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Abstract

N-Acetylglucosamine-1-phosphate uridyltransferase (GlmU) catalyzes the first step in peptidoglycan
biosynthesis in both Gram-positive and Gram-negative bacteria. The products of the GImU reaction are
essential for bacterial survival, making this enzyme an attractive target for antibiotic drug discovery.
A series of Haemophilus influenzae GlmU (hiGlmU) structures were determined by X-ray crystallog-
raphy in order to provide structural and functional insights into GlmU activity and inhibition. The
information derived from these structures was combined with biochemical characterization of the
K25A, Q76A, DI0SA, Y103A, V223A, and E224A hiGImU mutants in order to map these active-site
residues to catalytic activity of the enzyme and refine the mechanistic model of the GImU
uridyltransferase reaction. These studies suggest that GlmU activity follows a sequential substrate-
binding order that begins with UTP binding noncovalently to the GImU enzyme. The uridyltransferase
active site then remains in an open apo-like conformation until N-acetylglucosamine-1-phosphate
(GlcNAc-1-P) binds and induces a conformational change at the GIcNAc-binding subsite. Following the
binding of GlcNAc-1-P to the UTP-charged uridyltransferase active site, the non-esterified oxygen of
GlcNAc-1-P performs a nucleophilic attack on the a-phosphate group of UTP. The new data strongly
suggest that the mechanism of phosphotransfer in the uridyltransferase reaction in GlmU is primarily
through an associative mechanism with a pentavalent phosphate intermediate and an inversion of
stereochemistry. Finally, the structural and biochemical characterization of the uridyltransferase active
site and catalytic mechanism described herein provides a basis for the structure-guided design of novel
antibacterial agents targeting GlmU activity.
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According to the Center for Disease Control and Pre-
vention, the last few decades have seen a remarkable
increase in the occurrence of bacterial resistance to the
major groups of antibacterial agents (Levy 2005). Of
particular concern is that pathogenic organisms like
Pseudomonas, Streptococcus, Staphylococcus, and Enter-
ococcus have developed resistance to many or all of
the important antibiotic classes, such as quinolones, peni-
cillins, cephalosporins, aminoglycosides, tetracyclines,
macrolides, and rifamycins. Thus, the increasing spread
of drug-resistant microorganisms has a significant impact
on current antibacterial therapy and provides a renewed
impetus for the discovery of novel classes of antibacterial
agents. The clinical efficacy of compounds that disrupt
bacterial cell-wall biosynthesis, including the vancomy-
cin, B-lactam, and cephalosporin classes of antibiotics,
suggests that key enzymes within this pathway may be
attractive targets for antibacterial discovery (Green 2002).
N-acetylglucosamine-1-phosphate uridyltransferase (GlmU,
also referred to as UDP-GIcNAc pyrophosphorylase) is an
essential, bifunctional enzyme that catalyzes production
of UDP-N-acetylglucosamine (UDP-GIcNAc), which is
involved in the peptidoglycan and lipopolysaccharide bio-
synthetic pathways in both Gram-positive and Gram-
negative bacteria (Anderson and Raetz 1987). In the first
step of the reaction, GlmU catalyzes the transfer of the
acetyl group from acetyl-CoA to glucosamine-1-phosphate
to produce N-acetylglucosamine-1-phosphate (GlcNAc-1-P):

GIcN-1-P + acetyl-CoA — GIcNAc-1-P + CoA

In the second reaction, uridyl monophosphate is trans-
ferred from UTP to GlcNAc-1-P to produce UDP-GIcNAc
and pyrophosphate (PPi) (Mengin-Lecreulx and van
Heijenoort 1993, 1994; Gehring et al. 1996; Pompeo
et al. 1998):

GlcNAc-1-P + UTP — UDP-GIcNAc + PPi

The acetyltransferase and uridyltransferase activities
of GImU reside in two functionally autonomous catalytic
sites (Mengin-Lecreulx and van Heijenoort 1993, 1994;
Gehring et al. 1996; Pompeo et al. 1998). Kinetic studies
demonstrate that the first step in the production of UDP-
GIcNAc is the acetyltransferase reaction carried out
within the C-terminal domain. The GIcNAc-1-P product
is released from the acetyltransferase active site, where it
then binds to the N-terminal uridyltransferase active site.
There was no apparent substrate channeling between the
active sites (Gehring et al. 1996).

The first crystal structure of GlmU was derived from a
C-terminally truncated version from the Escherichia coli
ortholog (Brown et al. 1999). This important work laid
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the groundwork for subsequent crystallographic studies of
the full-length structures of GImU from Escherichia coli
(ecGImU) (Olsen and Roderick 2001; Olsen et al. 2007)
and from the Gram-positive bacteria Streptococcus pneu-
moniae (spGlmU) (Kostrewa et al. 2001; Sulzenbacher
et al. 2001). Based on the similarity of protein folds
and signature residues, the N-terminal uridyltransferase
domain of GImU belongs to the nucleoside triphosphate
transferase (NTP-transferase) superfamily that includes
the bacterial adenylyltransferases (Han et al. 2006),
cytidylyltransferase (Kwak et al. 2002), and thymidylyl-
transferases (Blankenfeldt et al. 2000; Zuccotti et al.
2001; Sivaraman et al. 2002). These enzymes also require
divalent cations for catalysis, specifically Mg**, suggest-
ing a common catalytic mechanism (Sivaraman et al.
2002). The C-terminal acetyltransferase domain of GImU
is highly unusual in that it is comprised of multiple
hexapeptide repeats arranged in a left-handed parallel
B-sheet helix (Kostrewa et al. 2001; Sulzenbacher et al.
2001; Olsen et al. 2007). The left-handed (-sheet helix
(LBH) adopts the shape of a hollow equilateral triangular
prism that is ~20 A wide and 50 A long. Full-length GImU
exists in a homotrimeric arrangement with the acetyl-
transferase active site formed at the junction of the LBH
domains of two neighboring GImU molecules (Kostrewa
et al. 2001; Sulzenbacher et al. 2001; Olsen et al. 2007).

Although ecGlmU and spGlmU crystal structures
have been reported in apo form and in complex with
the product UDP-GIcNAc, no substrate-bound crystal
structures are available for the GImU uridyltransferase
active site, leading to some uncertainty concerning res-
idues involved in interactions with UTP and GlcNAc-1-P
and the structural rearrangement caused by binding
of UDP-GIcNAc. Herein, we describe crystal structures
of hiGlmU complexes with uridine, UMP, UDP, and the
product UDP-GIcNAc. In addition, we report an X-ray
structure of 4iGlmU in apo form. The information derived
from these structures was combined with biochemical
characterization of the K25A, Q76A, DI105A, Y103A,
V223A, and E224A hiGlmU mutants in order to map
these active-site residues to catalytic activity of the
enzyme. A comparison of the ZiGImU crystal structures
suggests that a large conformational change occurs in
the uridyltransferase active site upon formation of the
GImU complex with substrates UTP and GlcNAc-1-P.
Examination of the #iGlmU-binding conformations indi-
cates that the substrate binding follows an ordered
sequential mechanism in which UTP binding precedes
GIcNAC-1-P binding. Finally, interactions between the
substrate and product molecules and the enzyme active-
site residues are compared with other GImU orthologs,
providing a basis for the structure-guided design of new
antibacterial agents with the Gram-negative and Gram-
positive profiles.
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Results

Overall structure

The overall structures of 27iGlmU (Fig. 1A) are similar to
those previously reported for the full-length spGlmU and
ecGIlmU (Kostrewa et al. 2001; Sulzenbacher et al. 2001;
Olsen et al. 2007). The uridyltransferase domain (residues
4-229) adopts a o/ fold structurally similar to Rossmann
fold and binds uridine, UMP, UDP, and UDP-GIcNAc at
the active site. The acetyltransferase active site is con-
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Figure 1. Structures of 4iGImU. (A) Ribbon representation of the bifunc-
tional 7#iGImU in a complex with the UDP-GIcNAc product bound at the
uridyltransferase-binding site of the N-terminal urydiltransferase domain.
(B) Structural changes at the uridyltransferase active site of /7/GlmU upon
the UDP-GIcNAc-binding event. Ribbon representation of the protein
coordinates of 4iGImU in a complex with UDP is colored in magenta.
In the UDP-bound complex, the uridyltrasnferase active site is in open
conformation similar to the structure of 4i/GlmU in apo form. Ribbon
representation of 2/GlmU in a complex with UDP-GIcNAc is colored in
green. Upon the substrate binding, the upper lobe of the uridyltransferase
domain forms a closed conformation by tilting toward the lower N-
terminal lobe and anchoring GIcNAc of UDP-GIcNAc (shown by two
dotted arrows). The UDP-GIcNAc molecule is colored in the following
atom colors: carbon, light green; nitrogen, blue; oxygen, red; phosphorus,
dark green. UDP molecule is omitted for clarity.

tained within the C-terminal domain and formed through
the trimerization of GImU molecules. While in the
rhombohedral crystals (space group H32, a=b=108 A,
¢=327 A), hiGImU forms exact trimers generated by a
crystallographic threefold rotation axis, in the hexagonal
crystals (space group P63;22, a=b=108 A, c=234 A),
the protein forms exact trimers generated by a crystallo-
graphic 63-screw axis. An average interface area calcu-
lated as an accessible surface area of the interfacing
hiGlmU molecules (apo structure) using PISA (Krissinel
and Henrick 2007) is 2212 A2. Electron density is well-
defined for all residues of the bifunctional enzyme,
except residues K454-K456 at the C-terminal end that
are disordered in all 4iGlmU structures. The final struc-
tures have an excellent geometry as defined by PRO-
CHECK (Laskowski et al. 1993). The Ramachandran
plot generated using final coordinates of the UDP-
bound crystal structure (resolution 2.3 A) showed that
355 (90.6%) residues of the total 392 non-glycine and
non-proline residues were in most favorable regions,
while 35 (8.9%) residues occupied additionally allowed
areas. Two residues, N146 and K352, occupied a gen-
erously allowed region, and there were no residues in
the disallowed region. Structural analysis of the uridine,
UMP, and UDP-bound structures indicate that the uridyl-
transferase active site of #iGlmU maintains in the same
conformation as observed in the apo form (also referred
to as an open conformation). However, the binding of
the UDP-GIcNAc product induces a substantial structural
rearrangement to a more closed conformation of the
enzyme (Fig. 1B). The entire region of the upper N-
terminal lobe, including residues L133-G140 and
V150-K166 tilts ~20° to anchor the GIcNAc moiety of
UDP-GIcNAc. The conformational change is the most
noticeable for residues E154 and K156 that are displaced
4 Aand6 A, respectively. A comparison of the open and
closed conformations of the enzyme suggests that this
structural change is required for completion of catalytic
reaction.

Analysis of the GImU uridyltransferase active site

The unambiguous electron density maps for UDP-
GIcNAc, UDP, and uridine (Fig. 2A) describe a consistent
binding mode of the ligands to the enzyme active-site
pocket. Briefly, the uridyltransferase active site of
hiGImU is ~22 A long and 16 A wide. The active site
contains an array of conserved residues A12-G14, K25,
Q76-T82, Y103-D105, T137-G140, E154, N169-G171,
Q193-T199, and N227 that are arranged in a relatively
open elongated surface depression with Y103 at its
center (Table 1; Fig. 2B-D). The majority of the key
active-site residues are highly conserved across the
bacterial GImU family with the exception of Y103,
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Figure 2. hiGlmU uridyltransferase active site. (A) Stereoview of the (Fo-Fc) OMIT electron density maps of UDP-GIcNAc, UDP, and uridine bound to the
uridyltransferase active site. The maps are contoured at 3o level. (B) Schematic diagram of the UDP-GlcNAc-bound uridyltransferase active site. Key
residues of 4iGImU that form the uracil and catalytic subsite, GIcNAc-binding subsite and the liphophilic pocket are labeled. (C) Connolly binding-site
surface of GImU calculated using the UDP-GIcNAc bound crystal structures and colored by hydrophobicity (brown, hydrophobic; blue and red,
hydrophilic). The UDP-GlcNAc substrate molecule is colored in the following atom colors: carbon, gray; nitrogen, blue, oxygen, red; phosphorus, green.
(D) Schematic drawing of hydrogen bonds and salt bridges between UDP-GlcNAc and 4iGIlmU residues at the uridyltransferase-binding site.

which is substituted to either alanine or cysteine in Gram-
positive species.

Analysis of the uridine-binding site

The uracil-binding and catalytic subsites consisting of
the A12-G14, A18, K25, Q76-T82, and D105 structural
segments forms a solvent-exposed pocket that contains
Q76 at its bottom (Fig. 2B-D). The uracil moiety of
the ligands utilizes characteristic hydrogen-bonded ionic
interactions between the ring nitrogen atom N3 and the
exocyclic oxygen O4 of the uracil base and the side-chain
atoms of Q76, a key residue in the uracil recognition

event (Table 2). To determine the necessity of key amino
acid residues involved in substrate recognition and cata-
lytic activity, six site-directed mutants were constructed
(Supplemental material). The enzyme activities of these
six mutant proteins (K25A, Q76A, Y103A, DI105A,
V223A, and E224A) were measured using the same assay
format with 2.5 mM MgCl, at different enzyme concen-
trations (Fig. 3). Table 3 compares the initial rates of
these mutants to wild-type protein at the same concen-
tration used in the standard assay protocol of 2.5 nM. As
the kinetic studies indicated, the site-directed Q76A,
K25A, and D105A mutant did not possess any measur-
able catalytic activity. This further supports our crystal

Table 1. Sequence alignment of the residues at the uridyltransferase active site
Uracyl and catalytic subsite GlcNAc-binding subsite Lipophilic pocket

12 14 18 25 76 79 82 103 105 82 154 169 156 193 197 200 129 131 133 139 168 170 217 220 223 224
hMGImU A G R K Q Q T Y D T E N K Q Y D L v L Y V T A V V E
eecGIMU A G R K Q Q T Y b T E N K Q Y D L VvV L Y I T P L V E
paGimU A G R K Q Q T Y D T E N K Q Y D L vV L Y 1 T P A V Q
ngGimU A G R K Q Q T Y D T E N K Q Y D L vV D L 1 T v S A A
spGImU A G R K Q Q T A D T E N K Q Y D L VvV A Y 1 T L F S L
saGmU A G R K Q Q T ¢ D T E S K Q Y D L V A Y I S T V I M
shGImU A G R K Q Q T C D T E S K Q Y D L VvV A Y 1 S T F 1 M

Bacterial GImU from Haemophilus influenzae (hiGlmU), Escherichia coli (ecGlmU), Pseudomonas aeruginosa (paGlmU), Neisseria gonorrhoeae
(ngGlmU), Streptococcus pneumoniae (spGlmU), Staphylococcus aureus (saGlmU), and Staphylococcus haemolyticus (shGlmU). The sequences were

aligned with the program ClustalW (Thompson et al. 1994).

2660 Protein Science, vol. 16
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Table 2. Conserved intermolecular interactions at the uridyltransferase active site of the GImU/UDP-GIlcNAc complexes

hiGlmU d A ecGlmU d A) EcGImU* d A) spGlmU* d A

Uracil N3 Q76-OE1 2.9 Q76-OE1 3.0 Q76-OE1 2.8 Q72-OE1 2.7
Uracil 02 Al12-N 37 Al12-N 39 Al12-N 35 A9-N 39
Uracil 02 Al13-N 3.1 A13-N 33 Al13-N 2.9 A10-N 3.1
Uracil 04 Q76-NE2 3.0 Q76-NE2 2.8 Q76-NE2 2.9 Q72-NE2 32
Uracil 04 G81-N 3.0 G81-N 3.1 G81-N 3.3 G77-N 2.9
Ribose 02’ Gl14-N 36 G14-N 3.1 G14-N 3.1 G11-N 2.9
Ribose 03’ D105-0D2 2.8 D105-OD2 3.1

Ribose 03’ L11-0 2.8 L8-0 2.8
Ribose 03’ HOH 21 2.7 G104-N 3.1 G101-N 32
«-Phosphate Ola Co** 2.2 Mg>* 2.1
a-Phosphate Ola HOH 258 39 K25-NE 3.0 K22-NE 2.9
a-Phosphate Ola N227-0D1 3.1 N227-0OD1 3.0
a-Phosphate Ola D105-0D2 3.1 D102-0D2 2.8
a-Phosphate Ola HOH 42 3.1
a-Phosphate O2a HOH 92 35 HOH 326 2.7
a-Phosphate O2a HOH 241 3.1 HOH 366 2.6
Phosphate OP1 HOH 168 3.1 HOH 373 3.0 HOH 264 3.0 HOH 64 2.8
Phosphate OP2 Co** 22 Mg>* 2.0
Phosphate OP2 HOH 233 2.8 HOH 42 3.0
Phosphate OP2 N227-ND2 2.8 N227-ND2 2.9
Phosphate OP3 HOH 132 3.1
GlcNAc N2 E154-OE2 2.8 E154-OE1 2.9 E154-OE2 2.8 E154-OE1 2.8
GlcNAc 03 N169-OD2 3.0 N169-ND2 3.1 N169-ND2 32 N169-ND2 2.8
GlcNAc 03 E154-OE1 2.6 E154-OE2 2.6 E154-OE1 2.8 E154-OE2 27
GlcNAc 04 G140-N 2.9 G140-N 3.1 G140-N 2.9 G139-N 2.8
GlcNAc 04 N169-0 2.8 N169-0 25 N169-0 25 N169-0 2.7
GlcNAc 05 Y103-OH Y103-OH 2.8

GlcNAc 06 HOH 233 37 HOH 27 27 HOH 14 2.8
GleNAc 06 HOH 6 3.0 HOH 42 3.1
GlcNAc 07 T82-0G1 2.8 T82-0G1 27 T82-0G1 2.9 T78-0G1 2.9
GlecNAc 07 HOH 126 3.0 Y103-OH 2.8 HOH 46 2.6

#Metal-bound GImU molecule.

structures and the role that these residues play in the
overall kinetic activity of the enzyme, reinforcing their
role in UTP recognition. In addition, the exocyclic oxy-
gen atoms O2 and O4 of the uracil ring form a weak
hydrogen bond to the peptide nitrogen atoms of residues
A13 and G81, respectively, further stabilizing interactions
at the uracil recognition site. Overall, the network of
hydrogen bonds within the uridine-binding subsites is
consistent among various GlmU orthologs (Table 2).
Adjacent to the uridine pocket lies the Y103 residue,
which is substituted by either alanine or cysteine in
the Gram-positive GlmU orthologs (Table 1). While our
kinetic (Fig. 3) and crystallographic data indicate that
these substitutions do not interfere with the production
of UDP-GIcNAc by the enzyme, the central location of
Y103 at the active site suggests that this residue can play
a role in designing compound inhibitors with Gram-
positive or Gram-negative selectivity profiles. The O2’
and O3’ of the ribose moiety of UDP-GIcNAc form a
hydrogen bond with residues G14-N and D105-ODl,
respectively, while the phosphodiester group, in the
absence of a metal ion, is fully exposed to the solvent

area and involved only in a water-mediated network of
interactions with the protein. The catalytic subsite con-
tains the signature sequence G-X-G-T-(R/S)-(X)4-P-K
found in the majority of pyrophosphorylases shown by
mutagenesis experiments to be essential for the pyro-
phosphorylase activity. With an exception of residue Q79
that swings almost 90 degrees around the X~ torsion angle

- K25A
-a- QT6A

- a- D105A
——Y103A
—=—V223A
| | —+—E224A

mAU/min

HI GImU nM

Figure 3. Kinetic characterization of the selected Ai/GlmU mutants
designed to target specific residues at the uridyltransferase active site.
Comparison of the enzyme activities of the mutants as a function of
enzyme concentration.
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Table 3. Comparison of initial rates of the mutants to hiGlmU
wild type at 2.5 nM enzyme concentration under standard
assay conditions

K25A Q76A DI05A YI103A V223A E224A WT

Initial rates
(mAU/min) —0.30 —0.66 —0.25 2.49 5.31 394 7.8

away from the nucleotide-recognition subsite, side chains
of all residues at the uracil-binding and catalytic subsite
are positioned optimally for binding of uridine, UMP, or
UDP and remain in the same orientations upon binding.
The mode of binding of UDP-GIcNAc in hiGImU is
similar to that observed in other GImU crystal structures
(Table 2). Due to the absence of a metal ion in our
hiGImU structures interacting with a nonbridge oxygen of
each a- and B-phosphate groups of UDP-GIcNAc, a large
portion of the upper N-terminal lobe of the uridyltrans-
ferase domain (residues K3-K111 and Q216-N227) of
GImU remains in an open conformation (structure super-
position is guided by the Ca positions of the central
B-sheet). This conformation is also observed in the metal-
free ecGImU structure complexed with UDP-GIcNAc. On
the other hand, in the metal-bound ecGImU and spGlmU
structures (Kostrewa et al. 2001; Olsen and Roderick
2001; Sulzenbacher et al. 2001), this portion of the
residues moves nearly 3 A toward the bound UDP-
GlcNAc molecule to add favorable interactions between
the phosphodiester group of UDP-GIcNAc and residues
K22/K25, D102/D105, and N227 (Table 2).

Because no metal ion was found at the active site in the
present hiGlmU structures, we confirmed that this was a
crystallization artifact, and the AiGlmU activity is enhanced
in the presence of magnesium ions. To demonstrate the
dependence on MgCl, for hiGImU activity, the assay was
performed using MgCl, concentrations bracketing the opti-
mized assay concentration. The results of the assay indicated
(data not shown) that the rate of the assay was influenced
by MgCl, concentration. No activity was observed in the
absence of MgCl,, and there appears to be stoichiometric
relationship of MgCl, to enzyme concentration.

GlcNAc-binding site

The GIcNAc-binding subsite of #iGImU is comprised of
T82, T137-G140, N169-G171, and E195-T199 structural
segments arranged to recognize the N-acetylglucosamine
moiety. It is important to note that the B-phosphate group
of UDP is in a different torsional conformation compared
with the B-phosphate group of UDP-GlcNAc. It extends
away from the GIcNAc-binding subsite into the solvent
region. The O7 and N2 of the glucose moiety interact
with T82-OG1 and E154-OE2, respectively, in a fashion

2662 Protein Science, vol. 16

similar to that in the ecGlmU and spGlmU crystal
structures (Kostrewa et al. 2001; Olsen and Roderick
2001; Sulzenbacher et al. 2001). The O3 forms a hydro-
gen bond with E154-OE1 and N169-ND2. Finally, oxy-
gen atom O4 of the glucose moiety interacts with G140-N
and N169-N (Table 2). The region undergoes a substantial
structural rearrangement upon the UDP-GlcNAc-binding
event when the entire region encompassing residues
L133-G140 and V150-K166 tilts ~20 degrees to anchor
the GlcNAc moiety of the product (Fig. 1B). Our analysis
of the conformational change shows that residue E154
can act as a structural switch, driving the uridyltransfer-
ase active site into the closed conformation upon binding
of UDP-GIcNAc. An additional product-induced struc-
tural rearrangement includes a 100-degree rotation of the
Y197 side chain around the X2 torsion angle to accom-
modate the N-acetyl group of the product as well as a
closure of a tunnel formed by residues E154, K156 and
Q193, Y197, and D200. This structural tunnel has not
been reported earlier and exists only in the GImU
structures found in an open conformation. The tunnel
connects the GIcNAc-binding subsite to a concave protein
surface area filled with solvent water molecules. In its
open form, the tunnel is ~7.3 A wide (distance measured
from E154 to Y197). In the closed form, the distance
between residues E154 and Y197 is 3.5-4.0 A. Interest-
ingly, in the spGIlmU apo structure, the residues that form
the wall of the tunnel are disordered, as the surface loop
consisting of residues 188—193 (spGImU numbering) was
not detected in the electron density maps due to its
flexibility (Kostrewa et al. 2001).

Lipophilic pocket

Further analysis of the uridyltransferase active sites of the
hiGImU crystal structures led to identification of a lipo-
philic pocket that has not been previously characterized
(Table 1; Fig. 2B,C). The lipophilic site is adjacent to the
GlcNAc-binding subsite and consists of A217-V223, L129-
L133, and V168-T170 structural arrays that are partially
shielded from solvent by the Y139 and E224 residues. In
the apo-like crystal structure, the distance between Y139-
OH and E224-OEl is 5.24 A, and the lipophilic pocket is
partially occupied by a polyethylene glycol (PEG) solvent
molecule. Structural rearrangements caused by the binding
of UDP-GIcNAc resulted in tightening of the lipophilic
pocket by forming a direct hydrogen bond between Y 139-
OH and E224-OE1 (2.92 A). Sequence alignment of the
residues in the lipophilic pocket indicates that the residues
are not highly conserved among the GImU orthologs (Table
1). Mutations of E224 and V223 in this region did not have
impact on catalytic activity, further underscoring the non-
essentiality of these residues for substrate or kinetic use
(Fig. 3). Given the potential area and properties of this
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pocket, this region could be used for designing compound
inhibitors to gain a better selectivity profile.

Discussion

Sequential ordered catalytic mechanism of GImU

While the mechanism of the transphosphorylation reac-
tion of GImU has been previously suggested (Kostrewa
et al. 2001), the binding order of UTP and GlcNAc-1-P
and the driving mechanism of the conformational change
at the uridyltransferase active site, to our knowledge,
have not been proposed. The determined GImU crystal
structures provide structural information into a mecha-
nistic model of the uridyltransferase reaction of the
enzyme and allow us to propose the following reaction
scheme (Fig. 4A—C): UTP binds first to the apo form of
the GImU enzyme, preserving the uridyltransferase active
site in the open conformation. As the structures indicated,
the side chains of all key residues at the active site in the
open apo-like conformation are optimally positioned for
binding of uridine, UMP, or UDP. Based on the UDP-
bound structure, in which the a-phosphate group occupies
the same position as the corresponding phosphate of
UDP-GlcNAc (within 0.7 A) and the B-phosphate group
extends into the solvent region away from the N-acetyl-
glucosamine-1-P-binding subsite, we propose that both
- and y-phosphate groups of UTP are oriented into solvent,
allowing the phosphate group of GlcNAc-1-P to attack the
phosphorus group of the a-phosphate group of UTP upon
binding of N-acetylglucosamine-1-P, which induces large
conformational changes at the GIcNAc-binding subsite
to create a proper stereochemical environment for the
enzymatic reaction to occur upon binding of the cofactor

Mg** detected in the other GlmU structures (Kostrewa
et al. 2001). As our attempt to co-crystallize GlmU with
both UMP and GIcNAc-1-P resulted in the UMP-only
bound structure, we have modeled GIcNAc-1-P in the
UMP-bound GImU structure. After protein-ligand minimi-
zation using an in-house implementation of the AMBER
force field with the option to allow the protein active-site
atoms to move (movable shell thickness was 6.0 A), the O7
of the glucose moiety interacted with T82-OG1 and the
oxygen atoms O3’ and O4’ formed hydrogen bonds with
N169-ND2 and N169-N, respectively. A comparison of
protein—ligand interactions of the GlcNAc group modeled
as GIlcNAc-1-P with those observed in the UDP-GIcNAc-
bound crystal structure indicates that both N-acetyl and
hydroxyl O3’ of the glucose moiety are important structural
elements for inducing the conformational change. The
N-acetyl group recognizes E154-OE2 and T82-OG1, while
03 forms a direct hydrogen bond to E154-OE1 (Table 2).
This is consistent with the GlmU Kkinetic preference for
N-acetylglucosamine-1-P over glucosamine-1-P (Gehring
et al. 1996; Pompeo et al. 1998) and emphasizes that both
E154 and T82 play an important role in regulating the
conformational changes activated by the binding of
GIcNAc-1-P at the GlcNAc-binding subsite. With both
substrates bound, the phosphate group of GlcNAc-1-P
attacks the phosphorus atom of the a-phosphate group of
UTP, releasing the pyrophosphate and inversing the con-
figuration of the a-phosphate group (Kostrewa et al. 2001).
To summarize, based on analysis of the crystal structures,
we propose that the reaction of condensation of UTP and
GlcNAc-1-P at the GImU uridyltransferase active site
follows a sequential mechanism in which the substrates
bind in a specific order. Conformation of the proposed
sequential-binding order using biophysical studies such as

Figure 4. Structural insights into the mechanism of uridylation. (A) View of the GlmU uridyltransferase active site (open conformation) in the UDP-bound
crystal structure. The GIcNAc-1-P-binding subsite is circled with a white dotted line. (B) Schematic diagram of the mechanism of the uridyltransferase
reaction catalyzed by GImU. (C) View of the GImU uridyltransferase active site (closed conformation) in the UDP-GIcNAc bound crystal structure.
Connolly binding-site surface is colored by hydrophobicity (brown, hydrophobic; blue and red, hydrophilic).

2663

www.proteinscience.org



Mochalkin et al.

equilibrium dialysis of radiolabeled substrates to determine
whether binding of GIcNAc-1-P is dependent on UTP
binding is being planned. This mechanism is found in
many other nucleotidyltransferases, including glucose-1-
phosphate thymidylyltransferase (Blankenfeldt et al. 2000;
Zuccotti et al. 2001; Sivaraman et al. 2002) and cytidylyl-
transferase (Kwak et al. 2002).

Implication for structure-based drug discovery

The overall comparison of the active-site relationships
between hiGlmU and the other GImU orthologs reveals
striking similarities both at the structural and kinetic
levels. Mutagenesis of conserved and variable amino
acid residues support the essential nature of residues
involved in uracil recognition (Q76) and those involved
in catalytic activity with respect to coordination of
magnesium binding (D105 and K25) as defined by lack
of enzyme activity. In this respect, to develop broad-
specificity inhibitors that target both Gram-negative and
Gram-positive bacteria from a wide range of species, we
should consider intermolecular interactions with strictly
conserved residues of the GImU active site (Table 1).
Those residues mutated in nonsubstrate-binding regions,
such as in the presently defined lipophilic pocket (V223
and E224) and Y103, did not influence catalytic activity.
However, from the structural viewpoint, these residues can
be key differentiators between bacterial Gram species.

Materials and Methods

Protein expression and purification of hiGImU

The hiGlmU gene was cloned by PCR from genomic DNA
inserted into a pPW2 expression vector (Affinium Pharmaceut-
icals) and overexpressed in BL21 Al cells (Invitrogen) using a
proprietary rich medium supplemented with 100 pg/mL ampi-
cillin. Protein expression was induced in mid-log phase with
the addition of isopropyl 3-D-1-thiogalactopyranoside (IPTG)
to a final concentration of 0.5 mM. The culture was incubated
for an additional 18 h at 15°C, and the cells were concentrated
and collected by centrifugation at 8900g for 25-30 min at 4°C.
The protein was purified to homogeneity using a DE52 column
followed by IMAC chromatography. The molecular mass of
purified 4/GImU was confirmed by matrix-assisted laser desorp-
tion ionization time-of-flight mass spectrometry (MALDI-MS)
(data not shown) and was in agreement with the calculated mass
of the full-length protein.

Site-directed mutagenesis and purification
of mutant proteins

Site-directed mutagenesis of #iGlmU was carried out using the
QuikChange Site-Directed Mutagenesis Kit from Stratagene,
Inc. to construct the following mutants: K25A, Q76A, Y103A,
DI105SA, V223A, and E224A (Supplemental material). Briefly,
primers containing the desired mutations were annealed to

2664 Protein Science, vol. 16

denatured pPW2-hiGlmU plasmid DNA. Pfu Turbo DNA poly-
merase was used to extend and incorporate the mutagenic
primers, resulting in nicked circular strands followed by Dpnl
digestion to remove the nonmutated parental strand. The final
product was transformed into XL1-Blue supercompetent cells.
Correct incorporation of the mutation was verified by restriction
digest of isolated plasmid DNA from transformants and by
sequencing.

Plasmid DNAs containing the desired mutations were intro-
duced into BL21-Gold (DE3) cells. Cultures were grown in
Terrific Broth and induced by 0.5 mM IPTG at 15°C for 16 h.
Cells were lysed using CelLytic Express (Sigma). Removal of
cell debris was performed by centrifugation of the lysed cell
solution at 11,500 rpm, 16,000g for 15 min at 4°C (JA-25.5,
25,000 rpm Serial # 01U 2494), followed by a second centri-
fugation run at 3 K rpm for 15 min at 4°C. Lysate containing the
6x His-tagged protein are purified by Ni-NTA spin column.
Protein purity was determined by SDS-PAGE.

Crystallization

The crystals of 7iGlmU were grown at the ambient temperature
using the hanging-drop vapor diffusion method. Four microliter
drops of AiGImU consisted of mixing equal parts of protein
solution (14 mg/mL) and the reservoir solution composed of
1.2-1.8 M ammonium sulfate, 2% PEG-400, and 0.1 M MES
(pH 5.2-6.1). To obtain the GlmU apo crystals, cobalt (II)
chloride (6.25 mM) was added to the crystallization drops. For
the UDP-GIcNAc and UDP crystals, the enzyme was incubated
at 4°C for 4 h with 20 mM MgCl, and 10 mM UPD-GIcNAc or
UDP. For the UMP crystals, the enzyme was incubated at 4°C
for 4 h with 20 mM MgCl, and 10 mM UMP and GIcNAc-1-P.
In all cases, the GImU crystals were visible after 3-5 d and grew
typically to a dimension of 0.20X0.15X0.07 mm. For the
uridine crystals, uridine was introduced into the apo-crystals
incrementally within 4 h by solvent diffusion at the final
concentration of 5 mM.

X-ray data collection, structure determination,
and refinement

X-ray diffraction data from the 4iGImU crystals were collected
at the Advanced Photon Source facility on beamline 17-ID
operated by the Industrial Macromolecular Crystallography
Association. The crystals were mounted in the cryo loops and
treated with the cryo-protection solutions that were prepared
using 1 pL of 80% PEG-200, 20% ethylene glycol mixture, 2 L
of the crystallization well solution (cryo-solution #1), 1 pL
of cryo-solution #1, and 1 pL of the crystallization drop solution
(cryo-solution #2). The crystals were moved from the crystalliza-
tion drop to cryo-solution #2 for 10 sec and then to cryo-solution
#1 for 3-5 sec before being flash-frozen in liquid nitrogen.
Intensity data were measured at about —180°C. One X-ray data
set was collected for each of the apo, UDP-GIcNAc, uridine,
UMP, and UDP crystals. Auto-indexing and processing of the
measured intensity data were carried out with the HKL2000
software package (Otwinoski and Minor 1997). The intensity
data-collection statistics are summarized in Table 4.

The crystal structure of apo hiGlmU was determined by
molecular replacement using the full-length structure of
apo ecGImU as the search model (Olsen and Roderick 2001)
(PDB ID 1HV9). The crystal structure of the UDP-GIcNAc
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Table 4. X-ray intensity data collection from the hiGlmU crystals

Apo UDP-GIcNAc UMP UDP Uridine
PDB ID 2vOh 2v0i 2v0j 2v0k 2v0l
Resolution (A) 1.80 (1.80—1.84) 1.90 (1.90-1.97) 2.00 (2.00-2.07) 2.30 (2.30-2.38) 2.20 (2.20-2.28)
Space group H32 P6322 H32 H32 H32
Unit cell (A): a, b, ¢ 108.5, 108.5, 326.2 107.8, 107.8, 233.9 108.7, 108.7, 326.8 108.7, 108.7, 326.7 108.7, 108.7, 327.1
No. of observations 287,428 577,843 225,987 208,892 381,548
No. of unique reflections 67,671 (5258) 64,262 (6326) 45,786 (4569) 62,781 (5978) 38,714 (3807)
Multiplicity 43 9.0 4.9 33 9.9
Completeness (%) 95.1 (74.8) 99.1 (99.9) 90.2 (91.3) 98.4 (94.5) 99.9 (99.9)
Mean I/o(I) 29.0 (4.0) 37.9 (4.5) 23.1 (4.5) 12.5 (8.7) 27.7 (12.3)
Rinerge 0N I' (%) 0.048 (0.309) 0.067 (0.321) 0.056 (0.297) 0.076 (0.146) 0.081 (0.246)

Numbers in parenthesis indicate statistics for the high-resolution bin of X-ray data.

“Rinerge: YNKIY i[I(hkD)i — <I(hk1)>}/Y hkl Y i<I(hkl)i>.

co-complex was determined by molecular replacement using the
final coordinates of the apo hiGImU structure. The rotation/
translation searches were carried out with the MOLREP pro-
gram (Collaborative Computational Project Number 4 1994;
Vagin and Teplyakov 1997). The molecular replacement solu-
tion was further optimized by rigid-body, coordinates, and
B-value minimization using CNX 2000 (Briinger et al. 1998).
Calculated (2Fo-Fc) and (Fo-Fc) electron density maps were
utilized for interactive fitting of protein structures into electron
density using the X-BUILD and X-AUTOFIT (Oldfield 2001a)
modules implemented in QUANTA (Accelrys, Inc). Protein
model building was alternated with coordinate minimization
and individual B-factor refinement using REFMAC 5.1 (Collab-
orative Computational Project Number 4 1994). Placement
of the ligands into electron-density maps was carried out with
QUANTA X-LIGAND (Oldfield 2001b). Solvent water mole-
cules were added periodically based on examination of differ-
ence density maps using X-SOLVATE. Final coordinates were
validated using the SQUID VALIDATE (Oldfield 1992) and
PROCHECK validation tools (Laskowski et al. 1993). Summary
of final refinement parameters and the final R-work and R-free
values are listed in Table 5.

hiGImU enzyme kinetic assays and MgCl, dose curve

GImU uridyltransferase activity was measured using a modified
format of the MESG/PNPase-coupled assay format for the
continuous detection of the product inorganic phosphate
described in Gehring et al. (1996). Using a 50-pL volume in
a 384-well format, the standard assay mix contained the
following: 40 mM HEPES (pH 7.5), 2.5 mM MgCl,, 0.3 mM
TCEP, 10 pg/mL SipA, 0.05 U/mL PNPase, 0.2 mM MESG,
1 mM Citrate buffer (pH4.2) (to keep MESG stable at room
temperature), 0.01% NP-40, 3 nM hiGlmU enzyme, and two
substrates (UTP and Glucosamine-1P). Pyrophosphate produc-
tion was monitored with excess inorganic pyrophosphatase,
which hydrolyzes one equivalent of pyrophosphate to two
equivalents of inorganic phosphate, and PNPase, which cata-
lyzes the phosphorolysis of MESG with a resulting change in
the extinction coefficient at 360 nm of 11 mM-1 cm-1. The
reaction was monitored for 5 min at A360 on a SPECTROmax
384 Plus (Molecular Devices) plate reader. Using the same
assay format but varying MgCl, concentrations by 1:2 serial
dilutions (80 mM to 0 mM), it shows the dependence of hiGImU
for magnesium ions.

Table 5. Refinement summary of deviations from ideality and final refinement parameters and the final R and R-free values

Apo UDP-GIcNAc UMP UDP Uridine

RMS deviation from ideality

Bond length (A) 0.005 0.008 0.009 0.007 0.006

Bond angles (deg) 1.00 1.26 1.23 1.13 1.05
Atoms

No. protein atoms 3420 3430 3424 3423 3429

No. substrate atoms 0 39 21 25 17

No. water atoms 497 304 361 304 413

No. others 55 63 66 33 68
Average thermal factors (Az)

Protein atoms 22.32 23.78 24.47 26.30 28.78

Substrate atoms NA 25.29 45.81 62.19 69.02

Water molecules 36.58 39.1 34.84 38.19 42.19

Others 42.99 44 .41 43.98 41.54 55.76
Ryork” 0.191 0.193 0.197 0.188 0.187
Riree (5% of data) 0.214 0.210 0.222 0.233 0.224

*Rwork: Y hkl[Fo(hkl) — Fe(hkD)|/Y hkl|[Fo(hkl)|, where Fo and Fc are observed and calculated structure factors, respectively.
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K., and initial reaction rates

Reaction volumes and components are the same as GlmU
enzyme assay, but apparent steady-state kinetic parameters were
measured keeping one substrate at saturating concentrations
between 10 to 15 times the K, value, while varying the second
substrate from 0.25 to 10 times the K,, values. The reaction was
monitored for 5 min at Azgo on a SPECTROmax 384 Plus
(Molecular Devices) plate reader. Data were analyzed by using
KaleidaGraph graphing and data analysis software tools from
Synergy, Inc.

Data deposition

Atomic coordinates have been deposited in the RCSB Protein
Data Bank (accession codes: 2vOh [apo]; 2v0i [UDP-GlcNAc];
2v0j [UMP]; 2vOk [UDP]; 2vO0l [uridine]).
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