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Abstract

Background: UDP-glucose dehydrogenase (UGDH) is the sole enzyme that catalyzes the conversion of UDP-glucose to UDP-
glucuronic acid. The product is used in xenobiotic glucuronidation in hepatocytes and in the production of proteoglycans
that are involved in promoting normal cellular growth and migration. Overproduction of proteoglycans has been implicated
in the progression of certain epithelial cancers, while inhibition of UGDH diminished tumor angiogenesis in vivo. A better
understanding of the conformational changes occurring during the UGDH reaction cycle will pave the way for inhibitor
design and potential cancer therapeutics.

Methodology: Previously, the substrate-bound of UGDH was determined to be a symmetrical hexamer and this regular
symmetry is disrupted on binding the inhibitor, UDP-a-D-xylose. Here, we have solved an alternate crystal structure of
human UGDH (hUGDH) in complex with UDP-glucose at 2.8 A resolution. Surprisingly, the quaternary structure of this
substrate-bound protein complex consists of the open homohexamer that was previously observed for inhibitor-bound
hUGDH, indicating that this conformation is relevant for deciphering elements of the normal reaction cycle.

Conclusion: In all subunits of the present open structure, Thr131 has translocated into the active site occupying the volume
vacated by the absent active water and partially disordered NAD™ molecule. This conformation suggests a mechanism by
which the enzyme may exchange NADH for NAD* and repolarize the catalytic water bound to Asp280 while protecting the
reaction intermediates. The structure also indicates how the subunits may communicate with each other through two

reaction state sensors in this highly cooperative enzyme.
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Introduction

UDP-glucose 6-dehydrogenase (UGDH; EC 1.1.1.22) is the sole
human enzyme that converts UDP-a-D-glucose (UDP-glucose) to
UDP-o-D-glucuronic acid (UDP-glucuronic acid), an intermediate
sugar in carbohydrate metabolism [1]. UDP-glucuronic acid is
incorporated into hyaluronan, chondroitin sulfate, heparan sulfate,
and glycosaminoglycans. C5 epimerization leads to iduronate for
inclusion in heparan sulfate and dermatan sulfate. Such extracel-
lular matrix carbohydrates promote normal cellular growth,
embryogenesis and adult organism physiology [2,3,4]. In addition,
UDP-glucuronic acid is used in the glucuronidation of many
molecules including drugs, nuclear hormones, retinoids, bile acids,
bilirubin, and fatty acid derivatives by UDP-glucuronosyl
transferase in hepatocytes [5]. UGDH is also implicated in tumor
progression and osteoarthritis [6,7,8]. Overproduction of proteo-
glycans has been observed in the progression of epithelial cancers
such as colon, breast, and prostate [9,10,11]. Inhibition of
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hUGDH has been demonstrated to diminish tumor angiogenesis
in vivo [12], while UGDH gene disruption in zebrafish led to a
heart valve defect [13].

Bovine UGDH was first identified in the liver [14], later purified
[15] and the amino acid sequence determined [16]. Molecular
cloning of hUGDH revealed it to be a 494-amino acid protein that
shares 98% identity to bovine UGDH [17,18,19]. hUGDH is a
hexamer of 57-kDa subunits that assembles into a trimer of
dimers. UGDH is a member of a small group of NAD"-dependent
four-electron-transfer dehydrogenases. Substrate, inhibitor and
product binding experiments and chemical modification studies all
point towards three subunits being catalytically active at any one
time, mirroring the structural assembly [1,20,21,22,23]. UGDH is
also found in prokaryotes, producing the UDP-glucuronic acid
that is essential for the synthesis of antiphagocytic capsular
polysaccharides [24,25,26]. The crystal structures of dimeric S.
pyogenes UGDH provided the structural basis for the reaction
cycle (Fig. 1A,C) [27], which was further refined through
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Figure 1. Mechanism of hUGDH catalysis. (A) In the first phase of the mechanism established from the structure of bacterial UGDH (Easley et al.,
2007), a water molecule, activated by Asp280, is predicted to be the general acid/base catalyst that abstracts a proton from the C6’ hydroxyl to
initiate oxidation. Mutation of Asp280 to Asn is detrimental to catalysis. An aldehyde intermediate is transiently formed at the active site (la). This
aldehyde has not been detected experimentally [14], however, added aldehyde functions as a substrate for the second oxidation [45]. The
intermediate is then proposed to rapidly convert to the thiohemiacetal adduct (lla), via Cys276, without being released and the second NAD" to
replace the first reduced cofactor, NADH. (B) In an updated mechanism (Ib and llb), the reaction proceeds directly to the thiohemiacetal adduct
without proceeding through the aldehyde intermediate [28]. (C) In the second phase of both mechanisms, the thiohemiacetal is then oxidized to the
thioester via transfer of hydrogen to NAD" (lll). Finally the acid product is released through spontaneous hydrolysis [46,47]. Here the water bound to
Asp280 is highlighted as the probable active water molecule. Evidence for a covalent thiohemiacetal (Il) lies in the observation that the second
deprotonation step (lll) is reversible while the overall conversion to acid is irreversible (V) [38]. Mutation of Cys276 to serine led to the build up of
covalently attached adduct, however, the C276A mutation, while not able to proceed to completion from UDP-glucose, was able to catalyze the
oxidation of the aldehyde intermediate [45]. Lys220 provides charge stabilization to the anionic transition state during the second oxidation step (lll),
and for the course of the hydrolysis of the thioester (IV and V). Mutation of Lys220 significantly, but not completely, reduced the enzyme function
suggesting that it does not form a Schiff's base [34,48]. Features in blue and red indicate that Thr131 and Asp280 coordinate the movements of
NAD*/NADH and the active water molecule.

doi:10.1371/journal.pone.0025226.g001

elucidation of hUGDH hexameric structures (Fig. 1B,C) [28]. reaction intermediate protection, and cooperativity between

UGDH catalyzes two NAD*-dependent oxidations of UDP- subunits.
glucose, the first reversible, to yield UDP-glucuronic acid in an
overall irreversible process [29,30]. The structures of hUGDH in Results

complex with NAD" and UDP-glucose, a E161Q hUGDH

mutant bound to the thiohemiacetal intermediate, hUGDH in Structure of hUGDH

complex with the product UDP-glucuronate and a TI131A
hUGDH mutant in the apo form (PDB codes 2Q3E, 3KHU,
2QG4 and 3ITK, respectively) are all closed hexamers [28]. In
contrast, inhibitor-bound hUGDH adopts an open hexameric
conformation in which the three-fold symmetry has been broken
[31]. Here, we have solved an alternate substrate-bound structure
of hUGDH, which reveals the asymmetrical open hexameric
quaternary conformation that was previously observed in the
inhibitor-bound structure. Conformational differences between
open and closed hexamer conformations suggest structural-based
mechanisms for the repolarization of the active water molecule,
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The structure of hUGDH in complex with NAD" fragments
and UDP-glucose was solved by molecular replacement and
refined against 2.8 A resolution data (Table S1) [32]. The crystal
asymmetric unit contains two open hexamers arranged as a closed
dodecamer (Fig. 2). We refer to the twelve hUGDH subunits as
subunits A to F and G to L, representing the two open hexamers of
the dodecamer within the crystal asymmetric unit, respectively.
Twelve-fold non-crystallographic restraints were maintained up to
the last cycle of refinement. The placement of residues, discussed
below, stand up to twelve-fold averaging of the electron density
maps providing a higher level of confidence in these features than
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Figure 2. Structure of hUGDH. (A) Schematic representation of a hUGDH protomer taken from the dodecamer. N-terminal, central and C-terminal
domains are colored blue, green and red, respectively. UDP glucose is shown in purple, NAD" in yellow. (B) The closely associated dimeric unit taken
from the dodecamer. The second copy of the central domain is tinted orange. (C) The dodecameric hUGDH arrangement that is present in the crystal
asymmetric unit comprised of two open hexamers. Upper panel shows the top layer of the dodecamer. Central and lower panels depict the full
dodecamer in space filled representation. The twisted conformation is evident from the lower panel. (D) For comparison, a typical symmetric hexamer
of hUGDH taken from PDB code 2Q3E. Movies S1 and S2 show morphs between these two structures. Protein representations were generated here,
and in the figures that follow, using PYMOL (http://pymol.sourceforge.net/).

doi:10.1371/journal.pone.0025226.9002

would normally be afforded to a structure refined against 2.8 A
resolution data.

Three-domain protomer

The hUGDH protomer consists of three domains. The N- and
C-terminal domains are structurally homologous o/ structures,
comprising core B-sheets sandwiched between o-helices (Fig. 2A,
blue and red, respectively). These two domains sit upon an
extended o-helical central domain (Fig. 2A, green). The
topologies of the o/ domains are characteristic of the
dinucleotide-binding Rossmann fold (Fig. 3) [33]. The six-
stranded parallel B-sheet (B1-B6, residues 1-161) of the N-
terminal domain is followed by an additional B-o-f unit (7, a8
and P8, residues 179-212). The B-strands of this unit are
antiparallel with respect to the Rossmann fold (Fig. 3B). The
NAD™ fragments (Fig. 2A, yellow) are bound in the cleft between
strands B2 and P4 and lying across the fl-ol loop. This would
position the nicotinamide portion, which is not visible in this
structure, at the substrate-binding site formed at the interface
between the three domains. The o/f C-terminal domain
(residues 329-466) consists of a six-stranded sheet (B19-P14)
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packed with a-helices on both sides (Fig. 3B). This second
Rossmann fold is responsible for binding the UDP moiety of
UDP-glucose (Fig. 2A, purple), positioning the sugar moiety at
the active site. The central domain is comprised of four helices
(@9-a12, residues 213-323). The first and last of these helices are
extended and cross to form the scaffolding that positions the N-
and C-terminal domains, respectively.

Tightly associated dimeric unit

The protomers are arranged in pairs associated through
dimerization of the central domains in an interface of 2600 A
(Fig. 2B). Arg260 situated in a loop within the central domain of
one protomer reaches across to contact and position the glucose
from the UDP-glucose within the second protomer (Fig. 4). The
subsequent polypeptide chain, residues 265-280 that includes
active site residues Cys276 and Asp280 (Fig. 1), wraps around the
UDP-glucose from the first protomer forming multiple contacts.
Hence, the occupancy of the UDP-glucose binding site within
one half of the dimeric unit will be sensitive to that in the second
half, suggesting cooperativity within the dimeric unit [28].
Furthermore, the dimerization interface may provide a platform
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Figure 3. Secondary structure and topology of the hUGDH protomer. (A) Secondary structure elements shown above the hUGDH amino
acid sequence in domain colors (N-terminal, blue; central, green; C-terminal, red). Important active site residues are boxed. (B) Topology of the

protomer. The figures were generated in ALSCRIPT [49] and TOPDRAW [50].
doi:10.1371/journal.pone.0025226.g003

to communicate more global conformational changes such as Open hexamer

flexing of the central domains. The overall fold of the hUGDH Three copies of the hUGDH dimeric unit are arranged as a
protomer and the dimer interaction closely resemble that of the hexamer, through interactions between helix and loop structures in
obligate dimer of UGDH from S. pyogenes [27]. the N-terminal and C-terminal domains on neighboring protomers
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protomer at the dimer interface. (B) Close up of the UDP-glucose
binding site.
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(Fig. 2C). The extended loop and a5-helix between B4—B5 (Fig. 3)
and o6-helix from the N-terminal domain interact with the otl13—
B10 loop and a17-B13 loop that includes the a18-helix from C-
terminal domain of the next protomer, respectively, while both N-
terminal regions interact with the linker o.12—B9 between the central
and C-terminal domains. The interface area is approximately
700 A? between any two protomers in these inter-dimer contacts.
An interaction from Asn292 to Asn292 links the central domains
between pairs of dimers (A-F, B-C, G-L and H-I). The amino acid
sequences at the inter-dimer contact regions show significant
variability in comparison to the S. pyogenes obligate dimer,
displaying three insertions, one deletion and different mainchain
structures. The present structure has opened up to form an
asymmetric hexamer (open hexamer) in comparison to the
symmetric hexamer [28], PDB code 2Q3E (closed hexamer)
(Fig. 2D). Despite these large differences in quaternary structure,
the protomer structures from the open and closed hexamers show
only small variations in conformation (RMSD of 0.83 A, Table
S2A) and similar interdomain arrangements (Table S2E). This
compares with an RMSD of 0.18-0.43 A for protomers within the
open hUGDH hexamer. Superimposition of the individual domains

@ PLoS ONE | www.plosone.org
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of closed and open hexamer protomers does not reveal a significant
conformational difference in C-terminal domains (RMSD = 0.41 A,
Table $2D) or the central domains (RMSD = 0.35 A, Table S2C),
whereas a comparison between N-terminal domains showed a
slightly larger deviation (RMSD =0.93 A, Table S2B). These data
indicate that the conformational difference detected from the whole
hUGDH mainly results from structural plasticity in the N-terminal,
NAD*-binding domain. Comparison of the open and closed
hexamer protomers to reaction intermediate-bound and apo forms
of the hUGDH shows larger variation (Tables S2A-E). In these
structures, the separation of the N- and C-terminal domains slightly
varies through rotation on the central domain backbone. However,
the individual domains follow a similar pattern of relatedness to the
open hexamer protomer as was determined for the closed hexamer.
In contrast, the open hexamer structure determined here adopts the
conformation observed for UDP-a-D-xylose bound UGDH [31]
(RMSD =0.29-0.34 A between the protomers). Hence, this open
hexamer UGDH conformation can interact with both the substrate
and inhibitor.

Asymmetric unit dodecamer

The asymmetric unit, within the crystal, contains two open
hexamers arranged in a slightly twisted manner so that the open
edges of the two hexamers (Fig. 2C). The areas of interaction
surfaces are 220 A? (C:K and E:I) and 280 A? (D:L and F;J). Such
contact areas are in the range observed for crystal contacts rather
than for protein-protein interactions. Size exclusion analysis of
hUGDH by FPLC, dynamic light scattering, and electron
micrographs are consistent with the hexameric structure [34,35,
36]. However, sedimentation velocity experiments suggest that
apo-UGDH is a complex mixture of dimers, hexamers and small
amounts of monomers and tetramers [31]. Furthermore, a single
mutation (Lys339Ala) or double mutation (Ala222GIn and
Ser233Gly) in hUGDH converts the hexamer to a dimer
[34,37]. These residues do not lie at the inter-dimer interfaces.
Taken together, these data indicate that the hexameric structure is
not highly stable. Hence, we suggest that the open hexamer
conformation observed here results from the solution conditions
and state of the NAD" and is unlikely to be a major substrate-
bound conformation under physiological conditions, nonetheless it
provides valuable insight into the enzyme function.

NAD™" binding

Detailed comparison of the NAD' conformations in this
structure and those previously reported for the closed hexamer
(2Q3E [28]) indicates striking differences. In the closed hexamer,
the structure of each NAD" molecule bound to every hUGDH
protomer is well defined. The NAD" molecules in the present open
hexamer structure are partially disordered (Fig. 5A and Figure
S1A). Similarly, disordered nicotinamide rings were found in the
inhibitor-bound and thiohemiacetal-bound structures [28,31]. The
partially disordered NAD" has direct consequences for protein
structure around the NAD-binding site. In comparison to the
closed hexamer, the open hexamer residues Ser130 and Thrl31
have made a large switch toward the interior of the NAD"-binding
site to occupy the space vacated by the disordered nicotinamide
moiety and the absent catalytic water (Fig. 5). These conforma-
tional differences with respect to the closed hexamer are observed
in all twelve protomers and are not dependent on position within
the open hexamer. This indicates that the conformational changes
are likely to be dependent on the occupation of the NAD" and
catalytic water binding sites rather than induced by the opening of
the hexamer. The Thr131 loop movement at the NAD"-binding
site results in long-range conformational changes of the loop-o6
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helix unit between B5—B6 (residues 129-152) in the N-terminal
domains of each protomer within the dodecamer (Fig. 5). This
region includes an intersubunit contact site in the trimer unit
(Fig. 2C). We speculate that, under the crystallization conditions,
NAD"-binding site induced rearrangement of the 5-0/6-36 region
placed strain on the hexamer causing it to open.

UDP-glucose binding

The UDP-glucose is well defined in the active site (Fig. 6) and
the UDP portion is essentially identical in all 12 crystallographic
protomers. However, the oxygen of the C6' hydroxyl shows poor
density, and hence, its positioning was determined by the general
fitting of the glucose ring to the electron density (Figure S1B). The
glucose moiety appears to display a distribution of positions
ranging from one in which the C6" hydroxyl is within bonding
distance to Cys276 (as in subunit A, Fig. 6A) to an orientation
where the C6' hydroxyl is close to Lys220 (subunit L, Figure S1C).
Movement of residues Ser130 and Thr131 into the space occupied
by the missing NAD" nicotinamide ring has important conse-
quences for the active water molecule and active site residues.
Firstly, Asp280 coordinates the catalytic water in the closed
hexamer protomers (Figs. 1 and 6b). In the open hexamer
protomers there is no bound active water. Instead, Thrl31
occupies the former location of the active water and causes Asp280
to turn away from the UDP-glucose (Fig. 6C,D and Figure S2).
Asp280 (atom OD2) lies within hydrogen-bonding distance (mean
distance 2.72 A) of the mainchain carbonyl oxygen of Leu221,
indicating that the acid is protonated. The sulphur atom of the
catalytic Cys276 is also significantly displaced, relative to the open
hexamer protomers, and turns towards Asn224 (mean SG to ND2
distance 3.51 A), suggesting that Cys276 is not protonated.

@ PLoS ONE | www.plosone.org

Discussion

Enzymes, particularly in higher organisms, display a tendency
to form large multimers. Cooperativity provides a possible
explanation for such refinement during evolution. Through linking
reaction cycles between subunits, and hence sharing energy, an
enzyme has the opportunity to alter energy barriers at points in the
reaction cycle that would not be available to an isolated protomer.
The present structure of hUGDH displays an asymmetric open
hexameric conformation. This open conformation was previously
observed for the non-productive inhibitor-bound hUGDH. Here,
we speculate that this distorted substrate-bound conformation is
unlikely to be that of a native conformation but rather one that has
been pushed to extreme through solution conditions and ligand
binding. Nevertheless, conformational differences between the
open form and the closed forms of hUGDH provide important
mnsights into the structural basis of cooperativity within the
hexamer.

UGDH displays a high degree of cooperativity between subunits
[1] operating as a “trimer of dimers” in which only three subunits
are simultaneously active. A structural indication of this trimer of
dimers is observed in the thiohemiacetal-trapped E161N hUGDH
mutant structure (PDB 3KHU), which shows partial disorder of
NAD" in only one trimer [28]. Within the dimeric unit (Fig. 4),
residues from both protomers are in contact with each UDP-
glucose in the two active sites [28]. Indeed, Arg260 from one
subunit binds to the glucose moiety in the second subunit while
residues 265-280, which include active site residues Cys276 and
Asp280, surround the UDP-glucose in the first subunit. Hence, the
occupancy of one UDP-glucose binding site will have direct
implications for the occupation and reaction state of the second
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subunit-binding site within the dimeric unit. We suggest that
residues 260-280 act as a reaction sensor that splits the six
protomers into the two sets of three.

Synchronization of the reaction within a trimeric unit is not
achieved through a direct mechanism, since the protomers do not
contact the UDP-glucose in their trimerically related neighbors.
However, the open hexamer structure suggests a possible
communication route. In the open hexamer protomers, Thrl31
and the associated loop has moved into the unoccupied active
water and nicotinamide ring of NAD" binding sites, resulting in a
shift of the a6 helix region (Fig. 5). This N-terminal domain motif
contains an intra-trimer subunit contact site for the C-terminal
domain of the next protomer. Hence, the reaction state at one
active site maybe communicated in a clockwise direction to the
adjacent protomer (Fig. 2D). We speculate that this may cause the
intra-subunit flexing of the C-terminal domain relative to the N-
terminal domain [28] within the adjacent protomer, relaying the
information to the substrate-binding site, which lies at the junction
of the three domains (Fig. 2). Such a mechanism provides an
explanation as to why the enzyme operates as a trimer of dimers.
Sequentially, one trimer may provide the scaffolding on which the
other trimer can perform reaction-specific conformational changes
without risk of hexamer disintegration. Hence, we propose that
Thr131 and associated loop acts as a second catalytic sensor, in
this case synchronizing the radially associated subunits.

The residue arrangement at the active site of the open hexamer
is broadly consistent with the catalytic mechanism (Fig. 1),
positioning of the C6' hydroxyl of the UDP-glucose near to
Lys220 and Cys276. However, Asp280, which coordinates the
active water, has turned away from the substrate into a non-
productive conformation where it contacts the mainchain carbonyl
oxygen of Leu221 (Fig. 6C,D and Figure S2). Asp280 is required
to be protonated to adopt this conformation. Furthermore,
Thr131 has moved into the active water site obscuring access to
UDP-glucose from the NAD* direction (Figs. 5a and 6a). Covalent
attachment of reaction intermediates has been shown to not be
necessary to lock reaction intermediates in the substrate-binding
site during the exchange of NADH for NAD" [38]. As such, we
propose that the movement of the Thr131 loop coupled with
domain-domain movements protect substrate intermediates dur-
ing NADH dissociation.
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In the reaction cycle, UGDH initially binds to UDP-glucose
and then sequentially binds, reduces, and releases two NAD*
molecules before releasing the product, UDP-glucuronic acid
(Fig. 1). Mutation of Thrl118 to Ala in hUGDH led to a 8-fold
reduction in kcat, demonstrating non-essential mechanistic
importance of this threonine [28]. The conformation of Thr131
at the active site in the dodecamer may have relevance at two
points in the reaction cycle. Firstly, after the reduction of the first
NAD", Thrl131 may move to protect the intermediate during
NADH:NAD" exchange and allow Asp280 to reorient in order to
lose a proton and subsequently repolarize the active water. This
movement and repolarization would be applicable to either of the
proposed mechanisms (Fig. 1, Ia and Ib). Secondly, the structure
of hUGDH bound to UDP-glucuronic acid (PDB code 2QG4
[28]) contains the ordered active water molecule bound to
Asp280. This water molecule is a prime candidate to become
mtegrated into UDP-glucuronic acid during the reaction (Figure
S1D), and as such, this structure may be a mimetic of the
substrate-bound form rather than the product-bound form. In
contrast, the open hexamer structure suggests that during the
reduction of the second NAD", Thr131 may track this active
water as it incorporates into UDP-glucuronic acid, and in turn
drive NADH dissociation (Fig. 1, IIT and IV). Interestingly, Egger
and coworkers were not able to crystallize apo-hUGDH,
however, yet were successful in crystallizing the T131A mutant
in the apo form, reinforcing the link between Thr131 and ligand
binding [28]. Hence, we propose that the present structure of
hUGDH represents a trapped intermediate conformation that
provides valuable insight into the reaction mechanism. The
observed conformational plasticity indicates that the inhibitor
UDP-a-D-xylose functions by trapping the hUGDH protomers in
an intermediate reaction state leading to the stalling of the
enzyme and placing strain on the symmetrical hexameric
structure. Further stabilization of this conformation will provide
an attractive strategy for inhibitor drug discovery.

Materials and Methods

Protein production
Recombinant wild-type hUGDH was purified and the activity
verified spectrophotometrically by measuring the reduction of
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NAD" in the presence of UDP-glucose [39]. A deletion mutant
was generated that lacked amino acids 488-494, which was also
purified via this protocol [32].

Crystallization and Data Collection

Crystals obtained from the full-length protein only diffracted to
6 A Truncating the protein by seven residues produced diffraction
quality crystals. These crystals were grown by equilibrating the
protein solution (10 mg ml—1 in 50 mM Tris-HCI, pH 8.0,
0.5 mM EDTA, 10 mM mercaptocthanol, 5 mM UDP-glucose,
2 mM NAD", and 7% (v/v) glycerol) mixed 1:1 with the reservoir
solution (0.2 M ammonium sulfate, 0.1 M Na cacodylate, pH 6.5,
and 21% PEG 8000) and incubated over 0.5 ml of reservoir
solution at 295 K. The crystals grew within two days [32]. Mass
spectrometry analysis confirmed that the product (UDP-glucuro-
nic acid) could be detected on incubation of UDP-glucose with
hUGDH under the crystallization conditions in the absence of
PEG 8000 and ammonium sulphate, confirming that the enzyme
was active at the pH of the crystallization condition. Diffraction
data to 2.7 A resolution were collected at the 4A Macromolecular
Crystallography Wiggler Beamline of the Pohang Accelerator
Laboratory (Pohang, Korea) using the X-ray beam at a single
wavelength (1.1272 A) and 1° oscillations. The data set was
indexed and processed with the CCP4 suite of programs [40].
Data processing statistics and crystal characteristics are reported in
Table S1.

Molecular Replacement and Refinement

Initial attempts to solve the structure by molecular replacement,
using the bacterial structure (PDB code 1DLI) as the search model,
failed [27,32]. Using this model, the solution with the highest
correlation coefficient suggested a tetrameric arrangement. The
structure was subsequently solved using molecular replacement on
the release of the hUGDH hexamer structure (PDB code 2Q3E
[28]) with the program PHASER [41]. The dimeric unit was used
as the search model. The solution, which includes six copies of the
search model, was unambiguous with Z-Score values for rotational
and translational functions of 20.8 and 144.4, respectively. The
Patterson function reveals a significant non-origin peak that is
50.2% of the origin peak, consistent with a pseudo translational
symmetry for the two open hexamers. A Matthews coefficient of
2.98 A3 Da—1 can be derived for a dodecamer, this relates to
58.73% solvent content. Refinement was initially was carried out
using an automated protocol with NCS restraints in PHENIX
[42]. Careful model rebuilding subsequent rounds of refinement,
in REFMAC and COOT [43,44], in which the NCS restraints
were released, resulted in the current model (Table S1). The final
model includes ordered residues 1-466. This range matches that
found to be ordered in the structures of full length hUGDH:inhi-
bitor complexes [31] and of the truncated (1-467) hUGDH
complexes [28], which showed normal enzymatic activity. The
coordinates and merged reflection data for hUGDH have been
deposited in the RCSB Protein Data Bank with accession code
3TDK.

Supporting Information

Figure S1 hUGDH ligand binding. 2Fo-Fc OMIT map
electron density contoured at 1 & for (A) the NAD™ fragments and
(B) UDP-glucose. (C) The conformation of UDP-glucose within
the active site of subunit L. (D) The conformation of UDP-
glucuronic acid (PDB code 2QG4) in the active site. Note: This
structure contains an ordered active water molecule that would
normally become integrated into UDP-glucuronic acid during the
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reaction. Hence, the structure may mimic the substrate-bound
form rather than the product-bound form of the enzyme.

(TIF)

Figure 82 The conformation of active site residues. 2Io-
Fc OMIT map electron density contoured at 1 ¢ around the
active site residues Asn 224, Cys276 and Asp280.

(TIF)

Table S1 Data collection and refinement statistics for
dodecameric hUGDH.
DOC)

Table S2 Comparison of hUGDH structures. RMS
deviation of Ca positions between hUGDH domains and
protomers. (A) Protomers. (B) N-terminal domains. (C) central
domains. (D) C-terminal domains. (E) Distances between residues
in the N-terminal (Glyl66 and Tyr53) and C-terminal (Asp341
and Gly343) domains. Protomers can adopt either an open or a
closed conformation indicated by # and *, respectively. PDB code
2Q3E is a hexamer that represents the reaction start that contains
UDP-glucose and NAD" in the ligand binding sites. The 3KHU
hexamer mimics the thiohemiacetal intermediate and contains
UDP-glucose in the NAD" binding site. The PDB code 2QG4
hexamer represents the product bound structure with UDP-
glucuronic acid bound at UDP-glucose binding site. This structure
contains NAD" in one trimer (subunits B, D, F, H) and a cleaved
version of NAD" without the nicotinamide ring in the second
trimer (subunits A, C, E, G) of the dimer-of-trimers that comprise
the hUGDH hexamer, providing structural confirmation of the
three site biological activity. The PDB code 3ITK hexamer
mimics the unbound state of hUGDH in which both ligand-
binding sites do not contain the appropriate ligand. The 3ITK
protomers are in an open conformation with the exception of
subunit F, which is in the closed conformation. F participates in a
dimer interaction with E, the most open of the 3I'TK protomers,
suggesting structural cooperativity within the dimeric unit.

(DOC)

Movie S1 Morph between the docecamer and two
copies of the closed hexamer (2Q3E). This morph is only
intended to give an impression of the scale of conformational
change needed to move between these two structures.

MOV)

Movie S2 Morph between the open hexamer and the
closed hexamer (2Q3E). The pink helix highlights the a6-helix
and the preceding Thrl31-containing loop. This morph is only
intended to give an impression of the scale of conformational
change needed to move between these two structures.

MOV)

Movie S3 Morph between protomers of the open and
the closed (2Q3E) hUGDH hexamers focused at the
active site. The movie shows the flipping of Asp280 (yellow),
movement of Thrl31 (pale green) into the active water-binding
site (grey sphere), flipping of Trp214 (lime) and Argl35 (pale
green). This morph is only intended to give an impression of the
scale of conformational change needed to move between these two
structures.

(MOV)

Movie S4 Morph between protomers of the open and
the closed (2Q3E) hUGDH protomers within a trimeric
unit. Here, movement of the Thr131 loop into the active water-
binding site is associated with an adjustment to the o6-helix (all in
yellow), which mediates contact to the next protomer in the
trimeric unit. N-terminal, central and C-terminal domains are
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shown in blue, green and red, respectively. This morph is only
intended to give an impression of the scale of conformational
change needed to move between these two structures.

MOV)

Acknowledgments

Portions of this research were carried out at the Pohang Accelerator
Laboratory (Pohang, Korea).

References

1.

20.

21.

22.

23.

Feingold DS, Franzen JS (1981) Pyridine nucleotide-linked four-electron transfer
dehydrogenases. Trends in Biochemical Sciences 6: 103-105.

. Trochon V, Mabilat C, Bertrand P, Legrand Y, Smadja-Joffe T, et al. (1996)

Evidence of involvement of CD44 in endothelial cell proliferation, migration and
angiogenesis in vitro. International Journal of Cancer 66: 664-668.

. Tozzo RV, Murdoch AD (1996) Proteoglycans of the extracellular environment:

clues from the gene and protein side offer novel perspectives in molecular
diversity and function. FASEB Journal 10: 598-614.

. Wight TN, Kinsella MG, Qwarnstrom EE (1992) The role of proteoglycans in

cell adhesion, migration and proliferation. Current Opinion in Cell Biology 4:

793-801.

. Jansen PL, Mulder GJ, Burchell B, Bock KW (1992) New developments in

glucuronidation research: report of a workshop on ““glucuronidation, its role in
health and disease”. Hepatology 15: 532-544.

Okada H, Yoshida J, Sokabe M, Wakabayashi T, Hagiwara M (1996)
Suppression of CD44 expression decreases migration and invasion of human
glioma cells. International Journal of Cancer 66: 255-260.

. Lokeshwar VB, Lokeshwar BL, Pham HT, Block NL (1996) Association of

elevated levels of hyaluronidase, a matrix-degrading enzyme, with prostate
cancer progression. Cancer Research 56: 651-657.

. Zemel E, Nahir AM (1989) Uridine diphosphoglucose dehydrogenase activity in

normal and osteoarthritic human chondrocytes. Journal of Rheumatology 16:

825-827.

. Ropponen K, Tammi M, Parkkinen J, Eskelinen M, Tammi R, et al. (1998)

Tumor cell-associated hyaluronan as an unfavorable prognostic factor in
colorectal cancer. Cancer Research 58: 342-347.

. Auvinen P, Tammi R, Parkkinen J, Tammi M, Agren U, et al. (2000)

Hyaluronan in peritumoral stroma and malignant cells associates with breast
cancer spreading and predicts survival. American Journal of Pathology 156:
529-536.

. Aaltomaa S, Lipponen P, Tammi R, Tammi M, Viitanen J, et al. (2002) Strong

Stromal Hyaluronan Expression Is Associated with PSA Recurrence in Local
Prostate Cancer. Urologia Internationalis 69: 266-272.

Simpson MA, Wilson CM, McCarthy JB (2002) Inhibition of prostate tumor cell
hyaluronan synthesis impairs subcutaneous growth and vascularization in
immunocompromised mice. American Journal of Pathology 161: 849-857.

. Walsh EC, Stainier DY (2001) UDP-glucose dehydrogenase required for cardiac

valve formation in zebrafish. Science 293: 1670-1673.

Strominger JL, Kalckar HM, Axelrod J, Maxwell ES (1954) Enzymatic
oxidation of uridine diphosphate glucose to uridine diphosphate glucuronic
acid. Journal of the American Chemical Society 76: 6411-6412.

. Zalitis J, Feingold DS (1969) Purification and properties of UDPG dehydroge-

nase from beef liver. Archives of Biochemistry and Biophysics 132: 457-465.

. Hempel J, Perozich J, Romovacek H, Hinich A, Kuo I, et al. (1994) UDP-

glucose dehydrogenase from bovine liver: primary structure and relationship to
other dehydrogenases. Protein Science 3: 1074-1080.

Spicer AP, Kaback LA, Smith TJ, Seldin MF (1998) Molecular cloning and
characterization of the human and mouse UDP-glucose dehydrogenase genes.
Journal of Biological Chemistry 273: 25117-25124.

. Lind T, Falk E, Hjertson E, Kusche-Gullberg M, Lidholt K (1999) ¢cDNA

cloning and expression of UDP-glucose dehydrogenase from bovine kidney.

Glycobiology 9: 595-600.

. Wegrowski Y, Perreau C, Bontemps Y, Maquart FX (1998) Uridine dipho-

sphoglucose dehydrogenase regulates proteoglycan expression: cDNA cloning
and antisense study. Biochemical and Biophysical Research Communications
250: 206-211.

Franzen JS, Kuo L, Eichler AJ, Feingold DS (1973) UDP-glucose dehydrogenase:
substrate binding stoichiometry and affinity. Biochemical and Biophysical
Research Communications 50: 517-523.

Franzen JS, Marchetti PS, Feingold DS (1980) Resonance energy transfer
between catalytic sites of bovine liver uridine diphosphoglucose dehydrogenase.
Biochemistry 19: 6080-6089.

Jaenicke R, Rudolph R, Feingold DS (1986) Dissociation and in vitro
reconstitution of bovine liver uridine diphosphoglucose dehydrogenase. The
paired subunit nature of the enzyme. Biochemistry 25: 7283-7287.

Chen A, Marchetti P, Weingarten M, Franzen J, Feingold DS (1974) Binding
studies with bovine liver UPD-D-glucose dehydrogenase. Carbohydrate
Research 37: 155-165.

@ PLoS ONE | www.plosone.org

Cooperativity in hUGDH

Author Contributions

Conceived and designed the experiments: RCR HC L-WK S-WC.
Performed the experiments: VR H-SL S-HC H-BR J-YB E-YW J-WH.
Analyzed the data: VR H-SL S-HC H-BR J-YB E-YW J-WH RCR HC
L-WK S-WC. Wrote the paper: RCR HC.

24.

26.

27.

28.

29.

30.

32.

33.

37.

38.

39.

40.

41.

42.

43.

44.

46.

Arrecubieta C, Lopez R, Garcia E (1994) Molecular characterization of cap3A,
a gene from the operon required for the synthesis of the capsule of Streptococcus
pneumoniae type 3: sequencing of mutations responsible for the unencapsulated
phenotype and localization of the capsular cluster on the pneumococcal
chromosome. Journal of Bacteriology 176: 6375-6383.

. Dougherty BA, van de Rijn I (1993) Molecular characterization of hasB from an

operon required for hyaluronic acid synthesis in group A streptococci.
Demonstration of UDP-glucose dehydrogenase activity. Journal of Biological
Chemistry 268: 7118-7124.

Petit C, Rigg GP, Pazzani C, Smith A, Sieberth V, et al. (1995) Region 2 of the
Escherichia coli Kb capsule gene cluster encoding proteins for the biosynthesis of
the K5 polysaccharide. Molecular Microbiology 17: 611-620.

Campbell RE, Mosimann SC, van De Rijn I, Tanner ME, Strynadka NC (2000)
The first structure of UDP-glucose dehydrogenase reveals the catalytic residues
necessary for the two-fold oxidation. Biochemistry 39: 7012-7023.

Egger S, Chaikuad A, Kavanagh KL, Oppermann U, Nidetzky B (2011)
Structure and mechanism of human UDP-glucose 6-dehydrogenase. J Biol
Chem In Press.

Molz RJ, Danishefsky I (1971) Uridine diphosphate glucose dehydrogenase of
rat tissue. Biochimica et Biophysica Acta 250: 6-13.

Egger S, Chaikuad A, Kavanagh KL, Oppermann U, Nidetzky B (2010) UDP-
glucose dehydrogenase: structure and function of a potential drug target.
Biochemical Society Transactions 38: 1378-1385.

. Kadirvelraj R, Sennett NC, Polizzi SJ, Weitzel S, Wood ZA (2011) Role of

Packing Defects in the Evolution of Allostery and Induced Fit in Human UDP-
Glucose Dehydrogenase. Biochemistry 50: 5780-5789.

Huh JW, Robinson RC, Lee HS, Lee JI, Heo YS, et al. (2006) Expression,
purification, crystallization, and preliminary X-Ray analysis of the human UDP-
glucose dehydrogenase. Protein Pept Lett 13: 859-862.

Rao ST, Rossmann MG (1973) Comparison of super-secondary structures in
proteins. Journal of Molecular Biology 76: 241-256.

Easley KE, Sommer BJ, Boanca G, Barycki JJ, Simpson MA (2007)
Characterization of human UDP-glucose dehydrogenase reveals critical catalytic
roles for lysine 220 and aspartate 280. Biochemistry 46: 369-378.

Sommer BJ, Barycki JJ, Simpson MA (2004) Characterization of human UDP-
glucose dehydrogenase. CYS-276 is required for the second of two successive
oxidations. Journal of Biological Chemistry 279: 23590-23596.

5. Franzen JS, Ashcom J, Marchetti P, Cardamone JJ, Jr., Feingold DS (1980)

Induced versus pre-existing asymmetry models for the half-of-the-sites reactivity
effect in bovine liver uridine diphosphoglucose dehydrogenase. Biochimica et
Biophysica Acta 614: 242-255.

Huh JW, Yang SJ, Hwang EY, Choi MM, Lee H]J, et al. (2007) Alteration of the
quaternary structure of human UDP-glucose dehydrogenase by a double
mutation. J Biochem Mol Biol 40: 690-696.

Ridley WP, Houchins JP, Kirkwood S (1975) Mechanism of action of uridine
diphosphoglucose dehydrogenase. Evidence for a second reversible dehydroge-
nation step involving an essential thiol group. Journal of Biological Chemistry
250: 8761-8767.

Huh JW, Yoon HY, Lee HJ, Choi WB, Yang S]J, et al. (2004) Importance of Gly-
13 for the coenzyme binding of human UDP-glucose dehydrogenase. Journal of
Biological Chemistry 279: 37491-37498.

(1994) The CCP4 suite: programs for protein crystallography. Acta
Crystallogr D Biol Crystallogr 50: 760-763.

McCoy AJ, Grosse-Kunstleve RW, Adams PD, Winn MD, Storoni LC, et al.
(2007) Phaser crystallographic software. J Appl Crystallogr 40: 658-674.
Adams PD, Afonine PV, Bunkoczi G, Chen VB, Davis IW, et al. PHENIX: a
comprehensive Python-based system for macromolecular structure solution.
Acta Crystallogr D Biol Crystallogr 66: 213-221.

Murshudov GN, Vagin AA, Dodson EJ (1997) Refinement of macromolecular
structures by the maximum-likelihood method. Acta Crystallogr D Biol Crystal-
logr 53: 240-255.

Emsley P, Cowtan K (2004) Coot: model-building tools for molecular graphics.
Acta Crystallogr D Biol Crystallogr 60: 2126-2132.

Ge X, Campbell RE, van de Rijn I, Tanner ME (1998) Covalent Adduct
Formation with a Mutated Enzyme:,Aa Evidence for a Thioester Intermediate
in the Reaction Catalyzed by UDP-Glucose Dehydrogenase. Journal of the
American Chemical Society 120: 6613-6614.

Campbell RE, Sala RF, van de Rijn I, Tanner ME (1997) Properties and kinetic

analysis of UDP-glucose dehydrogenase from group A streptococci. Irreversible

October 2011 | Volume 6 | Issue 10 | e25226



Cooperativity in hUGDH

inhibition by UDP-chloroacetol. Journal of Biological Chemistry 272: 48. Ordman AB, Kirkwood S (1977) Mechanism of action of uridine diphoglucose

3416-3422. dehydrogenase. Evidence for an essential lysine residue at the active site. Journal
47. Egger S, Chaikuad A, Kavanagh KL, Oppermann U, Nidetzky B (2011) of Biological Chemistry 252: 1320-1326.

Structure and mechanism of human UDP-glucose 6-dehydrogenase. Journal of 49. Barton GJ (1993) ALSCRIPT: a tool to format multiple sequence alignments.

Biological Chemistry: In Press. Protein Engineering 6: 37-40.

50. Bond CS (2003) TopDraw: a sketchpad for protein structure topology cartoons.
Bioinformatics 19: 311-312.

@ PLoS ONE | www.plosone.org 10 October 2011 | Volume 6 | Issue 10 | e25226



