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The gene encoding alkaline phosphatase from the
psychrotrophic bacterium Shewanella sp. SIB1 was
cloned, sequenced, and overexpressed in Escherichia
coli. The recombinant protein was purified and its
enzymatic properties were compared with those of
E. coli alkaline phosphatase (APase), which shows an
amino acid sequence identity of 37%. The optimum
temperature of SIB1 APase was 50 °C, lower than that
of E. coli APase by 30°C. The specific activity of SIB1
APase at 50°C was 3.1 fold higher than that of E. coli
APase at 80 °C. SIB1 APase lost activity with a half-life
of 3.9min at 70°C, whereas E. coli APase lost activity
with a half-life of >6h even at 80 °C. Thus SIB1 APase
is well adapted to low temperatures. Comparison of the
amino acid sequences of SIB1 and E. coli APases
suggests that decreases in electrostatic interactions and
number of disulfide bonds are responsible for the cold-
adaptation of SIB1 APase.
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Microorganisms that can grow at low temperatures,
such as psychrophiles and psychrotrophs, usually pro-
duce cold-adapted enzymes. A cold-adapted enzyme has
been specified by an increase in catalytic efficiency at
low temperatures, a downward shift in the apparent
optimum temperature for activity, and a reduction in
stability at moderate temperatures, as compared to its
mesophilic counterpart.!-® Because these properties are
useful in various applications,”® understanding of the
structural determinants of the cold-adaptation is impor-
tant not only to answer questions as to how these
enzymes adapt to cold environments, but also to develop

a technique to engineer cold-adapted enzymes in a
rational manner. The molecular basis of cold-adaptation,
however, remains largely unknown. One promising
strategy to analyze the adaptation mechanisms of
enzymes to cold environments is to compare the
structure and function of a given enzyme from psychro-
philes or psychrotrophs with those of a mesophilic
counterpart and identify the amino acid substitutions
responsible for these differences.

Alkaline phosphatase (APase) (EC 3.1.3.1) is a non-
specific phosphomonoesterase that is widely distributed
in various organisms from bacteria to humans.” Of these
APases, E. coli APase has been the most extensively
studied for structures and functions.'®'® This enzyme is
located in the periplasmic space as a homodimer and is
involved in the acquisition of phosphate from esters
when free inorganic phosphate is depleted. Each subunit
is composed of 449 amino acid residues and contains
two Zn>* and one Mg”* ions. The crystal structure of
this enzyme has been determined, and the amino acid
residues involved in the catalytic function, metal bind-
ing, and substrate binding have been identified. Hence, a
system using E. coli APase as one of a pair of
mesophilic and psychrophilic/psychrotrophic APases
has potential for exploring the molecular mechanisms
of cold-adaptation in proteins.

The genes encoding APases from the Antarctic
psycrophile TAB5 (TAB5 APase),'” the marine psy-
crophile Vibrio sp. G15-21 (Vibrio APase),'® and the
psycrophile Shewanella sp. (SCAPase)'” were cloned
and overexpressed in E. coli. These proteins show
amino acid sequence identities of 32-34% to E. coli
APase but these proteins may not be suitable as a partner
of E. coli APase to analyze the cold-adaptation mech-
anism of enzymes for the following reasons. The
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recombinant protein of TABS APase shows typical
features of a cold enzyme, but it is relatively small in
size (353 amino acids) and apparently exists in a
multimeric form!” instead of a dimeric one. Likewise,
the recombinant protein of Vibrio APase is very heat
labile, but it apparently exists in a monomeric form.'®
The recombinant protein of SCAPase did not show
typical features of a cold enzyme. Its optimal temper-
ature for activity is 70 °C,'” which is shifted upward by
30°C compared to that of the native enzyme.?”)

Shewanella sp. strain SIB1 is a psychrotrophic
bacterium that grows most rapidly at 20°C.2" This
strain can grow even at 0°C, but cannot grow at
temperatures exceeding 30°C. Ribonuclease HI*?
and FKBP22 with peptidyl prolyl cis—trans isomerase
activity?® from this strain have been shown to exhibit
enzymatic properties characteristic of cold-adapted
enzymes. In this study, we cloned the gene encoding
APase from this strain (SIB1 APase), overexpressed it in
E. coli, purified the recombinant protein, and compared
its enzymatic activity and stability with those of E. coli
APase. Based on these results, we discuss the cold-
adaptation mechanism of SIB1 APase.

Materials and Methods

Cells and plasmids. The psychrotrophic bacterium
Shewanella sp. SIB1 was isolated from Japanese oil
reservoir water in our laboratory.?" E. coli AC109 with
the phoA mutation? was kindly donated by A.
Nishimura. Plasmid pET-25b was from Novagen (Mad-
ison, WI, U.S.A.). E. coli AC109(DE3) was constructed
by lysogenizing E. coli AC109 with ADE3, a recombi-
nant phage carrying the cloned gene for T7 RNA
polymerase under lacUV5 control, using a ADE3
Lysogenization Kit (Novagen). ADE3 lysogens can be
used to express the target genes cloned into pET vectors.
The E. coli transformants were grown in NZCYM
medium (Novagen) containing 50 mg/1 ampicillin.

Materials. E. coli APase and p-nitrophenyl phosphate
(pNPP) were obtained from Wako Pure Chemical
(Osaka, Japan).

Cloning of the SIBI APase gene. The genomic DNA
of Shewanella sp. SIB1 was prepared as previously
described” and used as a template to amplify part of the
SIB1 APase gene by PCR. The sequences of the PCR
primers were 5'-AGTGGTTATGTTACCGACTCGGC-
CGC-3' for the 5'-primer and 5'-GTATGACCGCCCG-
TTGTCCAACC-3’ for the 3’-primer. PCR was perform-
ed with a GeneAmp PCR system 2400 (Perkin-Elmer
Japan, Tokyo) using a KOD polymerase (Toyobo, Kyoto,
Japan) according to the procedures recommended by the
supplier. The amplified DNA fragment was used as a
probe for Southern blotting and colony hybridization to
clone the entire SIB1 APase gene. Southern blotting and
colony hybridization were carried out using the AlkPhos

Direct system (Amersham Biosciences, Piscataway, NJ,
U.S.A.) according to the procedures recommended by the
supplier. The DNA sequence was determined with a
Prism 310 DNA sequencer (Perkin-Elmer Japan).
Nucleotide and amino acid sequence analyses, including
the localization of open reading frames, determination
of molecular weight, and multiple alignment, were
performed using DNASIS software (Hitachi Software,
Tokyo). All DNA oligomers for PCR were synthesized
by Hokkaido System Science (Sapporo, Japan).

Plasmid construction. Plasmid pET-SAP for over-
production of SIB1 APase was constructed by ligating
the DNA fragment, which was amplified by PCR using
the cloned DNA fragment containing the SIB1 APase
gene as a template, into the Xbal-Sall sites of pET-25b.
The sequences of the PCR primers were 5'-CCTCTA-
GAAAGAAGGAGATATACATATGCTTATGGATG-
CCATCG-3' for the 5-primer and 5-CAACCGTCG-
ACGTTGATAGCGGAGG-3’ for the 3'-primer, where
underlined bases show the positions of the Xbal (5'-
primer) and Sall (3'-primer) sites. In this plasmid, the
initiation and termination codons of the SIB1 APase
gene are located 70-bp downstream of the Xbal site and
40-bp upstream of the Sall site respectively.

Overproduction and purification. E. coli AC109-
(DE3) was transformed with pET-SAP, in which the
transcription of the SIB1 APase gene is controlled by the
T7 promoter, and grown at 37 °C. When the absorbance
at 660nm of the culture reached 0.5-1.0, 1mM of
isopropyl B-D-thiogalactopyranoside (IPTG) was added
to the culture medium and cultivation was continued at
15°C for 15-20h. Cells were then harvested by
centrifugation at 4000 g for 7 min. Recombinant proteins
localized in the periplasmic space of the E. coli cells
were released into the external medium by osmotic
shock?® and fractionated by ammonium sulfate precip-
itation. The protein precipitated between 20 and 40%
ammonium sulfate was dissolved in 50 mMm Tris—HCI
(pH 8.0) containing 5 mM MgCl, and applied to a Hitrap
Q column (Amersham Biosciences) equilibrated with
the same buffer. The protein was eluted from the column
with a linear gradient of 0-0.5M NaCl. The fractions
containing highly purified proteins were combined and
used for further characterization. The purity of the
protein was analyzed by SDS-PAGE,?” followed by
staining with Coomassie Brilliant Blue R250.

Protein concentration. The protein concentration was
determined from UV absorption using an Agy value of
1.0 and 0.70 for 0.1% solutions of the mature forms of
SIB1 APase (residues 28-455) and E. coli APase
respectively. These values were calculated using
e = 1576 m~! for Tyr and 5225 m~! for Trp at 280 nm.?®

Biochemical characterizations. The molecular mass
of the protein was estimated using a column (1.6 x
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Fig. 1. Alignment of the Bacterial APase Sequences.

The most conserved amino acid residue at each position is highlighted in black. Gaps are denoted by dashes. The serine and arginine residues
forming the catalytic site (phosphorylation site) and phosphate binding site of E. coli APase are denoted by @ and A respectively. The amino
acid residues forming the three metal binding sites of E. coli APase are denoted by asterisks (*). Numbers along the sequences indicate the
positions of the amino acid residues which start from the initiator methionine for each protein. The ranges of the a-helices and pB-strands of
E. coli APase are indicated above the sequences. The accession numbers of these sequences are AB073982 for Shewanella sp. APase (SCAP),
Y 18016 for Antarctic strain TABS APase (TABS), AE015527 for Shewanella sp. MR-1 APase (MR-1), M29670 for E. coli APase (Eco),
D88802 for B. subtilis APase III (Bsu3), AF079878 for Thermus sp. FD3041 APase (TFD), and AE001701 for T. maritima APase (Tma).
Underlined sequences represent the N-terminal signal sequences, which were either experimentally determined or are estimated using the
SignalP V2.0 World Web Server. The signal sequences have been determined for SIB1 APase (this study), TABS APase,'” E. coli APase,’" and

B. subtilis APase 111.3%

60 cm) of Superdex 200 (Amersham) equilibrated with
20 mM Tris—HCI (pH 8.0) containing 150 mm NaCl. The
standard proteins contained in a marker kit (Amersham)
were aldolase (158 kDa), bovine serum albumin (67
KDa), ovalbumin (43 KDa), chymotrypsinogen A (25
KDa), and RNase A (14 KDa).

The far-UV (200-260nm) and near-UV (250-320
nm) CD spectra were measured on a J-725 spectropo-
larimeter (Japan Spectroscopic, Tokyo, Japan) at 25°C
in 100 mMm Tris—HCI (pH 8.0). The protein concentration
was 0.18-0.27mg/ml and 1.2-1.6mg/ml, and the
optical path length of the cell was 2mm and 10 mm,
for the measurement of far-UV and near-UV CD spectra
respectively. The mean residue ellipticity (6, degcm?
dmol~!) was calculated using an average amino acid
molecular weight of 110.

The NH,-terminal amino acid sequence was deter-
mined using a Procise 491 automated protein sequencer
(Perkin-Elmer Japan).

Enzymatic activity. The APase activity was deter-
mined using p-nitrophenyl phosphate (pNPP) as a
substrate. The enzymatic reaction was carried out for
10min in 50mMm Gly-NaOH (pH 10.5) containing
20mMm MgCl,, SmM ZnCly, 100mm KCI, and 5 mm
pNPP at 20 °C for SIB1 APase, or in 0.1 M CAPS-NaOH
(pH 10.0) containing 0.4M NaCl, 10mm MgCl,, and
5SmM pNPP at 60 °C for E. coli APase, unless otherwise
described. The buffer for E. coli APase was identical to
that reported previously.?” The reaction was initiated by
the addition of the enzyme and terminated by the
addition of 0.2M NaOH. The amount of p-nitrophenol
(pNP) produced by the reaction was determined from
the molar absorption coefficient value of 16,200
M~lem™! at 410nm. One unit of enzymatic activity
was defined as the amount of the enzyme that produced
1 umol pNP per min. The specific activity was defined as
the enzymatic activity per milligram of protein. Depend-
encies of the SIB1 APase activity on pH, divalent cation,
and salt were analyzed in a condition in which other
conditions are optimal for this activity.

Stability against heat inactivation. Stability against
heat inactivation was analyzed by incubating the
enzyme (0.05-0.1 mg/ml) in 50 mm Tris—HCI (pH 8.0)

containing 5mM MgCl, at various temperatures. At
appropriate intervals, aliquots were withdrawn and the
enzymatic activity was determined at 20°C for SIB1
APase and 60 °C for E. coli APase.

Results

Cloning

When the amino acid sequences of various bacterial
APases are compared with one another, the sequences
around the active-site residues are well conserved.!”"!?
Previously, we reported that RNase HI*? and FKBP222%
from Shewanella sp. SIB1 show the highest amino acid
sequence identities, of 78% and 85% respectively, to
those from Shewanella oneidensis MR-1. These results
suggest that SIB1 APase shows a high amino acid
sequence identity to MR-1 APase as well. Therefore, we
constructed the PCR primers based on the sequences
encoding Ser””-Ala'® and Gly’**°-Thr*® of MR-1
APase (accession no. AE015527), and used them to
amplify part of the SIB1 APase gene. These regions
contain the phosphorylation site and one of the metal
binding sites (Ser'?* and His*** for E. coli APase
respectively). A PCR using the genomic DNA of
Shewanella sp. SIB1 as a template produced only a
936-bp DNA fragment, which encodes part of the SIB1
APase sequence. Southern blotting and colony hybrid-
ization using this DNA fragment as a probe indicated
that a 2.5-kbp Kpnl fragment of the SIB1 genome
contained the entire SIB1 APase gene (data not shown).
Determination of the nucleotide sequence of the SIBI
APase gene indicated that SIB1 APase is composed of
455 amino acid residues with a calculated molecular
weight of 49,104 and an isoelectric point (p/) of 4.9. A
potential Shine Dalgarno (SD) sequence (AGGA) is
located seven nucleotides upstream of the initiation
codon for translation, and a possible promoter sequence
is located upstream of this SD sequence. The nucleotide
sequence of the SIB1 APase gene is deposited in DDBJ
under accession no. AB190867.

Amino acid sequence

The amino acid sequence of SIB1 APase is compared
with those of various APases from psychrophiles,
mesophiles, and thermophiles in Fig. 1. SIBI APase
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shows the highest amino acid sequence identity, of 66%,
to MR-1 APase.’® It shows amino acid sequence
identities of 62% to SCAPase,'” 33% to TABS5S
APase,'? 37% to E. coli APase,*V 42% to B. subtilis
APase 111> 35% to Thermus sp. FD3041 APase
(unpublished, accession no. AF079878), and 38% to
Thermotoga maritima APase.® The residues forming
the active site of E. coli APase'” are fully conserved in
the SIB1 APase sequence, except for Asp!’>. They are
Aspﬁl, Ser”O, Thr163, Arg174, Glll274, ASp279, HiS283,
Asp*?!, His*??, and His*'4, which correspond to Asp’?,
Ser'?*, Thr'”, Arg!$s, Glu*, Asp™®, His’®, Asp®!,
His**?, and His*** of E. coli APase respectively. Of
these, the serine and arginine residues form the catalytic
site (phosphorylation site) and phosphate binding site
respectively. Other residues form the three metal bind-
ing sites. These results suggest that SIB1 APase
structurally and functionally resembles E. coli APase.
Asp'” of E. coli APase, which is one of the
constituents of the metal binding sites, is replaced by
His (His'®!) in the SIB1 APase sequence. This residue is
conserved as His, instead of Asp, in mammalian
APases, > as well as the other APases listed in Fig. 1.
It has been reported that Asp'’”®> of E. coli APase is
responsible for its low specific activity as compared to
those of mammalian APases,> and the substitution of
this residue by His results in a great increase in
enzymatic activity due to the increased binding affinity
of Mg?* .39 Another significant difference between the
SIB1 and E. coli APase sequences is a deletion or an
insertion of the sequence. The «7 helix and its flanking
region (Cys'?°-Gly?®) and a long loop containing 12
helix (Val®®-Cys3%®) of E. coli APase are deleted in
SIB1 APase. On the other hand, a long loop consisting
of 37 residues is inserted in SIB1 APase at a position
corresponding to that between the 8 and B9 strands of
E. coli APase, but the other APase sequences have
similar deletions and insertions when compared to the
E. coli APase sequence. Hence, these differences are
attributable to the unique E. coli APase sequence.

Biochemical properties of the recombinant protein

We used E. coli ACI09(DE3) as a host for over-
production of SIB1 APase to avoid contamination of
host-derived APase. The recombinant protein was
purified from the periplasmic space of the E. coli cells
to give a single band on SDS-PAGE (Fig. 2). The
amount of purified protein obtained from 1-liter culture
was roughly 1.0mg. The N-terminal amino acid se-
quence of the purified protein was found to be Asp—Glu—
Val-Tle-Met—Pro—Pro—Ala, indicating that the N-termi-
nal signal peptide (Met'-Ala®’) was removed when the
recombinant protein was secreted across the cytoplasmic
membrane into the periplasmic space of the E. coli cells.

The molecular mass of the purified protein was
estimated to be 44 kDa by SDS-PAGE and 100kDa by
gel filtration column chromatography (data not shown),
suggesting that SIB1 APase exists as a dimer, like

kDa

97—

66 .

5 -

30_

Fig. 2. SDS-PAGE of Purified SIB1 APase.

The samples were subjected to 12% SDS—-PAGE and stained with
Coomassie Brilliant Blue. Lane 1, a low molecular weight marker
kit (Amersham Biosciences); lane 2, SIB1 APase; lane 3, E. coli
APase. Numbers along the gel represent the molecular masses of
individual standard proteins.

E. coli APase. The molecular mass of the protein
estimated by SDS—PAGE was slightly smaller than but
comparable to that (46,100) calculated from the amino
acid sequence (Asp?®*—Pro*>). The far- and near-UV CD
spectra of SIB1 APase were similar to those of E. coli
APase, except for the height of a broad peak around
280nm (Fig. 3). These results suggest that local con-
formations around the aromatic residues of SIB1 APase
are slightly different from those of E. coli APase, but
that its overall main chain fold is similar to that of
E. coli APase.

Enzymatic activity

The optimum condition for enzymatic activity of
SIB1 APase, except for the optimum temperature, was
determined at 20 °C using pNPP as a substrate. The pH
dependence of activity was analyzed using 50 mm Tris—
HCI (pH 7.6-8.8) and 50 mm Gly—-NaOH (pH 7.7-12.4).
SIB1 APase exhibited the highest activity (a specific
activity of 950 units/mg) at pH 10.5 (Fig. 4). Analysis
of the dependence of activity on the concentration of
Gly-NaOH (pH 10.5) indicated that it exhibited the
highest activity at 50 mmM (data not shown). It exhibited
roughly 30% of maximal activity at 20 or 200 mm.
Analyses of the dependence of activity on the NaCl and
KCI concentrations indicated that the enzyme exhibited
the highest activity in the presence of 100 mm KCI (data
not shown). The enzyme exhibited roughly 50% of
maximal activity in the absence of salt or the presence of
200 mm KClI. NaCl was rather inhibitory and enzymatic
activity was reduced by 30% in the presence of 200 mm
NaCl as compared to that determined in the absence of
salt. Analyses for the dependence of activity on metal
ions indicated that SIB1 APase activity was greatly
enhanced by the simultaneous addition of Mg?* and
Zn>* (Fig. 5). The enzyme gave a maximum specific
activity of 950 u/mg in the presence of 20 mm MgCl,
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Fig. 3. CD Spectra.
The far-UV (left) and near-UV (right) CD spectra of SIB1 APase (thick line) and E. coli APase (thin line) are shown. These spectra were

measured as described in “Materials and Methods”.

and 5mM ZnCl,. It exhibited roughly 5% of maximal
activity in the absence of these metal ions (a specific

1000 activity of 50u/mg). This activity increased only by at

5 800 | most twice when these metal ions were individually

E added to the reaction mixture. Other metal ions, such as

P; s00 | Mn2t, FeZt, Co2t, Ni%t, Ba?t, Cu?t, Ca%t, and Sr2t,
S did not significantly increase SIB1 APase activity.

B The temperature dependence of SIB1 APase activity

L 400 - was analyzed by measuring the activity in 50 mm Gly—

2 NaOH (pH 10.5) containing 100mMm KCI, 20mm

& 200 - MgCl,, 5mM ZnCl,, and 5 mM pNPP at various temper-

atures and comparing it with that of E. coli APase

0 : : : ' activity. The amounts of pNP accumulated on 10 min

78 9 10 it a2z 18 incubation with the enzyme were compared. SIBI

PH APase most effectively hydrolyzed the substrate at

50°C, whereas E. coli APase did so at 80°C (Fig. 6).

Fig. 4. pH D d f the Activity of SIB1 APase. . ..
8.7 P ependence of fhe ACviLy o e Thus the optimum temperature for SIB1 APase activity

The enzymatic activity was determined at 20 °C in 50 mM Tris—

HCI (pH 7.6-8.8) (0)) or S0mm Gly-NaOH (pH 7.7-12.4) (M) was apparently shifted downward by roughly 30°C as
containing 20mm MgCl,, 5mm ZnCly, 100mm KCI, and 5mm compared to that for E. coli APase activity. The specific
PNPP, as described in “Materials and Methods”. activities of SIB1 and E. coli APases at various temper-

atures are summarized in Table 1. The specific activity

1000 |- n ° 1000
= =)
£ 800 £ 800
2 =
2 >
S 600 ‘5’ 600
S g
L 400 © 400
3 2
& 200 & 200
O+ | 1 1 1 0 1 1 | 1
0 10 20 30 40 0 2 4 6 8 10
[MgCl,] (mm) [ZnCl;] (mM)

Fig. 5. Dependence of SIB1 APase Activity on Divalent Metal Ion Concentrations.
The enzymatic activities of SIB1 APase were determined at 20 °C in 50 mm Gly—-NaOH (pH 10.5) containing 5 mM ZnCl,, 100 mm KCI, 5 mm
pNPP, and various concentrations of MgCl, (left), or the same buffer containing 20mm MgCl,, 100mMm KCl, SmmM pNPP, and various
concentrations of ZnCl, (right), as described in “Materials and Methods”.
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Fig. 6. Temperature Dependence of the Activities of SIB1 and
E. coli APases.

The enzymatic reaction was carried out at the temperatures
indicated in 1 ml of the reaction mixture for 10 min, and the amount
of pNP accumulated upon reaction was plotted against the temper-
ature. The reaction mixture contained 50 mm Gly—NaOH (pH 10.5),
20mm MgCl,, SmMm ZnCl,, 100 mm KCI, 5mMm pNPP, and 5ng of
SIB1 APase (@), or 0.1m CAPS-NaOH (pH 10.0), 0.4M NaCl,
10mMm MgCl,, 5mM pNPP, and 5ng of E. coli APase (O).

Table 1. Specific Activities at Various Temperatures

Temperature Specific activit

Enzyme (IzC) p(units/mg) ’
SIB1 APase 4 392
20 952
50 1880

E. coli APase 20 37.7

50 257
80 600

The specific activities of the enzymes were determined using pNPP as a
substrate, as described in “Materials and Methods”. The substrate concen-
tration was 5 mmM. The reaction was carried out for 10 min at the temperatures
indicated. Each experiment was carried out in duplicate and the average
value is shown. Errors from the average values were within 6%.

of SIB1 APase at 50 °C was 3.1 fold higher than that of
E. coli APase at 80°C, suggesting that the maximum
hydrolysis rate of SIB1 APase is higher than that of
E. coli APase. In addition, the specific activities of SIB1
APase were 7.3 and 25.3 fold higher than those of
E. coli APase at 50 and 20°C respectively, indicating
that SIB1 APase adapts well to low temperatures as
compared to E. coli APase. The specific activities of
SIB1 and E. coli APases were not determined at
temperatures higher than 55 and 85°C respectively,
because the amounts of pNP did not increase in
proportion to increases in reaction time for 10min at
these temperatures. These enzymes probably are not
fully stable for 10 min at these temperatures.

Stability

The stability of SIB1 APase against thermal inacti-
vation is compared with that of E. coli APase in Fig. 7.
E. coli APase was very stable and lost activity with a

100

Relative activity (%)

1 1 1 I 1
0 20 40 60 80

Incubation time (min)

Fig. 7. Thermal Stability of SIB1 and E. coli APases.
SIB1 APase was incubated at 60°C (@) and 70°C (M), and
E. coli APase was incubated at 80°C (OJ) in 50mm Tris—HCI
(pH 8.0) containing 5SmMm MgCl,. At appropriate intervals, an
aliquot was withdrawn and determined for residual activity at 40 °C
for SIB1 APase and 60°C for E. coli APase, as described in
“Materials and Methods”.

half-life of >6h at 80°C, whereas SIB1 APase lost
ctivity with half-lives of 22 min at 60 °C and 3.9 min at
70°C. Thus SIB1 APase was considerably less stable
than E. coli APase.

Discussion

Cold-adaptation mechanism

In this study, the activity and stability of recombinant
SIB1 APase were compared with those of E. coli APase,
which represents mesophilic APases. Because of its
decreased stability, downward shift of the optimum
temperature for activity, and increased activity at low
temperatures, SIB1 APase can be defined as a cold-
adapted enzyme. Like other cold-adapted enzymes,'=3
SIB1 APase might acquire a conformational flexibility at
low temperatures at a cost in protein stability. An
increase in the conformational flexibility of enzymes
results in a better accommodation of the substrate and
enhancement of the fast conformational changes re-
quired for catalysis. To understand the structural basis
for the cold-adaptation of enzymes, the crystal structures
of several cold-adapted enzymes have been determined
and compared with those of mersophilic and thermo-
philic counterparts.¥ These studies indicate that all
structural factors responsible for protein stabilization are
attenuated in both strength and number in cold-adapted
enzymes.

When the amino acid sequence of SIB1 APase
(mature form) is compared with that of E. coli APase,
the content of the charged residues (Lys+Arg+
Glu+Asp) of SIB1 APase (17.5%) is significantly lower
than that of E. coli APase (20.7%). Computational
analysis has suggested that the decrease in content of
charged residues causes protein destabilization.’®
Charged residues are usually located at the surface of
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protein molecules and stabilize proteins by electrostatic
interactions. Therefore, a decrease in electrostatic
interactions may be one of the factors responsible for
the cold-adaptation of SIB1 APase. In addition, SIB1
APase does not contain cysteine residues, while E. coli
APase contains four of them. Because these cysteine
residues form two disulfide bonds'? and disulfide bonds
usually stabilize proteins,” a decrease in the number of
disulfide bonds might be another factor responsible for
cold-adaptation of SIB1 APase. It has been reported that
protein stability decreases as the content of proline
residues decreases.®® Introduction of proline residues
into loop regions has been reported to increase protein
stability by decreasing the entropy of the unfolded state
of proteins.> However, the content of proline residues
of SIB1 APase (4.9%) is comparable to that of E. coli
APase (4.7%).

A comparison of the amino acid sequence of SIBI
APase with those of other APases, shown in Fig. 1,
indicates that decreases in content of charged residues
and number of disulfide bonds are not characteristic
features of cold-adapted APases. The content of charged
residues of TABS APase (20.7%) is comparable to that
of E. coli APase, and mesophilic MR-1 APase and
B. subtilis APase III do not contain cysteine residues.
However, the content of proline residues of TABS
APase (2.3%) is considerably lower than that of SIB1 or
E. coli APase. These results suggest that each protein
adopts its own strategy for cold-adaptation. It is difficult
to construct a three-dimensional model for the SIBI
APase structure, because E. coli APase is the only
APase for which the crystal structure is available,'? and
the SIB1 APase sequence has large deletions and
insertions at several positions as compared to the E. coli
APase sequence (Fig. 1). Therefore, it is necessary to
determine the crystal structure of SIBl1 APase to
understand its cold-adaptation mechanism. Availability
of the overproduction system for SIB1 APase will
facilitate crystallographic studies of it.

It has been suggested that deletion of the «7 heix is
responsible for the cold-adaptation of SCAPase.!”
However, this helix is deleted not only in psychrophilic
APases but also in mesophilic and thermophilic ones
(Fig. 1). Likewise, a large peptide containing the o12
helix of E. coli APase is deleted and a large peptide is
inserted at the position corresponding to that between
the B8 and B9 strands of E. coli APase not only in
psychrophilic APases but also in mesophilic and
thermophilic ones (Fig. 1). These results suggest that
these deletions and insertions are not responsible for the
cold-adaptation of SIB1 APase.

According to the crystal structure of E. coli APase,
two monomers interact tightly to form a homodimer.'?
The amino acid residues, which are located mainly in
the N-terminal region («1-«3 helices and B2 strand) and
the C-terminal region (B9 and B10 strands and «16
helix), form the interface of a homodimer. When the
amino acid sequence of SIB1 APase is compared with

that of E. coli APase, these interface residues are more
variable than those, which are located in the core region
(the o4, a6, @13, and 14 helices and the g1, B3, g4, p6,
B7, B8 strands) (Fig. 1). This high frequency of amino
acid substitutions in the interface may account for the
low stability and high flexibility of SIB1 APase as
compared to E. coli APase, because homodimeric
proteins are expected to be destabilized by reducing
their monomer-monomer interactions. However, the
area of the monomer-monomer interface is too large
(20% of the surface area) to identify the amino acid
substitutions responsible for destabilization of SIBI1
APase by simply comparing the amino acid sequences.

Possible application

APases have been used to remove 5'-terminal phos-
phate groups from DNA fragments. E. coli APase (BAP)
has been most widely used for this purpose. However
APases should be completely inactivated or eliminated
to ligate or phosphorylate the resultant DNA fragments.
Because BAP is highly thermostable, phenol/chloro-
form treatment and ethanol precipitation are necessary
to inactivate it. Recombinant SIB1 APase is therefore
expected to be more useful than BAP, because a simple
heat treatment inactivates the enzyme and might allow
subsequent ligation or phosphorylation of DNA frag-
ments successively. Recombinant SIB1 APase has been
shown to remove 5'-terminal phosphate groups effec-
tively not only from DNA fragments with 5’-overhangs
but also from those with 3’-overhangs and blunt
ends (H. Nagahora, personal communication). Note that
shrimp APase has often been used as a heat labile
APase. SIB1 APase is superior to this APase, however,
because of ease of production and purification.

The gene encoding APase (SCAPase) has been cloned
from the same genus Shewanella and the recombinant
protein has been overproduced in E. coli and charac-
terized.'” However, comparison of the amino acid
sequence of SCAPase with those of SIB1 and MR-1
APases indicates that the SCAPase sequence lacks the
N-terminal 40-50 residues, which contain the signal
sequence required for secretion and the ol helix
(Fig. 1). Because the genus Shewanella is a Gram-
negative bacterium like E. coli and APases from Gram-
negative bacteria are secreted into the periplasmic space
of the cells, SCAPase should have the N-terminal signal
sequence. The sequence reported for SCAPase probably
represents an incomplete one which lacks the N-terminal
40-50 residues. In addition, recombinant SCAPase is
apparently more stable than recombinant SIB1 APase,
because its optimum temperature for activity has been
reported to be 70°C. However, the optimum temper-
ature of natural SCAPase for activity has been reported
to be 40°C. Because recombinant SCAPase was over-
produced in the E. coli strain without the phoA mutation
and the yield of the purified protein was extremely low
(1.7 mg from 30 g of the cells), its activity may represent
that of E. coli APase derived from the host strain.
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Alternatively, deletion of the N-terminal sequence
containing the o1 helix might cause an upward shift of
the optimum temperature. TAB5 APase, another psy-
chrophilic APase, has been reported to effectively
remove 5'-terminal phosphate groups from DNA frag-
ments.!” However, recombinant TAB35 APase is recov-
ered in membrane fractions and can be dissolved in
multimeric form by detergent (0.1% Triton X-100).
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