Cys260Ser, selenomethionine (SeMet)-
substituted and native UDPGlcDH were treated in an
identical manner unless otherwise noted. SeMet was incor-
porated into UDPGlcDH according to the procedure of
Ramakrishnan (21) that is available on the Internet (Rama-
krishnan, V., and Graziano, V., http://snowbird.med.utah.edu/
∼ramak/madms/segrowth.html). UDPGlcDH was purified as
previously reported (15) though an additional step of
chromatography was necessary in order to obtain UDPGlcDH
of sufficient quality for crystallization. Partially purified
UDPGlcDH was applied to a column of ceramic hydroxy-
apatite (BioRad) in 1 mM magnesium chloride containing
10% glycerol and 2 mM dithiothreitol. The column was
eluted with a linear gradient of 30-300 mM sodium
phosphate (pH 6.8) in the loading buffer. To crystallize
SeMet and native UDPGlcDH (differences for Cys260Ser
are noted in parentheses), purified enzyme was dialyzed
against 20 mM magnesium chloride, and an appropriate stock
solution was added to give 5.0-5.5 mg mL-1 UDPGlcDH,
0.2 mM UDP-xylose (1 mM UDP-glucose), and 2 mM
NAD+ (10 mM). Crystals were grown by hanging-drop vapor
diffusion from 2 to 2.1 M ammonium sulfate (1.6-1.7 M),
6-8% glycerol, and 100 mM Tris-HCl, pH 7.8. Crystals
were grown at ambient temperature and generally appeared
in less than 48 h and continued to grow for up to 5-6 days.
Crystals had orthogonal faces with edges typically ranging
from 0.05 mm to 0.3 mm in length. All crystals belonged to
space groupP42(1)2with a Matthews coefficient of 2.5,
consistent with a single copy in the asymmetric unit.

Data Collection and Processing. Prior to data collection,
crystals were transferred to a cryo-protectant solution of
mother liquor supplemented with 25% glycerol before being
flash-cooled in a stream of N2 (100 K). Diffraction data to
3.2 Å for the multiwavelength anomalous diffraction (MAD)
experiment with the SeMet UDPGlcDH crystals were col-
lected on beamline X11 at DESY, Hamburg. Three highly
redundant data sets were collected on a single crystal at
wavelengths corresponding to the selenium absorption edge
(λ1 ) 0.9791 Å), the peak (λ2 ) 0.9740 Å), and a wave-
length remote from the selenium absorption edge (λ3 )
0.9200 Å). High-resolution data sets were collected for native
UDPGlcDH (2.6 Å) at the same facility, and Cys260Ser
UDPGlcDH (2.0 Å) at beamline X12C, Brookhaven National
labs. All diffraction data were processed with DENZO/
SCALEPACK (22), and initial phases were determined using
SOLVE (23) which was successful in finding six of the seven
selenium atoms per asymmetric unit. The SOLVE scaled
structure factors and intensities were refined in SHARP (24)
and flattened with SOLOMON (25).

Model Building and Structural Refinement. The SOLO-
MON flattened structure factors and phases produced a
readily interpretable electron density map with well-defined
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density for both UDP-xylose and NAD+. XTALVIEW ( 26)
was used for all model building. All 402 residues, UDP-
xylose, and NAD+ were fit in the initial round of model
building and refined at full occupancy against the high-
resolution Cys260Ser data set (UDP-xylose replaced with
UDPGlcA) in CNS-XPLOR (27) utilizing rigid body mini-
mization followed by simulated annealing and restrained
B-factor refinement. Templates for UDP-xylose, UDPGlcA,
and NAD(H) were constructed from fragments obtained from
the CNS-XPLOR dictionaries or were modified versions of
XPLOR (28) templates. Following successive cycles of
model building and refinement of Cys260Ser UDPGlcDH,
all 402 amino acids, UDPGlcA, NAD(H), and 390 solvent
molecules were visible in the (2Fo - Fc) SIGMAA (29) map
contoured at 1σ. In addition, 3 molecules of sulfate and 3
molecules of glycerol were satisfactorily modeled into per-
sistent (Fo - Fc) density in chemically reasonable environ-
ments. These molecules were also modeled into correspond-
ing density in the native structure though the occupancies
had to be adjusted in order to maintain reasonableB-factors.
Native UDPGlcDH was solved by molecular replacement
with the final coordinates of Cys260Ser UDPGlcDH and
refined in a similar manner. Both models were evaluated
with the program PROCHECK (30) and were average or
better in all statistical indicators of model quality when
compared to a representative selection of refined structures
at the same resolution.

The Ramachandran plot of both structures indicates a
common residue, Arg 316, in the disallowed region. This
residue is well ordered (Cys260SerBav ) 28, nativeBav )
32) and is tightly packed in the C-terminal domain with the
guanidinium moiety forming a salt bridge with the carbox-
ylate of Glu 349. As will be discussed, the Leu 317 to Ser
329Ω-loop is critical for sequestering of the substrate, and
the main chain conformation of Arg 316 may be relevant to
this function. A second disallowed residue in the native
structure, Asn 273 (Bav ) 33 in both structures), is found on
the surface and is stabilized by a hydrogen bond with
Arg 228 of a symmetry-related molecule. Difficulties were
encountered in modeling of the active site structure of
the Cys260Ser mutant due to close contacts between the
C6′′ carboxylate of UDPGlcA, the nicotinamide ring of
NAD(H), and OG of Ser 260. It was not possible to explain
all the difference density in the vicinity of Ser 260 as shown
in Figure 3a,b. This difference density may be the result of
multiple main-chain conformations caused by unfavorable
steric contacts. The more ordered nature of the crystals of
Cys260Ser UDPGlcDH strongly suggests that the covalent
ester form of the enzyme may have been the relevant species
undergoing crystallization. However, the rate of hydrolysis
in solution (t1/2 of approximately 24-48 h at 20°C) implies
that UDPGlcA may have to exchange with UDP-glucose (and
NADH with NAD +) in the crystalline state in order to
observe the ester intermediate in the X-ray structure. The
apparent lack of exchange has resulted in trapping of the
poorly binding product UDPGlcA (KI ) 200µM compared
to 2.7 µM for UDP-xylose) (15) and NAD(H) in an
unfavorable ternary complex that is stabilized by crystal
packing interactions. It is not possible to distinguish whether
NAD+ or NADH is the ligand bound to Cys260Ser
UDPGlcDH, and therefore this species will be referred to
as NAD(H) to reflect this uncertainty.

Analysis of Protein Structure. The primary sequence
alignment included 48 sequences of UDPGlcDH, UDPMan-
NAcDH, and GDPManDH that were retrieved from the
SWISS-PROT database. The initial alignment was performed
with the program CLUSTAL W (31) and then manipulated
by hand to maximize conservation of secondary structural
elements as identified by PROMOTIF (32). The CCP4 (29)
programs AREAIMOL and BAVERAGE were used to
determine solvent-exposed surface areas and averageB-
factors. All R-carbon superpositions were performed in the
program O (33). Automated analysis of the dimer interface
was performed by the protein-protein interaction server that
is freely available on the Internet (Jones, S., and Thornton,
J. M., http://www.biochem.ucl.ac.uk/bsm/PP/server). All
figures of UDPGlcDH were made with BOBSCRIPT (34).

RESULTS

Tertiary and Quaternary Structure.UDPGlcDH consists
of two discreteR/â domains, each of which contains a core
â-sheet sandwiched betweenR-helices as shown in Figure
1. These two domains are connected by a long (48 Å) central
R-helix (R9) that also serves as the core of the dimer
interface. The six-stranded parallelâ-sheet (â1-â4, â7, â8)
that is characteristic of the dinucleotide binding Rossmann
fold (35) serves as the core of the N-terminal NAD+ binding
domain (residues 1-196). NAD+ is bound in a typical
orientation in the cleft between strandsâ1 andâ4, positioning
the nicotinamide ring in the active site formed at the domain
interface. The Rossmann fold is followed by an additional
â-R-â unit (â9, R8, â10) that is antiparallel and contiguous
with the central six-strandedâ-sheet. However, only a single
main chain hydrogen bond connects strandâ8 of the six-
stranded sheet and strandâ9 of the antiparallelâ-R-â unit,
so these should probably be considered separateâ-sheet
structures. Inserted betweenâ4 andR5 is a 14 residue loop
(residues 80-93) that forms a small antiparallelâ-sheet (â5,
â6) which packs againstR11 of the C-terminal domain. The
last strand of the N-terminal domain (â10) leads directly into
the long centralR-helix (R9).

The core of C-terminal domain (residues 229-402) is a
five-stranded parallelâ-sheet (â11-â15) with R-helices
packed on both sides. The topology of the C-terminalR/â
fold (residues 310-395) is identical to the first five strands
of the N-terminal dinucleotide binding fold (residues 1-115).
A superposition of theR-carbons of both domains gives a
rms difference of 2.0 Å over 65 atoms and is shown in Figure
2a. The predominant differences between the two regions
of similar structure are two insertions (residues 41-59 and
residues 80-93) in the N-terminal domain, and a single
insertion (the Ω-loop) in the C-terminal domain. This
interdomain pseudo-symmetry of the dinucleotide binding
fold is similar to that seen in theD-specific dehydrogenases
(36), though it has also been observed in alanine dehydro-
genase (37), aldehyde dehydrogenase (ALDH) (38), and
UDP-N-acetylmuramoyl-L-alanine:D-glutamate ligase (MurD)
(39). In addition to the dinucleotide binding fold, the
C-terminal domain also contains a stretch of threeR-helices
(R10-R12) that is divided by a single long stretch of
extended coil (residues 242-258) that wraps around ap-
proximately half of the UDP-glucose binding pocket. This
region of mixedR-helix and coil leads from the long inter-
domainR-helix (R9) into the five-strandedâ-sheet region.
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The C-terminal domain is primarily responsible for binding
the UDP moiety of the UDP-sugar in a deep pocket
approximately adjacent to the middle third of the central
R-helix (R9). The UDP-sugar is orientated such that the
pyranose sugar ring is positioned at the domain interface with
the C6′′ position of UDP-glucose (by analogy to UDPGlcA
and UDP-xylose in the X-ray structures) approximately 2.5
Å from C4 (NC4) on thesi face of the nicotinamide ring of
NAD+. Figure 3a,b illustrates the relative orientation of the
UDP-sugar, NAD(H), and the catalytic nucleophile Cys 260
(Ser 260 in Figure 3b), that is found in the C-terminal domain
at the N-terminus ofR11. The overall structures of Cys260Ser
and native UDPGlcDH are highly similar with a rms
difference of 0.2 Å over allR-carbon atoms.

It is well established that bovine liver UDPGlcDH is a
hexamer but due to its ‘half-of-the-sites’ reactivity, it may
be better described as a trimer of dimers (1). Gel filtration
studies have indicated that theE. coli enzyme exists as a
dimer in solution (14). Similar experiments with theS.
pyogenesenzyme have indicated that it may exist as a mono-
mer in solution (15); however, the structure of UDPGlcDH
reveals a crystallographic dimer with an interface of greater
than 2600 Å2 as shown in Figure 4 (40). The helical portion
of the C-terminal domain (R10-R12) contributes the major-
ity (52%) of the interface solvent-inaccessible surface area,
followed by the centralR-helix R9 (37%), and the N-terminal
domain (12%). There are a total of 24 hydrogen bonds
stabilizing the dimer interface, though none of the amino
acids involved are strictly conserved. Aromatic residues
including Phe 206, Tyr 210, Tyr 217, Tyr 224, and Tyr 272
dominate the dimer interface. Of these five residues, Tyr 210
exhibits the strongest conservation of aromatic character, and
it is interesting to note that this residue interacts with itself
through crystallographic symmetry. Tyr 217 is noteworthy
as it exhibits strong conservation of aromatic or hydrophobic
character in all bacteria, though higher order species have a
serine at this position.

Structural Similarity to Other Dehydrogenases.The pro-
gram DALI (41) was used to search for homologous proteins,
and as expected, many dehydrogenases and related proteins
containing dinucleotide binding domains were identified as
being structurally similar. The proteins with the greatest
overall structural homology to UDPGlcDH are short-chain
L-3-hydroxyacyl-CoA dehydrogenase (SCHAD) (42) and
6-phosphogluconate dehydrogenase (6PGDH) (43). Structural
alignment of residues 1-290 of UDPGlcDH with each of
these two proteins gives a rms difference of 1.9 Å in both
cases over 163 and 168R-carbons respectively as shown
for 6PGDH in Figure 2b. All the major secondary structural
elements of the N-terminal domain as well as significant
portions of the centralR-helix (R9) and the C-terminal
R-helical region (R10-R12) are common to UDPGlcDH,
SCHAD, and 6PGDH. Beyond residue 290 of UDPGlcDH,
there is no structural homology with either SCHAD or
6PGDH as both of these proteins have a primarilyR-helical
domain whereas UDPGlcDH has the C-terminal dinucleotide
binding fold. While the reactions catalyzed by both SCHAD
and 6PGDH are similar (â-oxidation and â-oxidation/
decarboxylation respectively), they are fundamentally dif-
ferent from UDPGlcDH (2-fold oxidation followed by
hydrolysis) which leads one to speculate on the foundation
for this structural relationship. The basis for this relationship
may be the conservation of the NAD+ binding domain as
well as active site architecture and specific catalytic residues
that are common to both enzymes. Inspection of the active
site of 6PGDH superimposed with UDPGlcDH revealed a
remarkable conservation of identity and conformation for two
active site residues: Lys 204 and Asn 208 (Lys 183 and
Asn 187 in sheep liver 6PGDH). These residues have been
implicated in the enzymatic mechanism of 6PDGH (43, 44),
and their possible roles in the mechanism of UDPGlcDH
will be discussed below.

Roles of ConserVed Residues.Alignment of 48 sequences
including UDPGlcDH, UDPManNAcDH, and GDPManDH

FIGURE 1: Ribbon representation of the ternary complex of the Cys260Ser UDPGlcDH/UDPGlcA/NAD(H) monomer. UDPGlcA,
NAD(H), and the side chain Ser 260 (N-terminus ofR11) are shown in ball-and-stick.
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revealed a total of 22 residues that were strictly conserved
in 47 or more sequences. A representative selection of
sequences from this alignment is shown in Figure 5. All
secondary structural elements appear to be conserved across
the 48 sequences, with the greatest sequence diversity
occurring near the C-terminus, as exemplified by the
approximately 50 additional residues in the mammalian
UDPGlcDH. Of the 22 conserved residues, 6 are primarily
involved in binding NAD+, 2 are involved in binding UDP-
glucose, and a total of 10 residues either are directly involved
in catalysis or are critical for the proper positioning of the
catalytic groups. These residues will be discussed below in
the context of substrate binding and the catalytic mechanism.

The four remaining strictly conserved residues (Ser 161,
Glu 201, Asn 219, and Asn 287) are all remote from both

the active site and the substrate binding pockets so are likely
important for maintaining structural integrity or are necessary
for productive folding. Interestingly, the relatively conserva-
tive mutation Glu201Asp results in an unencapsulated
phenotype in mutant strains ofS. pneumonia(9). The
carboxylate of Glu 201 forms buried hydrogen bonds with
the main chain amide nitrogens of three residues (Gly 122,
Phe 123, and Ile 124) located at the dimer interface.
Disruption of these critical hydrogen bonds would likely
interfere with proper formation of the dimeric species and
may additionally alter the position of Thr 118, a critical active
site residue that is close in primary sequence.

Substrate Binding.The fold of the C-terminal UDP-
glucose binding domain is homologous to the ubiquitous
dinucleotide binding fold, so it is extraordinary that the

FIGURE 2: (a) Superposition of theR-carbons of residues 1-123 (black coil) and NAD(H) (black bonds) with residues 310-402 (white
coil) and UDPGlcA (gray bonds) of Cys260Ser UDPGlcDH. The orientation of UDPGlcA bound to the C-terminal dinucleotide binding
fold is distinctly different from the normal mode of NAD+ binding. (b) Superposition of theR-carbons of Cys260Ser UDPGlcDH (black
coil) and residues 1-300 of 6PGDH (white coil). In addition to UDPGlcA and NAD(H) bound to Cys260Ser UDPGlcDH, the side chains
of the conserved residues Lys 204 and Asn 208 of UDPGlcDH (gray bonds with white atoms) and Lys 183 and Asn 187 of 6PGDH (white
bonds with black atoms) are indicated.
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orientation of substrate binding has no apparent relation to
the normal orientation of NAD+ binding as clearly shown
in Figure 2a. In the X-ray structure of MurD (39), the sub-
strate (a UDP-sugar) is bound to the N-terminal Rossmann

fold in an orientation similar to NAD+. In UDPGlcDH, the
orientation of the bound UDP-sugar relative to NAD(H) is
reminiscent of substrate binding in the abortive complex of
UDP-galactose 4-epimerase with UDP-glucose and NADH

FIGURE 3: Representative electron density for NAD(H), the UDP-sugar, and residues 259-260. The adenosine portion of NAD(H) is not
shown. For both native and Cys260Ser UDPGlcDH, a (Fo - Fc) map was calculated with the final model coordinates lacking NAD(H), the
UDP-sugar, and residues 259-260. The map was calculated with all data to 2.3 and 1.8 Å, respectively, and was contoured at 3σ. (a)
Native UDPGlcDH shows well-defined density for UDP-xylose, NAD+, and both Tyr 259 and Cys 260. (b) Cys260Ser UDPGlcDH clearly
shows the bound UDPGlcA and NAD(H), but Tyr 259 and Ser 260 have additional density that is not adequately explained by the final
model (black ball-and-stick). A proposed alternate conformation of the Tyr 259-Ser 260 peptide bond and the OG of Ser 260 is shown in
gray with two associated water molecules.
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(45). Despite the lack of structural homology in the UDP-
sugar binding regions of these two enzymes, there are several
apparent similarities in the protein-substrate interactions.
Both enzymes make similar main chain hydrogen bonding
interactions with the uridine moiety and utilize a carboxylate
group to form a hydrogen bond with the ribose C2′ hydroxyl.
The UDP-glucose binding pocket of UDPGlcDH, which is
schematically represented in Figure 6, can be divided into
two regions: the UMP binding pocket which is composed
solely of residues contributed from the C-terminal domain,
and the glucose 1-phosphate binding pocket consisting

primarily of residues from the N-terminal domain. The UMP
binding pocket is lined with a stretch of coil (Tyr 249-Gly
257) that makes three main chain hydrogen bonds, two side
chain hydrogen bonds, and aπ-edge stacking interaction of
Tyr 249 with the UMP moiety. The residues involved in these
interactions include the strictly conserved Gly 257 that forms
a hydrogen bond with the ribose C3′ hydroxyl of UMP. There
is one strictly conserved charged residue, Lys 320, that forms
a salt bridge with the pyrophosphate moiety and is probably
critical for sequestering of the substrate from the bulk solvent
as will be discussed. Although the glucose 1-phosphate

FIGURE 4: Crystallographic dimer of Cys260Ser UDPGlcDH. Indicated in the figure is the side chain of Arg 244 that forms hydrogen
bonds with the substrate of the dimer partner.

FIGURE 5: Representative primary sequence alignment of 48 sequences that include UDPGlcDH, UDPManNacDH, and GDPManDH.
Secondary structural elements are shown schematically with cylinders representingR-helices and arrows representingâ-strands. The two
boxed areas correspond to the regions of similar fold superimposed in Figure 2a. Positions in the sequence that are highlighted with white
text on a black background are strictly conserved in at least 47 of the 48 aligned sequences while positions highlighted in gray exhibit
strong conservation. The one-letter code directly below the aligned sequences indicates a hydrogen bond to either NAD(H) (n), the UDP-
sugar (u), or the dimer partner (d). Putative catalytic residues mentioned in the text are also indicated (c). Residue 161 (indicated by *),
meets the above criteria for strict conservation, butS. pyogenesis the only divergent sequence.
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binding pocket is found at the dimer interface, binding
interactions are limited to a small region (Phe 142-Glu 145)
betweenâ7 andR7 of the N-terminal domain that forms three
main chain hydrogen bonds to the glucose 1-phosphate
moiety. The glucose 1-phosphate binding pocket contains
one additional residue contributed from the dimer partner.
Arg 244 extends into the adjacent active site, forming
hydrogen bonds with the pyranose C2′′ and C3′′ hydroxyls,
and may assist in proper orientation of the substrate for
oxidation (see Figures 4 and 6). Arg 244 reveals a clear
mechanism for communication between active sites of the
dimer pair, and UDPGlcDH fromS. pyogeneshas been noted
to exhibit weak allosteric effects (Hill coefficient less than
1.5) (16). This is in marked contrast to the mammalian
enzyme that exhibits very strong allosteric effects resulting
in the observed ‘half-of-the-sites’ reactivity (1). Interestingly,
sequence alignments show that Arg 244 may be a determi-
nant of substrate specificity as it appears to be conserved
through all UDPGlcDH and UDPManNAcDH, but is re-
placed by a lysine residue in GDPManDH (see Figure 5).

NAD(H) is bound to the N-terminal domain of UDP-
GlcDH in a typical orientation with the nicotinamide ring

in a syn conformation. All hydrogen bonds between UDP-
GlcDH and NAD(H) are listed in Table 3. Thesi face of
the nicotinamide ring is facing the UDP-sugar, and there
face is packed against a hydrophobic patch composed of Val
11, Leu 143, and Glu 141 (CB and CG). Six of the strictly
conserved residues of UDPGlcDH are primarily involved in
binding NAD+: the three glycines of the GxGxxG ‘finger-
print’ of the Rossmann fold, the Thr 81/Pro 82 pair that packs
against the adenine ring of NAD+, and Arg 327 that forms

FIGURE 6: Schematic representation of interactions and hydrogen bond distances (Å) between UDPGlcDH and bound UDPGlcA. The
conformations of UDPGlcA bound to Cys260Ser UDPGlcDH and UDP-xylose bound to native UDPGlcDH are very similar (rms difference
) 0.2 Å) and so are their interactions with the enzyme. Arg 244 (dashed box) is contributed by the symmetry-related dimer partner.

Table 1: Data Collection and Phasing Statistics

SeMet UDPGlcDH

λ1 λ2 λ3 native Cys260Ser

wavelength (Å) 0.9791 0.9740 0.9200 0.9057 0.9790
resolution range (Å) 19.8-3.20 20.0-3.20 20.0-3.20 24.3-2.30 27.8-1.80
mosaicity (deg) 0.3 0.3 0.3 1.2 0.8
completeness (%)a 100 (100) 100 (100) 100 (100) 95.1 (76.2) 87.3 (42.4)
observations 78626 62644 64705 119755 176474
unique observations 8176 8056 8118 20014 38511
Rmerge(%)a,b 12.4 (29.8) 12.6 (30.5) 12.9 (33.4) 8.2 (37.7) 4.5 (51.0)
I/σa 19.1 (7.7) 18.2 (7.7) 18.5 (7.4) 18.5 (2.7) 28.8 (1.7)
phasing statistics

dispersive phasing powerc (centrics/acentrics) 2.14/3.18 2.87/3.68 0/0
anomalous phasing powerc 1.43 1.66 1.34
Rcullis dispersived (centrics/acentrics) 0.51/0.48 0.53/0.52 0/0
Rcullis anomalousd 0.89 0.83 0.91

a Values in parentheses are for the outermost shell which is 3.27-3.20 Å for SeMet data, 2.34-2.30 Å for native, and 1.83-1.80 Å for Cys260Ser.
The highest resolution shell with at least 50% of the data withI/σ greater than 3 is 2.08-2.03 Å for Cys260Ser and 2.73-2.66 Å for native.b Rmerge

) ∑|I - 〈I〉|/∑I. c Phasing power) (rms Fh)/(rms E), whereFh is the heavy-atom structure amplitude andE is the residual lack of closure error.
d Rcullis ) ∑|E|/∑|∆F|.

Table 2: Refinement and Model Statistics

native Cys260Ser

resolution range (Å) 24-2.3 28-1.8
observations 20008 38487
Rfactor

a (%) 18.6 17.9
Rfree

b (test set, %) 25.9 21.3
model statistics

rmsd bonds (Å) 0.011 0.011
rmsd angles (deg) 1.6 1.5
fully allowedφ,ψ (%) 89.0 89.0
disallowedφ,ψ (%) 0.5 0.3

a Rfactor ) ∑|Fobs - Fcalc|/|Fobs|. b Rfree was calculated on 10% of the
reflections that were randomly omitted from the refinement.
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a salt bridge with the pyrophosphate. Asp 29 is a critical
residue of the dinucleotide binding ‘fingerprint’ and exhibits
strict conservation of either aspartate or glutamate that can
hydrogen bond to both hydroxyls (AO2* and AO3*) of the
adenine ribose.

Sequestering of Reaction Intermediates.A defining char-
acteristic of the UDPGlcDH family of enzymes is the
inability to detect the transient formation of any intermediates
at the oxidation level of an aldehyde (1). This negative result
had contributed to the previous proposal that the aldehyde
intermediate is covalently bound to the enzyme as an imine
(1). An inspection of the structure of UDPGlcDH reveals a
deeply buried active site that only exposes 5 Å2 of the UDP-
sugar to the bulk solvent. This is in contrast to NAD+ which
must freely exchange during the catalytic mechanism and
has a solvent-accessible area of approximately 54 Å2. To
permit reversible binding of a UDP-sugar, UDPGlcDH would
require either a significant interdomain movement and/or a
repositioning of a loop region that covers the substrate. This
is consistent with the observation that extensive screening
of crystallization conditions in the absence of UDP-sugars
and NAD+ failed to produce crystals of free UDPGlcDH,
suggesting that there is a conformational ordering upon
substrate binding that is conducive to crystallization. The
protein surface that buries the UDP-sugar is composed of
four separate regions that together shield 156 Å2 of UDP-
GlcA (Cys260Ser UDPGlcDH) from the bulk solvent. These
regions are composed of theΩ-loop (53 Å2), the C-terminus
(33 Å2), the side chain of Arg 244 (8 Å2), and the Arg 144-
Lys 147â-turn (62 Å2). Of these four regions, theΩ-loop
is the best candidate for a mobile ‘gate’ that opens and closes
to allow reversible substrate binding. TheΩ-loop is present
in all aligned sequences of UDPGlcDH (see Figure 5) and
contains two strictly conserved residues, Lys 320 and Arg
327, which form salt bridges with the pyrophosphate moieties
of the UDP-sugar and NAD(H), respectively. The salt bridges
formed by Lys 320 and Arg 327 are the predominant
interactions locking the ‘gate’ in the ‘closed’ conformation,
and in the absence of substrate, theΩ-loop may adapt an
alternative ‘open’ conformation. The C-terminus (Asp 402)
makes several contacts with both the UDP moiety and the
Ω-loop, and movement of either of these groups would also
require a reorientation of the C-terminus, implying that it
may be a second component of the active site ‘gate’. As
suggested earlier, to explain the apparent lack of substrate
exchange in the crystalline state, it is believed that the ‘gate’
is forced to maintain its ‘closed’ conformation due to crystal

packing interactions. Since there are no direct crystal contacts
with the Ω-loop, opening of the ‘gate’ may be associated
with a significant global conformational change that is
unfeasible within the crystalline lattice.

ActiVe Site Residues of UDPGlcDH.As illustrated in
Figure 7a,b, the active site of UDPGlcDH contains the side
chains of six conserved residues that are contributed from
the N- and C-terminal domains as well as from the central
R-helix (R9). From the N-terminal domain, Thr 118 of the
conserved loop betweenâ7 andR6 forms a hydrogen bond
to an ordered and conserved active site water molecule
(Cys260SerB ) 21, nativeB ) 23) that may be critical for
the catalytic mechanism. Flanking Thr 118 in the primary
sequence are the strictly conserved Ser 117 and Pro 120 that
are probably essential for proper orientation of the catalytic
Thr 118. A strictly conserved pair of residues in the
N-terminal domain, Pro 140/Glu 141 (betweenâ8 andR7),
position the carbonyl oxygen of Glu 141 such that a hydrogen
bond is formed to NZ of the key catalytic residue Lys 204.
An additional active site residue and an apparent determinant
of substrate specificity, Glu 145 exhibits very strong conser-
vation across all sequences of UDPGlcDH and GDPManDH
but is replaced by a proline in UDPManNAcDH. Glu 145
forms a hydrogen bond to a conserved water molecule
(Cys260SerB ) 36, nativeB ) 41) that is in turn coordinated
to a phosphate (PB) oxygen in both structures and a C6′′
carboxylate oxygen (O6′′2) in Cys260Ser UDPGlcDH.

The centralR-helix (R9) contributes two strictly conserved
active site residues, Lys 204 and Asn 208, which coordinate
a carboxylate oxygen (O6′′1) of UDPGlcA in Cys260Ser
and a similarly positioned active site water (B ) 39) in the
native structure. Other than the catalytic nucleophile Cys 260,
Asp 264 is the only other conserved residue in the C-terminal
domain that extends into the active site and probably has a
direct role in the enzyme mechanism. Both Cys 260 and Asp
264 are situated in the strictly conserved active site signature
sequence, GGxCxxxD (see Figure 5), that is characteristic
of UDPGlcDH. The strictly conserved glycine pair preceding
Cys 260 suggests that main chain conformations inaccessible
to non-glycine residues are required for proper orientation
of the catalytic nucleophile during catalysis. This is well
precedented within the ALDH extended family where a
strictly conserved glycine residue precedes the catalytic
cysteine and is necessary to allow the polypeptide chain to
‘twist back on itself’ (46).

DISCUSSION

In the first step of the catalytic mechanism, UDPGlcDH
oxidizes the primary C6′′ hydroxyl of UDP-glucose with
transfer of thepro-Rhydride to C4 (NC4) on thesi face of
the nicotinamide ring of NAD+ (see Scheme 1). It is well
precedented that enzymatic alcohol oxidation requires a
general base: a role performed by a tyrosine hydroxyl in
the short-chain dehydrogenases/reductases (47) and a histi-
dine imidazole in lactate dehydrogenase (48). HMG-CoA
reductase has been proposed to utilize a lysine general base
to deprotonate the alcohol (in the direction of oxidation) as
well as to stabilize the oxyanion of the hemiacetal intermedi-
ate (12). A conserved arginine residue in the active site of
HMG-CoA reductase may serve to depress the lysine pKa

through electrostatic interactions so it can serve as a base.

Table 3: NAD(H)-UDPGlcDH Hydrogen Bond Distances

residue NAD(H)a distanceb (Å)

Val 11 N NO2 3.1 (3.1)
Asp 29 OD1 AO2* 2.8 (2.6)
Asp 29 OD2 AO3* 2.7 (2.7)
Lys 34 NZ AO3* 3.0 (3.0)
Thr 83 OG1 NO3* 2.5 (2.5)
Thr 118 N NO3* 3.2 (3.0)
Glu 145 OE2 NN7 3.1 (3.2)
Lys 263 NZ NO2* 2.9 (2.7)
Arg 327 NH1 AO1 3.1 (3.4)
Arg 327 NH2 NO1 2.9 (3.2)

a Atom names for NAD(H) follow the PDB convention.b Distances
are given for Cys260Ser/NAD(H) followed by native/NAD+ in
parentheses.
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In UDPGlcDH, the known stereochemistry of the first
hydride transfer and the observed orientation of the UDP-
sugar and NAD+ in the X-ray structure fix the relative
position of the catalytic base that must deprotonate the
substrate alcohol. The C6′′ hydroxyl of the substrate, UDP-
glucose, probably occupies a position similar to the car-
boxylic acid oxygen (O6′′1) of UDPGlcA in the Cys260Ser
structure and the similarly positioned water molecule in the
native structure (see Figure 7a,b). Lys 204 (NZ) is the closest
residue (2.8 Å) to this position (2.9 Å in native/UDP-xylose),
and based on the precedence of HMG-CoA reductase, it is
tempting to propose that Lys 204 is the general base
responsible for deprotonation of the substrate alcohol as
shown in Figure 8a. As mentioned above, Lys 204 is
structurally analogous to Lys 183 of 6PGDH, and therefore
may perform a similar function in the catalytic mechanism.
Recent evidence has provided support for Lys 183 of 6PGDH

acting as the general base for deprotonation of the substrate
alcohol (44). It was proposed that the hydrophobic nature
of the 6PGDH active site could perturb the pKa of Lys 183
by approximately 2.5 pH units to a pKa of 8. In the ternary
complex of UDPGlcDH, Lys 204 is inaccessible to bulk
solvent, but there are no positively charged residues or
extensive hydrophobic regions in the immediate vicinity of
Lys 204 (NZ) that should significantly lower the pKa.
However, UDPGlcDH has a relatively basic pH-rate
optimum (pH 9), so invoking a substantially depressed pKa

for Lys 204 may not be necessary.
An alternative candidate for the role of the general base

is the conserved water molecule that is activated due to its
hydrogen bond (2.6 Å in both structures) to the Asp 264
carboxylate as shown in Figure 8b. This tetrahedrally
coordinated water molecule also forms a hydrogen bond (2.8
Å) with the carboxylate oxygen (O6′′1) of UDPGlcA in

FIGURE 7: Close-up views of the active site of UDPGlcDH with putative catalytic residues. (a) The active site of native UDPGlcDH with
bound UDP-xylose and NAD+ truncated at the pyrophosphate bond. (b) The active site of Cys260Ser UDPGlcDH with bound UDPGlcA
and NAD(H). Notice that the C6′′ carboxylate of UDPGlcA occupies a position similar to a water molecule in the native structure.
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Cys260Ser (2.4 Å to the similarly positioned water in the
native/UDP-xylose structure). Additional hydrogen bonds
with the strictly conserved residue Thr 118 and a ribose
hydroxyl of NAD+ (NO2*) are likely critical for proper
positioning of this putative catalytic water. In this proposed
mechanism, Lys 204 NZ and Asn 208 ND1 could participate
in the first oxidation through electrostatic stabilization of the
alkoxide form of the substrate alcohol. It is relevant to note
that the only known divergent sequence at position 204
(Shigella sonnei, SWISS-PROT accession number Q55042,
not shown in Figure 5) is a glutamine residue that could
provide electrostatic stabilization but not act as an acid/base
catalyst.

A strictly conserved mechanistic feature of all aldehyde
oxidations that utilize covalent catalysis is the require-
ment for a nucleophilic thiol. To increase the nucleophilic
character of the thiol, enzymes may utilize an adjacent base
such as histidine as proposed for both glyceraldehyde-3-
phosphate dehydrogenase (49) and HMG-CoA reductase
(12). In order for the thiol of Cys 260 to attack thesi face
of the aldehyde intermediate and generate the appropriate
tetrahedral geometry for the second hydride transfer (see
Figure 8a,b), a rotation from gauche(+) to gauche(-) may
be necessary. This rotation could be accompanied by other
conformational changes that could orient an appropriate
base, such as the water activated by Glu 145, to deprotonate
the thiol. It is interesting to note that the UDPGlcDH pH-

rate optimum of pH 9 is consistent with the normal pKa of
a cysteine thiol and suggests that an assisting base may not
be necessary.

The oxidation of UDP-glucose to the aldehyde intermedi-
ate generates a proton donor (either Lys 204 or the water
molecule activated by Asp 264) that would be strategically
positioned to participate as a general acid catalyst during
the subsequent attack of the cysteine thiol on the aldehyde
intermediate (see Figure 8a,b). The oxyanion of the tetra-
hedral thiohemiacetal could be stabilized by Asn 208 and
the catalytic moiety (Lys 204 or the water molecule activated
by Asp 264) not involved in general acid catalysis. Collapse
of the tetrahedral intermediate with hydride transfer to NAD+

and proton transfer back to the catalytic base would yield
the covalently bound thioester. The proposed role for Asn
208 is similar to the conserved active site asparagine in the
ALDH extended family that has been proposed to coordinate
the carbonyl oxygen of the substrate (46). In the final step
of the reaction, nucleophilic attack by a basic water molecule
on the thioester would once again yield a tetrahedral
intermediate. To generate a tetrahedral intermediate with
geometry analogous to the thiohemiacetal, the hydrolytic
water must add to the face of the thioester that is blocked
by NADH. This argument leads to two possibilities: either
NADH dissociates prior to the final hydrolysis or the
tetrahedral intermediate formed during hydrolysis is not
strictly analogous to the thiohemiacetal and there is a
conformational change that moves the covalent thioester
away from NADH. In support of the former option, the
strictly conserved Glu 141 is located beneath the nicotin-
amide ring (see Figure 7a,b), and in the absence of NADH
could extend into the active site and deliver an activated
water molecule to the thioester. It is not known if NADH
dissociates from UDPGlcDH before hydrolysis of the
thioester intermediate.

The structure of UDPGlcDH reported here represents the
first ever look at how the catalytic machinery of a single
active site can perform the 2-fold oxidation of a primary
alcohol to the free acid product. The overall fold of
UDPGlcDH has been described for the first time and consists
of a classical NAD+ binding domain that exhibits remarkable
structural homology with 6-phosphogluconate dehydro-
genase. The C-terminal UDP-sugar binding domain also
contains a dinucleotide binding fold; however, this structure
is suprisingly not exploited for binding of the substrate in a
typical orientation. The two domains are connected by a long
centralR-helix that serves as the core of the dimer interface.
A structure-based sequence alignment has confirmed the
catalytic importance of several active site residues and has
allowed for the first detailed proposal of the mechanism
of UDPGlcDH. The structural evidence argues in favor of
general acid/base, electrostatic, and covalent catalysis par-
ticipating in the three discrete yet mechanistically similar
steps of the overall reaction. Two candidates (Lys 204 or
the water molecule activated by Asp 264) for the critical
base in the catalytic mechanism have been proposed, and
further studies will be required in order to distinguish these
two possibilities. This insight into the structure and mech-
anism of UDPGlcDH should greatly facilitate efforts toward
structure-based inhibitors and potential antibiotics to specif-
ically combat pathogens such asS. pneumoniaeand group
A streptococci.

FIGURE 8: Two possible mechanisms for the 2-fold oxidation of
UDP-glucose (HX ) HR) to the aldehyde intermediate and the
thiohemiacetal intermediate (HX ) HS) to the thioester intermediate.
(a) The general acid/base catalyst is assumed to be Lys 204. The
base is responsible for deprotonating the alcohol substrate during
the first oxidation and contributing to stabilization of the tetrahedral
intermediate during the second oxidation. (b) The general acid/
base catalyst is assumed to be the water molecule that is rendered
basic due to its coordination with Asp 264. The hydrogen bonding
environment of Thr 118 does not preclude this residue acting as
either a donor or an acceptor with the putative catalytic water
molecule.
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