
Biochem. J. (2003) 371, 191–197 (Printed in Great Britain) 191

Biochemical and genetic characterization of a novel enzyme of pentitol
metabolism: D-arabitol-phosphate dehydrogenase
Mira POVELAINEN*, Elena V. ENEYSKAYA†, Anna A. KULMINSKAYA†, Dina R. IVANEN†, Nisse KALKKINEN‡,
Kirill N. NEUSTROEV† and Andrei N. MIASNIKOV*1

*Danisco Cultor Innovation, Sokeritehtaantie 20, Kantvik 02460, Finland, †Petersburg Nuclear Physics Institute, Gatchina, Leningrad District 188300, Russia, and
‡Institute of Biotechnology, University of Helsinki, Viikinkaari 9, Helsinki 00014, Finland

An enzyme with a specificity that has not been described

previously, -arabitol-phosphate dehydrogenase (APDH), has

been purified from cell lysate of Enterococcus a�ium. SDS}PAGE

indicated that the enzyme had a molecular mass of 41³2 kDa,

whereas a molecular mass of 160³5 kDa was observed under

non-denaturing conditions, implying that the APDH may exist

as a tetramer with identical subunits. Purified APDH was

found to have a narrow substrate specificity, converting only

-arabitol 1-phosphate and -arabitol 5-phosphate into xylulose

5-phosphate and ribulose 5-phosphate, respectively, in the

oxidative reaction. Both NAD+ and NADP+ were accepted as

cofactors. Based on the partial protein sequences, the APDH gene

was cloned. Homology comparisons place APDH within the

INTRODUCTION

The best-characterized catabolic pathways of polyols start with

the uptake of a neutral polyol by the cell followed by its

oxidation to the corresponding keto-sugar catalysed by an

intracellular polyol-dehydrogenase. The keto-sugars are subse-

quently phosphorylated to form the intermediates of the glyco-

lytic or pentose phosphate pathways. Alternative pathways,

where the polyol is taken up and phosphorylated [typically by a

phosphotransferase system (PTS)], followed by oxidation of the

resulting polyol phosphates by polyol-phosphate dehydro-

genases, are also rather common in bacteria. Particularly, meta-

bolic routes involving hexitol phosphates have been the subject

of many studies [1–4]. Pentitols can also be catabolized via

pentitol phosphate intermediates [5] ; however, studies of such

pathways have been limited to a few species of Lactobacillus and

two pentitols : ribitol and xylitol [6]. Understanding the enzy-

mology of pentitol phosphate metabolism has considerable

practical importance, since these compounds are believed to play

a central role in the cariostatic activity of pentitol sweeteners [7].

Two types of dehydrogenases involved in arabitol assimilation via

pentulose intermediates (Scheme 1) have been characterized

[8–10], but the evidence for arabitol assimilation via the pentitol

phosphate pathway has been controversial. Hausman and

London [6] concluded that in Lactobacillus casei -xylitol-

phosphate dehydrogenase can also oxidize -arabitol 5-phos-

phate (Arb5P) and is probably involved in arabitol assimilation

by such strains. This hypothesis implies that the reduction of

-xylulose 5-phosphate (Xlu5P) and -ribulose 5-phosphate

(Rlu5P) catalysed by this enzyme leads to products with different

Abbreviations used: APDH, D-arabitol-phosphate dehydrogenase; Arb1P, D-arabitol 1-phosphate ; Arb5P, D-arabitol 5-phosphate ; DTT, dithiothreitol ;
Orf, open reading frame; PHMB, 4-hydroxymercuribenzoic acid ; PTS, phosphotransferase system; Rlu5P, D-ribulose 5-phosphate ; Xlu5P, D-xylulose
5-phosphate.
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medium-range dehydrogenase family. Unlike most members of

this family, APDH requires Mn#+ but no Zn#+ for enzymic

activity. The DNA sequence surrounding the gene suggests that

it belongs to an operon that also contains several components

of phosphotransferase system. Both biochemical evidence and

protein sequence homology comparisons indicate that similar

enzymes are widespread among the Gram-positive bacteria.

Their apparent biological role is to participate in arabitol

catabolism via the ‘arabitol phosphate route ’, similar to the

ribitol and xylitol catabolic routes described previously.

Key words: Enterococcus a�ium, NADH-dependent dehydro-

genase, pentitol phosphate metabolism, xylulose 5-phosphate.

stereochemical configurations around C-2. Such specificity would

be very unusual for an NAD+-dependent dehydrogenase. In this

study we demonstrate that a dehydrogenase with specificity

towards -arabitol phosphate can be isolated from a pentitol-

utilizing Enterococcus a�ium strain as well as several other Gram-

positive bacteria. We also present initial structural and functional

characterization of this novel enzyme.

MATERIALS AND METHODS

Materials

Polyols and polyol phosphates were purchased from Sigma

(St. Louis, MO, U.S.A.). Xylitol 5-phosphate was synthesized

according to previously described methods [11]. -Arabitol

1-phosphate (Arb1P) and Arb5P were synthesized by NaBH
%

reduction of Xlu5P and arabinose 5-phosphate followed by

chromatographic separation [12]. The purity of substrates was

checked by 500 MHz "H-NMR spectroscopy. Restriction

enzymes, high-fidelity DNA polymerase and T4 ligase were

purchased from Roche (Zurich, Switzerland). Oligonucleotides

were purchased from MedProbe (Oslo, Norway).

Bacterial strains and culture conditions

E. a�ium ATCC 35665 was from American Type Culture

Collection (Manassas, VA, U.S.A.). This strain was cultivated at

37 °C with shaking (150 rev.}min) for 36 h in a medium con-

taining 5.6 g}l BLA (Biolog lactic acid bacteria) suspension

broth (Biolog, Hayward, CA, U.S.A.), 2 g}l K
#
HPO

%
, 5 g}l
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Scheme 1 Different catabolic routes for D-arabitol

Route 1 is common in bacteria and route 2 is typical in yeast. Route 3 is the most probable arabitol catabolic route in E. avium and several other Gram-positive bacteria. Route 4 may be operating

alongside route 3 in the same strains, although evidence in favour of this route is weak. PPP, pentose phosphate pathway.

NaCl, 0.02 g}l MgSO
%
, 0.05 g}l MnCl

#
, 2 g}l ammonium citrate,

20 g}l xylitol and 0.16 ml of Tween 80. Bacillus halodurans JCM

9153 was from the Japan Collection of Microorganisms (Wako,

Japan). Bacillus subtilis strain BD170 was obtained from the

Bacillus Genetic Stock Centre (Ohio State University, Columbus,

OH, U.S.A.).

Purification of D-arabitol-phosphate dehydrogenase (APDH)

All steps were carried out at 4 °C. Cells from 5 l of culture

medium were separated by centrifugation (3000 g, 20 min),

washed with water and re-suspended in 20 mM Tris}HCl buffer,

pH 7.2, and 3 mM dithiothreitol (DTT; buffer A). Cells were

incubated with 0.3% (w}v) lysozyme (Sigma) at 20 °C for

60 min, sonicated (3¬20 s) and centrifuged (12000 g, 20 min).

The supernatant was dialysed against buffer A, applied to a

DEAE 5PW column (21.5 mm¬159 mm; Amersham Biosci-

ences, Uppsala, Sweden) equilibrated with the same buffer, and

eluted with a linear gradient (0–1 M) of NaCl (total volume,

100 ml) at a flow rate of 3 ml}min. Fractions containing APDH

activity were pooled, concentrated using an Amicon PM-30

membrane to 10 ml, and dialysed against 20 mM Tris}HCl

buffer, pH 7.8, supplemented with 3 mM DTT. This material

was further fractionated by chromatography on a MonoQ

HR(5}5) column (Amersham Biosciences) with a linear gradient

(0–1 M) of NaCl in the same buffer (total volume, 24 ml). The

elution flow rate of 0.6 ml}min was used. The fractions with

APDH activity were pooled and applied to a Sepharose Blue CL

6B column (10 mm¬5 mm; Amersham Biosciences) equilibrated

with 50 mM Tris}HCl buffer, pH 8.0, 100 mM NaCl and 3 mM

DTT. Fractions containing APDH activity were eluted with

3 mM NADH in the equilibration buffer (total volume, 32 ml;

elution flow rate, 0.8 ml}min). Finally, the enzyme solution was

loaded on to a Phenyl-Superose HR 5}5 column (Amersham

Biosciences) equilibrated with 30 mM Tris}HCl, pH 7.4}1.7 M

(NH
%
)
#
SO

%
, and eluted with a linear gradient (0–30 mM) of

Tris}HCl buffer, pH 7.4 (total volume, 40 ml; flow rate, 0.6 ml}
min). Purified APDH was dialysed against 30 mM Tris}HCl

buffer, pH 7.2.

General methods

Determination of the APDH molecular mass under non-

denaturing conditions was performed using a Superose 12

(10 mm¬300 mm; Amersham Biosciences). The column was

equilibrated with 200 mM Tris}HCl buffer, pH 7.2, containing

0.1 mM glutathione and 100 mM NaCl, and calibrated using a

protein molecular-mass standards kit (MW-GF-200; Sigma) for

the molecular-mass range 12000–200000 Da (elution flow rate,

0.4 ml}min). The molecular mass of the protein under denaturing

conditions was estimated by SDS}PAGE on a 10% polyacryl-

amide gel according to the method of Laemmli [13] using

the molecular-mass calibration standards kit LMW (14400–

94000 Da) from Amersham Biosciences. Native electrophoresis

was performed in accordance with [9] using for calibration the

molecular-mass standards kit MW-ND-500 (Sigma) covering

a molecular-mass range of 14000–500000 Da. Isoelectric focus-

ing was performed on SERVALYT2 PRECOTES2 plates 3-10

(Serva Electrophoresis GmbH, Heidelberg, Germany). Protein

concentrations during purification were determined by the

methodofLowry usingBSAas a standard [14]. The concentration

of pure APDH was estimated by UV absorption spectrophoto-
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metry at 280 nm using a specific absoption coefficient of

0.8 l [ g−" [ cm−". "H-NMR spectra and "$C-NMR spectra were

recorded with an AMX-500 Bruker spectrometer. Metal analysis

was performed with Perkin Elmer model 2380 atomic absorption

spectrometer with an acetylene}air flame.Reported metal content

values are averages of four to six parallel measurements using at

least two different batches of enzyme (or apo-enzyme in the metal

reconstitution experiments). DNA was manipulated by standard

procedures [15]. All PCRs were performed with a PTC-225 DNA

Engine (MJ Research, Watertown, MA, U.S.A.).

Enzymic properties and kinetic analysis

The measurement of enzyme activity in the reductive reaction of

Xlu5P was performed at 20 °C by following the rate of oxidation

of NADH at 340 nm in 0.2 ml of a solution containing 20 mM

Tris}HCl, pH 7.2, 1 mM DTT, 0.07 mM NADH, 0.2 mM Xlu5P

and about 1 m-unit of enzyme. A system without sugar

phosphate was used as a control. The reaction was initiated by

the addition of sugar phosphate. One unit of enzyme activity

was defined as an amount catalysing the oxidation of 1 µmol of

NADH in 1 min under the described conditions. Enzyme activity

in the oxidative direction was measured in 20 mM Tris}HCl,

pH 8.5, 1 mM DTT and 0.5 mM NAD+, Arb1P or Arb5P.

To determine the pH optimum, the APDH activity was

measured in both oxidative and reductive directions under normal

conditions, except that the standard assay buffer was replaced

with a series of 100 mM buffer solutions supplemented with

2 mM DTT: pH 3.0–5.5, sodium acetate buffer ; pH 5.5–7.0,

MES buffer ; pH 7.0–9.0, Tris}HCl buffer.

The effect of metal ions, anions and 4-hydroxymercuribenzoic

acid (PHMB) on the enzyme activity was evaluated by incubating

each of them with purified APDH (2–3 units}ml) in 20 mM

Tris}HCl, pH 7.2 (buffer B), at 20 °C for 5 and 30 min followed

by a 100-fold dilution and a standard activity assay. The second-

order rate constant of EDTA inactivation of the enzyme was

determined according to the method described in [16]. The

enzyme (0.1–0.2 unit}ml or 0.05–0.1 µM tetramer) was incu-

bated with different concentrations of EDTA (in the 0–2 mM

range) at 20 °C. Aliquots of 10 µl were withdrawn at 10 min

intervals for 1 h, followed by immediate 20-fold dilution into

the activity assay reaction mixture (20 mM Tris}HCl, pH 7.2,

1 mM DTT, 0.07 mM NADH and 0.2 mM Xlu5P) and measure-

ment of activity. On a preparative scale, the apo-enzyme was

typically obtained by adding EDTA to 1–1.2 ml of a 20–40 units}
ml (10–20 µM enzyme tetramer) solution of APDH to the final

concentration of 3 mM and incubating for 30 min at room

temperature. Excess EDTA and EDTA–metal complex were

subsequently removed by gel filtration on a 5 mm¬200 mm

column of Sephadex G-50 (fine) equilibrated with buffer B

containing 0.5 mM DTT. Electron spin resonance spectroscopy

with a SE}X-2544 ESR spectrometer (Radiopan, Poznan,

Poland) was used to control the concentration of residual EDTA

in apo-APDH according to the method described by Kayestha

et al. [17]. All preparations contained less than 0.1 mM residual

EDTA. Apo-APDH could be stored for about 48 h at 4 °C
retaining full ability to be reconstituted with Mn#+. Recon-

stitution of EDTA-treated APDH with different metal ions was

studied by incubating the solution of apo-enzyme at 2–3 mg}ml

(12.5–19 µM enzyme tetramer) in buffer B containing 0.5 mM

DTT with various metal ions at concentrations in the 10–

50 mM range (20 °C). This was followed by dialysis against three

changes of 500-fold excess of buffer B containing 0.5 mM DTT.

The metal-reconstituted enzyme preparations used in atomic

adsorption analysis were dialysed once against the same buffer

followed by ion-exchange chromatography on Mono Q column

using stepwise elution with 300 mM NaCl. Finally, the enzyme-

containing fractions were dialysed against buffer B containing

0.5 mM DTT (2¬1 l). The chromatography and all dialyses were

carried out at 4 °C.

Double-reciprocal primary plots of velocity against Xlu5P and

NADH were obtained by fitting the experimental data to

equations developed for a ternary-complex mechanism and

reported in detail by Neuberger et al. [9]. The same procedures

were applied for the oxidative reaction with Arb1P and Arb5P as

a substrate and NAD+ as a cofactor. NADP+ and NADPH were

tested in the same manner in the forward and reverse directions

using Xlu5P and Arb1P in suitable conditions. Each kinetic

constant was calculated from a set of measurements that included

four or five different concentrations of a substrate and a cofactor.

Products of the oxidative and reductive reactions were analysed

after the incubation of APDH (10–100 m-units) with different

substrates under standard reaction conditions. The reaction

mixture was then treated with a phosphatase (Sigma catalogue

no. P 4252) [18] and the resulting polyols were analysed with an

Aminex HPX-87P column (Bio-Rad Laboratories, Hercules,

CA, U.S.A.) at 70 °C using isocratic elution with water and

refractive-index detection. Alternatively, polyols were acetylated

and analysed by GLC-MS [19]. Specificity of the enzyme was

studied with various polyols and polyol phosphates under the

conditions described above.

Sequencing of E. avium APDH and cloning of the APDH gene

The Coomassie Brilliant Blue-stained APDH band from SDS}
PAGE was in-gel digested with trypsin and the peptides were

extracted [20,21]. For possible protein identification the ex-

tracted peptides were analysed by mass mapping with a Biflex

MALDI-TOF (matrix-assisted laser-desorption ionization–time-

of-flight) mass spectrometer (Bruker, Franzen Analytik, Bremen,

Germany). For chemical sequencing the peptides were separated

by micro-reversed-phase chromatography and selected peptides

subjected to Edman degradation using a Procise 494 HT

sequencer [19].

PCR with degenerate primers was carried out using the

following programme: five cycles of 93 °C for 45 s, 50 °C for 45 s

and 72 °C for 3 min, followed by 20 cycles of 93 °C for 45 s, 60 °C
for 45 s and 72 °C for 3 min. For hybridization screening, DNA

probes were labelled with the DIG High Prime Labelling system

(Roche) according to the instructions given by the manufacturer.

Chromosomal DNA was isolated from E. a�ium and B. halo-

durans essentially by themethoddescribed inMolecular Biological

Methods for Bacillus [22]. The E. a�ium gene library was

constructed by conventional techniques in BamHI-digested

λZAP vector (Stratagene, La Jolla, CA, U.S.A.) using the 3–8 kb

fraction of a Sau3A partial digest of E. a�ium. The DNA

sequencing service was purchased from MedProbe. Amino acid

and nucleotide sequence homology searches were performed

using the BLAST service provided by the NCBI.

Construction of the expression vector

The expression vector was a derivative of pGT23, described by

Kerovuo et al. [23]. B. subtilis degQ36 promoter [24] modified to

inactivate a presumptive catabolite-responsive element site [25]

was amplified from B. subtilis ATCC 6051 genomic DNA using

oligonuclotide primers oDEGQ 5 (5«-GGAGTCGACCATGG-

GAGCACCTCGCAAAAAAGG-3«) and oDEGQM 3 (5«-GG-

AGAATTCACCTCCTTTCAGAGTCCCGGGTATTTGA-

TCTGTTACTAATAGTGTATCTGCTTTCGG-3«). The PCR

product was digested with SalI and EcoRI and ligated to SalI}
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EcoRI-digested pGT23 to generate pGT74. The kanamycin-

resistance gene was amplified from pDG738 (Bacillus Genetic

Stock Centre) using primers oKAN5 (5«-CGATAGTACTT-

GCTTGAAACCCAGGACAAT-3«) and oKAN3 (5«-CGATG-

GATCCGGGACCCCCTATCTAGCGAAC-3«). ScaI}BamHI-

digested PCR product was ligated with SnaBI}BclI-digested

pGT74, generating pGTK74. The coding sequence of the APDH

gene was amplified from E. a�ium (ATCC 35665) genomic DNA

using oligonucleotide primers oXPDH 52 (5«-GGTGAATT-

CATGAGTAAAACAATGAAGGGTGTTTCCAAGC-3«) and

oXPDH 31 (5«-GGTGGATCCTCTAGAATTTTTGGACAG-

CTTCCTTGATTC-3«). The PCR product was digested with

EcoRI and BamHI and ligated to EcoRI- and BamHI-digested

pGTK74. The resulting plasmid was designated pGTK74

(APDH3). B. subtilis was transformed by the ‘Paris ’ method [26].

RESULTS AND DISCUSSION

The APDH activity was routinely determined by measuring the

reduction of Xlu5P. The enzyme was purified 240-fold from

crude cellular extract of E. a�ium in four chromatographic steps

with a yield of 8% of the initial activity and a specific activity

of 12 units [mg−". The resulting preparation appeared hom-

ogeneous on SDS}PAGE, revealing a single polypeptide band

with an estimated molecular mass of 41³1 kDa. Analytical gel

filtration on a Superose 12 column revealed a single symmetrical

Figure 1 Structural formulae of the two arabitol phosphates and some
closely related compounds

Note that the formula for Xyl5P is drawn ‘upside-down ’ to emphasize its structural relatedness

to Arb1P.

Table 1 Kinetic data obtained for the purified APDH from E. avium

Polyol substrate and

reaction direction Substrate Km (mM) Co-factor Km (mM) Ternary-complex Km (mM2) Vmax (µmol/min per mg)

Xlu5P, reductive K Xlu5P
m 0.23³0.01 KNADH

m 0.021³0.001 K Xlu5P, NADH
m 0.083³0.004 V Xlu5P, NADH

max 14.0³0.2

Arb1P, oxidative K Arb1P
m 2.9³0.1 KNAD+

m 0.80³0.04 K Arb1P, NAD+

m 10.7³0.5 V Arb1P, NAD+

max 1.2³0.02

Arb5P, oxidative K Arb5P
m 0.63³0.03 KNAD+

m 0.71³0.03 K Arb5P, NAD+

m 0.72³0.04 V Arb5P, NAD+

max 0.15³0.003

Xlu5P, reductive K Xlu5P
m 0.65³0.03 KNADPH

m 0.24³0.01 K Xlu5P, NADPH
m 0.86³0.04 V Xlu5P, NADPH

max 1.2³0.02

Arb1P, oxidative K Arb1P
m 3.6³0.2 KNADP+

m 2.7³0.1 K Arb1P, NADP+

m 12.8³0.6 V Arb1P, NADP+

max 0.09³0.002

APDH peak corresponding to 160³5 kDa. Essentially identical

estimates were obtained using native PAGE. Taken together, all

these observations led us to the conclusion that in its native state

APDH is a tetramer. The isoelectric point of the APDH was 6.4.

The maximal catalytic activity of APDH in the reductive reaction

was found at pH 6.8–7.3 and in the oxidative reaction at

pH 8.3–8.6. The same pH optima in both reductive and oxidative

reactions were observed using NADP+ and NADPH as cofactors.

Xlu5P was incubated with the either native or recombinant

APDH in the presence of NADH, followed by treatment of the

reaction products with alkaline phosphatase. When the reaction

products were analysed by HPLC, only arabitol and small

amounts of xylulosewere observed (seeFigure 1 for an illustration

of the structural relationships between arabitol phosphates and

pentulose phosphates). A very similar product profile was

obtained when the experiment was conducted using Rlu5P rather

than Xlu5P as the substrate. The initial velocity of the APDH-

catalysed reduction of Rlu5P was estimated at 2–3% of the

Xlu5P reduction rate. Products of the APDH-catalysed oxidation

of Arb1P by NAD+ were analysed by HPLC and GLC-MS after

dephosphorylation of the reaction products. In addition to

arabitol, only xylulose was detected in these analyses. Arb5P was

also observed to be a substrate for APDH resulting in Rlu5P

production. The initial rate of the APDH-catalysed oxidation of

Arb5P was eight times lower than for Arb1P. No oxidation by

APDH of xylitol 5-phosphate, -sorbitol, -mannitol or xylitol

with NAD+ could be detected. Likewise, erythrose 4-phosphate

and ribose 5-phosphate were not reduced by APDH.

Thus substrate specificity of APDH from E. a�ium seems to be

limited to oxidation of Arb1P to Xlu5P and Arb5P to Rlu5P

using either NAD+ or NADP+ as cofactors. Therefore, the name

‘APDH’, without specification of the position of the oxidized

hydroxyl group, seems to be the best working name for this

enzyme.

Table 1 summarizes kinetic parameters obtained for the

oxidative and reductive reactions of APDH catalysis. Figure 2

shows primary plots for the activity of the enzyme towards

Xlu5P and NADH. These plots clearly indicate that APDH

kinetics are consistent with a ternary-complex mechanism. As

can be seen from Table 1, the value for KXlu&P,NADH

m
of 0.083 mM

is three orders of magnitude lower than the value for Arb1P

(10.65 mM), while the V
max

of the Xlu5P reduction reaction is

about 12-fold higher than that for the oxidative reaction. Kinetic

parameters of the oxidative and reductive reactions using NADP+

and NADPH as cofactors are also listed in Table 1. The rates of

both reductive and oxidative reactions with NAD+ and NADH

as cofactors were about 14 times higher than with NADP+ and

NADPH.

The metal content of APDH purified from E. a�ium was

analysed by atomic absorption spectrometry. Pure APDH con-

tains 4.05³0.02 ions of Mn#+ and less than 0.1 mol of Zn#+,

Mg#+, Ca#+ and other bivalent ions (Cu#+, Cd#+, Co#+ and Fe#+)
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Figure 2 Initial velocities of APDH-catalysed reactions with Xlu5P as the substrate

Left-hand panel : fixed Xlu5P concentrations were 0.75 mM (D), 0.5 mM (*) and 0.35 mM (^). Right-hand panel : fixed NADH concentrations were 0.25 mM (*), 0.1 mM (D) and

0.05 mM (^).

Figure 3 Effect of Mn2u concentration on EDTA-inactivated APDH

Insert : reconstitution of EDTA-inhibited APDH at lower Mn2+ concentrations (0–100 µM). Apo-APDH obtained as described in the Materials and methods section was diluted 100-fold (to 0.02 mg/ml,

0.12 µM) in 20 mM Tris/HCl, pH 7.2. MnCl2 was added to 100 µl aliquots of the diluted apo-enzyme to a final concentration of 10 µM–100 mM. The mixtures were incubated for 30 min at

20 °C, followed by further 10-fold dilution into a solution containing 20 mM Tris/HCl, pH 7.2, 1 mM DTT, 0.07 mM NADH and 0.2 mM Xlu5P, and immediate measurement of activity.

per tetramer. Essentially identical results were obtained using the

recombinant enzyme purified from B. subtilis. Recombinant

APDH was also used in the metal ion reconstitution experiments

described below. The purified APDH was found to be inactivated

by EDTA in a time- and concentration-dependent manner. The

second-order rate constant for EDTA inactivation at 20 °C
measured as described in the Materials and methods section was

12.2 M−" [ s−". Inactive EDTA-modified enzyme contained less

than 0.1 mol of Mn#+ per tetramer. Analytical gel filtration on a

Superose 12 column in the presence of 1 mM EDTA and native
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Figure 4 Deduced amino acid sequence of the APDH from E. avium

The underlined sequences correspond to peptides detected in the MALDI-TOF (matrix-assisted laser-desorption ionization–time-of-flight) mass map of the in-gel-digested native APDH. The sequences

shown in bold were determined by purification and Edman sequence analysis.

gel electrophoresis showed that APDH treated with EDTA

retained its tetrameric structure. Xlu5P did not protect the

enzyme from EDTA inactivation. The EDTA-inactivated APDH

was treated with several bivalent cations (Ca#+, Mg#+, Zn#+,

Mn#+ and Fe#+) in a concentration range of 0.1–20 mM. Only the

addition of Mn#+ at concentrations of up to 2 mM resulted in

complete re-activation of APDH. The specific activity of the re-

activated enzyme was 12³1 units}mg, similar to the non-treated

APDH. The pH optimum for the Mn#+-dependent restoration of

the enzyme was studied by steady-state kinetics using Xlu5P as

a substrate and was about 7.0³0.5. The enzyme restored after

Mn#+ treatment also contained 4.05³0.05 ions}tetramer. Mn#+

ions at concentrations above 10 mM inhibited APDH activity

(Figure 3). Similarly to the yeast Mn#+-dependent enolase [27],

this may be explained by the presence of an additional Mn#+-

binding site in the enzyme molecule. Indeed, increasing the

concentration of Mn#+ up to 20 mM led to incorporation of 6.05

ions}tetramer, and up to 30 mM resulted in 8.0³1 ions}tetramer.

PHMB, Hg#+ and Zn#+ ions at a concentration of 2 mM

completely inactivated APDH. It is well known that in most

medium-chain dehydrogenases Zn#+ plays the role of metal

cofactor, although in some enzymes, for example bovine lens

sorbitol dehydrogenase, either Zn#+ or Mn#+ can function inter-

changeably [28]. In APDH, Mn#+ appears to be the only

acceptable cofactor ion. Thus, the metal-ion dependency of

APDH is different from that of threonine dehydrogenase, where

both Zn#+ and Mn#+ are required for maximum activity [29].

Peptide sequences that were determined from the purified

APDH are shown in Figure 4. Using degenerate oligonucleotides

derived from five of these sequences (Pep1, QYNLCPHR; Pep2,

EIEYIGSR; Pep3, KQGQFIQVGLFANK; Pep4, GAINIDE-

MITK; Pep5, VVNEITDGYGVDK) numerous PCR products

were generated. The largest product (about 650 bp) was obtained

with the primer pair oXP-1F (5«-CARTATAATTTNTGTC-

CNGTTMG-3«) and oXP-4R (5«-ATCATTTCRTCNATRTT-

NATNGCNC-3«), corresponding to Pep1 and Pep4, respectively.

This product was cloned and used to screen the E. a�ium genomic

library. One hybridization-positive clone containing the smallest

insert was sequenced (the sequence has been deposited with

Figure 5 The chromosomal area of E. avium around the APDH gene

Orfs 1 and 3 are homologous to components of the galactitol-PTS from Salmonella typhimurium
and Escherichia coli. The closest homologue of Orf 2 is a component of the arabitol-PTS system

from Listeria monocytogenes.

GenBank under accession number AY078980). The deduced

functional map of the sequenced DNA fragment is shown in

Figure 5. Four open reading frames can be identified within it

(the start of frame 1 is outside of the sequenced area). The amino

acid sequences of the products of these open reading frames were

compared with the GenBank database using the BLASTP service

of NCBI. Open reading frames (Orfs) 1 and 3 show high

homology to components of the galactitol-PTS of Escherichia

coli and Salmonella typhimurium. The highest-scoring homologue

of Orf2 is a component of the PTS system in Listeria monocyto-

genes. The sequence of Orf4 encodes the APDH. All the

sequenced peptides were found within the translated sequence of

Orf4 (Figure 4). Homology comparisons of the APDH sequence

place it within the large family of medium-chain polyol}alcohol

dehydrogenases [18]. The strongest matches are found to the

proteins deduced from the genomic DNA sequences of several

Gram-positive species, particularly from L. monocytogenes

(GenBank accession number NPj466185.1), Listeria inocua

(NPj472141.1), Staphylococcus aureus (NPj002758) and B. halo-

durans (NPj002570). None of these proteins has been charac-

terized biochemically. In comparison with these homologues, all

the enzymes with known substrate specificity are more distantly

related to APDH. Among such enzymes, bacterial sorbitol

dehydrogenases (also referred to as polyol or xylitol dehydro-
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genases) show the closest match. All known sequences of hexitol-

and tetritol-phosphate dehydrogenases show much weaker

homology, indicating that polyol-phosphate dehydrogenases do

not form a common evolutionary branch.

The whole coding sequence of Orf4 was amplified by PCR and

placed under control of a degQ36M promoter from B. subtilis in

a plasmid named pGTK74(APDH3). B. subtilis transformed

with this plasmid expressed APDH at a level of about one-third

of the total soluble protein. The enzyme was purified from the

cell extract of B. subtilis to near homogeneity using Sepharose-

Blue chromatography. The kinetic characteristics of the recom-

binant enzyme were measured in both oxidative and reductive

reactions. The results were essentially identical with those

obtained with the enzyme isolated from E. a�ium.

In order to verify that high-scoring homologues of APDH

identified in genomic sequences share the substrate specificity

with the enzyme from E. a�ium, we have amplified and expressed

an open reading frame from the genomic sequence of B. halo-

durans. Indeed, the recombinant enzyme from B. halodurans

was found to catalyse the reduction by NADH of both Xlu5P

and Rlu5P, but not any of the neutral keto-sugars. Arabitol was

the only polyol found among the dephosphorylated reaction

products of Xlu5P and Rlu5P. This result strongly suggests that

other uncharacterized genomic open reading frames with even

higher homology than that of the B. halodurans enzyme (in the

genomes of L. monocytogenes, L. inocua and S. aureus) also

encode APDH. Moreover, when we fractionated protein extracts

of L. casei strain CL-83 8 [5] induced by growth on xylitol, both

xylitol-phosphate dehydrogenase and APDH were isolated

(results not shown). In the case of Listeria, the conclusion that

this bacterium assimilates arabitol via the arabitol phosphate

route is supported by the findings of Saklani-Justoforges et al.

[30]. These authors have mapped a mutation that leads to the

inability of L. monocytogenes to assimilate arabitol to a compo-

nent of the PTS system. The APDH gene homologue identified

in our searches is located in the same apparent operon. Taken

together, these findings provide strong evidence that assimilation

of arabitol via the arabitol phosphate route is fairly widespread

among taxonomically distant Gram-positive species of bacteria.

The strong preference of APDH for Arb1P argues in favour

of a hypothesis that -arabitol is assimilated in E. a�ium via

route 3 of Scheme 1. However, theoretically, it may also be poss-

ible that both routes 3 and 4 in Scheme 1 operate in parallel.

Biochemical studies of the arabitol-PTS in E. a�ium would be

needed to resolve this question.
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