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RsbX from Bacillus subtilis is a manganese-dependent PPM phosphatase and

negatively regulates the signal transduction of the general stress response by the

dephosphorylation of RsbS and RsbR, which are activators of the alternative

RNA polymerase � factor SigB. In order to elucidate the structural–functional

relationship of its Ser/Thr protein-phosphorylation mechanism, an X-ray

crystallographic diffraction study of RsbX was performed. Recombinant RsbX

was expressed in Escherichia coli, purified and crystallized. Crystals were

obtained using the sitting-drop vapour-diffusion method and X-ray diffraction

data were collected to 1.06 Å resolution with an Rmerge of 8.1%. The crystals

belonged to the triclinic space group P1, with unit-cell parameters a = 33.3,

b = 41.7, c = 68.6 Å, � = 98.8, � = 90.0, � = 108.4�.

1. Introduction

Once optimal bacterial growth conditions have been interrupted by

nutrient depletion or deterioration of the environment such as an

accumulation of metabolic pollutants, bacteria enter the stationary

phase, in which cell growth and division slow and their cellular

metabolism and cell contents change to resist growth-limiting

stresses.

In the representative Gram-positive bacterium Bacillus subtilis, it

is known that an alternative � factor, SigB (�B), is the regulator of the

general stress response (Haldenwang, 1995; Hecker & Volker, 1998;

Price et al., 2001; Guedon et al., 2003). The activity of SigB is directly

regulated by a signalling cascade under stress conditions derived from

both nutrient deprivation and environmental changes and the cas-

cade is composed of seven components called Rsb proteins (regula-

tors of sigma B; Hecker et al., 2007). These components transduce the

stress signal to SigB by a series of phosphorylation–dephosphor-

ylation and accompanying protein association–dissociation events.

The environmental stress triggers activation of the supramolecular

protein-complex stressosome, which contains multiple copies of the

RsbR, RsbS and RsbT proteins (Chen et al., 2003; Marles-Wright et

al., 2008). The downstream cascade of the activated stressosome

releases SigB from the anti-sigma factor RsbW and induces the stress

response. Here, we focus on RsbX, which deactivates the stressosome

by the dephosphorylation of RsbS and/or RsbR (Boylan et al., 1992).

RsbX is composed of 199 amino acids and its sequence indicates

that it is comprised of only an Mg2+- or Mn2+-dependent protein

phosphatase (PPM) catalytic domain. PPM is known to be a dinuclear

metalloenzyme similar to phosphoprotein phosphatase (PPP) and

works in a wide variety of intracellular phosphorylation/dephos-

phorylation signalling cascades by responding to stimuli (Taylor &

Zhulin, 1999). This family is divided into subfamilies I and II based

on amino-acid sequences (Bork et al., 1996; Shi, 2004). Subfamily I

enzymes are composed of 11 conserved sequence motifs and are

widely distributed in eukaryotes (e.g. human PP2C) and prokaryotes.

Recent structural analyses revealed the presence of an additional

third metal ion in their active centres (Pullen et al., 2004; Bellinzoni et

al., 2007; Rantanen et al., 2007; Wehenkel et al., 2007; Schlicker et al.,

2008). Binding of the third metal contributes to repositioning of the
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flap subdomain containing the amino-acid ligands of the third metal

and is considered to control substrate binding as the subdomain is

located beside the active site. In contrast, structures of subfamily II,

which includes RsbX and the other Bacillus phosphatases RsbU,

RsbP and SpoIIE, have not yet been determined. Interestingly, their

sequences lack the 5a/5b motif which forms the flap subdomain in

PPM subfamily I (Shi, 2004). The lack of this motif suggests potential

differences between the two subfamilies in terms of binding of the

third metal and substrate recognition. With regard to metal binding, a

DNA microarray study of RsbU mutants indicated that metal binding

regulates phosphatase activity (Guedon et al., 2003), revealing that an

increasing manganese concentration induces general stress response

in the wild type, but no response was detected in the mutants.

Owing to the lack of structural information for this subfamily, it

would be of special interest to investigate the actual metal-binding

mode by structural determination of RsbX. Moreover, the recently

solved structure of an RsbS orthologue (Marles-Wright et al., 2008)

should provide insight into the enzyme–substrate interaction between

RsbX and RsbS. The RsbS orthologue structure was typical of the

sulfate transporter and anti-sigma (STAS) family and showed that its

phospholylated Ser is located in a loop region protruding into

solvent, which might be suitable for direct interaction with RsbX.

To elucidate the structural basis of substrate recognition and the

dephosphorylation mechanism of PPM subfamily II phosphatases

and to reveal the structural and functional relationship between the

three paralogues (RsbX, RsbP and RsbU), structural analysis of

RsbX is under way. In the present paper, we describe the molecular

cloning, expression, purification, crystallization and preliminary

X-ray diffraction analysis of RsbX.

2. Cloning, expression and purification

The gene coding rsbX was cloned from a single colony of B. subtilis

strain 168 by the colony PCR method using the primers 50-GGTGG-

TTGCTCTTCCAACATGATCCAGGTTGAAGAAA-30 and 50-G-

GTGGTCTCGAGTTAGGACAGCTGTCCGAGAAT-30 (SapI and

XhoI recognition sites, respectively, are shown in bold). The PCR

product was inserted into the Escherichia coli expression vector

pTYB11 (New England Biolabs) between the SapI and XhoI sites

and the sequence of the resulting plasmid, pTYB11-RsbX, was

verified. To express RsbX, E. coli BL21 (DE3) (Novagen) was

transformed with pTYB11-RsbX and cultured in Luria–Bertani

medium containing 50 mg ml�1 ampicillin at 310 K until the optical

density (OD600) of the culture reached �0.7. The cells were then

induced with 1.0 mM isopropyl �-d-1-thiogalactopyranoside and

allowed to grow overnight at 291 K.

All the following purification procedures were conducted at 277 K.

The cultures were centrifuged at 4000g for 15 min. The harvested

cell pellets were suspended in phosphate-buffered saline (Sigma–

Aldrich), re-collected by centrifugation at 4000g for 15 min and

stored at 193 K.

The stored cells were resuspended in buffer A (50 mM Tris–HCl

pH 8.0, 0.5 M NaCl, 1 mM DTT) and disrupted by sonication. The

suspension was centrifuged at 20 000g for 1 h to remove cell debris.

The supernatant was loaded onto chitin beads (30 ml; New England

Biolabs) that had been equilibrated in buffer A. After washing

the resin with five column volumes of buffer A, an intein-mediated

cleavage reaction of the fusion protein was induced by the addition of

buffer A containing 70 mM DTT for 2 d. The eluted fractions were

concentrated using an Amicon Ultra-15 Centrifugal Filter Unit with

an Ultracel-10 membrane (Millipore) and further purified by size-

exclusion chromatography on a HiLoad Superdex 75 16/80 column

(GE Healthcare) in buffer B (50 mM Tris–HCl pH 8.0, 0.2 M NaCl,

1 mM DTT) using an ÄKTA FPLC system (GE Healthcare). The

purified protein solution was pooled and concentrated to a protein

concentration of 10 mg ml�1 using a Microcon YM-10 membrane

filter (Millipore). The protein concentration was estimated using a

spectrophotometer with a specific absorption coefficient "280 of

13 410 M�1 cm�1 calculated using the ProtParam server (Gasteiger et

al., 2005).

3. Crystallization and preliminary X-ray analysis

Initial crystallization conditions were screened by the sitting-drop

vapour-diffusion method at 293 K using the commercially available

sparse-matrix screening kits Wizard Screens I and II (Emerald Bio-

Structures). Drops were formed by mixing 1 ml 10 mg ml�1 protein

solution and 1 ml reservoir solution and were equilibrated against

100 ml reservoir solution. Crystals were grown from various condi-

tions containing polyethylene glycols and divalent metal ions. In

particular, large crystals were grown in a few days from a solution

consisting of 0.1 M Tris–HCl pH 8.5, 5 mM MnCl2, 25%(w/v) PEG

1000 using the microseeding technique with seed crystals obtained

from 0.1 M Tris–HCl pH 8.5, 5 mM MgCl2, 20%(w/v) PEG 1000.

X-ray data collection was carried out on the SPring-8 BL41XU

beamline using a Rayonix MX225HE CCD detector. The crystals

were flash-cooled in a cold nitrogen-gas stream without first being
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Table 1
Data-processing statistics for RsbX.

Values in parentheses are for the outermost resolution shell.

Space group P1
Wavelength (Å) 1.0000
Unit-cell parameters (Å, �) a = 33.3, b = 41.7, c = 68.6,

� = 98.8, � = 90.0, � = 108.4
Protein molecules in ASU 2
VM (Å3 Da�1) 2.0
Solvent content (%) 39.0
Resolution range (Å) 67.73–1.06 (1.10–1.06)
Total observations 515582
Unique reflections 141658
Redundancy 3.6 (2.5)
Completeness (%) 90.3 (71.5)
Mean I/�(I) 23.6 (2.3)
Rmerge† (%) 8.1 (36.6)

† Rmerge =
P

hkl

P
i jIiðhklÞ � hIðhklÞij=

P
hkl

P
i IiðhklÞ, where Ii(hkl) is the ith observa-

tion of reflection hkl and hI(hkl)i is the weighted average intensity for all observations of
reflection hkl.

Figure 1
Crystals of RsbX. The maximum dimensions of the crystals were approximately
0.70 � 0.05 � 0.02 mm.



transferred to cryoprotectant solution. A wavelength of 1.0 Å, a beam

size of 10 mm diameter and a crystal-to-detector distance of 75 mm

were used. A total of 360 images were collected with an oscillation

angle of 1� and an exposure time of 2.0 s per image. The beam irra-

diation position was scanned gradually along the longest axis of the

bar-shaped crystals using the SPring-8 data-collection software BSS

(Ueno et al., 2005; Hasegawa et al., personal communication). The

10 mm diameter beam and the change in irradiation position led to

mitigation of radiation damage. The data were integrated and scaled

using the HKL-2000 program package (Otwinowski & Minor, 1997).

Data-processing statistics are listed in Table 1.

4. Results and discussion

The RsbX protein was overexpressed in E. coli cells using the

pTYB11 vector and contained no artificial amino acids after digestion

of the intein tag. The enzyme was highly purified by two steps of

chromatography with a yield of 1.2 mg per litre of culture. The

enzyme activity of the purified sample was detected using p-nitro-

phenyl phosphate as a substrate, showing that the enzyme required

Mn2+ ions for the catalytic reaction (data not shown).

RsbX was crystallized under the conditions described above and

crystals grew to maximal dimensions of 0.70 � 0.05 � 0.02 mm

(Fig. 1). A crystal diffracted to 1.06 Å resolution and belonged to the

triclinic space group P1, with unit-cell parameters a = 33.3, b = 41.7,

c = 68.6 Å, � = 98.8, � = 90.0, � = 108.4�. Assuming that the unit cell

contained two monomers, the Matthews coefficient was estimated as

2.0 Å3 Da�1 and the solvent content was 39%. This estimation is

supported by the Matthews coefficient probability (Kantardjieff &

Rupp, 2003) and the self-rotation function, which shows the existence

of a twofold axis almost along the c axis (Fig. 2). The dimer formed in

the unit cell might not be related to the physiological state, as the

elution profile of the size-exclusion chromatography showed a

monomeric state of the protein in solution (data not shown).

Molecular-replacement trials using several structural models of

PPM/PP2C phosphatases failed as the existing models did not belong

to PPM subfamily II and had relatively low sequence similarity

(�15%) to RsbX. Thus, structure determination using anomalous

dispersion of native manganese or other substituted metal ions and

structural model refinement are under way.
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Figure 2
Self-rotation function at the � = 180� section. The map was calculated in the
resolution range 50–4 Å with an integration radius of 25 Å and drawn with contour
intervals of 0.5�. A significant peak was observed at the position � = 170.9�,
! = 90.0� , � = 180.0�. The figure was drawn with CCP4/MOLREP (Collaborative
Computational Project, Number 4, 1994).
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