
Structure and Dynamics of UDP-Glucose Pyrophosphorylase
from Arabidopsis thaliana with Bound UDP-Glucose and UTP

Jason G. McCoy, Eduard Bitto, Craig A. Bingman, Gary E. Wesenberg, Ryan M. Bannen,
Dmitry A. Kondrashov, and George N. Phillips Jr.
Department of Biochemistry, University of Wisconsin-Madison, Madison, WI, 53706

Abstract
The structure of the UDP-glucose pyrophosphorylase encoded by Arabidopsis thaliana gene
At3g03250 has been solved to a nominal resolution of 1.86 Å. In addition, the structure has been
solved in the presence of the substrates/products UTP and UDP-glucose to nominal resolutions of
1.64 Å and 1.85 Å. The three structures revealed a catalytic domain similar to that of other
nucleotidyl-glucose pyrophosphorylases with a carboxy-terminal β-helix domain in a unique
orientation. Conformational changes are observed between the native and substrate-bound
complexes. The nucleotide binding loop and the carboxy-terminal domain, including the suspected
catalytically important Lys360, move in and out of the active site in a concerted fashion. TLS
refinement was employed to initially model conformational heterogeneity in the UDP-glucose
complex followed by the use of multiconformer refinement for the entire molecule. Normal mode
analysis generated atomic displacement predictions in good agreement in magnitude and direction
with the observed conformational changes and anisotropic displacement parameters generated by
TLS refinement. The structures and the observed dynamic changes provide insight into the ordered
mechanism of this enzyme and previously described oligomerization effects on catalytic activity.

Introduction
The enzyme UDP-glucose pyrophosphorylase (UDPGP) is listed under the enzyme
classification number EC2.7.7.9 and is a member of the Pfam glycosyl transferase clan
(PF01702)1. The enzyme carries out the reaction Mg2+-UTP + glucose-1-P ⇆ PPi + UDP-
glucose2. The order of binding is specific with UTP binding the enzyme before glucose-1-P
and UDP-glucose binding before PPi in the reverse reaction3,4. The reaction direction shows
tissue-specific variations. The reaction has been shown to proceed in the direction of UDP-
glucose formation in young and mature leaves and in the opposite direction in immature apical
leaves5. UDP-glucose is an important precursor for sucrose and various cell wall materials in
plants6-9. In cereal seed endosperm UDP-glucose concentration is coupled to that of ADP-
glucose which is a precursor of starch in plants10. UDP-glucose has also been observed to act
as a direct precursor of starch under certain conditions11,12.

Two isozymes of UDPGP encoded by genes At3g03250 and At5g17310 have been identified
in Arabidopsis thaliana5. UDPGP activity has been experimentally verified for the protein
product of gene At3g03250 purified from Arabidopsis extracts. The sequence of the At3g03250
UDPGP can be found under Uniprot ID Q9M9P33.
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The expression of gene At3g03250 is known to be regulated by light as well as phosphate and
sucrose concentration13-15. In addition, in vitro oligomerization of UDPGP has been shown
to influence the activity of this enzyme; the most active form being the monomer16. However,
the oligomerization depends on the storage buffer conditions17, and the biological significance
of this regulation remains uncertain.

Here we present three crystal structures of the UDP-glucose pyrophosphorylase encoded by
gene At3g03250: the native enzyme, a complex with UDP-glucose, and a complex with UTP.
The structures were determined under the National Institutes of Health Protein Structure
Initiative.

Results
Structure determination

The crystallographic statistics related to the structure determination of UDPGP and its
complexes with UDP-glucose and UTP are listed in Table 1. The asymmetric unit contains two
protein chains labeled A and B. Several surface loops and residues were not modeled due to
insufficient electron density. These include residues A1–A5, A40–A43, B1–B7, B38–B43, and
B469 in the native structure; residues A1–A7, A40–A44, A255, A266, B1–B7, B40, B41, and
B252 in the UTP complex; and residues A1–A4, A38–A43, A467–A469 and B1–B6 in models
1 and 2 of the UDP-glucose bound structure. As described in the Material and Methods section,
two alternate conformer models were required to fully account for the electron density observed
in the UDP-glucose complex crystal structure.

All of the residues were in most favored or allowed regions of the Ramachandran plot.
Heteroatoms modeled into each structure include 422 water molecules in the native enzyme;
871 water molecules, 1 molecule of dimethylsulfoxide, and 2 molecules of UTP in the UTP
complex; and 1100 water molecules, 1 molecule of dimethylsulfoxide, 1 molecule of UMP,
and 2 molecules of UDP-glucose shared among the two multiple conformers in the UDP-
glucose complex.

Protein fold
The overall fold of UDPGP is shown in Figure 1(a) and Figure 2 illustrates the residue
numbering. The 469 residues of the UDPGP enzyme form four structural domains. The largest
domain contains residues 56–160, 193–249, 291–317, and 334–359. This central domain (blue)
contains an eight-stranded mixed β-sheet that forms the core of the protein. The central β-sheet
is surrounded on both sides by helices and branches off into a small two-stranded β-sheet. In
addition, there are three smaller domains that project out from the central domain forming a
positively-charged active site cavity (Figure 1(b)). The largest of these is the carboxy-terminal
domain (red), which contains residues 360–469. This domain primarily consists of a β-helix
formed by two parallel β-sheets, a few helices, and a two-stranded β-sheet. The amino-terminal
domain (magenta), consisting of residues 6–40, 161–192, and 318–333, and the sugar-binding
domain (green), consisting of residues 41–55 and 250–290, are primarily helical but each
contains two β-strands that make up a four-stranded, antiparallel β-sheet. The active site is
located at the interface of these four domains in a pocket with distinct positive electrostatic
surface potential.

Oligomerization state
Gel filtration chromatography conducted prior to protein concentration indicated that the
UDPGP enzyme existed as a monomer in solution. However, the crystal structure revealed the
presence of an apparent dimer (Figure 1(c)). The interface between the monomers is small with
a buried surface area of only 600 Å2. The orientation of the monomers in the apparent dimer
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is such that the amino-terminal domain of each monomer is wedged into the active site area of
the other respective monomer. The residues involved in this interaction include residues 170–
182, 256, 320–328, 395–402, and 446 of both chains, as well as residues 5 and 6 of chain A
and residues 91, 92, 280–284, and 423–426 of chain B. Analysis of the distances between polar
atoms within the interface suggest that hydrogen bonds exist between residues Lys 401 and
Asp325 of both chains as well as between Thr5 of chain A and Lys284 of chain B and between
Asp171 of chain A and Lys 256 of chain B.

Active site of the UDP-glucose complex
The residues that coordinate UDP-glucose vary slightly with each protein chain. Chain A of
model 2 appears to most optimally bind UDP-glucose, and the following active site description
is derived from this subunit (Figure 3(a)). Residues from the amino-terminal domain that bind
UDP-glucose include Gln162 and Gly191, which coordinate the uridinyl group, and His192,
which coordinates the β-phosphate. Residues from the central domain that coordinate UDP-
glucose include Asn220 and Asn293, which coordinate the glucose portion of the molecule;
Gly87, which coordinates the uridyl group; Leu85, which coordinates the ribose group; and
Lys99, which coordinates the α-phosphate. Gly87, Leu85, and Lys99 are found on a region of
the enzyme referred to as the nucleotide binding loop (Figure 4) in other pyrophosphorylases.
Residues in the sugar binding domain that coordinate UDP-glucose include Gly258 and
Glu271, which coordinate the glucose portion of the substrate and Lys256, which coordinates
the β-phosphate. Lys360 is the sole residue from the carboxy-terminal domain that makes
contacts with UDP-glucose, specifically at the α-phosphate. The other chains of the
multiconformer model contain a smaller subset of these residues that coordinate the UDP-
glucose. Chain A of model 1 resembles the native structure and subsequently makes the fewest
contacts with UDP-glucose. These contacts are mediated through residues Gln162, Gly191,
Asn293, and Asn220, all of which come from the amino-terminal and central domains. The
electron density for chain B revealed the partial presence of a molecule of UMP in the active
site in addition to UDP-glucose. Subsequently UDP-glucose was incorporated into the alternate
conformer represented by model 1 and UMP was incorporated into the alternate conformer
represented by model 2 as shown in Table 2.

Conformational changes were observed between the native structure and UDP-glucose
complex (Figure 4). The nucleotide binding loop, Gly87–Lys99, clamps down on the
nucleotide portion of the substrate. This displacement is propagated throughout the carboxy-
terminal domain such that the entire β-helix is displaced towards the substrate. The second
conformational change involves the sugar binding loop, Thr248–Ile261, that closes down on
the sugar and phosphate portion of the substrate. This also resulted in a displacement of the
sugar binding domain.

Active site of the UTP complex
The residues that coordinate UTP are illustrated in Figure 3(b). Coordination of the uridine
moiety is analogous to that seen in the UDP-glucose complex. The phosphate portion is
coordinated by Lys360 and Lys99. The β-phosphate is positioned differently in the UTP
complex than in UDP-glucose complex such that His192 is no longer involved in the binding
(Figure 4). The sugar binding loop (Thr248–Ile261) is positioned similarly to that of the native
structure such that Lys256 is pulled away from the substrate. The temperature factors in this
region are elevated in chains A and B compared to the surrounding residues. In chain A the
electron density was insufficient to model in residues Val255 and Lys256, however, placement
of the rest of the sugar binding loop was still possible. This strongly suggests increased
structural flexibility in the sugar binding loop in the UTP complex compared to that of the
native structure and UDP-glucose complex. A second distinction between the two monomers
in the asymmetric unit is within the nucleotide binding loop (residues 87–99). This loop was
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in the closed conformation in chain B but in the open conformation in chain A, which caused
a slight change in the orientation of the phosphates between chains A and B.

Normal mode analysis
Normal mode analysis was performed on the Arabidopsis UDPGP to predict large-scale
domain movements. It has previously been shown that the low-frequency, large domain
movements predicted from normal modes correlate to experimentally observed domain
motions in proteins18,19. The first lowest frequency mode clearly shows significant movement
of the carboxy-terminal domain, relative to the rest of the molecule, directed towards the
enzyme active site (Figure 5(a)). This mode overlaps well with the observed conformational
change in Chain A, with a dot product of 0.46 for the entire structure and 0.66 for the carboxy-
terminal domain. The displacement magnitudes calculated by the Distance Network Model for
the first one hundred modes had a 0.57 correlation to the experimental isotropic temperature
factors, consistent with the range of correlations observed in large scale comparisons of
flexibility predicted by normal mode models with crystallographic data20 (Kondrashov et al.,
submitted). Figure 5(b) shows good agreement between the normal mode displacement
magnitudes, the isotropic temperature factors and the displacement parameters generated by
TLS refinement of the UDP-glucose complex structure. We also computed anisotropic
displacement parameters from the one hundred lowest frequency normal modes and computed
dot products of the major axes with the atomic displacements observed between models 1 and
2 of the UDP-glucose complex, as well as with TLS displacement parameters. TLS-generated
directions and the model displacement showed the closest agreement, with the average dot
product of 0.84. Normal mode predictions also agreed with TLS and the model displacements,
with average dot products of 0.69 and 0.66, respectively. Figure 5(c) illustrates the correlation
in the conformational variation as predicted by normal mode analysis. The plot denotes residue
interactions with high positive cross-correlation in red, and negative in blue. The highest
correlations are seen along the diagonal and between residues in secondary structure elements,
e.g. the β-strand interactions in the carboxy-terminal β-helix. The coupling between the
nucleotide binding loop (87–99) and the carboxy-terminal domain, indicated by the observed
conformational change, can be seen in a region of high correlation between residues 90–105
and 350–370.

Discussion
Multiconformer refinement

Refinement of multiconformers is routine for NMR structures, but it is rare for crystallography-
derived structures. Some notable exceptions include structures of neurotrophin-3, glutamine
synthetase, α-lytic protease, and calmodulin, all of which contained a number of
conformationally distinct substates21-24. While some regions of the Arabidopsis UDPGP
structure indicate atomic displacements of up to 5 Å, primarily around the carboxy-terminal
domain, nucleotide binding loop, and sugar binding loop (Figure 4), most of the displacements
between the alternate conformers were minor. Attempts to model only the regions with large
displacements as multiconformers resulted in poorer refinement statistics as well as
significantly increased positive Fo-Fc density along the mainchain electron density. Attempts
to increase the number of alternate conformers did not significantly improve the refinement
statistics, and it was decided that the complete two-conformer model was ultimately the most
accurate and meaningful way to represent the enzyme structure. The regions of the model that
displayed relatively minor atomic displacements between the two alternate conformers, are not
meant to represent two entirely distinct static conformations of the protein, but rather a mixture
of states that when viewed together best represent the average positions of the protein atoms.
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Comparison to AGX1
Geisler et al. have generated homology models for UDP-glucose pyrophosphorylases from
Arabidopsis, barley, and poplar based on the structure of human UDP-N-acetylglucosamine
pyrophosphorylase (AGX1), which has 17% identity to that of the Arabidopsis UDPGP25.
The crystal structures presented here show high structural similarity to AGX1 for the first 360
residues; however, substantial differences occur in the carboxy-terminal domain. Figure 6(a)
illustrates the AGX1 dimer and a structural alignment between UDPGP and AGX1. In AGX1,
the carboxy-terminus contains an extended loop that makes extensive contacts with the active
site of its dimeric partner. This loop is not present in the Arabidopsis UDPGP and furthermore
the carboxy-terminal α-helix domain directly occupies the space in which the other dimeric
partner should reside (Figure 6(b)). Subsequently, oligomerization of UDPGP would have to
occur elsewhere on the protein surface.

Geisler et al. used their homology model for a barley UDPGP to rationalize the effect of
mutations on enzyme activity of reported enzyme variants25. The Arabidopsis UDPGP crystal
structure reported here supports the all of their conclusions except for those mutations in the
carboxy-terminal domain. These include mutations of Arg422 from the human liver
isozyme26 and Lys367, Lys409, and Lys410 from potato27. The most significant difference
is with Lys367, mutation of which has been shown to abolish enzyme activity. In the homology
model, this residue is described as being in the upper part of the active site away from the
substrate. In the Arabidopsis UDPGP crystal structure, the equivalent residue, Lys360, is within
hydrogen bonding distance to an α-phosphate oxygen of UDP-Glucose and UTP and supports
the results of the mutational study.

Comparison with other pyrophosphorylases
Other pyrophosphorylases with a α-helix fold have been structurally characterized. These
include N-acetylglucosamine 1-phosphate uridylyltransferase from Escherichia coli28 and
Streptococcus pneunomiae29 and a potato tuber ADP-glucose pyrophosphorylase30. In both
cases the major axis of the α-helix is oriented approximately perpendicular to that of the
Arabidopsis UDPGP allowing for entirely unique oligomerization states. Magnesium (II) is
known to be necessary for enzyme activity of UDPGP3. Analysis of the Protein Data Bank
revealed several pyrophosphorylase structures complexed to Mg2+. These include the UDP-
N-acetylglucosamine pyrophosphorylases from Escherichia coli and Streptococcus
pneumoniae (PDB IDs 1hv9 and 1g97), TDP-glucose pyrophosphorylase from Escherichia
coli (PDB ID 1mc3), and CDP-glucose pyrophosphorylase from Salmonella typhi (PDB ID
1wvc). In each case the magnesium was coordinated by a highly conserved aspartate (Asp131,
Asp105, Asp102, and Asp108, respectively) and another highly conserved residue (Asp236,
Asn227, Asn227, and Asp223, respectively). The UDPGP enzyme contains a structural
homolog of the first aspartate (Asp222); however, the second residue is not structurally
conserved. This area is instead taken up by residues Arg355, Phe356, Leu357, Pro358, Val359,
and Lys360; none of which are likely to aid in coordinating the magnesium. In fact, the terminal
amine of Lys360 occupies the position of the magnesium in the other pyrophosphorylase
structures in some of the UDPGP structures. Sequence analysis of a number of UDP-glucose
pyrophosphorylases revealed that the Arg355–Lys360 motif was highly conserved in UDP-
glucose pyrophosphorylases in species ranging from higher eukaryotes to bacteria.

Binding of UDP-glucose in the Arabidopsis UDPGP is similar to that of ADP-glucose in the
structure of potato tuber ADP-glucose pyrophosphorylase except for the α-phosphate30. In the
UDPGP structure the α-phosphate is flipped in a different direction such that the position of
the phosphorus is approximately 4.1 Å from its position in the ADP-glucose
pyrophosphorylase. In UDPGP the sidechain of His192 occupies the position of the α-
phosphate in ADP-glucose pyrophosphorylase. This change in the α-phosphate position brings
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the phosphate significantly closer to Lys99 and Lys360 in the UDPGP structure. These lysines
are important for stabilization of the negatively charged phosphates in the active site.

Oligomerization
The apparent dimer observed in the UDPGP crystal structure suggests an explanation for the
decrease in enzyme activity observed upon oligomerization of the enzyme16. The amino-
terminal domain of each monomer is positioned against the carboxy-terminal β-helix of the
other monomer and directly across its active site. This would not only restrict the entry of
substrate into the active site, but would also restrain movement of the β-helix that may be
necessary for catalysis.

Structural changes responsible for substrate binding order specificity
As described previously, catalytic activity in UDPGP appears to be initiated by binding of UTP
or UDP-glucose prior to the binding of glucose-1-P or PPi3. Analysis of the crystal structure
suggests a possible structural explanation for the requirement of binding UTP prior to
glucose-1-P. As observed in the UTP bound complex, binding of the nucleotide results in an
induced-fit-like conformational change, where the nucleotide binding loop, in conjunction with
the carboxy-terminal domain, closes down on the nucleotide substrate. The sugar binding loop
was only observed to be in the closed state in the UDP-glucose complex. In the UTP complex
the sugar binding loop was in the open conformation; however, higher temperature factors and
poorer quality electron density indicate that structural flexibility was increased within the sugar
binding loop in the UTP complex relative to that of the native enzyme. The region is most
likely destabilized by the negative charges of the nearby phosphate groups of UTP. This
increase in structural flexibility may be a necessary prerequisite for formation of the high
affinity site for glucose-1-P induced upon binding of UTP.

Domain motion and catalysis
Protein structures are inherently flexible, and the native state is a collection of conformational
substates. Our experience in refinement of UDPGP demonstrates that considering
conformational variance in the crystal can lead to a large improvement in model quality. We
used two different methods, and found excellent agreement between the direction of anisotropic
displacement parameters generated by TLS refinement and the atomic displacements produced
by multiple model refinement. However, we found that the multiple model refinement
ultimately gave better refinement statistics, presumably because TLS refinement is better suited
for a unimodal atomic distribution rather than the bimodal distribution accounted for by the
multiple model refinement. Recently, multiple studies have shown that simple models based
on contact topology capture the direction and magnitude of the conformational variance31.
The results of normal mode analysis presented here are consistent with this view, as the
computational predictions agree well with both the magnitude of variance in the form of
temperature factors, and the direction of observed conformational change. Thus this work also
shows that calculations based on a single structure can predict the directions of allowed
displacements that occur in the course of substrate binding or catalytic activity.

Based on the protein conformations observed in the crystal structure, as well as the normal
mode analysis results, we propose that motion of the nucleotide binding loop, as induced by
the binding of UDP-glucose or UTP, is coupled to the motion of the carboxy-terminal domain.
The equivalent loop in ADP-glucose pyrophosphorylase was also observed to undergo
conformational changes between the native and ADP-glucose bound forms30.
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Conclusions
Crystal structures of the native Arabidopsis UDPGP as well as complexes with UDP-glucose
and UTP have been presented. While possessing many of the same fold features seen in other
structurally characterized nucleotidyl-sugar pyrophosphorylases, the overall fold of the
Arabidopsis UDPGP structure is unique. The structures reveal multiple conformational
substates induced by substrate binding. The use of TLS refinement followed by the addition
of a second conformer for the entire UDP-glucose complex resulted in significant improvement
of the crystallographic refinement statistics. The conformational changes suggest a mechanism
for substrate binding order as well as indicate extensive domain motions within the enzyme
that strongly agree with normal mode predictions. The structures also suggest a structural basis
for activity regulation via oligomerization.

Materials and Methods
Protein expression and purification

Cloning, expression, and purification of UDPGP followed published protocols32-34. In short,
the At3g03250 cDNA was cloned into a pVP13 plasmid encoding a histidine6-maltose binding
protein tag. Native and selenomethionine-labeled protein were expressed in B834 Escherichia
coli using self-induction media. After sonication of the harvested cells, the protein in the
supernatant was purified via immobilized nickel affinity chromatography, and TEV protease
was used to cleave the affinity/solubility tag. After tag capture by subtractive nickel affinity
chromatography, and a final desalting step, the protein was concentrated to 10 mg/mL and
dialyzed against 50 mM NaCl, 0.3 mM tris-carboxyethylphosphine, and 5 mM Tris pH 8.0.
Protein aliquots were then drop frozen in liquid nitrogen and stored at 193 K. An initial 2 L
growth resulted in approximately 62 mg of UDPGP.

Crystallization
UDPGP protein crystals were grown by the hanging-drop vapor-diffusion method at 293 K.
The reservoir solution contained 25% (w/v) polyethylene glycol 2000, 5% (v/v)
dimethylsulfoxide, and 100 mM morpholinoethanesulfonic acid-acetate pH 5.5. The hanging
drop consisted of 2 μL of protein solution mixed with 2 μL of reservoir solution. We were
unable to reproduce these crystals, and additional crystals could only be successfully grown
by microseeding. To obtain complexes, crystals were soaked in a solution of mother liquor
containing either 5 mM UDP-glucose or 5 mM UTP for an hour. The mother liquor proved to
be self-cryoprotecting and crystals were directly flash-cooled in a stream of nitrogen.

Data collection and reduction
Diffraction data for the unliganded, selenomethionine-containing structure and the UDP-
glucose complex were collected at the Advanced Photon Source (APS) on Southeast Regional
Collaborative Access Team (SER-CAT) beamline 22-ID and the diffraction data for the
unliganded, native structure were collected on APS SER-CAT beamline 22-BM. The
diffraction images were integrated and scaled using the HKL2000 package 35. The diffraction
data for the UTP complex were collected with a BrukerAXS ProteumR CCD detector and
Microstar rotating-anode generator using copper Kα radiation. X-ray data were processed and
scaled with the programs SAINT and SADABS from the Proteum software suite (Bruker,
Madison, WI).

Structure Determination
Heavy atom sites were identified with Hyss36,37. The selenomethionine data was phased
through single wavelength anomalous diffraction using CNS to 2.5 Å, and the resulting phases
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were then extended to the resolution of the native data set38. Resolve was used to perform 2-
fold averaging and phase extension39. The initial model was built with Arp/warp40. Additional
model building and refinement were conducted using Xfit, CNS, and REFMAC41,42.

Molecular replacement through Molrep43 was used to generate the initial phases for both the
UDP-glucose complex and the UTP complex using the structure of the native UDPGP as a
model. The model of the UTP complex was completed using Coot and REFMAC42,44.
Completion of the UDP-glucose complex proved more difficult. Following initial phasing,
little to no electron density was visible for the last 100 residues of chain A as well as for several
internal stretches of residues within protein chains A and B. The structure was partially rebuilt
using alternate cycles of manual building in Coot44 and restrained refinement with
REFMAC42 with the help of composite annealed omit maps generated by CNS38. Refinement
in REFMAC resulted in an R-factor of 0.3, which we were unable to improve further using the
adopted refinement protocol. Therefore, TLS refinement with REFMAC was attempted using
TLS parameters generated by the TLSMD server45 where each chain was broken into 20
groups. Within these groups, the largest TLS-produced variance was 2.08 Å2 and the mean
variance was 0.57 Å2. Following TLS refinement, which improved the R-factor to 0.26,
additional density corresponding to alternate mainchain atoms became observable around the
carboxy-terminal region of chain A. Alternate chain conformers were built into this density
and further refinement was carried out in CNS38. After multiple rounds of additional model
building and refinement, it became clear from the density that alternate chain conformers would
be needed throughout most of chain A and to a lesser extent throughout chain B. Simulated
annealing was used to initially separate the alternate conformers. The model was then
completed using alternate cycles of manual building in Coot44 and multiple conformer
refinement with CNS38. Figures in this manuscript were produced with PyMOL46 and
Ribbons47.

Normal mode analysis
Normal mode analysis is used to predict the conformational variation of the native protein
structure48,49. The analysis is based on diagonalizing the Hessian matrix, defined by a
potential energy function. Different models can be used to define the potential, ranging from
chemical force-fields to simple contact-based models, known as Elastic Network Models
(ENM)50. We use an ENM potential that we proposed recently to calculate the normal modes,
variances in position, and cross-correlations in deviations throughout the structure. The model,
referred to as the Distance Network Model (DNM), defines interactions between residues by
tabulating atom pairs from two residues in different distance bins, e.g. from 2.3 Å to 3.3 Å,
from 3.3 Å to 5 Å, as described in our recent work (Kondrashov et al., submitted). Atomic
contacts at different distances are given different weight, and then added together to form the
total Hessian.

Normal mode analysis was performed on model 1 chain A of the UDP-glucose complex
structure (2icy) to predict large-scale domain movements. We compared the direction of
positional variation in the TLS model and in the normal mode calculations. From the TLS
parameters we calculated atomic displacement parameters (ADPs) according to a known
formula45, and we also computed anisotropic displacement parameters (ADPs) by adding up
contributions from the one hundred lowest frequency modes of DNM51. The two sets of ADPs
for the Cα atoms are compared both in magnitude and direction. The magnitude is given by
the trace of the ADP matrices; we used linear correlation to measure the agreement over all
Cα atoms. ADP parameters describe thermal ellipsoids, which are defined by their principal
axes (eigenvectors) and the associated lengths (inverse eigenvalues); the ratio of the smallest
to the largest eigenvalue is called its anisotropy52. We restricted directionality comparison to
ellipsoids with anisotropy of less than 0.5, since directional comparison of near-spherical
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ellipsoids is meaningless. Further, to compare directions of ellipsoids, we first divided all the
matrices by their trace, to set all magnitudes to 1. We used the absolute value of the dot product
between the major directions of ADPs from TLS and DNM normal modes for the same Cα
atom as the measure of agreement in preferred direction of deviation from the average position.
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Figure 1.
Fold of UDPGP. The substrate complexes (2icy/2icx) are used to illustrate the location of the
active site and UDP-glucose/UTP is shown as orange stick model.

a. Ribbon diagram of UDPGP monomer. Domains are color coded as follows: central
domain (blue), carboxy-terminal domain (red), amino-terminal domain (magenta),
sugar binding domain (green).

b. Electrostatic surface diagram illustrating the positively charged substrate cavity.

c. Apparent UDPGP dimer. The amino-terminal domain of each monomer resides near
the active site of the other respective monomer.
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Figure 2.
Residue numbering throughout UDPGP. The ribbon color corresponds to the residue number
starting with blue for the amino-terminal and ending in red for the carboxy-terminal. Every
tenth alpha carbon is shown as a sphere.
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Figure 3.
The active site of the UDPGP enzyme. Residues are colored according to the structural domain
they belong in (central domain - blue, carboxy-terminal domain - red, amino-terminal domain
- magenta, sugar binding domain - green). UDP-glucose and UTP are shown as an orange stick
model.

a. UDP-glucose complex (2icy).

b. UTP complex (2icx).
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Figure 4.
Overlay of the native (magenta), UTP complex (cyan), and the UDP-glucose complex (green).
The open and closed forms of the sugar binding and nucleotide binding loops are illustrated
and the residues shown in Figure 3 are displayed as stick models. UDP-glucose and UTP are
shown as orange and blue stick models respectively.
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Figure 5.
Displacement models

a. Motion in the Arabidopsis UDPGP as predicted by normal mode analysis.
Displacement vectors are represented by red arrows. Trajectories were obtained from
model 1 chain A of the UDP-glucose complex (2icy).

b. Plot of normalized positional variance for UDPGP from the B-factors in the final
refinement (blue), TLS refinement (red), Normal Mode Analysis model (black) and
observed atomic displacements (dashed magenta). The correlation coefficient is 0.76
between TLS and B-factors, 0.81 between TLS and NMA, 0.56 between NMA and
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B-factors, 0.58 between TLS and observed atomic displacements, and 0.34 between
B-factors and observed atomic displacements.

c. Matrix of correlations in positional deviation for UDPGP computed from 100 modes
of NMA. Red indicates a positive correlation between residues, blue indicated anti-
correlation, and green indicates lack of correlation. Arrows point to strong correlation
between the nucleotide binding loop (residues 87–100) and residues around Lys360
of the carboxy-terminal domain.
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Figure 6.
Differences between human AGX1 and Arabidopsis UDPGP.

a. The AGX1 dimer.

b. Overlay of the AGX1 (magenta) and UDPGP (cyan) monomers. The β-helix of
UDPGP prevents dimerization similar to that of AGX1.
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Table 1
Summary of crystallographic data-collection and refinement statistics. Values in parentheses refer to the highest
resolution shell.

Data set Unliganded Unliganded UDP-Glucose UTP
Native Peak

Data collection
  Wavelength (Å) 0.99997 0.97924 0.97911 1.5418
  Resolution range (Å) 37.37-1.86 37.37-1.95 38.25-1.64 70.48-1.85

(1.90-1.86) (2.00-1.95) (1.68-1.64) (1.90-1.85)
  Space group C2 C2 C2 C2
  Unit-cell parameters
   a (Å) 188.7 188.0 187.7
   b (Å) 58.9 59.6 59.7
   c (Å) 89.9 89.9 89.8
   β (°) 100.4 100.3 100.4
  Measured/Unique reflections 552898 / 79505 536478 / 72439 512561 / 118994 1247882 / 83235
  Completeness (%) 98.0 (89.5) 99.9 (99.9) 98.8 (83.1) 99.4 (100.0)
  Rmerge

a 0.066 (0.395) 0.079 (0.334) 0.042 (0.295) 0.035 (0.312)
  Average I/σ 17.4 (3.22) 17.4(3.2) 16.7 (3.89) 23.9 (3.2)
  Redundancy 7.0 (5.1) 7.4 (6.4) 4.3 (3.3) 14.3 (5.1)
Phasing
  MR Correlation Coefficient 0.229 0.262
  Mean FOM from CNS 0.3295 (0.2796)
Refinement statistics
  Rcryst

b/Rfree
c (%) 20.1 / 24.9 18.5 / 22.5 19.2 / 23.9

Ramachandran plot
  Most favourable regions (%) 91.4 96.1 91.6
  Allowed regions (%) 8.6 3.9 8.4
  Disallowed regions (%) 0.0 0.0 0.0
R.m.s. deviations from ideality
  Bonds (Å) 0.017 0.0192 0.016
  Angles (Å) 1.607 1.959 1.902
PDB ID Code 1z90 2icy 2icx
a
Rmerge = ∑h∑i|Ii(h) - <I(h)>|/ ∑h∑iIi(h), where Ii(h) is the intensity of an individual measurement of the reflection and <I(h)> is the mean intensity

of the reflection.

b
Rcryst = ∑h||Fobs|-|Fcalc||/∑h|Fobs|, where Fobs and Fcalc are the observed and calculated structure-factor amplitudes, respectively.

c
Rfree was calculated as Rcryst using 5.0% of the randomly selected unique reflections that were omitted from structure refinement.
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Table 2
Components of the UDP-glucose multiconformer model (pdb 2icy)

UDP-Glucose
Complex

Model 1 Model 2

Chain ID Chain A Chain B Chain A Chain B
Ligand UDP-glucose UDP-glucose UDP-glucose UMP
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