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Xanthomonas campestris pv. campestris is the causative agent of black rot, one of

the major worldwide diseases of cruciferous crops. Its genome encodes

approximately 4500 proteins, roughly one third of which have unknown

function. XC2382 is one such protein, with a MW of 14.2 kDa. Based on a

bioinformatics study, it was annotated as an ApaG gene product that serves

multiple functions. The ApaG protein has been overexpressed in Escherichia

coli, purified and crystallized using the hanging-drop vapour-diffusion method.

The crystals diffracted to a resolution of at least 2.30 Å. They are tetragonal and

belong to space group P41/3, with unit-cell parameters a = b = 57.6, c = 122.9 Å.

There are two, three or four molecules in the asymmetric unit.

1. Introduction

Structural genomics aims to determine the three-dimensional struc-

tures of all proteins on a genomic scale (Edwards et al., 2004; Zhang &

Kim, 2004). We have initiated a structural genomics program focused

on Xanthomonas campestris pv. campestris strain 17 (Xcc), a phyto-

pathogen that is widespread and causes diseases of cruciferous crops

(da Silva et al., 2002). We are trying to understand in structural terms

its pathogenicity toward its host (Dow et al., 2000; da Silva et al.,

2002), its capability to produce xanthan gum (Tseng et al., 1999), its

protein-secretion pathway (Lee et al., 2001), its multiple gene-

regulation pathways (Ebright, 1993) and its particular response under

stress (Santos et al., 1999).

The Xcc genome encodes approximately 4500 proteins, many of

which have unknown function. One way to explore the function of an

unknown gene is to determine how it is connected to other genes that

exhibit known functions. Hence, when an unknown gene belongs to

the same operon as another known gene, the function of the unknown

gene can be partially deduced, especially when its three-dimensional

structural information is available. The gene encoding XC2382, a

protein with a molecular weight of 14.2 kDa, has been named apaG

by a bioinformatics study and is located in a multifunctional ksgA-

apaG-apaH operon (Blachin-Roland et al., 1986). The expression of

apaG is found to be tightly linked to apaH, a gene whose expression

product is involved in the metabolism of Ap4N (Leveque et al., 1990).

Ap4Ns are unusual tetraphosphate nucleotides found to be respon-

sible for the priming of DNA replication or to serve as intermediates

in the synthesis of alarmones to signal the outset of cellular stress.

ApaG protein may thus serve a function in the homeostasis of these

interesting metabolites. However, as ApaG has also been suggested

to possess other functions (Rossmann et al., 1974; Wierenga et al.,

1986; Llyin et al., 2000; Tatusov et al., 2001; Liu et al., 2003), its precise

role remains a mystery. To further investigate the function of XC2382,

we have engaged in the solution of its structure. We have cloned this

gene into the Escherichia coli host and expressed, purified and

crystallized its gene product. Initial X-ray analysis of XC2382 was

also performed and is described in this report.

2. Materials and methods

2.1. Cloning, expression and purification

The XC2382 gene was amplified using the sticky PCR method

(Zeng, 1998) from a local Xcc strain. Two PCR reactions, one initi-
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ated with the forward primer P1-AATTCGGAATGCAA-

GATGATCCGCGCTACC and the backward primer P2-

GGTGCAGCGTCCTCGGCACGCTC, and the other with the

forward primer P3-CGGAATGCAAGATGATCCGCGCTACC and

the backward primer P4-TCGAGGTGCAGCGTCCTCGGCAC,

were carried out separately. After amplification, the PCR products

were combined and denatured at 368 K for 5 min before cooling to

obtain approximately 25% of the correct PCR products containing

hanging EcoRI 50-AATTC/G-50 and XhoI 50-TCGAG/C-50 cohesive

ends. They were then ligated with a modified pET-32a(+) vector (Shih

et al., 2002) cut with the same enzymes and cloned into the Escher-

ichia coli BL21 (DE3) host cell. The final construct codes for a

maltose-binding protein tag (396 amino acids), an XC2382 protein

(127 amino acids) and a C-terminal His6 tag under the control of a T7

promoter. Transformed E. coli BL21 (DE3) host cells were grown in

LB medium at 310 K until an OD of 0.8 was attained. Overexpression

of the fusion protein was induced by the addition of 0.5 mM IPTG at

310 K for 4 h. The cells were harvested, resuspended in equilibration

buffer (20 mM Na2HPO4, 70 mM NaCl pH 8.0) and lysed using a

microfluidizer (Microfluidics). After centrifugation, the tagged fusion

protein was purified by immobilized metal-affinity chromatography

(IMAC) on a cobalt column (BD Biosciences). The fusion protein

was eluted with 20 mM Tris pH 8.0, 70 mM NaCl and a gradient of

100–300 mM imidazole. The fractions containing XC2382 were

dialyzed repeatedly with 50 mM Tris pH 8.0, 100 mM NaCl and 5 mM

CaCl. After concentration, the mixture was loaded onto a cobalt

column and the maltose-binding protein (MBP) tag was removed

from the bound fusion protein by factor Xa cleavage at 295 K for

16 h. The XC2382 target protein was then eluted with 20 mM Tris

pH 8.0, 70 mM NaCl and a gradient of 100–300 mM imidazole. The

desired fractions were dialyzed against 20 mM Tris pH 8.0 and 70 mM

NaCl. For crystallization, XC2382 was further purified on an anion-

exchange column (Pharmacia Inc.). The fractions eluted with 20 mM

Tris pH 8.0, 650 mM NaCl were combined and dialyzed against

20 mM Tris pH 8.0 and 70 mM NaCl. The final target protein (127

amino acids) contains an extra octapeptide (GSGGGGEF) at the

N-terminal end and an extra octapeptide LEH6 at the C-terminal end,

with a molecular weight of 15.8 kDa, which was confirmed by mass-

spectrometric analysis. The overexpression and purification of

XC2382 was monitored on SDS–PAGE as shown in Fig. 1.

2.2. Crystallization

For crystallization, the protein was concentrated to 32 mg ml�1 in

20 mM Tris pH 8.0 and 70 mM NaCl using an Amicon Ultra-10

(Millipore). Screening for crystallization conditions was performed

using sitting-drop vapour diffusion in 96-well plates (Hampton

Research) at 295 K by mixing 0.5 ml protein solution with 0.5 ml

reagent solution. Initial screens included the Hampton sparse-matrix

Crystal Screens 1 and 2, a systematic PEG–pH screen and the PEG/

Ion Screen and were performed using a Gilson C240 crystallization

workstation. Pillar-shaped crystals appeared in 1 d from a reservoir

solution comprising 0.8 M NaH2PO4 pH 7.0 and 0.8 M K2HPO4 pH

7.0. This initial conditions were then optimized by varying the

concentrations of sodium phosphate and potassium phosphate.

Crystals suitable for diffraction experiments were grown by mixing

1.5 ml protein solution with 1.5 ml reagent solution and reached

maximum dimensions of 1.2 � 0.2 � 0.1 mm after 3 d (Fig. 2).

2.3. Data collection

Crystals were first frozen in liquid nitrogen and then gradually

soaked in a cryoprotectant solution containing 15, 20 and 22%(v/v)

glycerol in addition to the components of the reservoir. They were

then flash-cooled at 100 K in a stream of cold nitrogen. X-ray

diffraction data were collected using Cu K� radiation from a Rigaku
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Figure 1
SDS–PAGE monitoring of the overexpression and purification of XC2382. Lane M,
molecular-weight markers in kDa; lane 1, whole cell lysate before IPTG induction;
lane 2, whole cell lysate after IPTG induction; lane 3, soluble fraction after IPTG
induction; lane 4, purified XC2382 after factor Xa cleavage. The positions of MBP-
fused XC2382 (59.4 kDa) and XC2382 with linker residues (15.8 kDa) are marked
by arrows.

Figure 2
Crystallization of ApaG from X. campestris obtained by the sitting-drop vapour-
diffusion method. The final applied crystallization condition was 0.6 M sodium
phosphate/potassium phosphate pH 7.0. The approximate dimensions of these
crystals reached 1.2 � 0.2 � 0.1 mm after 3 d.

Table 1
Data-collection statistics for XC2382.

Values in parentheses are for the highest resolution shell.

Space group P41/3

Unit-cell parameters (Å) a = b = 57.6, c = 122.9
Temperature (K) 100
Wavelength (Å) 1.5418
Resolution range (Å) 40.70–2.30 (2.38–2.30)
Mosaicity (�) 0.78
No. of unique reflections 17755 (1764)
Redundancy 3.3 (3.2)
Completeness (%) 99.8 (99.6)
Rmerge (%) 5.7 (41.1)
Mean I/�(I) 16.4 (3.3)
Solvent content (%) 65.5, 48.2 or 30.9



RU-300 rotating-anode generator equipped with Osmic mirror optics

and an R-AXIS IV++ image plate. A resolution of only 2.3 Å could be

obtained for the native data set because of the limitation of a long

unit-cell parameter. The data were indexed and integrated using

HKL processing software (Otwinowski & Minor, 1997), giving a data

set that was 99.8% complete with an overall Rmerge of 5.7% on

intensities. The crystals belong to the tetragonal space group P41/3,

with two, three or four molecules in the asymmetric unit, corre-

sponding to 65.5, 48.2, or 30.9% solvent content, respectively. The

data-collection statistics are summarized in Table 1. An X-ray

diffraction image collected in-house is shown in Fig. 3.

3. Results and discussion

XC 2382 was predicted to be an ApaG protein (gi|21111809) based on

a bioinformatics study (http://xcc.life.nthu.edu.tw/). It bears 74%

sequence identity to the ApaG protein (gi|15838740) from Xylella

fastidiosa (Simpson et al., 2000), 100% identity to the ApaG protein

(gi|21111809) from Xcc ATCC 33913 (da Silva et al., 2002) and 51%

identity to a protein of unknown function (gi|17429901) from

Ralstonia solanacearum (Salanoubat et al., 2002). It contains a highly

conserved GXGXXG context sequence, a pyrophosphate-binding

motif that has been found in the NAD- and FAD-binding proteins

(Rossmann et al., 1974; Wierenga et al., 1986), suggesting that it may

bind pyrophosphate or nucleotide phosphates. ApaG also shares

sequence homology with CorD, a Salmonella typhimurium protein

associated with Co2+ sensitivity and Mg2+ homeostasis, and is there-

fore classified as an uncharacterized protein affecting Mg2+/Co2+

transport in the COG database (Tatusov et al., 2001). Furthermore,

ApaG-homologue domains have also been found in eukaryotic F-box

proteins involved in the recognition of substrate destined for

ubiquitination (Llyin et al., 2000; Liu et al., 2003). The high degree of

sequence conservation among ApaG homologues in bacteria indi-

cated that it performs some important biological function.

The gene of XC2382 consists of 381 bp coding for 127 amino-acid

residues (da Silva et al., 2002). The isoelectric point was calculated to

be 5.12. The purified XC2382 contains an extra octapeptide

GSGGGGEF at the N-terminal end and an extra octapeptide LEH6

at the C-terminal end and shows a greater than 95% purity, with a

single band of approximately 15 kDa on SDS–PAGE (Fig. 1)

The good resolution diffraction obtained from the native crystals

establishes their suitability for X-ray structural analysis (Fig. 3). We

now plan to solve the structure of XC2382 by the multiwavelength

anomalous diffraction (MAD) method using selenomethionine-

substituted protein (Hendrickson & Ogata, 1997; Terwilliger &

Berendzen, 1999), given that a single XC2382 contains three

methionines. However, it may also be possible to solve the XC2382

structure directly by the molecular-replacement method, as an ApaG

crystal structure from Vibrio cholerae sharing 42% sequence identity

and 64% similarity with Xcc ApaG has recently been solved (PDB

code 1xvs). Interestingly, an ApaG from X. axonopodis pv. citri

sharing 94% identity with the Xcc ApaG has had its backbone

assigned by the NMR method (BMRB5998; Katsuyama et al., 2004).

These studies will allow a more thorough understanding of this

remarkable protein of diverse functions.
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Figure 3
The diffraction pattern collected in-house from a flash-frozen crystal with 22%
glycerol cryoprotectant. The exposure time was 10 min, with an oscillation range of
1.0� and a crystal-to-detector distance of 150 mm.
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