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A psychrotrophic bacterium Shewanella sp. strain SIB1 was
grown at 4 and 20 �C, and total soluble proteins extracted
from the cells were analyzed by two-dimensional poly-
acrylamide gel electrophoresis. Comparison of these pat-
terns showed that the cellular content of a protein with a
molecular mass of 28 kDa and an isoelectric point of
four greatly increased at 4 �C compared to that at 20 �C.
Determination of the N-terminal amino acid sequence, fol-
lowed by the cloning and sequencing of the gene encoding
this protein, revealed that this protein is a member of the
FKBP family of proteins with an amino acid sequence
identity of 56% to Escherichia coli FKBP22. This protein
was overproduced in E. coli in a His-tagged form, purified,
and analyzed for peptidyl-prolyl cis-trans isomerase activity.

When this activity was determined by the protease coupling
assay using N-succinyl-Ala-Leu-Pro-Phe-p-nitroanilide as
a substrate at various temperatures, the protein exhibited
the highest activity at 10 �C with a kcat/Km value of
0.87 lM

)1Æs)1. When the peptidyl-prolyl cis-trans isomerase
activity was determined by the RNase T1 refolding assay at
10 and 20 �C, the protein exhibited higher activity at 10 �C
with a kcat/Km value of 0.50 lM

)1Æs)1. These kcat/Km values
are lower but comparable to those of E. coli FKBP22.
We propose that a FKBP family protein is involved in
cold-adaptation of psychrotrophic bacteria.
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Nascent polypeptides must be folded into their precise 3D
structures to become functional proteins. As folding inter-
mediates have a tendency to interact with one another, such
that proper folding cannot be completed, protein folding
processes must be achieved rapidly and effectively to avoid
such aggregation [1]. The protein folding processes are
thought to be mediated by two classes of proteins. The first
class of the proteins includes molecular chaperones, which
typically bind to exposed hydrophobic parts of unfolded
polypeptide chains and release their substrates in a
controlled manner, thereby preventing aggregation and
assisting in proper folding [2]. The other class of proteins
includes enzymes that catalyze specific steps of protein
folding. This group of proteins includes disulfide isomerases,
which catalyze formation and isomerization of disulfide
bonds, and peptidyl-prolyl cis-trans isomerases (PPIases),
which catalyze the cis-trans isomerization of peptide bonds

N-terminal of the proline residues [3]. For many proteins,
the cis-trans isomerization of peptide bonds N-terminal
of the proline residues is the rate-limiting step in their
folding [4–7].

PPIases (EC 5.2.1.8) are divided into three structurally
unrelated families, cyclophilin, FK506-binding protein
(FKBP), and parvulin families [8]. These PPIases are
present in all kingdoms of life, and all species contain
multiple PPIases within a single cell. For example,
Escherichia coli contains two members of the cyclophilin
family, five members of the FKBP family, and three
members of the parvulin family. Saccharomyces cerevisiae
contains eight members of the cyclophilin family, four
members of the FKBP family, and one member of the
parvulin family [9]. PPIases are usually composed of
several domains. In each PPIase, one domain is common
to the members of each PPIase family and therefore
specifies the family to which that PPIase belongs. The
others are unique to the particular PPIase and therefore
are thought to be related to the protein’s distinct function.
In many cases, however, disruption of the genes encoding
the members of the FKBP and cyclophilin families does
not cause any significant phenotypic change [8]. For
example, a yeast mutant lacking ESS1, which is the only
member of the parvulin family found in yeast, is lethal.
A yeast mutant lacking all 12 members of the FKBP and
cyclophilin families, however, is viable [9,10]. Similarly,
E. coli mutants lacking PpiA or FkpA, which are mem-
bers of the cyclophilin and FKBP families, respectively,
exhibit no obvious changes in phenotype [11,12]. Although
the enzymatic activities have been demonstrated for all
PPIases from E. coli [11,13–19], their natural substrates
are yet to be identified and their exact biological functions
remain unknown.
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Psychrophiles and psychrotrophs are bacteria that can
grow at low temperatures. In these bacteria, a variety of the
systems that facilitate protein folding processes must be
developed because protein folding reactions are generally
slow at low temperatures.Accelerationof the peptidyl-prolyl
isomerization reaction by PPIases may be the function of
one such system. This reaction is normally slow, especially at
low temperatures, if it is not assisted by PPIases. However,
only the PPIases from mesophilic bacteria [8] and
(hyper)thermophilic archaea [20–22] have so far been
isolated and characterized. Neither the involvement of
PPIases nor other proteins in protein folding process in
psychrophiles or psychrotrophs has been reported, although
several proteins have been reported to be induced for
synthesis at low temperatures in these bacteria [23–30].

Shewanella sp. strain SIB1 is a psychrotrophic bacterium
that growsmost rapidly at 20 �C [31]. This strain can growat
temperatures as lowas0 �Cbut cannotgrowat temperatures
exceeding 30 �C. Ribonuclease HI from this strain has been
shown to exhibit enzymatic properties characteristic of cold-
adapted enzymes [32]. In this work, we show that the cellular
content of an FKBP family member protein (FKBP22) with
PPIase activity increased at 4 �C compared to that at 20 �C
in this strain. This protein may facilitate protein folding
processeswhen theSIB1 cells are grownat low temperatures.

Experimental procedures

Cells and plasmids

The psychrotrophic bacterium Shewanella sp. strain SIB1
was isolated in our laboratory from water deposits in a
Japanese oil reservoir [31]. E. coli JM109 [recA1, supE44,
endA1, hsdR17, gyrA96, relA1, thi, D(lac-ProAB)/F¢,
traD36, ProAB+, lacIq lacZDM15] was obtained from
Toyobo, Kyoto, Japan. E. coli BL21(DE3) [F–, ompT,
hsdSB(rB

–, mB
–), gal(kcI857, ind1, Sam7, nin5, lacUV5-

T7gene1), dcm(DE3)] and plasmid pET-28a were purchased
from Novagen. Plasmid pUC18 was purchased from
Takara Shuzo, Kyoto, Japan. The E. coli transformants
were grown in Luria–Bertani medium containing 50 mgÆL)1

ampicillin or 35 mgÆL)1 kanamycin.

Extraction of soluble proteins from SIB1

Cultures of Shewanella sp. strain SIB1 were grown at 4
or 20 �C in 200 mL of medium (pH 7.2) containing 1.5%
(w/v) Bacto tryptone, 0.1% (w/v) yeast extract, 0.1% (v/v)
glycerol, 0.2% (w/v) K2HPO4, 0.1% (w/v) KH2PO4, 0.01%
(w/v) MgSO4Æ7H2O, and 3% (w/v) NaCl to the mid-
exponential phase (D660 ¼ 1.0). Cells were harvested by
centrifugation (8000 g for 10 min) at each cultivation
temperature. Cells were then suspended in 50 mM Tris/
HCl (pH 7.0), disrupted by sonication, and centrifuged at
15 000 g for 30 min at 4 �C. The supernatant, which
contained total cellular soluble proteins, was pooled and
used for 2D gel electrophoresis analysis.

Two-dimensional gel electrophoresis

2D-PAGE was performed with slight modifications accord-
ing to the protocol of Oh-Ishi et al. [33]. The soluble

proteins extracted from the SIB1 cells were dissolved in
50 mM Tris/HCl (pH 7.0) containing 5 M urea and 3 M

thiourea at a concentration of 3 mgÆmL)1, and subjected to
isoelectric focusing for the 1D-separation. Isoelectric focus-
ing was conducted at 600 V for 20 h at 4 �C. Then, 12%
SDS/PAGE was performed for the 2D separation. The
proteins were detected by staining the gel with Coomassie
Brilliant Blue. The N-terminal amino acid sequence of the
protein was determined with a Procise 491 protein sequencer
(Applied Biosystems).

General DNA manipulations

Genomic DNA was prepared from a Sarkosyl lysate of
the Shewanella sp. SIB1 cells as described previously [34].
This genomic DNA was completely digested with KpnI and
SacI, and the resultant DNA fragments were ligated into the
KpnI–SacI sites of pUC18. The resultant plasmids were
used to transform E. coli JM109 to generate a genomic
library of SIB1. Southern blot analysis and colony hybrid-
ization were carried out by using AlkPhos Direct system
(Amersham Pharmacia Biotech) according to the proce-
dures recommended by the supplier. PCR was performed
with GeneAmp PCR system 2400 (Perkin-Elmer) using
KOD polymerase (Toyobo) according to the procedures
recommended by the supplier. The DNA sequence was
determined with a Prism 310 DNA sequencer (Applied
Biosystems).

Overproduction and Purification of SIB1 FKBP22

Plasmid pSIB1 for overproduction of a His-tagged form of
SIB1 FKBP22 (SIB1 FKBP22*) was constructed by ligating
the DNA fragment containing the Sh-fklB gene into the
NdeI–BamHI sites of pET-28a. This DNA fragment was
amplified by PCR. The sequences of the PCR primers were
5¢-AGAGAGAATTCATATGTCAGATTTGTTCAG-3¢
for the 5¢-primer and 5¢-GGCCACTGGATCCAACT
ACAGCAATTCTCA-3¢ for the 3¢-primer, where under-
lined bases show the positions of the NdeI and BamHI sites
for the 5¢- and 3¢-primers, respectively.

For overproduction of SIB1 FKBP22*, E. coli
BL21(DE3) was transformed with plasmid pSIB1 and
grown at 30 �C. When D660 reached 0.6, 1 mM of isopropyl
thio-b-D-galactoside (IPTG) was added to the culture
medium and cultivation was continued at 30 �C for 1 h.
The temperature of the growth medium was then shifted
to 10 �C and cultivation was continued at 10 �C for an
additional 40 h. Cells were harvested by centrifugation at
6000 g for 10 min at 4 �C, suspended in 20 mM sodium
phosphate (pH 8.0) containing 0.5 M NaCl, disrupted by
sonication, and centrifuged at 15 000 g for 30 min at 4 �C.
The supernatant was applied to a HiTrap Chelating HP
column (5 mL) (Amersham Pharmacia Biotech) charged
with Ni2+ ions. The protein was eluted from the column
with a linear gradient of imidazole from 10 to 500 mM at
a flow rate of 2 mLÆmin)1. The protein fractions at an
imidazole concentration of� 330 mM were pooled, dialyzed
against 50 mM Tris/HCl (pH 8.0) containing 50 mM NaCl,
and applied to a Superdex 200 16/60 gel filtration column
(Amersham Pharmacia Biotech) equilibrated with 50 mM

Tris/HCl (pH 8.0) containing 50 mM NaCl. Elution was
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performed at a flow rate of 0.5 mLÆmin)1. The protein
fractions were pooled and used for biochemical character-
izations. All purification procedures were performed at
4 �C. The purity of the protein was analyzed by SDS/PAGE
[35] on a 12% (w/v) polyacrylamide gel, followed by
staining with Coomassie Brilliant Blue.

Overproduction and purification of E. coli FKBP22

Plasmid pECOLI for overproduction of a His-tagged form
of E. coli FKBP22 (E. coli FKBP22*), in which the fklB
gene from E. coli (Ec-fklB) was introduced into the NdeI-
SalI sites of pET-28a, was constructed in the following
manner. As the Ec-fklB gene contains a single NdeI site,
the plasmid pECOLI could not be constructed by simply
amplifying the entire gene by PCR and ligating it into the
NdeI-SalI sites of pET28a. First, the Ec-fklB gene was
amplified by PCR by using the 5¢- and 3¢-primers with the
sequences of 5¢-TAAGAAAGGAAATCATATGACCA
CCCCAAC-3¢ and 5¢-ATTGCTGAATGCCGGATCCC
CTCTCGTTCG-3¢, respectively, where underlined bases
show the position of the NdeI site. The PCR product was
ligated into the SmaI site of pUC18 to generate plasmid
pUCECOLI. In this plasmid, two NdeI sites are located
within the Ec-fklB gene (one at the 5¢-terminus), a unique
EcoRI site is located between these NdeI sites, and a unique
SalI site is located downstream of the Ec-fklB gene. This
plasmid was then digested by NdeI and EcoRI to produce
the 450 bp NdeI-EcoRI fragment containing the 5¢-terminal
region of the Ec-fklB gene, or by EcoRI and SalI to produce
the 250 bp EcoRI-SalI fragment containing the 3¢-terminal
region of the Ec-fklB gene. Ligation of these DNA
fragments into the NdeI-SalI sites of pET28a produced
plasmid pECOLI.

For overproduction of E. coli FKBP22*, E. coli
BL21(DE3) was transformed with pECOLI and grown at
30 �C. When D660 reached 0.6, 1 mM IPTG was added to
the culture medium and cultivation was continued at 30 �C
for 3 h. Disruption of the cells and the purification of the
protein by metal chelating affinity chromatography and gel
filtration were performed as described above for SIB1
FKBP22*.

Molecular mass

The molecular mass of SIB1 FKBP22* was determined by a
LCQ electrospray ionization mass spectrometer (Finnigan
Mat). The scan range was 300–4000 m/z. The ESI-MS
spectra were acquired using LCQ NAVIGATOR software, and
the scans were deconvoluted using FINNIGAN BIOWORKS

software. The molecular mass of SIB1 FKBP22* in solution
was determined by sedimentation equilibrium analytical
ultracentrifugation. Sedimentation equilibrium experiments
were performed at 10 �C with a Beckman Optima XL-A
Analytical Ultracentrifuge using an An-60 Ti rotor at a
speed of 19 000 r.p.m. Before measurements, the protein
solutions were dialyzed overnight against 20 mM sodium
phosphate (pH 8.0) at 4 �C. The protein concentration
distribution within the cell was monitored by the absorb-
ance at 280 nm. Analysis of the sedimentation equilibria
was performed using the program XLAVEL (Beckman,
version 2). The molecular masses of SIB1 FKBP22* and

E. coli FKBP22* in a multimeric form were also estimated
by gel filtration column chromatography, which was
performed as described above for purification of SIB1
FKBP22*. Thyroglobulin (670 kDa), c-globulin (158 kDa),
and ovalbumin (44 kDa) were used as standard proteins.

Protein concentration

Protein concentrations were determined from the UV
absorption on the basis that the absorbance at 280 nm of
a 0.1% solution is 0.68 for SIB1 FKBP22* and 0.69 for
E. coli FKBP22*. These values were calculated by using
e of 1576 M

)1Æcm)1 for Tyr and 5225 M
)1Æcm)1 for Trp at

280 nm [36].

Enzymatic activity

The PPIase activity was determined by protease-coupling
assay [37,38] and RNase T1 refolding assay [39]. For the
protease-coupling assay, chymotrypsin was used as the
protease and two oligopeptides N-succinyl-Ala-Ala-Pro-
Phe-p-nitroanilide and N-succinyl-Ala-Leu-Pro-Phe-p-
nitroanilide (Wako Chemicals) were used as the substrates.
The reaction mixture (2.1 mL) contained 35 mM Hepes
buffer (pH 7.8), 25 lM oligopeptide substrate, and the
appropriate amount of the enzyme. The reaction mixture
was incubated at reaction temperature for 3 min prior to the
addition of chymotrypsin. The reaction was initiated by the
addition of 30 lL of 0.76 mM chymotrypsin. In the presence
of such a high concentration of protease, p-nitroaniline
is released from the substrate within a few seconds when
the peptide bond N-terminal of the proline residue in
the substrate assumes the trans conformation. However,
p-nitroaniline is not released from the substrate when this
peptide bond is in the cis conformation. Therefore, the
isomerization reaction of this peptide bond catalyzed by
PPIases was measured by monitoring the change in the
concentration of p-nitroaniline. The increase in the rate of
isomerization is implicit in the increased rate of p-nitro-
aniline release, because catalysis of isomerization produces
trans substrate with increased frequency. The concentration
of p-nitroaniline was determined from the absorption at
390 nm with the molar absorption coefficient value of
8900 M

)1Æcm)1 using a Hitachi U-2010 UV/VIS spectro-
photometer (Hitachi Instruments). The catalytic efficiency
(kcat/Km) was calculated from the relationship kcat/
Km ¼ (kp ) kn)/E, where E represents the concentration
of the enzyme, and kp and kn represent the first-order rate
constants for the release of p-nitroaniline from the substrate
in the presence and absence of the enzyme, respectively [40].
For accurate calculations of the kcat/Km values, we used the
data of kn smaller than 7.0 · 10)2Æs)1. When the kn value
exceeded 7.0 · 10)2Æs)1, the linear relationship between
the PPIase concentration and the kcat/Km value was lost.
The kn values were 3.2 · 10)3 at 4 �C, 7.2 · 10)3 at 10 �C,
1.2 · 10)2 at 15 �C, 2.1 · 10)2 at 20 �C, 3.9 · 10)2 at
25 �C and 7.5 · 10)2Æs)1 at 30 �C.

For the RNase T1 refolding assay, RNase T1 was first
unfolded by incubating the solution containing 50 mM Tris/
HCl (pH 8.0), 1 mM EDTA, 5.6 M guanidine hydrochlo-
ride, and 16 lM RNase T1 (Funakoshi) at 10 �C overnight.
Refolding was then initiated by diluting this solution 80-fold
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with 50 mM Tris/HCl (pH 8.0) containing SIB1 FKBP22*
or E. coli FKBP22*. The final concentrations of RNase T1,
SIB1 FKBP22*, and E. coli FKBP22* were 0.2 lM, 8.9 nM

and 1.0 nM, respectively. The refolding reaction was moni-
tored by measuring the increase in tryptophan fluorescence
with a F-2000 spectrofluorometer (Hitachi Instruments).
The excitation and emission wavelengths were 295 and
323 nm, respectively, and the band width was 10 nm. The
refolding curves were analyzed with a double exponential fit
[41]. The kcat/Km values were calculated from the relation-
ship described above, where kp and kn represent the first-
order rate constants for the faster refolding phase of
RNase T1 in the presence and absence of the enzyme,
respectively.

Results and discussion

Detection of a protein with increased cellular content
at a low temperature

Cellular contents of the proteins in the bacterial cells are
often affected by the culture condition of these cells. When
the cells are grown at unusual conditions, the cellular
contents of the proteins that are associated with adaptation
at these conditions usually increase. More specifically, the
cellular content of a protein that is involved in cold-
adaptation, may increase when the cells are grown at the
temperatures much lower than the optimum one. It is
uncertain, however, whether such an increase is a cause or
effect of adaptation. To examine whether such a cold-
adaptation mechanism is present in Shewanella sp. strain
SIB1, cells were grown at 4 and 20 �C until the D660 was 1.0.
The total soluble proteins were subsequently extracted from
these cells, and then subjected to 2D-PAGE. Comparison of
the 2D-PAGE patterns showed that the cellular contents of
several proteins increased greatly at 4 �C as compared to
those at 20 �C (Fig. 1). They include a protein (P28) with a
molecular mass of 28 kDa and an isoelectric point of 4.
When the soluble proteins extracted from the SIB1 cells
grown at 0, 10, and 15 �C were also analyzed by 2D-PAGE,
the cellular content of P28 greatly increased at 0 and 10 �C,
but did not significantly increase at 15 �C, when compared
to that at 20 �C (data not shown). These results indicate
that the cellular content of P28 greatly increases when the
SIB1 cells are grown at the temperatures below 10 �C. As
increase of the cellular content of P28 at low temperatures
is marked and reproducible, we decided to clone the gene
encoding P28.

Gene cloning

The N-terminal amino acid sequence of P28 was determined
to be SDLFSTMEQHASYGVG. The gene encoding P28
was cloned by Southern blot analysis and colony hybrid-
ization using DNA oligomers that are designed from this
amino acid sequence information as a probe. Digestion of
the SIB1 genome with KpnI and SacI, followed by Southern
blot analysis strongly suggested that a 1.3 kb KpnI-SacI
fragment contains the gene encoding P28. Construction of
the genomic library of SIB1, followed by colony hybridiza-
tion, allowed us to clone this 1.3 kb KpnI-SacI fragment.
Determination of the nucleotide sequence of this DNA

fragment revealed that it contains the entire gene encoding
P28. P28 consists of 205 amino acid residues with a
calculated molecular mass of 21 783 Da and isoelectric
point of 4.3. The deduced N-terminal amino acid sequence
of this protein is identical with the determined mass. As
P28 shows the highest sequence identity of 85% to FKBP22
from Shewanella oneidensis MR-1 (accession number
AE015558), which also consists of 205 amino acid residues,
P28 and the gene encoding it will be designated as SIB1
FKBP22 and Sh-fklB, hereafter.

In addition to the Sh-fklB gene, the 1.3 kb KpnI-SacI
fragment contains partial htpX-like and dapB-like genes that
are located 79 bp upstream and 84 bp downstream of the
Sh-fklB gene (Fig. 2). The htpX-like and dapB-like genes
encode a homologue of a zinc protease and a dihydrodi-
picolinate reductase from S. oneidensis MR-1, respectively.
The directions of the transcriptions of these genes are the
same as that of the Sh-fklB gene. The 79 bp noncoding
sequence between the htpX-like and Sh-fklB genes contains
a putative r70-type promoter sequence [42] and a putative
Shine-Dalgarno sequence [43], which may function as

Fig. 1. 2D-PAGE analysis of the proteins extracted from the SIB1

cells. Soluble proteins extracted from the SIB1 cells grown at 20 (A)

and 4 �C (B) were applied to 2D-PAGE. Slab gels were stained with

Coomassie Brilliant Blue. Arrows indicate the position of P28.
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transcriptional and translational signals for the Sh-fklB
gene, respectively. This noncoding sequence also contains a
putative stem-loop structure (from T6 to A50), which

is followed by six T residues. This putative stem-loop
structure, which is overlapped with a putative promoter
sequence for the Sh-fklB gene, may function as a transcrip-
tion termination signal for the htpX-like gene. Likewise, the
84 bp noncoding sequence between the Sh-fklB and dapB-
like genes contains a potential stem-loop structure. As
this sequence is located 6 nucleotides downstream of the
translational termination codon, TAG, it may function as a
transcription termination signal for the Sh-fklB gene.
This noncoding sequence also contains a putative Shine-
Dalgarno sequence that may function as a translational
signal for the dapB-like gene.

Amino acid sequence

In Fig. 3, the amino acid sequence of SIB1 FKBP22 is
compared with those of the proteins that show relatively
high sequence similarities, as well as human FKBP12, which
is one of the most extensively studied FKBP family proteins.
In the regions where the amino acid sequences can be
aligned, SIB1 FKBP22 shows sequence identities of 56% to
E. coli FKBP22, 43% to E. coli FkpA, 41% to Legio-
nella pneumophila MIP, and 43% to human FKBP12. The
macrophage infectivity potentiator (MIP) protein was
originally detected as an essential virulence factor of
L. pneumophila associated with macrophage infectivity
[44], and was found later to be a FKBP family protein
that exhibits PPIase activity [45]. Its crystal structure has
been determined [46]. As E. coli FKBP22 and E. coli FkpA

Fig. 2. Localization of the Sh-fklB gene. Localization of the htpX-like,

Sh-fklB, and dapB-like genes, as well as the nucleotide sequences of

the noncoding regions, are shown. The 1.3 kb KpnI-SacI fragment of

the SIB1 genome does not contain the entire htpX-like and dapB-like

genes. The truncated regions of these genes are shown by boxes with

broken lines. The direction of the transcription for each gene is shown

by an arrow. A putative r70-type promoter site ()10 and )35 regions)

and a putative Shine–Dalgarno (SD) sequence are shown. A putative

initiation site for transcription is marked by �+1�. A putative stem-

loop structure, which may function as a transcription termination

signal for the Sh-fklB gene, is also shown. Broken arrows represent

an inverted repeat of the sequence, which may form a stem-loop

structure.

Fig. 3. Alignment of the amino acid sequences of the members of the MIP-like FKBP subfamily and human FKBP12. Fully conserved amino acid

residues are shown in white letters on a dark background. Amino acid residues, which are not fully conserved but conserved in SIB1 FKBP22 and at

least one of other proteins, are shaded. Numbers above the sequences indicate the positions of the residues relative to the initiator methionine of

SIB1 FKBP22. The ranges of the a-helices and b-strands of L. pneumophila MIP are shown above the sequences according to Riboldi-Tunnicliffe

et al. [46]. The amino acid residues forming the hydrophobic active-site pocket of this protein are also denoted by the solid triangles below the

sequences. Secondary structures of SIB1 FKBP22 predicted by Chou–Fasman algorism are shown above the sequences (H: helix, E; strand). SIB1,

entire sequence of SIB1 FKBP22; MR-1, entire sequence of FKBP22 from S. oneidensis MR-1; ecFKBP22, entire sequence of E. coli FKBP22

without Met1; ecFkpA, Ser37-Lys249 of E. coli FkpA; lpMIP, Asp3-Lys230 of L. pneumophila MIP; hFKBP12, entire sequence of human

FKBP12. Accession numbers are AE015558 for MR-1 FKBP22, AAC77164 for ecFKBP22, AAC76372 for ecFkpA, S42595 for lpMIP and

M34539 for hFKBP12.
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have been classified as MIP-like FKBP subfamily proteins
[17], SIB1 FKBP22 should also be classified into the MIP-
like FKBP subfamily.

According to the crystal structure, L. pneumophila MIP
is composed of a N-terminal domain, that is involved in
dimerization of the protein, and a C-terminal catalytic
domain [46]. Three helices (a1–3) comprise the N-terminal
domain, and six b-strands (b1–6) and one helix (a4)
comprise the C-terminal domain. Tyr125, Phe135,
Asp136, Thr141, Phe147, Val152, Ile153, Trp156, Tyr179,
Ile188 and Leu194 form the hydrophobic active-site pocket.
All of these residues, except for Thr141, are conserved in
other members of the MIP-like FKBP subfamily. These
results suggest that MIP-like FKBP subfamily proteins,
except human FKBP12 which is composed of only a
C-terminal catalytic domain, have similar 3D structures
and are distinguished from other FKBP family proteins in
their unique domain structures. Obviously, the amino acid
sequences of these proteins in the C-terminal domain
(Gly95–Ile205 for SIB1 FKBP22) are more strongly con-
served than those in the N-terminal domain (Met1–Arg93
for SIB1 FKBP22). Indeed, the amino acid sequence
identity between SIB1 FKBP22 and E. coli FKBP22 in
the C-terminal domain is 67%, while it is only 40% in the
N-terminal domain.

Overproduction and purification

SIB1 FKBP22 and E. coli FKBP22 were overproduced in
a His-tagged form at 10 and 37 �C, respectively. These
His-tagged forms of the proteins are designated as SIB1
FKBP22* and E. coli FKBP22*. SIB1 FKBP22* was
overproduced at such a low temperature because it exhi-
bited the maximal PPIase activity at 10 �C (see below). Both
proteins accumulated in the E. coli cells in a soluble form
and were purified to give a single band on SDS/PAGE
(Fig. 4). The amount of the protein purified from 1 L
culture was typically 4.4 mg for SIB1 FKBP22* and 6.6 mg
for E. coli FKBP22*. It is noted that the gene expression
was induced initially at 30 �C for 1 h for overproduction of
SIB1 FKBP22*. However, SIB1 FKBP22* did not accu-
mulate appreciably in the E. coli cells when the cells were
harvested before the temperature of the growth medium was
shifted to 10 �C (data not shown).

The molecular mass of SIB1 FKBP22* was determined
by ESI-MS mass spectroscopy to be 23 947.3 ± 3.3 Da,
which is identical to that calculated from the amino acid
sequence (23 947 Da). However, the molecular mass of
SIB1 FKBP22* estimated by SDS/PAGE (29 kDa) is much
larger than this value (Fig. 4). The molecular mass of the
natural protein estimated by 2D-PAGE (28 kDa) is also
much larger than that calculated from the amino acid
sequence. The molecular mass of E. coli FKBP22* is
estimated to be 26 kDa by SDS/PAGE (Fig. 4), which is
comparable to that calculated from the amino acid sequence
(24 379 Da).

To determine the molecular mass of SIB1 FKBP22* in
solution, sedimentation equilibrium analytical ultracentri-
fugation was performed at three different initial loading
concentrations of the protein. The data fittedwell to a single-
speciesmodel with no evidence of aggregation, and apparent
molecular masses were determined to be 46 156, 42 999 and

41 150 Da at 0.6, 1.2 and 1.8 mgÆmL)1 of initial loading
concentrations, respectively. Extrapolation to zero concen-
tration gave the molecular mass of 48 441 Da, which was
two times larger than the calculated one, indicating that
SIB1 FKBP22* exists as a dimer like L. pneumophila MIP.
According to the crystal structure of L. pneumophila MIP,
the a1 helix of one monomer makes hydrophobic inter-
actions with the a2 helix of the other. The amino acid
sequences in these regions are relatively well conserved in
SIB1 FKBP22* and E. coli FKBP22* (Fig. 3). Further-
more, at the core of the dimerization domain, two methio-
nine residues (Met38 and Met42) located in the a2 helix of
one monomer make hydrophobic interactions with those
of the other monomer. In SIB1 FKBP22* and E. coli
FKBP22*, these residues are replaced by Val, Leu, or Ile,
suggesting that the hydrophobic interactions at the core of
the dimerization domain are conserved in these proteins.
Therefore, SIB1 FKBP22* and E. coli FKBP22* probably
assumes a similar dimer structure as L. pneumophila MIP.
By gel filtration column chromatography, however, the
molecular masses of SIB1 FKBP22* and E. coli FKBP22*
were estimated to be 74 000 and 66 000 Da, respectively.
These values are 3.1 and 2.7 times larger than those
calculated from the corresponding amino acid sequences.
This is probably because their molecular shapes are cylin-
drical rather than globular, as is in the case of L. pneumo-
philaMIP [46]. In fact, themolecularmass of L. pneumophila
MIP estimated from gel filtration column chromatography
has been reported to be larger than that calculated from its
deduced amino acid sequence by 2.7 times [47].

The molecular mass of SIB1 FKBP22* determined by
sedimentation analysis was identical to the calculated value
for dimer form because it was not affected by the shape of
the protein molecule. In contrast, the molecular mass of

Fig. 4. SDS/PAGE of purified recombinant proteins. Purified SIB1

FKBP22* (lane 1) and E. coli FKBP22* (lane 2) were applied to

12% (w/v) SDS/PAGE and stained with Coomassie Brilliant Blue.

M, A low molecular mass marker kit (Amersham Pharmacia

Biotech).
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SIB1 FKBP22* estimated from gel filtration analysis was
larger than the calculated value for dimer form by 1.6-fold,
probably because it was affected by the shape of the protein
molecule. Cylindrical proteins usually migrate through the
gel filtration column faster than globular proteins, which are
used for calibration of molecular mass.

PPIase activity

The peptidyl-prolyl cis-trans isomerase (PPIase) activity of
SIB1 FKBP22* was determined by protease coupling
assay. Its catalytic efficiency (kcat/Km) was estimated to
be 0.87 lM

)1Æs)1 for N-succinyl-Ala-Leu-Pro-Phe-p-nitro-
anilide and 0.03 lM

)1sÆ)1 for N-succinyl-Ala-Ala-Pro-Phe-
p-nitroanilide at 10 �C. This substrate specificity is similar to
those of E. coli FKBP22 [17] and L. pneumophila MIP [48].
Using N-succinyl-Ala-Leu-Pro-Phe-p-nitroanilide as the
substrate, the temperature dependence of the PPIase activity
of SIB1 FKBP22* was compared with that of E. coli
FKBP22* (Fig. 5). SIB1 FKBP22* exhibited the highest
catalytic efficiency at 10 �C. This value did not change at
15 �C (0.79 lM

)1Æs)1), but decreased significantly at tem-
peratures higher than 20 �C (0.44 lM

)1Æs)1 at 20 �C and
0.23 lM

)1Æs)1 at 25 �C). In contrast, the kcat/Km value of
E. coli FKBP22* increased as the reaction temperature
increased from 4 to 25 �C. The PPIase activities of these
proteins were not measured at temperatures higher than
30 �C, because the rate for spontaneous prolyl isomeriza-
tion reaction was too high to accurately determine those
catalyzed by PPIases.

The PPIase activity of SIB1 FKBP22* was also measured
by RNase T1 refolding assay. The refolding of RNase T1 is
dominated by the slow isomerization reactions of two

peptidyl-prolyl bonds, and is therefore generally used as a
model system for investigating PPIase activity [39]. Accel-
eration of the faster of the two slow prolyl isomerization-
limited folding rates was observed in the presence
SIB1 FKBP22* (Fig. 6), suggesting that SIB1 FKBP22*
catalyzes prolyl isomerization of proteins in a nonspecific
manner. Acceleration of this refolding reaction was also
observed in the presence of E. coli FKBP22* (Fig. 6). The
rate constants for the reactions catalyzed by 8.9 nM SIB1
FKBP22* and 1.0 nM E. coli FKBP22* at 10 and 20 �C,
as well as those for spontaneous reactions, are summarized
in Table 1. The results indicate that the catalytic efficiency
(kcat/Km) of SIB1 FKBP22* was greatly reduced at
20 �C (0.13 lM

)1Æs)1) as compared to that at 10 �C
(0.50 lM

)1Æs)1), whereas the catalytic efficiency of E. coli
FKBP22* was increased at 20 �C (3.2 lM

)1Æs)1) as com-
pared to that at 10 �C (1.2 lM

)1Æs)1). These results support
those obtained by the protease coupling assay that optimum
temperature of SIB1 FKBP22 is 10 �C.

Fig. 5. Temperature dependence of PPIase activity. The PPIase activ-

ities of E. coli FKBP22* (A) and SIB1 FKBP22* (B) were determined

by protease coupling assay at the temperatures indicated using

N-succinyl-Ala-Leu-Pro-Phe-p-nitroanilide as a substrate, as described

under Experimental procedures. The catalytic efficiency, kcat/Km, was

calculated according to Harrison and Stein [32]. The experiment was

carried out in duplicate. Each plot represents the average value and

errors from the average values are shown.

Fig. 6. Catalysis of the slow refolding reactions of RNase T1 by SIB1

FKBP22* and E. coli FKBP22*. The increase in tryptophan fluores-

cence at 323 nm during refolding of RNase T1 (0.2 lM) is shown as a

function of the refolding time. Refolding reactions were carried out at

10 (A) and 20 �C (B) in the absence (s), or presence of 8.9 nM of SIB1

FKBP22* (d) or 1.0 nM E. coli FKBP22* (m).

Table 1. Rate constants of RNase T1 refolding assisted by SIB1

FKBP22* and E. coli FKBP22*. RNase T1 (0.2 lM), which had been

unfolded in 50 mM Tris/HCl (pH 8.0) containing 1 mM EDTA and

5.6 M guanidine hydrochloride, was refolded by diluting 80-fold with

50 mM Tris/HCl (pH 8.0) in the absence or presence of 8.9 nM SIB1

FKBP22* or 1.0 nM E. coli FKBP22*. The refolding curves were

analyzed with double exponential fit [41]. The kcat/Km values were

calculated from the relationship kcat/Km ¼ (kp – kn)/E, where E rep-

resents the concentration of the enzyme, and kp and kn represent the

first-order rate constants for the faster refolding phase of RNase T1 in

the presence and absence of the enzyme, respectively [40]. Errors are

within 6% of the values reported.

Enzyme

Temperature

(�C)

kp or kn

(s)1)

kcat/Km

(lM
)1Æs)1)

None 10 4.3 · 10)3 –

20 1.2 · 10)2 –

SIB1 FKBP22* 10 8.8 · 10)3 0.5

20 1.3 · 10)2 0.13

E. coli FKBP22* 10 5.4 · 10)3 1.2

20 1.5 · 10)2 3.2
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Temperature dependence of the PPIase activity has been
analyzed for bovine cyclophilin 18 [40,49], human FKBP12
[49], and a FKBP from a thermophilic archaeon [50], and
the optimum temperature has been reported to be � 20 �C
for bovine cyclophilin 18 [49]. As the prolyl isomerization
is a spontaneous reaction and the rate for this reaction
increases as the reaction temperature increases, it is difficult
to determine accurately the PPIase activity at temperatures
higher than 30 �C. SIB1 FKBP22*, with an optimum
temperature of 10 �C, may therefore prove to be an
excellent model protein to study structure–function–stability
relationships of PPIases.

Possible physiological role of FKBP22

Members of the MIP-like FKBP subfamily seem to be
present ubiquitously in both pathogenic and nonpathogenic
Gram-negative bacteria. The biological functions of MIP
from pathogens have been relatively well understood
[51–54], while those from nonpathogens have not yet been
understood. These proteins exhibit PPIase activities, but the
levels are very low. For example, the PPIase activities of
E. coli FKBP22 and FkpA are lower than those of E. coli
Cyps by 20- to 50-fold [13]. Furthermore, disruption of the
gene encoding E. coli FkpA does not cause any significant
phenotypic change [11]. The functional significance, if any,
of the MIP-like FKBP subfamily proteins from nonpatho-
gens is therefore difficult to discern.

Several prokaryotic PPIases, such as PpiB from Bacillus
subtilis [55], Trigger Factor from E. coli [56], and a FKBP
family protein from hyperthermophilic archaeon Thermo-
coccus sp. KS-1 [57], have been reported to be induced by
cold-shock. It has also been reported that the PPIase activity
of Trigger Factor is responsible for the growth of the E. coli
cells at low temperatures [58]. These previous results
together with ours suggest that the prokaryotic cells require
PPIases for growth at low temperatures, regardless of
whether they are hyperthermophiles or psychrophiles. It has
been reported that parvulin family PPIases, such as human
Pin1 and yeast ESS1, specifically isomerize phosphorylated
Ser/Thr-Pro bonds and thereby mediate many cellular
processes through proline-driven conformational change of
a protein [59]. This system has been proposed to be present
in interleukin-2 tyrosine kinase SH2 domain [60] and trans-
membrane channels [61] as well. Existence of a proline-
driven signaling system mediated by a specific PPIase may
be able to explain why so many different kinds of PPIases
are present in a single cell. However, no species of bacteria
has been reported to have such a system. Therefore, it is
more likely that FKBP22 nonspecifically mediates the
protein folding process. At low temperatures, protein
folding reactions proceed slowly as do other chemical
reactions. It is certainly plausible that organisms living in
cold environments develop some systems to enable efficient
protein folding. Adaptation to cold conditions can be
achieved by the modification of amino acid sequences of
proteins so that their folding processes are accelerated
[62,63]. Amino acid sequence modification by itself, how-
ever, may not be always effective in intramolecularly
catalyzing the cis-trans isomerization. PPIase activity may
facilitate efficient folding of proteins containing proline
residues with a cis conformation at low temperatures.
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