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Summary. Phosphate transport in bacteria occurs via a phosphate specific

transporter system (PSTS) that belongs to the ABC family of transporters,

a multisubunit system, containing an alkaline phosphatase. DING proteins

were characterized due to the N-terminal amino acid sequence DINGG

GATL, which is highly conserved in animal and plant isolates, but more

variable in microbes. Most prokaryotic homologues of the DING proteins

often have some structural homology to phosphatases or periplasmic

phosphate-binding proteins. In E. coli, the product of the inducible gene

DinG, possesses ATP hydrolyzing helicase enzymic activity. An alkaline

phosphorolytic enzyme of the PSTS system was purified to homogeneity

from the thermophilic bacterium Thermus thermophilus. N-terminal se-

quence analysis of this protein revealed the same high degree of similarity

to DING proteins especially to the human synovial stimulatory protein

P205, the steroidogenesis-inducing protein and to the phosphate ABC

transporter, periplasmic phosphate-binding protein, putative (P. fluorescens

Pf-5). The enzyme had a molecular mass of 40 kDa on SDS=PAGE,

exhibiting optimal phosphatase activity at pH 12.3 and 70 �C. The enzyme

possessed characteristics of a DING protein, such as ATPase, ds endo-

nuclease and 30 phosphodiesterase (30-exonuclease) activities and binding

to linear dsDNA, displaying helicase activity on supercoiled DNA.

Purification and biochemical characterization of a T. thermophilus DING

protein was achieved. The biochemical properties, N-terminal sequence

similarities of this protein implied that the enzyme belongs to the

PSTS family and might be involved in the DNA repair mechanism of

this microorganism.

Keywords: Thermus thermophilus – DING protein – Alkaline phospha-

tase – Phosphate specific transporter system (PSTS) – ATPase – Type II

phosphodiesterase (30-exonuclease)
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Introduction

The name ‘‘DING proteins’’ was recently given to the

ubiquitous members of a protein family of molecular

mass of approximately 40 kDa that possess a characteris-

tic DINGGGATL N-terminal sequence or a closely re-

lated sequence (Adams et al., 2002; Berna et al., 2002;

Belenky et al., 2003; Scott and Wu, 2005). Human DING

was first reported as a fragment of a larger protein of

human synovial fluid possibly associated with rheumatoid

arthritis (RA) (Adams et al., 2002). Other closely related

proteins with properties of receptor or signalling proteins

have been reported in various human and animal cells

(Berna et al., 2002). DING proteins are not restricted to

the animal kingdom, since they have been purified from

several higher plant species. Plant DING proteins and

their microbial relatives may elicit allergic responses

leading to arthritic disease (Berna et al., 2002). Despite

the high frequency of discovery of these proteins, com-

plete gene sequences encoding for eukaryotic DING pro-

teins have not yet been identified.

A variety of prokaryotic proteins related to phosphate

transport or metabolism share significant homology with

the first 14 amino acids of the typical N-terminus of eu-

karyotic DING proteins (Berna et al., 2002). These pro-

teins are periplasmic alkaline phosphatases or periplasmic

phosphate-binding proteins, where periplasmic binding

proteins act to concentrate ions and other metabolites

from the microenvironment, prior to uptake by cytoplas-

mic membrane transporters (Scott and Wu, 2005). Several

microbial proteins related to DING proteins have phos-

phatase activity, which may relate to biomineralisation in

eukaryotic systems (Berna et al., 2002). Bacterial adapta-

tion to the environment often involves modification of

enzymic activation and translocation (Huang et al., 1998).

The activation of bacterial alkaline phosphatase biosyn-

thesis upon phosphate starvation is a classical example of



induced enzyme biosynthesis in bacteria (Huang et al.,

1998), which involves transmembrane signaling regulated

by the level of phosphate in the environment. Control

of this signal transduction pathway requires a phosphate

specific transporter system (PSTS), a multisubunit system

belonging to the ATP binding cassette (ABC) family

of transporters, which bind ATP and couple ATP hydro-

lysis to the transport process across biological membranes

(Kerr, 2002). PSTS of E. coli and P. aeruginosa have

many similarities, including the presence of a porin, a

periplasmic binding protein, an alkaline phosphatase

and regulatory components (Tan and Worobec, 1993).

The alkaline phosphatase (L precursor) of the PSTS

of P. aeruginosa possesses phosphomonoesterase and

phosphodiesterase activities (Tan and Worobec, 1993).

Enzymes, possessing 30-phosphodiesterase activities play

an important role in DNA repair processes and contribute

to genome stability, by removing potentially mutagenic

DNA lesions that cannot be removed by polymerase-asso-

ciated 30-exonucleases (Sander, 1997). E. coli dinG is a

DNA damage-inducible gene which encodes a putative

DNA helicase related to a group of eykaryotic helicases

including Rad3 protein, a component of the DNA excision

repair system in eukaryotes (Koonin, 1993). E. coli DinG

gene product possesses ATP hydrolyzing enzyme activity,

stimulated by ssDNA (Voloshin et al., 2003).

Thermophiles exhibit a preference for ABC-type trans-

porters that are important for their survival in their natural

habitat. ABC-type transporters of these organisms that

thrive in nutrient-poor environments, such as in hot springs,

have the advantage that they can scavenge solutes at

very low concentrations due to the high binding affinities

of their binding proteins (Albers et al., 2001). Thermus

thermophilus that is classified as one of the oldest branches

in bacterial evolution has been used as a model for struc-

tural and functional studies of biotechnologically impor-

tant enzymes (Pantazaki et al., 2002; Lioliou et al., 2004).

We report here the isolation and characterization of a

DING protein from T. thermophilus, which has the char-

acteristics of the PSTS family of proteins. The bio-

chemical properties and the N-terminal similarities of this

protein with other of similar function proteins indicated

the possible involvement of this enzyme in the DNA re-

pair mechanisms.

Materials and methods

Bacterial source, media, nucleic acids and chemicals

T. thermophilus HB8 (Oshima and Imahori, 1974), was grown at 75�C

as previously described (Pantazaki et al., 1998). Calf thymus DNA was

purchased from Sigma and plasmid pUC 119 was isolated from E. coli

XL1 by the alkaline SDS lysis method (Stratagene, CA). Tryptone and

yeast extract were purchased from Oxoid (Unipath LTD, Hampshire, UK).

Chromatographic materials were obtained from Pharmacia Fine Chemi-

cals AB (Uppsala, Sweden) and chemicals from Sigma-Aldrich Chemie

(GmbH, Steinheim, Germany), unless otherwise stated. Restriction endo-

nucleases were purchased from New England BioLabs (Hertfordshire,

UK). Molecular weight DNA and protein markers were obtained from

Gibco-BRL (Karlsruhe, Germany).

Buffers

The buffer solutions used for the different pH values, in the range be-

tween 4 and 13, were previously described (Pantazaki et al., 1998). The

pH values for all buffers were measured at 25 �C and corrected to alkaline

phosphorolytic activity assay temperature of 70 �C by the -dpH=dt (unit=

degree) coefficient, specific for each buffer.

Purification of an alkaline phosphorolytic activity

T. thermophilus cells (25 g wet weight) were suspended in 100 ml of

buffer A (50 mM Tris–HCl pH 8.5) and disrupted by 30 sec cycle soni-

cation (Branson) for 15 min in ice-bath. Cells debris was removed by

centrifugation at 10,000� g for 20 min. The supernate was further cen-

trifuged at 100,000� g for 1 h. The resulting supernate, designated as the

crude extract, received 75ml=ml extract of freshly prepared 10% (w=v)

streptomycin sulphate, under constant stirring for 45 min at 4 �C. The

mixture was centrifuged at 15,000� g for 20 min at 4 �C and 100 ml

of the supernatant were applied on a DEAE-cellulose column, (21�
2.6 cm) equilibrated in 50 mM Tris–HCl buffer, pH 8.5. The column was

washed with 400 ml of the same buffer. A total 300 ml linear gradient of

0–0.5 M NaCl in buffer A was then applied. The fractions exhibiting

phosphorolytic activity eluted at approximately 0.2 M NaCl, were pooled

and applied on a Phenyl-Sepharose column, (7� 2.6 cm), previously

equilibrated with buffer A. The column was eluted with buffer A, to

remove bulk proteins, followed by a 240 ml linear gradient of 0–70%

(v=v) ethylene glycol in buffer A. Phosphorolytic activity was eluted at

approximately 20% (v=v) ethylene glycol. Active fractions were com-

bined and loaded onto a Cibacron blue-Sepharose column (7� 2.6 cm)

equilibrated with buffer A. The column was washed with buffer A

and subsequently eluted by a 300 ml linear gradient of 0–0.7 M NaCl.

Phosphorolytic activity was eluted at approximately 0.25 M NaCl.

Active fractions were pooled and dialyzed against buffer A. The enzyme

preparation from this step was applied on a Heparin-Sepharose column

(13� 1.5 cm) equilibrated with buffer A. The column was washed with

the same buffer, to remove inactive protein, and enzyme activity was

eluted with a total of 300 ml linear gradient of 0–0.2 M NaCl in buffer A.

The active fraction was pooled, concentrated to 1 ml by Amicon ultra-

filtration (PM 10) and applied to a Sephadex G-200 column. The active

concentrated fraction was applied on a Sephadex G-200 column (100 ml

volume) equilibrated with buffer A plus 0.2 M NaCl. The active fractions

were pooled, dialyzed against buffer A and loaded on a Lysine-Sephar-

ose column (8� 2.6 cm) equilibrated with buffer A. The column was

washed with buffer A and then eluted with a total of 200 ml linear

gradient of 0–0.6 M NaCl in buffer A. The enzyme activity was eluted

at the end of the gradient with 0.5 M NaCl. Active fractions were con-

centrated and dialyzed. Glycerol 5% (v=v) was then added, and the

solution was stored at �20 �C.

Alkaline phosphatase assay

Alkaline phosphatase activity was assayed by following the release

of p-nitrophenol from the hydrolysis of p-nitrophenyl phosphate.

The reaction mixture consisted of 1 mM of p-nitrophenyl phosphate

and 50 mM KCl–NaOH buffer pH 12.3 (measured at 25 �C) in a final
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volume of 0.5 ml. The reaction was initiated by adding 50 ml of en-

zyme preparation and incubated at 70 �C during the period of time

indicated in each experiment. Adding an equal volume of 0.25 M

NaOH stopped the reaction and the absorbance of the mixture was

measured at 410 nm, hereafter these being referred to as standard con-

ditions. One enzyme unit represents the hydrolysis of 1 mmol of sub-

strate per min under the aforementioned conditions. When phosphate

esters other than p-nitrophenyl phosphate were used as substrates (such

as phosphorylated nucleotides, sugars or phospho-amino acids), phos-

phatase activity was determined by measuring the amount of phosphate

liberated during incubation at 70 �C, by using the malachite green

procedure (Baykov et al., 1988). Controls without either the enzyme

or substrate were used.

Protein determination

The protein concentration was determined by Bradford’s method using

bovine serum albumin as standard (Bradford, 1976).

Polyacrylamide gel electrophoresis

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

in 10% polyacrylamide gel was performed according to Laemmli (1970).

Protein bands were visualized after staining with silver nitrate.

Protein N-terminal sequence analysis

Protein sample was subjected to SDS-PAGE, electroblotted onto PVDF

Immobilon-P membranes (Millipore Corp., Bedford, MA) and the protein

band corresponding to alkaline phosphatase was visualized with Coomassie

Brillant Blue. The 40 kDa band corresponding to the purified protein were

excised from the membrane and subjected to Edman degradation. Auto-

mated N-terminal sequence analysis was performed on the Applied Bio-

systems protein sequencer model 492 A applying pulsed liquid blot mode

chemistry (Wittman Institute of Technology and Analysis of Biomolecules

(WITA GmbH), Teltow, Berlin, Germany). The deduced N-terminal se-

quence was compared with that of other proteins of databases (Bairoch

and Boeckmann, 1992).

Phosphodiesterase type II (30-exonuclease) activity assay

Phosphodiesterase activity was measured using p-nitro-phenyl thymi-

dine-30-monophosphate ester as substrate (Razzell and Khorana, 1959).

The reaction mixture consisted of 1 mM of p-nitro-phenyl thymi-

dine-30-monophosphate ester (ammonium salt) and 50 mM KCl–

NaOH buffer pH 12.3 (measured at 25 �C) in a final volume of 0.5 ml.

The reaction was initiated by the addition of 50 ml of enzyme pre-

paration and incubation at 70 �C for 1 h. Adding an equal volume of

0.25 M NaOH stopped the reaction and the absorbance of the mixture

was measured at 410 nm. One unit represents the amount of enzyme

that hydrolyzes 1 mmol of substrate per min under the aforementioned

conditions.

Nucleolytic activity assay

Deoxyribonucleolytic activity was determined by monitoring the conver-

sion of DNA to an acid-soluble form. Native or denatured calf thymus

DNA was used as substrate. Denatured DNA was prepared by heating an

aqueous solution of 2 mg=ml DNA in a boiling-water bath for 10 min

followed by immediate cooling in an ice bath. Deoxyribonucleolytic

activity was assayed at 70 �C in a total volume of 0.5 ml in the presence

of enzyme, 0.6 mg=ml DNA and 50 mM of KCl–NaOH buffer pH 12.3

(measured at 25 �C). Reactions were terminated, by adding an equal

volume of chilled 12.5% (v=v) perchloric acid. The reaction mixtures

were placed in an ice bath for 10 min and the absorbance of the acid

soluble products was measured at 260 nm. One unit of deoxyribonucleo-

lytic activity is defined as the amount of enzyme that produces acid-

soluble products giving an increase in absorbance of 0.1 at 260 nm after

1 h of incubation.

Agarose gel electrophoresis of DNA

Aliquots of assay mixtures containing 3mg of each form of DNA were

incubated in the presence of T. thermophilus alkaline phosphatase in a

final volume of 20ml at 70 �C for various time periods. The reaction was

terminated by the addition of 5ml loading buffer containing 0.25% (w=v)

bromophenol blue and 30% (v=v) glycerol and the resulting products

were separated by electrophoresis on agarose gels 1% (w=v), containing

1mg=ml ethidium bromide in 90 mM Tris–borate, and 2 mM Na2EDTA.

Agarose gel electrophoresis was performed with a horizontal gel apparatus

(Mini-SubTM DNA Cell, Biorad) for 2 h at 5V=cm. The gels were visual-

ized under UV light DNA quantification was performed using Gelpro

Analyzer V.3 computer program.

Results

Purification of an alkaline phosphorolytic activity

The purification of an alkaline phosphorolytic activity is

described in Table 1, using p-nitrophelyl phosphate as sub-

strate. The final purification was approximately 7,000-fold

with 6.3% recovery. The purified to homogeneity alkaline

enzyme displayed a single band on SDS=PAGE gel elec-

Table 1. Purification of a T. thermophilus phosphorolytic activity

Steps Total protein

(mg)

Total activity

(units)

Specific activity

(units=mg protein)

Purification

(fold)

Yield

(%)

1. Initial extract 4220 55000 13 1.0 100.0

2. Streptomycin sulfate precipitation 926.7 50600 54 4.2 92.0

3. DEAE-cellulose 157.7 45100 286 22 82.0

4. Phenyl-Sepharose 7.5 41250 5500 423 75.0

5. Cibacron Blue Sepharose CL-4B 1.2 34265 26700 2053.8 62.3

6. Heparin-Sepharose 0.62 24750 39800 3061.5 45.0

7. Sephadex-G200 0.205 11825 57600 4430.7 21.5

8. Lysine-Sepharose 0.038 3465 91184 7014.1 6.3
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trophoresis (10% w=v in acrylamide) at molecular mass

of 40 kDa (Fig. 1). The streptomycin sulphate step was

included since the enzyme preparation contained large

amounts of nucleic acids at all purification steps with ratio

A260 nm=A280 nm higher than 1.2.

Protein characterization: N-terminal sequence

determination

The sequence of the first 14 amino acid residues, determined

for the 40 kDa excised band of T. thermophilus, was as

follows: 1D=(G)VNG(G)(G)ATLPQPLY14. The first amino

acid is not absolutely clear whether it was aspartic acid (D)

or glycine (G). Comparison of this N-terminal sequence

with other sequences available in data bases (Altschul et al.,

1997) showed that the purified alkaline phosphatase pre-

sented strong similarities with proteins belonging to the

family of DING proteins (Table 2). It is surprising that the

purified protein presented the same great similarity with

the steroidogenesis-inducing protein, the human synovial

stimulatory protein P205 (Hain et al., 1996) and the phos-

phate ABC transporter, periplasmic phosphate-binding

protein, putative (P. fluorescens Pf-5). Furthermore, it dis-

played also significant similarities with other phosphate

ABC transporters, alkaline phosphatases with the same mo-

lecular mass or other periplasmic phosphate-binding pro-

teins. The signal peptide is missing from the T. thermoph-

ilus enzyme, indicating that the protein may be localized

to the periplasmic space from where migrate towards the

Fig. 1. SDS-polyacrylamide gel electrophoresis of purified phosphoro-

lytic enzyme. Purified enzyme (3 mg) was subjected to SDS-polyacryl-

amide gel electrophoresis in 10% (w=v) polyacrylamide. The gel was

stained with silver nitrate. 1 Purified enzyme. M Molecular weight

markers of the indicated masses

Table 2. N-terminal amino acid sequences of DING proteins

Amino acid sequence Source Similarities (identities,

positives) (%)

Reference

DVNGGGATLPQPLY T. thermophilus alkaline phosphatase This study

DVNGGGATLPQPLY [Segment 2 of 3] steroidogenesis-inducing protein 100, 100 gij62287179jspkP83897 2

D INGGGATLPQPLY phosphate ABC transporter, periplasmic phosphate-

binding protein, putative [P. fluorescens Pf-5]

92, 100 gij70730127jrefjYP 259866:1j
gij68344426jgbjAAY92032:1j

D INGGGATLPQPLY human synovial stimulatory protein 92, 100 gij41019457jspkP80697 3

D INGGGATLPQQLY ABC phosphate transporter P. aeuginosa UCBPP-PA14 92, 100 ZP_00138283

D INGGGATLPQQLY hypothetical protein PA14_55410 [P. aeruginosa

UCBPP-PA14]

85, 92 gij116048595jrefjYP 792606:1j
gij115583816jgbjABJ09831:1j

-VNGGGATLPQQLY hypothetical protein PaerP_01000347

[P. aeruginosa PA7]

92, 92 gij94418193jrefjZP 01298009:1j

D INXGGATLPQPLY human breast cancer 85, 92 TIGR TC105368

- - -GGGATLPEKLY urinary tract stone matrix protein, 40 K –

unidentified organism (fragment)

81, 90 gij1082909jpirkA56049

AvTGGGA s LPAELY P. aeuginosa alkaline phosphatase 72, 60 PIR: E83559

TvTGGGA smPAKLY P. aeuginosa alkaline phosphatase PIR: E83559

I NGAGATFPAPLY phosphate-binding periplasmic protein

[Aquifex aeolicus VF5]

69, 76 gij15607002jrefjNP 214384:1j

S lTGAGAT f PAP -Y E. coli periplasmic phosphate-binding protein 60, 57 PIR: H91211

- INGAGATFPAPLY phosphate ABC transporter, phosphate-binding

protein [Synechococcus]

69, 76 gij86606216jrefjYP 474979:1j

Consensus DINGGGATLP Q-LY-T-VL-AGFAPY. Alignment of the N-terminal sequences of DING proteins from various species including the

microbial relatives of these and the corresponding DING protein purified from T. thermophilus as well. Microbial sequences were deduced from DNA

sequences and are located at or very near the predicted N-terminus of the mature protein
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cytoplasm. The preponderant conserved motifs in these

proteins are GGGA(T=S), GAGA (T=S) or GAGS(T=S).

It is quite clear that the proteins of the PSTS family strictly

conserve the glycine (G) of the consensus sequence. This

sub-motif shows similarity with the identified ATP-binding

site A (known as Walker A motif I (Walker et al., 1982),

possessing the sequence A=G-X-X-G-X-G-K(T=S), char-

acteristic of NTP-binding=hydrolyzing enzymes.

Biochemical properties

Optimal temperature and pH of DING alkaline

phosphorolytic enzyme

The optimum temperature for the DING alkaline phos-

phorolytic activity, under the assay conditions, was 70 �C

(Fig. 2A). When the assay was performed at 70 �C, at dif-

ferent pH values, a broad peak of activity between 11.5 and

Fig. 3. Thermostability of DING phosphorolytic activity. The enzyme

solutions were heat-treated at temperatures 37, 50, 65 and 80 �C for

various periods (0–3 h) in 50 mM of KCl–NaOH buffer pH 12.3. Incu-

bations were performed without addition of metal ion (A) or in the

presence of 1 mM of Ca2þ (B). The residual activities were then mea-

sured at 70 �C as described in Materials and methods. The data are

plotted as the residual enzyme activity (%) versus temperature (K) versus

time during heat-treatment

Fig. 2. Temperature (A) and pH optima (B) of DING phosphorolytic en-

zyme. Enzyme activity was measured at 50 mM of KCl–NaOH buffer pH

12.3 at different temperatures or at 70 �C at different pH values. Dotted line

represents the curve corresponding to the pH values corrected for 25 �C
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12.6 was obtained (Fig. 2B). It should be noted that the

actual pH values were 10.5–11.5 taking into account the

correction needed for the enzyme assay at 70 �C (Fig. 2B,

dotted line) as described under Materials and methods.

Thermal inactivation studies

The thermal stability of the purified enzyme (Lysine-

sepharose step) was examined by measuring the residual

activity after heat treatment at various temperatures at

different times. Samples containing 1.2 mg of purified en-

zyme were incubated in the absence or presence of 1 mM

Ca2þ or Mg2þ at different temperatures at the indicated

periods of time. As shown in Fig. 3A, the enzyme main-

tained almost all its activity when it was pre-incubated at

37 or 50 �C. When the experiment was performed at

65 �C, the enzyme activity was gradually reduced, where-

as at 80 �C most of its activity was lost after 15 min of

incubation. Similarly, the enzyme stability was barely af-

fected when the enzyme was pre-incubated at 37 or 50 �C

in the presence of 1 mM Ca2þ or Mg2þ (Fig. 3B). When

pre-incubation was performed at 65 or 80 �C, in the pres-

ence of metal ions, the enzyme activity was gradually

reduced during the assay but it remained higher com-

pared to the absence of metal ions. This result indicated

that metal ions might have a protective role. The corre-

lation of catalytic activity and thermostability of en-

zyme reactions have been extensively discussed previous-

ly (Peterson et al., 2004).

Substrate specificity

The purified DING enzyme hydrolyzed a wide variety

of phosphoryl-containing compounds but it displayed

different specificities (Table 3). The enzyme showed a

preference towards the phospho-nucleotides assayed, in

the following order: nucleotides tri-phosphates>di-phos-

phates>mono-phosphates>nicotinamido-adenino-dinucle-

otide phosphate (ATP>ADP>AMP>NADP). Towards

sugar derivatives, the activity was very low and increased

in the following order: glucose-1-p>glucose-1,6-di-phos-

phate> fructose-6-p. Phospho(enol)pyruvate was hydro-

lyzed by the enzyme approximately to the same extent

as ATP. The purified DING enzyme hydrolyzed phos-

pho-amino acids in the order: p-nitrophenyl phosphate>

phospho-tyrosine>phospho-serine>phospho-threonine

(Table 3). This preference of the DING enzyme for ATP

hydrolysis prompted us to elucidate its potential ATPase

activity.

Activity of phosphodiesterase type II (30-exonuclease)

Most of the ATPases have been reported to possess

nucleolytic activities such as single-stranded (ss) DNA

specific endonuclease activity or ATP-dependent double-

strand (ds)-specific exonuclease activity. Furthermore, it

is notable that the similar alkaline phosphatase (L precur-

Table 3. Phosphohydrolytic activity of T. thermophilus on different phos-

phorylated substrates

Substrates Enzyme activity (%)

Nucleotides

p-Nitrophenyl phosphate (control) 100

ATP 157

20-Deoxyadenosine 50-triphosphate 100

ADP 133

AMP 41

NADP 27

Sugars

Glucose-1-phosphate 37

Glucose-1,6-di-phosphate 39

D-fructose-6-phosphate 26

Phospho-amino acids

Phospho-tyrosine 80

Phospho-serine 78

Phospho-threonine 75

Other metabolite

Phospho(enol)pyruvate 168

All substrates used in the assay mixture were in a final concentration of

1 mM and the phosphate determination was performed by the malachite

method as described under Materials and methods

Table 4. Determination of Km and kcat of purified DING phosphorolytic

enzyme against various substrates

Substrates Km (mM) kcat (s�1)

p-Nitrophenyl phosphate 0.100 8.33

ATP 0.006 20.80

Phopshoenol-pyruvate 0.005 20.00

Thymidine 30-monophosphate-p-

nitrophenyl ester (ammonium salt)

0.080 13.33

Phospho-tyrosine 0.250 4.16

Double reciprocal plots of alkaline phosphorolytic enzyme versus con-

centration of substrates were performed against p-nitrophenyl phosphate,

ATP, phosphotyrosine and thymidine 30-monophosphate-p-nitrophenyl

ester (ammonium salt). Enzyme activity was determined according to

malachite green procedure as described in Materials and methods. The Km

was determined by the linear fitting procedure of plots. The maximum

velocities of the reactions were determined for each substate and the kcat

values were calculated by dividing the Vmax by the enzyme concentration

used in the experiments. The enzyme concentration used was 0.12mM
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sor) (L-AP) from P. aeruginosa, exhibits phosphodiester-

ase activity, in addition to the phosphomonoesterase acti-

vity (Tan and Worobec, 1993). Thus, the capability of the

purified DING enzyme to hydrolyze the synthetic substrate

p-nitro-phenyl thymidine 30-monophosphate, specific for

phosphodiesterase activity determination, and especially

for 30-exonucleolytic activity, was examined. It was found

that the enzyme hydrolyzed this substrate and therefore

possessed exonucleolytic activity on DNA to the 30 ! 50

direction. The corresponding Km and kcat values are

shown in Table 4.

Enzyme kinetics

The kinetic properties of T. thermophilus DING enzyme

were examined at optimal temperature and pH, using

various concentrations of p-nitrophenyl phosphate, ATP,

phosphoenol-pyruvate, thymidine 30-monophosphate-p-

nitrophenyl ester (ammonium salt) and phospho-tyrosine,

by measuring the release of phosphates monitored by

the malachite green procedure. The DING enzyme was

shown to hydrolyze all these substrates following typical

Michaelis-Menten kinetics (Table 4), exhibiting the low-

est Km values for ATP and phopshoenolpyruvate. Recent

analysis of raw wall preparations of T. thermophilus re-

vealed the presence of significant amounts of covalently

bound pyruvic acid (Cava et al., 2004). The high specifi-

city for ATP revealed that DING enzyme might act as an

ATPase consistent with the existence of the characteristic

of NTP-binding=hydrolyzing enzymes Walker A motif I

(Walker et al., 1982).

Effect of ATP

The effect of ATP on the DING phosphorolytic and nu-

cleolytic activities was tested, using p-nitrophenyl phos-

phate and DNA as substrates, respectively. As shown in

Fig. 4, ATP enhanced the phosphorolytic activity by ap-

proximately 28 and 35% at concentrations 20 and 40mM,

respectively, while this activation was gradually reduced at

higher concentrations. These results showed that ATP is an

activator of both activities at low concentrations, indicating

that this DING enzyme is ATP dependent.

DNA binding and nucleolytic activity

The interaction of T. thermophilus DING enzyme with

various forms of DNA was assessed by agarose gel elec-

trophoresis. The enzyme was able to interact efficiently

with a random-sequence dsDNA. The time course of this

interaction revealed that a small band shifting of the DNA

and small amount of DNA approximately 8.2% enabled

to enter into the gel after 30 min of incubation with the

enzyme (Fig. 5A, lane 2, band 1). Furthermore, it revealed

the concomitant appearance of a low molecular weight

band of short oligonucleotides, or possibly mononucleo-

tides, resulting from an endo- or exo-nuclease activity

(Fig. 5A, lanes 2 and 3, band 3). This band represents

the 16% (Fig. 5A, lane 2, band 3) and 15% (Fig. 5A,

lane 3, band 3) of the total dsDNA existing in the corre-

sponding lanes, respectively. In addition, a broad smear-

ing of oligonucleotide products representing 81.5% of the

total dsDNA was observed after 1h of incubation, indicat-

ing dsDNA endonuclease activity of the DING protein

(Fig. 5A, lane 3). No degradation products were observed

in the corresponding controls. The enzyme may act ini-

tially as a dsDNA endonuclease and subsequently as exo-

nuclease since both oligonucleotides and mononucleo-

tides were produced. This suggestion is in agreement with

the data obtained with the synthetic substrate p-nitro-phe-

nyl thymidine-30-monophosphate (Table 4) indicating the

30-exonucleolytic activity of the enzyme.

The DING protein interacts with a supercoiled substrate

such as pDNA. Figure 5B demonstrates the distribution

of topoisomers, which was created in the presence of

T. thermophilus enzyme. A band-shifting of the pDNA and

appearance of high molecular weight bands could be attri-

buted to the formation of structures like concatamers (or

catenanes) (Fig. 5B, lanes 2 and 3, bands 1 and 2), with re-

duced electrophoretic mobility compared to supercoiled and

relaxed pDNA (Fig. 5B, lanes 2 and 3). The bands consti-

tuted the 10.6 and 21.3% of the total pDNA amount in the

lanes 2 and 3 (band 1), and 4.3 and 4.4% in the same lanesFig. 4. Effect of ATP on DING phosphorolytic activity
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(band 2), respectively. This was accompanied by the corre-

sponding decrease of the amount of the plasmid bands

(supercoiled and relaxed) on the agarose gel due to its

migration. These observations indicated the interaction of

the DING protein with DNA resulting to the formation of

stable protein-DNA complexes. In addition, a small amount

of a low molecular weight DNA band appeared (band 5)

corresponding to degradation products. Similar results were

obtained with linearized pDNA (Fig. 5C). The degradation

products estimated to be 23% of the total amount of the

linearized pDNA (Fig. 5C, lane 2, band 3).

To confirm the interaction of the DING protein with

dsDNA, a gel retardation assay was performed with a

short 93-bp linear duplex DNA. In the presence of high

concentration of the T. thermophilus DING protein a

strong band-shifting appeared indicating the formation

of stable DING protein-DNA complexes (data not shown)

However, complexes of the DING protein with high-poly-

merized dsDNA did not produce well-spaced bands with

the 93-bp linear duplex DNA indicating that the result

may have been affected either by the heterogeneity of

DNA structure or the high molecular weight or the insta-

bility of the complexes.

Furthermore, the degree of DNA degradation was as-

sessed by the release of acid-soluble oligonucleotides in

the absence or presence of ATP. Upon incubation of either

ssDNA or dsDNA with the DING enzyme a significant

release of acid-soluble oligonucleotides was obtained

above the background levels. In both assays the presence

of 40 mM ATP stimulated enzyme activity by approxi-

mately 35–40% (data not shown). In all these cases ap-

propriate control experiments were performed to monitor

the presence of DNA in the enzyme preparation (data not

shown). Thus, the DING enzyme exhibited ability to hy-

drolyze native dsDNA and ssDNA.

Cation requirements and effect of putative inhibitors

The activity of the DING purified enzyme (Lysine-sepha-

rose step) was assayed under standard conditions in the

Fig. 5. Binding of the purified DING protein

to various DNA forms. The protein was in-

cubated with dsDNA and pDNA (10mg) and

the type of activity was assessed by gel elec-

trophoresis. The reactions were carried out in

the assay buffer in the absence of ATP at

65 �C. Lanes 1A, 1B and 1C: dsDNA, pDNA

and linearized pDNA with a restriction en-

zyme incubated without enzyme for 1 h (con-

trol). Lanes 2A, 2B and 2C: dsDNA, pDNA

and linearized pDNA with a restriction en-

zyme incubated with the alkaline phosphatase

(9 units) for 30 min and lanes 3A, 3B: dsDNA

and pDNA were incubated for 60 min. All

these experiments were performed at least

in duplicate
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presence of 1 mM of various bivalent cations, which were

added directly to the purified enzyme. Of the metal ions

tested, only Ca2þ showed limited activation (13%) of

phosphorolytic activity (Table 5). All other cations either

had limited effect on enzyme activity (Mg2þ, Mn2þ) or

showed inhibitory action in the order Co2þ (30%)<Ni2þ

(65%)<Zn2þ (66%)<Cd2þ (79%)<Hg2þ (84%). In ad-

dition, the activity of the DING enzyme was assayed in

the presence of various putative inhibitors. The enzyme

was pre-incubated at room temperature for 10 min in the

presence of each putative inhibitor. The residual activity

was assayed under standard conditions. The enzyme bare-

ly functioned in the presence of 1 mM of pyrophosphates

and it was inhibited significantly by the presence of 1 mM

EDTA. Among the other widely recognized inhibitors

tested, vanadate and molybdate inhibited enzyme activity

by approximately 48 and 44%, respectively, while fluoride

and tartrate inhibited to a lesser extent (Table 5).

Effect of fatty acids

In Gram-positive bacteria, the substrate binding protein

(SBP) of ABC transporters possesses a membrane lipo-

protein attachment site next to a hydrophobic signal se-

quence. In Gram-negative bacteria the SBP is located in

the periplasm (Braibant et al., 2000). As shown in Fig. 6,

a certain chain-length of fatty acids is required for

DING enzyme activation. Fatty acids with chain length

of C6–C10 activated the enzyme by approximately 30%

at 1 mM. Palmitic or stearic acid with C16 or C18 res-

pectively inhibited dramatically phosphorolytic activity at

the same concentration. However, oleic acid with a chain

length of C18 and one double bond increased the phospho-

rolytic activity by approximately 30% at 0.1–1mM, sug-

gesting the requirement for unsaturated fatty acids for the

activation of DING phosphorolytic activity.

In the presence of 20 mg=ml of phosphatidyl ethanol-

amine, the phosphorolytic activity was increased by ap-

proximately 15%, while higher concentrations (of 40, 60

and 100 mg=ml) caused smaller increase of approximately

9, 7 and 4% respectively, (data not shown). The smaller

induction of 6% by 20 mg=ml of L-lysophosphatidyl cho-

line may be attributed to the fact that phospholipids are

physiological cellular constituents accounting for 30% of

the total lipids, identified as phosphoethanolamine (4%),

phosphatidylglycerol (3%), phospahtidylinositol (10%),

cardiolipin (3%), phosphatidic acid (1%) and other lipids,

in the closely relative strain T. aquaticus. The increased

T. thermophilus DING phosphorolytic activity by the

aforementioned fatty acids, and phospholipids suggested

that the enzyme might have a requirement for lipids that

reconstitute a physiological hydrophobic environment,

similar to the one existing in vivo.

Table 5. Effect of various activators and inhibitors on the DING phos-

phorolytic activity

Activator=inhibitor Concentration

used (mM)

Enzyme

activity (%)

Enzyme dialyzed (control) 100

MgCl2 1 104

CaCl2 1 113

MnCl2 1 97

ZnCl2 1 34

NiCl2 1 35

CoCl2 1 70

CdCl2 1 21

PbCl2 1 32

HgCl2 1 16

EDTA 1 26

Molybdate 10 56

Pyrophosphate 1 14

Tartrate 50 96

Vanadate 0.010 52

NaF 5 89

Fig. 6. Effect of fatty acids on DING phosphorolytic activity. Enzyme

preparations (0.05 units) were incubated at 70 �C at pH 12.3 for 30 min

with different amounts of fatty acids. Caproic acid C6 (&), caprylic acid

C8 (�), capric C10 (~), palmitic C16 (!), steatic C18 (^) and oleic

acid (þ)
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Effect of okadaic acid

The sensitivity of purified DING phosphatase to okadaic

acid was studied. Okadaic acid is a polyether derivative of

a C38 fatty acid, produced by toxigenic dinoflagellates

of the Dinophysis and Prorocentrum species (Me�sstrovi�cc

and Pavela-Vran�cci�cc, 2003). Okadaic acid did not inhibit

T. thermophilus DING phosphorolytic activity up to 1 mM

(data not shown).

Discussion

The T. thermophilus alkaline phosphatase characterized

here represents one of the sparse phosphatases purified

so far from thermophilic microorganisms. The enzyme

possessed the characteristic DING N-terminal amino acid

sequence and showed multiple nucleotide-processing ac-

tivities, including ATPase, dsDNA endonuclease and 30-

exonuclease activity as well as capability of aggregating

pDNA, functioning optimally at high temperature and pH

values thus being thermostable and hyperalkaline.

The DING proteins present functional similarities be-

tween pro- and eukaryotes (Berna et al., 2002). Only a

few bacterial strains are known to possess a eukaryotic

type DING protein (Berna et al., 2002), arguing against

the very early evolution of the mature DING protein with

a fundamental role in a common ancestor of all three

kingdoms. Microbial DING proteins may have functional

and structural similarities with various animal proteins,

involved in the generation and immobilization of free

phosphate, an essential part of calcification in animal sys-

tems (Berna et al., 2002). This occurs in arthritic synovial

fluid where nucleoside triphosphate pyrophosphatase is

thought to be a key enzyme (see Table 2, human synovial

stimulatory protein) (Pattrick et al., 1991; Ryan et al.,

1991). The investigation of substrate specificity and ki-

netic properties of T. thermophilus DING protein showed

that the enzyme displayed adenosine triphosphate pyro-

phosphatase activity, exhibiting the lowest Km value of

0.006 mM for ATP, amongst the substrates tested.

Interestingly, in spite of the significant sequence homol-

ogy of P. fluorescens (Pflu) DING protein with periplasmic

phosphate-binding proteins from other Gram-negative bac-

teria, and the great similarity of the N-terminal sequence

with T. thermophilus DING enzyme (Table 2), the Pflu

DING protein, does not exhibit detectable phosphatase

activity and binds phosphate, with relatively low affinity

(Scott and Wu, 2005).

In addition, the T. thermophilus DING enzyme demon-

strated phosphodiesterase activity besides its phosphomo-

noesterase activity; a feature common to the homologue

P. aeruginosa L-AP (Tan and Worobec, 1993), which is

indicative of the capability for DNA affinity, binding

and hydrolysis. Secondary nucleolytic activities such as

ATPase and prokaryotic DNA polymerase is displayed by

the DING of E. coli (Koonin, 1993; Voloshin et al., 2003),

while a phosphatase purified from E. coli was able to

hydrolyze phosphomono- or diester bridges between the

phosphate and the 30-hydroxyl group of a DNA chain,

with the characteristics of a DNA phosphatase-exonu-

clease (Richarson et al., 1964). An ATP-dependent deoxy-

ribonuclease from B. subtilis possesses three activities

such as DNase on linear single and dsDNA, DNA unwind-

ing and ATPase activity (Shemyakin et al., 1979).

T. thermophilus DING protein isolated from the cyto-

plasm lacked its signal peptide present to other homo-

logues, such as P. aeruginosa L-AP (Tan and Worobec,

1993), indicating that the DING protein transport from

the periplasmic space towards the cytoplasm may takes

place after truncation of its signal peptide. Moreover, its

activation by oleic acid could be attributed to a hydropho-

bic origin of the enzyme that may initially be localized in

the periplasm, or to its stabilization at high temperatures.

Periplasmic expression of DING proteins appears to be

related to signalling components that are able to interact

with signal molecules only after passing through the

bacterial outer membrane (Scott and Wu, 2005). Some

related signalling pathways are linked to the activation

of cell growth, and appear to contribute to abnormal cell

proliferation, which is a feature in both cancer and RA

(Lukashev and Werb, 1998), in which DING proteins are

present (see related proteins in Table 2). In addition, the

component of the SOS regulon DinG of E. coli is trans-

criptionally induced in response to DNA damage by treat-

ments like the heat shock adaptive response (Lewis et al.,

1992). In Gram-negative bacteria DING proteins are peri-

plasmic binding proteins, which concentrate ions and

other metabolites from the environment, prior to uptake

by cytoplasmic membrane transporters (Scott and Wu,

2005). This is consistent with expression of the P. aeru-

ginosa L-AP after exposure to phosphate poor media.

T. thermophilus phosphatase activity was reduced to

about 26% in the presence of the chelating agent EDTA

attributing a metalloenzyme character to the protein. How-

ever, although the presence of metal ions such as Mg2þ or

Ca2þ, slightly increased the enzyme activity, the thermo-

stability of the enzyme was affected only at high tempera-

tures. Similarly, the thermostability of the T. neapolitana

alkaline phosphatase was increased in the presence of

Co2þ and Mg2þ (Dong and Zeikus, 1997), while Mg2þ

446 A. A. Pantazaki et al.



has been reported to play an important role in thermo-

stability and structural stabilization of the catalytically

active form of E. coli alkaline phosphatase metalloen-

zyme (Janeway et al., 1993). Thus, Ca2þ may replace

Mg2þ in the T. thermophilus apoenzyme. Moreover, T.

thermophilus alkaline phosphatase was inhibited by

Zn2þ exhibiting similar behavior to the Tca alkaline phos-

phatase precursor from Thermus caldophilus GK24, for

which it was suggested a direct involvement in some of

the different metal binding sites (Park et al., 1999). The

inhibition of T. thermophilus DING enzyme by vanadate,

a putative inhibitor of phosphatases, ATPase activity and

DNA binding capability of the ABC ATPases superfamily

(Pezza et al., 2002) might suggest that this enzyme may

involved to DNA recombination and repair mechanisms.

On the other hand, T. thermophilus DING enzyme was not

affected by okadaic acid an inhibitor of protein phospha-

tases 1 (PP1) and 2A (PP2A).

Alongside to this background, the high degree of struc-

tural conservation of microbial, animal and plant DING

proteins argues for a fundamentally important role of

T. thermophilus DING phosphatase in a signal transduc-

tion mechanism and in the DNA repair=DNA metabolism,

which deserves elucidation. The physiological mechan-

isms in which are involved may be related with stress con-

ditions like phosphate limitation, mutagenesis or DNA

damage.
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