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ABSTRACT: Human UDP-a-pD-xylose synthase (hUXS) is a
member of the extended short chain dehydrogenase/reductase
(SDR) family of enzymes. Previous crystallographic studies have
shown that hUXS conserves the same dimeric quaternary structure
observed in other SDR enzymes. Here, we present evidence that
hUXS also forms a tetramer in solution that is important for activity.
Sedimentation velocity studies show that two hUXS dimers undergo a
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concentration-dependent association to form a tetramer with a Ky of

2.9 uM. The tetrameric complex is also observed in small-angle X-ray

scattering (SAXS). The specific activity for the production of the reaction intermediate UDP-q-p-4-keto-xylose displays a
hyperbolic dependence on protein concentration that is well modeled by an isotherm using the 2.9 uM Kj of the tetramer.
Likewise, the rate of UDP-a-p-xylose production in the presence of increasing concentrations of the small molecule crowder
trimethylamine N-oxide is consistent with the formation of a higher activity tetramer. We present several possible structural
models of the hUXS tetramer based on (i) hUXS crystal packing, (ii) homology modeling, or (iii) ab initio simulated annealing of
dimers. We analyze the models in terms of packing quality and agreement with SAXS data. The higher activity of the tetramer
coupled with the relative instability of the complex suggests that an association—dissociation mechanism may regulate hUXS

activity.

DP-a-p-xylose (UDP-Xyl) is the essential sugar donor in

the biosynthesis of most proteoglycans,' > a-dystrogly-
can,* and Notch receptors.” UDP-Xyl is the product of human
UDP-xylose synthase (hUXS; E.C. 4.1.1.35), a member of the
“extended” subfamily of short chain dehydrogenase/reductase
(SDR) enzymes.”” The hUXS mechanism is divided into
sequential oxidation and reduction reactions that recycle a
bound NAD" cofactor (Figure 1A). In the first step, hUXS uses
the NAD" cofactor to oxidize UDP-a-D-glucuronic acid (UDP-
GlcA) to the reaction intermediate UDP-a-D-4-keto-xylose
(UDP-4-keto-xylose). Next, it uses the NADH produced in the
first step to reduce the intermediate to UDP-Xyl. Because
hUXS contains a tightly bound cofactor that is recycled during
turnover, there is no need for exogenous NAD" in the reaction.
Despite this observation, exogenous NAD* appears to stimulate
hUXS activity.*” We have recently shown that this apparent
stimulation is actually due to an abortive catalytic cycle.” During
turnover, hUXS can release the NADH and UDP-4-keto-xylose
intermediates to generate the inactive apoenzyme (Figure 1B).9
The release of intermediates is slow relative to the production
of UDP-Xyl, meaning that only a small fraction of the
apoenzyme is produced during each turnover. The apparent
stimulatory effect of exogenous NAD" is due to the rescue of
the resulting apoenzyme. As a result of the bifurcated
mechanism, hUXS will slowly produce both UDP-Xyl and
the intermediates NADH and UDP-4-keto-xylose in the
presence of saturating NAD™.
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The crystal structures of hUXS reveal two domains

conserved in all extended SDR enzymes:*~°

a catalytic domain
containing a Rossmann fold for binding the NAD" cofactor and
a smaller domain for binding the nucleotide-sugar substrate
(Figure 1C). hUXS is unique among extended SDR enzymes in
that it also contains an N-terminal membrane-spanning domain
that anchors the enzyme to the luminal side of the ER/
Golgi.""'? The crystal structures show that two chains of hUXS
associate to form a dimeric structure that is conserved in almost
all members of the SDR family. While most extended SDR
enzymes function as dimers, some have also been shown to
form tetramers arranged as a “dimer of dimers”.">”"

Here we describe the solution structure of hUXS. We show
for the first time that two hUXS dimers weakly associate to
form a higher activity tetramer that has not been observed in
any of the available crystal structures. Using small-angle X-ray
scattering (SAXS), we evaluate five possible tetrameric
structures. The higher activity of the relatively unstable
tetrameric complex suggests that an association—dissociation

mechanism may regulate the enzyme.
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Figure 1. hUXS mechanism. (A) hUXS catalyzes the NAD*-dependent oxidation and decarboxylation of UDP-glucuronic acid (UGA) to produce
the stable intermediates UDP-4-keto-xylose (UX40) and NADH. Next, the UX4O intermediate is reduced to produce UDP-xylose (UDX) and
regenerate the NAD" cofactor. (B) hUXS oxidizes UGA to form the intermediate ternary complex (E:NADH:UX40). The hUXS mechanism is
bifurcated in that there are two possible paths for the E:NADH:UX40 complex.” In the preferred path, the UX4Q is reduced to produce UDX and
regenerate the NAD* cofactor. In the second path the E:NADH:UX40 complex slowly releases the intermediates. The resulting apoenzyme (E*)
can be rescued by exogenous NAD*. (C) The hUXS:UDP structure (PDB entry 2B69) depicting NAD* (magenta spheres) and UDP bound in the

active site (orange spheres) or dimer interface (red spheres).

B MATERIALS AND METHODS

Sedimentation Velocity Analytical Ultracentrifuga-
tion. hUXS lacking the N-terminal membrane spanning
domain was expressed and purified as previously reported.'®
Purified protein was concentrated to 790 uM (&,5 = 37485
M~ em™) in a storage buffer containing 0.2 M NaCl and 25
mM Tris pH 8.0. For sedimentation velocity experiments,
hUXS was diluted to 53 M and dialyzed into phosphate-
buffered saline pH 7.5 using a Microdialyzer System (Pierce),
then diluted to the final concentration for analysis. 400 uL of
diluted sample or reference PBS buffer was loaded into 12 mm
double-sector Epon centerpieces equipped with quartz
windows and equilibrated at 20 °C in an An60 Ti rotor for 1
h. Sedimentation velocity data were collected in an Optima
XLA analytical ultracentrifuge using a rotor speed of 50000
rpm at 20 °C. Data were recorded at a wavelength of 230 nm
for protein concentrations of 0.5, 1, and 2 uM, or 280 nm for 3,
13, and 26 sM samples using a radial step size of 0.003 cm. The
partial specific volume (V-bar) of 0.7353 was calculated from
the amino acid sequence of truncated hUXS. The buffer
viscosity of 1.019 Poise and density of 1.00564 g/mL were
calculated using the program SEDNTERP" (www.bbri.org/
RASMB). Sedimentation velocity data were analyzed using the
programs SEDFIT and SEDPHAT (www.
analyticalultracentrifugation.com). Continuous sedimentation
coefficient distribution ¢(s) analyses were restrained by
maximum entropy regularization at P 0.68 confidence
interval.'® The baseline, meniscus, frictional coefficient, system-
atic time-invariant and radial-invariant noise were fit. The
weight-averaged sedimentation coefficient (s,,) was determined
by integrating each c(s) distribution over the range of
interacting species, then converted to standard conditions
(water at 20 °C) and plotted versus hUXS loading
concentration. Global analysis was used to fit the c(s)
distribution data to the appropriate self-association model."
Theoretical sedimentation coefficient (s) values were calculated
from hUXS atomic coordinates under standard conditions
using HYDROPRO? (www.bbri.org/RASMB).
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Small-Angle X-ray Scattering (SAXS) Structural Anal-
yses. hUXS was exchanged into SAXS buffer (200 mM NaCl,
50 mM phosphate pH 7.5, 5% glycerol) and diluted to the
working concentration. Sample and buffer data were collected
at 4 °C in 5 and 30 min exposures using Cu K, radiation from a
Rigaku FR-E+ Superbright rotating anode X-ray generator and
a Rigaku BioSAXS-1000. The BioSAXS-1000 uses confocal
multilayer optics, Kratky collimation, a Dectris Pilatus 100K
detector, and a 500 mm sample to detector distance.
Experiments covered a q range of 0.009—0.69 A~'. The
absence of radiation damage was verified by inspecting S-min
exposures (data not shown). Using the Rigaku SAXSLab
software, sample and buffer images were converted from pixel
space to g-space to produce 1D plots of “I vs q”. Data were
corrected for buffer scattering with PRIMUS.>' The exper-
imental radius of gyration (Rg) was computed (for SR, < 1.3)
using AUTORG.>” The monomer dry volume was estimated
from the amino acid sequence using NucProt (www.
molmovdb.org).23 The oligomer Porod volume was calculated
with DATPOROD.** The oligomer molecular weight was
determined using SAXMoW (www.if.sc.usp.br/~saxs).**
Oligomer models were refined by simulated annealing using
SASREF.* Calculated scattering profiles and R, from atomic
coordinates were determined with CRYSOL.>® Buried surface
area, AIG and the associated P-value, and interface residues
were calculated using the PISA server (http:/ /www.ebi.ac.uk/
pdbe/prot_int/pistarthtml).”” Figures were generated with
PyMOL (http://www.pymol.org).

Enzyme Assays. Standard enzyme assays, unless otherwise
stated, contained 50 mM Tris pH 8.0, 10 mM DTT (Research
Products International), 1 mM EDTA, and 2 mM UDP-
glucuronic acid (UDP-GlcA; Sigma-Aldrich). All reactions were
initiated by addition of substrate following a S min
preincubation at 25 °C. The steady state production and
release of reaction intermediates was assayed in the standard
reactions containing 2.5 mM NAD" (Sigma-Aldrich) and 1.3—
79 uM hUXS. Samples were placed in a 1 cm quartz cuvette,
and changes in absorbance at 340 nm (for NADH formation)
were recorded using a Agilent 8453 UV—vis spectrophotometer

dx.doi.org/10.1021/bi400294e | Biochemistry 2013, 52, 3888—3898
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equipped with a Peltier temperature controller set at 25 °C.
Absorbance was converted to concentration using the molar
extinction coefficient of NADH (g349 = 6220 M™! cm™). Initial
velocities for UDP-Xyl and NADH production were corrected
for enzyme concentration to obtain specific activity.

For assaying the effect of molecular crowding on the rate of
UDP-Xyl production, reactions contained 0.3 yM hUXS and
increasing concentrations (0.25—1.5 M) of trimethylamine N-
oxide (TMAO; Sigma-Aldrich). To quantitate UDP-Xyl
produced, samples were taken at regular time intervals and
plunged into liquid nitrogen. Samples were then vortexed with
1:1 v/v chloroform to thaw, centrifuged to obtain the aqueous
phase, boiled for S min, and re-extracted with 1:1 v/v
chloroform. The aqueous layer was loaded to a capillary
electrophoresis system (Agilent Technologies) in an uncoated,
fused-silica capillary (560 mm X SO ym) with an extended light
path (Agilent Technologies) at 18 °C, separated via capillary
zone electrophoresis in 20 mM borate pH 9.3 run buffer for 20
min at 22 kV capillary voltage, and monitored at 260 nm
wavelength light. Chromatograms were analyzed with the
Agilent CE ChemStation, and UDP-Xyl was identified by
comigration with known standards. The UDP-Xyl peak area
was manually integrated and converted to molar concentration
using a standard curve of known UDP-sugar concentrations.

Modeling the Dependence of UDP-4-Keto-xylose
Production on Protein Concentration. The specific activity
for UDP-4-keto-xylose production displays a hyperbolic
dependence on protein concentration, suggesting the formation
of a more active tetramer (see Results). On the basis of the
predicted dimer Ky of 67 nM (see Results), we treated the
amount of monomer in the protein concentration used in this
analysis (1.3—79 uM hUXS) as negligible. Thus, we begin our
derivation assuming an equilibrium between two low activity
dimers (Ep) and a higher activity tetramer (Er):

Ka
2E, < Ep

The tetramer concentration can be expressed as

[E;] = K,[Ep] (1)

The total concentration of enzyme, [E,,] is

[Eiora] = 2[Ep] + 4[Eq] )
which can be expressed in terms of the dimer concentration:

[Etotal] = Z[ED] + 4I<a[ED]2 (3)
or

0 = 4(K)[Epl” + 2[Ep] — [Egea] (4)

Using the general solution for a quadratic equation, we solve
for [Ep] in terms of total enzyme concentration:

=2 + /4 + 16K,[E,. ]

- 8K, (s)

The specific activity (SA) of hUXS is the sum of the specific
activities of the tetramer (SAt) and dimer (SAp) multiplied by
their molar fraction:

4[E]
[Etotal] (6)

Expressing the SA in terms of the concentration of dimer (eq

1):

(Ep]

2[Ep]

SA =
[Etotal]

T SAp
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_ 4K, [Ep T 2[Ep]
[Etotal] [Etotal] (7)

By substituting eq S for [Ep] in the above expression, we can
solve for total specific activity in terms of total enzyme
concentration. Specific activity data at different enzyme
concentrations were fit using the program PRISM (GraphPad
Software, Inc.).

SA

SA; + SAp

B RESULTS

Human UXS Forms a Tetramer in Solution. We
analyzed the solution structure of hUXS lacking the N-terminal
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Figure 2. Sedimentation velocity analysis shows hUXS forms a
concentration-dependent tetramer in solution. (A) Overlay of c(s)
distributions calculated from various concentrations of hUXS: 0.5 yuM
(red), 1 uM (orange), 2 uM (green), 3 uM (cyan), 13 uM (blue), and
26 uM (purple). The different c(s) distributions were scaled to ease
comparison. (B) The weight averaged s-values (s,,) from each of the
c(s) distributions (colored as above) plotted against protein
concentration. Data are globally fit to a monomer—dimer—tetramer
association binding isotherm using SEDPHAT.*

Table 1. Hydrodynamic Properties of the hUXS Oligomers

oligomer Saae (8)° Smodetea (S)” Ky (uM)®
monomer 3.3 3.5

dimer 5.0 S.1 0.067
tetramer 79 2.890

“Sedimentation coefficient (s) values were calculated with HYDRO-
PRO? using atomic coordinates from PDB entry 4GLL. bs-values and
Ky from the monomer—dimer-tetramer association modeled in
SEDPHAT.Y

membrane-spanning domain (hUXS; residues 85—420) using
sedimentation velocity analytical ultracentrifugation (Figure
2A). The sedimentation of 0.5 M hUXS reveals a single broad
peak centered at 4.6 S, close to the calculated value of the dimer
(5.0 S) based on the hUXS crystal structures (Figure 1A, Table

dx.doi.org/10.1021/bi400294e | Biochemistry 2013, 52, 3888—3898
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Figure 3. The hUXS tetramer is more active than the dimer. (A) The
production and release of NADH is plotted as a function of increasing
hUXS concentrations in Tris pH 8.0. Data are fit with eq 7 (see
Methods), and the K of 2.9 uM derived from the sedimentation
velocity analysis. 95% confidence intervals are depicted with dashed
lines. (B) Same as in (A) above, but in phosphate pH 7.5 buffer. (C)
UDP-Xyl production is shown as a function of crowding in reactions
containing 0.26 uM hUXS and increasing concentrations of the
molecular crowder trimethylamine N-oxide (TMAO). An S-curve is
superimposed onto the specific activity data to illustrate the similarity
to a binding isotherm. Each data point represents the average of three
replicates, and error bars depict standard deviation.

1). The width of the peak and tailing at larger s-values suggests
the presence of a dynamic equilibrium with a larger oligomeric
species. We also observe a slight tailing at lower s-values
indicating a small amount (~20%) of monomer (predicted to
sediment at 3.3 S). At higher concentrations of hUXS, the
distribution shifts to larger s-values, converging to a species
around 7 S (Figure 2A). The amount of monomer decreases at
higher protein concentrations, suggesting that the monomer is
due to the reversible dissociation of the dimer. At the highest
concentration tested (26 uM hUXS), the distribution is
modeled as a peak at 7 S that is continuous with a slower
sedimenting species at S S (Figure 2A). The sedimentation
velocity data from all protein concentrations was modeled using
global analysis. The weight-averaged sedimentation coefficients
(s,,) from each c(s) distribution were fit to a monomer—dimer—
tetramer association model (Figure 2B). This model predicts a
3.5 S monomer, 5.1 S dimer, and 7.9 S tetramer, consistent with
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Figure 4. The tetramer is observed in small-angle X-ray scattering
(SAXS). (A) Guinier analyses of SAXS data for 360 uM (blue), 180
UM (red) and 90 uM hUXS (black). The linear Guinier region used
for calculating the radius of gyration (sR, < 1.3) is identified by hash
marks on the fit line. (B) Pair distance distribution plots for each
dilution are scaled for ease of comparison.

the calculated values (from crystal structures) of 3.3 and 5.0 S
for monomer and dimer, respectively (Table 1). The model
also predicts dissociation constants of 67 nM and 2.9 uM for
the dimer and tetramer, respectively (Table 1).

The hUXS Tetramer Is the Catalytically Important
Species. The hUXS mechanism is bifurcated,” meaning that
after the initial oxidation step, the enzyme can either release
NADH and UDP-4-keto-xylose as products, or reduce the
reaction intermediates to produce UDP-Xyl (Figure 1B).
Because the release of the intermediates is much slower than
the reduction step, the production of UDP-Xyl is the preferred
path in the mechanism. To determine the contribution of the
tetramer to hUXS activity, we measured the rates for both paths
under conditions that favor tetramer formation. First, we
measured the rate of the production and release of the reaction
intermediates NADH and UDP-4-keto-xylose at different
protein concentrations using a previously described assay.’
The specific activity for the production of intermediates
displays a hyperbolic dependence on protein concentration in
both Tris (pH 8.0) and phosphate (pH 7.5) buffers (Figure
3A,B). The data are well modeled by an equation relating
specific activity to protein self-association (eq 7) using the K,
(1/ K4) of the hUXS tetramer determined from the
sedimentation velocity analysis above. At Tris pH 8.0, the
model predicts specific activities of 3.1 + 0.1 and 3.5 + 0.1
nmol mg™' min~' for the dimer and tetramer, respectively.
Similarly, in phosphate pH 7.5, the model predicts specific
activities of 2.6 + 0.1 and 3.3 + 0.1 nmol mg™" min™" for the
dimer and tetramer, respectively.

Next, we examined the effect of the hUXS tetramer on the
production of UDP-Xyl. We are not able to accurately measure
the rate of UDP-Xyl production at the high protein

dx.doi.org/10.1021/bi400294e | Biochemistry 2013, 52, 3888—3898
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Table 2. Data Collection and Scattering-Derived Parameters

Data collection parameters
instrument BioSAXS-1000 (Rigaku)

beam geometry 700 pm X 200 pm (at sample

position)
500 pm X S00 pm (at detector)

wavelength (A) 1.5418
q range (A7) 0.0105—-0.634
exposure time (min) 30
concentration (uM) 90
temperature (K) 277
Structural Parameters”
1(0) (em™) [from P(r)] 2.93 + 0.03
R, (A) [from P(r)] 40.84 + 043
1(0) (cm™) [from Guinier] 3.02 + 0.03
R, (A) [from Guinier] 42.1 + 0.58
Dpax (A) 140
porod volume estimate (A®) 262398
dry volume calculated from sequence 47003

(&%)
Molecular mass determination®
partial specific volume from sequence 0.7353

(em® ™)
calculated monomeric M, from sequence 37873

(Da)
Software employed
primary data reduction SAXSLab
data processing PRIMUS
rigid-body modeling SASREF
computation of model intensities CRYSOL
three-dimensional graphics PyMOL

representation

“Reported for 90 uM hUXS buffered in 200 mM NaCl, S0 mM
Phosphate pH 7.5 and 5% glycerol.

concentrations needed to stabilize the tetramer (K4 = 2.9 uM)
due to the high velocity of the reaction. Instead, the hUXS
concentration was fixed at 0.3 yM, and the specific activity for
UDP-Xyl production was determined in the presence of
increasing amounts of the molecular crowder TMAO. High
concentrations of TMAO have been shown to stabilize native
protein oligomeric complexes and promote association-depend-
ent activities.”®* Between 0.25 and 1.0 M TMAO, the rate of
UDP-Xyl production increases by more than 6-fold (Figure
3C). The dependence of the hUXS rate on TMAO
concentration qualitatively resembles an isotherm and is
consistent with the formation of a higher activity tetramer
(Figure 2B).

Small-Angle X-ray Scattering Reveals a Tetramer Not
Observed in the hUXS Crystal Structures. We investigated
the solution structure of hUXS using SAXS. The Guinier plot of
the X-ray scattering from 360 yM hUXS shows a small, but
systematic deviation from linearity, indicating a degree of
aggregation at high protein concentrations (Figure 4A). This
aggregation is also evident in the calculated molecular weight
from SAXS (227.8 kDa), which is significantly greater than the
expected molecular weight of the tetramer (151.6 kDa).
Reducing the protein concentration ameliorates the aggrega-
tion, resulting in consistently linear Guinier plots (Figure 4A).
On the basis of the 2.9 uM dissociation constant calculated
from the sedimentation velocity experiments, we choose a
protein concentration of 90 #M to minimize aggregation while
stabilizing the complex (Table 2). At this concentration, the
Guinier analysis predicts an R, of 42 + 0.5 A, similar to the R,
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A

Figure S. Substrate-free hUXS forms a fiber in the crystal lattice. (A)
The asymmetric unit of PDB entry 4GLL contains two monomers
(orange and blue) that associate to form the canonical SDR dimer. (B)
The dimers make extensive crystal contacts along the crystallographic
3, symmetry axis to form a fiber. (C) Two adjacent dimers in the fiber
form a putative tetramer.

of 40.8 + 0.4 A estimated from the P(r) distribution (Figure 4).
In addition, the SAXS calculated molecular weight of 169.6 kDa
is close to the expected tetramer molecular weight (151.6 kDa).
It is notable that the R, from the scattering data is significantly
greater than 30.0 A calculated from atomic coordinates of the
hUXS dimer (Figure 4, Table 2).

The crystal structures of substrate-free hUXS (hUXS, PDB
entry 4GLL) and hUXS in complex with UDP (hUXS:UDP,
PDB entry 2B69) have been previously described (Figures 1C
and SA).* These structures were solved in different space
groups and both reports identified hUXS as a dimer. As
expected from the observed R,, the calculated scattering of the
hUXS dimer does not fit the SAXS experimental data (y =
11.3) (Figure 6A). We examined both hUXS structures for
crystal contacts that might identify the authentic hUXS
tetramer. In the hUXS:UDP structure, none of the crystal
contacts appear to support a higher order assembly (not
shown). However, in the substrate-free hUXS structure, we
identified an extensive crystal contact that might represent an
authentic tetramer interface (Figure SB,C). This interface
buries 4191.8 A? and is formed by dimers packing along the
crystallographic 3, axis to form a fiber throughout the crystal
lattice (Figure SB). We used PISA to analyze the putative
tetramer interface. An authentic interface would be expected to
have a favorable solvation free energy gain (A'G), and the
likelihood that the surface is interaction-specific (P-value)
would be less than <0.5.>” On the basis of these criteria, the

dx.doi.org/10.1021/bi400294e | Biochemistry 2013, 52, 3888—3898
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Figure 6. SAXS analysis of crystallographic complexes. The left column (Crystal Based Model) shows dimeric and tetrameric complexes based on
the substrate-free hUXS crystal structure (PDB entry 4GLL). The right column (fit to data) depicts theoretical scattering curves (solid lines)
generated for each model fit to experimental SAXS data (dots) using CRYSOL.>® The radius of gyration (Rg) and quality of fit (y) are shown for
each model. (A) The hUXS dimer shows a poor fit to the SAXS data. (B) The crystallographic tetramer has a better fit due to the larger R, but
deviates at larger scattering angles (q < 0.08). (C) Restrained simulated annealing was used to refine the crystallographic tetramer against SAXS data
to generate 4GLL-sim.

Table 3. hUXS Tetramer Models Refined Using SAXS

modeled tetramers  interface (A2)* AIG (kcal mol™')*  A'G P-value” hydrogen bonds® salt bridges® favorable residues (%)®  chi value” R, (A)?

4GLL® 4191.8 -10.7 0.198 10 2 43 4.06 35.7
4GLL-sim 3747.8 82 0.882 15 9 54 2.20 37.5
Model 1 3470.6 7.2 0.900 14 4 S3 1.97 37.4
Model 2 21412 —11.8 0.054 4 0 44 1.90 37.7
Model 3 1238.2 =29 0.358 2 0 41 1.66 40.9
Model 4 2086.2 -83 0.127 6 4 40 1.62 41.0

“Total buried interface, hydrophobic free energy gain (A'G), associated A'G P-value, and favorable residue interactions calculated using PISA.>
bAgreement between experimental SAXS data and theoretical scattering (chi value), or radius of gyration (Rg), calculated using CRYSOL.*
“Tetramer located in the substrate-free hUXS crystal structure (PDB entry 4GLL) (Figure SC).

substrate-free hUXS structure (A'G = —10.7 kcal mol™, P = 10 A, (the same restraint was applied to monomers B and B’).
0.198) contains a possible tetramer (Table 3). Despite the Simulated annealing improved both the y score (2.20) and the
encouraging scores from PISA, the calculated SAXS scattering 2-fold symmetry between the AB and A’B’ dimers (Figure 6C).
of the tetramer is a poor match to the experimental data (y = Despite the improved fit to the observed scattering data, the
4.06) (Figure 6B). We refined the tetramer against the SAXS PISA score suggests that the resulting model is unlikely; the
data using simulated annealing. To maintain the complex, we interface has an unfavorable free energy (A'G = 8.2 kcal mol™")
had to include the following modest distance restraints: (i) the and very low likelihood to be interaction specific (P = 0.882)
distance between residues 164—169 in monomers B and A’ (Table 3). Thus, the available crystal structures of hUXS do not
must be less than 20 A; (i) the distance between Asn18S and support the tetramer that we observe in our solution studies.
Glu353’ of monomers A and A’, respectively, must be less than The lack of crystallographic evidence for the tetramer is most
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SDR Tetramer

Homology Model

Fit to Data

Figure 7. hUXS models based on homologous SDR tetramers. The extended SDR tetramer used as a template for modeling the hUXS tetramer is
shown in the left column (SDR tetramer). The modeled hUXS tetramer following restrained simulated annealing refinement against the SAXS data
is shown in the middle column (homology model). The agreement between the modeled tetramer and the SAXS data is shown in the far right
column (fit to data). The radius of gyration (R,) and quality of fit (y) are shown for each model. (A) The Arabidopsis thaliana GDP-mannose 4,6-
dehydratase (GMD; PDB entry IN7G) based homology Model 1. (B) The Yersinia pseudotuberculosis CDP-glucose 4,6-dehydratase (E,4; PDB entry

1RKX) based homology Model 2.

likely due to the relative instability of the complex (see
Discussion).

Modeling of Two Distinct Tetrameric Assemblies That
Are Consistent with Small-Angle X-ray Scattering. Two
types of SDR tetramers have been described (Figure 7A,B): (i)
the GMD-type tetramer represented by GDP-mannose 4,6-
dehydratase (GMD)"**° and CDP-tyvelose 2-epimerase;'” and
(ii) the E g-type tetramer formed by CDP-glucose 4,6-
dehydratase (E,4).'**' Each of these tetramers is formed by
the association of two canonical SDR dimers. We generated
possible hUXS tetramers based on homology with the GMD
and E 4 enzymes. To generate Model 1, we superimposed two
hUXS dimers onto the GMD crystal structure. Initially, Model
1 contained main-chain clashes and poor agreement with the
SAXS data (y = 3.02) (not shown). We refined Model 1 using
simulated annealing and the following restraints: (i) P2
symmetry and (ii) the distance between Argl27 in chains A
and B’ or A’ and B must be less than 15 A. The resulting model
has no main-chain clashes and displays a better fit to
experimental data (y = 1.97) (Figure 7A). However, the
interface in Model 1 has an unfavorable free energy (A'G = 7.2
kcal mol™') and is unlikely to be interaction-specific (P =
0.900) (Table 3). Because of the poor PISA scores, we do not
think Model 1 is likely.

We generated Model 2 by superimposing two hUXS dimers
onto the E_; tetramer. The initial model also contained main-
chain clashes but had a reasonable agreement with the
scattering data (y = 2.03) (not shown). We subjected the
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model to simulated annealing with the following restraints: (i)
P2 symmetry and (ii) the distance between His212 in chains A
and B’ or A’ and B must be less than 7 A. The refined model
has no clashes (Figure 7B). The PISA scores for the interface of
Model 2 are encouraging, with a favorable free energy (A'G =
—11.8 kcal mol™") and a high probability of being interaction-
specific (P = 0.054) (Table 3).

To reduce bias in our modeling of a tetramer, we also
performed 10 simulating annealing refinements on two hUXS
dimers with only a P2 symmetry restraint (no distance
restraints). The solutions from these runs converged to two
distinct tetrameric arrangements: Models 3 and 4 (Figure 8).
Model 3 represents the most populated group (seven of the
simulations) (Figure 8A). The interface in Model 3 is relatively
small (1238 A*) with relatively weak PISA scores: a favorable
A'G (—2.9 kcal mol™) and likelihood to be interaction-specific
(P =0.358) (Table 3). Thus, Model 3 is not likely to resemble
the authentic hUXS complex.

The remaining three simulations converged to a distinct
tetramer represented by Model 4 (Figure 8B). Model 4 shows
the best agreement with the SAXS data, with a y = 1.62 (Figure
8B). The Model 4 tetramer is formed by interactions between
adjacent nucleotide sugar binding domains (residues 212215,
291296, and 325-375). The interface of Model 4 is a
reasonable size (2086 A?) and has a very favorable A'G (—8.3
kcal mol™") and a high likelihood to be interaction specific (P =
0.127) (Table 3). Thus, Models 2 and 4 represent our current
best approximations of the hUXS tetramer.
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Figure 8. Restrained hUXS tetramer models. The left column (symmetry model) shows the tetramers generated by simulated annealing of two
hUXS dimers (PDB entry 4GLL) with only a P2 symmetry restraint. The right column (fit to data) shows the agreement between the model and the
SAXS data. The radius of gyration (Rg) and quality of fit () are shown for each model. (A) Seven of the 10 simulations converged to the Model 3
tetramer. (B) The three remaining simulations converged to the Model 4 tetramer.

B DISCUSSION

Previous crystallographic studies, including one by our group,
have identified the quaternary structure of hUXS as a
homodimer.>” Here we have presented strong evidence that
hUXS actually forms a catalytically important tetramer in
solution. Sedimentation velocity experiments identify a discrete,
albeit relatively unstable, hUXS tetramer with a K4 = 2.9 yM
(Figure 2). SAXS studies also show that hUXS forms a tetramer
in solution based on the observed radius of gyration and
calculated mass (Table 2). The relative instability of the hUXS
tetramer may be a consequence of the truncated protein
construct we used in our analysis. In order to express soluble
protein, we removed the N-terminal membrane-spanning
domain that anchors the enzyme to the luminal side of the
endoplasmic reticulum. Tethering hUXS to a membrane would
be expected to increase the stability of the tetramer by
decreasing the degrees of freedom. It is also possible that the
missing domain directly participates in tetramer formation to
further stabilize the complex. Thus, the native, full-length hUXS
tetramer will be significantly more stable when attached to the
membrane. It is also well-known that macromolecular crowding
in a cell greatly enhances weak and transient interactions.”>>”
In fact, we show that a relatively small amount of the molecular
crowding agent TMAO can drive 026 yM of hUXS to
tetramer, despite a weak dissociation constant of 2.9 uM
(Figure 3C).

We have presented evidence that the tetramer is important
for enzyme activity. hUXS can produce and release the reaction
intermediates NADH and UDP-4-keto-xylose during the
catalytic cycle (Figure 1).” Here we have shown that the rate
for the production and release of reaction intermediates
displays a hyperbolic dependence on protein concentration
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that is reminiscent of a binding isotherm (Figure 3A,B). In fact,
we can model the change in specific activity using the
dissociation constant that we determined from our sedimenta-
tion velocity experiments (Figure 3A,B). This model is
consistent with two lower activity dimers associating to form
a higher activity tetramer (Figure 2B). We have also shown that
UDP-Xyl production displays a similar dependency on the
concentration of the molecular crowder TMAO (Figure 3C).
Crowding agents such as TMAO are known to stabilize
oligomeric complexes and promote association-dependent
activities.”*” While there is not a general equation that will
model the dependency of oligomer formation on TMAO
concentration, the shape of the specific activity curve is
consistent with what one would expect from a protein
associating to form a more active tetramer (Figure 3C). We
note that the increase in the two activities is not uniform; the
rate of UDP-Xyl production increases 6-fold compared to only
a 15—20% increase for the release of the reaction intermediates.
This may be in part due to the bifurcated reaction mechanism
of hUXS (Figure 1). In order to release the reaction
intermediates, the structure of hUXS has to undergo a
significant localized unfolding to expose the active site.” If
formation of the tetrameric complex stabilizes the folded
conformation of hUXS, it would favor the retention of reaction
intermediates and bias the reaction toward the final product
UDP-Xyl. It is also possible that some of the discrepancy
between the two activities may be due in part to the presence of
TMAO in the reaction; TMAQO has been shown to increase
activity by simply stabilizing the folded, active conformation of
a protein.>**® Still, the dependence of the rate at which the
reaction intermediates are produced is consistent with tetramer
formation (Figure 3A,B). We believe that it is likely the
increased rate of UDP-Xyl production in the presence of
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Figure 9. The relationship of the N-termini in the modeled tetramers
to the membrane-binding domain. (A) Tetramer Model 2 showing the
position of the N-termini (orange circled with yellow) on the two
hUXS dimers (purple and teal). The bracket denotes the width of the
tetramer. (B) Tetramer Model 4 depicted as in (A). (C) The
transmembrane helix (residues 20—38, orange cylinder) and
connecting linker (orange loop) are shown connecting to the hUXS
dimer. Assuming the 48 residue linker is sufficiently flexible, the
rotation of the dimers (curved arrows) can allow formation of the
Model 2 tetramer despite the N-termini being separated by the 46 A
width of the tetramer (for reference, the fully extended length of the
linker would be 182 A). The Model 4 tetramer can also form given
these constraints (not depicted).

TMAO is likely due to tetramer formation (Figure 3C). It is
tempting to speculate that the relative instability of the tetramer
may represent a means to regulate enzyme activity. This
interpretation suggests a possible means of regulating activity.

None of the current crystal structures of hUXS reveal a
tetramer consistent with our solution studies. After an
exhaustive search, we identified a single possible tetrameric
complex in the crystal structure of substrate-free hUXS (Figure
S). However, this complex does not agree with the SAXS data.
Worse yet, the complex is part of a continuous fiber that runs
through the crystal lattice, suggesting that conditions that favor
tetramer formation would also favor fiber formation (Figure
SB). The absence of the tetramer in the two crystal structures is
likely due to the relatively weak tetramer interface (Kj = 2.9
UM). Krissinel and Henrick have suggested that the absence of
the authentic quaternary structure in a crystal structure is, in
some cases, due to the dissociation of a relatively weak complex
during nucleation and crystal growth.”” Thus, even though the
high protein concentrations used in crystallization favor the
hUXS tetramer, the relatively small amount of dimer present at
equilibrium can feed the growth of a more stable crystal lattice.
In the case of substrate-free hUXS, the large, stable crystal
contact along the 3, symmetry axis is consistent with this
interpretation (Figure S and Table 3). If the stability of this
crystal contact is close to or greater than that of the tetramer
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interface, it is easy to see how crystallization can compete for
tetramer formation, especially under the optimized conditions
that favor crystal growth. In the case of the hUXS:UDP
structure, there are no comparable, extensive crystal contacts.
However, it has been reported that there are two UDP
molecules bound in each monomer® (Figure 1C), one in the
active site and the other in the dimer interface. It may be that
the UDP bound at the dimer interface may sterically preclude
formation of the tetramer.

We have modeled and analyzed several tetrameric structures
of hUXS. Our results suggest that Model 2, based on homology
with the E4 tetramer (PDB entry 1RKX), is a reasonable
complex yielding favorable PISA scores and good agreement
with SAXS data (Figure 7B and Table 3). We also employed a
less biased approach using simulated annealing restrained by P2
symmetry to produce Model 4 (Figure 8B and Table 3).
Models 2 and 4 are structurally distinct (compare Figures 7B
and 8B), but both are reasonable complexes based on our
criteria. We also considered the relationship of the complex to
the membrane. The N-terminal transmembrane helix (residues
20—38) is connected to the soluble fragment by a 48 residue
linker.”*® Assuming that the linker is flexible, it is possible to
connect Models 2 and 4 to the membrane without disrupting
the tetrameric complex (Figure 9). To address the ambiquity,
we are pursuing new crystallization experiments using proteins
with amino acid substitutions designed to disrupt the 3,
symmetry axis in the substrate-free hUXS crystal structure.
Regardless, our present inability to identify the actual structure
of the hUXS tetramer should not distract from our key finding.
Our results clearly show that hUXS forms a catalytically
important tetramer in solution and that the relative instability
of the complex suggests a means of regulating activity.
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