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ABSTRACT: Human UDP-a-p-glucose 6-dehydrogenase (hUGDH)
forms a hexamer that catalyzes the NAD'-dependent oxidation of
UDP-a-p-glucose (UDG) to produce UDP-a-p-glucuronic acid.
Mammalian UGDH displays hysteresis (observed as a lag in progress
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curves), indicating that the enzyme undergoes a slow transition from
an inactive to an active state. Here we show that hUGDH is sensitive
to product inhibition during the lag. The inhibition results in a
systematic decrease in steady-state velocity and makes the lag appear to
have a second-order dependence on enzyme concentration. Using
transient-state kinetics, we confirm that the lag is in fact due to a
substrate and cofactor-induced isomerization of the enzyme. We also show that the cofactor binds to the hUGDH:UDG complex
with negative cooperativity. This suggests that the isomerization may be related to the formation of an asymmetric enzyme
complex. We propose that the hysteresis in hUGDH is the consequence of a functional adaptation; by slowing the response of
hUGDH to sudden increases in the flux of UDG, the other biochemical pathways that use this important metabolite (i.e.,

glycolysis) will have a competitive edge.

UDP-a-D-glucose 6-dehydrogenase (UGDH) catalyzes the
NAD"-dependent oxidation of UDP-a-p-glucose (UDG) to
produce UDP-a-p-glucuronic acid (UGA) (Figure 1A).'”>
Dickinson first identified bovine UGDH as a hysteretic enzyme
on the basis of his observation of a lag in enzyme progress
curves before steady-state velocity was attained.* Hysteresis
occurs when an enzyme undergoes a slow transition from a less
active to a more active state.> This transient phase can be an
important step in the regulation of enzyme activity. For
example, hysteresis in pancreatic glucokinase plays an essential
role in insulin signaling; the slow response of the enzyme
means that a brief spike in serum glucose levels will not
stimulate the release of insulin.”””

The transient phase in hysteretic enzymes is typically
associated with one of three distinct models: (i) the
dissociation of an inactive aggregate, (ii) an enzyme polymer-
izing to form an active complex, and (iii) a slow isomerization
to a more active conformation.”'®~** Dickinson reported that
the specific activity of bovine UGDH decreases at high enzyme
concentrations and, in support of the first model, suggested the
concentration-dependent dissociation of an inactive aggregate
to an active form.* In contrast, we have shown that human
UGDH (hUGDH) dimers undergo a concentration-dependent
association to form a discrete, active hexamer (Figure 1B).15’16
Cofactor binding can also induce the formation of this
hexamer.'® Thus, our results suggest that the lag may be due
to the association of dimers to form a higher-activity hexamer.

The crystal structures of hUGDH reveal a doughnut-shaped
hexamer of point group symmetry 32 that is formed by the
oligomerization of three dimers (Figure 1B).'>'” During the
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catalytic cycle, the UDG and NAD" binding domains of
adjacent dimers rotate in a concerted manner to allow substrate
binding and product release (Figure 1C).'° These domain
rotations resemble a clamshell motion and can occur without
disrupting the hexamer.'® The dynamic nature of the \tUGDH
hexamer suggests that enzyme isomerization may also play a
role in enzyme hysteresis. However, neither the association nor
the isomerization models of hUGDH can explain Dickinson’s
report of lower specific activity at high enzyme concentrations.”

The goal of this study is to identify the underlying
mechanism for hysteresis in hUGDH. Here we report a
detailed analysis of the steady-state and transient-state kinetics
of the enzyme at physiological pH. We show that the lag is
actually due to a substrate and cofactor-induced isomerization
of the hUGDH hexamer to form an active, asymmetric
complex. The possible physiological relevance of the hysteresis
in hUGDH is discussed.

B MATERIALS AND METHODS

Enzyme Assays. The nucleotides NAD*, NADH, and
UDG were obtained from Sigma. The expression and
purification of the recombinant wild-type enzyme and the
hUGDHyy,; construct have been described in detail else-
where.""'® All experiments were conducted in a reaction buffer
containing S0 mM Hepes (pH 7.5), S0 mM NaCl, and S mM
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Figure 1. Catalytic cycle of hUGDH. (A) UGDH uses two molecules of NAD" to catalyze the oxidation of UDP-a-p-glucose (UDG) to UDP-a-p-
glucuronic acid (UGA). First, NAD* oxidizes UDG to an aldehyde, which reacts with Cys276 to form a thiohemiacetal intermediate (UDH). A
second NAD" molecule oxidizes UDH to a thioester intermediate (UDE). Finally, UDE is hydrolyzed to form the product, UDP-glucuronic acid
(UGA). (B) Three hUGDH dimers undergo a concentration-dependent association to form the active hexamer. The formation of the hexamer can
also be induced by substrate and cofactor binding.16 hUGDH nucleotide-sugar (green) and cofactor binding (orange) and dimerization (grey)
domains are depicted, and the 32 symmetry of the hexamer is indicated. (C) Domain rotation facilitates substrate binding and product release during
the hUGDH catalytic cycle, without dissociating the hexamer.'> The cartoon depicts the nucleotide-sugar (orange) and cofactor binding (green)
domains for the top trimer of hUGDH. (i) Catalysis begins with UDG binding to the open domain conformation. (ii) The binding of the cofactor
results in domain closure. (iii) NAD" oxidizes UDG to UDH, and the domains rotate open. (iv) NADH is exchanged for a second molecule of
NAD?, and the domains close. Finally, UDH is oxidized to UDE, which is then hydrolyzed to produce UGA.

EDTA. Unless otherwise stated, 230 nM enzyme was used in all
assays. For steady-state analysis, the enzymes 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~ cm™).
Steady-state kinetic analysis of wild-type hUGDH was
conducted using saturating amounts of 2.5 mM NAD" and
0.3 mM UDG. Because of the lower activity, steady-state
analysis of hUGDHgy,; required an enzyme concentration of
9.1 uM. For hUGDHyy,g, higher concentrations of substrates
were needed to reach saturation (30 mM NAD" and 10 mM
UDG). Steady-state velocities were measured after the lag
period. All data were analyzed and modeled using nonlinear
regression as implemented in PRISM (GraphPad Software Inc.,
San Diego, CA). The substrate saturation curves were fit to
either a hyperbolic or a sigmoidal model based on residual

analysis:'*>°
kalEJ[ST"
W= h
K"+ [S] (1)
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To determine the K; for the competitive inhibitor NADH,
steady-state analysis was conducted using the conditions
described above in the presence of two different concentrations
of NADH, 30 and 70 M. We used the apparent K from each
concentration of NADH to calculate a K; using eq 2 and
averaged the results:

v+ 1)
K

i

KPP = Km(
©)

Cofactor Binding Assays. hUGDH fluorescence binding
titrations were performed at 25 °C using reaction volumes of 2
mL. Solutions of hUGDH (with or without 0.3 mM UDG) and
NADH (concentration ranging from 2 to 200 uM) were
preincubated separately for S min at 25 °C and then quickly
mixed to initiate binding. The volume of NADH added was less
than 3% of the total reaction volume. All measurements were
recorded at 1 s intervals using a Perkin-Elmer LSS5
luminescence spectrometer with excitation and emission
wavelengths of 285 and 335 nm, respectively, and both slit
widths set to 8.8 nm. The raw data were systematically
corrected for the inner filter effect’"? using the molar
absorptivity of NADH at the tryptophan excitation and
emission wavelengths (£,55 = 2101 M™' cm™ and &35 =
6132 M~ cm™, respectively). Binding of NADH to hUGDH
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Figure 2. The lag in hUGDH progress curves is due to enzyme isomerization. (A) Progress curves of 45 (M) and 91 nM hUGDH (@) show a lag in
the rate of product formation. Data are modeled (—) using eq 4 (see the text). (B) Progress curves of 9.1 uM hUGDHjy,; dimer do not show a lag.
The solid line depicts the linear area used to calculate the steady-state velocity. (C) The dependence of the relaxation rate constant (k) on
hUGDH concentration. (D) hUGDH steady-state velocity shows a systematic decrease with increasing enzyme concentration that is consistent with
product inhibition (—). The expected linear steady-state velocity in the absence of these effects is shown as a dotted line. (E) The lag for each
hUGDH concentration was plotted versus the amount of NADH produced during that time frame. Lower values of the lag correspond to higher
enzyme concentrations. The plot shows that at higher hUGDH concentrations, inhibitory levels of NADH [K; = 27 + 3 uM (see Table 1)]
accumulate by the time the enzyme reaches the steady-state. (F) Representative stopped-flow kinetic data showing hysteresis for the formation of the
abortive hUGDH:UDG:NADH ternary complex. The binding of UDG and NADH to 513 nM hUGDH quenches the intrinsic tryptophan
fluorescence (@). The process is modeled as a single-exponential decay (—). The inset shows the residual plot for the fit. (G) The relaxation rate
constant for formation of the hUGDH:UDG:NADH complex (k) shows a first-order dependence on enzyme concentration, indicating a slow
isomerization.

quenches the intrinsic protein fluorescence of the enzyme and cutoff below 320 nm were used for data collection. Scans were
was analyzed by plotting the AF (F, — F;) versus NADH collected for short periods of 0.2, 0.5, or 1 s to follow the fast
concentration (see Results). The dissociation constant (Kj) processes. Longer periods of data collection (1—200 s) were
and Hill coefficient (h) were calculated by ﬁtting the data to used to record the slow events. The data were fit to the
either a hzgerbolic or a sigmoidal model based on residual appropriate equations for decay to obtain the change in
analysis:'” fluorescence (AF) (see Results). All spectral data analysis was
N performed using numerical integration methods with Pro-K
AF = AR, (L] from Applied Photophysics.
K"+ [L] (3)
Transient-State Kinetics. Stopped-flow studies were W RESULTS
conducted at 25 °C using an Applied Photophysics SX18-MV hUGDH Hysteresis is Due to Enzyme Isomerization.
spectrophotometer with a dead time of ~1.2 ms. Preincubation The lag in hUGDH progress curves at physiological pH (7.4)
with saturating concentrations of UDG (0.3 mM) or NADH indicates that the enzyme undergoes a slow transformation
(0.35 mM) was used to form the appropriate binary complexes. from a less active to a more active state (Figure 2A). We
The change in the intrinsic tryptophan fluorescence of (UGDH examined the effect of the oligomeric structure on hysteresis
or preformed complexes upon rapid mechanical mixing with using the K94E substitution in hUGDH (hUGDHgy,), which
UDG or NADH was continuously monitored over time. An we have previously shown to prevent hexamer formation.'®
excitation wavelength of 285 nm and an emission filter with a Progress curves of hUGDHgg,r show no lag, suggesting that
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Table 1. hUGDH Steady-State and Equilibrium Binding Studies

enzyme ligand K, (uM) Hill coefficient (h) ke (s7Y) K, (uM) Ky (uM)
hUGDHygoys UDG 269 + 16° 0.012°
NAD* 2919 + 198 0.055
hUGDH UDG 16 + 0.5% 1.47
NAD* 942 + 142 0.74 + 0.03“ 1.8
NADH 27 + 3% 31 + 3°
hUGDH:UDG NADH 0.42 + 0.05° 4+ 2°

“The kinetic parameters, K, h, and k., were calculated using eq 1. ®The NADH K; was calculated using eq 2. “Parameters from steady-state (K)

and equilibrium binding studies (K, and h) were calculated using eq 3.
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Figure 3. Hexameric hUGDH displays negative cooperativity. (A) hUGDH substrate saturation curves display negative cooperativity with respect to
NAD*. Data were fit to eq 1. The dashed lines indicate the 95% confidence intervals. The inset shows the data linearized in the form of Eadie—
Scatchard plots (v/[S] vs v) to illustrate the deviation from hyperbolic kinetics. A concave-up curve denotes negative cooperativity.>” (B) UDG
saturation curves show a hyperbolic dependence (C and D). hUGDHyq,; dimer substrate saturation curves display a hyperbolic dependence on

NAD" and UDG concentration, respectively.

hUGDH hysteresis is due to either formation or isomerization
of the hexamer (Figure 2B). We next investigated the effect of
enzyme concentration on the lag. Hysteresis can be modeled
using the following equation based on relaxation kinetics:

_— — _ o kand
. (g — w)(1 — &™) @

where P is the concentration of product at time ¢ and kg, is the
apparent rate constant for the transition between the initial (v,)
and final steady-state velocities (v,) (Figure 2A).

This analysis shows that k, displays a linear dependence on
enzyme concentration (Figure 2C). In relaxation kinetics, k,, is
proportional to """, where aj is the total concentration of the
reactants that combine to produce the product and # is the
order of the reaction.”® Thus, the non-zero slope of the
dependence of kg, on enzyme concentration appears to
indicate a second-order reaction and is not consistent with
three dimers associating to form a hexamer (a third-order
reaction). However, a first-order reaction (enzyme isomer-
ization) could appear to be second-order if significant substrate
depletion or product inhibition occurs during the lag.***°

P(t) =yt —
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Substrate depletion or product inhibition during the lag will
occur faster at higher enzyme concentrations. The resulting
systematic decrease in steady-state velocity during a first-order
isomerization will give the false appearance of a second-order
dependence on enzyme concentration (see Discussion). In fact,
we do observe a systematic decrease in hUGDH steady-state
velocity with increasing enzyme concentration (Figure 2D).
This is consistent with Dickinson’s earlier report that UGDH
specific activity decreases at high enzyme concentrations.® At
the highest hUGDH concentrations in our assays, only 0.7%
and 3.3% of the respective NAD* and UDG substrates were
consumed during the lag, ruling out substrate depletion as a
reason for the decrease in steady-state velocity. On the other
hand, mammalian UGDH is known to be sensitive to NADH
inhibition, with a reported K; ranging from 6 to 25 UM >
We have determined the K; for NADH inhibition under our
assay conditions to be 27 + 3 uM (see Table 1 and a later
section). To see if product inhibition could contribute to the
systematic decrease in steady-state velocity, we calculated the
amount of NADH produced during the lag for different enzyme
concentrations (Figure 2E). This analysis shows that significant

dx.doi.org/10.1021/bi301593c | Biochemistry 2013, 52, 1456—1465
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levels of NADH accumulate during the lag at higher enzyme
concentrations (Figure 2E). Thus, the decrease in steady-state
velocity is most likely due to product inhibition.

To avoid product inhibition, we used stopped-flow methods
to analyze the formation of the abortive hUGDH:UDG:NADH
complex. The binding of substrate and cofactor quenches the
intrinsic tryptophan fluorescence of h(UGDH (Figure 2F). The
decay is best modeled as a single-exponential process:

f(t) = Ae™ + &(t) + K (s)

where the fluorescence signal f(t) is related to the amplitude of
the process (A), the observed relaxation rate constant (kgp,), a
noise component [£(¢)], and the plateau of the signal (Fy). kp,
shows a first-order dependence on enzyme concentration in the
presence of saturating substrate, consistent with hUGDH
undergoing a slow isomerization from a less active (Ey) to a
more active (E;*) hexameric state (Figure 2G):

k
E;:UDG:NADH < E*:UDG:NADH
Under saturating substrate conditions, the kg, for the Ey to
Ey* isomerization is related to the microscopic rate constants

by23

kobs = kf + kr (6)

hUGDH Displays Negative Cooperativity during Turn-
over. We analyzed the steady-state kinetics of hUGDH using
an enzyme concentration of 230 nM to reduce the effects of
product inhibition (Figure 2D). The substrate saturation curves
with respect to NAD" display negative cooperativity, with a Hill
coefficient (h) of 0.74 + 0.03 (Figure 3A and Table 1). In
contrast, the substrate saturation curves show a hyperbolic
dependence on UDG (Figure 3B and Table 1). We next
examined the steady-state kinetics of the hUGDHyg,; dimer.
The substrate saturation curves for NAD* and UDG are both
hyperbolic, suggesting that the negative cooperativity requires
the hexameric complex (Figure 3C,D). Consistent with our
previous work,'® the hUGDHyy,; K,, values for NAD* and
UDG have increased by factors of ~3 and ~17, respectively,
indicating that the hexameric complex is important for substrate
binding (Table 1). Likewise, the k. for the dimer has
decreased by a factor of ~48, suggesting that the hexamer is
important for turnover.

The Abortive Ternary Complex Displays Negative
Cooperativity. To rule out a kinetic mechanism for the
observed negative cooperativity, we studied the formation of
the binary (h(UGDH:NADH) and abortive ternary (hUGD-
H:UDG:NADH) complexes using equilibrium binding experi-
ments. The hysteresis observed in progress curves is also
apparent in the binding studies; NADH binding slowly
quenches the intrinsic fluorescence of the enzyme in a reaction
best modeled as a double-exponential decay (Figure 4A):

f(t) = Afast eXp(_kfastt) + Aslow exp(_kslowt) + f(t) + E'
(7)

where the change in the fluorescence signal, f(t), is related to
the amplitudes of the fast and slow processes (Agy and Ay,
respectively), the observed rate constants associated with the
two events (kg and kg, respectively), a noise component
[£(#)], and the plateau of the signal (F;) for calculating AF. The
binding of NADH to hUGDH alone is hyperbolic with a K4 of
31 + 3 uM (Figure 4B and Table 1). In contrast, the binding of
NADH to the hUGDH:UDG complex reveals a strong negative
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Figure 4. Binding of NADH to the hUGDH:UDG complex reveals
hysteresis and strong negative cooperativity. (A) NADH binding
slowly quenches the intrinsic tryptophan fluorescence of \UGDH (®).
The plot shows a representative example of the fluorescence decay
induced by the addition of 40 M NADH to the enzyme. The process
is modeled as both single-exponential (red dashes) and double-
exponential (green line) decays. The insets show residual plots for the
single-exponential (red) and double-exponential (green) fits, indicat-
ing a better fit for the latter. (B) The binding of NADH to hUGDH
shows a hyperbolic dependence on NADH concentration. Data were
fit to eq 3. The dashed lines indicate the 95% confidence intervals, and
the inset depicts an Eadie—Scatchard analysis of the data.”” (C) The
binding of NADH to the hUGDH:UDG complex displays strong
negative cooperativity (h = 0.42 + 0.05).

cooperativity with a Hill coefficient of 0.42 + 0.05 (Figure 4C
and Table 1). We also observe that the affinity of hUGDH for
NADH is increased by ~8-fold in the presence of UDG [K, = 4
+ 2 uM (Table 1)]. This is consistent with our previous work
showing that NADH and UDG interact cooperatively to
stabilize the hexamer.'®

Transient-State Kinetics Reveals Ligand-Induced Iso-
merizations in the Formation of the Abortive Ternary
Complex. We used stopped-flow to analyze each step in the
formation of the abortive ternary complex (hUGDH:UDG:-
NADH). Each of the following subheadings addresses a specific
step in the pathway, and the results are summarized in Figure
7A.

Binding of UDG to hUGDH. Binding of UDG to hUGDH

gives a weak change in fluorescence. To improve the signal-to-

dx.doi.org/10.1021/bi301593c | Biochemistry 2013, 52, 1456—1465
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Figure S. Transient-state kinetics for the stepwise formation of the
abortive ternary complex, hUGDH:UDG:NADH. The left column
(Data) shows quenching of the intrinsic tryptophan fluorescence
(dots) of h(UGDH or a preformed hUGDH:ligand complex when it is
mixed with UDG or NADH. The process is modeled as a single- or
double-exponential decay (—), based on residual analysis (inset). The
right column (Analysis) shows the plot of k., (dots) vs ligand
concentration. The solid line represents a linear or hyperbolic model
for the event. The dashed lines indicate the 95% confidence intervals.
(A) The slow process following the rapid binding of UDG to 430 nM
hUGDH is modeled as a single-exponential decay. kg, shows a linear
dependence on UDG concentration, albeit with a small, positive slope.
The dagger (1) indicates the enzyme has undergone an isomerization.
(B) The addition of NADH to the hUGDH":UDG complex is
modeled as a double-exponential decay representing a fast phase (kgq)
and a slow phase (ky,). The kg values determined with 230 nM
(orange triangles) and 920 nM (black circles) hUGDH:UDG complex
are fit to the same line. (C) Increasing the time intervals allows the
slow event following addition of NADH to the hUGDH":UDG
complex to be modeled as a single-exponential decay. The ks, has a
hyperbolic dependence on NADH concentration, indicating enzyme
isomerization (asterisk). (D) The addition of NADH to hUGDH
reveals a slow event, which is modeled as a single-exponential decay.
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Figure 5. continued

The k,, has a linear dependence on cofactor concentration, consistent
with ligand binding. (E) The addition of UDG to the hUGDH:NADH
complex is modeled as a single-exponential decay. The kg, for the
process displays a hyperbolic dependence on NADH concentration,
consistent with an enzyme isomerization (*).

noise ratio, we increased the protein concentration to 460 nM.
The decay in fluorescence due to UDG binding reveals two
distinct events. The first event terminates in <100 ms and is
accompanied by a very small change in fluorescence (AF) that
falls close to the noise level of the instrument (data not shown).
The speed and weak signal prevent us from accurately
modeling the process. However, the second, slower event is
modeled as a single-exponential decay (Figure SA). The plot of
kgow versus UDG concentration is linear with a small, positive
slope (Figure SA). We interpret the two events to be a fast
binding of UDG (G) to the enzyme followed by a relatively
slower isomerization of the E:G binary complex to E":G:

fast slow

[ b
E+ G=EG=E:G
kl kZ

A ligand-induced isomerization of an enzyme can be identified
by the hyperbolic dependence of the observed rate constant
(kops) on ligand concentration.” It is likely that we are only
observing the plateau of the hyperbola in Figure SA. We were
unable to sample regions of the hyperbola below 5 uM UDG
while maintaining a 10-fold excess of ligand to enzyme
concentration. Reducing the enzyme concentration resulted in
smaller, noisy amplitudes that complicated our ability to
accurately model both processes. As a result, we were not able
to determine the microscopic rate constants for the UDG-
induced isomerization.

Binding of NADH to the hUGDH":UDG Complex. The
addition of NADH to the hUGDH:UDG complex is best
modeled as a double-exponential decay representing a fast
phase (kgq) and a slow phase (ky,,,) (Figure SB). We were able
to measure ke, with 230 nM hUGDH':UDG complex, but the
signal became weak above 30 yuM NADH. To increase the
signal, we raised the protein concentration to 920 nM to assay
higher NADH concentrations. The kg, values from both
protein concentrations are fit to the same line; however, fitting
the low- and high-protein concentration data separately gives
consistent slopes (Figure SB). The linear dependence of kg, on
NADH (N) concentration is consistent with substrate
binding:**

kobs = k3[N:| + k—3 (8)

Increasing the time interval allows us to accurately model the
slow phase as a single-exponential decay (Figure SC). The kg,
reveals a hyperbolic dependence on cofactor concentration and
can be modeled with eq 9 (Figure 5C):*

k,[N] k_,
=———+k, whereK,, =Ky=—
K., + [N] k,

obs
)
The forward and reverse rate constants for the fast and slow
processes are listed in Table 2 (Figure 7A). Together, the two
events are consistent with a two-step equilibrium involving
binding and a subsequent ligand-induced enzyme isomer-
ization:

dx.doi.org/10.1021/bi301593c | Biochemistry 2013, 52, 1456—1465
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Table 2. Microscopic Rate Constants from hUGDH Transient-State Kinetics

transient event
E:UDG + NADH < E":UDG:NADH
E":UDG:NADH < E*:UDG:NADH
E + NADH < E:NADH
E":UDG:NADH < E*:UDG:NADH

Keorward (kg s71)
2.7 + 01 M (ky)®
(0.12 + 3) x 107 (k,)*

427 + 1.4 (k,)°

27X 107 + 1.5 X 1075 M™* (kg)®

kreverse (ki s71) k./k; Keq
219 + 2 (k_3)" 8.1 -
(2 +1) %1073 (k) 0.017 79.3 (K;)?
105 X 107* + 1.5 X 1073 (k_g)* 39 -
026 + 1.3 (k_,)° 0.006 58.3 (Ko

“Forward and reverse rate constants were calculated using eq 8. Forward and reverse rate constants and the equilibrium constant (K,,) were

calculated using eq 9.

fast slow

i B oGt M
E:G + N = E:G:N = E*:G:N
k k,

However, there is a significant disagreement between the
equilibrium constant for the isomerization (K; = 79.3) and the
dissociation constant for the bimolecular reaction derived from
the ratio of the microscopic rate constants (k_3/k; = 8.1) (eq 9
and Table 2). This discrepancy may indicate that at least one
additional transient process is not detected in the fluorescence
decay data (see Discussion).

Binding of NADH to hUGDH. Binding of NADH to
hUGDH is modeled as a single-exponential decay. The plot
of k., shows a linear dependence on NADH concentration
(Figure SD). The linearity identifies the event as a second-order
process, consistent with a slow binding of the cofactor:

slow

k
E + N = E:N
kS

The forward and reverse rate constants for NADH binding
were calculated using eq 8 and are listed in Table 2.

Binding of UDG to the hUGDH:NADH Complex. This
reaction is modeled as a single-exponential decay (Figure SE).
Plotting k,,, reveals a hyperbolic dependence on UDG
concentration, indicating a ligand-induced isomerization

(Figure SE):

fast slow

k P
EXN + G ;‘6 E:G:N ;‘7 E*:G:N
ke k.,

The fact that we do not observe a separate process associated
with binding of UDG to the hUGDH:NADH complex suggests
that the initial binding event is too fast or the associated
amplitudes are too small for us to resolve. Still, the
isomerization step is well-modeled using eq 6. The forward
and reverse rate constants and the dissociation constant for
UDG binding are reported in Table 2.

NADH Inhibition Disrupts Negative Cooperativity in
hUGDH. It has been shown that NADH is a competitive
inhibitor of mammalian UGDH, with a K| between 6 and 25
UM.>*7?® Here we analyzed product inhibition with NADH
under conditions that matched the assays described above. The
inhibition assays used 230 nM hUGDH to reduce the effect of
endogenous product inhibition due to NADH accumulation
during the lag (Figure 2D,E). NADH inhibition shows no
significant change in V,, but increases the apparent K, for
NAD, consistent with competitive inhibition (Figure 6A and
Table 1). Using eq 2, an average K; of 27 + 3 uM was
calculated, in close agreement with previous results. Interest-
ingly, these studies have identified an unusual feature of
product inhibition in hUGDH; NADH inhibition abolishes the
negative cooperativity observed in steady-state analysis (Figure
6B).
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Figure 6. NADH inhibition disrupts hUGDH negative cooperativity.
(A) hUGDH substrate saturation plots in the presence of increasing
concentrations of NADH [0 (orange), 30 (violet), and 70 uM
(green)] show a negligible change in V,,, but an increase in K, for
NAD?, indicating competitive inhibition. Data were fit to eq 1. The
dashed lines indicate the 95% confidence intervals. (B) The loss of
negative cooperativity in the presence of NADH is illustrated by
replotting the data from panel A as an Eadie—Scatchard plot.*” The
color scheme is the same as that in panel A.

B DISCUSSION

hUGDH Hysteresis is Due to Hexamer Isomerization.
We have previously shown that three hUGDH dimers undergo
a concentration-dependent association to form the active
hexamer.'>'® We have also shown that hexamer formation
can be induced by cofactor binding.16 Based on these
observations, it was reasonable for us to assume the hysteresis
in hUGDH might be due to the slow association of the dimers.
Because the hexamer is unlikely to dissociate in the highly
crowded environment of a cell, hysteresis in hUGDH might
simply be the consequence of analyzing the enzyme under
dilute conditions. However, our initial analysis of the transient
phase of the hUGDH progress curves shows that the
dependence of the relaxation rate on enzyme concentration
appears to correspond to a second-order process and is not
consistent with the association of three dimers to form the
active hexamer (a third-order reaction) (Figure 2C).** A more
detailed analysis reveals a systematic decrease in steady-state
velocity at higher enzyme concentrations because of product
inhibition (Figure 2D). In fact, we show that inhibitory
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concentrations of NADH are produced during the lag (Figure
2E). It is known that hysteresis due to enzyme isomerization (a
first-order reaction) can appear to be second-order if product
inhibition occurs to a significant extent during the lag
phase.>*™% Briefly, product inhibition will occur faster at
higher protein concentrations and cause a systematic decrease
in the apparent steady-state velocity. Because the end point of
the lag is determined when the enzyme reaches the steady-state,
the lag will appear to decrease with an increasing enzyme
concentration, resulting in a false second-order dependency.
Thus, product inhibition is most likely concealing a first-order
isomerization.

To avoid product inhibition, we used stopped-flow methods
to study the formation of the abortive ternary complex
(hUGDH:UDG:NADH). We show that formation of the
hUGDH:UDG:NADH complex also displays hysteresis (Figure
2F). The dependence of the hysteretic relaxation rate on
enzyme concentration is first-order, consistent with a slow
enzyme isomerization (Figure 2G). Because the rate of
isomerization is on the same time scale as the lag in the
progress curves, we are analyzing the same process. The
progress curves of the hUGDHyg,; dimer do not display a lag,
suggesting that the isomerization is a property of the hUGDH
hexamer (Figures 1B and 2B). Thus, we believe that hUGDH
hysteresis is due to the hexamer undergoing a transition from a
less active to a more active state (compare k,p, values in panels
C and G of Figure 2). However, it is also possible that the slow
isomerization occurs in the hUGDHggy,; dimer but is not
observed because the turnover rate is ~48 times slower than
that of the wild-type enzyme.

Evidence for Cofactor-Induced Asymmetry in the
hUGDH Hexamer. Steady-state analysis shows that NAD*
induces negative cooperativity in hUGDH (Figure 3A).
Negative cooperativity in an oligomeric complex occurs when
substrate binding weakens the affinity of active sites in adjacent
subunits.”” However, an apparent cooperativity can be observed
in the steady-state analysis of hysteretic enzymes due to an
underlying kinetic mechanism.*® Kinetic cooperativity can be
distinguished from “true” substrate-induced cooperativity using
equilibrium binding studies.*'® Our binding studies show that
the formation of the hUGDH:UDG:NADH complex displays
strong NADH-dependent negative cooperativity (Figure 4C).
Because the substrate saturation curves of the hUGDHyg,g
dimer are hyperbolic, the negative cooperativity appears to be a
property of the hexamer (Figure 3C,D).

Negative cooperativity can also be interpreted as an
asymmetry induced by substrate binding.>’ The absence of
cooperativity in the hUGDH:NADH complex is good evidence
that the asymmetry is a property of the ternary complex (Figure
4B). However, the difference in the Hill coefficients for binding
of NAD* (0.74 + 0.03) and NADH (042 + 0.05) to the
hUGDH:UDG complex suggests that there may be significant
structural differences between the active and abortive ternary
complexes (Figures 3A and 4C and Table 1). It is possible that
the difference in the Hill coefficients is due to a small amount of
product inhibition. We have shown that NADH inhibition
oblates negative cooperativity (Figure 6). We interpret this to
mean that the intersubunit communication required for
cooperativity is disrupted in a mixed NAD/NADH ternary
complex. While the enzyme concentration used in the steady-
state analysis (230 nM) was chosen to minimize product
inhibition, it may still have produced enough NADH to weaken
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the intersubunit communication and reduce the degree of
cooperativity observed in steady-state analysis.

A Structure-Based Hypothesis for the Substrate-
Induced Isomerization and Negative Cooperativity in
hUGDH. 1t is tempting to speculate that the slow enzyme
isomerization produces the asymmetric complex that is
responsible for the negative cooperativity in hUGDH. To
investigate this hypothesis, we studied the transient processes
associated with the stepwise formation of the hUGDH:UDG:-
NADH complex (Figure 7A). First, we examined the formation
of the hUGDH:UDG and hUGDH:NADH binary complexes.
The fluorescence signal for binding of UDG to hUGDH is too
fast and too weak to accurately measure, but it is followed by

K iso?erize
= E:N =— E:N:G ==—=E*:G:N
- -6 -7 .'3;
&
esk
.NQ k4
isomerize
E:G = Ef:G = Ef:G:N
K, k,
B
Isomerize UDX
& close
7
1!’
y ubx
Isomerize UDG
uDG & close
ubG

Z)

Close

D(H

Figure 7. Enzyme isomerizations in the stepwise formation of the
abortive ternary complex, hUGDH:UDG:NADH. (A) Scheme
showing the stepwise binding of ligands UDG (G) and NADH (N)
to hUGDH (E) to form the E*:G:N complex. Individual rate
constants derived from stopped-flow kinetics are discussed in the text
and listed in Table 2. The three isomerization steps are labeled. (B)
Cartoon model of a hUGDH monomer showing the relationship
between domain rotation and the allosteric response of hUGDH.
Substrate and cofactor binding domains are depicted as gray and white
semicircles, respectively. The Thrl31-loop/a6 allosteric switch is
depicted as an ensemble of conformational states (dashed lines)
connecting the a6 helix (gray cylinder) to a § strand (black arrow).
Substrate (UDG) or inhibitor (UDX) can bind to hUGDH, but
domain closure can occur only if the Thrl31-loop/a6 switch
isomerizes to the appropriate state (solid line). The cofactor
[NAD(H)] can bind, and domains close with the switch in either state.
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what appears to be a slower ligand-induced isomerization to
form a binary hUGDH":UDG complex (Figures SA and 7A). In
contrast, binding of NADH to hUGDH is a slow process
consistent with the second-order formation of the hUGDH:-
NADH complex (Figure SD). It is possible that the two distinct
processes associated with substrate and cofactor addition are
related to the unusual feedback inhibition mechanism of
hUGDH.">'%"® Briefly, the domains of h\UGDH rotate open to
allow either UDG or the feedback inhibitor UDP-xylose
(UDX) to bind to the active site (Figure 7B).">'7 With the
domains open, the Thr131-loop/a6 helix (the allosteric switch)
can adopt either the active or the inactive conformation.''®
UDG can bind with the Thrl31-loop/a6 helix in either
conformation; however, the domains can close only if the
allosteric switch selects the active conformation. We believe
that the UDG-induced isomerization may be due to the
allosteric switch converging to the active conformation (Figure
7B). This interpretation predicts that UDX binding will also
induce a lag as the allosteric switch slowly adopts the inactive
conformation (Figure 7B). In fact, Gainey and Phelps have
reported that binding of UDX to UGDH also displays
hysteresis.>> The absence of an isomerization in the formation
of the hUGDH:NADH complex is also consistent with this
hypothesis (Figure SD). Our previous structural work has
shown that hUGDH domains can close to bind NADH with
the allosteric switch in either conformation (Figure 7B).">"®

Next, we examined the transient processes associated with
the formation of the hUGDH*:UDG:NADH complex (Figure
7A). Binding of UDG to the hUGDH:NADH complex is
detected as a single process consistent with a ligand-induced
isomerization (Figure SE). We assume the initial UDG binding
event is too fast or the florescence signal is too small to be
detected, similar to what we observed for the binding of UDG
to hUGDH alone (Figure SA). It is likely that the isomerization
prior to the formation of the ternary complex is associated with
the asymmetry responsible for the negative cooperativity. This
hypothesis is supported by the equilibrium studies that reveal
negative cooperativity in the ternary complex, not the binary
(Figure 4B,C).

The abortive ternary complex can also be formed by binding
of NADH to the hUGDH":UDG complex. The stopped-flow
data reveal two phases associated with NADH binding, a fast
association event followed by a slower isomerization (Figure
SB,C). The fact that the equilibrium constant for the
isomerization (K;) is ~10-fold higher than the dissociation
constant for NADH binding (k_;/k;) indicates the presence of
at least one additional transient process prior to the
isomerization that is not observed in the fluorescence decay
(Figure 7A and Table 2). We note that the dissociation
constant k_;/k; (8.1 uM) is close to the Ky (4.2 uM) for the
abortive ternary complex that we determined in equilibrium
binding studies (Tables 1 and 2). It would appear that the
hUGDH":UDG complex has high-affinity NADH binding sites,
and the formation of the ternary complex produces the lower-
affinity sites responsible for negative cooperativity.

We are not the first to propose asymmetry in the hUGDH
ternary complex. Half-of-the-sites activity, in which only three
of the active sites turn over product, has been reported for
UGDH.**3 Half-of-the-sites activity is an extreme form of
negative cooperativity with an obligatory structural asymme-
try.>® Because of this constraint, the steady-state kinetics of an
enzyme with half-of-the-sites activity will be hyperbolic. On the
other hand, in an enzyme displaying negative cooperativity, the

1464

low-affinity sites can still be occupied and turnover, resulting in
nonhyperbolic kinetics. Our steady-state and equilibrium
studies clearly show negative cooperativity in the ternary
complex of htUGDH (Figures 3A and 4C). It may be that the
earlier reports misidentified half-of-the-sites activity or that the
physiologically relevant pH in our assays has altered the
mechanism.

Our equilibrium binding data and steady-state analysis show
that the hUGDH:UDG:NADH complex displays negative
cooperativity in solution (Figure 4C). However, the hUGD-
H:UDG:NADH crystal structure is a hexamer with no obvious
asymmetry.'” It may be that the vast excess of cofactor (5 mM)
used during crystallization saturated the low-affinity sites to
produce the symmetrical complex. On the other hand, the
structure of the alternate abortive ternary complex, hUGD-
H:UGA:NAD" reveals a compelling asymmetry; the “top” three
molecules adopt an open domain conformation, and the
“bottom” three are closed.'

Physiological Relevance of hUGDH Hysteresis. Hyste-
resis can play an essential role in regulating enzyme activity.’
For example, hysteresis in human pancreatic glucokinase
regulates insulin secretion by slowing the response of the
enzyme to temporary spikes in blood glucose levels.””” Thus,
insulin is secreted only in the presence of sustained high levels
of glucose. In the case of hUGDH, the substrate UDG is an
important metabolite in several biochemical pathways. For
example, the conversion of D-galactose to UDG in the Leloir
pathway can result in a sharp increase in UDG flux. Hysteresis
will prevent hUGDH from competing with other important
metabolic pathways (like glycolysis) when there are sudden
increases in the flux of UDG.
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