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Abstract

Human UDP-glucose dehydrogenase (hUGDH) is regulated by an atypical allosteric mechanism 

in which the feedback inhibitor UDP-xylose (UDP-Xyl) competes with substrate for the active 

site. Binding of UDP-Xyl triggers the T131-Loop/α6 allosteric switch, which converts the 

hexameric structure of hUGDH into an inactive, horseshoe-shaped complex (EΩ). This allosteric 

transition buries residue A136 in the protein core to produce a subunit interface that favors the EΩ 

structure. Here we use a methionine substitution to prevent the burial of A136 and trap the T131-

Loop/α6 in the active conformation. We show that hUGDHA136M does not exhibit substrate 

cooperativity, which is strong evidence that the methionine substitution prevents the formation of 

the low UDP-Glc affinity EΩ state. In addition, the inhibitor affinity of hUGDHA136M is reduced 

14 fold, which most likely represents the Ki for competitive inhibition in the absence of the 

allosteric transition to the higher affinity EΩ state. hUGDH also displays a lag in progress curves, 

which is caused by a slow, substrate-induced isomerization that activates the enzyme. Stopped 

flow analysis shows that hUGDHA136M does not exhibit hysteresis, which suggests that the T131-

Loop/α6 switch is the source of the slow isomerization. This interpretation is supported by the 

2.05 Å resolution crystal structure of hUGDHA136M, which shows that the A136M substitution has 

stabilized the active conformation of the T131-loop/α6 allosteric switch. This work shows that the 

T131-Loop/α6 allosteric switch couples allostery and hysteresis in hUGDH.

Introduction

Glucuronidation is a major component of the Phase II metabolism of drugs1–3. This pathway 

has been shown to be upregulated in some lung, breast and colorectal cancer cells, where it 

functions as an intrinsic drug resistance mechanism4–8. Thus, controlling glucuronidation is 

a promising strategy for sensitizing this class of tumors to existing chemotherapeutics. It is 

possible to inhibit glucuronidation by limiting the availability of the essential substrate, 

UDP-glucuronic acid9–11. UDP-glucose dehydrogenase (UGDH) catalyzes the NAD+ 

dependent oxidation of UDP-glucose (UDP-Glc) to produce UDP-glucuronic acid12–15. 

Understanding how UGDH activity is regulated is an important goal in developing new 

strategies to control glucuronidation-dependent drug resistance.
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Human UGDH (hUGDH) forms a hexamer that is regulated by an atypical allosteric 

mechanism in which the feedback inhibitor UDP-xylose (UDP-Xyl) competes with substrate 

for the active site16–19. Here, allostery arises from the distinct conformational changes that 

are induced by the binding of substrate or inhibitor (Figure 1A). The binding of UDP-Glc 

favors the formation of an active 32 symmetry hexamer called the E state. In contrast, UDP-

Xyl binding produces an inactive, horseshoe-shaped hexamer (EΩ). These effector specific 

transitions are controlled by a buried allosteric switch called the T131-loop/α6 helix (Figure 

1A–C). To select for a specific hexamer conformation, the NAD+ binding domain (NB) of 

hUGDH must adopt an ‘open’ conformation (the E* or E*Bound state) which exposes the 

allosteric switch (Figure 1D). Once exposed, the T131-Loop and α6 helix are free to change 

conformation in response to UDP-Glc or UDP-Xyl binding to produce the E or EΩ hexamer, 

respectively (Figure 1D)16–18. Thus, the active site of hUGDH also functions as an allosteric 

site in that it controls the structure of the hexamer-building interface and the affinity between 

subunits16, 17. To our knowledge, the only other enzyme known to have a similar 

bifunctional active/allosteric site is dCTP-deaminase20, 21

hUGDH also displays hysteresis, which can be observed as a lag in progress 

curves16–19, 22, 23. In the absence of any effector, hUGDH favors the inactive E* 

conformation(Figure 1D)16. Hysteresis is caused by coenzyme and substrate binding, which 

induces the E* state to slowly isomerize to the active E conformation22. Still, the molecular 

basis of the hysteretic transition was not known. The E* adopts an open domain structure 

that stabilizes the allosteric switch and the hexamer-building interfaces in an intermediate 

conformation between the E and EΩ states16, 18, 24(Figure 1B–D). When an effector binds to 

E*, the T131-Loop/α6-helix and eight surrounding residues repack into the appropriate E or 

EΩ conformation (Figure 1D)16. We have proposed that the repacking of the allosteric switch 

and adjacent residues from the E* to E conformation is the source of hysteresis observed in 

hUGDH22. Here we have used an amino acid substitution (A136M) to stabilize the E state 

and test our hypothesis.

Methods

Protein expression, crystallization and structure solution

hUGDHA136M and wild type hUDGH were recombinantly expressed in E. coli as previously 

described16–19, 22. Following purification, the His tags were removed from both proteins 

using TEV protease. The purified protein was dialyzed into storage buffer [25mM Tris 

pH8.0 and 50mM NaCl] and concentrated using a Millipore Amicon Ultra-15 10K 

centrifugal filter unit to ~20 mg/ml. Proteins were quantified using an Agilent 8453 UV/Vis 

with ε280 = 48360 M−1cm−1 and ε280 = 49850 M−1cm−1 for hUGDH and hUGDHA136M, 

respectively. The molar absorptivities for these proteins were calculated using the amino 

acid sequence and Protparam25. hUGDHA136M was crystallized at 20 °C using a hanging 

drop vapor diffusion method with a 2 μL drop mixed in a 1:1 ratio of protein to reservoir 

(final protein concentration 10mg/mL). The reservoir was comprised of 0.2M NaCl, 12% 

PEG 3350 and 0.1M Tris buffer pH 7.6. Crystals were cryoprotected using a solution 

matching the reservoir supplemented with 20% of a cryprotectant mixture (a 1:1:1 ratio of 

dimethyl sulfoxide, ethylene glycol and glycerol) and then cooled by plunging in liquid 
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nitrogen. A 2.05 Å resolution data set was collected on the 21-ID beamline (SER-CAT) at 

the Argonne National Laboratory (Argonne, IL) using a Rayonix MX300HS CCD detector. 

The data set was processed using XDS26 and 5% of the data set aside for cross-validation27. 

The data collection statistics are in Table 1.

The structure of hUGDHA136M was solved by molecular replacement using PDB id 4RJT as 

a search model in the PHENIX software suite28. The hUGDHA136M model was subjected to 

iterative cycles of manual rebuilding using COOT29 followed by automated refinement with 

NCS restraints. B-factors were refined using TLS as implemented in PHENIX28, 30. We used 

the following rationale in modeling the occupancy of the co-purified UDP-Glc. At 

resolutions lower than 1.5Å, B-factors and occupancy are strongly correlated, which makes 

it impossible to refine both of these parameters. Still, it is possible to approximate 

occupancy because ligands and interacting residues are similarly ordered. Briefly, the 

occupancy of the ligand is fixed at different values and only the B-factors are refined. The 

approximate occupancy is the value at which the ligand B-factors converge to those of the 

interacting residues. Final model refinement statistics are reported in Table 1.

Sedimentation velocity

hUGDH and hUGDHA136M were dialyzed into buffers containing 150 mM KCl, and 25 mM 

buffer [HEPES (pH 7.5) or TRIS (pH 8.5)], quantified (as above), and then diluted to a final 

protein concentration of 9 μM. Samples were loaded into 12 mm double-sector Epon 

centerpieces equipped with quartz windows and equilibrated for 1 hour at 20 °C in an An60 

Ti rotor. Sedimentation velocity data were collected in an Optima XLA analytical 

ultracentrifuge using a rotor speed of 50,000 rpm at 20 °C. Sedimentation data were 

recorded at 280 nm in radial step sizes of 0.003 cm. SEDNTERP31 was used to estimate the 

partial specific volume of hUGDH (0.73840 mL/g) and hUGDHA136M (0.73842 mL/g), and 

the densities of both the pH 7.5 (1.00726 g/ml) and 8.5 (1.00603 g/ml) buffers. Viscosities 

for both buffers pH 7.5 and 8.5 were calculated to be 0.01018 and 0.01007 P, respectively. 

SEDFIT32 was used to analyze raw sedimentation data. Data were modeled as a continuous 

sedimentation coefficient c(s) distribution and were fit using the baseline, meniscus, 

frictional coefficient, and systematic time-invariant, and radial-invariant noise. Theoretical 

sedimentation coefficient (s) values were calculated from hUGDH atomic coordinates under 

standard conditions using HYDROPRO20 (www.bbri.org/RASMB).

Stopped-flow analysis of hysteresis

NAD+ and UDP-glucose were purchased from Sigma and UDP-xylose was purchased from 

Carbosource (University of Georgia, Complex Carbohydrate Research Center). Enzyme 

hysteresis was monitored at 25° C using an Olis RSM 1000 Rapid-scanning Absorbance and 

Fluorescence Spectrophotometer with a stopped-flow assembly and a 0.4 mm pathlength. 

The 480nM enzyme solution in 50 mM HEPEs pH 7.5, 50 mM NaCl and 5mM EDTA was 

rapidly mixed with an equal volume of 1mM UDP-Glc and 10mM NAD+ in the same buffer 

(final concentrations 240nM enzyme 0.5mM UDP-Glc, 5mM NAD+, 50 mM HEPEs (pH 

7.5), 50 mM NaCl and 5mM EDTA). Absorbance readings at 340 nm were taken every 0.1 

second for a total of 120 seconds to monitor NADH production. hUGDH progress curves 

were fit to Frieden’s equation33 describing enzyme hysteresis:

Beattie et al. Page 3

Biochemistry. Author manuscript; available in PMC 2018 January 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(1)

where P is the concentration of product at the time t and τ is equal to 1/kobs, where kobs is 

the apparent rate constant for the transition between the initial velocity (vi) and the steady 

state velocity (vss). Here, the initial velocity vi, in eq. 1 is the pre-steady state velocity, and 

does not obey the steady state approximation. The length of the lag in seconds is calculated 

as the product of Euler’s number and τ (eτ). Data was fit using PRISM (Graphpad Software 

Inc., San Diego, CA), and all fits were analyzed using residual plot analysis34.

Steady state kinetics

The assay conditions for the steady state analysis of hUGDH have been described 

previously16–19, 22. Briefly, assays contained 100nM hUDGH or 230nM hUGDHA136M in a 

standard reaction buffer of 50 mM HEPEs pH 7.5, 50 mM NaCl and 5mM EDTA with a 

saturating concentration of either 2.5 mM NAD+ or 1mM UDP-Glucose. Prior to the 

reaction, substrate and enzyme were separately pre-incubated at 25°C for 5 minutes, and the 

reaction was initiated by rapidly mixing the enzyme and substrate solutions. Progress curves 

were measured by monitoring NADH production at 340 nm (molar absorptivity coefficient 

of 6220 M−1 cm−1) with 0.5 s data points using an Agilent 8453 UV/Vis spectrometer at 25° 

C. All data were fit using nonlinear regression from PRISM. hUDGH steady state velocities 

were calculated by fitting progress curves to eq. 1, as we have previously described16–19, 22. 

For a hysteretic enzyme, the initial velocity does not satisfy the steady state approximation. 

Thus, the vss prior to the depletion of 10% of the substrate represents the initial steady state 

velocity. hUGDHA136M did not display hysteresis, thus the initial velocities satisfy the 

steady state approximation, and were determined using the linear portion of the progress 

curves. Initial steady state velocities were fit to a sigmoidal rate equation and analyzed with 

residual analysis34:

(2)

Negative cooperativity in the NAD+ saturation curve of hUGDH was evaluated using 

Kurganov’s analysis of a concave-up Eadie-Hofstee plot35. Briefly, data were fit to the 

equation:

(3)

where K0 is the estimated KM for the high affinity binding sites, and Klim is the average of 

the lower affinity binding sites.

We determined the Ki for the inhibitor UDP-Xyl as previously described22. Briefly, UDP-

Xyl competes with UDP-Glc for the active site and induces hUGDH to form the EΩ 
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state17, 22. Because the E and EΩ states have different affinities for UDP-Glc and UDP-Xyl, 

the inhibition studies display cooperativity. To determine the Ki, the substrate saturation 

curves from different concentrations of UDP-Xyl were fit simultaneously to the equation for 

competitive inhibition corrected for substrate cooperativity using global analysis in PRISM:

(4)

Results

Design and rational for A136M substitution

The A136M substitution was designed to prevent the isomerization of the T131-Loop/α6 

allosteric switch. In the active conformation of hUGDH, the Cβ atom of A136 is solvent 

exposed (Figure 2A). To form the inhibited EΩ state, the α6-helix tilts ~10.6° then rotates 

about the helix axis ~12° burying A136 near a cavity in the core of the protein (Figure 

2B)17. We hypothesized that an amino acid substitution could prevent the burial of A136 and 

effectively lock the α6-helix in the active conformation. We excluded polar and charged 

residues from consideration because A136 is located in the hexamer-building interface, and 

the burial of an unsatisfied electrostatic group might destabilize the hexamer. We also 

excluded β-branched amino acids based on a modeling experiment with valine at position 

136; each preferred rotamer of valine introduced at least one steric clash between a γ -

methyl and the surrounding residues of the A136 pocket (Figure 2C). Similarly, leucine, 

phenylalanine, and tryptophan are also expected to introduce steric clashes. The structure of 

the A136 surface pocket only permits an unbranched amino acid substitution with a χ1 

torsion angle of 180° (Figure 2C). Based on these observations, we chose the A136M 

substitution; methionine not only satisfies the criteria above, but it is also flexible enough to 

conform to the local packing constraints in the A136 pocket.

Structural analysis of hUGDHA136M

The crystal structure of hUDGHA136M was solved in the space group P1 and refined to a 

resolution of 2.05 Å (Table 1). The unit cell contains a single 32 symmetry hexamer (Figure 

3A). The residues in loop 385–387 and the C-terminal residues 467–494 are disordered in 

each monomer and are not included in the final model. All 466 Cα atoms in each of the six 

monomers superimpose with RMSDs ranging from 0.344 to 0.834 Å. The largest structural 

differences between the chains involve variability in the amount of hinge-bending motion of 

the NB (residues 1–212) and SB domains (residues 323–466) about an axis located between 

residues 219–220 (Figure 3B). A DynDom36 comparison of hUDGHA136M to the closed 

conformation of hUGDH (represented by PDB entry 2Q3E) shows that the NB and SB 

domains of chains A, B, C, D, E and F are rotated open by 11.2°, 9.4°, 9.1°, 10°, 12.4° and 

5.9°, respectively. In the SB domain of chain C we observed electron density consistent with 

a weakly ordered nucleotide sugar that has co-purified with the enzyme (Figure 3C). We 

have modeled the density as a UDP-Glc based on the observation that it binds in the same 

position and orientation as the substrate in the abortive ternary complex of UGDH (PDB 

entry 2Q3E). The occupancy of the UDP-Glc was adjusted to 50% to match the B-factors of 
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the interacting residues in the active site (see Methods). In the other five chains of 

hUDGHA136M the corresponding density is weaker and only supports our modeling of the 

diphosphate in UDP-Glc (not shown). The quality of the nucleotide sugar electron density 

appears to correlate with the average B-factors of the chains; chain C has the lowest average 

B-factor (44 Å2) and the best ordered UDP-Glc, while the average B-factors for the 

remaining chains range from 51 Å2-60 Å2 with much weaker density for the nucleotide 

sugar. This is not the first observation of a nucleotide sugar co-purifying with UGDH. 

Dickinson reported that bovine UGDH purified from liver contained a nucleotide sugar that 

he tentatively identified as UDP-Glc or UDP-Xyl23. We chose to model UDP-Glc based on 

the fact that E. coli does not produce UDP-Xyl.

The A136M substitution is well ordered and fills the A136 surface pocket in the hexamer-

building interface without making any van der Waals contacts with the adjacent monomer in 

the hexamer (Figure 4 A, B). As expected, M136 adopts the trans rotamer with a χ1= 179.3, 

χ2= 73.4° and χ3= −111.0°. The A136M substitution does not interfere with the lattice 

contacts in either of the two UDP-Xyl bound EΩ crystal forms we have previously 

described17. Still, our attempts to obtain X-ray diffraction quality crystals of hUDGHA136M 

using both previously published conditions failed. The fact hUDGHA136M will not 

crystallize in the EΩ state suggests that the substitution prevents the allosteric transition.

As in previous studies16, we analyzed the conformation of the allosteric switch by 

superimposing the Cα atoms of residues 1–124 in hUDGHA136M onto to the active E, the E* 

and the UDP-Xyl inhibited EΩ structures of hUGDH (PDB entries 2Q3E, 4QEJ and 3PTZ, 

respectively (Figure 4C). The T131-Loops in all six monomers of hUDGHA136M are in a 

conformation between the active E and E* state, with the T131 Cα atom of hUGDHA136M 

being displaced 0.5–0.7 Å and 0.4–0.6 Å from the corresponding atoms in the E and E* 

structures, respectively. In contrast, the α6 helix and the hexamer building interface of 

hUGDHA136M are most similar to the E conformation of hUGDH (PDB 2Q3E) (Figure 4D). 

Specifically, F323 in the hexamer-building interface adopts the same rotamer observed in the 

active state, with the Cα atoms of F323 in all chains of hUDGHA136M positioned 0.4 – 0.8 

Å from the E state compared to 1.5–1.9 Å from the E* state.

The A136M substitution stabilizes the hexamer

We have previously shown that the ligand-free hUGDH hexamer is relatively unstable in 

solution, and dissociates into a concentration-dependent distribution of dimers, tetramers and 

hexamers in rapid equilibrium19. Because of its location in the hexamer-building interface, it 

is possible that the A136M substitution could alter the stability of the hexamer. We used 

sedimentation velocity studies to analyze the oligomeric structure of hUGDHA136M in 

solution. The c(s) distribution of 9 μM hUGDHA136M at pH 7.5 is dominated (94.1%) by an 

11.5 S species corresponding to the hexamer, and a smaller (5.9%) amount of the 5.2 S 

dimer (Figure 5A). For comparison, the c(s) distribution of 9 μM hUGDH reveals an 11.4 S 

hexamer (78.2 %), an 8.3 S tetramer (4.2%) and a 5.5 S dimer (13.1%) (Figure 5B). The 

distribution also contains a 3.2 S species that is most likely a small amount (4.5%) of 

misfolded monomer. The slight differences in S values for corresponding species in the 
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hUDGH and hUGDHA136M distributions are not significant as S values obtained from a 

system in rapid equilibrium are inherently biased by the mean of the c(s) distribution32, 37.

Next, we examined the oligomeric state of hUGDHA136M at the more alkaline pH 8.5, which 

we have previously shown to weaken the hUGDH hexamer16. Again, the main sedimenting 

species in the hUGDHA136M c(s) distribution is an 11.85 S hexamer (83.7%), followed by a 

5.49 S dimer (13.4%) and a 7.9 S tetramer (3.0%) (Figure 5C). In contrast, the c(s) 

distribution of hUGDH reveals significantly less 10.6 S hexamer (64.4%), and a 

complementary increase in the 6.5 S dimer concentration (34.0%) (Figure 5D). The 

broadening of the hexamer and dimer peaks in hUGDH is a characteristic of the rapid 

equilibrium between species16, 19, 38. This likely explains why we do not observe a 

quantifiable peak for the tetramer, which represents a transient in the formation and 

dissociation of the hexamer16. These results show that, A136M substitution favors the 

hexameric state of hUGDH.

Hysteresis is not observed in hUGDHA136M

Hysteresis in hUGDH and hUDGHA136M was analyzed using stopped-flow absorbance 

spectroscopy. hUGDH was injected into a rapid mixing cell with saturating substrate and 

NAD+, and the characteristic lag in enzyme activity was measured by fitting the data to eq. 1 

as described in the Materials and Methods (Table 2). The relaxation of hUGDH has a τ of 

16.30 ± 0.24 seconds, which corresponds to a lag of 44.3 ± 0.66 seconds before reaching the 

steady state velocity of 1.0± 0.01 nM NADH s−1 (Figure 6A). In contrast, we observed no 

lag for hUDGHA136M under these conditions (Figure 6B). In fact, hUGDHA136M does not 

display hysteresis even at saturating concentrations of the feedback inhibitor UDP-Xyl 

(Table 2). This is not true of hUGDH, where the lag has been shown16 to increase with 

UDP-Xyl concentrations (Table 2). Finally, the steady state velocity for hUDGHA136M 

appears to be 30% faster than hUGDH, but this is most likely due to negative cooperativity 

in the latter enzyme (discussed below) (Table 2).

The A136M substitution disrupts NAD+-induced negative cooperativity

The NAD+ saturation curve of hUGDH displays negative cooperativity (Hill = 0.73± 0.07), 

which we have previously shown22 to be an intrinsic property of the substrate bound 

complex (in the absence of UDP-Glc, the binding of NAD+ is noncooperative) (Figure 6C 

and Table 3). In contrast, the NAD+ saturation curve of hUGDHA136M is hyperbolic (Figure 

6D and Table 3). Negative cooperativity indicates an asymmetry in an enzyme that results in 

a mixture of high affinity and low affinity binding sites. It is possible to estimate the KM for 

the high affinity and low affinity NAD+ binding (K0 and Klim respectively) using 

Kurgonov’s methodology35 (see Materials and Methods) (Figure 6E). This analysis of 

hUGDH NAD+ saturation curves yields a K0 of 88 ± 20 μM which is similar the KM (90 ± 6 

μM) observed for hUGDHA136M (Figure 6D and Table 3).

With respect to turnover, the kcat for the NAD+ saturation curves of both hUGDH and 

hUGDHA136M are comparable at 0.76± 0.05 s−1 and 0.83± 0.02 s−1, respectively (Table 3). 

The UDP-Glc saturation curves for hUGDH and hUGDHA136M are both hyperbolic, with 

similar KM’s of 9.7 ± 0.8 μM and 7.26 ± 0.67 μM, respectively (Table 3) However, there is a 
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significant discrepancy in the kcat’s observed in the UDP-Glc saturation curves; while the 

hUGDHA136M kcat is similar to that measured in the NAD+ saturation curves, the kcat for 

hUGDH is significantly lower (0.76± 0.02s−1 and 0.55± 0.01s−1, respectively) (Table 3). 

The difference in turnover numbers is due to the coenzyme-dependent negative cooperativity 

of hUGDH, which makes it difficult to saturate the enzyme with NAD+ (Klim = 1800 μM) in 

order to achieve the pseudo-first order conditions necessary for steady state analysis of 

UDP-Glc kinetics.

hUDGHA136M binding of UDP-xylose is non-cooperative

Next we examined the impact of the A136M substitution on the allosteric inhibition 

mechanism of hUGDH. UDP-Xyl binding stabilizes the EΩ conformation of hUGDH 

(Figure 1)16–18. Competition with UDP-Glc induces the low substrate affinity EΩ 

conformation of hUGDH to undergo a cooperative conformational change to the high 

affinity E state16, 39. The allosteric transition can be observed as sigmoidicity in the UDP-

Glc saturation curves during steady state analysis of UDP-Xyl inhibition (Figure 6F). Global 

analysis of the hUGDH steady state inhibition curves yields a Ki of 0.32 ± 0.05 μM for 

UDP-Xyl, which is consistent with our earlier work16. The UDP-Glc saturation curve in the 

presence of UDP-Xyl at a concentration that is ~10x Ki is strongly cooperative, with a Hill 

coefficient of 2.1 ± 0.2 (Figure 6F and Table 4). This agrees with our previous work, which 

showed that sigmoidicity increases with UDP-Xyl concentration16. In contrast, 

hUGDHA136M has a much lower affinity for UDP-Xyl (Ki of 4.2 ± 0.4 μM), and displays no 

cooperativity (Figure 6G and Table 4). In fact, the UDP-Glc saturation curves are hyperbolic 

even at inhibitor concentrations 14x Ki (60 μM UDP-Xyl), which is strong evidence that 

hUGDHA136M does not undergo a conformational change between inhibited and uninhibited 

states (Figure 6F).

Discussion

We have previously shown that binding of the feedback inhibitor UDP-Xyl to hUGDH 

induces the T131-Loop/α6 allosteric switch to repack and form the inactive EΩ state (Figure 

1)17. This remarkable allosteric transition requires the α6 helix to rotate, which buries A136 

in the protein core (Figure 2 A, B). Here we have tested the allosteric mechanism by 

trapping the α6 helix in the active conformation using the A136M substitution (Figure 4). 

The burial of the methionine would be unlikely, as it would require a significant local 

unfolding of the protein and repacking of the core to accommodate the bulky side chain 

(Figure 2). This rationale is supported by the substrate saturation kinetics of the UDP-Xyl 

inhibited enzyme (Table 4). The EΩ state has a lower affinity for UDP-Glc, which results in 

positive cooperativity in substrate saturation curves of hUGDH (Figure 6F)16. The fact that 

UDP-Xyl saturated hUGDHA136M does not display substrate cooperativity is strong 

evidence that the A136M substitution prevents the formation of the EΩ state (Figure 6F, 

Table 4). This interpretation implies that the lower affinity for UDP-Xyl (Ki =4.2 μM) 

observed in hUGDHA136M corresponds to the competitive inhibition constant for the E state 

only (Figure 6G, Table 4). This is the first report of the E state affinity constant for UDP-

Xyl, and suggests the higher affinity (Ki =0.32 μM) observed for hUGDH is a property of 

the EΩ state (Table 4).
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The specific activity of hUGDH shows a hyperbolic dependency on protein concentration 

that can be modeled as three low activity dimers associating to form a higher activity 

hexamer16. It is possible for enzyme association to result in hysteresis40, 41 , but this is not 

the case for hUGDH. Instead, hysteresis in hUGDH is caused by the slow isomerization 

from the inactive E* state to the active E state upon binding of NAD+ and substrate 19, 22. 

While the increased stability of the hUGDHA136M hexamer does not explain the absence of 

a lag in progress curves, it does focus attention on the conformational flexibility of the 

allosteric switch in the E* state (Figure 5, 6A).The intermediate conformation T131-Loop/

α6 allosteric switch and the hexamer-building interface in E* led us to hypothesize that the 

hysteresis was the result of NAD+ and substrate inducing the allosteric switch and 

surrounding residues to slowly repack into the E conformation16, 18 (Figure 1B,C). The 

A136M substitution allows us to test this model. The crystal structure of unliganded 

hUGDHA136M shows that both the allosteric switch and the hexamer-building interface favor 

the E state, despite the open-domain conformation of the enzyme (Figure 4C, D). By 

stabilizing the allosteric switch in the E state, the A136M substitution would prevent the 

core and interface repacking. This model accurately predicts the absence of a lag in the 

hUGDHA136M progress curves (Figure 6B). Additional evidence comes from UDP-Xyl 

inhibition studies. We have previously shown16 that the lag in hUGDH increases with UDP-

Xyl concentration (Table 2). This increase is most likely caused by the inhibitor stabilizing 

the EΩ conformation, which must first convert to the E*Bound before it can slowly isomerize 

into the active E state (Figure 1D). Thus, the absence of hysteresis in UDP-Xyl saturated 

hUGDHA136M is strong evidence that the A136M substitution prevents the formation of both 

the E* and EΩ states (Table 2). Together, these results identify the isomerization of the 

allosteric switch as the source of the hysteresis observed in hUGDH.

Negative cooperativity can arise from enzyme heterogeneity that results in a mixed 

population with different affinity constants, but this model is not supported by ligand 

binding studies in hUGDH22. Briefly, the binding of UDP-Glc or NAD+ to hUGDH is 

noncooperative, indicating that the enzyme is homogeneous, with single affinity constants 

for substrate and coenzyme 22. However, the binding of NAD+ to the binary hUGDH:UDP-

Glc complex displays negativity cooperativity22. The simplest interpretation of these results 

is that the binding of UDP-Glc induces an asymmetry in the enzyme that produces two 

distinct affinities for the coenzyme. The molecular basis of negative cooperativity in 

hUGDH is not known, but the fact that the T131-Loop contributes to both substrate and 

cofactor binding17 suggests that it may play a role. This assumption is supported by the 

observation that hUGDHA136M constrains the T131-Loop and does not display negative 

cooperativity (Figure 6C–D, Table 3). A comparison of hUGDH and hUGDHA136M suggests 

that the A136M substitution selects for the high affinity conformation of the NAD+ binding 

sites. Using Kurgonov’s approach35, we estimated the high and low affinity KM’s for the 

negative cooperativity in coenzyme binding to hUGDH (Figure 6E, Table 3). The apparent 

high affinity KM (K0) for hUGDH is very similar to the noncooperative KM we observe for 

hUGDHA136M (Table 3). This suggests that the A136M substitution prevents the asymmetry 

induced by UDP-Glc binding. This suggests that the flexibility of the allosteric switch is 

linked to the negative cooperativity observed in NAD+ substrate saturation curves.
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The work presented here shows that targeting the allosteric switch is a practical method of 

selecting specific conformations of hUGDH, and by extension, regulating enzyme activity. 

Regulating hUGDH is an important milestone in our long term goal of controlling the 

pharmacokinetics of chemotherapeutics. Future work will focus on inhibiting hUGDH by 

trapping the allosteric switch in the EΩ conformation.
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Figure 1. hUDGH undergoes conformational changes during allostery and hysteresis
(A) Semitransparent surface rendering showing the buried T131-Loop/α6 helix (red) in the 

E and EΩ states. UDP-Glc (green balls, UDG) binds to the active site and favors the 32 
symmetry E state. UDP-Xyl (teal balls, UDX) competes for the active site and triggers the 

allosteric switch to rotate the α6 helix and favor the EΩ state. (B) The position of the T131-

Loop/α6 helix in the E (green), E* (yellow) and EΩ (cyan) state. All of the unique chains in 

the crystal structures of E, E* and EΩ are superimposed (PDB entries 2Q3E, 4RJT and 

3PTZ, respectively). (C) The hexamer-building interfaces of the E, E* and EΩ states are 

depicted as in panel B. Panels B & C are adapted from ref. 16. (D) The relationship between 

domain rotations (clamshell circles) and the α6 helix (black filled circle) conformation in 

the E (active), EΩ (inhibited), E* (inactive) and E*Bound (inactive, inhibitor/substrate bound) 

states. In the absence of ligand, the inactive E* state is favored. The binding of substrate and 
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NAD+ to the E* induces a slow isomerization (hysteresis) to produce the active E state22. 

The E*Bound state forms as UDG and UDX compete to induce the transition between the E 

and EΩ states (the ligand stoichiometry that induces the transition is unknown). UDP-Xyl 

binding shifts the α6 helix to strengthen the packing interactions between adjacent subunits 

(semicircle cutouts) and form the EΩ hexamer-building interface16, 17. The EΩ conformation 

of the allosteric switch reduces the affinity for substrate. For simplicity, only one trimer of 

the hUGDH hexamer is depicted.
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Figure 2. Rational for design of A136M substitution
(A) The left panel is a semitransparent surface rendering of the E state (PDB entry 2Q3E) 

showing the α6 helix (green) with the Cβ atom of A136 (yellow van der Waals dots) in a 

solvent accessible pocket. The right panel depicts a ‘cutaway’ of the protein surface looking 

down the axis of the α6 helix to show conformational changes that take place in the protein 

core; specifically, the position of the α6 helix and the solvent exposed A136 in the E state. 

Cavities buried in the protein core (red surfaces) were identified with a 1.2Å radius probe. 

The contribution of the A136 Cβ atom to the surface was removed prior to rendering. (B) 
The EΩ conformation (cyan) of hUGDH rotates the α6 helix to bury A136 in the protein 

core (PDB entry 3PTZ). The right panel depicts the rotation of the α6 helix to bury A136 in 

the EΩ state. The left and right panels are illustrated as in (A). Note that the cavities in the 

core change shape and number due to the repacking of allosteric switch. (C) To investigate 

the steric constraints (dotted van der Waals surfaces) of a β-branched amino acid substitution 

in the A136 pocket, we modeled A136V with its three preferred rotamers superimposed 

(purple sticks). Each rotamer introduces a bad contact (red dashed lines) between a γ-methyl 

and adjacent amino acids. Thus, the pocket will only accommodate an unbranched amino 

acid with a 180° χ1 torsion angle (60°,180°, and −60° χ1 torsion angles are labeled).
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Figure 3. Crystal structure of hUGDHA136M in the open domain conformation
(A) Side and top views of the UDGHA136M 32 symmetry hexamer. The surfaces of the six 

monomers are colored by domain: NB (blue), dimerization (light green), and SB (red). The 

allosteric switch is colored orange. The active sites and hexamer-building interfaces are 

identified with circles and arrows, respectively. (B) Stereoview of a Cα trace of 

hUDGHA136M chain C (colored as above) superimposed onto hUGDH in the closed 

conformation (grey, PDB entry 2Q3E) to illustrate the open domain conformation. The 

hinge-bending axis is depicted as a purple rod. (C) The difference (Fo − Fc) electron density 

map contoured at 3σ for the partially occupied UDP-Glc (sticks) calculated after the 

nucleotide sugar was omitted and the resulting model subjected to simulated annealing.
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Figure 4. The A136M substitution stabilizes the E state of hUGDH
(A) The difference (Fo − Fc) electron density map contoured at 4σ for A136 calculated prior 

to modeling the methionine substitution. (B) A surface rendering (grey) of hUDGHA136M 

showing the A136M substitution (orange stick with van der Waals surface dots) and the α6 

helix (orange). As expected, the A136M substitution fills the A136 pocket. (C) The position 

of the T131 loop in the inactive (cyan), active (green), E* (yellow) and hUDGHA136M 

(orange). (D) The hexamer building interfaces of the inactive (cyan), active (green), 

E*(yellow) hUDGHA136M (orange). Key residues are labeled with arrows used to depicted 

direction of motion between states.
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Figure 5. The A136M substitution stabilizes the hexamer
(A) Sedimentation velocity c(s) distribution of hUDGHA136M at pH 7.5 showing the 

hexamer (H), and dimer (D). (B) The hUDGH c(s) distribution at pH 7.5 shows hexamer 

(H), tetramer (T), dimer (D) and a peak that we interpret as misfolded monomer (M). (C) 
hUDGHA136M at pH 8.5. (D) hUDGH at pH 8.5.
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Figure 6. The A136M substitution disrupts hysteresis and cooperativity
(A) Stopped-flow analysis of hysteresis in the hUDGH progress curve under saturating 

concentrations of NAD+ (5mM) and UDP- Glc (0.5mM). The data points (black line) are fit 

(yellow line) to eq. 1 as described in the Materials and Methods. (B) The hUDGHA136M 

progress curve was analyzed as in panel A shows no lag, and is fit to linear equation (yellow 

line) to obtain the initial steady state velocity. The yellow line represents a linear fit for the 

first 20 seconds of the reaction. (C and D) The NAD+ saturation curves for hUGDH and 

hUGDHA136M, respectively, fit to eq. 3. The rates are normalized to turnover (nM NADH 

per nM enzyme per second). Dashed lines represent the 95% confidence interval of the fit in 

all panels. (E) An Eadie-Hofstee plot of the hUGDH NAD+ saturation data in panel C is 

concave up (negative cooperativity), and was fit to eq. 3 to determine the K0 and Klim values 

in Table 3. Velocity (v) was normalized to turnover (s−1) as in panels C & D. (F) hUGDH 

UDP-glucose saturation curves (black lines) with 0 μM (squares) and 3 μM (diamonds) 

UDP-xylose were globally fit to eq. 4 to determine Ki and the Hill coefficient. For 
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comparison, data from a hUGDHA136M UDP-glucose saturation curve with 60 μM UDP-Xyl 

(red triangles) is plotted. (G) hUGDHA136M UDP-glucose saturation curves with 0 μM 

(black circles), 11 μM (blue squares) and 30 μM (red triangles) UDP-xylose were globally 

fit to eq. 6 to determine Ki.
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Table 1

Data collection and refinement statistics

Data collection hUDGHA136M

Protein Data Bank entry 5TJH

Space Group P1

Unit cell dimensions a, b, c, (Å) 92.35, 104.59, 107.71

α, β, γ (°) 64.82, 68.35, 73.72

Completeness (%) 96.6 (97.1)a [91.3]b

Redundancy 3.9 (4.0) [3.8]

No. of reflections 987044

I/σ(I) 7.82 (1.80) [1.03]

CC1/2
c 99.6 (70.3) [45.6]

Rmeas
d (%) 11.7 (92.8) [154.1]

Refinement

Resolution (Å) 2.05

Rwork/Rfree 0.171/0.203

Rfree in highest resolution shell 0.345

No. atoms Protein/Ligand/Water 21736/89/799

B-factors (Å2) Protein/Ligand/Water 53.5/58.6/47.7

Stereochemical Ideality

Bond lengths (Å2) 0.008

Bond angles (°) 0.89

φ, ψPreferred region (%) 98.3

φ, ψAdditionally allowed (%) 1.7

φ, ψDisallowed region (%) 0.0

a
Values in parentheses are for the highest-resolution shell (2.16–2.22) based on an I/σ cutoff of 1.8.

b
Values in brackets are for the highest-resolution shell [2.05 – 2.10] based on the CC1/2 cutoff defined by Diederichs and Karplus42

c
CC1/2 is the percentage of correlation between intensities from random half-data sets42

d
Rmeas is the redundancy independent merging R-factor43
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