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Peptidyl-prolyl cis-trans isomerase from Bacillus subtilis

A prokaryotic enzyme that is highly sensitive to cyclosporin A
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Cyclophylina are members of a cluss of proteins with peptidyl-prolyl eis-trans isomsrass activity, These cnzymes bind the immunosuppressive agent,

cyclosporin A (CsA), which acts as a compelitive inhibitor. The peptidyl-prolyl cis-trans isomerase from Bacillus subtilis (PPlasc) was purificd to

homeageneity in a 4-step purilication procedure, whish resulted in a 100-fold protein purification with a yicld of §%. Coomassie blue-stained

SDS-PAGE revealed o single band of about 18 kDa. PPlase astivity was determined using synthetic peptides as substrates in a 2-5(cp reaction

coupled to chymotrypsin. Treatment of Bucilles subiitis PPlase by CsA revealed an inhibition constant of X;=175 nM, which difTers from cyclophilin
of enterobacteria such as £ coli or Salumonclla typhinueriwn and Is in the rangs of human enzymes.

Bucillus subtilis, Peptidyl-prolyl cis-trans isomerase; Cyelosporin A

1. INTRODUCTION

Cyclophilins are conserved, ubiquitous proteins of as
yet unknown function. Qriginally they were purified
from bovine spleen [1,2] as the major binding proteins
for the immunosupressunt, cyclosporin A (CsA). These
proteins are widely distributed and found in high con-
centrations in prokaryotes, eukaryotes and in different
cell compartments [1,3-12]. They are known to possess
peptidyl-prolyl cis-trans isomerase activity (PPlase), a
function accepted to be necessary for rate-determining
steps in protein folding [13-17]. This only known enzy-
matic astivity in vitro was first detected in bovine PPI-
ase by cis-trans isomerization of synthetic Xaa-Pro oli-
gopeptide bonds [18]. Later studies have shown that the
PPlase was identical to ¢yclophilin [19,20] and that CsA
blocks the enzymatic activity. The best studied action
of CsA is its suppression of T-helper lymphocyte activa-
tion, leading to immunosuppression. In lymphocytes,
CsA blocks the transcriptional activation of a subset of
genes essential for the activation process. These facts
suggest that cyclophilins represent a new class of pro-
teins that probably play an important role in the regula-
tion of T-lymphocyte activation and proliferation [21-
23]. Interestingly, the cellular target of the structurally
unrelated immunosuppressant, FK-506, is a cytosolic
protein that does not resemble cyclophilin in structure,
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but that possesses similiar peptidyl-prolyl cis-trans
isomerase activity [24,25]. FK-506 blocks the enzymatic
activity of the FK-506 binding protein (FKBP), how-
ever, it does not bind CsA.

In contrast to eukaryotic PPlase or cyclophilins that
have been studied in more details, little information is
available on prokaryotic cyclophilins [6]). Two different
cyclophilins were found in E. cofi, one of cytosolic ori-
gin, and the other located in the periplasm [3,8,26]. A
third one has been described recently in Salmonella ty-
phimuriwn [27]. The comparison of the amino acid se-
quences of the prokaryotic enzymes with those of eukar-
yotic origin revealed a low degree of conservation. Also,
the enzymes from the Gram-negative bacteria are less
sensitive to cyclosporin A than the eukaryotic cyclophil-
ins [28].

In this work we show the purification of PPlase iso-
lated from Bacillus subtilis, a Gram-positive prokaryote
that is sensitive to cyclosporin A in a range comparable
to PPlase of cukaryotic sources. Recently, a 17 kDa
PPlase was also isolated from Strepromyces chrysomal-
lus, a Gram-positive bacterium, which, like the Bacillus
enzyme, is sensitive to cyclosperin A and shows inhibi-
tion and binding characteristics comparable to PPIase
of eukaryotic sources such as mammals, plants, fungi
and yeast [29].

2. EXPERIMENTAL

2.1. Materials
DEAE-Scpharose, phenyl-Superose (FPLC) and MONO Q(FPLC)
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sizing columns were obtainad from Phurmacia LKB-Biotechnology:
TSK-HYWS5(S) was purchassd from Merck; suce-Ala-Ala-Pro-Phe-4-
nitroanilids, chymotrypsin and 3[(3-cholumidoprapyl)-dimethylan.
monio]-1-propanesullonic acid (CHAPS) were obtained from Sigma;
all other substrates for the PPlasc-activity assay were obtained {rom
Bacchem: succ-Alu-Phe-Pro-Phe-d-nitrounilide, suce-Alu-Alu-Glu-
Phe-4-nitroanilide, succ-Ala-Lys-Pro-Phe-d-nitrounilide;  4-(2-hy~
droxyethyl)=1-piperazineethancsullonic acid (HEPES) wus from Serva
Feinbioshemica Heidslberg and 2-amino-2-hydroxymethylpropane-
1,3-dlo} (TRIS) was from Roth.

2.2, Purification

Large scale purification of 8. subsilis PPluse wits accomplished from
101 of B. subtilis JH642 cells. The cells were grown in 2 x Y T-medium,
containing Bastotryptone (Oxoid) (16 g/), yeust extract (10 1) and
sodium chleride (S g/1), and harvested ut carly mid-log phuse by cen-
trifugation at 4°C for § min at 7.500 rpm in a Beckmann GSA-rolor.
Typically 40 g of cell-paste was recovered from 10 1 of culture and
frozen at ~80°C. 50 ml of buffer A, containing 50 mM Tris.Cl, pH
8.5, 4 mM dithiothreitol (DTT), 15% glycerine, 0.1% CHAPS and §
mM EDTA was added to the cell paste, After | h incubatien with 100
mp of lysozyme cells were disrupted by Ultratorax for § x 1 min and
subsequently the cell slurry was sonicated three times each for | min.
The cell debris were remowed by centrifugation at 4°C for 30 min at
18,000 rpm. The supernatas:, about 125 mi. was applied to u DEAE-
Scpharose column (1.8 x 12 em) equilibrated with buffer A, Using a
linear gradient of 0-200 mM KC! (buffer B), active fractions. meas.
ured by PPlase activity, were pooled at KCleconeentrationsof 110-170
miM KCl (about 50 ml, Fig. {a) and concentrated ut 4°C using un
Amicon ultrafiltration device equipped with YM3 und UM2 filiers,
The concentrated extract. about 2 ml, was applied to 3 TSK-HWS$5(S)
ge! filtration column (1.6 x 180 ¢m), equilibrated with buffer C ¢on-
taining 35 mM HEPES, pH 7.8, and 0.1 M KCl. Fractions containing
PPlase, as indicated with horizon!al bars (Fig. 1b). were pooled und
brought to a 20% ammonium sulfate concentration. Subsequent hy-
drophobic interastion chromatography on phenyl-Superose HR §/8
FPLC-¢column (Pharmacia), equilibrated with bufTer D. contuining 0.1
M phosphate, pH 8.5, and 10% ammeonium sulfate tead to nearly
purified enzyme. Using a step gradient from 0,1 M phosphate, pli 8.8,
and 10% ammonium sulfate to 50 mM phosphate, pH 8.5, and 0%
glyserine (buffer E), active PFlase fractions were pooled as shown in
Fig. lc. After dialysis against 3.3 mM HEPES, pH 2.8, final pusifica-
tien to homogenity was achicved by strong anion-exchunge chroma.
tography on MONO Q HR §/5 FPLC-column (Pharmucia), equilis
brated with buffer F, containing 6 mM Tris-Cl, pH 6.8, 2 mM DTT
and 2 mM EDTA. A lincar gradient of 0-200 mM NaCl (buller G)
resolved three active enzyme pools of PPlusc-uctivity. Purificution
without hydrophobic interaction chromatography (phenyl-Superose
HR 5/5) resulted in co-purification- of PPluse und the cold-shock
protein, CspB [30].

2.3, PPlase activity assay and inhibition stdies with imnenosuppros-
sants

PPlase activity was determined using synthetic peptides as sub-

stratos in a 2-step reastion coupled to chymotrypsin as deseribed (18],
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To measure the inhibition of enzyme activity by CsA (¢eyclasporin A),
FKS06 und other modified agents, like CxH (dihydro-cyclosporin), or
linenr CsA, the enayme was presincubated with the immunosuppres-
sive agent before the addition of chymotrypsin und the substrate. The
final concentrution of EtOH in the reaction did not exceed 1% of the
volume, a4 concentration shown separately not to nfTect PPlase cataly-
sis.

3. RESULTS AND DISCUSSION

3.1, Purification of Bacillus subtilis peptidyl-proiyt
cis-trans isonterase

The isomerase was purified, as described in section 2,
from 40 g of B. subtilis cells. As shown in Table I the
crude homogenate revealed a total activity of 72.197 U
with an initial specific activity of 188 U/mg protein. A
yield of 5% and a 100-fold purification of PPlase was
achieved. Fig. 1 shows protein elution profiles aftsr
anion-exchange (A). gel filtration (B}, hydrophobic in-
teraction (C) and a final anion-exchange chromatogra-
phy. First anion-exchange on DEAE-Sepharose and
subsequent gel filiration on TSK-HWS55(8) lead to es-
sentially homogenous protein, as shown in Fig, 2, lane
3. Final purification was achieved by strong anion-ex-
change chromatography on MONO Q HR §/5 FPLC-
column (Fig. 2, lane 4). The hydrophobic interaction
chromatography on phenyl-Superose HR S/ FPLC col-
umn was only used when high molecular weight pro-
teins were detected after gel filtration. Protein fractions
at different stages of the PPluse purification were ana-
lyzed on SDS-PAGE (Fig. 2). As shown in Fig. 2, the
last step of purification on MONQ Q gave a pure en-
zyme (lane 4) and separated the 8. subtilis PPlase from
the co-purified major cold-shock protein CspB (lane 6).

3.2, Ilnfibition by immunosuppressive drugs

PPIlase from different eukaryotic species can be inhib-
ited either by CsA or FK506 in the nM range [17). In
order to caplore the relationship of the Baeillus enzyme
to known types of PPlase we examined the inhibition
of PPlase activity by CsA and FKS506 using the sub-
strate, succinyl-Ala-Ala-Pro-Phe-4-nitroanilide. A sig-
nificant inhibition of the bacterial PPlase by CsA was
detected (Fig. 3) and an apparent inhibition constant
Ki.pp=175 nM was determined. The CsA-binding for
two partially characterized isoforms of B. subtilis PPI-

Table 1
Purification of cyclophilin from 40 g Bacillus subtilis
Protein Activity Specific activily Yield
(mg) (100 x U) (U/mg protein) (%)
Supernatant (100,000 x g) 609.00 721.97 118.43 100
DEAE-Scpharéié 21260 34412 160,41 47
TSK-HWS5(S) 872.36 256.12 293.20 35
Phenyl-Superose HR §/§ 4.30 129,88 3.02047 18
MONO Q HR 5/5 0.55 40,07 12,064.00 5
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Fig. 1. Elution profiles [rom (A) DEAE-Sepharose union exchange. (B) TSK-HWS5(S) gel filtration, (C) phenyl-Superose HR 5/8 hydrophobic
interuction chromutography and (D) MONO Q MR5/S strong anion-exchange column, (¢) Absorbtion at 280 nm; (+) NaCl or (NH,),80, gradient:
(») PPlase uctivity: pooled fractions are indicated with horizonial bars,

ase was found to be in the same range (data not shown). shows some homology to that of human eyclophilin, has
In contrast, the PPlase isolated from £. coli, which been shown to interact very weakly with CsA, as char-
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Fig. 2. SDS-PAGE of different fractions obtz’-ed during the purificalion of Bacillus subtilis Pplase (CypB). (Lane 1) Crude extract; (lane 2)
DEAE-8epharose fraction (anion-cxchange); (lane 3) TSK-HW55(S) fraction (gel filtration); (lancs 4-6) MONO Q fractions (anien-exchange),
showing purified CypB (lanc 4) and co-purified cold-shock protein, CspB (lane 6).
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Fig. 3. Inhibition of PPluse activitics (12 nM enzyme) at difTerent
consentrations of CsA using succinyl-Alu-Aln-Pro-Phe-4.nitroanilide
as substrate; the data were analyzed uccording to an equation for
tight«binding inhibition. PPlase activily assay was carried out in three
independent experiments, us indicated by different symbols, Q, &, D

acterized by a K; greater than 3,000 nM [3]. Sequence
alignments of PPlases indicate that the single trypto-
phan conserved in eukaryotic cyclophilins, which was
also implicated as an important residue for CsA binding
(31].isabsent inthe £. coli PPlase (3]. Liu et al. [28] have
shown that mutation of the natural F112 wild-type cy-
clophilin, which contains phenylalanine in position 112,
to the W112 mutant, which possess tryptophan in the
same position, enhances E. caoli PPlase susceptibility to
CsA inhibition by 23-fold, displaying an IC,, for CsA
in the range of the 5. subiilis enzyme {130 nM). Re-
cently, an ICy in the range of 30 nM was reported for
the PPlase from Strepiomyces [29). which is still higher
than the 6 nM reported for the human cyelophilin [28].
Furthermore the activity of the B. subtilis PPlase was
not inhibited by FK506 or by other immunosuppressive
agents, like CsH and linear CsA (data not shown). In
conclusion, the results indicate that the purified PPlase
of the Gram-positive bacterium, B. subtilis, in contrast
to the PPlase of Gram-negative bacteria, is highly sensi-
tive to CsA and therefore defines a new class of bacterial
isomerases.
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