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Ailanine racemase (EC 5.1.1.1) was screened from several acidophilic bacteria.

Acidiphilium organovorum 13H showed the highest activity and was chosen as the

representative source to study alanine racemase from acidophilic bacteria. The

enzyme was found to be localised in the cytoplasm of the bacteria. Relative molecu-

lar mass studies indicated that it had a dimeric native structure with identical

subunits of about 34 kDa each. Maximum activity was observed between 50 and

B60°C and at pH 9. There was no loss of enzyme activity even after incubation at

65°C. The loss of activity upon dialysis against pyridoxal 5’-phosphate-free buffer

containing hydroxylamine, and its partial recovery upon subsequent dialysis against

buffer containing pyridoxal 5'-phosphate suggested that the enzyme required

pyridoxal 5’-phosphate as a co-factor for its catalytic activity.
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Introduction

Alanine racemase (EC 5.1.1.1) is an enzyme that
catalyses the racemisation of D- and L-alanine and
is found widely in prokaryotes™?. This enzyme is
essential for the metabolism of p-alanine in the
synthesis of the peptidoglycan layer of the bacte-
rial cell wall and has been studied as a target for
various natural and synthetic antibiotics®. All
alanine racemases reported to date require
their
through the formation of intermediary Schiff’s

pyridoxal b5’-phosphate for activities
bases with the substrates. Alanine racemase has
been investigated in some detail from various
bacteria such as Bacillus stearothermophilus®®,
Pseudomonas putida®, P. fluorescens™, Salmonella
typhimurium® and Escherichia coli®. Recently, the
enzyme has also been isolated from an euka-
the fungus Tolvpocladium

ryotic source,

niveum'®.

In 1981,
bacterium from a culture of Thiobacillus ferrooxi-

Harrison isolated an acidophilic
dans creating a new genus named Acidiphilium
gen. nov.'” Since then many strains of the genus
Acidiphilium, a group of gram-negative, non-
spore forming and obligately acidophilic bacte-
ria, have been isolated from soil, sewage and
mine drainage and we have been studying the
taxonomy, physiology, biochemistry and genetics
of this genus'~'%.

As there have been no reports of the isolation
of alanine racemases from acidophilic bacteria,
this report represents the first attempt to study
this enzyme from the genus Acidiphilium.

Materials and Methods

Materials —— All chemicals used were of ana-
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lytical grade. L-Alanine dehydrogenase
(EC 1.4.1.1) was isolated from recombinant E.
coli JM109 harbouring the plasmid pICR330 en-
coding the L-alanine dehydrogenase gene from B.

stearothermophilus®®.

Cultivation of wmicroorganisms —— Various
strains of the genus Acidiphilium were cultured
aerobically in an acidic (pH 3.0) medium contain-
ing 0.4% glucose, 0.05% yeast extract, 0.19
trypticase soy broth, 0.39 (NH,),S0O,, 0.019%
K,50,, 0.019% K.;HPO, and 0.05% MgS0,-7H.0 at
30°C.

Screening of alanine rvacemase —— The cells
were harvested at the beginning of their station-
ary phases of growth by centrifugation, suspend-
ed in the standard buffer, 10 mM potassium
phosphate buffer (pH 7.2) containing 0.019 2-
10 uM pyridoxal 5’-
phosphate, and were disrupted by sonication at
£°C.  After

centrifuged and the supernatant solution was

mercaptoethanol and

sonication, the suspension was

dialysed against the standard buffer.

Enzyme Assay —— Alanine racemase activity
was assayed in the D- to L-alanine direction by a
coupling reaction with r-alanine dehydrogenase?®.
The assay mixture contained 0.1 M CHES-NaOH
buffer (pH 9.0), 2.5 mM NAD", 30 mM b-alanine,
30 units of L-alanine dehydrogenase and an
appropriate amount of enzyme solution, and the
increase in absorbance at 340 nm was followed
spectrophotometrically. One unit of alanine
racemase activity was defined as the amount of
enzyme catalysing the formation of 1 xmol of

L-alanine per minute.

Puvrification of Enzyme All procedures
were carried out at 4°C. The standard buffer was
used throughout the purification procedures
unless otherwise stated. The harvested cells

(about 50 g) were suspended in 125 mL of the
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standard buffer. After sonication, centrifugation
and dialysis against the standard buffer, the
resultant cell-free extract was brought to 509%
saturation with ammonium sulphate. The resul-
tant precipitate after centrifugation was dis-
solved in and dialysed against the standard
buffer. The dialysed solution was loaded onto a
570 mL (¢ 5 X 27 em) DEAE-Toyopear] 650M
column (Tosoh Co.) equilibrated with the stan-
dard buffer. The column was washed with the
standard buffer containing 20 mM KCI and eluted
with the same buffer containing 80 mM KCI. The
active fractions were pooled, concentrated and
dialysed against the standard buffer containing
2.0 M KCI. After dialysis, the enzyme solution
was applied onto an 80 mL (¢ 3.8 X 7 cm) Butyl-
Toyopear] 650M column (Tosoh) equilibrated
with the standard buffer containing 2.0 M KCI.
After washing with the same buffer used for
equilibration, the enzyme was eluted with the
standard buffer containing 1.5 M KCI. The active
fractions were pooled, concentrated and dialysed
against the standard buffer containing 2.0 M KClI,
and reloaded onto a 20 mL (¢ 3.8 X 1.5 cm)
Butyl-Toyopearl 650M column (Tosoh) equili-
brated with the buffer used for the dialysis of the
sample. The column was washed with the same
buffer and eluted by a linear gradient from 2.0 M
to 1.5 M KCI. After the active fractions were
pooled, concentrated and dialysed against the
standard buffer, the resultant solution was sub-
jected to gel filtration on a Superdex 200 16/60
column (Pharmacia LKB Biotechnology Inc.)
equilibrated with the standard buffer containing
0.2 M KCI and connected to a fast protein liquid
chromatography (FPLC) system. Elution was
carried out with the standard buffer containing
0.2 M KCI at a flow rate of 0.5 mL/min with a
fraction size of 1 mL. Active fractions were
collected, concentrated and dialysed against the
standard buffer before being stored at —20°C

until further use.
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Protein Determination —— Protein concentra-
tions were determined by using the Bio-Rad
Protein Assay kit based on the Bradford
method!” with bovine serum albumin as a stan-
dard.

Results

Screening of alanine vacemase activity —— We
screened 6 strains of the genus Acidiphilium for
alanine racemase activity and found that all of
the strains exhibited alanine racemase activities
with specific activities ranging from about
3 - 16 mU/mg (Table 1). From these 6 strains,
Acidiphilium organovorum 13H demonstrated the
highest specific activity (16.2 mU/mg). A. or
ganovorum 13H was thus chosen for the purpose
of studying alanine racemase from acidophilic

bacteria.

Enzyme production against cultivation time
We harvested the A. organovorum 13H culture at
various times, disrupted the cells to obtain the
cell-free extracts as described in Materials and
Methods and measured the alanine racemase
activities of the extracts. As can be seen from
Fig. 1, the highest activity was recorded from
cells harvested after 30 hr of growth, correspond-
ing to the beginning of the stationary phase with
an optical density of about 2.0 at 540 nm. From
these results, we decided to harvest the cells at
about 30 hr after inoculation for the purification

of alanine racemase from A. organovorum 13H.

Alanine racemase from Acidiphilium organovorum 15

Localisation of enzyme in the cell —— We
subjected the cells to lysis with lysozyme to
obtain the periplasmic fraction and the
resuspended debris was sonicated to obtain the
cytoplasmic fraction, and we found that about
9094 of the alanine racemase activity in A. o
ganovorum 13H was localised in the cytoplasm of
the cell (Table 2). Acidic phosphatase and 23-
galactosidase were used as marker enzymes for
the periplasmic and cytoplasmic fractions,
respectively. Sonication was thus chosen as the
method to be used to disrupt the cells for the
purpose of purifying alanine racemase from A.

organovorum 13H.

After

fractionation by ammonium sulphate (0 - 509

Purification of alanine racemase

saturation), ion-exchange by DEAE-Toyopearl
650M, hydrophobic interaction chromatography

25 25
L OD540
20 [ -~ Specific Activity (mU/mg) 209
I [v*]
o,
="
1.5 2
. 15
2
o <
o) =
1.0 10 =
3
<
0.5 5 g
0.0 0
0 10 20 30 40 50
Cultivation Time (hr)
Fig. 1 Relationship between the growth of A. or-

ganovorum 13H and the production of alanine
racemase.

Table 1 Alanine racemase activity of different strains of the genus Acidiphilium

Acidiphilium Volume Enzyme Protein Specific

spp. of Extract Activity Concentration Activity

Strains (mL) (mU/mL) (mg/mlL) (mU/mg)
A. aminolytica JCNV8796 13.0 10.0 0.961 10.4
A. factlis ATCC35904 12.0 2.81 0.897 3.13
A. facilis 16R 14.0 66.8 5.58 12.0
A. facilis 22M 13.0 4.04 0.599 6.75
A. facilis 24R 12.0 3.58 0.526 6.81
A. organovorum 13H 17.0 104 6.42 16.2
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by Butyl-Toyopearl 650M (twice) and gel filtra-
tion through Superdex 200, we were able to par-
tially purify the alanine racemase from A. or-
ganovorum 13H by about 700-fold with a yield of
5% (Table 3). The enzyme was then stored at
—20°C.

Relative moleculay wmass determination ——
Using a Superdex 200 16/60 column (Pharmacia)
that was calibrated with molecular mass markers
(thyroglobulin, 669 kDa; 440 kDa;
catalase, 232 kDa; bovine serum albumin, 67 kDa;

ferritin,
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Fig. 2 Relative molecular mass of native alanine
racemase determined by gel filtration through a
Superdex 200 column.
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ovalbumin, 43 kDa; chymotrypsinogen A, 25 kDa),
we determined that the alanine racemase had a
relative molecular mass of about 63 kDa (Fig. 2).
Results from SDS-PAGE showed that the
denatured enzyme had a relative molecular mass
of about 34 kDa when compared against the
relative mobility of protein standards (phospho-
rylase b, 94 kDa; bovine serum albumin, 67 kDa;
ovalbumin, 43 kDa; carbonic anhydrase, 30 kDa;
soybean trypsin inhibitor, 20.1 kDa) (Fig. 3).
The difference in the molecular mass values
obtained from the native and denatured enzymes

suggests that the alanine racemase from A. or-
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Fig. 3 Relative molecular mass of denatured alanine
racemase determined by SDS-PAGE.

Table 2 Localisation of alanine racemase activity in A. organovorum 13H

Cellular Total Total Percentage
Protein Activity of Activity
Fractions (mg) (U (%)
Periplasmic fraction 18.0 0.58 94
Cytoplasmic fraction 315 5.6 90.6

Table 3 Purification of alanine racemase from A. organovorum 13H

Purification Total Total Specific Yield Purification

Protein Activity Activity Index

Step (mg) (U) (U/mg) (%) (Fold)

Cell-Free Extract 733 46.4 0.0633 100 1.0

0-509% (NH,),S0, 575 50.8 0.0884 109 14
DEAE-Toyopearl 650M 60.4 46.7 0.774 101 12
1st Butyl-Toyopearl 650M 14.3 44.8 3.14 96.6 50
2nd Butyl-Toyopearl 650M 217 9.17 4.22 19.8 67
Superdex 200 0.0522 2.32 44.5 5.01 700
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ganovorum 13H consists of two identical
subunits.
Physical characteristics —— The enzyme ex-

hibited maximum activity between 50 and 60°C,
and retained almost 10095 of its activity even
after being incubated at 65°C for 30 min. The
enzyme, however, lost most of its activity upon
incubation for the same duration of time at 70°C
(Fig. 4). We also found that the optimum pH of
the enzyme was at pH 9.

Requivement of co-factor The enzyme
retained all of its activity even after dialysis
against pyridoxal 5’-phosphate-free standard
buffer. However, all activity was lost upon
dialysis against pyridoxal 5’-phosphate-free stan-
dard buffer containing 10 mM hydroxylamine.
Subsequent dialysis against 10 mM potassium
phosphate buffer (pH 7.2) containing 0.01% 2-
and 100 M pyridoxal 5’-
phosphate restored the activity of the enzyme by
about 189, thereby suggesting that the enzyme

required pyridoxal 5’-phosphate for its activity.

mercaptoethanol

Discussion

This is the first report of an alanine racemase
from an acidophilic bacteria and from the genus
Acidiphilium. We found that alanine racemase
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Fig. 4 Optimum temperature and thermal stability of
alanine racemase from A. organovorum 13H.
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activity was present in all of the 6 strains that
were screened. This result concurs with the wide
occurrence of the enzyme in bacteria.

We have found that the properties of the
enzyme from A. organovorum 13H are very simi-
lar to alanine racemases from other sources. Gel
filtration and SDS-PAGE results indicate that the
enzyme comprises of a dimer of identical
subunits with a relative molecular mass of about
34 kDa for each subunit. This is similar to other
alanine racemases which are either monomers or
dimers with molecular sizes of about 40 kDa'®.
The A. organovorum 13H enzyme is most active
between 50 and 60°C and at pH 9, which is similar
stearo-

to the alanine racemase from B.

thermophilus®, the most extensively studied of all
reported alanine racemases'*?%.

Although A. organovorum 13H thrives in an
acidic environment, the pH of the cytoplasm of
the cell is at around pH 7. Thus the optimum pH
of the alanine racemase being in the alkaline
region corresponds well with the results of the
localisation study. That the alanine racemase
occurs mainly in the neutral environment of the
cytosol explains how the enzyme remains
catalytically active even though the cell is culti-
vated at a pH 3-medium.

All known alanine racemases require pyridox-
al 5’-phosphate as a co-factor for their catalytic
activities?. Results from co-factor studies indicat-
ed that the enzyme from A. organovoruwm 13H
may also be a pyridoxal 5’-phosphate dependent
enzyme. However, further studies are necessary
to confirm this, since there was no loss of activity
seen after dialysis against pyridoxal 5’-
phosphate-free buffer.

The alanine racemase from A. organovorum
13H is also relatively stable to heat and this
makes it suitable for studies on the mechanism of
its enzymatic reaction, which will be the basis of
our further studies on this enzyme. Meanwhile,
we are also investigating alanine racemases from

other acidophilic microorganisms such as the
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genus Sulfolobus, a hyperthermophilic acidophilic

archaeon.
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