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Characterization of Human UDP-Glucose Dehydrogenase Reveals Critical Catalytic
Roles for Lysine 220 and Aspartate 280
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ABSTRACT. Human UDP-glucose dehydrogenase (UGDH) is a homohexameric enzyme that catalyzes two
successive oxidations of UDP-glucose to yield UDP-glucuronic acid, an essential precursor for matrix
polysaccharide and proteoglycan synthesis. We previously used crystal coordinaBgefitococcus
pyogenedJGDH to generate a model of the human enzyme active site. In the studies reported here, we
have used this model to identify three putative active site residues: lysine 220, aspartate 280, and lysine
339. Each residue was site-specifically mutagenized to evaluate its importance for catalytic activity and
maintenance of hexameric quaternary structure. Alteration of lysine 220 to alanine, histidine, or arginine
significantly impaired enzyme function. Assaying activity over longer time courses revealed a plateau
after reduction of a single equivalent of NADN the alanine and histidine mutants, whereas turnover
continued in the arginine mutant. Thus, one role of this lysine may be to stabilize anionic transition states
during substrate conversion. Mutation of aspartate 280 to asparagine was also severely detrimental to
catalysis. The relative position of this residue within the active site and dependence of function on acidic
character point toward a critical role for aspartate 280 in activation of the substrate and the catalytic
cysteine. Finally, changing lysine 339 to alanine yielded the wild-tyjpg, but a 165-fold decrease in
affinity for UDP-glucose. Interestingly, gel filtration of this substrate-binding mutant also determined it
was a dimer, indicating that hexameric quaternary structure is not critical for catalysis. Collectively, this
analysis has provided novel insights into the complex catalytic mechanism of UGDH.

UDP-glucuronic acid is a requisite precursor for synthesis Therefore, limitation of UDP-glucuronic acid availability in
of extracellular matrix polysaccharides, a branch point for tumor cells by UGDH antagonism may regulate the produc-
production of additional intracellular UDP-esterified sugars, tion of hyaluronan in tumors and present novel therapeutic
and a substrate for lipophilic xenobiotic detoxification by targets. Mechanistic details of the enzyme reaction would
glucuronosyltransferase enzymes in the liver and gastrointes-be useful for designing rational inhibition strategies.

tinal tract (1). UDP-glucuronic acid is generated intracellu- Bovine (L1-19), streptococcal20—24), plant @5, 26),
larly by UDP-glucose dehydrogenase (UGDHWhich  ang human27, 28) UGDH enzymes have been reported,
catalyzes two successive NARJependent oxidations of  anq all catalyze the same substrate to product conversion.
UDP-glucose. The normal cellular functions of UGDH have aowever. the human and bovine enzymes occur as homo-
been studied in various organisms by targeted gene disrupexamers 16), while the bacterial enzyme is dimeric in
tions, and these studies demonstrate its importance, particUzyystal structures2?) and may be active as a monomaey
larly for developmental morphogenesi8—5). Recently, Studies of other nucleotide sugar dehydrogena2@shave
Vigetti et al. @) additionally demonstrated that the manipula- s ggested that higher-order quaternary assembly influences
tion of UGDH expression levels ienopusmpacts produc-  gjiosteric regulation of the enzyme function but is not
tion of the extracellular glycosaminoglycan polymer, hyalu-  equired for catalytic activity. An interesting feature of the
ronan, which depends upon the availability of UDP- enzyme mechanism as characterized in the bovine and
glucuronic acid. Elevated hyaluronan production is strongly pacterial systems is the fact that both oxidative events
implicated in cancer progrc_asspﬁf—(?), and inhibition of required to convert the'Gydroxyl of UDP-glucose to a
hyaluronan synthesis restricts in vivo tumor growfto)( carboxylate in UDP-glucuronate occur in succession at the
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yields a thiohemiacetal that was rapidly oxidized to a tion across plant, human, bovine, murine, and bacterial
thioester. Mutagenesis of cysteine to serine in the strepto-species in sequence alignments of UGDH homologues was
coccal and human enzymes has since effectively trapped theused as an additional criterion to refine our choice of
ester adduct and permitted the confirmation of this cysteine appropriate putative catalytic residues. The side chains for
residue’s catalytic functior2@, 27). However, the formation  residues examined in the study were shown colored by atom.
of a covalent lysine adduct, specifically a catalytic Schiff To understand the quaternary structure influence of specific
base, is not consistent with mechanistic aspects of thepoint mutations, we also modeled the dimeric unit of human
bacterial reaction 24). Therefore, additional molecular ~UGDH against the dimeri€. pyogenestructure. The dimer
studies have the potential to address these questions. was displayed in a ribbon representation using Chimera, with
Human UGDH g8) is 23% identical to its ortholog in  specific residues that destabilized the interfaces between
Streptococcus pyogenefor which a structure has been trimers of dimers, as well as the substrate and cofactor,
determined. Using the coordinates of the bacterial enzymerepresented in space filling models (Figure 6).
complexed with cofactor and substrate, we modeled the Generation and Purification of UGDH Point Mutants
human enzyme and identified specific residues likely to point mutants of UGDH were generated from the wild-type
participate in catalysis. By site-directed mutagenesis and UGDH-pET28a construct using the QuikChange site-directed
biochemical analysis, we previously showed that the product mutagenesis kit (Stratagene, La Jolla, CA) according to the
of the first oxidation becomes linked to C276, which was manufacturer's protocol. Point mutant coding sequences were
important for the second oxidation. K279 was shown to be subcloned in pET28a. Subclone sequences were verified by
critical for both maintenance of hexameric quaternary the Genomics Core at the University of Nebraska. Point
structure and positioning of active site residues. In this work, mutants were expressed and purified as previous|y described
we have generated additional mutations to characterize the27). Briefly, the recombinant plasmids encoding N-terminal
catalytic function of the human enzyme. Specifically, we sjx-His fusions to UGDH and point mutants K220A, K220H,
selected K220, K339, and D280 as critical catalytic residues, K220R, C276A, D280N, D280E, and K339A were used to

mutagenized each to assess its importance for catalysis, an¢ransformEscherichia colstrain Rosetta2(DE3)pLysS (EMD
further examined the function of C276. Here we describe Biosciences, Inc., San Diego, CA) Cultures were grown to

essential roles for K220 and D280 and discuss the relation-an Agy, of 0.6-0.8 in 2xYT medium containing 34 mg/L
ship between enzyme activity and hexameric quaternary chloramphenicol and 30 mg/L kanamycin at 36 and
structure. induced fo 4 h by the addition of IPTG to a final
concentration of 0.5 mM. Pelleted cells were resuspended
EXPERIMENTAL PROCEDURES in 50 mM sodium phosphate buffer (pH 8.0) containing 0.3
Homology Modeling and Model Representatiowe M NaCl and 10 mM imidazole and lysed by sonication.
modeled human UGDH using 3D-PSSBOY, which super- ~ Nucleic acids were removed from the soluble fraction by
imposed the human amino acid sequence onto the PDBPOlyethyleneimine precipitation. Soluble point mutants were
coordinates for the publishe8. pyogenesJGDH dimer then purified by affinity chromatography using a nickel-
(PDB entry 1DLI). A ribbon rendering of the model was chelating column (Novagen) according to the manufacturer’s
made with Chimera31). To facilitate selection of residues ~ Protocol and dialyzed against 0.1 M sodium phosphate (pH
specifically involved in catalysis, the active site of a modeled 7-4) and 1 mM DTT. All protein was stored at a concentra-
ternary complex with NAD and UDP-glucose was the focus ~ tion of 10 mg/mL.
as depicted in Figure 1, and proximal side chains were Standard Enzymatic Acfty Measurement and Kinetic
identified within 5 A of thesubstrate and cofactor. Conserva- Characterizations.For standard screening of enzymatic
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Ficure 1: Stereodiagram of the modeled UGDH active site in a ternary complex. The human UGDH primary sequence was superimposed
on the published crystal coordinates for iepyogenesnzyme (PDB entry 1DLI). A model depicting the human enzyme in complex with

the NAD" cofactor and UDP-glucose substrate was generated using 3D-PSSM and represented in Chimera as a ribbon diagram. The active
site was the focus, and side chains of specific residues discussed in the text are shown. The network of hydrogen bonding between protein
active site residues and the cofactor and substrate is illustrated with dotted lines (Discussion). The overall helical ribbon is colored blue and
the random coil yellow; within the active site, carbon atoms of the protein are colored gray, carbons in the cofactor and substrate are
colored green, nitrogen is colored blue, oxygen is colored red, sulfur is colored yellow, and phosphorus is colored pink.

activity, the change in absorbance at 340 nm that ac- analysis was used to determine rates for D280N and C276A.
companies reduction of NADto NADH was monitored as  For the K220 mutants, the linear initial rates (i.e., data up to
reported previously7). Assays were performed for 1 min 1 min for K220A and up to 10 min for K220H and K220R,
at room temperature with 10g of purified UGDH in 0.1 M as shown in the inset panels of Figure 4) were replotted and
sodium phosphate buffer (pH 7.4) containing 1 mM UDP- analyzed by linear regression to produce specific activity.
glucose and 10 mM NAD (Sigma-Aldrich, St. Louis, MO). Determination of Cofactor Binding Constan@uenching
Specific activities were calculated from absorbance values of intrinsic tryptophan fluorescence was previously found
using the molar extinction coefficient for NADH of 6220 to be a useful method of quantifying cofactor binding in a
M~t cmt. The Ky, and Vimax for UDP-glucose and NAD manner independent of enzyme activity, since tryptophan
were determined independently for the D280E mutant using fluorescence diminishes in a concentration-dependent fashion
standard assay conditions as described above. K339A waswith addition of NAD' (27). Each UGDH point mutant was
analyzed similarly but with the following modifications. scanned to verify maximal tryptophan excitation at 290 nm;
Constants for UDP-glucose as the substrate were measure@xcitation at this value was then used to confirm maximal
by holding the NAD concentration constant and varying emission at 335 nm. The intrinsic tryptophan fluorescence
the UDP-glucose concentration from 0 to 10 mM. Similarly, was monitored using these excitation and emission values
NADT* kinetic measurements were made by holding the in the presence of increasing NARofactor concentrations
UDP-glucose concentration constant and varying the NAD from 0 to 1.5 mM. Dissociation constant€y(values) were
concentration from 0 to 6 mM. Triplicate determinations were obtained for each mutant by fitting corrected fluorescence
made for each concentration increment, and data were plottedquenching to a curve with a single-exponential decay.
with PRISM (GraphPad Software, Inc., San Diego, G&). Molecular Weight DeterminatiorThe molecular mass of
andVmaxWere calculated by fitting the data to the Michaelis  each UGDH point mutant complex was determined by gel
Menten equation and assuming a single binding site eachfiltration chromatography. Purified recombinant wild-type
for the substrate and cofactor. UGDH and point mutants were individually loaded on a
Kinetic measurements for all point mutants were initially Superdex 200 HR 10/30 column (GE Healthcare Life
made under standard assay conditions. However, activitiesSciences, Piscataway, NJ) and separated by FPLC in 50 mM
of C276A, D280N, and all K220 mutants were found to be NaPQ (pH 7.0) containing 150 mM NaCl, at a flow rate of
neg||g|b|e at the 1 min time point_ |ncreasing (up to 5-fold 0.25 mL/min. Sizes were determined by comparison to size
excess) or decreasing (2-fold) substrate and cofactor con-exclusion chromatography high-molecular weight calibration
centrations had no effect on either the 1 min measurementsstandards chromatographed under the same conditions. The
or the subsequent longer time courses that were performedstandards that were used (see the inset plot of Figure 5A)
To determine if residual enzymatic activity remained, mutant Were as follows: thyroglobulin (699 kDa), ferritin (416 kDa),
protein concentrations were increased 50-fold to 2 mg/mL catalase (219 kDa), aldolase (176 kDa), albumin (67 kDa),
and assays were set up with saturating cofactor and substrat@valbumin (47 kDa), chymotrypsinogen A (20 kDa), and
concentrations (2 mM each). The absorbance at 340 nm wasRNase A (15 kDa). Resolution was sufficient to calculate
monitored for 100 min on a time drive that recorded values Molecular masses unambiguously in multiples of 57 kDa (the
at 1 s intervals for the K220 mutants or at 2 min intervals calculated molecular mass of monomeric His-tagged UGDH).
for the C276A and D280N mutants. Activities were calcu- RESULTS
lated from the absorbance values using the molar extinction
coefficient for NADH and plotted versus time to illustrate Selection and Generation of UGDH Point Mutanihe
differences in kinetic behaviors as shown. Linear regression structure for human UGDH has not yet been determined,
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but the human enzyme is 23% identical to its ortholog from A_
S. pyogenedor which a structure has been publish@a)(
Using the coordinates of the bacterial enzyme complexed
with cofactor and substrate, we modeled the human enzyme
as a ternary complex with the NADofactor and the UDP-
glucose substrate and inspected the architecture of the active
site (Figure 1). On the basis of this model, we identified
specific residues within the active site that were likely to be

important for catalytic activity. Selected residues were located T T T T 5
unamblguously_ with support from primary sequence align- [NAD+] (mM)
ments of bacterial, plant, bovine, murine, and human UGDH,

in which each was also 100% conserved across species (not B
shown). We generated point mutations at residues K220,

C276, D280, and K339 to investigate their individual
contributions to the enzyme mechanism. Figure 1 illustrates

the positions of these residues in the active site of the human

UGDH model relative to NAD and UDP-glucose. On the

basis of their respective positions, we expected that K220

and D280 would be critical for the catalytic activity of the . r . .
enzyme, whereas K339 was predicted to be important for 2 4 6 8 10
substrate binding. C276 was previously identified as the [UDP-glucose] mM

catalytic cysteine shown in Scheme 27). Point mutants FIGURE 2: Steady state kinetics of UGDH K339A. UGDH K339A

were each subcioned ina bacteral expression veclor thaST LI S S ke o R0 ot O e o
encoded an N-terminal six-histidine fusion for affinity of NAD* to NADH detected by absorbance at 340 nm. Purified

purification. Th_e resultant ponstructs expressed abundanthyman UGDH [10ug in 0.1 M sodium phosphate (pH 7.4)] was
soluble recombinant UGDH i&. coli, and each enzyme form  incubated for 1 min with increasing concentrations of NAAErom
was purified to homogeneity by nickel affinity chromatog- 0 to 6 mM) in the presence of a saturating level of substrate (UDP-
raphy. Typical yields were=30 mg of purified protein per glucose, 10 mM, panel A) or with increasing concentrations of

lit £ cult for th ild t d all tant t UDP-glucose in the presence of a saturating level of cofactor
iter of cufture for the wild type and all mutants excep (NAD™, 6 mM, panel B). The specific activity was calculated from

K220A, which was consistently10 mg/L. absorbance using the molar extinction coefficient for NADH and
Kinetic Characterization of UGDH K339AJGDH cata- plotted as the meas: standard deviation of three independent
yzes conversion of a UDP-glcose substate to a LUDP- SSSTIAITS, Das ke Il o LeMeanan suelr,
glucuronic acid product, Concom'.tant.ly r?duclng two mol- mea%ured values for the wil%-type enzyme giver’1 for comparison.y
ecules of NAD to NADH. To obtain kinetic constantf,
and VmaX) for SUbS_trate and cofactor, Steady state levels of Table 1: Michaelis Constants for Wild-Type, K339A, and D280E
NADH are monitored by absorbance at 340 nm and ycpH
converted to specific activity. The enzymatic activity of
UGDH point mutants was initially assayed for 1 min with
both cofactor and substrate at concentrations several-fold in
excess of the saturating concentration as compared to wild
type_ UGDH. Only D280E (described ilj .the following E:?S%'X ziggi % gigi ig 159(')%; (1)'1700 ;Zgi %g
section) and K339A had detectable activity under these pogoe 5304+ 41 590+ 15 224 1.3 4404+ 12
conditions. Measurements to determine the dependence of
the reaction on cofactor concentration were taken using for cofactor, and particularly for substrate, are significantly
purified UGDH K339A incubated with increasing concentra- reduced.
tions of NAD" in the presence of a saturating level of UDP- Kinetic Characterization of UGDH C276A, D280N, and
glucose substrate (Figure 2A). Similarly, the dependence of D280E MutantsMichaelis constants for the D280E mutant
reaction kinetics on substrate was measured by increasingvere determined concurrently with those of the wild-type
the UDP-glucose concentration in the presence of a saturatingenzyme (Table 1). Interestingly, D280E kinetics were
NAD* concentration (Figure 2B). Saturation kinetics were minimally perturbed, exhibiting a modest8-fold) increase
observed for both conditions. Identical reactions with the in K., for UDP-glucose and ar2-fold reduced/na« relative
purified wild-type UGDH were analyzed simultaneously for to that of the wild type. To evaluate the remaining mutants
comparison. Data were fitted to the Michaelidenten more carefully and determine the extent of impaired catalytic
equation to obtairKy, and V.« for the reactions catalyzed function, we performed a time course over 100 min,
by the wild-type and mutant enzymes (Table 1). Both sets measuring enzyme activity as NARurnover a1 s intervals
of conditions yielded a simila¥max of ~800—900 nmol of via the absorbance at 340 nm. Saturating substrate and
NADH min~* (mg of enzyme)* for both wild-type UGDH cofactor concentrations were determined by increasing or
and K339A. However, relative to that of the wild type, the decreasing the added NAand UDP-glucose concentration
Km for UDP-glucose was increaseedl65-fold, to 1.5 mM, in 5-fold increments (not shown). Using saturating condi-
and theK, for NAD™ was increased-5-fold to 2 mM for tions, activity was plotted as a function of assay time to
the K339A mutant. Thus, although the maximal activity is calculate the specific activities for the reaction (Figure 3 and
not perturbed by the K339A mutation, its relative affinities Table 2). In contrast to the conversion of NABo NADH
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Ficure 3: Kinetics of UGDH C276A and D280N mutants. The C = 3
activity of the UGDH C276A (A) and D280N (B) mutants [2 mg/ g
mL in 0.1 M sodium phosphate (pH 7.4)] was measured as the %
conversion of NAD to NADH detected by absorbance at 340 nm 2 20+
over a 100 min time course in the presence of saturating concentra- 3
tions of cofactor (2 mM NAD) and substrate (2 mM UDP-glucose). £
Absorbances were converted to specific activity using the molar £ 104
extinction coefficient for NADH. Data points were collected every E‘
2 min. Data represent the mean of three separate assays, with linear kS o
regression superimposed. The standard deviation is shown only at < 0 T T T
10 min intervals for visual clarity. 0 25 50 75 100
Time (min)
Table 2: NAD" Turnover and Binding Ficure 4: Kinetic characterization of K220A, K220H, and K220R.

UGDH K220 mutants [2 mg/mL protein in 0.1 M sodium phosphate

specific activity (pH 7.4)] were incubated with a saturating level of cofactor and

enzyme (nmol mir* mg™) Ko (uM) substrate, and the absorbance was monitored at 340 nm for 100
UGDH 690+ 9.1 500+ 12 min. Data points were collected & s intervals on a time drive.
K339A 740+ 15 650+ 49 Curves representing the mean of three separate determinations for
K279A2 247+0.11 435+ 13 each mutant are shown (thick lines). Dotted lines flanking the curves
C2768 2,70+ 0.19 540+ 16 represent the standard deviation. Reactions of K220A (A) and
C276A 0.220+ 0.01 660+ 18 K220H (B) reached a maximal absorbance value at molar ratios of
D280E 410+ 10 420+ 5 NADH to input protein of 0.89 and 1.27, respectively, as discussed
D280N 0.031+0.01 550+ 15 in the text. K220R (C) did not plateau during the time course of
K220A 2.90+0.11 430+ 12 the assay. Specific activities for each mutant were obtained by linear
K220H 0.400+ 0.007 610+ 15 regression analysis of the initial rates (insets). Axes for the insets
K220R 0.4104 0.001 400+ 9 are in the same units as the main axes. Note that the linear phase
a pyblished values from ref7. for K220A is on a time scale different from that for K220H and

K220R.

by C276S, a previously characterized mutation that reachedD280N mutants precluded determination of stand&x@nd

a plateau in specific activity at 1 molar equiv of NADH to V.« values.

added protein, cofactor reduction did not plateau during the UGDH K220 Mutants Exhibit Differentially Impaired
time course of the reaction catalyzed by the C276A mutant Catalytic Function.The proximity of K220 to the substrate
(Figure 3A). Instead, the rate was linear and diminished 6'-hydroxyl in the UGDH homology model suggested this
approximately 3000-fold from the overall rate of NAD  residue was a likely candidate for an important catalytic role,
turnover by the wild-type enzyme (Table 2). C276 is possibly in Schiff base formation. We converted this residue
therefore important for efficient execution of the first to an alanine and measured its activity under saturating
oxidation and essential for catalysis of the second. D280N substrate and cofactor conditions as described for the mutants
was assayed in a manner similar to that of C276A and alsomentioned above. A relatively rapid initial increase in NADH
failed to exhibit a reaction plateau during the time course of absorbance was observed, followed by a slower phase that
the experiment, but specific activity was 1 order of magnitude reached a plateau at a molar ratio of 0.89 for NADH
further reduced relative to that of C276A (Figure 3B). D280 produced versus added enzyme (Figure 4A). The K220H
is also evidently important for both rounds of oxidation. The reaction also attained a plateau (molar ratio of 1.27 for
apparent specific requirement for acidic character suggestsNADH to input protein) but exhibited a slower initial rate
the low K, of this residue may facilitate its catalytic role. than K220A (Figure 4B and Table 2). In contrast, K220R
The extremely slow enzymatic turnover of both C276A and demonstrated linear increases in NADH production through-
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out the 100 min time course (Figure 4C). Since the K220A A | o
and K220H mutants reached a maximum absorbance value
for NADH production without depleting more thdi, of § b
the input NAD", we compared only the activity measured

by the initial burst rate. Although the K220R mutant does

;
' w
:

not plateau, its activity was identical when all data were Vo ey 2 * P ey 2 ®
included, so it was analyzed similarly for this comparison. C | D i

We excluded all but the first data points comprising the linear D28ON

phase of the reaction, replotted the data with the same axesg g

(inset graphs of Figure 4), and performed linear regression oo

to obtain specific activities. For K220A, the initial linear A
phase was very rapid and the reaction was near saturation Volume (ol b et

after 1 min, so only data points obtained within the first gre 5. Quaternary structure of UGDH point mutants. Purified
minute were used (Figure 4A, inset). For the other two wild-type UGDH was fractionated by gel filtration FPLC on a
mutants, data were included from the first 10 min of the Superdex 200 HR 10/30 resin at a flow rate of 0.25 mL/min in
reaction. Using this method, the initial rate of NADH phosphate-buffered saline. One major and two minor peaks were

; ; detected, as discussed in the text. Size determination was made by
appearance with K220A was reduced§90-fold relative comparison to molecular mass standards fractionated under identical

to a steady state rate of NADH formation by wild-type = conditions. The average retention time in the column was plotted
UGDH assayed with saturating substrate and cofactor levels.vs the log of the molecular mass for each standard (inset of panel

The activity of K220H was comparable to that of K220R A). The following standards were used: thyroglobulin (699 kDa),

i ; i ferritin (416 kDa), catalase (219 kDa), aldolase (176 kDa), albumin
Euf;élgj:cgllzhed relative to that of the wild-type enzyme by (67 kDa), ovalbumin (47 kDa), chymotrypsinogen A (20 kDa), and

. . RNase A (15 kDa). Each UGDH point mutant was similarly
The plateau that is observed in the K220A and K220H fractionated and its molecular mass calculated from its retention

reactions suggests that only a single round of oxidation is time relative to the standards. The mutant quaternary structure is

occurring, probably to form either the aldehyde or thiohe- illustrated by superposition of FPLC traces for each point mutant

miacetal intermediate shown in Scheme 1. Since K220R (gla&|23%1th%wg%;)é;f "a‘ée I(Dgrelgzz)gghcomparison: (A) K220A,
continues to turn over and the reaction rate is dependent on( ) - (©) +and (B) '

the number of oxidations, activity may be used only to was a dimer 22), but the bovine and human enzymes are
illustrate functional differences among the mutants. The rate- considered to be hexamerid§ 27). To determine the
limiting step of the overall reaction determines the apparent oligomeric state of human UGDH and its point mutants, we
rate for each enzyme. For the wild type, this is thioester performed size exclusion analysis by FPLC (Figure 5). As
hydrolysis, but for the mutants, an earlier step is affected by we previously determined, human UGDH was predominantly
mutation and becomes rate-limiting (see the Discussion). observed as a hexamer, eluting from the gel filtration column
Thus, it is appropriate only to discuss functional implications at a molecular mass corresponding to 6 times the single
of differential activity. K220A and K220H reach an equi- subunit mass (peak 1). Dimeric (I1I) and monomeric (lIl)
librium at different rates, which could be due to increased species were also present in some preparations, but their
solvent accessibility or reduced steric constraint within the appearance was independent of enzyme activity. The inset
active site of the former. However, neither can proceed panel shows molecular weight determination for the peaks
further. K220R, although slower, may still function normally. on the basis of size exclusion standards. Since the altered
Collectively, this suggests the positioning of a positive charge catalytic activity of the mutants could also result from
at the active site in the proximity of the site of enzymatic changes in quaternary structure, the oligomeric state of the
conversion may be important for catalysis. mutant enzymes was examined for perturbations relative to
Determination of UGDH Cofactor Binding Affinitylo the wild type by size exclusion FPLC (Figure 5). K220A
characterize the initial binding of the NADcofactor to and D280N, although catalytically inactive or severely
UGDH in a manner independent of its apparent binding impaired, retain almost exclusively hexameric structure, as
during 2-fold oxidation in turnover, we monitored the UGDH illustrated by an overlay of the elution profile on that of the
intrinsic tryptophan fluorescence. We determined that the wild-type enzyme (panels A and D of Figure 5, respectively).
fluorescence emission of the protein at 335 nm was quenchedSimilar profiles were observed for the D280E, K220H, and
by the incremental addition of NAD (data not shown).  K220R mutants (data not shown). K339A, which had altered
Tryptophan quenching was plotted as a function of NAD  substrate affinity but an equivale¥ay, Was observed to be
concentration and fitted to an exponential decay assuming adimeric (Figure 5B), confirming that hexameric structure is
single binding site. The resulting dissociation constants not required for the maximal activity of the wild-type human
obtained for binding by each of the point mutants were enzyme. Interestingly, whereas C276S retained a predomi-
comparable (Table 2), indicating the cofactor binding domain nantly hexameric structure with a minor dimeric peak)(
and presumably the folded structures of the mutant proteinsC276A was destabilized to a hexamelimer mixture, with
were unaffected by the respective point mutation. Further- an ~3-fold molar excess of dimer relative to hexamer.
more, loss of enzymatic activity was not the result of a  Surface Modeling of Residues that Destabilize Quaternary
change in binding of NAD by any mutant, and none of the  Structure Suggests a Potential Orientation of Homohexamers.
residues selected were required for high-affinity cofactor We constructed a model of a human UGDH dimer using
binding. the bacterial dimeric coordinates (Figure 6). There are 494
Quaternary Structure of UGDH Point Mutant8revious total residues in the human UGDH polypeptide, but the
studies withS. pyogenet)GDH indicated that the enzyme  model depicts only amino acids-@&40, which is the stretch
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Ficure 6: Ribbon diagram of the UGDH dimeric model. Human UGDH was modeled against the crystal coordinatesSfopythgenes

UGDH dimer with the NAD cofactor and UDP-glucose substrate bound. One subunit of the dimer is colored green. The other is colored
blue and red-violet to illustrate the N- and C-terminal domains, respectively. The dimer is viewed from the substrate accessible face (A and
C) and in stereo from the side (B and D), to illustrate the overall position of the active site, residues that are involved in maintaining
quaternary structure, and the putative docking interface for association of the dimers to form a hexamer. (A and B) Side chains of K279,
K339, and C276 as indicated are represented in space filling models. Carbon atoms are colored gray, and the sulfur is colored yellow and
the nitrogen blue. (C and D) The cofactor and substrate are illustrated in space filling models. Carbon atoms of UDP-glucose are colored
gray and those of NAD green. In both molecules, nitrogen is colored blue, oxygen red, and phosphorus cyan.

supported by homology to the bacterial enyme. Of the two as well as apparent routes by which cofactor, substrate, and
modeled subunits, one monomer is colored green and theproducts would enter and leave the active site, are located
other is colored to illustrate the two globular domains that on the same face of the protein. This leaves the other entire
exist within each monomer. Blue is used for the N-terminal face of the dimeric unit virtually flat, highlighting this surface
domain (residues-6227) and red-violet for the C-terminal as the probable interface for trimerization of the dimeric
domain (residues 228440). Residues we have identified to  units. K279 may be one residue involved in direct mediation
date (C276, K279, and K339) whose mutagenesis leads toof such contacts. However, placement of the other residues
the predominance of the dimeric quaternary structure aresuggests rather that impairment or alteration of interdomain
shown with space-filling representations in views from the mobility, perhaps through electrostatic contacts in the active
“front” (panel A) and “side” (panel B) relative to the active site, in K339A and C276A mutants may destabilize the
site. For additional visual clarity, the side view is shown in hexameric structure to favor the dimer.

stereo. The homology model of UGDH does not predict a

surface-exposed location for K279, mutation of which was DISCUSSION
previously found to yield a dimeric enzyme, or for C276, Human UGDH is an enzyme required for production of
but a partially exposed surface is modeled for K339. The UDP-glucuronic acid, a precursor for polysaccharide syn-
relationship of these residues to the bound NAD cofactor thesis and chemical detoxification. Stimulation of its syn-
and UDP-glucose substrate at the enzyme active site isthesis by androgens and peroxisome proliferators promotes
illustrated in panels C and D of Figure 6. It is interesting to its accumulation under pathological conditions, possibly
note that the majority of the enzyme’s protruding features, contributing to a metabolic advantage for hyperproliferative
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cells. In this study, we have investigated the complex glucuronic acid product must be exchangeable with bulk
catalytic mechanism of UGDH with an eye toward design solvent. Schiller et al.15) performed mass spectrometric
of a specific inhibitor. Using previously published crystal analysis of bovine UGDH reaction products formed A%
coordinates of the streptococcal homologue, we modeledand found only one of the oxygens exchanged. The finding
human UGDH and identified putative key active site residues. was recently repeated by Ge and Tan2d) {n the bacterial
Mutagenesis of each residue allowed us to determine criticalsystem and supports an alternative mechanism in which an
catalytic roles for K220, C276, and D280 while defining aldehyde intermediate is formed transiently at the active site
K339 as an important component of high-affinity substrate (20). Since an aldehyde was not detected, the authors
binding. Characterization of residual enzymatic activity in conclude it is rapidly converted to the thiohemiacetal adduct
the catalytic mutants has afforded some new insights into when it is attacked by cysteine (Scheme 1). Exchange of
the mechanism of the human enzyme. the first reduced cofactor for the second oxidized cofactor
The most straightforward mutant to evaluate is K339A, may occur only following thiohemiacetal formation, thus
which was predicted from the model to be a substrate binding preventing release of the transient aldehyde.
mutant. In fact, the data that were obtained support a pivotal Our mutagenesis studies were intended to discriminate
role for K339 in providing binding energy for UDP-glucose between these alternative mechanisms in the human system.
docking. Inspection of the model reveals that K339 is ideally Its proximity to the C6hydroxyl in the enzyme active site
positioned to coordinate and screen the negative charges omighlighted K220 immediately as a potential candidate for
the phosphate groups of this substrate. Because substrateatalysis. To test whether its function depended upon
binding is thought to precede cofactor binding in the formation of a Schiff base, we mutagenized K220 to an
mammalian enzymel@, 32), the reduced affinity of the  alanine, thus removing its chemical and steric presence.
K339A mutant for substrate also impacts the affinity for the Though the enzyme retained some activity, its initial burst
NAD* cofactor Kn), though its intrinsic bindingKg) is phase began to saturate well below a 1:1 molar ratio of
unaffected. A similar maximum reaction velocity,(s) for NADH per enzyme monomer. Given that the hexameric
wild-type UGDH and K339A with respect to both substrate bovine complex has been shown to exhibit half-site reactivity
and cofactor demonstrates that the overall function of this (16, 19), this point may correspond to a single oxidation
mutant is not altered. Intriguingly, this mutant is exclusively within only three of the six subunits in the enzyme complex.
found in a dimeric state, despite a clear prediction from the The aldehyde species may then be slowly released from the
homology model that its location is remote from sites likely active site, allowing the enzyme to continue performing
to be directly involved in maintaining “trimer of dimers” single-turnover reactions, or it may remain bound as a
contact as has been propos@8)( It is not clear what role  thiohemiacetal, slowly exchange cofactor, and undergo a
subunit associations may play in enzyme function. However, second, less favored oxidation. Formation of the thiohemi-
since the K339A mutanVma.x does not differ from that of  acetal and final hydrolysis may require K220. If the apparent
the wild-type enzyme, hexameric quaternary structure is not outcome is a mixture of these equilibria, then the 0.89 molar
essential for activity. This is supported by the fact that the ratio of NADH at which total saturation occurs suggests
bacterial enzyme exists as a dimer. The overall structure of K220A can perform only single oxidations.
each enzyme monomer contains two distinctly folded Possible explanations for the role of K220 that would be
globular domains, between which the active site exists within consistent with failure of the enzyme to continue turning over
an extended crevice formed by association of the two include activation of the cysteine sulfhydryl for attack on
domains. We postulate that in human UGDH, N-terminal the aldehyde, stabilization of the oxyanion that forms when
and C-terminal interdomain interactions within individual cysteine attacks the aldehyde to become a thiohemiacetal,
monomeric subunits are essential for the maintenance ofand/or stabilization of the acidic carboxylate group that forms
hexameric quaternary structure. K339 is the only residue to on the UDP-glucuronate product during thioester hydrolysis.
provide an active site contact from the C-terminal domain. Substitution of K220 with histidine was expected to preserve
The introduction of a hydrophobic residue at a position that or enhance the potential of this residue to serve as a general
is normally basic and important for substrate binding may acid or base during the reaction, but K220H also ceased
alter interdomain movements to the extent that the hexamersurnover at an~1:1 ratio of NADH to enzyme monomer.
are disrupted. We are currently seeking to optimize crystals This may indicate that the role of K220 in catalytic activation
of the human UGDH to test this hypothesis. does not depend on its ability to donate or abstract protons.
Two mechanisms have been proposed for the bovine Conversion of K220 to arginine, however, permitted sus-
enzyme based upon extensive kinetic data. In the first, astained turnover at a slower rate, which suggests a Schiff base
described in the introductory section (illustrated in Scheme is not an essential catalytic species, though it does not rule
1 of refs13 and27), an early step is the nucleophilic attack out its formation. We have attempted to trap a putative Schiff
on the 6-carbon to form a Schiff base intermediate that base by sodium borohydride reduction using the C276S and
physically sequesters the substrate at the enzyme active siteC276A mutants but have been unsuccessful. The most
The protonated Schiff base resulting from the first oxidation obvious explanation is that K220 stabilizes oxyanionic
would then be displaced by nucleophilic attack of a cysteine transition states during formation of the thiohemiacetal
sulfhydryl to produce the thiohemiacetal for the second intermediate and the carboxylate product.
oxidation. In support of the existence of the Schiff base, The catalytic importance of C276 (C260 $ pyogenes
Ordman and Kirkwood13) labeled a reactive lysine using UGDH) has been established in both the human and
a methylation method that proceeded via a Schiff base. bacterial enzymes by site-directed mutagen&3p Conver-
However, the formation of a Schiff base intermediate dictates sion of this residue to serine yielded a single-turnover
that both oxygen atoms on th€-&rbon of the UDP-  equilibrium that trapped the enzyme in a hemiacetal, as
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confirmed by mass spectrometi34j. Interestingly, in both
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amino group would stabilize the oxyanion while the second

systems, substitution with alanine significantly impaired oxidation took place, and again while hydrolysis of the
catalytic function, but the reaction did not plateau at an thioester occurred. Effective inhibition of the enzyme is likely

equimolar ratio of product to enzyme (1”23 and this work).

to result from a mechanism-based covalent modification so

The C276A mutant continued to turn over slowly at a linear a substrate analogue targeting C276 is an ongoing focus of
rate during the time course of the assay, indicating its role research on this enzyme.

is not critical but facilitative. This is consistent with a model

in which C276A provides an active site for UDP-glucose to REFERENCES

undergo the first oxidation to a hexodialdose intermediate.
At this point, the aldehyde can be released to allow for
ongoing single turnover, or the aldehyde may remain bound
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