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UDP-N-acetylenolpyruvylglucosamine reductase (MurB) is an

essential enzyme in the bacterial cell-wall biosynthetic pathway,

making it a potential therapeutic target for novel antibiotics.

Diffraction-quality crystals of both the native and Se-methionine-

expressed MurB from Staphylococcus aureus have been prepared by

sitting-drop vapour diffusion from solutions containing polyethylene

glycol (PEG) 8000, ammonium sulfate, sodium cacodylate pH 6.5 and

dimethyl sulfoxide (DMSO). Crystals belong to the cubic space group

I213, with unit-cell parameters a = b = c = 178.99 AÊ . X-ray data from

these crystals were collected at the Advanced Photon Source 17-ID

beamline and were used to solve the MurB structure to 2.3 AÊ

resolution.

Received 16 January 2001

Accepted 19 April 2001

1. Introduction

Antibiotics such as penicillin which target the

biosynthesis of peptidoglycan in bacteria have

been the mainstays for treatment of bacterial

infections for decades. Recently, however, the

emergence of antibiotic-resistant bacteria has

increasingly become a major health threat.

This unmet medical need has prompted a new

interest in the development of potent orally

available antibiotics. Among the many poten-

tial approaches to new antibiotics include those

which target peptidoglycan biosynthesis but

are not directed toward the same target as

penicillin. UDP-N-acetylenolpyruvyl-glucosa-

mine reductase (MurB) from S. aureus is such a

target. Inhibition of this enzyme should result

in disruption of the cell's ability to synthesize

the disaccharide unit of the cell wall and should

be bactericidal. Recently, others have

described the crystallization and structure

determination of the Gram-positive MurB

enzyme from Escherichia coli (Benson et al.,

1995). We have crystallized the S. aureus

enzyme as a ®rst step in the structure-directed

drug design of a MurB Gram-negative targeted

antibiotic.

Bacterial peptidoglycan is a polymer of

repeating disaccharide units which are cross-

linked by a four- or ®ve-residue amino-acid

chain. One of the sugars, N-acetylmuramic

acid, is produced by the action of the MurA

and MurB enzymes. The enzyme MurA (UDP-

N-acetylglucosamine enolpyruvyl transferase)

condenses a molecule of UDP-N-acetyl-

glucosamine with phosphoenolpyruvate to

form enolpyruvyl-UDP-N-acetylglucosamine

(EP-UDPGlcNAc) with the liberation of

inorganic phosphate (Brown et al., 1995;

Marquardt et al., 1992). This enolpyruvyl

product is subsequently reduced by UDP-

N-acetylenolpyruvyl-glucosamine reductase

(MurB) from the vinyl ether double bond to

generate the d-lactyl ether (UDP-N-acetyl-

muramic acid). MurB has a bound ¯avin

adenine dinucleotide (FAD) cofactor which is

®rst reduced by NADPH and subsequently

reduces the enolpyruvyl substrate (Benson et

al., 1993, 1994, 1995; Dhalla et al., 1995). UDP-

N-acetylmuramic acid is joined to l-Ala by

MurC using ATP (Fig. 1).

We have crystallized S. aureus MurB and

this report summarizes crystal optimization,

cryoprotection and data collection. Success in

this project required growing crystals from

large drop volumes on sitting-drop bridges

coated with silicone vacuum grease to elim-

inate ®rm attachment, growing crystals in

mother liquor suitable for cryocooling and the

diffraction characterization of a large number

of crystals. Optimized crystals were used for

the determination of the three-dimensional

structure of S. aureus MurB (Benson et al.,

2001).

2. Materials and methods

2.1. Protein preparation

S. aureus MurB (36 kDa) cloned into

pQE-10 (Qiagen) was obtained from Human

Genome Sciences and expressed using UC

15169, E. coli construct K12S (F0 lacIq).

Cultures in M9 media were induced with 1 mM

isopropyl �-d-thiogalactopyranoside and

reached maximal growth and expression

(A600 ' 2.0) after 4 h. Cells were harvested by

centrifugation and frozen at 193 K. To enable a
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structure determination by multiple anom-

alous dispersion (MAD) phasing, seleno-

methionine was incorporated into MurB

through down-regulation of methionine

biosynthesis just prior to induction of MurB

(Van Duyne et al., 1993; Benson et al., 1995).

The mass of the Se-Met-expressed MurB

measured by electrospray mass spectro-

metry indicated full incorporation of the ®ve

selenomethionines into the protein.

Cell paste was resuspended using a

Tekmar Tissumizer in buffer containing

50 mM Tris pH 7.8, 500 mM NaCl, 10%

glycerol, 25 mM imidazole, 5 mM �-mer-

captoethanol (BME) and 0.2 mg mlÿ1

DNase. The suspension was homogenized

using a Rannie homogenizer at 69 MPa and

centrifuged at 39 200g for 60 min. The

supernatant was ®ltered and applied to a

nickel-charged Qiagen NTA Super¯ow

column and washed with 50 mM Tris pH 7.8,

500 mM NaCl, 10% glycerol, 50 mM imida-

zole, 5 mM BME. Protein was eluted using

the above buffer containing 300 mM imida-

zole at a ¯ow rate of 60 ml hÿ1. 10 mM

dithiothreitol (DTT) was added immediately

to the eluted material. Pooled MurB protein

was dialyzed for 22 h against

nitrogen-sparged buffer (50 mM

Tris pH 7.8, 500 mM NaCl, 10%

glycerol, 10 mM DTT), sterile

®ltered, fractionated and stored

in aliquots at 193 K. Protein

concentration was 2.4 mg mlÿ1

by amino-acid analysis.

Initial preparation of MurB

for crystallization experiments

revealed the protein to be

unstable at 277 K and it could

not tolerate successive freeze/

thaw cycles. Freshly thawed

protein was exchanged into

buffer containing 20 mM HEPES

pH 7.5, 5 mM BME or DTT and

concentrated to 20 mg mlÿ1 using Ultrafree

0.5 centrifugal ®lters with a Biomax 10K

membrane (Millipore, Bedford, MA).

Protein was used immediately for crystal-

lization experiments. Overnight storage of

protein prior to setup was detrimental to

crystal formation and resulted in heavy

precipitation in the crystallization drops.

2.2. Crystallization

MurB (20 mg mlÿ1) was screened at

293 K against Hampton Crystal Screen and

Crystal Screen 2 using hanging-drop vapour

diffusion by mixing 1 ml protein solution

with 1 ml reservoir solution (Jancarik & Kim,

1991; Cudney et al., 1995). Hampton Crystal

Screen condition 15 [30% PEG 8000,

0.1 M sodium cacodylate pH 6.5, 0.2 M

(NH4)2SO4] produced discrete pockets of

yellow gelatinous precipitate. A systematic

grid screen of the PEG 8000, ammonium

sulfate concentrations and the pH resulted

in tiny yellow plates after 4 d from drops

containing 0.1 M sodium cacodylate pH 6.5,

15% PEG 8000, 0.5 M (NH4)2SO4. Crystals

were optimized by adjusting the PEG 8000

and (NH4)2SO4 concentrations and by

setting up larger drop sizes using sitting-

drop vapour diffusion. Crystals large enough

for X-ray diffraction analysis were obtained,

but grew ®rmly attached to the bridge

causing many crystals to fracture during

harvesting. This problem was solved by

coating the microbridge with a thin layer of

silicone vacuum grease prior to setup.

Crystals grown by this method no longer

stuck to the bridge surface and could be

easily scooped up for transfer into stabili-

zation solution and/or cryosolution. Crystals

were cryoprotected in 10% PEG 8000,

0.55 M (NH4)2SO4, 0.1 M sodium cacodylate

pH 6.5, 5 mM BME or DTT with 15%

2-methyl 2,4-pentanediol (MPD) and were

cryocooled in liquid propane. Crystals

diffracted to only 7 AÊ resolution on the

home source and to 3.5 AÊ using synchrotron

radiation. Several methods were attempted

to improve diffraction quality of the crystals,

including co-crystallization with substrates

or additives. Screening with Hampton

Additive Screen I produced crystals in most

drops and optimization with a select set of

additives did not show improvement in

crystal size or diffraction quality (Michel,

1990; Cudney et al., 1995; Sousa, 1995;

Trakhanov & Quiocho, 1995). Crystals

grown with 10 mM EP-UDPGlcNAc

increased growth in the thinnest crystal

dimension and resulted in chunky hexagonal

crystals; however, no improvement in

diffraction was observed. Despite this

negative result, 10 mM EP-UDPGlcNAc

was included in subsequent experiments to

achieve the desired crystal morphology.

Concurrent screening of MurB in the

presence of potential inhibitors led to the

discovery that supplemental DMSO during

crystal growth signi®cantly improved the

diffraction quality of MurB crystals to 2.3 AÊ .

DMSO was initially used to aid solubiliza-

tion of the hydrophobic inhibitors

during co-crystallization. The altered

crystallization conditions were opti-

mized using the puri®ed MurB (Se-

Met) at 20 mg mlÿ1 in complex with

10 mm EP-UDPGlcNAc. Large

single crystals grew in 1±2 weeks on

grease-coated microbridges by

mixing 5 ml Se-Met MurB and 5 ml

reservoir solution (Fig. 2). Optimized

crystallization conditions contained

0.1 M sodium cacodylate, 9.75%

PEG 8000, 0.55 M (NH4)2SO4, 20%

DMSO and 5 mM BME and

produced crystals of dimensions of

up to 0.4 � 0.4 � 0.4 mm. The high

DMSO concentration also proved to

be an excellent cryoprotectant and
Figure 1
The biosynthetic context for MurB.

Table 1
Data-collection statistics for MurB (edge, 0.97939 AÊ ).

Resolution
(AÊ )

No. of
observations

Complete-
ness (%)

Redun-
dancy hI/�i Rsym² Rshell

4.952 3918 89.20 6.46 41.7 0.052 0.052
3.931 7925 91.50 6.75 35 0.051 0.05
3.435 11959 92.60 6.93 19.6 0.058 0.075
3.121 16010 93.50 7.04 11.5 0.065 0.1
2.897 20114 94.20 7.12 7 0.071 0.132
2.726 24229 94.70 7.15 4.6 0.077 0.172
2.59 28347 95.20 7.12 3.2 0.082 0.221
2.477 32483 95.60 6.96 2.6 0.087 0.255
2.382 36418 95.50 6.79 1.8 0.091 0.316
2.3 40336 95.30 6.63 1.6 0.095 0.338

² Rsym =
P

hkl

PN
i�1 jhIhkli ÿ Ihkl

i j/
P

hkl

PN
i�1 Ihkl

i .
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crystals could be removed from their drops

and immediately cryocooled in liquid

propane for low-temperature data collec-

tion.

2.3. Preliminary X-ray diffraction analysis

Data were collected using synchrotron

radiation at the IMCA-CAT beamline 17-ID

at the Advance Photon Source, Argonne

National Laboratories. The unfocused

monochromatic beam from the undulator

had a �0V of 6 mrad and �0H of 23 mrad

(approximate beamsize 1 � 3.5 mm). This

beam passed through slits of 0.1 � 0.1 mm

which restricted the beam to a 1.5 mrad

plane-wave. A collimator of 0.5 mm inside

diameter was placed just before the crystal

and acted as a scatter guard. At the begin-

ning of the data collection, the ring current

was 100.1 mA and decayed to 67 mA over

several hours. Data sets were collected

at three wavelengths (1.0332, 0.97939,

0.97928 AÊ ) corresponding to the low-energy

wavelength, in¯ection-point wavelength and

the peak wavelength as determined by a

selenium K-edge absorption spectrum. The

synchrotron data were collected with the

sample under a dry liquid-N2-controlled cold

stream (Oxford Cryosystems) at 100 K using

a BruÈ ker CCD detector at a crystal-to-

detector distance of 18 cm and a 2� ofÿ4.5�.
Each of the 500 images of 0.25� ! oscillation

was exposed for 2 s. Two-dimensional

images were integrated and scaled with the

SAINT (v.5) software system (Siemens,

1993) in the 20.0±2.3 AÊ resolution range;

unit-cell parameters were a = b = c =

178.99 AÊ in space group I213 or I23 (Fig. 3).

The fragile crystals are 81.3% solvent. Data-

collection statistics for a typical data set are

shown in Table 1. The average mosaic

spread of the data was 0.6�. The MAD-

phased structure-determination statistics are

summarized elsewhere (Benson et al., 2001).

3. Conclusions

MurB protein proved very sensitive to aging

and required freshly prepared protein for all

crystallization experiments. Sparse-matrix

screens and optimization with MurB at

20 mg mlÿ1 revealed one crystallization

condition consisting of PEG 8000,

(NH4)2SO4, sodium cacodylate pH 6.5 and

5 mM BME. Single crystals

suitable for X-ray diffraction

analysis were obtained, but grew

®rmly attached to the bridges.

This problem was prevented by

coating the microbridges with a

thin layer of vacuum grease prior

to the setup of drops. None of the

preliminary crystals diffracted to

better than 3.5 AÊ using synchro-

tron radiation; cocrystallization

with a wide variety of additives

and substrates did not improve

diffraction. Crystals grown

with 10 mM EP-UDPGlcNAc

substrate resulted in a chunky

crystal instead of hexagonal

plates and although this

substrate analog may have

helped in the crystallization of

MurB, it was never observed in

the crystal structure (Benson et

al., 2001). Addition of DMSO

(20%) during crystallization

improved diffraction to 2.3 AÊ .

Using these new crystallization conditions,

MurB crystals were obtained and optimized

with both native and Se-methionine-enri-

ched protein under nearly identical condi-

tions. The Se-methionine crystallization

conditions include 0.1 M sodium cacodylate,

9.75% PEG 8000, 0.55 M (NH4)2SO4, 20%

DMSO and 5 mM BME. This mother liquor

proved to be an excellent cryopreservative

and crystals could be directly looped out of

the drop and cryocooled in liquid propane

for low-temperature data collection. Data

were collected at the Advanced Photon

Source (APS) beamline 17-ID. The crystal

diffracted to just beyond 2.3 AÊ resolution,

with unit-cell parameters a = b = c = 178.993 AÊ

in space group I213. Data collected from this

crystal were used to solve the protein

structure (Benson et al., 2001).

We gratefully acknowledge N-terminal

sequencing and amino-acid analysis

conducted by John G. Hoogerheide, Michele

K. Ramsdell and June M. Lull, protein mass

spectrometry conducted by Diane G.

Strother, preparation and puri®cation of EP-

UDPGlcNAc conducted by Steven M.

Swaney and Robert A. Anstadt, and assis-

tance in ®gure preparation by Garold L.

Bryant Jr. Use of the Advanced Photon

Source was supported by the US Depart-

ment of Energy, Basic Energy Sciences,

Of®ce of Science under Contract No. W-31-

109-Eng-38. Data were collected at beam-

line 17-ID in the facilities of the Industrial

Macromolecular Crystallography Associa-

tion Collaborative Access Team (IMCA-

CAT) at the Advanced Photon Source.

These facilities are supported by the

companies of the Industrial Macromolecular

Crystallography Association through a

contract with Illinois Institute of Technology

(IIT) executed through the IIT's Center for

Synchrotron Radiation Research and

Instrumentation. The assistance of the

IMCA staff is greatly appreciated.

References

Benson, T. E., Filman, D. J., Walsh, C. T. & Hogle,
J. M. (1995). Nature Struct. Biol. 2, 644±653.

Benson, T. E., Harris, M. S., Ciadella, J. I.,
Herberg, J. T., Martin, J. P. & Baldwin, E. T.
(2001). Biochemistry, 40, 2340±2350.

Benson, T. E., Marquardt, J. L., Marquardt, A. C.,
Etzkorn, F. A. & Walsh, C. T. (1993). Biochem-
istry, 32, 2024±2030.

Benson, T. E., Walsh, C. T. & Hogle, J. M. (1994).
Protein Sci. 3, 1125±1127.

Brown, E. D., Vivas, E. I., Walsh, C. T. & Kolter, R.
(1995). J. Bacteriol. 177, 4194±4197.

Figure 2
Crystals of MurB enzyme, which appear yellow owing
to the presence of oxidized FAD. The largest crystal
dimension is 0.4 mm.

Figure 3
A single 0.25� !-oscillation frame collected at 100 K on the BruÈ ker
CCD detector at APS beamline 17-ID. The enlarged image shows
diffraction to 2.2 AÊ resolution at the detector edge.



Acta Cryst. (2001). D57, 1032±1035 Harris et al. � MurB 1035

crystallization papers

Cudney, R., Weisgraber, K., Newhouse, Y.,
McPherson, A., Trakhanov, S. & Quiocho,
F. A. (1995). Acta Cryst. D50, 414±423.

Dhalla, A. M., Yanchunas, J. Jr, Ho, H. T., Falk,
P. J., Villafranca, J. J. & Robertson, J. G. (1995).
Biochemistry, 34, 5390±5402.

Jancarik, J. & Kim, S.-H. (1991). J. Appl. Cryst. 24,
409±411.

Marquardt, J. L., Siegele, D. A., Kolter, R. &
Walsh, C. T. (1992). J. Bacteriol. 174,
5748±5752.

Michel, H. (1990). Crystallization of Membrane
Proteins. Boca Raton, FL, USA: CRC Press.

Siemens (1993). SAINT Software Reference
Manual, Pub. No. 269±014200. Madison, WI,
USA: Siemens Industrial Automation Inc.

Sousa, R. (1995). Acta Cryst. D51, 271±
277.

Trakhanov, S. & Quiocho, F. A. (1995). Protein Sci.
4, 1914±1919.

Van Duyne, G. D., Standaert, R. F.,
Karplus, P. A., Schreiber, S. L. & Clardy,
J. (1993). J. Mol. Biol. 229, 105±
124.


