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ABSTRACT: UDP-glucose pyrophosphorylase (UGP) is a nucleotidyl-
transferase of central importance in all organisms and considered an
attractive drug target in the human pathogens Leishmania and
Trypanosoma. Here, we used wild-type and mutant Leishmania major
UGP to solve the crystal structures of postreactive, UTP, and UDP-Glc
bound states and performed kinetic and theoretical chemistry analysis of
the enzymatic reaction. The new data filled critical gaps in the
knowledge of the UGP mechanism and allowed reconstructing the
complete enzymatic cycle on three levels: global (movements of
molecular functional blocks), local (behavior of separate residues), and

chemical (quantum mechanical description of enzymatic reaction).

Results were integrated into a model of UGP activity describing structural changes along the cycle, the mechanisms of substrate
binding, UGP catalysis, and product release. Our study revealed the mechanisms of allosteric regulation common for
nucleotidyltransferases and, in particular, the mechanical control of the chemical reaction in the active site.

KEYWORDS: nucleotidyltransferase, catalysis, allosteric regulation, molecular mechanism, Leishmania, Trypanosoma,

complete enzymatic cycle, mechanochemistry

Bl INTRODUCTION

Enzymes of the large superfamily of nucleotidyltransferases
(nucleotide triphosphate (NTP) transferases) catalyze key
cellular processes in all kingdoms of life." Within the wide
spectrum of functions, members of this superfamily are
responsible for DNA repair, RNA editing, and activation of
metabolites used in catabolic pathways, as well as detoxification
and antibiotic resistance mechanisms." Despite large diversity
existing at primary and quaternary structure levels (mono-, di-,
tetra-, hexa-, and octameric forms have been describedz_é),
nucleotidyltransferases commonly adopt Rossmann-like a/f/a
sandwich folds in their catalytic domains,® require Mg** for
catalytic activity,”” and follow an ordered sequential Bi Bi
catalytic mechanism, with the NTP binding first.*>'®"" In
keeping with their central cellular positions, nucleotidyltrans-
ferases have been demonstrated to be a subject of elaborate
regulatory mechanisms,’ including allosteric effectors, redox
regulation, phosphorylation'*™"> and sequestration of active
enzymes by oligomerization.>'® Although intensively studied at
both the kinetic and structural levels,*>'%'! molecular details
explaining common functional properties of nucleotidyltrans-
ferases, such as the bireactant kinetics and the role of the
essential Mg?* ion, are either missing or equivocally
discussed.”'® Similarly, it remains unknown how the various
levels of structural organization combine with allosteric
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regulation to affect the reaction cycles of these enzymes.
Elucidating these mechanisms is, however, essential for the
fundamental understanding of nucleotidyltransferases and the
development of new concepts to specifically inhibit individual
members.

Recently, we cloned UDP-glucose (UDP-Glc) pyrophos-
phorylase from Leishmania major (LmUGP).> This enzyme
catalyzes the reversible conversion of glucose-1-phosphate
(Gle-1-P) and uridine S§'-triphosphate (UTP) to UDP-Glc
and inorganic pyrophosphate (PP;) in the presence of Mg>"
ions. Very different from all known pro- and eukaryotic UGPs,
the LmUGP is an active monomer with no capability to form
higher oligomers that, for example, in plants represent
sequestrated enzyme forms.>'® This unique feature together
with the fact that UGP is a promisin% target for the
development of specific antiparasitic agents *®
to investigate the function of this enzyme at the macro-
molecular, atomic, and chemical levels.

Previously obtained open and closed structures of LmUGP
(pdb codes: 20EF and 20EG, respectively) revealed major
conformational change between these two states.'” To
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Figure 1. Enzymatic cycle of LmUGP. The inner circle shows the overall views of LmUGP for each state in ribbon representation. The outer circle
shows the close-ups of the UGP active site. The N-terminal, C-terminal, and central catalytic domains are shown in red, green, and purple,
respectively. The lock region is shown in gray. The substrates are shown in a Corey—Pauling—Koltun representation. The outer segments C, D, and
E contain graphical representations of HOMO (blue) and LUMO (green). Only lobes of the same sign localized on reacting atoms are shown. (A)
Open state (apo form) representations based on the experimental structure 20EF."” The N-terminal/catalytic and C-terminal domains are at their
maximum distance, the seven-stranded f-sheet is relaxed, the lock is open. Only the binding site for UTP is present. (B) Crystal structure of
LmUGP-dUpCpp complex representing the UTP state. The seven-stranded f-sheet and the NB loop acquire intermediate conformations between
the open and the closed states, and the lock region remains open. The phosphates are located in the interface between the catalytic and C-terminal
domains with the y-phosphate stabilizing the NB loop. The binding pocket for the glucose ring is formed. (C) QM/MM model of the prereactive
state. The whole structure is in the closed state; both substrates are stabilized in position for the reaction. (D) The trigonal bipyramidal geometry of
the transition state. (E) QM/MM (colored) and experimental (black) models of the postreactive state. (F) Experimental structure of UDP-GIc state
(20EG)."® The pyrophosphate dissociation leads to the relaxation of the NB loop and the activation of the lock mechanism for opening the LmUGP
structure.

understand these molecular movements and reconstruct a stabilization of both substrates of the bireactant LmUGP.
comprehensive picture of the enzymatic cycle, we aimed to Moreover, novel insights into the elements responsible for
obtain additional intermediate state geometries. Here, we substrate binding and product release have been obtained. Our
determined the crystal structures of wild-type and mutant structural analysis is supported by original kinetics data
LmUGP in the presence of substrates, products, or their presented in this study and by published data for the forward
analogs. and backward reactions of the wild-type LmUGP and its
The new structures for the first time revealed the binding functional mutants.>'® The ab initic quantum mechanics/
sites for all UGP products, elucidated the key role of the UTP molecular mechanics (QM/MM) calculations of the LmUGP
nucleoside and y-phosphate in UGP activation, and helped reaction pathway helped elucidate electronic effects and the
explain the allosteric mechanisms that accompany binding and roles of Mg** and active site residues in UGP catalysis.
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Figure 2. (A) Superposition of the LmUGP structures in the apo state (purple; PDB code: 20EF'®), the UTP state (green; LmUGP-dUpCpp
complex), and the postreactive state (red; LmUGP-UDP-Glc-Mg**-SO, complex) illustrates the overall conformational changes upon binding the
first and second substrates. The torsional deformation of the seven-stranded f-sheet in the area near the glucose binding site is shown in panel B.
Panel C shows structural changes in the NB loop area and the F,, — F, electron density omit map contoured at 3.0 ¢ around the ligands UDP-Glc,
Mg** and SO,* in the wild-type LmUGP postreactive state structure. (D) Amino ac1d | sequence of LmUGP. The secondary structure elements of

the N-terminal domain are red; catalytic domain, blue; and C-terminal domain, green

are highlighted in orange.

° The residues conserved in UGPs from different organisms

The resulting model of UGP activity describes structural
changes along the catalytic cycle, the mechanisms of substrate
binding, UGP catalysis, and product release (Figure 1). With
this description of the complete reaction cycle of LmUGP, we
provide novel insights into the function of nucleotidyltrans-
terases and a general guide for the in-depth mechanistic analysis
of these enzymes. Finally, we demonstrate how allosteric
mechanisms control specific recognition of glucose by LmUGP
and regulate the chemical reaction in the active site via
mechanical force transduction.

B EXPERIMENTAL SECTION

Protein Preparation and Crystallization. Untagged and
C-terminally Hisg-tagged wild-type L. ma]or UGP were
prepared as described by Lamerz et al.”> Mutant proteins
L281D and HI191L were prepared as described by Steiner et
al.'” The E284A mutant was created by overlap extension PCR
using mutagenesis primers with the sequences
gctgeggGCGtecge (sense) and geggaCGCecgeage (antisense),

respectively, in which the mutated codon is given in uppercase.
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The C-terminally Hiss-tagged E284A mutant protein was then
expressed and purified in the same way as the His¢-tagged wild-
type protein.” Crystals of the wild-type enzyme complexes were
grown at 20 °C by vapor diffusion in hanging drop geometry
with 500 L of reservoir solution. Crystals of the L281D and
the H191L mutants were grown at 4 and 20 °C, respectively, in
sitting drop geometry with 500 L of reservoir solution. For the
UTP state, 1 mM dUpCpp and 4 mM MgCl, were added to the
wild-type protein (12.4 mg/mL; 10 mM Tris—HCl, pH 7.5;
100 mM NaCl; 2 mM MgCly; 2 mM DTT). A 1.0 uL portion
of the resulting complex was mixed 1:1 with the reservoir
solution (0.1 M MES, pH 6.4; 20% w/v PEG-4000; 200 mM
Li,SO,). For the postreactive state, 1.1 uL of the wild-type
protein (7 mg/mL; 10 mM Tris—HC, pH 7.5; 100 mM NaCl;
2 mM MgCl,; 2 mM DTT; 4 mM UDP-Glc) was mixed 1:1
with the reservoir solution (0.1 M Bis-Tris, pH 6.0; 22% w/v
PEG-MME-2000; 20 mM (NH,),SO,). The L281D mutant
was concentrated to 2.3 mg/mL in the same buffer adjusted to
pH 7.8. The reservoir solution contained 0.1 M Bis-Tris, pH
6.6, and 28% w/v PEG-MME-2000. In the case of the HI91L
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mutant, the protein buffer contained 10 mg/mL LmUGPy91;
10 mM Tris—HCI, pH 7.5; 100 mM NaCl; 2 mM MgCly;
2 mM DTT; 4 mM UTP; and 4 mM Glc-1-P. The reservoir
solution contained 10% v/v glycerol; 0.05 M citrate buffer, pH
5.2; and 1.1 M sodium citrate. Prior to flash-cooling, all crystals
were rinsed in reservoir solution supplemented with 20%
ethylene glycol for cryoprotection.

In Vitro Activity Measurements and Kinetic Data
Analysis. To calculate reaction energy parameters, the in vitro
activity of wild-type LmUGP was measured at 25 and 37 °C
using the untagged recombinant protein. In the forward
direction of the reaction (production of UDP-GIc), formation
of pyrophosphate was continuously detected using the
EnzChek Pyrophosphate Assay Kit (Molecular Probes) in a
buffer containing 50 mM Tris/HCl, pH 7.8, and 10 mM
MgCl,. UTP was kept at a saturating concentration of 1 mM,
and the concentration of Glc-1-P was varied between 0.1 and
3 mM. The backward reaction (formation of UTP) was
monitored using the continuous assay described by Damerow
et al?® Here, UDP-Glc was supplied at a saturating
concentration of 1 mM, and pyrophosphate concentration
was varied between 0.1 and 2 mM. For the forward and
backward reaction activity assays, a 1.84 mg/mL UGP stock
was diluted 1:40 000 and 1:10 000, respectively. The reaction
was started by addition of 10 L of diluted UGP unto a final
reaction volume of 100 yL. The resulting values of [E], for the
forward and backward reactions were 8.6915 X 107" M and
34766 X 107'° M, respectively. Product formation was
continuously monitored at 360 nm in a microplate reader
(Power-Wave 340 KC4 system, Bio-Tek). The rates of product
release were plotted against the varied substrate concentration,
and K, and V,,, were calculated using the nonlinear fitting
function in PRISM software (GraphPad Software, Inc.). The
free-energy barriers resulting from the experimental V,, values
(Supporting Information Figure S2A,B) were calculated
assuming that the reaction catalyzed by LmUGP proceeds via
the ordered sequential Bi Bi catalytic mechanism common for
nucleotidyltransferases, with a single barrier between the pre-
and postreactive states. In this case, the rate-limiting step
constant corresponding to the substrate-to-product conversion
is identical to k4 = Vi,./[Ely and the reaction free energy
barrier can be estimated according to the transition state theory
(TST) as AG* = —RT In(k_.h)/(kyT), where R, kg, and h are
the ideal gas, Boltzmann’s, and Planck’s constants, respectively,
and T is the absolute temperature.

To compare kinetic parameters of the LmUGP E284A
mutant and wild-type LmUGP (both C-terminally His-tagged),
activity measurements at 25 °C in the forward direction of the
reaction were carried out and evaluated as described above,
with the following modifications: UTP concentration was
varied between 0.05 and 1 mM at a saturating supply of 2 mM
Glc-1P, and titration of Glc-1P between 0.05 and 2 mM was
performed at a saturating concentration of 1 mM UTP.

Diffraction Data Collection and Structure Determi-
nation. Diffraction data were collected at the EMBL beamlines
X11 and X13 at the DORIS storage ring, DESY, Hamburg, and
the beamlines ID23-2 and ID29, at ESRF, Grenoble, using
MAR CCD and Dectris Pilatus 6 M detectors (see Supporting
Information Table S1 for details), and reduced with the XDS
program package.”’ The structures of LmUGP,,-dUpCpp
complex and LmUGPyyo;; mutant was solved by molecular
replacement (CCP4 software suite”>>?) using the structure of
LmUGP apo form (pdb code: 20EF'") as an initial model.
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Structure determination of LmUGP,,-UDP-Glc-Mg**-SO, and
LmUGP, ,4,p-UDP-Glc complexes was initiated by a round of
CNS*** rigid body refinement using the protein part of the
LmUGP coordinates for the closed conformation of the
enzyme (pdb code: 20EG'®) as an initial model. Refinement
was continued with CNS, SHELX,26 and REFMAC? and
included simulated annealing and individual B-factor refine-
ment. The initial electron density maps were calculated using
ARP/wARP.>® During cyclic rounds of refinement and manual
rebuilding using the COOT*’ program, ligands and solvent
molecules were included in the models (see Figures 2C and
Supporting Information S1A—D). The final models displayed
good stereochemistry (see Supporting Information Table S1).
Structure comparisons were performed using SSM and LSQ
superpose tools of COOT.

Molecular Dynamics Simulations. To study the effect of
the E284—glucose interaction on the conformation of LmUGP,
molecular dynamics (MD) simulations were performed using
the CNS***5 program package. The starting geometry was
obtained from the coordinates of the LmUGP,,dUpCpp
complex (UTP state) and the glucose coordinates from the
superimposed structure of the LmUGP,,-UDP-Glc-Mg**-SO,
complex (postreactive state). In this geometry, the distances
between the oxygen atoms of the E284 carboxyl group and the
2',3’-0xygen atoms of glucose were close to 6 A. At the start of
the simulations, the hydrogen bond distance restraints between
these atoms were assigned. The Cartesian MD simulations were
performed for 1 ns MD trajectory at a constant temperature of
300 K. At the end of the dynamic trajectory, the model
geometry was optimized using CNS-DEN refinement®® without
experimental energy terms.

Quantum Chemical Modeling of LmUGP Reaction
Pathway. The QM/MM simulations of the LmUGP reaction
pathway were performed using the Firefly Quantum Chemistry
package,”" based in part on the GAMESS (US)** source code.
The QM subsystem included the substrates, water, Mg**, and
fractions of the side chains for the protonated residues K95,
H191, and K380. It contained 94 atoms in total and had a
charge of —1. The rest of the protein was included into the MM
part. Geometry optimizations, Hessian calculations, saddle
point location, and intrinsic reaction coordinate (IRC)
simulations in the QM part were carried out using density
functional theory (DFT) with the B3LYP hybrid func-
tional,>*** Vosko—Wilke—Nusair electron gas formula 5
correlation,®>® and the valence double-{ polarized basis set
6-31G* for all atoms. The MM3 force field parameters®” >
were used for the MM part. The starting geometry for the
saddle point location search was generated from the
coordinates of the postreactive state complex and the substrate
coordinates from the structure of LmUGP-dUpCpp complex
obtained in this work. This structure was optimized using an
unconstrained QM/MM geometry minimization procedure.

The search for the saddle point location was started by
successively decreasing the distance between the reacting atoms
03,31 and P,U™ in the direction of the forward reaction and
performing constrained geometry minimization at each step.
Upon reaching the flat conformation of the P,O; group of
UTP, the precise location search of the saddle point was
performed using a quadratic approximation augmented Hessian
technique.**™* The transition state geometry was located at a
point with a single imaginary frequency of Hessian. After
finding the transition state, the structures of the pre- and
postreactive states were obtained by descent forward and
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backward from the saddle point along the steepest descent path
in mass-weighted Cartesian coordinates using the IRC
method.” The resulting models of pre- and postreactive states
corresponded to the true minima on the potential energy
surface with all real vibrational frequencies. These structures
were used for further analysis and comparison with
experimental data. The free energy barriers for forward and
backward reactions were calculated using harmonic normal
mode approximation.

B RESULTS

LmUGP-dUpCpp Complex and the Mechanism of UTP
Binding. To study the effect of UTP-binding on the structure
and function of LmUGP, we crystallized LmUGP in the
presence of the nonreactive UTP analog dUpCpp (see
Experimental Section for details). The structure solved by
molecular replacement and refined to 3.0 A resolution showed
good electron density for the UTP analog bound to the active
site (Supporting Information Figure S1C). The overall
conformation of the enzyme is more similar to the open'’
than to the closed (postreactive; see below) state, with several
regions acquiring intermediate conformations (Figure 2A).
Compared with the open state, the large magnitude change is
located in the nucleotide-binding (NB) loop, which shifts 2.4 A
toward the phosphate moiety, bounding the nucleotide pocket
(Figure 2C). The seven-stranded fS-sheet (81, 3, p4, 57, /38,
P11, p14; Figure 2D) undergoes a torsional deformation, where
strands 1, #7, #8 (and adjacent region of the helix @10), 11,
and f14 shift toward their positions in the closed state (Figure
2B), while the conformation of 3 and #4 remains close to the
open state. The nucleoside is coordinated by residues L8I,
G83, G84 (NB loop), M130 (#3), Q162 (end of f4), G190-
H191 (loop p6—a8), and N219—D221 (end of 7). Most of
these residues remain structurally conserved in the open, UTP,
and closed states of the enzyme, which explains why UTP can
bind to the apo form and activate the conformational transition.
To understand the role of nucleoside binding in LmUGP
activation, we crystallized the inactive LmUGP mutant
HI191L" in the presence of both UTP and Glc-1-P, but no
electron density was observed for the substrates. Instead, the
mutant structure revealed that the side chain of L191 occupied
part of the space necessary for the nucleoside binding (Figure
3C). As a result, UTP could not bind, and the mutant
conformation remained very close to the open form of the wild-
type protein. This finding supported the primary role of the
nucleoside binding in UGP activation.

In the X-ray structure of the LmUGP-dUpCpp complex, the
phosphates of the UTP analog were coordinated by the
residues in the interface between the catalytic and C-terminal
domains. It is interesting that in this state, the strictly conserved
residue K380, known to interact with the product UDP-Glc and
to be essential for enzymatic activity,19 is located 8 A away from
the a-phosphate and does not make any interaction with the
phosphate moiety (Figure 1B). The y-phosphate forms three
hydrogen bonds and several van der Waals interactions with the
NB loop residues G84—T87 and a salt bridge with the strictly
conserved K95. These interactions explain the large shift of the
NB loop upon UTP binding. As the NB loop, in turn, is bound
to the C-terminal domain via a hydrogen bond and extensive
hydrophobic contacts, the new structural data elucidate the role
of the y-phosphate in the mechanism of UGP activation.

Glucose-1-phosphate Binding to LmUGP. As typical in
enzymes with ordered sequential Bi Bi kinetics, the binding site
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Figure 3. Structural effects of H191L mutation. Superposition of the
wild-type LmUGP structure in the apo state (pdb code: 20EF;"
green) and LmUGPyo,; mutant crystallized in the presence of both
substrates (purple) shown for the whole enzyme (A) and for the NB
loop area (B). (C) Superposition of the substrate binding pocket in
the postreactive state of LmUGP,, and in the LmUGPy,o,; mutant
structure. The color scheme of the wild-type protein surface
corresponds to the atom charge (blue, positive; red, negative; white,
neutral). The van der Waals surface of L191 from the superimposed
LmUGPyg;;, mutant structure is shown in green.

for Glc-1-P does not exist in the apo form of LmUGP. The
residues N219 (f7), N306—N308 (f11), and F376 (link
P14—al3), identified as resgonsible for glucose binding in the
closed LmUGP structure,'” overlap with the atoms of the
glucose ring in both our postreactive state and UDP-Glc'”
complexes. In the UTP state, these residues are shifted deeper
into the catalytic domain as a result of the torsional
deformation of the seven-stranded p-sheet, which removes
steric hindrances and creates a complementary surface for the
glucose ring. This, together with the fact that Glc-1-P binding
cannot occur without UTP binding first, as demonstrated by
STD-NMR studies,” implies that the binding of the glucose ring
must play a primary role in the binding of Glc-1-P. Thus, the
UTP-induced deformation of the f-sheet is an important
determinant of the Glc-1-P binding site formation.

Other structural elements known to contribute to the glucose
binding in the above-mentioned closed LmUGP structures
include the highly conserved sugar-binding (SB) loop and the
strictly conserved residue E284 located at the end of $10
(Figure 2D). These residues belong to a larger region R249—
Y302 comprising the SB loop, the adjoining f-hairpin f9—f10
(handle) and helix a11. Superposition of LmUGP structures
showed that this region changes dramatically between the open
and closed states (Figure 2A). Surprisingly, in the UTP-state
structure, the conformation of this region remains almost
identical to the open state, with the exception of the top part of
the handle, which is known to be flexible, as indicated by the
experimental electron density.

In the UTP state, both the SB loop and E284 are distanced
from the glucose binding site, but E284 is located 2.0 A closer
than the nearest SB loop residue and, therefore, can bind first.
To study the structural effect of the interaction between E284
and the glucose ring, we have performed molecular dynamics
simulations (see Experimental Section for details). As a starting
model, we used the structure of the LmUGP,,-dUpCpp
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complex (UTP state) and the glucose coordinates from the
superimposed structure of the LmUGP,,-UDP-Glc-Mg*"-SO,
complex (closed postreactive state, see below). During these
simulations, the force was applied to the side chain of E284 to
bring it to its position in the closed state of the enzyme. E284 is
linked to the SB loop via the f-hairpin structure of the handle
and our molecular dynamics simulations suggested that pulling
E284 in the direction of the glucose-binding site results in the
movement of the whole region R249-Y302 toward its
conformation in the closed state.

To test this hypothesis, we first examined the role of E284 in
glucose binding. Therefore, mutant E284A was constructed and
kinetically characterized in comparison with the wild-type
enzyme (Supporting Information Figure S2C,D). The specific
activity of the mutant E284A was reduced to less than 0.05% of
the wild-type. By measuring K, values, the affinity of the E284A
mutant for UTP was found to be nearly unchanged (E284A,
73.9 + 5.8 uM versus wt, 101.2 + 7.6 uM), whereas the affinity
for Glc-1-P was drastically impaired (E2844, 977.4 &+ 99.5 uM
versus wt, 152.8 + 14.3 uM).

To study the interaction between E284 and the SB loop, we
investigated structural effects of the L281D mutation located in
the link connecting these two areas, at the end of the strand
P10. L281 forms a part of the hydrophobic core stabilizing the
base of the handle and its contact with the N-terminal and
catalytic domains. The L281D mutation leads to a drop of
specific activity (measured in the forward reaction) to 16.3% of
the wild type."” Because the residue is spatially remote from
active site and SB loop, the mechanism of this inactivation was
previously unclear. The crystal structure of the L281D mutant
in complex with UDP-Glc solved in this study now shows that
the mutation leads to a disruption of the f-structure of the
handle (Figure 4A) and an increase in its flexibility, reflected in
the weakening of experimental electron density for this region.
In the mutant structure, the interactions between E284 and
glucose are not changed, but the distances between E284 and
the SB loop or all are increased, and a lack of closure is
observed in both the SB loop and the a1l area (Figure 4B).
Thus, the disruption of the f-structure caused by the L281D
mutation leads to the loss of stiffness in the handle and,
therefore, a reduction of its efficiency in transducing tensile
force to the SB loop and all. This, in its turn, leads to a lack of
closure in these areas (Figure 4B) and a decrease in the specific
activity of the L281D mutant to 16.3% of the wild-type
enzyme."” The top of the handle features significant conforma-
tional flexibility observed in the crystal structures of LmUGP,
and its length varies between species. This, in conjunction with
the observed effect of the L281D mutation, implies that the
residues involved in transduction of the tensile force are located
at the base of the handle.

Comparison of the UTP state and closed postreactive state
structures showed that closing the region R249—Y302 brings
the strictly conserved residues H191 and K380 in a favorable
position for binding Glc-1-P phosphate and leads to adjust-
ments in the glucose binding site that further increase its
complementarity. After closing, the region R249-Y302 is
additionally stabilized by a hydrogen bond between the SB loop
E251 and the C-terminal domain R443 observed in the closed
state structures.

Product Formation and Allosteric Regulation of
Product Release. By cocrystallizing LmUGP with UDP-Glc,
Mg*, and SO,>” ions, the postreactive state of the enzyme
could be trapped, and the structure, resolved to the high
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Figure 4. Superpositions of the wild-type (colored) and L281D
mutant (black) LmUGP-UDP-Glc complexes. The mutation causes
disturbances of the f-structure at the base of the handle (A), which
results in the lack of closure in the SB loop region (B).

resolution of 1.6 A. The gostreactive state is the most compact
of all known published'” and herein presented structures of
LmUGP. Both the accessible surface area of the protein and the
distances between key structural elements and the catalytic
center were at their minimum in this state, whereas the
torsional deformation of the f-sheet increased (Figure 2B).
Compared with the UTP-state structure, the NB loop is shifted
~2 A closer toward the phosphate moiety, further bounding the
nucleotide pocket (Figure 2C). The region R249—Y302 is in its
closed state, providing maximal stabilization to the glucose ring.
The amino group of the strictly conserved K380 is moved 5.6 A
toward the nucleotide, and an H-bond with the a-phosphate of
UDP-Glc is formed. In the crystal structure, the sulfate ion
occupies the position of the y-phosphate in the LmUGP-
dUpCpp complex. The identified magnesium ion coordinated
sulfate, a-phosphate, and a water molecule. This water occupied
the space between the a- and y-phosphates and was additionally
coordinated by an H-bond and electrostatic interactions with
G86 and K95 of the NB loop. Superposition of the UTP and
postreactive state structures suggested that in the prereactive
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state, the magnesium should be coordinated between the a-
and S-phosphates of UTP (Supporting Information Figure S4).
Of note, with the crystal structure of the postreactive state of
LmUGP, we present the first experimental structure in which
the binding sites of all UGP products could be identified.
Comparison of the crystal structures of LmUGP in the
postreactive and the UDP-Glc-bound states revealed that
dissociation of the pyrophosphate and magnesium leads to a
significant change in the NB loop conformation (Figure S). The

UDP-Glc

Figure 5. Experimental LmUGP crystal structures representing the
postreactive (colored) and UDP-Glc (black) states. The superposition
reveals conformational changes of the NB loop and phosphate moiety
of UDP-Glc caused by the dissociation of pyrophosphate and Mg*".

G84—G88 residues and the adjacent G90—D93 region moved
away from the active site, making it less compact. Because of
the loss of the hydrogen bond with the y-phosphate, the
carbonyl group of the L85 peptide bond was flipped in the
UDP-Glc state. As a result, the NB loop acquired an
intermediate conformation between those of postreactive and
apo states. In the crystal structure of the UDP-Glc state, the
experimental electron density for this region was weaker and
more disordered than that in the postreactive state (20%
decrease in the signal-to-noise ratio for C, atoms). A similar
effect was observed for the SB loop residues, where
destabilization led to a partial opening of the structure in the
area of helix @11 (residues M293—N300) located at the end of
the region R249—Y302. This destabilization effect is propagated
from the NB to the SB loop via the shift of G88, which moves
the conserved K422 (C-terminal domain) closer toward K255
(SB loop) and, thus, increases the electrostatic repulsion
between the two regions.

The flexible top part of the handle, including residues Y265—
K277 that are located farther away from the protein g