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Abstract

Human UDP-a-p-xylose synthase (hUXS) is a member of the short-chain dehydrogenase/
reductase family of nucleotide-sugar modifying enzymes. hUXS contains a bound NAD™ cofactor
that it recycles by first oxidizing UDP-a-p-glucuronic acid (UGA), and then reducing the UDP-a-
p-4-ketoxylose (UX40) to produce UDP-a-p-xylose (UDX). Despite the observation that purified
hUXS contains a bound cofactor, it has been reported that exogenous NAD™ will stimulate enzyme
activity. Here we show that a small fraction of hUXS releases the NADH and UX40 intermediates
as products during turnover. The resulting apoenzyme can be rescued by exogenous NAD*,
explaining the apparent stimulatory effect of added cofactor. The slow release of NADH and
UX40 as side products by hUXS is reminiscent of the Escherichia coli UGA decarboxylase
(ArnA), a related enzyme that produces NADH and UX40 as products. We report that ArnA can
rebind NADH and UX40 to slowly make UDX. This means that both enzymes share the same
catalytic machinery, but differ in the preferred final product. We present a bifurcated rate equation
that explains how the substrate is shunted to the distinct final products. Using a new crystal
structure of hUXS, we identify the structural elements of the shunt and propose that the local
unfolding of the active site directs reactants toward the preferred products. Finally, we present
evidence that the release of NADH and UX40 involves a cooperative conformational change that
is conserved in both enzymes.
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Proteoglycans act as receptors for growth factors and are essential for cell proliferation,
migration and adhesion.}=3 Disrupting proteoglycan biosynthesis can attenuate tumor
growth and progression; thus controlling proteoglycan biosynthesis is a promising strategy
for treating cancer.2-> The biosynthesis of most proteoglycans begins with the covalent
attachment of xylose to the hydroxy! of a serine.5-8 In mammals, xylose is also used in non-
mucin O-glycosylation of key regulatory proteins such as Notch and a-dystroglycan that
play important roles in cancer progression and metastasis.?~12 The nucleotide sugar donor
that initiates xylose transfer is produced by UDP-a-p-xylose synthase (UXS; E.C. 4.1.1.35),
a member of the short-chain dehydrogenase/reductase (SDR) family. Understanding the
mechanism of UXS may contribute to the design of strategies that will slow or prevent
metastasis.

SDR enzymes share a common catalytic domain containing a Rossmann fold for binding the
NAD* cofactor.13 UXS is further classified as an ‘extended’ SDR due to an inserted
nucleotide sugar binding domain (NSBD).1415 The extended SDR subfamily includes
nucleotide sugar epimerases, dehydratases and decarboxylases, all of which use a similar
NAD*-dependent mechanism. The recent crystal structure of human UXS (hUXS) in
complex with NAD* and UDP has shed light on the mechanism (Figure 1).1° Briefly, hUXS
uses a bound NAD™ cofactor to oxidize of the C4’ atom of UDP-a-p-glucuronic acid (UGA)
to produce UDP-a-p-4-keto-glucuronic acid. The unstable B-keto-acid intermediate
decarboxylates to form the more stable UDP-a-p-4-keto-xylose (UX40). Finally, hUXS
uses the NADH cofactor produced in the first step to reduce the UX40 intermediate to UDP-
a-D-xylose (UDX). hUXS purifies with a bound cofactor and therefore has no requirement
for additional NAD™.16 Despite this observation, several reports have demonstrated that
adding exogenous NAD™ can stimulate UXS activity by 10-104%.1517-21 This stimulation
has been attributed to a significant contamination of apoenzyme in purified UXS.1517

We present evidence that the stimulatory effect of exogenous NAD™ is due to the
accumulation of apo-hUXS during catalytic turnover. We show that the hUXS mechanism
shunts UGA into two different paths: (i) the slow production of NADH and UX40, or (ii)
the preferred conversion to UDX. The first path results in an inactive apoenzyme that can be
rescued by exogenous NAD*. In contrast to hUXS, the homologous UGA decarboxylase
domain of Escherichia coli ArnA uses NAD™ as a cosubstrate and releases NADH and
UX40 as products (Figure 1).22:23 We show that cofactor binding in UXS and ArnA invokes
a conserved, cooperative conformational change. Interestingly, ArnA conserves the
bifurcated mechanism of hUXS and can produce UDX, albeit rather inefficiently. Using a
new crystal structure of hUXS, we identify the flexible active site elements that contribute to
the UX40 and NADH shunt. We present a model for this bifurcated mechanism that
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explains the stimulatory effect of exogenous NAD* on hUXS and the production of UDX by
AmA.

MATERIALS AND METHODS

Protein Purification

A hUXS construct lacking the 84 residue N-terminal transmembrane domain was designed
based on the crystal structure of hUXS in complex with UDP (PDB entry 2B69)1° and then
expressed and purified as previously reported.1 It has been suggested that heterologously
expressed hUXS contains a significant fraction of apoenzyme. We used the following assay
to determine the stoichiometry of hUXS:NAD™* in our expressed protein. The absorbance
spectrum of purified, total hUXS (hUXS + NAD™) was recorded on an Agilent 8453 UV-vis
spectrophotometer (Figure 2A). To quantitate the amount of NAD™, the sample was
recovered from the cuvette, boiled for 5 min and centrifuged to remove protein. The
absorbance spectrum of the supernatant containing the cofactor was recorded and
quantitated using the molar absorptivity of NAD* (g269 = 17400 M~1 cm™1).24 To quantitate
the amount of pure protein, the NAD™ supernatant spectrum was subtracted from that of the
total protein (hUXS + NAD"), and the resulting spectrum (protein alone) was quantitated
using the molar absorptivity of hUXS calculated with ProtParam (e2g9 = 37360 M™% cm™1)
(Figure 2A).25 An expression construct (pMS159) containing the decarboxylase domain of
E. coli ArnA (residues 306-660) was kindly provided by M. Sousa. This fragment has
previously been shown to have the same decarboxylase activity as full length ArnA%2 and is
simply referred to as ArnA throughout this work. ArnA was expressed in BL21 cells grown
to an ODggp ~1.3 at 37 °C in Terrific Broth containing 50 ug/mL Kanamycin (Research
Products International). Expression was induced after cooling the cultures to 15 °C and
adding IPTG (Research Products International) to a final concentration of 2 mM. Cells were
harvested after 24 h. Purification and cleavage of His-tagged ArnA were performed as
previously described for hUXS.16

Capillary Electrophoresis

The products of hUXS and ArnA were resolved using a G1600 3D capillary electrophoresis
system (Agilent Technologies). Reactions were quenched by plunging in liquid nitrogen and
extracted with 1:1 v/v chloroform while thawing. Capillary zone electrophoresis (CZE) of
the aqueous layer was performed in a fused-silica capillary (56 cm x 50 pm) with an
extended light path using 20 mM borate pH 9.3 as the background electrolyte at 22 kV and
18 °C. Absorbance spectra were collected between 200 and 400 nm and products were
identified by comigration with known standards. The UX40 standard was a kind gift of M.
Bar-Peled. Product peaks were manually integrated using Agilent CE ChemStation software
Rev. B.03.01, and scaled using an internal caffeine standard (5 mM; Sigma-Aldrich) for
progress curves. UX40 and NADH peaks were converted to molar concentrations using the
260 nm molar absorption coefficients 9820 M~ cm™1 and 14100 M=t cm™2, respectively.24

HPLC Purification and Collision Induced Dissociation (CID) Mass Spectrometry

UX40 and UDX were purified using a Dionex HPLC equipped with an AD20 absorbance
detector and a GP40 gradient pump. The hUXS reaction was resolved on a CarboPac
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analytical column (4 mm x 250 mm) using a linear ammonium formate gradient flowing at 1
mL/min over 25 min. Fractions were collected and products were confirmed using CZE as
described above. Purified UX40 and UDX were identified using a hybrid linear ion trap-
Fourier transform mass spectrometer (LTQ-Orbitrap XL ETD, Thermo-Fisher, San Jose,
CA). UDP-sugars were dissolved in 50 uL of sample solution: 15 pL of 100% methanol
followed by the addition of 35 pL of 1 mM NaOH in 50% methanol and injected directly
into the mass spectrometer using a nanospray ion source with a fused-silica emitter (360 x
75 x 30 um, SilicaTip, New Objective) at 2.0 kV capillary voltage, 240 °C capillary
temperature, and a syringe flow rate of 0.5 pL/min. The FTMS? (Fourier transform mass
spectrometry) spectra at 60 000 resolution was collected at 36% collision-induced
dissociation (CID) from the sodiated mass of UDP-xylose (602.9992 m/2) with 2.0m/z
isolation width. The FTMS? was performed on a b3-H (358.926 m/2) fragment ion with 36%
CID and 2.0 m/zisolation width. For analysis of UDP-4-keto-xylose, a MS/MS spectrum of
ion trap mass spectrometry (ITMS) was acquired at 36% CID and 0.8 m/z isolation width
from the sodiated mass of UDP-4-keto-xylose (600.9835 m/2).

Enzyme Assays

hUXS (1 mg/mL) was assayed in standard reaction conditions (50 mM Tris pH 8.0, 10 mM
DTT and 1 mM EDTA) at 25 °C. Initial velocities with variable NAD" (0.05-5 mM; Sigma-
Aldrich) and saturating UGA (1 mM), or variable UGA (0.005-5 mM) with saturating
NAD* (5 mM) were measured by monitoring NADH absorbance at 340 nm with an Agilent
8453 UV-vis spectrophotometer equipped with a Peltier temperature controller set at 25 °C.
The NADH concentration was calculated using the 340 nm molar absorptivity coefficient
6220 M~ cm~1.24 Initial velocities for ArA (0.5 mg/mL) were measured under the same
buffer and temperature conditions as hUXS, with variable NAD* (0.05-15 mM) and
saturating UGA (5 mM), or variable UGA (0.05-5 mM) with saturating NAD* (5 mM).
Initial velocities were fit to the bifurcated steady state rate equation (derived below) using
nonlinear regression in Prism (GraphPad Software, Inc.).

Scheme 1 illustrates the bifurcated steady state kinetics of hUXS with variable cofactor
NAD™ (A) and saturating substrate UGA (B).

E* and EA represent the apo and cofactor-bound forms of the enzyme, respectively. We
assume that the concentration of EA is negligible in the presence of saturating [B] and EAB
is the relevant Michaelis complex. The divergent pathways that yield the reduced product
UDX (P), or release the reaction intermediates NADH (Q) and UX40 (R) are governed by
the distinct rate constants, > and 43, respectively. The fraction of [EAB] that produces and
releases the intermediates during each catalytic cycle is

ks
release™— EAB
f : k2 kS [ ] (1)

The rate equation for the release of the intermediate products Q and R is
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ksks
Vo(A)=Fk3 frelease=7———[EAB
o(&)=Fksfra ko+ks [ ] 2)

To solve this equation, we assume the steady state condition 3 and express [E*] in terms of
total enzyme 4.

ki [E*][Al=k_1[EAB]+ky[ EAB]+ks[EAB]  (3)

[E*} :[E]tota,l - [EAB] (4)

Substitute 4 into 3 and simplify:

#1([Elyora — [EAB)[AJ=(k_1+k;+k3)[EAB] (5)

Solve for [EAB] and rearrange,

[EAB]: kl[E]total[A] — [E}total[A] ;let (k*1+k2+k3):KSIpp

(koatkotks)+hi[A] - [(koitkotks)/ki]+[A] Ky (6)

— [E]tota [A]
[EAB]_K&TM )

Substitute 7 into 2:

Vo(A)= [(ksks)/(kotks)] [Eliopa[A] _ Ve +[4]
o KPP+ A] CEKWPHA] (g)

Finally, we express the rate equation in the more general form to accommodate cooperativity
by assuming that the Hill coefficient (4) may not be unity:

Varp[A]"
‘/E)(A):(Kﬁpp)h—l—[A]h ©)

Crystallization, Data Collection and Refinement

hUXS crystals were obtained with precipitant containing 1.3 M ammonium sulfate, 0.1 M
magnesium formate and 0.15% PEG at 26 °C using the hanging-drop vapor-diffusion
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method. Rod-shaped crystals took 7 to 21 days to appear and grew to approximately 0.15
mm in length. hUXS crystallized in space group P3,21 with unit cell dimensions a=125.6
A, ¢=98.9 A and two molecules per asymmetric unit. For data collection, crystals were
cryoprotected by passing through a mixture of paratone/paraffin (50:50 ratio) and then
plunged into liquid nitrogen. Data were collected on beamline 8.2.1 at the Advanced Light
Source (ALS, Berkeley, CA) using an ADSC Q210 detector. Data sets were processed with
both the HKL suite of programs26 and XDS.27 Data collection statistics are reported in Table
1.

The structure of hUXS was solved by molecular replacement using the CNS suite of
programs.28 The crystal structure of a hUXS monomer (PDB entry 2B69) was used as a
search model. For molecular replacement, the ligands and waters were removed from the
search model, and 5% of the data were set aside for cross validation.2? Two monomers were
placed in the asymmetric unit to form the complete biological dimer. Iterative cycles of
model refinement and manual rebuilding were carried out using REFMAC30 and Coot,3!
respectively. Model refinement statistics are reported in Table 1.

Structural Analyses

Structural comparisons were performed using the atomic coordinates of unliganded hUXS
(PDB entry 4GLL), the hUXS:UDP complex (2B69),1° apo-ArnA (2BLL),32 and the
decarboxylase domain of the full length ArnA:ATP:UGA complex (1Z7E).33 Main chain B-
factors were averaged with BAVERAGE.30 Solvent accessible surface area was calculated
using AREAIMOL30 with a probe radius of 1.4 A. Sequence identities were calculated using
NCBI-BLAST34 and/ or DaliLite.35 LIGPLOT36 was used to analyze hydrogen bonding and
packing interactions between hUXS and the bound ligands. Substrate induced
conformational changes were analyzed using difference distance matrix analysis.3” The
NSBD rotation axis was generated using DYNDOM.38 Structural figures were generated
using Pymol (http://www.pymol.org).

RESULTS

Human UXS Releases the Reaction Intermediates NADH and UDP-4-keto-xylose

We expressed human UXS lacking the N-terminal membrane-spanning domain (hUXS;
residues 85-420) as described elsewhere.18 In our hands, recombinant hUXS purifies with
the NAD* bound in stoichiometric amounts (see Methods). The average of three different
protein preps yielded 1.07 + 0.05 mol of NAD* per mol of protein (Figure 2A). Using CZE,
we show that recombinant hUXS converts UGA to UDX without need of additional cofactor
(Figure 2B). In the presence of exogenous NAD™, two additional products are formed
(Figure 2B). The first product was identified as NADH based on comigration with known
standards and a characteristic absorbance spectrum (Figure 2C). The second product has a
UV absorbance spectrum matching a UDP-sugar (Figure 2D). On the basis of molar
absorptivity of uridine, the additional product is formed in stoichiometric amounts with
NADH (1.1:1) and is consistent with a UDP containing reaction intermediate from the
hUXS catalytic cycle (Figure 1). We postulated that the product was UX40, since UDP-4-
keto-glucuronic acid is a labile p-keto acid and would be expected to undergo
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decarboxylation. In support of our hypothesis, the UDP-containing product comigrates with
a UX40 standard during CZE (data not shown).

We used mass spectrometry to confirm the identity of the putative UX40. The UDP-
containing products were purified using HPLC. We identified fractions corresponding to
UDX and UGA, but we did not detect a separate peak for UX40 (Figure 3A). We used the
higher resolution of CZE to show UX40 comigrates with UDX during HPLC purification
(Figure 3B). The HPLC purified UDX/UX40 fraction was analyzed with a hybrid linear ion
trap-Fourier transform mass spectrometer (see Methods). Collision-induced dissociation
mass spectroscopy (CID-MS") confirms that the HPLC fraction contains two species: UDX
and UX40. The major species is consistent with sodiated UDX cleaving along the
glycosidic bond of uridine with hydrogen rearrangement (b4-H, 490.967 m/2) and the
phosphoester bond of phosphate with rearrangement (b3-H, 358.926 /m/zand b2-H, 256.978
my/z respectively) (Figure 3C). The minor species shows the same cleavage pattern as UDX,
but with a mass reduced by 2Da (Figure 3D), consistent with the loss of two hydrogen atoms
to form the C4’ ketone of UX40.

hUXS and ArnA Conserve NAD* Substrate Cooperativity

Our observation that hUXS produces both UDX and the intermediates NADH and UX40 as
terminal products indicates that the reaction mechanism is bifurcated (Figure 4A). The
release of the reaction intermediates from hUXS is ~2 orders of magnitude slower than the
production of UDX (specific activities of 3.45 + 0.08 and 534 + 29 nmol mg~1 min~1,
respectively). This means that the release of the NADH and UX40 intermediates only
weakly competes with the synthesis of UDX. Still, to accurately describe the steady state
kinetics of the slower NADH and UX40 release, we derived a bifurcated rate equation for
fitting the substrate saturation curves (see Methods). The NAD*-dependent substrate
saturation curve for hUXS intermediate release is sigmoidal (Hill coefficient = 1.8) (Table
2), showing that cofactor binding to apo-hUXS (E¥*) is cooperative (Figure 4B). The UGA
substrate saturation curve is also cooperative, albeit with a significantly lower Hill of 1.2
(Figure 4C). Next, we examined the £. coli UGA decarboxylase ArnA. ArnA conserves the
first catalytic step with hUXS to produce NADH and UX40 as end products (Figure 1). Like
hUXS, the steady state kinetics of ArnA also displays a strong NAD™ dependent
cooperativity (Hill = 1.7) (Figure 4D). The UGA substrate saturation curves show very little,
if any, cooperativity in ArnA (Hill = 1.1) (Figure 4E).

ArnA Catalyzes UDP-Xylose Synthesis

On the basis of the similarities in structure and chemistry, we asked if ArnA has a bifurcated
reaction mechanism (Figure 4A). Using CZE, we show that ArnA produces both UX40 and
UDX (Figure 5A). The ArnA progress curves for UDX production display a distinctive lag
in activity (Figure 5B). A lag in progress curves usually indicates the presence of a transient
in the reaction and can be modeled using the equation:3°

P=V, — (Ve = Vo)1 —e /"7
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where Pis the product concentration at time, £ and w is the half-life for the transition
between the initial (V) and final steady state velocities ( V4s). The © calculated from the
UDX progress curve is coincident with the plateaus of NADH and UX40 and the depletion
of UGA (Figure 5C). In addition, the final V4 of UDX production is reflected in the
depletion of UX40 and NADH. This supports a mechanism in which UX40 and NADH
rebind to ArnA to produce UDX.

NAD* Is Buried in the Core of hUXS

We solved the crystal structure of hUXS at 2.5 A resolution, revealing a dimer in the
asymmetric unit (Figure 6A). The extreme N-terminus of both chains is disordered (residues
85-87), as is the C-terminus of chain A (395-420) and chain B (399-420). In addition,
residues 166—170 are disordered in chain B. The equivalent residues in chain A form a helix
that is buried in a crystal contact. Crystal lattice formation selects for stable conformations
and is too weak to deform protein structures,*041 suggesting residues 166-170 are flexible
in solution, and the helix we observe is a consequence of crystal packing (discussed below).
The structure of hUXS is divided into a nucleotide sugar-binding domain (NSBD) and a
catalytic domain (Figure 6A). Because the crystal structure of hUXS in complex with UDP
as a substrate analogue (hUXS:UDP) has recently been described, > we will focus our
analysis on the conformational changes associated with cofactor and substrate binding.

Recombinant hUXS crystallizes with the copurified NAD* cofactor bound (Figure 6). While
no structures of £. coli ArnA contain NAD™, one structure was solved with ATP bound as a
cofactor analogue (PDB entry 1Z7E).33 hUXS and £. coli ArnA share 28% sequence
identity and superimpose 305 corresponding Ca atoms with an rmsd of 1.9 A. The
superposition shows that hUXS and ArnA bind cofactor in a similar binding cleft (Figure
6B). In hUXS, the re face of the nicotinamide ring is supported by packing interactions with
the side chain and carbonyl oxygen of 11e258 (Figure 6C). ArnA conserves a surprisingly
similar nicotinamide packing surface through an unorthodox substitution; Pro490 of ArnA is
structurally equivalent to the nonisosteric 11e258 of hUXS (Figure 6C). To accomplish this,
ArnA has undergone small structural rearrangements that shift the main chain Ca atom of
Pro490 by ~1.2 A relative to 11258 in the hUXS structure. Recently, the Seattle Structural
Genomics Center for Infectious Disease deposited the atomic coordinates of an annotated
UGA decarboxylase from Burkholderia pseudomallei (PDB entry 3SLG) which conserves
the same proline packing surface associated with the nicotinamide binding (not shown).

The adenosyl base of the cofactor is significantly shifted between the hUXS and ArnA
structures, primarily due to differences in Loop12g_124 (hUXS numbering) (Figure 6D). In
hUXS, the amide group of Asn120 packs on top of the adenylate base, and Thr123 and
Gly124 contribute a total of three hydrogen bonds. In addition, Thr178 and His267
contribute hydrogen bonds to the N6 of the adenylate base and a-phosphate, respectively
(Figure 6D). In hUXS, only ~4% of the cofactor is exposed to solvent. The Loop12g-124,
Thr178 and His267 interactions are not conserved in ArnA (Figure 6D,E). As a
consequence, ArnA binds the adenosine base and ribosyl in an altered conformation and
exposes more of the adenylate to solvent (Figure 6B,D). The remaining hydrogen bonds and
packing interactions with the cofactor are conserved in both hUXS and ArnA (Figure 6E).
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Modeled GIcA Binding in the hUXS Active Site

To better understand the conformational changes associated with NADH and UX40 release,
we modeled GIcA in the hUXS active site. As a starting model, we used the crystal structure
of a hUXS complex containing UDP and NAD* (PDB entry 2B69).1° The chemistry of
hydride transfer provides restraints for modeling a likely binding mode for GIcA in the
active site, specifically: (i) hydride transfer to NAD™ requires that the carbon and hydrogen
atoms of the C4’ position of GIcA are almost in-line with the C4 atom of the nicotinamide
(C4’-H/—-C4 angle slightly less than 180°):42 (ii) the angle between the GIcA C4’ and the
nicotinamide C4—N1 atoms varies between 81° to 145°:43-45 and (iii) the distance between
the C4’-C4 atoms should be approximately 3.5 A.444% Using only these constraints, we
modeled the position and orientation of GIcA such that the C1” atom could bond with the f-
phosphate of UDP in the hUXS:UDP structure (Figure 7A). Support for our modeled
conformation can be seen in the ordered water structure of the active site, which closely
approximates the volume, shape and hydrogen bonding requirements of GICA (Figure 7A).
Similarly ordered water structures are often seen compensating for missing sugar molecules
in carbohydrate binding enzymes.*6-48 Even though no side chains were adjusted in this
modeling exercise, the GIcA conformation is consistent with the active site architecture and
hydrogen bonding requirements.

Substrate Binding in hUXS Reveals Structural Elements Involved in the Release of
Reaction Intermediates

Our crystal structure represents the NAD*-bound, ‘open’ conformation of hUXS. A
comparison with the ‘closed’ hUXS:UDP structure shows that UDP binding causes the
NSBD to undergo a ~34° domain rotation to close the active site (Figure 7B). The
superposition identifies three flexible regions at the NSBD/catalytic domain junction that
contribute to substrate and cofactor retention: (i) HeliX1g5-168, (ii) LOOp159-164 and (iii)
Loopoge—272 (Figure 7C). Helixqg5-16g Undergoes a disorder-to-order transition to fold over
the sugar substrate and close off the active site from solvent (Figure 7C). A similar substrate
induced folding of the equivalent helix in dTDP-glucose 4,6-dehydratase (RmIB) has been
reported.?> Loop1sg_164 folds over and retains the cofactor. Loop;sg_164 is more rigid when
Helix1g5_16g folds, based on a 70% reduction in Ca B-factors between chain A and B in our
hUXS structure (average B-factors for entire chains 39.5 and 39.9 A2, respectively).
Loopoge_272 is part of the NSBD, and shifts to shield the substrate and cofactor as the
domain rotates to the closed conformation. This shift breaks a hydrogen bond between the
imidazole of His263 and the a-phosphate, and forms a new hydrogen bond between the
guanidinium of Arg272 and the B-phosphate of NAD* (Figure 7C).

The ArnA:ATP Structure Reveals an Induced-Fit Conformational Change Associated with
Cofactor Binding

All of the conformational changes associated with substrate binding in hUXS are conserved
in ArnA (see previous section). In addition, ArnA allows us to examine changes associated
with the transition from the apo- to the holoenzyme. A comparison of the catalytic domains
from apo-ArnA and the ArnA:ATP:UGA ternary complex (PDB entries 2BLL and 1Z7E,
respectively) identifies three regions that flank the NAD-binding site and shift in response
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to cofactor binding (Figure 8). First, the N-terminus of Helixzpg_337 shifts by 2.2 A to
facilitate the conserved interaction between the Rossmann GxxGxxG motif and the
pyrophosphate of NAD*. A second structural element, Loopz47_349, moves 2.6 A toward the
cofactor binding site to facilitate conserved hydrogen bonds between Asp347 (Asp119 in
hUXS) and the C2’ and C3’ hydroxyls of the adenine ribose (Figures 6E and 8). Loopz47_349
also shifts toward the cofactor binding pocket to interact with the adenosine moiety. Finally,
the N-terminal loop of Helix373_3g1 shifts away from the dimer interface by 2.8 A and
maintains packing interactions with Loops47_349. The side chain of Asp368 (Aspl44 in
hUXS) and the amide nitrogen of 11e369 form hydrogen bonds with the adenylate base N6
and N1, respectively. All three cofactor interactions mediated by the ArnA elements
(Helix3g_337, LOOP347-349 and Helixs73_3g1) are conserved in the hUXS structures.

DISCUSSION
The Bifurcated Mechanism of hUXS Explains the Stimulatory Effect of Exogenous NAD*

A previous study has reported that exogenous NAD™ can increase hUXS activity by as much
as 40%.1° Given that recombinant hUXS purifies with a tightly bound NAD* cofactor, and
the sequential oxidation and reduction steps of the catalytic cycle regenerate the cofactor
(Figure 1),16 the mechanism by which exogenous NAD* could stimulate activity was not
clear. It has been proposed that heterologously expressed hUXS produces a significant
amount of apoenzyme.1® Thus, the stimulatory effect of exogenous NAD* is due to the
apoenzyme binding cofactor. We have shown that our recombinant hUXS purifies with
stoichiometric amounts of cofactor (Figure 2A). We also show that hUXS can catalytically
produce NADH and UX40 in the presence of saturating NAD* and substrate (Figure 2). The
use of CZE was key to observing the slow release of the reaction intermediates. Previous
studies8-21 relied on the lower resolution techniques HPLC or TLC to assay UXS, which
makes the separation and identification of the UX40 intermediate difficult (Figure 3A,B).
This suggests that HPLC should be used with caution in future studies of UXS and related
SDR enzymes.*? The release of the reaction intermediates implies a bifurcated mechanism
in which the production of UX40 and NADH competes, albeit weakly, with the synthesis of
UDX (Figure 4A). More importantly, the bifurcated scheme we propose offers a plausible
explanation for the apparent stimulatory effect of exogenous NAD™. In the absence of
exogenous NAD®, the hUXS:NADH: UX40 complex will be in dynamic equilibrium with
apohUXS (Figure 4A). Thus, we expect a small fraction of hUXS to be losing the reduced
cofactor during turnover, decreasing the apparent activity of the enzyme. In fact, we observe
that at low protein concentrations, hUXS is unstable and loses activity (unpublished
observations). Therefore, the apparent increase in activity in the presence of exogenous
NAD™ could be due to the rescue of apo-hUXS from an otherwise abortive catalytic cycle.

ArnA Conserves the Bifurcated Mechanism and Substrate Cooperativity of UXS

In ArnA, UDX production displays a lag in activity that is well modeled by Frieden’s
equation for transient kinetics (Figure 5B).39 However, we do not believe the production of
UDX by ArnA involves enzyme hysteresis. Instead, we note that the half-life of the lag
coincides with high levels of the products NADH and UX40 and depletion of UGA (Figure
5C). We also observe that the production of UDX is reflected in the depletion of NADH and
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UX40. This suggests that the released products NADH and UX40 rebind to the ArnA active
site to produce UDX. This is similar to a recent report of an ArnA-like protein that also
rebinds NADH and UX40 to produce UDX.%0 The lag is likely due to the low
concentrations of NADH and UX40 early in the progress curves, and the competition with
UGA for the active site. The progress curves of NADH and UX40 production do not display
a lag, effectively ruling out enzyme hysteresis as the source of the lag.

Our results show that the catalytic machinery for UDX synthesis is already present in ArnA.
We believe that a fundamental difference between hUXS and ArnA is the equilibrium
between E:NADH:UX40 and E* in the bifurcated mechanism, which acts as a catalytic
shunt to favor one product over another (Figure 4A). In hUXS, the production of UX40 and
NADH is ~2 orders of magnitude slower than UDX synthesis, indicating that the shunt
favors the retention of the intermediates. In contrast, ArnA quickly releases UX40 and
NADH, followed by a slower rate of UDX formation. Our data show that as the products
UX40 and NADH accumulate in the ArnA reaction, E* is driven to the E:NADH:UX40
complex to produce UDX (Figures 4A and 5C). Thus, the equilibrium shunt favors the
E:NADH:UX40 complex in hUXS, and the E* state in ArnA.

Gatzeva-Topalova et al. have proposed that the function of the hUXS Loop120_124 iS to retain
NADH, and its absence in ArnA suggests a mechanism by which NADH could be released
during the catalytic cycle.22:33 Consistent with this proposal, truncation of the equivalent
loop in UDP-galactose 4-epimerase (GalE) results in an E* form of GalE that reversibly
binds NAD™ during catalysis.>! Our detailed structural analysis suggests that Loop12g_124 is
but one small part of the catalytic shunt (Figures 4D and 7C). We have identified several
structural elements that also contribute to the induced fit binding of cofactor and substrate
(Figures 7 and 8). We believe that small changes in any of these elements are likely to
influence the equilibrium between E:NADH:UX40 and E* in the bifurcated mechanisms of
hUXS and ArnA.

Additional evidence that hUXS and ArnA share the same bifurcated mechanism comes from
the cooperative binding of the cofactor in both enzymes (Figure 4). The observed
cooperativity means that the conformational changes that occur upon binding of one NAD*
molecule to the E* complex are reflected in the structure of the other subunit in the dimer.
Our analysis of hUXS crystal structures indicates that significant local unfolding of the
shunt is required to expose the active site and bind substrate (Figure 7C). Analysis of ArnA
structures, which captures separate ArnA* and NAD*-mimic bound conformations, reveals
the structural elements associated with the induced fit conformational change that
accompanies cofactor binding (Figure 8). Specifically, Helixsgg_400 (HeliX1g5-168 in hXS) is
positioned to interact with the N-termini of both dimer interface helices and might propagate
cooperative binding in ArnA*. A crystal structure of hUXS* is currently unavailable.
However, conservation of the cooperative conformational change in hUXS and ArnA
suggests a common mechanism for communication between subunits using equivalent
structural elements.
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ABBREVIATIONS USED

hUXS human UDP-xylose synthase

UGA UDP-a-p-glucuronic acid

UXx40 UDP-a-p-4-keto-xylose

UDX UDP-a-p-xylose

ArnA Escherichia coli UDP-a-p-glucuronic acid decarboxylase
CZE capillary zone electrophoresis

CID-MS"  collision induced dissociation mass spectrometry

NSBD nucleotide sugar binding domain
GalE UDP-a-p-galactose 4-epimerase
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Figurel.
UXS and ArnA have similar catalytic mechanisms. UDP-glucuronic acid (UGA)

decarboxylases catalyze NAD*-dependent oxidation of the C4/ position of substrate to form
UDP-4-keto-xylose (UX40) and NADH. ArnA releases UX40 and NADH as products.
UXS retains UX40 and NADH as intermediates to form UDP-xylose (UDX). The C4’
proton involved in hydride transfer is depicted in red.
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Figure 2.
hUXS releases UX40 and NADH in

the presence of NAD*. (A) Absorbance spectra of

purified recombinant hUXS holoenzyme (solid line). Boiling releases NAD™ cofactor

(dotted line) in stoichiometric amoun

ts with apoenzyme (dashed line). The apoenzyme

spectrum was calculated as the difference between the total protein and NAD™ spectra (see
Methods). (B) Capillary zone electrophoresis (CZE) chromatogram of hUXS reaction with
NAD™ only (blue, upper trace), hUXS only (red, middle trace), or both NAD* and hUXS
(black, lower trace). The bound NAD* cofactor in recombinant hUXS is depicted with an
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asterisk (*). Absorbance spectra measured at 260 nm (Aygp) are offset vertically and the
caffeine standard and NAD™* peaks have been truncated (~) for ease of viewing. (C)
Absorbance spectra of NADH showing characteristic peaks at 260 and 340 nm and (D)
UX40 showing a single peak at 262 nm consistent with the uridine moiety of UDP-sugars.
Standard reactions with or without 2.5 mM NAD* and 1 mg/mL hUXS were incubated with
1 mM UGA at 37 °C and quenched with chloroform after 1 h.
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Figure 3.

Identification of UX40. (A) HPLC chromatogram of the hUXS reaction showing UX40 and
UDX comigrate as a single product peak between NAD* and UGA. (B) CZE chromatogram
of the HPLC purified UDX fraction, confirming UX40 and UDX comigrate by HPLC but
can be resolved with CZE. (C) Collision induced dissociation mass spectra (CID-MS") of
the HPLC product peak, showing the major hUXS product is consistent with sodiated UDX
and (D) the minor product corresponds to sodiated UX40. Sodiated UDP-sugars are
diagrammed to show the expected masses of the fragment ions before proton rearrangement.
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Figure 4.
Decarboxylase activities of hUXS and ArnA. (A) Bifurcated reaction scheme for UGA

decarboxylases. hUXS purifies with NAD* bound (E:NAD™). UGA binding results in
formation of the Michaelis complex (E:NAD*:UGA). UGA decarboxylation evolves CO,
and leads to formation of the intermediate complex (E:NADH:UX40). hUXS favors a
second hydride transfer to form UDX, but can release the NADH and UX40 intermediates
using a catalytic shunt (43). (B, C) Substrate saturation curves for hUXS release of NADH
and UX40. Initial velocity data were fit using nonlinear regression to the bifurcated rate
equation (see Methaods for derivation) and 95% confidence intervals (dashed lines) are
depicted. Eadie-Scatchard plots (insets) are presented for illustrative purposes only. (D, E)
Substrate saturation curves for ArnA release of NADH and UX40 depicted as above.
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ArnA catalyzes UDP-xylose synthesis. (A) CZE chromatogram of ArnA reaction showing
UDX (a), NADH (@) and UX40 (O) are produced from NAD* and UGA (2). Peaks were
identified by comigration with known standards and caffeine and NAD* peaks are truncated
(~) for ease of viewing. (B) Progress curve showing ArnA displays a lag in UDX
production. UDX was resolved by CZE and product peaks were scaled using the internal
caffeine standard. Data were fit by nonlinear regression to the equation of Frieden3® and the
half-life for the transition (t) is denoted by a gray line. The 95% confidence interval (dashed
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line) is narrow and superimposes with the curve and data points. (C) Progress curves of the
ArnA reaction following all species labeled above. t (gray line) is extrapolated to show
production of UDX increases after UGA is depleted and UX40 and NADH accumulate.
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Figure®6.
NAD™ is buried in the hUXS catalytic domain. (A) The dimeric structure of hUXS with the

nucleotide sugar binding (NSBD) and catalytic domains identified (black and orange,
respectively). Helix;g5_16g (yellow) is ordered in one subunit and disordered in the other
(yellow asterisk). NAD™* (purple sticks) is depicted in the catalytic domain. (B) Structural
overlay of hUXS (orange) and the ArnA:UGA:ATP complex (PDB entry 1Z7E, gray)
showing the adenine bases in NAD* (purple) and ATP (gray) are bound in altered
conformations, and the smaller y-phosphate is nonisosteric with the nicotinamide ring and
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ribose bound in hUXS. The NAD™ y torsion angle is identified (arrow). (C) Stereodiagram
showing 11e258 from hUXS (orange) and Pro490 from ArnA (gray) form a similar van der
Waals packing surface (dots) in the nicotinamide binding pocket. (D) Stereodiagram of the
NAD* binding pockets of hUXS and ArnA colored as above to illustrate the hUXS cofactor
binding Loop129-124 and hydrogen bonding network (dashed lines). (E) Ligplot of hydrogen
bonding interactions (dashed lines) and packing interactions (feathered lines) between hUXS
and NAD". Red italics identify interactions in hUXS that are not present in ArnA.
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Figure7.
UDP binding in hUXS induces conformational changes to the NSBD and active site. (A)

Stereodiagram of the closed hUXS:UDP complex active site with GIcA modeled above the
bound NAD™ (purple). Carbon atoms C4’ and C6’ of the GlcA model are indicated, and
hydrogens are included for clarity. Red spheres indicate the waters (labeled W) that occupy
the active site in the absence of substrate. Hydrogen bonds are depicted as green dashes, and
the path of hydride transfer from the sugar C4’ to the nicotinamide C4 is indicated by purple
dashes. (B) Stereodiagram of the open hUXS monomer (orange with black NSBD) and
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NAD* (purple sticks) superimposed onto closed hUXS (teal with gray NSBD) and UDP (red
sticks). Van der Waal surfaces (dots) are shown for bound ligands and modeled GIcA (teal
sticks). The DYNDOM38 calculated axis about which the NSBD rotates is depicted as a red
line and the disordered Helix;g5-16g is labeled with an asterisk. (C) Stereodiagram of the
open (orange) and closed (teal) hUXS active sites showing the catalytic shunt elements
Loop120_124, LOOP2ge_272, LOOP159_164 and Helixqg5_16g relative to native NAD* cofactor
(purple sticks) and modeled GIcA substrate (teal sticks). UDP binding stabilizes
Helix1g5-165 and induces R272 and H267 to change conformation, thereby altering the
hydrogen bond (green dashes) network to the NAD* diphosphates. Chain B of open hUXS
was used in the superposition to illustrate the effect of Helix1g5-16g disorder on active site
accessibility.
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Figure8.
Cofactor binding in ArnA induces additional conformational changes in the active site.

Stereodiagram of the apo-ArnA (gray; PDB entry 2BLL) and ArnA:ATP:UGA (purple; PDB
entry 1Z7E) catalytic domains showing the organization of mobile elements around the
cofactor analog ATP (van der Waals spheres). ArnA Helixzgg_400 and L0o0Op4g1-49g are
analogous to hUXS Helixyg5_168 and Loopogg_o72, respectively (Figure 7C). Bold letters
indicate elements in the cofactor binding site that undergo conformational changes not
present in the hUXS crystal structures. The dimerization helices (green) and interface are
labeled in the ArnA:ATP:UGA complex to indicate the proximity of mobile elements to the
adjacent subunit.
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Scheme 1.
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Table 1

Crystallographic Data and Refinement Statistics

data collection statistics

model refinement statistics

wavelength (A) 1.00
resolution (A) 50-2.5
total observations 343,332
unique reflections 30,682

completeness (%) g7.3 (90)2

multiplicity 11.2 (11.0)
<llo> 26.2 (4.7)
Rineas 8.3(57.5)
Rmrgd-Fc 6.4 (31.1)

no. of amino acids
no. of NAD*

no. of waters

total non-H atoms
average B (A?)
R-factor

free R-factor

stereochemical ideality
bond length rmsd (A)

bond angle rmsd (°)
@,y most favored (%)
o,y allowed (%)

760
2
146
5084
39.7

0.178 (0.227)
0.223 (0.303)

0.014

1.44
97.4
2.6

aNumbers in parentheses represent the highest resolution shell (2.57 to 2.5 A).

meeas is the multiplicity weighted merging R-factor.

c .
Rmrgd-F is a measure of data accuracy.
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Steady State Kinetic Parameters for UGA Decarboxylation Reactions

substrate  kinetic nonlinear regression best-fit
enzyme?  dependence  propertyb value®
huXs NAD* 17app 56.4+1.1
max
h 1.76 £0.18
155+ 10
app
KM
UGA }7app 589+1.1
max
h 1.22 £0.09
75.8+11.2
app
K M
ArnA NAD* app 2550 + 43
max
h 1.65+0.09
433+ 16
app
KM
UGA }7app 2755 + 85
max
h 1.10 £0.07
623 £ 50
app
K M

Page 30

aEnzyme assays monitoring NADH absorbance at 340 nm were performed under standard conditions. hUXS (1 mg/mL) was incubated with
varying NAD¥(0.05-5 mM) and saturating UGA (1 mM) or varying UGA (0.005-5 mM) and saturating NAD*(5 mM). ArnA (0.5 mg/mL) was

incubated with varying NAD(0.05-15 mM) and saturating UGA (5 mM) or varying UGA (0.05-5 mM) and saturating NAD™(5 mM).

b . . .
Apparent maximum reaction velocity (

(K;[pp) is reported in pM.

Values were fit by nonlinear regression to the bifurcated rate equation (see Methods for derivation) as implemented in Prism.
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) is reported in nmol L‘ls‘l, the Hill coefficient (4) is unitless, and the apparent Michaelis constant
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