JOURNAL OF BACTERIOLOGY, Jan. 1998, p. 388-394
0021-9193/98/$04.00+0
Copyright © 1998, American Society for Microbiology

Vol. 180, No. 2

Biochemical and Genetic Characterization of an FK506-Sensitive
Peptidyl Prolyl cis-trans Isomerase from a Thermophilic
Archaeon, Methanococcus thermolithotrophicus

MASAHIRO FURUTANL"* TOSHII IIDA,' SHIGEYUKI YAMANO,? KEI KAMINO,?
AND TADASHI MARUYAMA'!

Marine Biotechnology Institute, Kamaishi Laboratories, Kamaishi-shi, Iwate 026, and Marine Biotechnology Institute,
Shimizu Laboratories, Shimizu-shi, Shizuoka 424, Japan

Received 27 June 1997/Accepted 6 November 1997

A peptidyl prolyl cis-trans isomerase (PPlase) was purified from a thermophilic methanogen, Methanococcus
thermolithotrophicus. The PPlase activity was inhibited by FK506 but not by cyclosporine. The molecular mass
of the purified enzyme was estimated to be 16 kDa by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis and 42 kDa by gel filtration. The enzyme was thermostable, with the half-lives of its activity at 90 and 100°C
being 90 and 30 min, respectively. The catalytic efficiencies (k.,/K,,) measured at 15°C for the peptidyl
substrates, N-succinyl-Ala-Leu-Pro-Phe-p-nitroanilide and N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide, were
0.35 and 0.20 pM ™" s™', respectively, in chymotrypsin-coupled assays. The purified enzyme was sensitive to
FK506 and therefore was called MTFK (M. thermolithotrophicus FK506-binding protein). The MTFK gene (462
bp) was cloned from an M. thermolithotrophicus genomic library. The comparison of the amino acid sequence
of MTFK with those of other FK506-binding PPIases revealed that MTFK has a 13-amino-acid insertion in the
N-terminal region that is unique to thermophilic archaea. The relationship between the thermostable nature

of MTFK and its structure is discussed.

Cyclosporine-binding proteins (also called cyclophilin
[CyP]) and FK506-binding proteins (FKBP) are the natural
targets (immunophilins) of the immunosuppressants cyclo-
sporine and FK506 (tacrolimus), respectively (11, 32). Both of
these proteins exhibit the peptidyl prolyl cis-frans isomerase
(PPIase) activity that accelerates the isomerization of the pep-
tidyl prolyl bond, a rate-limiting step in protein folding (12,
36). These two types of proteins show little sequence homology
to each other (22), and the cross-inhibition of the PPIase
activity by cylcosporine and FK506 was not observed. The CyP-
and FKBP-type immunophilins are ubiquitous in the domains
Bacteria and Eucarya (8); however, only one CyP-type immu-
nophilin from a halophilic archaeon, Halobacterium cutirubrum,
has so far been reported as a PPlase in the domain Archaea
(23). While a CyP from a thermophilic bacterium, Bacillus
stearothermophilus, has been reported (20), there is no avail-
able information on PPIase in thermophilic archaea.

Both CyP- and FKBP-type immunophilins accelerate the
speed of the refolding of chemically denatured RNase T, (31)
and carbonic anhydrase (19) in vitro. In the refolding of chem-
ically denatured carbonic anhydrase, a CyP homolog, human
tumor recognition molecule (NK-TR) showed a chaperone-
like activity that promotes correct folding of the polypeptide
(30). Human FKBP52 prevents the thermal aggregation of
citrate synthase in vitro in a PPIase activity-independent man-
ner (1). It was demonstrated that the product of the ninaA
gene, encoding a CyP homolog, is required for the correct
folding of rhodopsin in Drosophila melanogaster in vivo (25).
These in vitro and in vivo observations suggested that certain
CyPs and FKBPs play important roles in protein folding and
exhibit a chaperone-like activity. It has been reported that in
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Saccharomyces cerevisiae, heat shock induces the expression of
CyP1, CyP2, and FKBP13 (27, 35). Disruption of either the
CyP1 or CyP2 gene reduced the survival of this organism after
the heat shock treatment (35). These results support the notion
that CyPs and FKBPs contribute to the heat tolerance of yeast
cells, as chaperones do.

The complete genome sequence of a hyperthermophilic ar-
chaeon, Methanococcus jannaschii, revealed that only one
FKBP-like protein was encoded as PPIase in this organism (4).
It was therefore interesting to investigate the roles of FKBP in
the thermotolerance of thermophilic archaea. In this study, we
purified an FKBP and cloned its structural gene from a ther-
mophilic archaeon, Methanococcus thermolithotrophicus. This
is the first report on the characterization of the FKBP-type
PPIase in thermophilic archaea.

MATERIALS AND METHODS

Chemicals and biochemicals. N-Succinyl-Ala-Ala-Pro-Phe-p-nitroanilide (N-
suc-A-A-P-F-pNA) was purchased from Sigma Chemical Co. (St. Louis, Mo.),
and N-succinyl-Ala-Leu-Pro-Phe-p-nitroanilide (N-suc-A-L-P-F-pNA) was pur-
chased from Peptide Institute Inc. (Osaka, Japan). Cyclosporine was purchased
from Sankyo Pharmaceutical Co. (Tokyo, Japan), and FK506 was a gift from
Fujisawa Pharmaceutical Co. (Osaka, Japan). They were dissolved in ethanol at
2.0 mM and stored at —20°C until use. The protein concentration was deter-
mined by the Bradford dye-binding method with a Bio-Rad protein assay kit with
bovine serum albumin as the standard (3). Custom-made oligonucleotides were
purchased from Nippon Bio Service Co. (Saitama, Japan). Tag DNA polymerase
and a PCR kit were purchased from Nippon Gene Co. (Tokyo, Japan).

Organism and culture. The thermophilic methanogen M. thermolithotrophicus
DSM2095, whose optimum growth temperature is 65°C (16), was purchased from
Deutsch Sammlung von Mikroorganismen und Zelkulturen GmbH (Braun-
schweig, Germany). The medium used was based on seawater and was supple-
mented with 2 g of yeast extract (Difco, Detroit, Mich.) per liter, 2 g of Bacto
Tryptone (Difco) per liter, 1 g of sodium citrate per liter, 10 ml of DAB vitamin
solution (18) per liter, 1.4 g of piperazine-N,N'-bis(2-ethanesulfonic acid)
(PIPES) per liter, 80 mg of resazurin per liter, and 50 mg of sodium sulfide per
liter. The pH of the medium was adjusted to 6.8. The strain was grown in the
seawater-based medium in a 5-liter fermentor which was gassed with H,-CO,
(4:1) at 65°C with stirring at 1,000 rpm for 16 h. The growth yield was 3 g of wet
cells per 5 liters.
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PPlase assay. The PPlase activity was determined in a two-step reaction
coupled with chymotrypsin, with the oligopeptide N-suc-A-A-P-F-pNA or N-suc-
A-L-P-F-pNA as the substrate (36). The reaction mixture (final volume, 2.2 ml)
contained 17 wM oligopeptide and an appropriate amount of PPIase in 100 mM
sodium phosphate (pH 7.8). The reaction was started by the addition of 50 pl of
1.52 mM chymotrypsin, and the increase in A5, that corresponds to the release
of p-nitroanilide was monitored at 25°C for 3 min with a spectrophotometer
(model UV2000; Shimadzu Co., Kyoto, Japan). The PPlase activity, U,, was
calculated by the equation U, = (K, — K,)/K,, where K, and K, are the
first-order rate constants of the p-nitroanilide release in the presence and ab-
sence of PPIase, respectively. For the determination of catalytic efficiency, the
reaction mixture was incubated at 15°C and the efficiency (k. /K, at 15°C) was
calculated from the relationship k,/K,,, = (K, — K,,)/E, where E is the concen-
tration of PPTase (13).

Inhibition studies with immunosuppressants. To measure the inhibition of the
PPIase activity by cyclosporine and FK506, the enzyme was preincubated with
one of the ethanol-dissolved immunosuppressants for 3 min before the addition
of the substrate and chymotrypsin. The final concentration of ethanol in the assay
mixture was 1% (vol/vol), which did not affect the enzyme activity. The percent
inhibition of the PPlase activity was expressed as [(U, — U,)/U,] X 100, where U,
is the PPIase activity without the inhibitor and U, is the PPIase activity with the
inhibitor.

Purification of PPIase. The cell pellet harvested by centrifugation was washed
with seawater filtered through a membrane filter (pore size, 0.22 wm). The cells
were disrupted by osmotic shock by suspending the 30-g (wet weight) cell pellet
in 100 ml of 20 mM sodium phosphate (pH 7.0) on ice for 30 min. The super-
natant was collected, and (NH,),SO, was added to 40% saturation on ice. After
removal of the precipitate by centrifugation (13,000 X g for 20 min), 25 ml of the
supernatant was applied to a Hi Trap butyl Sepharose column (5 ml; Pharmacia,
Uppsala, Sweden) equilibrated with 1.8 M (NH,),SO, in 0.1 M sodium phos-
phate buffer (pH 7.0) (A buffer), and the adsorbed proteins were eluted with a
linear gradient of 1.8 to 0 M (NH,),SO, at a flow rate of 1 ml/min. The active
fractions eluted at 0.1 to 0 M (NH,),SO,, were pooled and concentrated to 2 ml
at 4°C by using an Amicon ultrafiltration device with a YM10 membrane (Mil-
lipore Corp., Bedford, Mass.). The concentrated protein solution was then ap-
plied to a Superose 12HR 10/30 gel filtration column (1.0 by 30 cm; Pharmacia)
equilibrated with 0.15 M NaCl in 50 mM sodium phosphate (pH 7.0) and eluted
at a flow rate of 0.2 ml/min. Active fractions at an elution volume of 10.2 to 11.0
ml were pooled, diluted with 4 volumes of 20 mM Tris-HCI (pH 7.0), and applied
to a Mono Q column (0.5 by 5 cm; Pharmacia) equilibrated with 50 mM Tris-HCl
(pH 7.0). After elution with a linear gradient of 0 to 0.4 M NaCl at a flow rate
of 1.0 ml/min, active fractions eluted at 0.31 to 0.35 M NaCl were pooled. They
were then diluted with an equal volume of 3.4 M (NH,),SO, in 0.1 M sodium
phosphate (pH 7.0) and applied to a TSK gel Ether-5PW column (7.5 mm by 7.5
cm; Tosoh Co., Tokyo, Japan) equilibrated with A buffer. By using a linear
gradient of 1.8 M to 0 M (NH,),SO, in 0.1 M sodium phosphate (pH 7.0) at a
flow rate of 1.0 ml/min, active fractions eluted at 0.54 to 0.48 M (NH,),SO, were
pooled. All purification procedures were carried out at a room temperature
unless otherwise stated. The molecular mass of the enzyme was estimated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) or gel
filtration chromatography with a TSK gel G2000 SWy; column (7.5 mm by 30
cm; Tosoh Co.) with a mobile phase of 50 mM sodium phosphate (pH 7.0)
containing 0.15 M NaCl.

Sequencing of N-terminal amino acids. To determine the N-terminal amino
acid sequence of the purified PPIase, the sample was subjected to SDS-PAGE
(20% polyacrylamide), electroblotted to a polyvinylidene difluoride membrane
(Amersham Co., Arlington Heights, Ill.), and stained with Coomassie brilliant
blue R-250. The corresponding band was cut out and subjected to automated
Edman degradation with a Shimadzu PSQ-2 protein sequencer (Shimadzu Co.).
To determine the amino acid sequence of the lysylendopeptidase digestion frag-
ments of the purified enzyme, the enzyme was subjected to SDS-PAGE, blotted
to a polyvinylidene difluoride membrane, and stained with a solution containing
0.1% (wt/vol) Ponceau S and 1% (vol/vol) acetic acid. The corresponding band
was cut out, destained in 0.2 mM NaOH for 1 min, treated with 0.5% (wt/vol)
polyvinylpyrrolidone-40 in 100 mM acetic acid at 37°C for 30 min, and then
washed 10 times with distilled water. The washed membrane was sonicated for 10
min in 300 wl of 25 mM Tris-HCI (pH 8.5) containing 8% (wt/vol) CH;CN, and
the enzyme was digested with 50 pmol of Achromobacter lysylendopeptidase
(Wako Pure Chemical Co., Osaka, Japan) at 37°C overnight. After the digestion,
the reaction mixture was sonicated for 5 min and the supernatant was recovered.
The recovered peptide solution was applied to a p-Bondasphere C,g column
(particle size, 5 wm; pore size, 300 A; 3.9 by 150 mm; Waters Co., Milford,
Mass.). The column was equilibrated with a 95:5 (vol/vol) mixture of a 0.052%
(vol/vol) trifluoroacetic acid solution (solution A) and the 80% (vol/vol) CH;CN
solution containing 0.06% (vol/vol) trifluoroacetic acid (solution B). With a
linear gradient from 95% solution A plus 5% solution B to 20% solution A plus
80% solution B, the digested peptides were separated. The three major peptides
were recovered and analyzed with the protein sequencer.

PCR amplification of the partial sequence of the PPIase gene. From the
N-terminal amino acid sequences of the purified enzyme, KIKVDYI, and the
partial amino acid sequence of one of the three peptides described above,
IPRDAFK, a forward primer, AA(AG)AT(ATC)AA(AG)GT(ATCG)GA(TC)
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TABLE 1. Purification of FKBP from M.
thermolithotrophicus DSM2095

Protein Sp act

. . Total Total Recovery
Purification step vol (ml) (rc:gl;fr?]) activity (U) r(nlég (%)
Crude extract 300 0.86 1,040 4.03 100
Butyl-Sepharose FF 40 0.23 439 47.7 42
Superose 12ZHR 15 0.15 143 63.5 14
Mono Q 3.7 0.041 79.4 550 7.7
TSK gel Ether-5PW 1.5 0.027 374 800 3.6

TA(TC)AT, and a reverse primer, TT(AG)AA(ATCG)GC(AG)TC(TC)CT(A
TCG)GG(ATG)AT, were designed. With these primers, PCR was carried out in
a reaction mixture (100 wl) containing 250 ng of the chromosomal DNA of M.
thermolithotrophicus, 0.5 U of Tag DNA polymerase, 100 pM each deoxynucleo-
side triphosphate, 1.0 mM MgCl,, and 2 nmol of the two primers. The mixture
was preincubated for 5 min at 95°C and then subjected to 30 cycles of PCR
consisting of denaturation at 95°C for 30 s, primer annealing at 52°C for 1.5 min,
and primer extension at 72°C for 2 min in a model 480 DNA thermal cycler
(Perkin-Elmer Co., Branchburg, N.J.). The extension reaction in the final cycle
was prolonged for 10 min. The reaction mixture was frozen until use. The PCR
product described above was ligated to the pT7Blue vector (Novagen Co., Mad-
ison, Wis.), and the cloned fragment was sequenced with a termination cycle-
sequencing kit (Perkin-Elmer Co.) and a DNA sequencer (type ABI 373; Perkin-
Elmer Co.).

Cloning and sequencing of the PPlase gene. Genomic DNA of M. thermo-
lithotrophicus was prepared as described previously (14). The genomic DNA was
digested with BamHI, and the digested DNA fragments were ligated with
BamHI-digested and bacterial alkaline phosphatase-treated pUCI8. The ligated
mixture was used to transform Escherichia coli JIM109. A forward primer, FK-F1
(ATCAAGGTCGACTACATAGG), and a reverse primer, FK-R1 (AGAAAA
TACCCAGAGATGCC), which corresponded to the two ends of the partial
DNA sequence of the PPlase gene described above were used to amplify the
267-bp probe for colony hybridization. PCR was carried out in 100 pl of the PCR
mixture containing 100 pmol of each of these primers. Other PCR conditions
were the same as those described above. The positive clones were detected with
the probe labeled with a digoxigenin DNA labeling and detection kit (Boehr-
inger, Mannheim, Germany). Prehybridization and hybridization were carried
out at 63°C, and the filters (Hybond N*; Amersham, Little Chalfont, United
Kingdom) were washed with 0.2X SSC (1x SSC is 0.15 M NaCl plus 0.015 M
sodium citrate)-0.1% SDS at 60°C. The 5.2-kb BamHI fragments from positive
clones were sequenced with a Dye termination cycle-sequencing kit (Perkin
Elmer Co.).

Nucleotide sequence accession number. The sequence determined in this
study was submitted to DNA Data Bank of Japan (DDBJ) (accession no.
D8988I).

RESULTS

Purification and sequence analysis of PPlase from M.
thermolithotrophicus. PPlase was purified from the thermo-
philic methanogen M. thermolithotrophicus to homogeneity by
200-fold purification with 3.6% recovery (Table 1). The mo-
lecular mass of the enzyme was estimated to be 16 kDa by
SDS-PAGE (Fig. 1A) and 42 kDa by gel filtration (Fig. 1B). As
shown below, the activity of this enzyme was inhibited by
FK506 but not by cyclosporine. Therefore, we call this enzyme
MTFK (M. thermolithotrophicus FK506-binding protein). The
N-terminal amino acid sequence of the purified MTFK and
those of the three peptides generated by the lysylendopepti-
dase digestion were determined to be VDKGVKIKVDYIG
KLESGDVFDTSIEE, KDLVFTIK, KAYGNRNEMLIQK,
and KIPRDAFK, respectively. The content of MTFK in cel-
lular soluble proteins of M. thermolithotrophicus was estimated
to be 0.4%.

Catalytic efficiency and inhibition by immunosuppressants.
The catalytic efficiency (k.,/K,,) of MTFK at 15°C for N-suc-
A-L-P-F-pNA (0.35 uM ' s~ ") was higher than that for N-suc-
A-A-P-F-pNA (0.20 pM~ ' s~ 1) (Table 2). This specificity was
similar to that of Escherichia coli trigger factor but much lower
than those of Legionella pneumophila MIP and bovine FKBP,
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FIG. 1. (A) SDS-PAGE analysis of the purified MTFK. Molecular mass
markers are shown in the left lane. The active fraction of the TSK gel Ether-5PW
column is shown in the right lane. (B) Elution profile of the purified MTFK on
TSK gel G2000 SWxL. The data above the chromatogram gives the estimation of
the molecular mass (M.W.) of MTFK. The molecular mass standards (open
circles) are 67, 43, 25, and 13.7 kDa, respectively. MTFK is shown as the solid
circle. BSA, bovine serum albumin.

which exhibit greater specificity for N-suc-A-L-P-F-pNA than
for N-suc-A-A-P-F-pNA (Table 2). The activity of MTFK was
inhibited by FK506, with a 50% inhibitory concentration (ICs)
of 250 nM (Fig. 2), but not by cyclosporine, even at a concen-
tration of 10 pM.

Effects of temperature on stability and activity of MTFK.
The thermostability of MTFK between 30 and 100°C was in-
vestigated. The activity of MTFK was unchanged after incuba-
tion for 30 min at 90°C or below. The half-lives of the activity
at 90 and 100°C were 90 and 30 min, respectively (Fig. 3A).
The PPlase activity was measured at temperatures between 15
and 35°C. The first-order rate constants of the p-nitroanilide
release in the absence and presence of MTFK increased as the
temperature increased (Fig. 3B). The slope of the graph in Fig.
3B, representing the rate of the increase (Aln K/AT), was more
steep in the spontaneous reaction than in the reaction in the
presence of MTFK. Measurement of the PPlase activity of
MTFK was difficult above 35°C, because the spontaneous
isomerization of the substrates ended less than 20 s after the
addition of chymotrypsin at these temperatures.

J. BACTERIOL.

TABLE 2. Catalytic efficiencies of MTFK and other FKBPs to N-
suc-Ala-Xaa-Pro-Phe-pNA

kealKo (BM 5™ Of:

Xaa FKBP CyP
MTEK? Legionella E. coli Bovine  E. coli  Bovine
MIP®  trigger factor! FKBP® CyP 18cy’ CyP¢
Ala 0.20 0.05 0.16 0.05 67.4 3.18
Leu 0.35 1.10 0.43 0.64 234 2.70
Leu/Alas  1.75 22.0 2.69 12.8 0.35 0.71

“ The values were determined by the chymotrypsin-coupled assay (see Mate-
rials and Methods) at 10°C.

® This study (15°C for MTFK).

¢ Reference 21.

4 Reference 34.

¢ Reference 13.

fReference 7 (15°C for E. coli CyP 18cy).

& The ratio of k.,/K,, for N-suc-A-L-P-F-pNA to that for N-suc-A-A-P-F-
pNA.

Cloning and sequencing of the FKBP gene in M. thermolitho-
trophicus. With the probe which had been amplified from the
genomic DNA of M. thermolithotrophicus by PCR with the
FK-F1 and FK-R1 primers, three positive clones were isolated
from a genomic library of M. thermolithotrophicus. All the
positive clones contained a 5.2-kb BamHI fragment. An open
reading frame of 462 bp encoding a protein of 154 amino acids
(Fig. 4) was found. The amino acid sequences deduced from
the nucleotide sequence contained the N-terminal sequences
of MTFK and the lysylendopeptidase fragments. From the
deduced amino acid sequence of MTFK, the molecular mass of
this enzyme was calculated to be 16.8 kDa. The open reading
frame started at the codon GTG, which is frequently used as
the translation initiation codon in methanogenic archaea (29).
The putative (T/A)(T/A)TATATA box (37) was found at ap-
proximately 40 bp upstream from the initiation codon GTG.
An inverted repeat sequence was found downstream of the
stop codon (TAA).

Comparison of the MTFK sequences with those of other
FKBPs. The amino acid sequence of MTFK was compared
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FIG. 2. Inhibition of the PPIase activity of MTFK by FK506. The PPlase
assay mixture (25°C) contained 0.1 M sodium phosphate buffer (pH 7.8), 17.0
wM N-suc-A-L-P-F-pNA, 53 nM MTFK, and 34.5 pM chymotrypsin.
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FIG. 3. (A) Thermostability of MTFK. The PPlase assay was used as the
indicator of the thermostability of MTFK. The purified MTFK was incubated at
the indicated temperature. The PPIase activity was then assayed after a 15-min
incubation at 50°C. The PPlase activity was expressed as a percentage of the
original activity before heat treatment and is plotted on a semilogarithmic scale.
(B) The first-order rate constants of pNA release in the presence and absence of
MTFK were determined by the chymotrypsin-coupled method (see Materials
and Methods) at the indicated temperatures. The reactions were monitored for

250 s (15 and 20°C), 200 s (25°C), 100 s (30°C), and 50 s (35°C). O, absence of
MTFK; @, presence of MTFK.

with those of other FKBPs in the SWISS-PROT database.
Protein sequences similar to that of MTFK were also searched
for in the genome database of Methanococcus jannaschii
(http://www.tigr.org/tdb/mdb/mjdb/html) (Fig. 5). Two genes
encoding identical FKBP-like proteins (genes 0278 and 0825)
were found. The FKBP homolog in M. jannaschii is called
MIJFK.

The three-dimensional structure of a human 12-kDa FKBP
(hFKBP12) has been resolved (6). It consists of five B sheets,
one « helix, and loops connecting them. These secondary
structures in hFKBP12 were arranged in the order (N termi-
nus)-B1-B4-B5-a-B2-B3-(C terminus). Between B2 and B3, a
surface loop called a “flap” exits, and in the middle of BS, an
intervening sequence splits 5 into two. The intervening se-
quence, called the bulge, is of variable length in members of
the FKBP family, being between 2 and 14 amino acid residues
(6) (Fig. 5).

The amino acid sequence corresponding to the 1 strand
was missing in MTFK and some other FKBPs, namely, MJFK,
ecFKBX (the FKBP homolog in E. coli) (2), pfFKBX (the
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FIG. 4. DNA sequence and deduced amino acid sequence of MTFK. The
putative archaeal promoter is boxed. The underlined sequences indicate the N
terminus of the purified MTFK and the peptides whose sequences were deter-
mined after lysylendopeptidase digestion of the purified MTFK. Two arrows
after the stop codon (TAA) show the inverted-repeat sequence.

FKBP homolog in Pseudomonas fluorescens) (17), and ecSlyD
(another FKBP homolog in E. coli) (15) (Fig. 5). The nomen-
clature of various FKBPs and their characteristics are summa-
rized in Table 3. It was notable that MTFK and MJFK, FKBPs
from thermophilic methanogens, have long bulge and flap re-
gions. While the long flap region was also found in some
bacterial FKBP homologs, ecFKBX, ecSlyD, and pfFKBX, the
long bulge region was found only in FKBPs of archaea (MTFK
and MJFK). The amino acid sequence of MTFK shows 66, 24,
34, and 27% identity to those of MJFK, ecFKBX, ecSlyD, and
pfFKBX, respectively.

DISCUSSION

While many organisms have both CyPs and FKBPs, only one
CyP has so far been purified from a halophilic archaeon, H.
cutirubrum (23). In the present study, we purified an FKBP
from M. thermolithotrophicus and cloned the structural gene
for this protein in E. coli. We did not find any evidence for the
CyP activity in this organism: the PPlase activity in crude
extract of M. thermolithotrophicus was completely inhibited by
FK506, and no PPlase activity other than that of MTFK was
detected in the purification steps (data not shown); further-
more, attempts to detect genes for CyP homologs in M. thermo-
lithotrophicus by PCR techniques have been unsuccessful (data
not shown). Thus, it is likely that M. thermolithotrophicus ex-
presses only one type of PPlase, MTFK. In this context, it is
worthwhile to mention that two FKBP homologs, but no CyP
homolog, are encoded in the genome of a hyperthermophilic
archaeon, M. jannaschii (4).

MTFK is abundant in the cytosol of M. thermolithotrophicus,
accounting for about 0.4% of the soluble proteins. This situa-
tion is similar to that of other CyP proteins (23) and FKBPs
(33). The obvious question is the function of this abundant
MTFK. Chaperone-like activities have been demonstrated in
vitro in a CyP homolog, human tumor recognition molecule
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FIG. 5. Alignment of the amino acid sequence of MTFK with those of other FKBPs. The secondary structure of hFKBP12 is given above its sequence. The bulge
and flap regions of hFKBP12 (6) are shown above its sequences. The residues of MTFK identical to other FKBPs are shown in white letters on a dark background.

The first and last amino acids of each sequence are indicated. hFKBP12, huma

n FKBP12; ncFKBP, N. crassa FKBP (38); scFKBP, S. cerevisiae FKBP (24); MTFK,

M. thermolithotrophicus FKBP (this study); MIFK, M. jannaschii FKBP (4); IpMIP, L. pneumophila FKBP (9); ecFKBX, E. coli FKBP homolog (2); ecFKBY, E. coli
22-kDa FKBP (28); pfFKBP, P. fluorescens FKBP homolog (17); ecSlyD, E. coli FKBP homolog (15); ecTIG, E. coli trigger factor (6).

(NK-TR) (30), and in human FKBP52 (1). In canine kidney
cells, the accumulation of unfolded or misfolded proteins in
the endoplasmic reticulum enhanced the expression of mRNA
for FKBP (5). The involvement of PPIases in thermotolerance
in S. cerevisiae has been reported (27, 35). Therefore, an in-
teresting possibility is that the only FKBP found in M. thermo-
lithotrophicus, MTFK, exhibits a chaperone-like activity. We

are investigating the chaperone activity of MTFK at various
temperatures.

The comparison of the catalytic efficiencies (k.,/K,,) of
MTFK and other PPIases revealed that the k,/K,, of MTFK
is similar to those of other FKBPs but much smaller than those
of CyPs (Table 2). However, since most experiments for the

determination of these catalytic parameters were performed at

TABLE 3. Characteristics of FKBPs

Size (aa)” of:

L PPIase FK506 Molecular Swiss-Prot

FKBP Organisms Bulge Flap activity” sensitivity” mass (kDa) Reference accession no.
Eucarya

hFKBP12 Human 7 20 + + 12 12 P20071

scFKBP S. cerevisiae 7 20 + + 12 24 P32472

ncFKBP N. crassa 7 20 + + 13 38 P20080
Bacteria

IpMIP L. pneumophila 7 20 + + 26 9 P20380

ecFKBY E. coli 7 20 + + 22 28 P39311

ecFKBX E. coli 7 68 + - 16 15 P22563

pfFKBP P. fluorescens 6 67 ND ND 16 17 P21863

ecSlyD E. coli 6 67 + - 21 15 P03856

ecTIG E. coli 5 15 + - 48 34 P22257
Archaea

MTFK M. thermolithotrophicus 20 64 + + 16 This study

MIJFK M. jannaschii 20 64 ND ND 16 4 Q58235

“ ND, not determined; +, positive in activity or sensitivity; —, negative in sensitivity.

? aa, amino acids.
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TABLE 4. Conservation of residues involved in the FK506-binding pocket of human FKBP12

Residue” at:

FKBP R4 B4 RS g5  Bulee  B5
(D37) (R42)  (F46)

(Y26) (G28)  (F36)

a Flap Flap B3 B3

Qs3  ES4 VS 5o (wso) (Y8  (HS)  (91)  (F99)

ecSlyD? (—)° S
ecTIG (—)
MTFK (250)
ecFKBY* (K; = 25)
IpMIP/ (45)
ncFKBP? (20)
stcFKBP" (30-60)

\%
G
G
G
G
G

= =l T
<
coooomoe
AR Rm

CE>>rEe

Q

G S L I L Y E F
G R M I F Y E F
G Q L I F Y E Q F
G v I w Y A 1 F

A\ I W Y \% I F
G R v I w Y \% I F
G Q v I w Y A I F

“ The structure position (B, bulge, flap, o) indicates the positions in human FKBP12. The conserved amino acid residues compared to the residues of the human

FKBP12-binding pocket are shown in boldface type.
? E. coli FKBP homolog (15).

¢ Values in parentheses show the ICs, for FK506 in nanomolar; — means that it is insensitive to FK506. In the case of ecFKBY, sensitivity to FK506 is expressed

by a K; value.
4 E. coli trigger factor (34).
¢ E. coli 22-kDa FKBP (28).
’'L. pneumophila FKBP (9).
& N. crassa FKBP (38).
" Streptomyces chrysomallus FKBP (26).

lower than physiological temperatures with artificial substrates,
the k.,/K,, values at low temperatures, e.g., 10 to 15°C, would
not necessarily indicate the physiological properties of these
PPIases. Further biochemical and molecular biological studies
would be required to link the catalytic properties of these
PPIases and their physiological functions.

The PPlase activity of MTFK was inhibited by FK506 with
an ICs, of 250 nM (Fig. 2). This was higher than the I1Cs,s of
most FKBPs from Eucarya (8). The IC5,s for FK506 of FKBPs
in bacteria are diverse. Those of Legionella pneumophila (9)
and Streptomyces chrysomallus (26) are quite low, approxi-
mately 50 nM. On the other hand, the FKBP homolog in E.
coli, trigger factor, is not sensitive to FK506 (this protein is
grouped to the FKBP family because of its sequence similarity
to FKBPs) (34). The amino acid residues involved in the
FK506 binding pocket of human FKBP12 were investigated
(39). The difference in the sensitivity to FK506 among FKBPs
may be explained by their primary structures. Of 15 amino acid
residues corresponding to the FKS506-binding pocket of
hFKBP12, 7 were conserved in MTFK (Table 4). This is a
larger number than those of FK506-insensitive FKBPs (5 of 15
for ecSlyD and 6 of 15 for ecTIG) but smaller than those of
highly FK506-sensitive FKBPs (11 of 15 for ecFKBY, 11 of 15
for stcFKBP, and 10 of 15 for IpMIP). Four amino acid resi-
dues corresponding to Y26, G28, F36, and D37 of hFKBP12
are conserved in all FK506-sensitive FKBPs, including MTFK
(Table 4). F and E were substituted for Y26 and D37 (num-
bering according to the hFKBP12 sequence), respectively, in
FK506-insensitive ecTIG. The substitution of V for D37 in
hFKBP12 resulted in a substantial increase in the K; value of
FK506 from 0.6 to 350 nM (10). The six residues (V55, 156,
W59, Y82, 191, and F99) are conserved in highly FK506-sen-
sitive FKBPs (Table 4). Thus, one or several of the substitu-
tions of L, F, and Q for V55, W59, and 191, respectively, in
MTFK may be responsible for its moderate sensitivity to
FK506.

Alignment of the deduced amino acid sequence of MTFK
with other reported FKBPs (Fig. 5) revealed the absence of the
B1 sheet and the presence of the long insertion (44 amino
acids) and the other insertion (13 amino acids) in the flap and
bulge regions, respectively. The 1 sheet is lacking not only in
MTFK but also in other FKBPs, as described in Results.
Therefore, the B1 sheet is not important for the PPIase activity

or for the FK506 binding. The long flap sequence is also found
in MJFK and some bacterial FKBP homologs (Fig. 5), al-
though it has not yet been reported in eukaryotic FKBPs. The
long flap sequence of MTFK is 64 amino acid residues, corre-
sponding to 40% of the whole sequence. This region may have
another function than PPlase activity and FK506 binding.
Since the MTFK gene has been cloned in the present study,
subsequent site-directed mutagenesis followed by the introduc-
tion of the mutated MTFK gene would be required to examine
this possibility.

The insertion in the bulge region is unique in thermophilic
archaeal FKBPs, MTFK and MJFK, and an interesting possi-
bility is that the insertion is responsible for the thermostability.
Site-directed mutagenesis experiments would answer this ques-
tion.
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