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Abstract

Glucose-1-phosphate uridylyltransferase, also referred to as UDP-glucose pyrophosphorylase or
UGPase, catalyzes the formation of UDP-glucose from glucose-1-phosphate and UTP. Not surprisingly,
given the central role of UDP-glucose in glycogen synthesis and in the production of glycolipids,
glycoproteins, and proteoglycans, the enzyme is ubiquitous in nature. Interestingly, however, the
prokaryotic and eukaryotic forms of the enzyme are unrelated in amino acid sequence and structure.
Here we describe the cloning and structural analysis to 1.9 Å resolution of the UGPase from Escherichia
coli. The protein is a tetramer with 222 point group symmetry. Each subunit of the tetramer is dominated
by an eight-stranded mixed b-sheet. There are two additional layers of b-sheet (two and three strands)
and 10 a-helices. The overall fold of the molecule is remarkably similar to that observed for glucose-1-
phosphate thymidylyltransferase in complex with its product, dTDP-glucose. On the basis of this similarity, a
UDP-glucose moiety has been positioned into the active site of UGPase. This protein/product model predicts
that the side chains of Gln 109 and Asp 137, respectively, serve to anchor the uracil ring and the ribose of
UDP-glucose to the protein. The b-phosphoryl group of the product is predicted to lie within hydrogen
bonding distance to the e-nitrogen of Lys 202 whereas the carboxylate group of Glu 201 is predicted to bridge
the 29- and 39-hydroxyl groups of the glucosyl moiety. Details concerning the overall structure of UGPase and
a comparison with glucose-1-phosphate thymidylyltransferase are presented.

Keywords: UDP-glucose; glucose-1-phosphate uridylyltransferase; UDP-glucose pyrophosphorylase; X-ray
structure; carbohydrates

The conversion of b-D-galactose to the more metabol-
ically useful glucose-1-phosphate is accomplished in
most organisms by the action of four enzymes that
constitute the Leloir pathway (Holden et al. 2003). In
the first step of this pathway, b-D-galactose is epimerized
to a-D-galactose by galactose mutarotase. The next step
involves the ATP-dependent phosphorylation of a-D-
galactose by galactokinase to yield galactose-1-phos-
phate. Subsequently, in the third step, the enzyme
galactose-1-phosphate uridylyltransferase catalyzes the

transfer of a UMP group from UDP-glucose to galac-
tose-1-phosphate, thereby generating glucose-1-phos-
phate and UDP-galactose. To complete the pathway,
UDP-galactose is converted to UDP-glucose by UDP-
galactose 4-epimerase. In humans, mutations in the genes
that encode the galactokinase, the galactose-1-phosphate
uridylyltransferase, or the epimerase can result in the
diseased state referred to as galactosemia with clinical
manifestations including intellectual retardation, speech
disorders, liver dysfunction, and cataract formation. The
most common form of galactosemia arises from defects in
galactose-1-phosphate uridylyltransferase and as such it
has been the subject of intensive kinetic and structural
investigations for many years (Holden et al. 2003).
Studies have demonstrated that the reaction mechanism
of this enzyme proceeds through a covalently bound
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intermediate via a double displacement pathway (Arabshahi
et al. 1986).
Glucose-1-phosphate uridylyltransferase, the focus of

this investigation and hereafter referred to as UGPase,
catalyzes the production of UDP-glucose from UTP
and glucose-1-phosphate. As highlighted in Scheme 1,
its reaction is similar to that of galactose-1-phosphate
uridylyltransferase of the Leloir pathway in that a UMP
moiety is transferred to a phosphate acceptor. Unlike the
galactose-1-phosphate uridylyltransferase of the Leloir
pathway, however, the catalytic mechanism of UGPase
proceeds through a single displacement of pyrophosphate
from UTP by glucose-1-phosphate (Sheu and Frey 1978).
UGPase is also capable of catalyzing the conversion
of UTP and galactose-1-phosphate to UDP-galactose
and pyrophosphate (Knop and Hansen 1970; Turnquist
et al. 1974).
Not surprisingly, given the pivotal role of UDP-glucose

in galactose utilization (Holden et al. 2003), in glycogen
synthesis (Alonso et al. 1995), and in the synthesis of the
carbohydrate moieties of glycolipids (Sandhoff et al.
1992), glycoproteins (Roth 1995; Verbert 1995), and
proteoglycans (Silbert and Sugumaran 1995), UGPase is
found in both prokaryotes and eukaryotes. Interestingly,
while the prokaryotic and eukaryotic forms of UGPase
catalyze the same reaction, they are completely unrelated
in amino acid sequence and three-dimensional structure
(Flores-Diaz et al. 1997; Mollerach et al. 1998; Mollerach
and Garcia 2000). Within recent years, the bacterial
UGPases have become targets for drug design given their
biological roles in various Gram-negative bacteria (Genevaux
et al. 1999). For example, it has been demonstrated that the
enzyme is absolutely required for the production of the
capsular polysaccharide, the virulence factor of Streptococ-
cus pneumoniae (Bonofiglio et al. 2005).
In light of our long-standing interest in the Leloir

pathway and in sugar metabolism, we recently cloned,
overexpressed, and purified the UGPase from Escherichia
coli. While crystallization reports have appeared for the
UGPases from Helicobacter pylori and Sphingomonas
elodea (Kim et al. 2004; Aragao et al. 2006), to date there

are no three-dimensional structures available in the public
domain for either of these bacterial enzymes. Here we
describe the structure of the E. coli UGPase determined
and refined to a nominal resolution of 1.9 Å. From this
study the tertiary and quaternary structures of the enzyme
have been defined. As described, UGPase adopts a molec-
ular fold similar to that of glucose-1-phosphate thymidy-
lyltransferase (Blankenfeldt et al. 2000; Barton et al.
2001; Zuccotti et al. 2001; Sivaraman et al. 2002) and
UDP-N-acetylglucosamine pyrophosphorylase (Brown
et al. 1999). These two bacterial enzymes play key roles
in the synthesis of activated sugars, which ultimately
serve as precursors for the synthesis of cell-surface
structures. Details concerning the structure of UGPase
and a comparison with the E. coli glucose-1-phosphate
thymidylyltransferase are presented.

Results and Discussion

UGPase crystallized in the space group P21 with a
complete tetramer in the asymmetric unit. The model
refined to an Rfactor/Rfree of 20.2%/24.3% at 1.9 Å reso-
lution. Shown in Figure 1 is a representative portion of
the electron density for Subunit 1. Overall the electron
density was well-ordered except for several residues at
the N and C termini of each subunit and for the following
surface loops: Glu 83–Arg 88 and Pro 233–Glu 238 in
Subunit 1; Lys 84–Arg 88, Gly 110–Lys 113, and Thr
231–Gln 240 in Subunit 2; Glu 83–Arg 88 and Val 200–
Pro 203 in Subunit 3; and Leu 82–Lys 87, Gly 110–Lys
113, Glu 201–Pro 209, and Thr 231–Gly 234 in Subunit 4.
In each subunit, Pro 24 adopts the cis-conformation. Also,
in each subunit, Val 37 and Asn 151 adopt dihedral
angles that are outside of the allowed regions of the
Ramachandran plot (near the ‘‘nucleophile elbow’’ region
of u ¼ ;60°, c ¼ ;�100°). The electron densities for
these residues are unambiguous. Val 37 is positioned in a
sharp, nonclassical reverse turn found in the random coil
region connecting b-strand 1 to the first a-helix of the
molecule. Asn 151 is situated in a random coil area
connecting b-strand 5 to a-helix 6. Other than these two

Scheme 1.
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amino acids, 90.6% and 9.4% of the remaining residues
fall into the ‘‘most-favored’’ and ‘‘additionally allowed’’
regions of the Ramachandran plot, respectively.

A ribbon representation of the UGPase tetramer is
presented in Figure 2A. The tetramer has overall dimen-
sions of ;80 Å 3 90 Å 3 90 Å and can be envisioned as
a dimer of dimers. As labeled in Figure 2A, Subunits 1
and 3 and 2 and 4 form the ‘‘tight’’ dimers. In these tight
dimers, the last two helices of the C terminus (Lys 269–
Arg 282 and Gly 287–Met 298) wrap around one another
(Fig. 3A). The interfaces between Subunits 1 and 2 and 3
and 4 are not as extensive (Fig. 3B). The a-carbons for
the four subunits in the tetramer superimpose with a root-
mean-square deviation of ;0.5 Å and thus for the sake of
clarity the following discussion refers only to Subunit 1 in
the X-ray coordinate file.

A ribbon representation of Subunit 1 is displayed in
Figure 2B. The subunit has overall dimensions of ;50 Å 3

60 Å 3 45 Å and consists roughly of a single domain.
There is a total 13 b-strands that form three layers of sheet.
The first and largest layer is a mixed b-sheet consisting of
b-strands 1, 2, 3, 4, 6, 8, 11, 12 (Lys 10–Pro 14, Thr 55–Thr
61, Thr 103–Arg 108, Val 131–Leu 135, Ser 165–Pro 171,
Ser 193–Met 196, Arg 217–Leu 220, and Val 254–His 258)
and flanked on either side by three a-helices. This mixed
b-sheet extends across the subunit:subunit interface via
b-strands 3 to form a 16-stranded sheet (Fig. 3B). As shown
in Figure 2B, b-strands 5 and 13 (Val 138–Leu 140 and Ser
263–Asp 265) form a short two-stranded anti-parallel sheet
that sits on one edge of the large mixed b-sheet. A third
layer of anti-parallel sheet in the subunit is formed by
b-strands 7, 9, and 10, (Gly 179–Asp 182, Gly 198–Glu
201, and Leu 212–Val 215). Note that b-strand 6 of the
large mixed b-sheet participates in hydrogen bonding
interactions with b-strand 10 of the three-stranded anti-
parallel sheet (Fig. 2B). The core of the subunit is globular
but is elongated as a result of the a-helices delineated by
Phe 76–Glu 83 and Arg 88–Ser 96 and the final two helices

at the C terminus (Lys 269–Arg 282 and Gly 287–Met 298).
These helices form the subunit:subunit interface of the
‘‘tight’’ dimer (Fig. 3A).

A search with DALI (Holm and Sander 1996) reveals
that the closest structural relatives to UGPase are the
glucose-1-phosphate thymidylyltransferases (Blankenfeldt
et al. 2000; Barton et al. 2001; Zuccotti et al. 2001;
Sivaraman et al. 2002) and the bifunctional N-acetylglucos-
amine-1-phosphate uridylyltransferase (Brown et al. 1999).
A superposition of the UGPase subunit (304 residues) onto
that of the E. coli thymidylytransferase (293 residues) is
presented in Figure 4A. These two enzymes demonstrate a
26% amino acid sequence identity and correspond with a
root-mean-square deviation of 1.8 Å for 223 structurally
equivalent a-carbon positions. The two proteins begin to
superimpose at Lys 9 in UGPase and Arg 4 in the
thymidylyltransferase and match closely until Phe 72 and
Leu 68. Here, in UGPase, there is a 22-residue insertion
that folds into two a-helical regions (Phe 76–Glu 83 and
Arg 88–Ser 96) as indicated in Figure 4A. Following this
insertion, the two proteins begin to align again at His 101
and Gly 75, for UGPase and the thymidylyltransferase,
respectively, and continue in close correspondence until
Cys 183 and Phe 151. At this region, there is an eight-
residue insertion in UGPase, relative to the thymidylyl-
transferase. This insertion adds an additional b-strand to
the mixed b-sheet in UGPase (eight versus seven strands
for the thymidylyltransferase). The final major difference
between these two enzymes occurs at Asn 284 in UGPase
and Glu 245 in the thymidylyltransferase. In UGPase, there
is a final a-helix, which is involved in subunit:subunit
packing (Figs. 2A, 3A), whereas in the thymidylyltranfer-
ase the polypeptide chain folds into three a-helices, which
pack against the main body of the protein (Fig. 4A).

A close-up view of the active site for the E. coli
thymidylyltransferase in complex with its product,
dTDP-glucose, is given in Figure 4B. The thymine ring
is anchored to the protein via hydrogen bonds with the

Figure 1. Representative electron density. For the most part the electron density for UGPase was well-ordered. Shown is a portion of

the map for Subunit 1 that contains the b-bulge at Gly 216, which links b-strands 10 and 11. The map, contoured at 1s, was calculated

with coefficients of the form (2Fo–Fc), where Fo was the native structure factor amplitude and Fc was the calculated structure factor

amplitude.
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backbone amide groups of Gly 11 and Gly 88 and the
carboxamide group of Gln 83. The side chain of Asp 111
lies within hydrogen bonding distance to the ribose
3-hydroxyl group. Two positively charged side chains,
Lys 163 and Arg 195, interact with the b-phosphoryl
group of dTDP-glucose. The 29- and 39-hydroxyl groups
of the glucosyl moiety interact with the side chain of Glu
162 whereas the 49-hydroxyl group lies within hydrogen
bonding distance to the backbone amide group of Gly 147
and the carbonyl group of Val 173.
Attempts to grow crystals of the E. coli UGPase in the

presence of its product, UDP-glucose, or in the presence of

its substrates have not been successful. However, given the
high structural homology between UGPase and the thymi-
dylyltransferase, it was possible to build a model of UDP-
glucose into the UGPase active site as presented in Figure
4C. Amino acid sequence analyses show that the thymi-
dylyltransferases from various organisms contain the fol-
lowing characteristic signature sequence: G-X-G-T-R-(X9)-
K, which abuts one side of the thymine ring of the
nucleotide (Fig. 4B). In UGPase, this motif begins at Gly
17 and has the following sequence: G-L-G-T-R-M-L-P-A-
T-K-A-I-P-K. We postulate that the backbone amide group
of Ala 16 in UGPase, which immediately precedes this

Figure 2. The molecular architecture of UGPase. (A) Ribbon representation of the UGPase tetramer. The molecule packs in the

crystalline asymmetric unit with 222 symmetry and can be envisioned as a dimer of dimers. Subunits 1 and 3 and Subunits 2 and 4

form the ‘‘tight’’ dimer whereas Subunits 1 and 2 and Subunits 3 and 4 interact less extensively. (B) Stereo representation of Subunit 1.

The subunit structure is dominated by an eight-stranded mixed b-sheet displayed in red. The two additional layers of b-sheet are

colored in green and blue, respectively. There are 13 b-strands in each subunit as labeled. In Subunit 1 there are two breaks in the

polypeptide chain between Glu 83 and Arg 88 and between Pro 233 and Glu 238.
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signature sequence, is involved in hydrogen bonding to the
uracil ring of the product. Likewise, as in the thymidylyl-
transferase, Gln 109 in UGPase is in the proper orientation
to hydrogen bond with the uracil ring. From our model we
would predict that the backbone amide group of Gly 114
hydrogen bonds with O4 of the uracil ring. In dTDP-
glucose, the 2-hydroxyl group of the ribose is absent.
However, by comparing the UGPase structure with that
of N-acetylglucosamine-1-phosphate uridylyltransferase
(complexed with product), we predict that the ribose
2-hydroxyl group of UDP-glucose is anchored to UGPase
via the backbone amide group of Gly 17. In UGPase there
is a break in the polypeptide chain between Pro 233 and
Glu 238, whereas in the thymidylytransferase this region is
ordered and contains Arg 95 that interacts via its guanidi-

nium group with the b-phosphoryl group of the product
(Fig. 4A,B). The sequence in UGPase for this region is Gly
234, Ala 235, Gly 236, and Asp 237. Consequently, in
UGPase there are no positively charged amino acids in this
area that can interact with the phosphoryl group of the
product (or presumably the phosphoryl group of the sugar–
phosphate substrate). However, like that observed in the
thymidylyltransferase, Lys 202 in UGPase most likely
interacts with the b-phosphoryl group of the product. From
our model we predict that the 29- and 39-hydroxyl groups of
the glucosyl moiety lie within hydrogen bonding distance
to Glu 201 and that the sugar 49-hydroxyl group is situated
within hydrogen bonding distance to the backbone amide
group of Gly 179 and carbonyl group of Ile 214. Note that
the cis-proline at position 24 in UGPase is conserved in the

Figure 3. Close-up of the interfaces in the UGPase tetramer. (A) The ‘‘tight’’ dimer interface is shown. The view shown is

perpendicular to the twofold rotational axis. The red asterisks indicate the positions of the C termini. (B) The interface between

Subunits 1 and 2 (and by symmetry Subunits 3 and 4) is formed via b-strands 3, thereby extending the eight-stranded mixed b-sheet of

one subunit into a 16-stranded b-sheet across subunit:subunit interface.
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thymidylyltransferase as Pro 19. This residue is ;15 Å
from the active site.
It should be noted that, in the thymidylyltransferase/

product complex models presently available, there are no

bound magnesium ions observed in the active sites
(Blankenfeldt et al. 2000; Zuccotti et al. 2001). Contrast-
ingly, in the structure of the thymidylyltransferase solved
in the presence of dTTP, there is a single magnesium ion

Figure 4. Comparison of UGPase with E. coli glucose-1-phosphate thymidylyltransferase. (A) Superposition of the subunit structures

for the two enzymes. UGPase is displayed in blue whereas the thymidylyltransferase is depicted in gold. The bound product, dTDP-

glucose in the thymidylyltransferase model, is shown in a ball-and-stick representation. (B) Close-up view of the active site of the

thymidylyltransferase with bound product. Possible hydrogen bonds are indicated by the dashed lines. X-ray coordinates used for this

figure were obtained from the Protein Data Bank (accession code 1H5T) and are based on Zuccotti et al. (2001). (C) Model of UDP-

glucose built into the active site of UGPase. The dashed lines represent possible hydrogen bonding interactions.

Glucose-1-phosphate uridylyltransferase
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bound to the nucleotide and the carboxylate groups of
Asp 108 and Asp 223 (Sivaraman et al. 2002). These
residues are structurally conserved in UGPase as Asp 137
and Asp 265. Interestingly, in glucose-1-phosphate cyti-
dylyltransferase from Salmonella typhi, which catalyzes
a similar reaction as UGPase, one magnesium ion is
observed octahedrally coordinated by side chain aspar-
tates, waters, and phosphoryl oxygens when product is
bound in the active site whereas two are observed when
only CTP is present (Koropatkin and Holden 2004;
Koropatkin et al. 2005). The manner in which UGPase
accommodates metal ions is presently not clear. Struc-
tural and biochemical analyses to address its metal
requirements are in progress.

In summary, the molecular scaffold for a bacterial
UGPase has now been clearly defined. The tetrameric
enzyme can be envisioned as a dimer of dimers. The
active site of UGPase contains many of the amino acid
residues observed in the glucose-1-phosphate thymidy-
lyltransferases, and presumably these residues function in
the same manner in UGPase. In all of the glucose-1-
phosphate thymidylyltransferases studied thus far, resi-
dues within a single subunit form the active sites. This is
in sharp contrast to that observed for glucose-1-phosphate
cytidylyltransferase from S. typhi, however. While this
enzyme catalyzes a similar reaction, the transfer of a
CMP group from CTP to glucose-1-phosphate, its active
site is formed from residues contributed by two subunits
of the hexamer (Koropatkin and Holden 2004; Koropatkin
et al. 2005). The question then arises as to whether the
active site of UGPase is formed by residues from only one
subunit or by two. As shown in Figure 5, the disordered
region between Glu 83 and Arg 88 in one subunit lies
within ;14 Å of the active site in the second subunit of
the tight dimer. Recall that this is where the 22-residue
insertion is located in UGPase relative to glucose-
1-phosphate thymidylyltransferase. Interestingly, this dis-
ordered region is positively charged and contains Lys 84,

Arg 85, Val 86, and Lys 87. It is possible that, in the
presence of its substrates or its product, this surface loop
in UGPase closes down upon a neighboring subunit to
form part of the active site.

Materials and methods

Molecular cloning of the UGPase gene

Genomic DNA from E. coli w3110 (ATCC 39936) was isolated
by standard procedures. The galU gene was PCR-amplified
using primers that introduced a 59 NdeI site and a 39 XhoI site.
The purified PCR product was A-tailed and ligated into the
pGEM-T (Promega) vector for screening and sequencing. A
galU-pGEM-T vector construct of the correct sequence was then
appropriately digested and ligated into a pET28b(+) vector that
had been modified to provide an N-terminal TEV protease
recognition site (Thoden et al. 2005).
DH5-a E. coli cells were transformed with the resulting

plasmid and plated onto LB Agar Kan plates. Multiple colonies
were picked to grow overnight in LB Kan medium from which
plasmid DNA was isolated. Plasmids were tested for the
presence of the galU gene by digestion with NdeI and XhoI.

Protein expression and purification

The galU-pET28JT plasmid was used to transform HMS174
(DE3) E. coli cells (Novagen). The culture was grown at 37°C
with shaking until an optical density of 0.7 was reached at
600 nm, and then induced with 1 mM IPTG. The cells were
allowed to express at 37°C for six hours after induction with
IPTG.
Following growth, the cells were harvested and disrupted by

sonication on ice. The lysate was cleared by centrifugation and
UGPase was purified utilizing a Ni-NTA resin (Qiagen) according
to the manufacturer’s instructions. The N-terminal His-tag was
cleaved from the protein by the addition of both 1 mM DTT and
TEV protease in a 1:50 (TEV protease:UGPase) molar ratio. The
cleavage reaction was carried out at 30°C for 5 h and subsequently
passed through the nickel column to remove the TEV protease.
The UGPase sample was dialyzed against 10 mM Tris-HCl and
200 mM NaCl at pH 8.0. Following dialysis the sample was
concentrated to 15 mg/mL based on an extinction coefficient of
1.57 (mg/mL)�1�cm�1 as calculated with Protean (DNAStar).

Figure 5. Close-up view of the UGPase active site. Subunits 1 and 3 are displayed in gold and blue, respectively. Strikingly, the

disordered surface loop between Glu 83 and Arg 88 contains many positively charged side chains. It is tempting to speculate that this

region closes down upon the active site when it is loaded with substrates or product.
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Assessment of UGPase activity

Enzymatic activity was determined via HPLC chromatography.
For each reaction, 0.1 mg of enzyme was added to a 1-mL
solution containing 2 mM UTP, 4 mM MgCl2, 2 mM sugar-
1-phosphate and buffered with 25 mM HEPPS (pH 8.0). The
reaction was allowed to proceed for 30 min at 25°C, after which
time the enzyme was removed via filtration. The reaction
mixture was loaded onto a 1-mL ResourceQ column equili-
brated in 10 mM ammonium bicarbonate (pH 8.0) and the
reaction products separated by a linear gradient of ammonium
carbonate to a final concentration of 750 mM. Retention times
for known samples of UTP, UDP, UMP, UDP-glucose, and
UDP-galactose were determined to allow for comparisons with
the reaction products. The E. coli UGPase used in this inves-
tigation was active against the following sugar 1–phosphates:
glucose, galactose, xylose, mannose, glucosamine, N-acetylglu-
cosamine, fucose, and galactosamine, with the latter two
requiring extended reaction times of 6 to 12 h. In addition,
the enzyme was able to use dTTP as well as its natural sub-
strate UTP.

Crystallization of UGPase

Crystallization conditions were initially surveyed by the hang-
ing drop method of vapor diffusion with a sparse matrix screen
developed in the laboratory. Large crystals were subsequently
grown via hanging drop against 1.8–2.0 M ammonium sulfate
and 200 mM LiCl buffered at pH 6.0 with 100 mM MES. The
crystals grew to maximum dimensions of 0.7 mm 3 0.5 mm 3
0.3 mm in ;1 wk. They belonged to the space group P21
with unit cell dimensions of a ¼ 65.3 Å, b ¼ 110.2 Å, c ¼ 101.6 Å,
and b ¼ 94.5° and contained one tetramer in the asymmetric unit.

Structural analysis of UGPase

X-ray data from both native protein crystals and heavy-atom
soaked crystals were initially measured at 4°C with a Bruker
HISTAR area detector system and processed with XDS (Kabsch
1993). These data were internally scaled with XSCALIBRE
(Rayment and Wesenberg, unpubl.). Prior to X-ray data collec-
tion, the crystals were stabilized by transfer into a 2.0 M
ammonium sulfate solution containing 100 mM MES (pH 6.0)
and 200 mM LiCl. The X-ray source was CuKa radiation from a
Rigaku RU200 X-ray generator operated at 50 kV and 90 mA and
equipped with Supper mirrors.
The high-resolution X-ray data set subsequently used to refine

the protein model was collected at 100 K using a Bruker AXS
Platinum 135 CCD detector controlled with the Proteum software

suite (Bruker AXS Inc.). In this case, the X-ray source was CuKa
radiation from a Rigaku RU200 X-ray generator equipped with
montel optics and operated at 50 kVand 90 mA. These X-ray data
were processed with SAINT version V7.06A (Bruker AXS Inc.)
and internally scaled with SADABS version 2005/1 (Bruker AXS
Inc.). Crystals were prepared for low-temperature X-ray data
collection by transfer into a 2.1 M ammonium sulfate solution
containing 100 mM MES (pH 6.0), 500 mM LiCl, and 20%
ethylene glycol. Relevant X-ray data collection statistics are
presented in Table 1.

The structure was solved with one heavy atom derivative
using 1 mM methylmercury acetate and a soak time of 24 h.
Sixteen mercury binding sites were identified with the program
SOLVE (Terwilliger and Berendzen 1999), giving an overall
figure-of-merit of 0.22 to 2.5 Å resolution. Matrices relating
four clusters of mercury sites were determined with RESOLVE
(Terwilliger 2000), and subsequent fourfold averaging and
solvent flattening with RESOLVE generated an interpretable
electron density map. Once a preliminary model was con-
structed, it was utilized as a search model for molecular
replacement with the software PHASER (Storoni et al. 2004).
Subsequent least-squares refinement with TNT (Tronrud et al.
1987) reduced the Rworking to 19.8% for all measured X-ray data
from 30 to 1.9 Å resolution. Relevant refinement statistics are
given in Table 2.

Table 1. X-ray data collection statistics

Data set Native data set no. 1 Methylmercury acetate Native data set no. 2

Resolution limits (Å) 30–2.4 (2.51–2.4)a 30–2.4 (2.51–2.4) 30–1.9 (1.95–1.9)

No. independent reflections 50,498 (4,614) 45,576 (4,271) 106,815 (7,817)

Completeness (%) 90.0 (65.4) 81.2 (60.5) 98.5 (96.5)

Redundancy 1.9 (1.2) 1.3 (1.1) 6.9 (3.3)

Avg I/Avg s(I) 10.7 (1.8) 7.5 (1.4) 13.7 (3.2)

Rsym
b (%) 10.5 (29.3) 8.2 (26.8) 7.6 (37.2)

aStatistics for the highest resolution bin.
bRsym ¼ (S|I � I| / SI) 3 100.

Table 2. Least-squares refinement statistics

Resolution limits (Å) 30–1.9

R-factor (overall) %/no. reflectionsa 20.2/106,815

R-factor (working) %/no. reflections 19.8/96,192

R-factor (free) %/no. reflections 24.3/10,623

No. protein atoms 8656b

Waters 786

Average B values (Å2)

Protein atoms 31.0

Solvents 37.8

Weighted RMS deviations from ideality

Bond lengths (Å) 0.014

Bond angles (deg) 2.5

Trigonal planes (Å) 0.007

General planes (Å) 0.016

Torsional angles (deg)c 18.3

aR-factor ¼ (S|Fo – Fc| / S|Fo|) 3 100 where Fo is the observed structure-
factor amplitude and Fc is the calculated structure-factor amplitude.
bThese include multiple conformations for His 101 and Val 107 in Subunit
1, and His 62, Val 107, and Arg 158 in Subunit 2.
cThe torsional angles were not restrained during the refinement.
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