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SUMMARY
Paramecium bursaria chlorella virus-1 encodes at least 5 putative glycosyltransferases that are
probably involved in the synthesis of the glycan components of the viral major capsid protein. The
1.6 Å crystal structure of one of these glycosyltransferases (A64R) has a mixed α/β fold containing
a central, six-stranded β-sheet flanked by α-helices. Crystal structures of A64R, complexed with
UDP, CMP, or GDP, established that only UDP bound to A64R in the presence of Mn2+, consistent
with its high structural similarity to glycosyltransferases which utilize UDP as the sugar carrier. The
structure of the complex of A64R, UDP-glucose, and Mn2+ showed that the largest conformational
change occurred when hydrogen bonds were formed with the ligands. Unlike UDP-glucose, UDP-
galactose and UDP-GlcNAc did not bind to A64R, suggesting a selective binding of UDP-glucose.
Thus, UDP-glucose is most likely the sugar donor for A64R, consistent with glucose occurring in
the virus major capsid protein glycans.

INTRODUCTION
Paramecium bursaria chlorella virus-1 (PBCV-1), a member of the family Phycodnaviridae,
is a large, icosahedral (diameter of ~1900 Å), plaque-forming, double-stranded DNA-
containing virus that infects the green alga Chlorella NC64A (Van Etten et al., 1991;Yamada
et al., 2006). The 331kb PBCV-1 genome has ~365 protein-encoding genes and 11 tRNA-
encoding genes (Van Etten, 2003). The PBCV-1 virion is a multi-layered structure composed
of the genome, an inner protein core, a lipid bilayer membrane and an outer icosahedral capsid
shell (Yan et al., 2000). The virus major capsid protein, Vp54, has two “jelly-roll” domains
with two O-linked and four N-linked glycans (Nandhagopal et al., 2002). Identification of the
sequence of sugar moieties at each of the glycosylated sites is uncertain and is based merely
on the crystallographic structure. Furthermore, the disorder of the six Vp54 glycans limits the
number of observable sugar units.

None of the N-linked glycans occur at NX(S/T) sites that are commonly recognized by
eukaryotic cellular enzymes involved in N-linked protein glycosylation. This finding, along
with other observations such as the absence of amino sugars in the glycans, led to the prediction
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that PBCV-1 encodes most, if not all, of the machinery to glycosylate Vp54 (Van Etten,
2003). Consistent with this hypothesis, PBCV-1 encodes at least five putative
glycosyltransferases. None of these five proteins have an identifiable signal peptide that would
target them to the endoplasmic reticulum (ER). Furthermore, four of these five proteins are
predicted to be cytoplasmic and the fifth is predicted to be in a membrane. A series of genetic
experiments established that one of these five putative glycosyltransferases (A64R) was
involved in Vp54 glycosylation (Graves et al., 2001;Wang et al., 1993).

Glycosyltransferase-encoding genes are rare in viruses but they have been reported in a few
bacteriophages, poxviruses, herpesviruses, and baculoviruses (Markine-Goriaynoff et al.,
2004). In some, if not all, of these viruses the enzymes are involved in biological processes
other than proteinglycosylation. For instance, some phage-encoded glycosyltransferases
modify virus DNA to protect it from host restriction endonucleases and a glycosyltransferase
encoded by baculoviruses modifies a host insect ecdysteroid hormone leading to its inactivation
(Markine-Goriaynoff et al., 2004).

Typically, viral structural proteins are glycosylated by host-encoded glycosyltransferases
located in the ER and Golgi and then transported to a host membrane (Doms et al.,
1993;Olofsson and Hansen, 1998). Nascent viruses acquire the glycoprotein(s) and only
become infectious by budding through the membrane, usually as they are released from the
cell. Consequently, the glycan portion of these virus glycoproteins is host specific. However,
as noted above, glycosylation of the chlorella virus PBCV-1 major capsid protein differs from
this paradigm because the virus appears to encode most, if not all, of its protein glycosylation
machinery (Van Etten, 2003).

Glycosyltransferases transfer sugars from a donor substrate, usually a nucleotide-diphospho-
sugar, to a polysaccharide, lipid, DNA, or protein acceptor. Most eukaryotic
glycosyltransferases reside in either the endoplasmic reticulum (ER) or the Golgi as type II
membrane proteins with a short N-terminal cytoplasmic tail, a membrane-spanning region, a
stem, and a C-terminal catalytic domain (Paulson and Colley, 1989). Glycosyltransferases can
be classified into either retaining or inverting enzymes (Figure 1), based on whether the
anomeric configuration of the product is the same as or different from that of the donor
substrate. By analogy with glycosidases, inverting glycosyltransferases probably follow a
direct displacement mechanism (Davies and Henrissat, 1995;Davies, 2001), in which a general
base assists in the deprotonation of the reactive hydroxyl of the sugar acceptor and then acts
as the nucleophile to attack the sugar donor (Figure 1A). In retaining glycosyltransferases, the
reaction involves a double displacement with the formation of a covalent intermediate (Figure
1B). Another mechanism proposed for retaining glycosyltransferases suggests that the enzyme
utilizes an SNi transition state in which the approach of the attacking acceptor and the leaving
donor are on the same side of the sugar ring (Figure 1C) (Persson et al., 2001;Sinnot, 1990).

Two major structural folds, GT-A and GT-B, have been observed in glycosyltransferases
(Breton et al., 2006) despite major differences in amino acid sequence. The GT-A fold is
characterized by an N-terminal Rossmann-like fold*. A divalent cation, typically Mn2+, is
coordinated by the aspartic acid side chains of a conserved DXD motif and the phosphate
groups of the donor substrate. The GT-B fold is characterized by two similar Rossmann-like
folds, with the N-terminal domain responsible for the acceptor binding and the C-terminal one
for donor binding. The PBCV-1 A64R gene product could not be assigned to either the GT-A
or GT-B class by sequence analysis. Glycosyltransferases have also been grouped into 87
different families based on their primary sequence similarities (http://afmb.cnrs-mrs.fr/CAZY/
fam/acc_GT.html; (Coutinho et al., 2003)).
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Sequence comparisons of the A64R protein (638 amino acid residues) indicate that it contains
at least two domains with the N-terminal domain resembling a glycosyltransferase and the C-
terminal domain an O-methyltransferase. The GlobPlot program (Linding et al., 2003)
indicated that the A64R N-terminal fragment resembled glycosyltransferases in subfamily 34.
Members in this subfamily are retaining glycosyltransferases, including some
galactosyltransferases and xylosyltransferases. However, no three-dimensional structures exist
for members of this family. None of the other putative glycosyltransferases coded by the
PBCV1 genome belong to this subfamily.

Here, we report the crystal structures of the N-terminal glycosyltransferase fragment (residue
1 to 211) of the PBCV-1 A64R gene product. The apo-enzyme with Mn2+, with Mn2+ and
uridine-5’-diphosphate (UDP), as well as with Mn2+ and UDP-glucose were determined to 1.6
Å, 2.3 Å, and 2.0 Å resolution, respectively. The crystal structures indicate that UDP, but not
cytidine-5’-monophosphate (CMP) or guanidine-5’-diphosphate (GDP), bind to the A64R
protein, suggesting that UDP is the carrier of the activated sugar donor. This conclusion is
consistent with the structural comparison to other known glycosyltransferases. Furthermore,
the crystal structure of A64R in complex with UDP-glucose indicates that UDP-glucose is the
most likely donor sugar.

RESULTS AND DISCUSSION
Overall Protein Structure

A portion of the A64R gene (encoding amino acid residues 1-211) was cloned into expression
plasmid PTYB1. Recombinant protein containing two extra residues at the N-terminus from
the cloning vector was used for crystallization experiments. [Note: the amino acid numbers
referred to in the text ignore these two extra residues.] The crystals, except those soaked with
UDP-glucose, had a space group of P21 with one molecule in each asymmetric unit. The protein
structure was determined to 1.6 Å resolution, using the multiple wavelength anomalous
dispersion method (see Experimental Procedures). Of the 213 amino acids in the polypeptide
chain, 206 (residues 4-209 in the ORF) could be visualized in the electron density map. One
citrate ion and one Mn2+ ion, derived presumably from either the crystallization buffer or
protein storage buffer, were also well-defined in the density map and consistent with the
coordination geometry.

The structure had a mixed α/β fold containing a central, six-stranded β-sheet flanked by α-
helices and a small, two-stranded β-sheet (Figure 2). The overall fold is very similar to catalytic
domains of glycosyltransferases in the GT-A group, although the amino acid sequence
similarity between them is very low (less than 14% for equivalent Cα atoms). The central sheet
has a topology order of β2, β1, β3, β6, β5, and β7 with all strands being parallel to each other
except β6. There are three cysteins in the sequence but, as expected for a cytoplasmic protein,
no disulfide bonds are formed between them. Four cis-peptide bonds occur at Phe13-Pro14,
Ala111-Pro112, Ala143-Pro144, and Phe148-Pro149. A Mn2+ ion interacts with the DXD
motif in an extended, largely-opened cleft that lies between the central and small β-sheets,
suggesting that this cleft is the enzyme’s active center. The Mn2+ ion is octahedrally
coordinated by the ε nitrogen atom of His193, three oxygen atoms from an anionic citrate, and
two oxygen atoms of the Asp in the DXD motif.

Nucleotide Binding
UDP, GDP, and CMP are the most common nucleotides used as monosaccharide donors
(although a viral-encoded glycosylation system might utilize other nucleotides). Therefore,
crystals of the nucleotide-free enzyme were soaked with UDP, GDP, or CMP. The difference
map (see Experimental Procedures) between a UDP-soaked crystal and the crystal of the native
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enzyme showed a strong, positive density peak with magnitudes roughly 1.8 times as large as
any other positive or negative peak. This peak, presumably corresponding to UDP, was located
in the cleft where the Mn2+ and citrate ions were bound to the native enzyme. However, no
significant density was observed in the difference map between the GDP- or CMP-soaked
crystals and the native enzyme, suggesting that UDP is most likely the carrier of the donor
substrate for the A64R glycosyltransferase.

The overall fold of the protein is not perturbed by the binding of UDP (Figure 3A), indicated
by a root-mean-square-deviation (RMSD) of only 0.61 Å between equivalent Cα atoms. The
major conformational change after binding UDP occurs in loop regions surrounding the uracil
and ribose rings of UDP (Figure 3). The largest of these changes is for Phe13 which moves
toward the uracil ring. In addition, the UDP binding displaces the side chain of His54 towards
UDP and the surface of the protein, forming a hydrogen bond with the UDP ribose (Figure
3B), thereby creating a larger space, presumably to accommodate the donor sugar.

The citrate ion in the native enzyme was displaced by UDP in the UDP-soaked crystal. The
UDP binding is stabilized by several hydrogen bonds and Mn2+-oxygen interactions (Figure
3B). The uracil base interacts primarily with the main chain atoms of Phe13 within the loop
connecting β1 and α1. The ribose is in the 3’-endo conformation and forms hydrogen bonds
with residues Gly11, Asp78, and Ser79. The oxygen atoms of the diphosphate group are
hydrogen-bonded to residues Asp80, His193, Gly196, and Arg202, in addition to coordinating
the bound Mn2+ ion. Model building shows that the inability of GDP to bind to A64R may be
due to the steric hindrance between the guanidine base and the surrounding protein. In addition,
the inability of CMP to bind to A64R is probably caused by the reduced number of phosphate
groups and the inappropriate hydrogen-bonding properties of cytosine.

Comparison to Other Known Glycosyltransferases
The glycosyltransferases with greatest structural similarity to A64R, as found by the DALI
program (Holm and Sander, 1995), are galactosyltransferase LgtC (Persson et al., 2001),
bovine alpha1,3-galactosyltransferase (Gastinel et al., 2001) and glycogenin (Gibbons et al.,
2002). The average RMSD between about 180 equivalenced Cα atoms was about 3.2 Å for
these comparisons. The above structures share a similar fold and belong to the GT-A family
with a 6- to 8-stranded central β-sheet, although there is no apparent amino acid sequence
similarity. These three proteins all utilize UDP as the carrier for the activated galactose or
glucose donor, consistent with the finding that UDP, but not GDP or CMP, could bind to A64R.
The three proteins with the highest similarity to A64R, although belonging to different
subfamilies, are all retaining glycosyltransferases. Furthermore, members in the same
subfamily 34 as A64R are also retaining enzymes (Edwards et al., 1999;Faik et al., 2002),
providing further support that the A64R protein is a retaining glycosyltransferase.

Substrate Binding
A crystal of A64R, when soaked with UDP-glucose, diffracted to 2.0 Å resolution and had a
space group of C2. The self-rotation function showed that the two-fold non-crystallographic
symmetry axis was parallel to the crystallographic ac plane and oriented at an angle of ~20°
with respect to the crystallographic a axis. The two molecules in the crystallographic
asymmetric unit formed a tail-to-tail dimer. A (Fo-Fc) difference density map showed a positive
peak with the density height that was 1.9 times as large as the next largest peak in the map.
This difference density was located in the active center of one of the two molecules within the
asymmetric unit and was consistent with the structure of UDP-glucose. However, the difference
map did not show any significant density peak at the corresponding position in the other
molecule. In the UDP-glucose bound molecule, residue Phe13 moves toward UDP-glucose
and forms a pair of hydrogen bonds with the uracil ring (Figures 4A and 4B). In the other
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molecule this residue forms a crystal contact with its crystallographic 2-fold symmetry mate.
This stabilization of the apo-conformation presumably prevents this residue from undergoing
the conformational changes required to complex UDP-glucose, highlighting its importance in
binding the donor substrate. In contrast to UDP-glucose, neither UDP-galactose nor UDP-
GlcNAc bound to A64R, even when they were co-crystallized with A64R (Table 1). Selective
binding of UDP-glucose to A64R suggests that UDP-glucose is probably the donor substrate
or that the sugar donor is in a gluco conformation. The preference for binding UDP-glucose
as opposed to UDP-galactose is the result of the formation of a hydrogen bond between Gln152
and 4-OH of glucose. The inability to bind UDP-GlcNAc is probably the result of the steric
hinderance with the NAc group.

The structure of A64R in complex with UDP-glucose is very similar to that when complexed
with UDP, with a RMSD of 0.3 Å between equivalent Cα atoms. The side chains of Phe13 and
His54 in the native enzyme were displaced in the same way by UDP and UDP-glucose (Figure
3B). The conformation of the uracil and ribose rings was the same in the UDP-complexed and
in the UDP-glucose-complexed structures. However, the β-phosphate moved away from the
Mn2+ ion when glucose was bound to UDP, thus accommodating the interaction between the
glucose moiety and its surrounding residues His54, Arg57, and Gln152 (Figures 4A and 4B).
The conformational change of His54 upon binding UDP-glucose might suggest that His54
could be the required catalytic base. The ε atom of this histidine is 4.5 Å from the C1 atom of
the glucose which might be close enough to help stabilize a partial positive charge on the C1
atom. Binding of UDP-glucose alters the coordination of the Mn2+ as two water molecules are
brought into the active center to coordinate with the metal ion. The weaker interaction with the
metal ion puts a stronger emphasis on the interaction with the sugar molecule, which might
provide a means of discriminating between cognate and non-cognate UDP-donor sugars. The
glucose moiety adopts a different conformation to that found in a structure of the glycogenin
enzyme, which belongs to the GT-A family and utilizes UDP-glucose as the donor substrate
(Gibbons et al., 2002) (PDB accession code, 1LL2) (Figure 5). The different conformation is
probably due to the difference in residues around His54 in the glycogenin active site as
compared to A64R. Even after the UDP-glucose is bound into the cleft that forms the A64R
active center, a substantial cavity remains on the surface of the enzyme in the vicinity of the
glucose moiety (Figure 4C). This could be the binding site for the acceptor molecule, consistent
with the location of the acceptor substrate found in galactosyltransferase LgtC (Persson et al.,
2001).

Implications for Viral Glycosylation
Mutations in the conserved DXD motif (S79L, D80N) and also mutation G121E result in
smaller glycan(s) on the major capsid glycoprotein (Graves et al., 2001). All three of these
residues are located in the active center of A64R. Ser79 and Asp80 form hydrogen bonds with
UDP and interact with the Mn2+ ion, respectively (Figure 4B). Gly121 is about 5 Å away from
both the Mn2+ ion and the closest glucose atom. Therefore, replacing Gly121 with a residue
which has a longer side chain could produce steric hindrance with the UDP-glucose ligand.
All three point mutations appear to interfere with the binding of UDP-glucose, thus abolishing
A64R glycosyltransferase activity.

The crystal structure showed that A64R can bind UDP-glucose and possibly utilize it as the
donor substrate; however, definitive proof will require a more complete biochemical analysis.
This structure is reasonable because, unlike mature eukaryotic N- or O-glycoproteins that
typically lack glucose, glucose is one of the carbohydrate components of the PBCV-1 major
capsid protein (Wang et al., 1993). In addition accumulating evidence indicates that
glycosylation of the PBCV-1 major capsid protein probably occurs in the cytoplasm, not in the
ER or Golgi (Markine-Goriaynoff et al., 2004;Nandhagopal et al., 2002;Van Etten, 2003).
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Consistent with this hypothesis, A64R lacks an N-terminal signal sequence that would target
it to the ER. Thus, PBCV-1 requires its own glycosyltransferases, such as A64R, to glycosylate
its capsid protein.

EXPERIMENTAL PROCEDURES
Protein Expression and Purification

The virus PBCV-1 genomic DNA fragment, corresponding to amino acid residues 1-211 in
the a64r gene, was amplified via PCR and was cloned into the PTYB1 expression plasmid
(New England Biolabs Inc.) by using NheI/SapI cloning sites. This construct encodes a fusion
protein composed of the target gene, an intein tag and a chitin-binding domain. There are three
additional residues (MAS) at the N terminus of the target protein derived from the cloning
vector. The constructed plasmid was transformed into E. coli BL21-CodonPlus®(DE3)-RIL
cells (Stratagene), which were grown at 37°C until the OD600 reached ~0.8. Expression was
then induced by adding isopropyl β-D-1-thiogalactopyranoside to a final concentration of 0.25
mM, followed by growing the culture at 20°C for 16 hrs. The cells were harvested and
resuspended in a lysis buffer containing 20 mM Tris, pH 8.0, 0.5 M NaCl, 10% glycerol, 1
mM Tris(hydroxypropyl)phosphine (THP), and the complete EDTA-free protease inhibitor
mixture (Roche Molecular Biochemicals). Cells were lysed by sonication and the lysate was
cleared by centrifugation at 25,000 × g for 20 min. The soluble fraction of the lysate was passed
through a chitin bead column (New England Biolabs), allowing the fusion protein to bind to
the resin via its chitin-binding domain. The resin was then washed with 15-column volumes
of lysis buffer with a higher concentration of NaCl (2.0 M). To induce the intein-mediated
cleavage, the beads were incubated in lysis buffer containing 30 mM dithiothreitol for 16 hrs
at room temperature. Appropriate fractions were further purified through a Superdex 75 column
(GE Healthcare) and concentrated in a buffer containing 20 mM Tris, pH 8.0, 0.15 M NaCl ,
10 mM THP, and 2 mM MnCl2. The protein was more than 95% pure as judged by a coomassie-
stained SDS-PAGE. Mass spectrometry analysis of the purified protein showed that the first
Met was removed, possibly by an N terminal Met-specific peptidase during protein expression.

Selenomethionine (SeMet) was incorporated into the protein by metabolic inhibition using the
standard procedure (Van Duyne et al., 1993). SeMet-labeled protein was prepared using a
similar procedure as described above.

Crystallization and Data Collections
The A64R protein, at a concentration of ~13 mg/ml, was crystallized using the hanging drop
method. The protein was diluted 1:1 with mother liquor consisting of 20-26% polyethylene
glycol 3350, 0.2 M NaCl, and 50 mM sodium citrate, pH 6.0. Crystals were grown at 20°C and
then soaked in a solution containing the mother liquor, plus 10% glycerol, followed by flash-
freezing with a stream of nitrogen gas at 100 K. X-ray diffraction data of the native protein
were collected using a Rigaku X-ray generator and an Raxis IV detector. Data of the SeMet-
labeled protein were collected at beamline ID23B at the Advanced Photon Source (Argonne
National Laboratory, USA). Crystals of the native protein and SeMet-labeled protein diffracted
to 1.6 Å and 2.0 Å resolution, respectively. Data were processed and scaled using the HKL2000
package (Otwinowski and Minor, 1997) (Table 1).

Structure Determination
Data at three different wavelengths (0.97915, 0.97945, and 0.94916 Å, determined from an X-
ray fluorescence scan) were collected for the SeMet-labeled protein and scaled using the
program SCALEIT in the CCP4 program suite (Collaborative Computational Project Number
4, 1994). The positions of two Se atoms were determined unambiguously by inspection of the
Bijvoet anomalous difference Patterson map (Rossmann, 1961) and the isomorphous Patterson
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map (Rossmann, 1960). The program SHARP (Vonrhein et al., 2006) was used for the
refinement of heavy-atom parameters and the phase calculation, yielding an averaged figure
of merit of 0.6 to 2.0 Å resolution. The initial electron-density map was solvent-flattened,
histogram-matched, and phase-extended to 1.6 Å resolution using the program DM (Cowtan,
1994). ARP/wARP was then used to automatically build the atomic structure into the electron
density map. Manual correction of the model building was performed using the graphics
program COOT (Emsley and Cowtan, 2004). The structure was refined using native data in
the resolution range of 20-1.6 Å with the program REFMAC (Murshudov et al., 1997) (Table
1). Cycles of manual rebuilding and structure refinement were continued until no further
improvement, indicated by the convergence of the Rfree factor (Brünger, 1992).

Complexes with Donor Substrate
UDP (Sigma), GDP (Sigma), CMP (Sigma) and UDP-glucose (Sigma), at a concentration of
10 mM, were independently incubated with ‘native’ crystals in the mother liquor for ~16 hrs
prior to data collection (Table 1). Ten mM UDP-galactose (Sigma) and UDP-GlcNAc (Sigma)
were co-crystallized with the A64R protein under similar crystallization conditions. Crystals,
except for the crystal of A64R complexed with UDP-glucose, were isomorphous with the native
structure, permitting the calculation of Fourier difference maps using (Fcomp-Fnat)*e-iα

coefficients, where α is the phase of the native enzyme structure factors. Fcomp and Fnat
represent the amplitudes of the structure factors of the ligand-complexed crystal and the crystal
of the native enzyme, respectively. However, because the anionic citrate was also present in
the active site of the native enzyme, the above difference map is not as sensitive as the difference
map using (Fcomp-Fp,nat)*e-iα as the Fourier coefficient, where α and Fp,nat represent the
calculated phase and amplitude of the native structure without the citrate ion, respectively.
Structure amplitudes used in these difference maps were scaled together by a least squares
procedure using a single scale factor and a Gaussian “temperature” correction.

The native protein structure was used as the starting model for manual rebuilding and
refinement of the UDP-soaked crystal. Following refinement of the protein component, a model
of UDP and water molecules were built into the (2Fo-Fc) electron density map. The refinement
was continued until convergence of the Rfree factor (Brünger, 1992) was reached.

The crystal of A64R when soaked with UDP-glucose has a space group of C2, different from
the native crystal (Table 1). Initial phases were obtained by molecular replacement with the
program MOLREP (Vagin and Teplyakov, 1997), using the previous refined native structure
as a starting model. Refinement of this structure followed the same procedure as that for the
UDP-soaked crystal.

Structure coordinates of the native protein, the complex with UDP, and the complex with UDP-
glucose were deposited with the protein data bank (accession number 2P6W, 2P73 and 2P72,
respectively).
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Figure 1. Schematic diagram showing possible mechanisms for glycosyltransferases that utilize a
nucleotide-diphospho-sugar as a donor substrate [Adapted from (Davies, 2001)]
Inverting glycosyltransferases probably follow a direct displacement mechanism in which a
general base assists in the deprotonation of the reactive hydroxyl of the sugar acceptor and then
acts as the nucleophile to attack the sugar donor (Figure 1A). In retaining glycosyltransferases,
the reaction involves a double displacement with the formation of a covalent intermediate
(Figure 1B). Another mechanism proposed for retaining glycosyltransferases suggests that the
enzyme utilizes an SNi transition state in which the approach of the attacking acceptor and the
leaving donor are on the same side of the sugar ring (Figure 1C)
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Figure 2. Crystal structure of the glycosyltransferase domain of A64R
(A) Ribbon diagram with bound Mn2+ and citrate ions. Mn2+ and citrate ions are represented
in ball-and-stick representation. N, C, O, and Mn atoms are colored blue, grey, red, and purple,
respectively.
(B) Topology diagram of the A64R structure. The DXD motif is indicated.
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Figure 3. The structure of A64R complexed with UDP
(A) Stereodiagram showing the superposition of the Cα traces of A64R with (yellow) or without
UDP (cyan) bound. UDP is shown in a ball-and-stick representation and colored the same as
in Figure 2. P atoms are colored in orange.
(B) Stereodiagram showing the interaction between UDP/Mn2+ and protein residues within 4
Å of UDP. Water molecules which form hydrogen bonds with UDP are also shown. UDP is
shown in a ball-and-stick representation. The structure of A64R when UDP bound is color-
coded according to the nature of the atoms. The A64R structure without bound UDP is colored
black.
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Figure 4. The structure of A64R complexed with UDP-glucose
(A) Stereodiagram showing the interaction between UDP-glucose/Mn2+ and residues within
4 Å of UDP-glucose. Water molecules which form hydrogen bonds with UDP-glucose are also
shown. UDP-glucose is shown in a ball-and-stick representation. The electron density shown
is a (Fo-Fc) map contoured at 2.5σ.
(B) Schematic diagram showing the interactions between A64R and UDP-glucose/Mn2+.
Distances are in Å.
(C) Stereodiagram showing the molecular surface of A64R. UDP-glucose is shown in a ball-
and-stick representation and color-coded as above. The black arrow points to the putative
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binding site of an acceptor substrate. The surface C, O, N, and S atoms are colored brown, red,
blue and yellow, respectively.
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Figure 5. Stereoview of the active center showing the superposition of A64R (black) and glycogenin
(red)
The superposition was based on the main chain atoms of the DXD motif and the Mn2+ ion.
UDP-glucose molecules are displayed in ball-and-stick formats and color-coded the same as
the corresponding proteins. The Mn atoms are shown in purple. Residues in the glycogenin
structure are labeled.
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