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Chorismate synthase (EC 4.6.1.4) catalyzes the transformation of

5-enolpyruvylshikimate 3-phosphate to chorismate in the last step of

the shikimate pathway. Chorismate synthase from Helicobacter pylori

fused with an eight-residue C-terminal tag was overexpressed in

soluble form in Escherichia coli. It was crystallized at 296 K using

polyethylene glycol 400 as a precipitant. A set of X-ray diffraction

data was collected to 2.5 AÊ resolution using synchrotron radiation.

The crystals belong to the tetragonal space group I4, with unit-cell

parameters a = b = 145.79, c = 130.98 AÊ . The asymmetric unit contains

a tetramer, giving a crystal volume per protein mass (VM) of

2.13 AÊ 3 Daÿ1 and a solvent content of 42.3%.
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1. Introduction

The seven-step shikimate pathway links the

metabolism of carbohydrates to the biosynth-

esis of aromatic amino acids and many

aromatic secondary metabolites, including

tetrahydrofolate and ubiquinone (Pittard,

1996; Meganathan, 2001). It provides excellent

potential targets for antimicrobial agents,

antiparasitic agents and herbicides (Roberts et

al., 2002; Schonbrunn et al., 2001) because it is

absent in animals but is apparently essential in

bacteria, fungi, parasites and plants. As the last

enzyme in the shikimate pathway, chorismate

synthase catalyzes an unusual reaction, the

conversion of 5-enolpyruvylshikimate 3-phos-

phate (EPSP) to chorismate by anti-1,4-elim-

ination of the 3-phosphate group and the

C(6pro-R) hydrogen from EPSP (Hill &

Newkome, 1969; Onderka & Floss, 1969;

Macheroux et al., 1999). Although the reaction

does not involve an overall change in redox

states, it has an absolute requirement for

reduced FMN as a cofactor (Morell et al., 1967;

Welch et al., 1974). Evidence for a radical

mechanism has been obtained for Escherichia

coli chorismate synthase (Osborne et al., 2000).

Spectroscopic data also suggest that a major

structural change in E. coli chorismate

synthase is induced by ¯avin and substrate

binding (Macheroux et al., 1998).

Structural information is necessary for

structure-based inhibitor discovery and for

a better understanding of the catalytic

mechanism. However, no three-dimensional

structure of chorismate synthase has yet been

reported. In this work, we have initiated

structure determination of chorismate

synthase from Helicobacter pylori, a 365-

residue protein encoded by the aroC gene. Its

amino-acid sequence shows 46% identity to

the well characterized E. coli chorismate

synthase. As the ®rst step, we have over-

expressed H. pylori chorismate synthase in

E. coli and crystallized it. We report here

preliminary X-ray crystallographic data as well

as crystallization conditions.

2. Experimental

2.1. Protein expression and purification

The aroC gene (HP0663) encoding chor-

ismate synthase was ampli®ed by the poly-

merase chain reaction using the genomic DNA

of H. pylori strain 26695 as a template. The

forward and reverse oligonucleotide primers

designed using the published genome sequence

(Tomb et al., 1997) were AGG GAA TTC CAT

ATG AAC ACT TTG GGG CGT TTT and

GGG CCG CTC GAG ATT CTC ATT ATA

AAT CGT TTT, respectively. The bases shown

in bold represent the NdeI and XhoI restric-

tion-enzyme cleavage sites, respectively. The

ampli®ed DNA was digested with the enzymes

NdeI and XhoI and was then inserted

into the NdeI/XhoI-digested expression vector

pET-21a(+) (Novagen). This vector construc-

tion adds an eight-residue tag (LEHHHHHH)

to the C-terminus of the recombinant protein

to facilitate protein puri®cation. The enzyme

was overexpressed in E. coli C41(DE3) cells

(Miroux & Walker, 1996). Cells were grown in

Luria±Bertani medium to an OD600 of 0.6 at

291 K and expression of the recombinant

enzyme was induced by 1.0 mM isopropyl �-d-

thiogalactopyranoside (IPTG) at 291 K. Cell

growth continued at 291 K for 12 h after IPTG

induction and cells were harvested by centri-

fugation at 4200g (6000 rev minÿ1, Sorvall

GSA rotor) for 10 min at 277 K. The cell pellet

was resuspended in ice-cold lysis buffer
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(20 mM Tris±HCl pH 7.9, 0.50 M sodium

chloride, 50 mM imidazole, 1 mM phenyl-

methylsulfonyl ¯uoride) and was then

homogenized by sonication. The crude

lysate was centrifuged at 36 000g

(18 000 rev minÿ1; Hanil Supra 21K rotor)

for 30 min at 277 K.

Three chromatographic steps were used

to purify the recombinant protein in the

supernatant fraction. The ®rst step utilized

the C-terminal hexahistidine tag by metal-

chelate chromatography on Ni±NTA resin

(Qiagen). Next, gel ®ltration was performed

on a HiLoad XK16 Superdex 200 prep-

grade column (Amersham Biosciences),

which was previously equilibrated with

buffer A (20 mM potassium phosphate pH

6.4) containing 100 mM sodium chloride and

1 mM �-mercaptoethanol. Further puri®ca-

tion was achieved by ion-exchange chroma-

tography on a Mono S HR5/5 column

(Amersham Biosciences), which was

previously equilibrated with buffer A.

Before loading the protein sample onto this

column, the salt concentration was lowered

to 50 mM by diluting it with buffer A. The

protein was eluted with a linear gradient of

0±1.0 M sodium chloride in buffer A. The

homogeneity of the puri®ed protein was

judged by polyacrylamide gel electrophor-

esis in the presence of 0.1%(w/v) sodium

dodecyl sulfate (Laemmli, 1970). After

dialysis of the protein solution against buffer

A containing 100 mM sodium chloride and

1 mM dithiothreitol, it was concentrated

using an YM10 membrane (Amicon) to

about 30 mg mlÿ1. The protein concentra-

tion was estimated by measuring the

absorbance at 280 nm employing the

calculated molar extinction coef®cient of

11 520 Mÿ1 cmÿ1 (SWISS-PROT, http://

www.expasy.ch/).

2.2. Dynamic light-scattering studies

A dynamic light-scattering experiment

was performed on a Model DynaPro-801

instrument from Protein Solutions (Lake-

wood, New Jersey, USA). The data were

measured at 297 K with 2.5 mg mlÿ1 of

protein in buffer A containing 100 mM

sodium chloride.

2.3. Crystallization and X-ray data

collection

Crystallization was performed by the

hanging-drop vapour-diffusion method

using 24-well tissue-culture plates (Hampton

Research) at 296 K. Each hanging drop,

prepared by mixing 2 ml each of the protein

solution and the reservoir solution, was

placed over a 1.0 ml reservoir solution.

Initial crystallization conditions were

screened using Crystal Screen I and II kits

(Hampton Research).

For X-ray data collection, a crystal was

transferred to a solution consisting of

34%(w/v) PEG 400, 100 mM sodium

chloride, 200 mM calcium chloride, 100 mM

HEPES pH 7.5 within 1 min in one step

before being ¯ash-frozen. X-ray diffraction

data were collected at 100 K on an imaging-

plate detector system (MacScience

DIP2030b) at experimental station 6B,

Pohang Light Source, Korea. The crystal was

rotated through a total of 120�, with a 1.0�

oscillation range per frame. Data were

processed and scaled using DENZO and

SCALEPACK from the HKL program suite

(Otwinowski & Minor, 1997).

3. Results

Chorismate synthase from H. pylori fused

with an eight-residue tag (LEHHHHHH)

was highly overexpressed in E. coli

C41(DE3) cells upon induction by 1.0 mM

IPTG at 291 K. About 90% of the expressed

protein was in the soluble fraction. The yield

was �50 mg of puri®ed protein per litre of

culture. The molecular mass of the recom-

binant enzyme in the native state was

estimated to be 198 kDa by dynamic light-

scattering analysis, with a polydispersity of

27%. This is consistent with the protein

being a tetramer. Well diffracting crystals

were obtained with the optimized reservoir

solution comprising 28%(w/v) PEG 400,

100 mM sodium chloride, 200 mM calcium

chloride, 100 mM HEPES pH 7.5. Crystals

grew reproducibly to approximate dimen-

sions of 0.4 � 0.2 � 0.15 mm within a week

(Fig. 1). A set of diffraction data was

collected to 2.5 AÊ resolution at 100 K using

synchrotron X-rays. A total of 466 523

measured re¯ections were merged into

40 795 unique re¯ections with an Rmerge (on

intensity) of 4.6%. The crystals belong to

the tetragonal space group I4, with unit-

cell parameters a = b = 145.79 (6),

c = 130.98 (19) AÊ , where the estimated

standard deviations are given in parentheses.

The presence of four monomers of chor-

ismate synthase in the asymmetric unit gives

a crystal volume per protein mass (VM) of

2.13 AÊ 3 Daÿ1 (Matthews, 1968), with a

corresponding solvent content of 42.3%.

Table 1 summarizes the data-collection

statistics.

The self-rotation function R (!, ', �) was

calculated using the program POLARRFN

from the CCP4 suite (Collaborative

Computational Project, Number 4, 1994). It

showed two strong peaks (74.9% of the

origin peak) at ! = 90, ' = 45� and at ! = 90,

' = 135� in the � = 180� section, while the

� = 90� section showed no signi®cant peaks.

This indicates that twofold non-crystallo-

graphic symmetry axes relate the four

monomers in the asymmetric unit and that

the four monomers are likely to form a

tetramer of 222 symmetry. We checked the

possibility of twinning (Yeates, 1997) and

found that the crystal is partially merohed-

rally twinned. A twin fraction � of 28.0% in

the range 20±2.5 AÊ was obtained using the

program CNS (BruÈ nger et al., 1998).

However, partial twinning did not hamper

solution of the phase problem using multi-

wavelength anomalous diffraction data

collected at 3.2 AÊ resolution from a crystal

of the selenomethionine-substituted protein,

which was partially twinned to a similar

extent. The model has been re®ned against

the native data without detwinning, giving

Rcryst and Rfree values of 21.0 and 27.9% to

2.5 AÊ , respectively. Re®nement of the model

against the detwinned data gave lower Rcryst

and Rfree values of 13.6 and 20.3%, respec-

tively. These twinned R values probably

Figure 1
A tetragonal crystal of chorismate synthase from
H. pylori. Its approximate dimensions are 0.4� 0.2�
0.15 mm.

Table 1
Data-collection statistics.

Values in parentheses refer to the highest resolution shell
(2.59±2.50 AÊ ).

X-ray wavelength (AÊ ) 0.9794
Temperature (K) 100
Resolution range (AÊ ) 50.0±2.50
Total/unique re¯ections 466523/40795
Space group I4
Unit-cell parameters (AÊ ) a = 145.79, b = 145.79,

c = 130.98
Data completeness (%) 87.0 (80.5)
Average I/�(I) 32.9 (9.1)
Rmerge² (%) 4.6 (16.7)

² Rmerge =
P

h

P
i jI�h�i ÿ hI�h�ij=

P
h

P
i I�h�i , where I(h) is

the intensity of re¯ection h,
P

h is the sum over all re¯ections

and
P

i is the sum over i measurements of re¯ection h.
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underestimate the true crystallographic R

values to some degree (Redinbo & Yeates,

1993).
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