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The aphA gene of Salmonella enterica sv. Typhimurium strain

MD6001 was cloned in the multicopy plasmid pBluescript SKÿ. The

recombinant AphA protein was puri®ed to homogeneity. The protein

crystallized in the orthorhombic space group P212121, with unit-cell

parameters a = 112.4, b = 130.2, c = 139.6 AÊ . Consistent with the self-

rotation function, there are two tetramers in the asymmetric unit,

indicating a solvent content of �54%. The crystals are composed of

biologically active AphA molecules.
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1. Introduction

Bacterial non-speci®c acid phosphatases

(bNSAPs; EC 3.1.3.2) are secreted enzymes

that function as soluble periplasmic proteins or

as membrane-bound lipoproteins (Rossolini et

al., 1998). They are a diverse group of mono-

meric or oligomeric proteins with monomer

molecular weight in the range 25±30 kDa.

These enzymes do not exhibit marked

substrate speci®city and can dephosphorylate

disparate phosphomonoesters at acidic to

neutral pH. Based on their amino-acid

sequence, the bNSAPs have been further

classi®ed into three classes: A, B and C. The

amino-acid sequences of class A proteins are

completely unrelated to those of class B and

class C proteins. Class B, class C and some

plant phosphatases (vegetative storage

proteins) show amino-acid sequence similarity

(identity 12±22%) and have been grouped

into the DDDD family (Thaller et al., 1998;

Rossolini et al., 1998). The four invariant

aspartate residues of the DDDD family have

been proposed to be activity-linked, as the

phosphatase activity is observed to be abol-

ished on mutation of any of these Asp residues

(Reilly et al., 2001; Godlewska et al., 2002).

The aphA gene of Salmonella enterica sv.

Typhimurium (S. typhimurium) codes for a

237-amino-acid polypeptide, 23 of which

function as the signal peptide for periplasmic

localization (Swiss-Prot accession No. P58683).

The periplasmic AphA protein is a member

of the class B bNSAPs and exists as

homotetramer of molecular weight �100 kDa.

The AphA protein possesses the consensus

signature sequence motifs of the aspartyl-

phosphate-utilizing phosphohydrolases/phos-

photransferases (APUP; Collet et al., 1998;

Wang et al., 2002) and the mitochondrial

energy-transfer proteins (Prosite code

PDOC00189). The physiological function of

the AphA protein is largely unclear, although

it is generally believed that bNSAPs function

in the periplasmic space as organophosphate-

degrading enzymes (Rossolini et al., 1998). The

hydrolysis of organophosphates in the peri-

plasm enables the organic moieties to enter the

cell. The inorganic phosphate released during

the catalysis can be useful in bioremediation of

nuclear waste (Macaskie et al., 1996). The

phosphotransferase activity of the AphA

enzyme has been demonstrated by terminal

phosphate transfer from hydrolysable

phosphomonoesters to organic compounds

with a free hydroxyl group (Uerkvitz, 1988).

The AphA protein has also been thought to be

involved in an apparently unrelated biological

function, namely chromosomal replication, as

it binds to the hemi-methylated DNA at oriC

of Escherichia coli (Reshetnyak et al., 1999).

Puri®cation and crystallization of AphA from

S. typhimurium LT2 has been reported without

characterization and X-ray analysis of the

crystals (Uerkvitz, 1988). Here, we report the

cloning of the aphA gene of a pathogenic strain

(MD6001) of S. typhimurium and the puri®-

cation, crystallization and preliminary X-ray

analysis of the recombinant protein.

2. Cloning of the aphA gene

Unless otherwise speci®ed, standard mole-

cular-biology techniques (Sambrook et al.,

1989) were used. The pathogenic S. typhi-

murium strain MD6001 obtained from the

Central Research Institute (CRI), Kasuali,

India (CRI No. 5710) had previously been

identi®ed in our laboratory based on the 16S

and 23S rRNA gene sequences (Makde et

al., 2003). The primers Apha3 (50-CCG-

GCCTGACAATAGCTGTTGTGAT-30) and

Apha4 (50-CGTCTCCTGAATAGTGTGCA-

GCAAG-30), designed on the basis of the

published sequence of the aphA gene and its

¯anking regions in the S. typhimurium LT2

genome (McClelland et al., 2001; GenBank

accession Nos. NC_003197 and AE008898),
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were employed to amplify a 973 bp aphA

fragment from the genomic DNA of

MD6001. The ampli®ed DNA fragment

contained the aphA structural gene along

with 155 bp upstream of the start codon and

104 bp downstream of the stop codon. The

ampli®ed product was blunt-ended using T4

DNA polymerase and ligated with HincII-

restricted pBluescript pSKÿ vector. The

ligation mixture was used to transform the

DH5� strain of E. coli and the transformants

were selected on LB plates supplemented

with ampicillin, X-Gal and IPTG. The white

recombinant clones were monitored on

phosphatase-indicator plates as described in

Makde et al. (2003). The phosphatase-

positive clones were checked for the proper

inserts by PCR and restriction-enzyme

analysis. All recombinant clones showed the

presence of a properly oriented aphA gene

in the plasmid. The clones were checked for

phosphatase activity using pNPP (p-nitro-

phenyl phosphate) as the substrate (Kier et

al., 1977). The clone (named pSKÿ-aphA)

showing the highest activity was selected for

puri®cation of the AphA protein. The

sequences of the PCR product of the

chromosomal aphA of MD6001 (GenBank

accession No. AY125468) and the aphA

insert in the recombinant plasmid (pSKÿ-

aphA) were determined using an ABI

automated DNA sequencer.

3. Protein purification and
characterization

The protein was puri®ed using a low-

pressure liquid-chromatography system

(Bio-Rad Biologic Lp) with manually

packed columns at 297 K, except where

stated otherwise. The puri®cation progress

was monitored by pNPP phosphatase assay

and SDS±PAGE. The recombinant DH5�
clone was grown to 1.2 OD600 in LB media

containing 100 mg mlÿ1 ampicillin. The cells

(25 g) harvested from a 7 l culture by

centrifugation at 4000g at 277 K were

suspended in 100 ml ice-cold lysis buffer [50

mM Tris±HCl pH 7.6, 200 mM NaCl, 1 mM

DTT and one tablet of protease-inhibitor

cocktail (Roche) per 100 ml]. The suspended

cells were disrupted by sonication for 3 min

in 30 ml portions maintained on ice. The

lysate was cleared of cellular debris by

centrifugation at 20 000g for 1 h and the

supernatant was subjected to 60% ammo-

nium sulfate precipitation. The precipitate

collected by centrifugation at 12 000g for

30 min was suspended in buffer A1 (10 mM

Tris±HCl pH 7.6, 1 mM MgCl2) and exten-

sively dialyzed against the same buffer,

followed by loading onto a pre-equilibrated

DEAE-Sepharose CL6B column (Amer-

sham-Pharmacia; 2.5 � 18 cm). The bound

proteins were eluted with a linear gradient

of 0±300 mM NaCl over six column volumes

in buffer A1 at a ¯ow rate of 1.0 ml minÿ1.

The peak phosphatase activity was eluted at

approximately 80 mM NaCl. The fractions

showing phosphatase activity were pooled

and dialyzed against buffer A2 (10 mM

sodium acetate buffer pH 5.4, 1 mM MgCl2,

0.5% PEG 6000), which unexpectedly

resulted in nearly twofold puri®cation of the

AphA protein owing to precipitation of

contaminant proteins. The supernatant was

loaded onto a CM-Sepharose FF column

(Amersham-Pharmacia; 1.5 � 15 cm) and

elution of the bound proteins was achieved

with a linear gradient of 0±1.0 M NaCl in

buffer A2. A single peak of phosphatase

activity was eluted at approximately 315 mM

NaCl. The AphA protein was further puri-

®ed by the chromatofocusing method. The

active fractions were dialyzed against the

start buffer (25 mM imidazole±HCl pH 7.6,

1 mM MgCl2) and loaded onto polybuffer

exchanger PBE94 (Amersham-Pharmacia)

with elution of the proteins achieved with

eluent buffer [polybuffer 74 (1:8 dilution)

pH 4]. The phosphatase activity was recov-

ered at pH 6.6. The active fractions were

subjected to 37% ammonium sulfate

saturation by adding solid ammonium

sulfate. The clear solution was loaded onto a

Phenyl-Sepharose HP column (Amersham-

Pharmacia; 5 ml) and the bound proteins

were eluted with a decreasing concentration

of ammonium sulfate from 1.5 to 0 M in

buffer A3 (50 mM sodium phosphate pH

7.0). The single peak of phosphatase activity

eluted at �660 mM ammonium sulfate in

buffer A3 showed a speci®c pNPP phos-

phatase activity (98 U mgÿ1) that was very

similar to that reported for AphA protein

puri®ed from S. typhimurium LT2 (Uerkvitz,

1988). Signi®cant enhancement in the pNPP

phosphatase activity was observed in the

presence of Mg2+ and Zn2+ ions (data not

shown). A single band on SDS±PAGE

showed that the puri®ed protein was a

homogenous preparation with a molecular

weight of �24 kDa (Fig. 1). The mobility of

the partially denatured protein (unboiled in

2% SDS sample buffer) on SDS±PAGE

indicated that the active AphA protein

exists as a tetramer (Fig. 1).

The N-terminal amino-acid residues of

the puri®ed protein were sequenced using a

PPSQ-10 protein sequencer (Shimadzu).

The 15-residue sequence exactly matched

residues 24±38 of the AphA amino-acid

sequence. The amino-acid sequence and the

phosphatase activity observed with the

intact cells con®rm the processing of the

23-residue signal peptide and the localiza-

tion of the 214-residue mature protein in the

periplasm.

We also puri®ed to homogeneity a totally

inactive protein product which was gener-

ated on storage of the partially puri®ed

AphA enzyme. The inactive protein stored

at 277 K for a month was observed on SDS±

PAGE to be of reduced molecular weight

(�22 kDa) (Fig. 1). The presence of the

amino-acid sequence LAEQAPV . . . at the

N-terminus of this protein revealed the

cleavage of an additional 16 amino-acid

residues from the active periplasmic protein.

The truncated AphA was observed as a

monomer on SDS±PAGE, in contrast to the

tetrameric active AphA protein (Fig. 1).

4. Crystallization

The protein was equilibrated against buffer

A4 (25 mM sodium acetate pH 5.6) and

concentrated to 6 mg mlÿ1 using a

Centricon-30 (Millipore). The initial crys-

tallization conditions were screened by

means of the hanging-drop vapour-diffusion

method at 283 K using conditions similar to

the sparse-matrix conditions (Jancarik &

Kim, 1991) and the PEG 6000 grid of

JBScreen 4 (Jena Bioscience GmbH). Typi-

cally, 2 ml protein solution and 2 ml precipi-

tation solution were mixed on a siliconized

cover slip and were equilibrated against

500 ml of the same precipitation solution in

the reservoir. Crystals with dimensions of

less than 30 mm were observed in crystal-

lization conditions with a PEG 6000

concentration varying between 6 and 12%

over the pH range 4.4±5.6. Improvements to

the size of the crystals were achieved using

Figure 1
12% SDS±PAGE with protein samples prepared in
standard buffer: active AphA protein (lane 1),
truncated AphA (lane 2), partially denatured
(unboiled in 2% SDS sample buffer) AphA crystals
(lane 5), partially denatured truncated AphA (lane 6)
and partially denatured active AphA (lane 7).
Standard low- and high-molecular-weight markers
were loaded in lanes 3 and 4, respectively. Molecular
weights are in kDa.



Acta Cryst. (2003). D59, 1849±1852 Makde et al. � Class B non-specific acid phosphatase 1851

crystallization papers

the sitting-drop vapour-diffusion method.

During the trials, 5 ml protein solution and

5 ml precipitation solution mixed on a

Hampton microbridge were equilibrated

against the precipitating solution. Elongated

thin needles of dimensions 200 � 50 �
50 mm grew at 295 K from condition C1

(10% PEG 6000, 25 mM sodium acetate pH

4.7, 5 mM MgCl2). Crystals of dimensions

800 � 200 � 150 mm were grown under

condition C1 by macroseeding these needles

into sitting drops at 295 K. The macroseeds

were introduced after pre-equilibrating the

sitting drops against 500 ml of the precipi-

tating solution C1 for 2 d. SDS±PAGE of the

crystals con®rmed the protein integrity

(Fig. 1). The crystals are composed of the

functionally active form of the protein;

addition of the substrate pNPP turned the

thoroughly washed crystals yellow, presum-

ably owing to the formation of p-nitro-

phenylate.

5. Data collection and crystallographic
analysis

Single crystals were mounted in Lindemann

thin glass capillaries for X-ray diffraction.

The diffraction-intensity data were collected

at room temperature using a MAR 345dtb

imaging-plate system (MAR Research) and

Cu K� radiation from a Rigaku RU-300

rotating-anode X-ray generator equipped

with Osmic mirror optics (Molecular Struc-

ture Corporation). The crystals diffracted to

2.9 AÊ resolution. The unit-cell parameters

were determined by careful inspection of

graphical images of the diffraction and were

con®rmed by autoindexing using DENZO/

SCALEPACK (Otwinowski & Minor,

1997). The integrated intensity data were

scaled and merged using SCALEPACK

(Table 1). The crystals are orthorhombic,

space group P212121, with unit-cell para-

meters a = 112.4, b = 130.2, c = 139.6 AÊ .

One monomer with a molecular weight of

24 kDa (as estimated from the amino-acid

sequence) per asymmetric unit of the

P212121 cell corresponds to a Matthews

coef®cient (VM; Matthews, 1968) of

21.7 AÊ 3 Daÿ1. Since the AphA protein has

been demonstrated to exist as a tetramer of

nearly 100 kDa, two tetramers of the AphA

protein can be expected to be present in the

crystallographic asymmetric unit of the

P212121 unit cell, corresponding to a VM and

solvent content of 2.67 AÊ 3 Daÿ1 and 54%,

respectively. The presence of eight mono-

mers of the AphA protein in the asymmetric

unit is also consistent with the self-rotation

function. The program POLARRFN from

the CCP4 package (Collaborative Compu-

tational Project, Number 4, 1994) was

employed to compute the self-rotation

function using a radius of integration of

18 AÊ and data in the resolution range 10±

4 AÊ . The self-rotation function clearly

revealed the presence of a fourfold and a

twofold non-crystallographic symmetry

(NCS) axes. The fourfold NCS axis is

parallel to the b crystallographic axis of

P212121, corresponding to (!, ', �) = (90, 90,

90�) (Fig. 2). The twofold NCS axis lies in

the plane parallel to the ac crystallographic

plane at an inclination of �45� with respect

to the c crystallographic axis, corresponding

to (!, ', �) = (45, 0, 180�). The intensity of

the NCS peaks relative to the crystallo-

graphic twofold axes was observed to be

�70%. A head-to-head or tail-to-tail

packing of the two tetramers in the

crystallographic asymmetric unit is

suggested by the mutually orthogonal four-

fold and twofold non-crystallographic

symmetry axes.

6. Three-dimensional structure and
biological significance

The biological role of the class B bacterial

NSAPs is not well understood. The phos-

phohydrolase/phosphotransferase activity of

the AphA protein has been demonstrated

for a number of substrates differing in the

structure of the organic moiety and the

protein has also been shown to bind to hemi-

methylated GATC of oriC DNA (Reshet-

nyak et al., 1999). The phosphatase activity

of class B bacterial NSAPs has been

demonstrated against organophosphates

which are hydrolysable by the structurally

characterized class A bacterial non-speci®c

acid phosphatase (Pho of E. blattae; Ishi-

kawa et al., 2000). Although class B NSAPs

share functional similarity with class A

NSAPs, the chemistry of the reaction cata-

lysed is expected to be different owing to the

lack of sequence similarity and the absence

of any shared catalytic motifs. A BLAST

(Altschul et al., 1997) search with the AphA

amino-acid sequence did not reveal any

close homologue in the PDB (Berman et al.,

2000). Fold prediction using the Structure

Prediction MetaServer (http://bioinfo.pl/

meta; Bujnicki et al., 2001) assigned an l-2-

haloacid dehalogenase-like (HAD-like)

hydrolase superfamily fold (SCOP c1.108.1)

for the AphA protein. The HAD-like

superfamily is characterized by two

domains: an �/� core domain resembling the

NAD(P)-binding Rossmann fold and a cap

domain inserted between �1 and �5 of the

core domain (Hisano et al., 1996) (Fig. 3).

The members of the HAD-like super-

family show poor sequence identity of less

than 15% with the AphA sequence, with the

major differences at the N-terminal (�38

residues) and the cap domain (residues

55±87 of the AphA protein; Fig. 3). A partial

structural model of the AphA monomer for

residues 39±54 and 90±214, de®ning the

structurally conserved regions (SCR) of

the core domain, has been constructed

(Vinay Kumar et al., unpublished results)

using the homology-modelling software

MODELLER (Sali & Blundell, 1993). The

atomic coordinates of the SCR, however,

can only be derived to low resolution in view

of the inconclusive poor sequence identity

with any of the identi®ed template struc-

tures. Also, the structure and function of

Table 1
Data-collection statistics.

Values in parentheses refer to the highest resolution shell
(3.7±3.6 AÊ ).

X-ray source Rotating-anode
X-ray generator

Detector MAR 345dtb
imaging plate

Temperature (K) 298
Wavelength (AÊ ) 1.5418
Space group P212121

Unit-cell parameters (AÊ ) a = 112.4, b = 130.2,
c = 139.6

Monomers in asymmetric unit 8
VM (AÊ 3 Daÿ1) 2.67
Solvent content (%) 54
No. of measured re¯ections 99078
No. of unique re¯ections 24431
Resolution range (AÊ ) 20±3.6
Completeness (%) 99.9 (99.7)
Average I/�(I) 10.3 (2.6)
Multiplicity 4.0
Rmerge² (%) 11.7 (45.5)

² Rmerge =
P

hkl jIhkl ÿ hIhklij=
P

hkl Ihkl .

Figure 2
Self-rotation function, � = 90� section. The ! angle
varies in the radial direction and the angle ' varies
along the circumference. The radius of integration
was 18 AÊ and the resolution limits were 10±4 AÊ . A
peak arising from the fourfold non-crystallographic
symmetry axis is observed at (!, ', �) = (90, 90, 90�).
The non-crystallographic fourfold axis is thus parallel
to the crystallographic b axis. Contours are shown in
steps of 10% starting from 30% of the maximum.
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non-homologous polypeptide regions

constituting the N-terminal polypeptide and

the cap domain of AphA cannot be eluci-

dated using bioinformatics approaches. The

partial tertiary structure (structural model of

the core domain) of the AphA protein is

insuf®cient to understand the exact

mechanistic details, as the active site in the

HAD-like fold is situated between the core

and the cap domains.

The tetrameric assembly of the AphA

protein has been reported to be essential for

phosphatase activity (Uerkvitz, 1988). We

also observed a total loss of phosphatase

activity in the truncated AphA protein

lacking 16 N-terminal residues. The inactive

protein product was observed to be a

monomer, suggesting a role for the

N-terminal residues in constituting the

active tetramer of the AphA protein.

However, owing to the non-availability

of any correct template structure, the

quaternary structure of the protein and its

functional role cannot be elucidated from

the model of the monomer (Fig. 3), further

emphasizing the need for the experimental

structure of the active AphA protein.

In summary, we report here cloning,

puri®cation and crystallization of the AphA

protein from S. typhimurium with a view to

elucidating the structure of the protein. The

crystals diffract to 2.9 AÊ resolution using a

laboratory X-ray source. The presence of

two biologically active tetramers in the

crystallographic asymmetric unit is of

considerable signi®cance. This is the ®rst

report of the characterization of the crystals

of a bacterial class B non-speci®c acid

phosphatase. We propose to explore the use

of the low-resolution partial structural

model that we have constructed using

bioinformatics and fold-prediction algo-

rithms in elucidating the experimental

structure of the AphA protein.

Note added in proof: Crystallization and

preliminary X-ray characterization of AphA

from E. coli has been published after the

submission of this manuscript (Forleo et al.,

2003). The point symmetry of the tetramer

of AphA from E. coli is expected to be 222.

We are deeply indebted to Dr S. K. Sikka

for constant interest in the work and for

many useful discussions, Dr Anil Lala of the

National Facility for Photolabelling and

Peptide Sequencing in Biomolecular

systems, Indian Institute of Technology,

Mumbai for the N-terminal sequencing of

the protein and Dr R. Mukhopadhyaya for

help in DNA sequencing.
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