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ABSTRACT: Human UDP-α-D-glucose-6-dehydrogenase
(hUGDH) displays hysteresis because of a slow isomerization from
an inactive state (E*) to an active state (E). Here we show that the
structure of E* constrains hUGDH in a conformation that favors
feedback inhibition at physiological pH. The feedback inhibitor UDP-
α-D-xylose (UDP-Xyl) competes with the substrate UDP-α-D-glucose
for the active site. Upon binding, UDP-Xyl triggers an allosteric
switch that changes the structure and affinity of the intersubunit
interface to form a stable but inactive horseshoe-shaped hexamer.
Using sedimentation velocity studies and a new crystal structure, we
show that E* represents a stable conformational intermediate
between the active and feedback-inhibited conformations. Because
the allosteric switch occludes the cofactor and substrate binding sites
in the inactive hexamer, the intermediate conformation observed in
the crystal structure is consistent with the E* transient observed in relaxation studies. Steady-state analysis shows that the E*
conformation enhances the affinity of hUGDH for the allosteric inhibitor UDP-Xyl by 8.6-fold (Ki = 810 nM). We present a
model in which the constrained quaternary structure permits a small effector molecule to leverage a disproportionately large
allosteric response.

Human UDP-α-D-glucose-6-dehydrogenase (hUGDH)
catalyzes the NAD+-dependent oxidation of UDP-α-D-

glucose (UDP-Glc) to produce UDP-α-D-glucuronic acid.1−4 In
solution, apo-hUGDH forms a hexamer built from three weakly
interacting dimers.5−7 Because of the weak affinity between
subunits, the apo hexamer easily dissociates at low protein
concentrations. We have previously shown that dimer
association is under allosteric control.5,6,8 The feedback
inhibitor UDP-α-D-xylose (UDP-Xyl) binds to the active site
and triggers an allosteric switch that increases the affinity
between the subunit interfaces to form a stable, horseshoe-
shaped hexamer (Figure 1A,B).8 In the horseshoe conforma-
tion, the allosteric switch sterically occludes the binding sites
for the cofactor and the C5′-hydroxymethyl on the substrate to
inactivate the enzyme (Figure 1B). Because the allosteric switch
responds to the absence of a C5′-hydroxymethyl in UDP-Xyl,
the substrate UDP-Glc has no effect on the affinity between
subunits or hexamer formation (Figure 1B).5,6,8 In contrast,
binding of the cofactor (NAD+) allosterically increases the
affinity between subunits and induces the formation of an
active, 32 symmetry hexamer (Figure 1A).6 hUGDH is unusual
in that the allosteric and active sites are present as a single site
with distinct induced-fit responses that control subunit affinity
and quaternary structure.8

In addition to allostery, hUGDH also displays hysteresis,
which can be observed as a lag in progress curves (Figure
1C).7,9 Hysteresis can occur when an enzyme undergoes a slow
transition from an inactive conformation (E*) to a more active

state (E) in the presence of substrate or an allosteric effector
(Figure 1D).10 We have recently shown that the lag in hUGDH
is not due to the association of dimers or the dissociation of the
hexamer or another aggregate.7 Instead, hUGDH hysteresis is
due to a cofactor and substrate-induced isomerization of the E*
conformation to form the active enzyme (Figure 1D).7 Previous
work7 has shown that the hysteretic transition in hUGDH is
most consistent with the ligand-induced slow transition (LIST)
model in which the binding of the cofactor to the binary
E*:UDP-Glc complex induces a slow isomerization to the
active (or more active) E:UDP-Glc:NAD+ complex (Figure
1D).10 Here we show that the E* structure represents a
conformational intermediate between the active 32 symmetry
and inactive horseshoe hexamers. Because the only difference
between UDP-Xyl and UDP-Glc is the absence of a C5′-
hydroxymethyl group in the inhibitor, we argue that the
function of the intermediate, E*, is to leverage the
conformation of hUGDH into a state that can easily switch
to the inhibited complex.

■ MATERIALS AND METHODS

Protein Expression and Crystallization. Wild-type
hUGDH was recombinantly expressed and purified, and the
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His tag was removed as described previously.8 The purified
protein was dialyzed into storage buffer [25 mM Tris (pH 8)
and 200 mM NaCl] and concentrated to 10 mg/mL. Crystals
were grown at 20 °C using the hanging drop vapor diffusion
method with 2 μL drops mixed in a 1:1 ratio (protein:re-
servoir). The reservoir contained 50 mM sodium formate, 15%
PEG 3350, and 100 mM HEPES (pH 7.0).

Data Collection, Structure Solution, and Refinement.
Crystals were cryoprotected with the reservoir solution
containing 21% glycerol, ethylene glycol, and dimethyl
sulfoxide in a 1:1:1 ratio and plunged into liquid nitrogen
prior to data collection. The 2.7 Å resolution data were
collected at the 22-BM beamline (SER-CAT) at the Argonne
National Laboratory (Argonne, IL) using a MAR 225 mm
CCD detector, a wavelength of 1 Å, and an oscillation step of
1.0° for 360°. Data were processed with XDS,11 and 8% of the
data were set aside for cross-validation. The crystal parameters
and data collection statistics are summarized in Table 1.
The structure of E* was determined by molecular

replacement using the PHENIX software suite.12 Molecular
replacement was conducted using an unpublished crystal
structure of hUGDH lacking the extreme C-terminus (residues
467−494) as the search model. The model was subjected to
rigid body and positional refinement using the PHENIX
software suite.12 Refinement consisted of iterative cycles of
manual rebuilding using COOT followed by automated
refinement with PHENIX.12,13 The B factors were refined
using TLS.14 Because the molecular replacement search model
and the final structure were in isomorphous space groups, we
inadvertently corrupted the cross-validation test set. To

Figure 1. Allostery and hysteresis in hUGDH. (A) hUGDH hexamer
depicted in the active, 32 symmetry and inactive horseshoe-shaped
conformations. UDP-Glc (UDG, green), NAD+ (yellow), and UDP-
Xyl (UDX, cyan) are depicted as spheres. Changes in the Thr131 loop
(blue loop) conformation will alter the affinity of the subunit interface
via the α6 helix (blue rod).8 For the sake of clarity, only the top trimer
of dimers in the hexamer is depicted. (B) Active site showing the
Thr131 loop (blue spheres with Thr131 colored red) in the 32
symmetry and horseshoe conformations. NAD+ (yellow sticks)
buttresses the Thr131 loop to increase the affinity between subunit
interfaces and induce formation of the active hexamer.6 The Thr131
loop switches conformation in response to UDP-Xyl (cyan) binding,
to occlude the binding sites for NAD+ and the C5′-hydroxylmethyl
(magenta spheres) of UDP-Glc (green spheres).8 The inhibited
conformation also increases the affinity between dimers to induce
formation of the horseshoe hexamer. For the sake of clarity, residues
burying the active site and Thr131 loop have been removed. (C)
hUGDH progress curves showing that hysteresis is a property of the
hexamer and that there is no lag in the dimer (inset). The lag is fit
(blue line) with eq 1 from Materials and Methods. This figure is
modified from ref 7. (D) Ligand-induced structural transition (LIST)
model10 for hUGDH hysteresis based on our earlier work.7 Inactive
complexes are identified with an asterisk, and E* is the thermodynami-
cally favored conformation of the apoenzyme. Unequal arrows identify
favored directions supported by our earlier kinetic studies.7 The
binding of UDP-Glc (U) to E* is >104-fold faster than the binding of
NAD+ (N) and thus represents the kinetically preferred path of
substrate addition (highlighted in yellow).7 Subsequent binding of
cofactor N to form the ternary E*:U:N complex induces a slow
isomerization to the active, E:U:N Michaelis complex. This transition
is observed as the lag in progress curves. Turnover of the complex
produces E, which can rapidly bind substrate and cofactor to form the
E:U:N complex or slowly convert to the more stable E* at low
substrate concentrations. It is possible that the E*:U:N complex is
active, but turnover would necessarily be slow to cause hysteresis. The
isomerization of the E*:N complex to the E:N complex is inferred
from our previous work showing that binding of U to the saturated
E:N complex does not display hysteresis.7

Table 1. Data Collection and Refinement Statistics

Data Collection
space group C2
unit cell dimensions (a, b, c, β) 176.98 Å, 113.96 Å, 97.12 Å, 116.9°
completeness (%) 99.3 (97.4)a

no. of reflections 350028
redundancy 7.4 (7.3)
I/σ(I) 19.6 (1.5)
Rmeas

b (%) 12.7 (162.5)
CC1/2

c 0.999 (0.655)
Refinement

resolution (Å) 2.7
Rwork/Rfree

d 0.18/0.23
no. of atoms

protein 10830
ligand 4
water 8

B factor (Å2)
protein 86.8
ligand 105.7
water 62.7

stereochemical ideality
bond lengths (Å2) 0.009
bond angles (deg) 1.1
φ,ψ most favored (%)e 97.4
φ,ψ additionally allowed (%)e 2.6

aValues in parentheses are for the highest-resolution shell (2.7−2.86
Å). bRmeas is the redundancy-independent merging R factor of
Diederichs and Karplus.30 cCC1/2 is the correlation between intensities
from random half-data sets.31 dAn a posteriori Rfree was obtained as
explained in Materials and Methods. eValues obtained from structure
validation using MolProbity.32
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calculate an a posteriori Rfree, we selected a new test set
representing 10% of the data.15 The final model was subjected
to simulated annealing using Cartesian molecular dynamics at
2500 K to decouple the test set.15 The final model statistics are
listed in Table 1.
Sedimentation Velocity. Solutions of 0.91 μM hUGDH,

150 mM KCl, and 25 mM buffer [MES (pH 6.5), HEPES (pH
7.5), or Tris (pH 8.5)] were loaded into 12 mm cells and
placed in an Optima XLA analytical ultracentrifuge set to 20 °C
and 50000 rpm. The hUGDHM11 dimer (9.1 μM) was analyzed
similarly in 150 mM KCl and 25 mM HEPES (pH 7.5).
Sedimentation within the cells was monitored in 0.003 cm step
sizes at 230 nm (0.9 μM) or 280 nm (9.0 μM) for 8 h. Raw
sedimentation data were modeled using SEDFIT as c(s)
distributions that fit baseline and meniscus as well as systematic
and time invariant noise.16 SEDENTERP was used to estimate
a partial specific volume of 0.7384 mL g−1 and densities of
1.00532, 1.00726, and 1.00603 g mL−1 for pH 6.5, 7.5, and 8.5
solutions, respectively.17 Viscosities for the same pH range were
estimated to be 0.01003, 0.010176, and 0.010068 P,
respectively.
Steady-State Kinetics and UDP-Xyl Inhibition. Nucleo-

tides NAD+, NADH, and UDP-Glc were obtained from Sigma.
UDP-Xyl was obtained from Carbosource (University of
Georgia). All experiments were conducted in a reaction buffer
containing 50 mM HEPES or 50 mM Tris, 50 mM NaCl, and 5
mM EDTA. Steady-state kinetic analysis of wild-type hUGDH
was conducted using saturating amounts of 2.5 mM NAD+ with
100 nM hUGDH at pH 7.5 and 230 nM enzyme at pH 8.5.
Prior to the reaction, the enzyme and substrates were
preincubated separately for 5 min at 25 °C and the reaction
was initiated by a rapid manual mixing of the two solutions. An
Agilent 8453 UV/vis spectrometer equipped with a Peltier
temperature controller was used to follow enzyme reactions by
continually monitoring the formation of NADH at 340 nm
(molar absorptivity coefficient of 6220 M−1 cm−1). All data
were analyzed and modeled using nonlinear regression as
implemented in PRISM (GraphPad Software Inc., San Diego,
CA). Steady-state velocities were calculated by fitting the
progress curves to the hysteresis equation derived by Frieden:10

τ= − − − τ−P t v t v v( ) ( )(1 e )t
ss ss i

/
(1)

where P is the concentration of product at time t and τ is the
relaxation time. τ is equal to 1/kobs, where kobs is the apparent
rate constant for the transition between the initial (vi) and
steady-state velocities (vss) (Figure 1C). It is important to note
that vi in eq 1 is the initial velocity prior to steady state, and
only vss is appropriate for calculating initial steady-state
velocities for use in substrate saturation curves (with the caveat
that <10% of substrate has been consumed prior to reaching
vss). For steady-state analysis, the substrate saturation curves
were fit to a sigmoidal model based on residual analysis:18
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To determine the Ki for the competitive inhibitor UDP-Xyl,
steady-state analysis was conducted using different concen-
trations of UDP-Xyl (see Figure 3 for concentrations). The
data from each concentration of UDP-Xyl were simultaneously
fit to the equation for competitive inhibition using global
analysis in PRISM:

=
+

= +
⎛
⎝⎜

⎞
⎠⎟v

k
K

K K
K

[E ][S]

( ) [S]
where 1

[I]h

h ho
cat t

M
app M

app
M

i (3)

Specific activity studies were conducted using saturating
amounts of 2.5 mM NAD+ and 0.3 mM UDP-Glc with 230 nM
enzyme at pH 8.4. To determine the pH optimum, reaction
mixtures were prepared as separate substrate (2.5 mM NAD+

and 0.6 mM UDP-Glc) and enzyme (230 nM) solutions in 50
mM buffer (pH 6.0−6.4 for MES, pH 7.0−7.4 for HEPES, pH
7.8−9.0 for Tris, and pH 9.4−10.4 for glycine), 5 mM EDTA,
and 50 mM NaCl. Substrate and enzyme solutions were
preincubated separately for 5 min at a reaction temperature of
25 °C, and the reaction was initiated by a rapid mixing of the
two solutions.

Modeling the Dependence of Specific Activity on
Protein Concentration. In our previous work, we showed
that the tetramer is a transient in the formation and dissociation
of the hexamer.5,6 In modeling the dependence of hUGDH
specific activity on protein concentration, we make the
simplifying assumption that the tetramer makes a negligible
contribution to specific activity. Thus, our derivation assumes
an equilibrium between three low-activity dimers (ED) and a
higher-activity hexamer (EH):

↔3E E
K

D H
a

(4)

The hexamer concentration can be expressed as

= K[E ] [E ]H a D
3

(5)

The total concentration of enzyme, [ET], is
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which can be expressed in terms of the dimer concentration:
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Using the general solution for a cubic polynomial, we solve
for [ED] in terms of total enzyme concentration:
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The specific activity (SA) of hUGDH is the sum of the
specific activities of the hexamer (SAH) and dimer (SAD)
multiplied by their molar fraction:

= +SA
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Expressing the SA in terms of the dimer concentration (eq
4):
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We can now substitute eq 9 for [ED] in the expression given
above and solve for total specific activity in terms of total
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enzyme concentration. Specific activity data at different enzyme
concentrations were fit using the program PRISM.

■ RESULTS

The Hexameric Structure of hUGDH Is Destabilized at
Alkaline pH. We have previously shown that the apo-hUGDH
hexamer dissociates at low protein concentrations.5 Here, we
used analytical ultracentrifugation to study the effects of pH on
the oligomeric state. Sedimentation velocity studies of 0.9 μM
hUGDH at pH 7.5 show that the c(s) distribution is dominated
by an 11.4 S species (77%) corresponding to the hUGDH
hexamer. We also observe a 8.6 and 5.4 S species, indicating the
presence of a small amount of tetramer (8%) and dimer (15%),
respectively (Figure 2A). The hexamer is also favored at pH 6.5
(85% of the distribution), with smaller amounts of tetramer
(4%) and dimer (11%) (Figure 2A). In contrast, the hexamer
dissociates at alkaline pH. At pH 8.5, 85% of the c(s)
distribution is represented by a 5.7 S species consistent with the

hUGDH dimer, and the remaining 15% sediments at 3.7 S,
indicating a small amount of monomer (Figure 2A). The s-
values obtained from rapid equilibrium systems are biased by
the mean of the c(s) distribution; thus, the apparent deviation
in s-values for the dimer at pH 8.5 and 7.5 (5.7 and 5.4 S,
respectively) does not necessarily imply a significant change in
the conformation of the protein.19 These results show that
physiological pH stabilizes the hUGDH hexamer.

The Hexameric Structure Alters the Activity of
hUGDH. We determined the pH optimum of hUGDH to be
∼8.6, which is consistent with earlier reports (Figure 2B).2,20

The alkaline pH optimum appears to be at odds with our
observation of a dimer at pH 8.5, given that the hexamer is
required for maximal catalytic activity (Figure 2A).6,21 Because
cofactor and substrate binding will allosterically induce hexamer
formation, it may be that the hexamer is formed under steady-
state conditions.6 To test this possibility, we examined the
change in specific activity with respect to enzyme concen-

Figure 2. Hexamer stability and activity are pH sensitive. (A) The c(s) sedimentation velocity distributions show that hexameric hUGDH (H, 11.4
S) is stable at pH 6.5−7.5 while the dimer (D, 5.7 S) dominates at pH 8.5. A small amount of tetrameric hUGDH (T, 8.6 S) is also observed. (B)
Wild-type hUGDH (red line) and dimeric hUGDHK94E (blue) have pH optima of 8.6 and 7.4, respectively. Specific activities (SAs) are plotted in
corresponding colors on opposite Y-axes. (C) The specific activity of hUGDH shows a hyperbolic dependency on enzyme concentration at pH 8.4,
consistent with the formation of a more active hexamer. The data were fit (black line) using eq 11. The dotted lines identify the 95% confidence
intervals of the fit. The modeled specific activities for the hexamer (SAhex) and dimer (SAdim) are indicated, as well as the dissociation constant Kd =
1/Ka (see the text). (D) The c(s) sedimentation velocity distribution of 9.1 μM hUGDHM11 at pH 7.5 reveals a single species at 5.7 S, confirming the
dimer structure. (E) Dimeric hUGDHK94E (blue line) and hUGDHM11 (green line) have the same pH optima of 7.4, despite different rates. Specific
activities (SAs) are plotted in corresponding colors on opposite Y-axes.
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tration. The specific activity of hUGDH displays a hyperbolic
dependence on enzyme concentration at pH 8.4 (Figure 2C).
The saturable behavior of hUGDH specific activity is consistent
with three low-activity dimers (D) undergoing a concentration-
dependent association to form a higher-activity hexamer:6

↔3[D] [D]
K 3a

This model assumes that the tetramer is a negligible species
in the association and dissociation of the hexamer and is based
on our previous work showing that the tetramer behaves as a
transient in the dimer−hexamer equilibrium.5,6 The change in
specific activity due to hexamer formation can be fit to an
isotherm relating specific activity to protein self-association
using eq 11 (Figure 2C). The fit predicts specific activities of
1.2 ± 0.2 and 2.6 ± 0.1 μmol min−1 mg−1 for the dimer and
hexamer, respectively, and a dissociation constant, Kd, of 1.8
nM2 for the active hexamer at pH 8.4 (Figure 2C). On the basis
of this analysis, the saturating concentration of substrate and
cofactor will stabilize the 0.9 μM hUGDH as a hexamer at pH
8.4. In fact, we have previously used sedimentation velocity
analysis to show that saturating concentrations of cofactor and
substrate will induce hexamer formation at pH 8.0.6 Thus, the
observed pH optimum of 8.6 for hUGDH is associated with the
formation of the active hexamer.
Next, we examined the pH optimum of dimeric hUGDH. We

have previously described hUGDHK94E, a stable dimer of
hUGDH that is the result of a charge-switch substitution
designed to disrupt the hexamer.6 hUGDHK94E has a pH
optimum of ∼7.4, but the activity (0.023 μmol min−1 mg−1) is
37-fold lower than that of the wild-type enzyme at the same pH
(0.85 μmol min−1 mg−1) (Figure 2B). It has been suggested
that the reduced activity in the hUGDHK94E dimer may be due
to the destabilization of loop88−110, which is involved in cofactor
binding.22 To address this concern, we designed a new, stable
dimer construct (hUGDHM11) using a triple substitution
(F323T/N324T/T325D) in loop323−325, which is buried in
the hexamer interface. Sedimentation velocity analysis of 9.1
μM hUGDHM11 at pH 7.5 reveals a 5.7 S species, consistent
with the hUGDH dimer (Figure 2D). This is in contrast to the
wild-type enzyme, which forms a stable hexamer at a much
lower protein concentration of 0.91 μM (Figure 2A). The
activity of hUGDHM11 is only 4.7-fold lower than that of the
wild-type enzyme hexamer at pH 7.4, which is similar to the 5-
fold decrease in activity for the hUGDH dimer reported by
others.22 In addition, both hUGDHM11 and hUGDHK94E have
the same pH optima of 7.4 (Figure 2E). At pH 8.4, the specific
activity of hUGDHM11 is ∼22 times lower than what we
expected for the wild-type dimer on the basis of our modeling
of the specific activity at pH 8.4 (Figure 2B,C,E). It may be that
the tetramer is not a negligible species at low protein
concentrations in the presence of saturating cofactor and
substrate, and that the activity of the tetramer is significant.
Thus, the activity that we assigned to the dimer in our model
may also include a substantial amount of active tetramer. Still,

the goal of the modeling experiment was to determine the
protein concentration that stabilizes the hexamer in the
presence of saturating substrate and cofactor. In that context,
the model predicts 0.9 μM hUGDH will stabilize the hexamer
under saturating conditions at pH 8.4, which is consistent with
our earlier results from sedimentation velocity analysis.6

Hysteresis in hUGDH Is Favored at Physiological pH.
Because the E* conformation is an intrinsic property of the
hexamer,7 and the hexamer stability is sensitive to pH, we
examined the pH dependency of hUGDH hysteresis. We
determined the length of the hysteretic lag, defined as the time
taken for the enzyme to reach steady-state velocity. The
duration of lag, initial velocity (vi), and steady-state velocity
(vss) were calculated by fitting progress curves to eq 1 (see
Materials and Methods). The lag increases at lower pH,
suggesting that the stabilities of E* and the hexamer are
correlated (Table 2). We estimated the fraction of active
enzyme present when the reaction was initiated (E/E*) by
examining the ratio of initial and steady-state velocities
obtained from the progress curves (vi/vss). If we assume that
the E* conformation has no activity (the extreme case), then
the vi/vss ratio shows that the E* conformation is strongly
favored at pH 6.5, with only 0.67% of the enzyme in the E state
(Table 2). In contrast, at pH 7.5, 10.3% of the enzyme is
present in the active state. When the pH increases to 8.5, 64%
of hUGDH is observed to exist in the active, E conformation
(Table 2). Even if the E* conformation has a low level of
activity, it is clear from this analysis that the E* conformation is
favored at lower pH.

hUGDH Is More Sensitive to Inhibition by UDP-Xylose
at Physiological pH. At pH 8.5, the substrate saturation
curves of hUGDH with respect to UDP-Glc show a small
degree of negative cooperativity (Hill coefficient of 0.87 ±
0.08) (Figure 3A and Table 3). In the presence of 20 μM UDP-
Xyl, the substrate saturation curves become sigmoidal (Hill
coefficient of 1.3 ± 0.08). At the higher concentration of 40 μM
UDP-Xyl, the sigmoidicity increases to a Hill coefficient of 1.9
± 0.07. This type of cooperative behavior in the presence of
UDP-Xyl was observed in earlier studies of UGDH.3,23 UDP-
Xyl stabilizes the horseshoe-shaped hexamer, while the cofactor
in the presence of substrate stabilizes the active, 32 symmetry
complex (Figure 1A).6,8 In the horseshoe-shaped hexamer, the
Thr131 loop occupies the space that would normally
accommodate the C5′-hydroxymethyl of UDP-Glc (Figure
1B).8 The partially occluded active site would reduce the
affinity for UDP-Glc. Thus, the substrate cooperativity we
observe in the presence of UDP-Xyl is consistent with the
allosteric transition of the horseshoe-shaped complex with low
affinity for UDP-Glc into the 32 symmetry hexamer with higher
affinity for the substrate (Figure 1A).
hUGDH is sensitive to product inhibition with a Ki of 27 μM

for NADH at pH 7.5.7 At high protein concentrations, hUGDH
can produce inhibitory amounts of NADH before the hysteretic
lag ends, thereby complicating steady-state analysis. This can be

Table 2. pH Dependence of Hysteresis

pH vi (μM/min)a vss (μM/min)a vi/vss (%) τ (s)a kobs (s
−1)b lag (s)c

6.5 0.047 ± 0.064 7.0 ± 0.05 0.67 70.5 ± 1.8 0.014 191.5 ± 4.8
7.5 2.7 ± 1.7 26.1 ± 0.07 10.3 7.9 ± 0.5 0.127 21.4 ± 1.4
8.5 34 ± 13.3 53.1 ± 1.5 64 3.67 ± 0.22 0.272 9.97 ± 0.6

aData for the progress curves were collected in triplicate except for those at pH 8.5, which are duplicates. Data were fit to eq 1 using global analysis
to calculate vi, vss, and τ. bkobs = 1/τ. cLag was calculated using the equation lag = eτ.
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avoided by keeping protein concentrations low and measuring
the amount of NADH produced before reaching steady-state
velocity, as we have previously described.7 Here, our data show

that UDP-Xyl inhibition increases the lag (Figure 3C).
Conditions that increase the length of the lag at a constant
protein concentration could produce inhibitory concentrations
of NADH before reaching the steady state. In fact, at 40 μM
UDP-Xyl (∼6Ki), >18 μM NADH is produced before the lag
ends (data not shown). This explains the apparent decrease in
kcat for the substrate saturation curve at 40 μM UDP-Xyl
(Figure 3A and Table 3). Therefore, we excluded the 40 μM
UDP-Xyl data from our determination of the Ki for UDP-Xyl.
Because UDP-Glc and the allosteric inhibitor compete for the
active site, we fit the 0 and 20 μM UDP-Xyl data to a
cooperative model for competitive inhibition using global
analysis (eq 3 in Materials and Methods and Table 3). This
analysis shows that the Ki for UDP-Xyl at pH 8.5 is 6.98 ± 1.6
μM. Next, we examined UDP-Xyl inhibition at pH 7.5. To
prevent product inhibition from occurring during the lag at pH
7.5, we reduced the protein concentration to 100 nM. The
substrate saturation curve at pH 7.5 is hyperbolic with respect
to UDP-Glc (Figure 3A and Table 3). However, in the
presence of 0.6 μM UDP-Xyl, the saturation curves begin to
display substrate cooperativity, with a Hill coefficient of 1.24 ±
0.06. The Ki for UDP-Xyl at pH 7.5 is 0.81 ± 0.12 μM,
representing a 8.6-fold higher affinity for UDP-Xyl at
physiological pH (Figure 3B and Table 3).

Crystal Structure of the E* Complex. Our data show that
physiological pH promotes hUGDH hysteresis, favors UDP-Xyl
inhibition, and stabilizes the hexamer. To crystallize the E*
complex of hUGDH, we targeted the narrow pH range of 6.0−
7.5 using nonionic precipitants for crystallization. Crystals were
obtained at pH 7.0 and diffracted to a resolution of 2.7 Å. On
the basis of our hysteresis data, >90% of hUGDH should be in
the E* conformation at pH 7.0 (Table 2). The crystal structure
contains three chains in the asymmetric unit corresponding to
the top half of a complete hexamer (Figure 4A). The complete
hexamer is formed by the operation of a crystallographic 2-fold
axis. Residues 383−388 in chains A and B, residues 383−387 in
chain C, and the C-terminal tail (residues 467−494) in all three
chains in the asymmetric unit are disordered.
The NAD+ and nucleotide sugar binding domains of

hUGDH are flexible and can rotate from a closed to an open
conformation in a concerted motion without disrupting the
hexamer (Figure 4B).5 The open form allows the Thr131 loop
to change conformation and repack in response to UDP-Xyl
binding.5 The domains of the E* crystal structure are in the
“open” conformation. DynDom analysis shows that the NAD+

binding domains have rotated open by 10.3° relative to the
closed conformation of hUGDH (PDB entry 2Q3E).24 The
hinge bending axis is between residues 219 and 222 and has
been described in detail elsewhere.4,5 The structure of E* is
most similar to that of the hUGDHΔ132 construct (PDB entry
3TF5); 2730 corresponding Cα atoms of the E* and
hUGDHΔ132 hexamers superimpose with a 0.9 Å root-mean-
square deviation. With the exception of the mutation in
hUGDHΔ132, a minor difference in domain conformation is the
only variation between the structures; the domains of the E*
structure are 2° less open than those in the hUGDHΔ132 crystal
structure. The strong similarities between the E* and
hUGDHΔ132 hexamers are intriguing, given that the
hUGDHΔ132 construct was designed to trap the allosteric
Thr131 loop−α6 switch in an intermediate conformation
between the active and inactive states.5 In fact, the most
significant observation in the E* structure involves the Thr131
loop−α6 allosteric switch, which does adopt an intermediate

Figure 3. UDP-xylose inhibition is sensitive to pH. (A) At pH 8.5,
steady-state analysis of hUGDH in the presence of 0 (black), 20 (red),
and 40 μM (blue) UDP-Xyl (UDX) (see Table 3 for parameters).
Steady-state velocities were determined with eq 1. Because of the
increased lag and resulting product inhibition with 40 μM UDP-Xyl,
only the 0 and 20 μM UDX data were globally fit to the equation for
competitive inhibition, modified for cooperativity (see the text and
Materials and Methods). Dotted lines indicate 95% confidence
intervals. (B) Same as above, but at pH 7.5 with UDP-Xyl at 0
(black) and 0.6 μM (red). (C) The hUGDH hysteretic lag increases
with UDP-Xyl concentration at pH 7.5 (red) and 8.5 (blue). UDP-Xyl
concentrations are reported in units of Ki (0.81 and 6.98 μM for pH
7.5 and 8.5, respectively).
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conformation (Figure 4C). In our earlier work, we showed that
the hUGDH domains can close only if the Thr131 loop is in
the active or inactive state.5 The intermediate E* conformation
traps the domains in the “open” state; closure of the domains
would result in steric clashes similar to what we observe in the
hUGDHΔ132 structure.

5

The Thr131 loop in the E* structure is shifted 0.9 Å from the
active conformation and toward the inactive state (Figure 4C).
In this position, the substrate and cofactor binding sites are
partially occluded. The position of the Cα atom of Thr131
varies by only 0.1 Å among the three unique molecules in the
asymmetric unit. The interface between adjacent dimers of the

E* hexamer also adopts a conformation between the active and
inactive states (Figure 4D). To form the inactive state, the
feedback inhibitor UDP-Xyl induces the α6 switch helix to
translate ∼1.43 Å and rotate 10.3°, and the χ1 torsion angle of
Ser139 rotates 158° (Figure 4D).8 A compensatory repacking
of Pro425 and loop322−324 in the adjacent dimer accommodates
the shift of the α6 switch helix. Most notably, the Cα atom of
Phe323 translates 2.0 Å and the χ1 torsion angle rotates −60.6°.
The interface in the E* structure is in an intermediate
conformation in the transition from the active to the horseshoe
hexamers. (i) The α6 switch helix has translated ∼0.7 Å and
rotated by 9.0°. (ii) The χ1 torsion angle of Ser139 rotated by
114.0°. (iii) The χ1 torsion angle of Phe323 has rotated −8.6°,
and the Cα atom has shifted 1.6 Å. On the basis of these
observations, we believe that the role of the E* structure is to
facilitate feedback inhibition by shifting the conformation of the
hUGDH subunits toward the inactive state.

■ DISCUSSION

The formation of the hUGDH hexamer is under allosteric
control.5,6,8 Cofactor binding enhances the affinity among three
weakly interacting dimers to induce formation of a stable 32
symmetry hexamer (Figure 1A,B).6 Similarly, the feedback
inhibitor UDP-Xyl induces formation of a stable but inactive
horseshoe-shaped hexamer.8 Earlier work showed that hyste-
resis in hUGDH is not due to hUGDH dimers associating to
form a more active hexamer; instead, a cofactor and substrate
induced isomerization of hUGDH from a less active E* to a
more active E conformation (Figure 1D).7 Here, we have
investigated the role of the E* state in enzyme activity and
feedback inhibition. First we show that the E* state is favored at
physiological pH. The length of the hysteretic lag in progress
curves increases as the pH decreases from 8.5 to 6.5, suggesting
that E* is favored at the lower pH. Analysis of the vi/vss ratio of
the lag also predicts a larger fraction of E*/E at the lower pHs
assuming E* is inactive (Table 2). However, even if E* has a
low level of activity, the E*/E ratio is consistent with the
stabilization of E* at lower pH values. Finally, sedimentation
velocity studies show that the hexamer is stabilized at lower pH
values (Figures 1C and 2A). This is important because the E*
conformation is an intrinsic property of the hexamer (Figure
1C).7

Next, we determined the crystal structure of hUGDH under
conditions that stabilize the E* complex. The vi/vss ratio
suggests that between 90 and 99.3% of hUGDH is in the E*
conformation between pH 7.5 and 6.5 (Table 2). Thus, the
stable hexamer observed at physiological pH in sedimentation
velocity studies most likely represents the E* conformation
(Figure 2A). This is also good evidence that the crystal
structure at pH 7.0 represents the authentic E* conformation
(Figure 4). The crystal structure of E* closely resembles the
hUGDHΔ132 construct (PDB entry 3TF5), which was designed

Table 3. Global Fit of Data from UDP-Xylose Inhibition Studies

pH [UDP-Xyl] (μM) [hUGDH] (μM) UDP-Glc KM (μM)a kcat (s
−1)a UDP-Xyl Ki (μM)a Hill coefficient (h)a

8.5 0 0.23 43.4 ± 6.7 4.17 6.98 ± 1.6 0.87 ± 0.08
20 4.62 1.3 ± 0.08
40b 3.12 1.9 ± 0.07

7.5 0 0.10 16.1 ± 0.79 1.97 0.81 ± 0.12 1.02 ± 0.05
0.6 1.83 1.24 ± 0.06

aThe kinetic parameters, KM, Ki, kcat, and h, were calculated using a global analysis of the inhibition data using eqs 2 and 3. bThe 40 μM UDP-Xyl
sample was not used in calculating Ki because of significant product inhibition (see the text).

Figure 4. Crystal structure of the E* complex. (A) Top and side views
of the E* hexamer. The NAD+ (orange), nucleotide sugar binding
domain (yellow) and dimerization domain (gray) are depicted. (B)
Cartoon showing the closed and open conformations of the NAD+ and
nucleotide sugar binding domains. (C) Superposition of the Thr131
loop of the E* (magenta), active 32 symmetry hexamer (cyan, PDB
entry 2Q3E) and the horseshoe-shaped hexamer (orange, PDB entry
3PTZ). To illustrate the small degree of variability in the position of
the Thr131 loop, all of the unique chains contained in the asymmetric
unit of each crystal structure are superimposed. (D) Hexamer building
interface illustrated as in panel C. The α6 helix (α6), loop322−324
(F323), and Pro425 (P425) are shown. Black arrows depict the
motions that Phe323 undergoes to switch states.
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to mimic an intermediate in the allosteric transition between
the active and inactive states.5 In fact, at physiological pH, the
Thr131 loop−α6 switch in hUGDH adopts a conformation
that appears to be an intermediate in the transition from the
active 32 symmetry hexamer to the inactive, horseshoe-shaped
complex (Figure 4C,D). To accommodate this conformation,
the domains of hUGDH have rotated to the open conformation
(Figure 4B). The open domain conformation is essential for the
Thr131 loop−α6 switch to change conformations.5 One result
of this intermediate conformation is that the active site is
partially occluded, meaning that the Thr131 loop−α6 switch
will have to move to bind cofactor and substrate (Figure 4C,D).
We believe that this intermediate conformation represents E*
and that the transient observed in progress curves is due to the
isomerization of the Thr131 loop−α6 allosteric switch and
closing of the domains to adopt the active conformation. But
what is the function of the E* conformation in hUGDH? We
believe that the E* conformation facilitates feedback inhibition
by shifting the Thr131 loop−α6 switch helix into a
conformation closer to the inhibited state. In fact, hUGDH is
8.6-fold more sensitive to UDP-Xyl inhibition at pH 7.5 than at
pH 8.5 (Figure 3 and Table 3). Previous studies have reported
a similar pH dependence of the UDP-Xyl Ki.

23,25 It is likely that
the hexamer restrains the enzyme in the E* conformation at
physiological pH. In fact, the data show that the formation of
the hexamer alters the activity of the enzyme. The pH optimum
of the hUGDH hexamer is 8.6, but that of the dimer is 7.4
(Figure 2B,E). The fact that the hexamer and dimer have the
same active sites suggests that formation of the hexamer favors
an enzyme conformation with an alkaline pH optimum. We
also note that the alkaline pH shift in catalytic activity is
correlated with a weaker hexameric complex (Figure 2A). Thus,
it would appear that the stable hexamer at physiological pH
restrains the structure in the E* conformation.
The observation of a stable, E* conformation also explains

accounts of substrate cooperativity only in the presence of
UDP-Xyl (Figure 3 and Table 3).3,23 The sigmoidicity is
consistent with a cooperative transition from the inactive,
horseshoe-shaped complex to the active, 32 symmetry hexamer,
assuming the former structure has a lower affinity for UDP-Glc.
In fact, the conformation of the Thr131 loop−α6 allosteric
switch in the active site of the horseshoe-shaped hexamer is
specific for UDP-Xyl and introduces a steric clash with the C6′-
hydroxyl of UDP-Glc.8 As UDP-Glc outcompetes UDP-Xyl,
the conformation of hUGDH would switch to the 32 symmetry
hexamer, which would have a higher affinity for UDP-Glc, thus
explaining the substrate cooperativity observed in the presence
of UDP-Xyl. But if hUGDH is a cooperative enzyme, why are
the saturation curves for UDP-Glc hyperbolic in the absence of
UDP-Xyl? Studies have shown that allosteric enzymes whose
active and inactive states bind substrate with equal affinity will
have hyperbolic substrate saturation curves.26 However, if a
competitive inhibitor shows a distinct preference for binding to
the inactive state, the substrate saturation curves will become
sigmoidal in the presence of the inhibitor (Figure 3 and Table
3).26 Thus, if the active and E* conformations of hUGDH both
display equal affinity for UDP-Glc, the substrate saturation
curves will be hyperbolic. The cooperativity will be observed
only after UDP-Xyl triggers the formation of the horseshoe
complex with a reduced affinity for UDP-Glc (Figures 1B and
3). Similar behavior has been observed in anabolic ornithine
transcarbamoylase and L-alanine dehydrogenase, which show
cooperativity in substrate saturation curves only in the presence

of a competitive inhibitor that favors the inactive conformation
of the enzyme.26−28

Finally, we turn our attention to the formation of the inactive
horseshoe hexamer (Figure 1A). Specifically, what is the source
of the initial asymmetry that causes the 32 symmetry hexamer to
dissociate preferentially along one interface to form the
horseshoe complex? We believe that substoichiometric binding
of UDP-Xyl triggers the asymmetry that produces the
horseshoe hexamer (Figure 5). As UDP-Xyl binds to a specific

subunit in E*, the Thr131 loop−α6 switch can be switched to
the inactive state while the domains remain open. In fact, our
earlier work showed that the interface between adjacent dimers
in the domain “open” hexamer can adopt the horseshoe
conformation without disrupting the 32 symmetry.5 We have
also shown that the interface of the UDP-Xyl-induced hexamer
is more stable than the UDP-Glc interface.5,8 Thus,
substoichiometric binding of UDP-Xyl can result in an
“open” domain hexamer with a mix of strong and weak
interfaces (Figure 5). The domains in such a hexamer can close
in one of two ways. (i) To maintain 32 symmetry, the domains
must disrupt the stable contacts in the UDP-Xyl-buttressed
interfaces to rotate to the “closed” state, or (ii) to form the
horseshoe hexamer, the weaker UDP-Xyl-free interface can
dissociate to allow the dimers to rotate as rigid bodies and close
the domains without disrupting the two remaining interfaces.
On the basis of the results we have presented here, we

propose that at physiological pH, the hexameric structure of
hUGDH restrains the enzyme in a less active conformation that
favors feedback inhibition by UDP-Xyl. This conformational
leveraging allows the small difference in the effector molecule
(the absence of a C5′-hydroxymethyl) to induce a dispro-
portionately larger allosteric transition. This “conformational
leveraging” by the formation of a higher-order quaternary

Figure 5. Model for the activation and UDP-Xyl inhibition of the E*
hexamer. The hexamer is depicted in the active, E*, subsaturated, and
horseshoe states. The insets below each state illustrate the
conformation of Thr131 loop−α6 switch as a loop connecting a
gray strand to the α6 helix (gray cylinder). The hexamer interface is
shown as a hatched surface complementary to the α6 helix. The loop is
depicted in ligand-bound () and intermediate (---) conformations.
Thr131 (the “Y” structure in the loop) interacts with UDP-Glc
(UDG) or UDP-Xyl (UDX). The strong and weak interfaces are
identified. The binding of NAD+ (N) and UDP-Glc (G) to E*
generates the closed, active structure with a weak, flexible hexamer
interface.5 The binding of substoichiometric amounts of UDP-Xyl (X)
produces a subsaturated complex with a mix of strong and weak
interfaces. The UDP-Xyl-bound subunits rotate the α6 helix to create a
strong interface. The red asterisk indicates the weaker interface
between the two unbound subunits (red arrow). Dissociation along
the weak interface will allow the subunits to undergo a rigid body
rotation to close the domains without disrupting the UDP-Xyl-
stabilized interfaces.
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structure is not without precedent. A similar behavior is
observed in mammalian hemoglobin. The individual αβ
hemoglobin dimers have a high affinity for oxygen.29 However,
formation of the (αβ)2 tetramer restrains the subunits to a
lower-affinity conformation, which is essential for oxygen
delivery.
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