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ABSTRACT. Cyclophilin (the product of thepiB gene) and the trigger factor (the product of tlgegene)

are the only cytosolic peptidylprolyl cis—trans isomerases that are knownHacillus subtilis Both
enzymes catalyze the in vitro refolding of ribonuclease T1, a reaction that is limited in rate by a prolyl
cis/trans isomerization. The efficiency of cyclophilin as a folding catalyst is only modest Withiay

value of 3.8x 10* M~ s71, but the trigger factor shows an almost 40-fold higher specific activity with
akeafKy value of 1.4x 10 M1 s™1. This high catalytic activity originates from the tight binding to the
protein substrate as reflected in both the I8 value of 0.5uM and in the strong inhibition of the
trigger factor by unfolded proteins. By use of a protein-folding assay, the concentrations of cyclophilin
and the trigger factor in the cytosol &. subtiliscould be determined as 26 and @Bl, respectively.
Together they account for the entire folding activity that is detectable in crude extracts of wil&type
subtiliscells. The genes encoding cyclophilin and the trigger factor irBthgubtilischromosome were
disrupted individually and simultaneously. Even in combination, these disruptions had no effect on cell
viability in rich medium or under several stress conditions, such as heat, osmotic, or oxidative stress.
However, in poor medium and, in particular, in the absence of amino acids, the growth of the double
mutant strain was strongly decelerated, indicating that the prolyl isomerases become essential for growth
under starvation conditions. Itis not yet known whether this function relates to the catalysis of the proline-
limited folding of essential proteins.

Cis/trans isomerizations of peptidyprolyl bonds are the ppiB! gene and the trigger factor, the product of the
intrinsically slow reactions, which often determine the rates gene. The cyclophilin fromB. subtilis resembles the
of protein-folding reactions in vitro and presumably also in eukaryotic cyclophilins in its high affinity for cyclosporin
vivo (1, 2). Peptidyt-prolyl cis—trans isomerases (prolyl A (8), but its catalytic activity toward tetrapeptides is
isomerases) catalyze this interconversion of XBeo bonds comparatively low 9). From appiB null mutant of B.
both in peptides and in protein8)( subtilis an additional prolyl isomerase could be purified,

Prolyl isomerases are ubiquitous enzymes, which belongwhich was identified as the trigger factatQ).
to three unrelated families: the cyclophilins, the FK506  In Escherichia colithe trigger factor is an abundant
binding proteins (FKBPs), and the parvulind6). The protein. Originally, it was suggested to be involved in the
cyclophilins and FKBPs bind to the immunosuppressive export of secretory proteind 1), and it was found associated
drugs cyclosporin A and FK506, respective8; @). Most with the ribosomeX2). More recently the trigger factor was

organisms contain several members of each famac- identified as a prolyl isomerase, which catalyzes proline-
charomyces cetgésiae contains eight cyclophilins, four limited protein folding with a very high efficiencysf and
FKBPs, and one parvulin homologué)( can bind to nascent polypeptide chait8,(14. The trigger

From Bacillus subtilis only two prolyl isomerases have factor consists of three domains. The amino-terminal domain
been isolated to date, cyclophilin, which is the product of is required for binding to the ribosom#%), and the middle
domain harbors a FKBP-type modulksf, which carries the
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40) exhibit slow growth 23, 24. Furthermore, it could be The following conditions for the overexpressionyafcD
demonstrated that the mitochondrial cyclophilin Cpr3 of as histidine tagged protein were used to obtain soluble
Saccharomyces cerisiae is required for mitochondrial ~ protein: 1 L of 2xYT medium, containing 100g/mL of
function at elevated temperatur@s) and accelerates protein  ampicillin and 25«g/mL of kanamycin, was inoculated with
refolding after mitochondrial impor2g). However, under  an overnight culture (30C) and incubated at 30C to an
favorable growth conditions, iSaccharomyces cerisiae ODsoo Of 0.9. After induction with isopropyp3-p-thioga-

all eight cyclophilins and four FKBPs, individually and lactoside (0.3 mM), cultures were grown for a funttieh at
collectively, seem to be dispensable for viabili).( The 30 °C. Cells were centrifuged (40804 °C, 15 min),
absence of a significant phenotype of PPlase null mutantsresuspended in buffer A (50 mM HEPES pH 8.0, 300 mM
might indicate that under standard growth conditions prolyl NaCl), and passed through a french press. Brocken cells

isomerases are not essential for viabiliB7y, were centrifuged at 200Q@0(4 °C, 30 min) and the

In this work we analyze the prolyl isomerase activities of
the soil bacteriunBacillus subtilisand show that only two

supernatant applied to a FPE®li?"-NTA column equili-
brated with buffer A. Bound protein was eluted by a linear

enzymes, the cyclophilin and the trigger factor, contribute 9radient of -0.25 M imidazole. The purity of YacD was

to this activity. We analyzed the catalytic activity of both
isomerases in protein folding in vitro and explored their
physiological role in vivo. We find that the two prolyl

judged by Coomassie-brilliant-blue stained SEFAGE

analysis.
Measurements of Prolyl Isomerase Adtti in the Peptide

isomerases can complement each other functionally inASS@ys. In the protease-coupled assay, the chromogenic
mutants that are defective in one of the two prolyl isomerases. Peptide Suc-Ala-Phe-Pro-Phe-4-nitroanilide and chymo-

A mutant with disruptions in botppiB andtig shows severe
growth defects during starvation.

MATERIALS AND METHODS

Bacterial Strains and Materials.Bacterial strains used
in this work areBacillus subtilisIH642 8) (trpC2 pheAl);
Bacillus subtilisMH1 (27) (trpC2 pheAl ppiB::cat; cat
chloramphenicol resistance cassgtiacillus subtilisSG1
(trpC2 pheALl tig::kanthis work;kart kanamycin resistance
cassette)Bacillus subtilisSG2 (rpC2 pheALl tig::kan ppiB::
cat, this work); Escherichia coliXL-1 Blue. As complete
medium we used 2xYT mediun29 and SM medium as
minimal medium 80). SM medium was supplemented with
tryptophan and phenylalanine (each 0.1% (w/v)).

The

trypsin were used34); 910uL of 0.1 M Tris/HCI (pH 8.0)
and 50 uL of a 600 uM solution of a-chymotrypsin
(Boehringer-Mannheim, Germany) were mixed in the spec-
trophotometer cell and preincubated at °I5 for 10 min.
Then 30uL of the solution to be assayed was added and
after 5 min the assay was initiated by addingdOof a 7.8
mM solution of the assay peptide in trifluoroethanol that
additionally contained 0.45 M LiCI3p). The cis— trans
isomerization of the PhePro bond, coupled with the
chymotryptic cleavage of the trans peptide, was followed
by the increase in absorbance at 390 nm in a HP 8452 diode
array spectrophotometer. Monoexponential functions were
fit to the progress curves, and the activity was calculated
from the observed rate constan8sl)

In the protease-free assay also, Suc-Ala-Phe-Pro-Phe-4-

substrate tetrapeptide Suc-Ala-Xaa-Pro-Phe-4-nitroanilide nitroanilide was used as a Substrate; %Eof 0.1 M Tris/

(Xaa: Ala, Phe, Glu, Lys) was obtained from Bachem (Basel,

Switzerland). Nickel-nitrilotriacetate-agarose {NNTA)

HCI (pH 8.0) and 3QuL of the enzyme under investigation
were incubated in the spectrophotometer cell atCSor

and tip20 columns for plasmid preparation were from Qiagen. 10 min. The assay was started by adding:d50f a 7.8

Restriction endonucleases and other enzymes were obtainegh\ solution of the assay peptide in trifluoroethanol/0.45
from Amersham. Protein concentrations were determined \ LiCl. The final peptide concentration was 1201. The

according to Gill and von Hippel3().
Overexpression and Purification of Cyclophilin, Trigger
Factor, the Internal FKBP12 Fragment, and RCM-TTIhe

cyclophilin was overexpressed and purified in a two-step

protocol as described previousl,(27). Trigger factor and

cis/trans isomerization of the Ph®ro peptide bond was
followed by the small decrease of the absorbance at 330 nm
caused by the rearrangement of the nitroanilide moiesy. (
Folding Experiments.The reduced and carboxymethylated
form of the S54G/P55N variant of RNase T1 (RCM-T1) was

the internal FKBP12 fragment were constructed, overex- unfolded by incubating the protein in 0.1 M Tris/HCI (pH

pressed, and purified as His-tag fusion proteib).( The

8.0) at 15°C for at least 1 h. Refolding at & was initiated

(S54G, P55N)-RNaseT1 was purified, reduced, and car-by a 40-fold dilution of the unfolded protein to final

boxymethylated (RCM-T1) as describegl( 33.

Cloning and Expression of the yacD Gene and Purification
of the Gene Product YacDThe yacD gene was amplified
by PCR using chromosomal DNA &. subtilisstrain JH642
and two specific primers with the restriction sit&pf and
BanHI) corresponding to the'a&nd 3 regions of theyacD
gene: 5CATGGCATGCAATCAAGAACAATCTGGA-3
and 3-CTTGGATCCTTTTTCCCCATAAAACC-3, respec-
tively. After digestion of the amplified PCR product, the
DNA fragment was ligated into the vector pQE70 (Qiagen).
The plasmid was used to transfoln coli strain XL1Blue

conditions of 2.0 M NaCl and the desired concentrations of
the purified trigger factor, cyclophilin oB. subtiliscrude
extracts. The crude extracts that were assayed for folding
activity contained 2 mM EDTA, 0.2 mM AEBSF ((amino-
ethyl)benzenesulfonyl fluoride), and 1 mM PMSF (phenyl-
methylsulfonyl fluoride) to inhibit the proteolytic degradation
of both the refolding protein molecules and the prolyl
isomerases. The refolding reaction was followed by the
increase in protein fluorescence at 320 nm (10 nm band-
width) after excitation at 268 nm (1.5-nm bandwidth) when
purified trigger factor was used and at 295 nm when the

(Stratagene) followed by plasmid preparation and restriction activities of crude cell extracts were investigated. Measure-
analysis of the constructed plasmid. pQE70 containing the ments were performed with a Hitachi F4010 fluorescence

yacD gene was then transformed in thle coli strain
SG13009 [pREPA4].

spectrometer, and the rate constants were determined using
the program Grafit 3.0 (Erithacus Software, Staines, UK).
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To analyze the enzyme kinetics of catalyzed folding, we
measured the kinetics of folding in the presence of 10 nM
trigger factor and 0.0516 uM RCM-T1 under the folding

conditions described above. Both uncatalyzed and catalyze

folding occur in these experiments. The initial velocities of

catalyzed folding were determined from the measured
progress curves by using the procedure originally developed

for the analysis of enzyme-catalyzed prolyl isomerization in
a peptide 87) as adapted for the analysis of the catalyzed
folding of RCM-T1 (19).

Interruption of the Chromosomal Copy of the tig Gene in
B. subtilis Strains JH642 and MH1The tig gene was
amplified by PCR using chromosomal DNA of tBacillus
subtilisstrain JH642 and two specific primers with restriction
sites @pd and Kpnl) for cloning the tig gene in the
pBluescript vector (Stratagene). The following primers,
corresponding to the'@nd the 3regions of thetig gene,
were used: BATAGGGCCCCCGACACAACCTGAATA-
GAT-3 and B-ATAGGTACCAAGGCACGAATGATTCG-

3. After purification of the PCR product and digestion with
the restriction enzyme&pd and Kpnl, the DNA fragment
was ligated in the pBluescript SKvector and the resulting
plasmid was transformed into the XL1 blue strairEofcoli.
The isolated plasmid was digested with the restriction
enzymeBglll, and thekangene kan kanamycin resistance
cassette), localized on the 1.3 BanHI/Bglll fragment of
the plasmid pDG79238), was ligated in the compatibigll|
site. The resulting plasmid ptig-kan containiigy:kan was
amplified inE. coli XL1 blue cells. Thetig::kan gene was
amplified by PCR, and about® of the PCR fragment was
transformed in competer. subtilis cells. Thetig::kan
fragment was transformed B subtilisstrain JH642 resulting
in strain SG1{ig::kan) as well as irB. subtilisstrain MH1
(ppiB::cat) resulting in strain SG2ig::kan ppiB::ca). The

Gothel et al.
RESULTS

Catalytic Properties of the Trigger Factor and of Cyclo-

Ophilin from Bacillus subtilis. Similar to its eukaryotic

counterparts, cyclophilin fronB. subtilisis active toward
chromogenic tetrapeptides, such as Suc-Ala-Ala-Pro-Phe-4-
nitroanilide, in a protease-linked activity assay for prolyl
isomerases3d). At 10 °C akq/Ky value of 2x 10° M1

s 1 was obtainedd), which is about 10-fold lower than the
respective values for cytosolic cyclophilins of eukaryotgs (
4).

The efficiencies of prolyl isomerases as catalysts of slow
proline-limited protein-folding reactions can be determined
conveniently by using the reduced and carboxymethylated
form of a variant of ribonuclease T1 (RCM-T}§L, 49 as
a folding substrate. In the native state RCM-T1 contains a
single cis prolyl bond (Tyr38Pro39), and its folding
mechanism is simple and well characterized in molecular
detail @3, 449. Of all RCM-T1 molecules, 85% fold in a
monophasic and reversible reaction, which is limited in rate
by the slow trans— cis isomerization at Pro39. This folding
reaction is catalyzed by many prolyl isomerases albeit with
strongly different efficienciesl( 45, 46.

The catalysis of folding of RCM-T1 in the presence of
various concentrations of cyclophilin is shown in Figure 1A.
With a k.o/Ky value of 3.8x 10* Mt s (Figure 1B),
cyclophilin catalyzes prolyl isomerization in this protein-
folding reaction about 50-fold less efficiently than prolyl
isomerization in the tetrapeptide. With these catalytic
properties it resembles the mammalian cytosolic cyclophi-
lins18 @1). The measured rate of catalyzed folding depends
linearly on RCM-T1 concentration, and we could not detect
an inhibition of cyclophilin by permanently unfolded pro-
teins, such as reduced and carboxymethyletéactalbumin
(RCM-La). This suggests that cyclophilin has only a

tig deletion mutants were analyzed by Southern and Westernmoderate affinity for unfolded protein substrates.

blot analysis as well as by PCR. For the Southern blot

analysis thelig gene was used as a probe.

Analysis of the PPlase Lacking StraingVe used 2xYT
as rich medium, SM medium as minimal medium, and DSM
as sporulation medium for the growth kineti®@)). Several

Unlike most cyclophilins and FKBPs, the trigger factors
of bothE. coli (17) andB. subtilisare sensitive to proteolytic
cleavage, probably due to their modular organization.
Therefore, the possibility of using the protease-linked peptide
assays to measure the catalytic activity is fairly limited.

stress conditions, such as heat, cold, or salt stress, werdnstead, we employed a variant of the peptide-based assay,

applied as described previousi$9, 40.

To analyze the strains JH642, SG1, MH1, and SG2 for

adaptation to SM medium, cells were grown in 2xYT
complete medium to an Qg of 0.8, centrifuged, and

washed in SM medium, and the washed cells were used t
inoculate 200 mL of SM medium that, in addition to

in which the coupling with isomer-specific proteolysis is
avoided 86). This assay exploits the small decrease in
absorbance at 330 nm of the nitroanilide moiety upon Phe-
Pro cis— trans isomerization to monitor its kinetics in the
uncleaved assay peptide Suc-Ala-Phe-Pro-Phe-4-nitroanilide.

Owith this assay we determinedla./Ky value of 0.71+

0.08uM~1 s71 for the trigger factor fronB. subtilis This

tryptophan and phenylalanine, contained no other amino 5 resembles the respective value for the trigger factor

acids. To test nutrient limitation, cells were cultivated in
SM medium containing amino acids (0.1% (w/v)) to 6§

of E. coli (kea/Km = 0.8 uM~1 571 (6)). In contrast, when
measured by the protease-coupled assay, a specifity constant

= 0.8, washed in SM medium without amino acids, and then of only 0.01+ 0.0024M~! s was obtained.

used for the growth kinetics.
To analyze the residual PPlase activity in the different

In the folding of RCM-T1, the trigger factor @&. subtilis
catalyzes prolyl isomerization with a very high efficiency

strains (JH642, SG1, MH1, SG2), each strain was grown in (Figure 2). The folding of 0.kM RCM-T1 is already 4-fold

400 mL of 2xYT medium to an opical density of one (P

accelerated when 4 nM of trigger factor is added (Figure

= 1). The centrifuged cells were resuspended in 5 mL of 2A). The first-order rate constant of the enzyme-catalyzed

buffer A (50 mM Tris/HCI (pH 7.5), 1 mM DTT, 2mM
EDTA, 0.2 mM AEBSF, 1 mM PMSF) and the suspension
was sonicated at intervals for a total of 3 min. The broken
cells were centrifuged for 30 min at 15 G0

refolding of RCM-T1 increases in a linear fashion with the
concentration of the trigger factor (Figure 2B). From the
slope in Figure 2B a value of 1,4 10° M~1 s 1 s obtained
for keofKm. This value is significantly higher thaki./Kwy
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Ficure 1: (A) Refolding kinetics of RCM-T1 in the presence of
increasing concentrations of cyclophilin. The kinetics of refolding
of 0.1uM RCM-T1in 0.1 M Tris/HCI pH 8.0 2 M NaCl at 15°C

in the presence of various concentrationgosubtiliscyclophilin.

(B) Ratio of the observed rate constants of slow folding in the
presencek, and the absenck,, of cyclophilin as a function of the
cyclophilin concentration. From the slopé&a/Ky value of 3.8x

10* M~1s1was determined. Refolding of RCM-T1 in 0.1 M Tris/
HCI pH 8.0 was initiated by a 40-fold dilution to 2.0 M NaCl in

the same buffer and followed by the increase in fluorescence at

320 nm.

for prolyl isomerization in the tetrapeptide and almost 40-
fold higher than thek../Ku of cyclophilin.

The very high activity of the trigger factor in protein
folding originates from its good binding to the unfolded
protein substrate. Figure 3A shows the initial rate of
catalyzed folding of RCM-T1 as a function of the substrate
concentration. The analysis of these data by the Michaelis
Menten equation givesky value of 0.45+ 0.02uM. This
suggests that the affinity of the trigger factor Bf subtilis
is similarly high as observed previously for the trigger factors
of E. coliandMycoplasma genitaliurt20). The high affinity
for unfolded protein chains is also reflected in the strong
inhibition of catalyzed folding by permanently unfolded
proteins, such as RCM-lactalbumin and the RCM form of
the P39A variant of RNase T1 (Figure 3B). Under the
conditions used, catalyzed folding is 50% inhibited by about
0.4 uM of RCM-P39A-RNase T1 or 0.ZM of RCM-La,
respectively.

The trigger factor contains an internal 12-kDa domain with
significant sequence similarity to the FKBPEO( 17, 18.

Biochemistry, Vol. 37, No. 38, 19983395
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Ficure 2: Refolding kinetics of RCM-T1 in the presence of
increasing concentrations of trigger factor at’s (A) The kinetics

of refolding of 0.1uM RCM-T1 in 0.1 M Tris/HCI pH 8.0; 2 M
NaCl at 15°C, in the presence of various concentrations of trigger
factor. (B) Ratio of the observed rate constants of slow folding in
the presencek, and the absencé,, of trigger factor as a function
of the trigger factor concentration. From the slople.#Ky value

of 1.4 x 10° M~ s~ was determined. The refolding experiments
were performed as in Figure 1.

ers (Figure 4A). In previous studies thppiB gene was
interrupted by the chloramphenicol resistance cassette, the
catgene ppiB::cat, strain MH1 @7)). Thetig::kan mutant
(kanamycin resistance casette) constructed in this study was
combined with that ofppiB::cat to generate theig/ppiB
double disruption mutant SG2 (Figure 4A). The disruption
of both genes was verified by Southern hybridization, PCR,
and Western blot analysis.

As shown by Western blot analysis (Figure 4B), B
gene disruption mutant MH1 had no influence on the protein
concentration of the trigger factor, and in analogy we have
also analyzed the effect ¢iy gene disruption mutation on
cyclophilin synthesis and also found no effect (data not
shown).

A two-dimensional polyacrylamide gel electrophoresis
analysis of the fouB. subtilisstrains (JH642, SG1, SG2,
and MH1) revealed that the absence of the trigger factor and
of cyclophilin had no influence on total protein synthesis
(data not shown).

Prolyl Isomerase Actities in the tig/ppiB Disruption
Mutant. Most organisms contain a multitude of prolyl
isomerases. To examine whether cyclophilin and the trigger

Even though this domain harbors the prolyl isomerase factor indeed account for the prolyl isomerase activity in wild

activity, itsk.a/Ky value for the catalyzed refolding of RCM-

type B. subtilis, we measured the activities in the crude

T1 is decreased by almost 3 orders of magnitude from 1.4 extracts of wild typeB. subtilisof the two single-disruption

x 10° M~ s71 (intact trigger factor) to 3.0< 10° M1 st
(FKBP fragment).

Construction of a Chromosomal tig and tig/ppiB Gene
Disruption Mutant. To find evidence for the physiological
function of thetig andppiB gene products in vivo, the coding
genes within thé. subtilischomosome were interrupted by

mutants MH1 and SG1 and of the double-disruption mutant
SG2.

These activities cannot be measured by the conventional
peptide-based assays. In the protease-coupled assay, sensi-
tive prolyl isomerases, such as the trigger factor, are rapidly
degraded by the helper enzyme. The protease-free assay

homologous recombination using antibiotic resistance mark- cannot be used either, because the very small change in
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0 1 2 3 Ficure 4: (A) Construction of thetig and tig/ppiB disruption
[inhibitory protein] (uM) mutants SG1 and SG2 by a double-crossover recombination event.

The kanamycin resistance markem (white box) was cloned into

the Bglll site of tig (gray boxes) resulting in the plasmid ptig-kan.
The tig gene was amplified by PCR (tig::kan), and the resulting
fragment was transformed in competent cells for a double-crossover
recombination event with chromosomal DNABf subtilisJH642

6 - 1 : . and MH1. (B) Western blot analysis of the resulting PPlase-lacking
0.45x 107°M andkea = 1.0 s were obtained from the analysis  strajns with antibodies against the trigger factor. Lane 1, purified
of the data (as shown by the continuous line). The initial folding trigger factor as control; lane 2, crude extract of SG2; lane 3, crude

rates were determined and analyzed as described by Scholz et algyiract of SG1; lane 4, crude extract of MH1: lane 5, crude extract
(1997). (B) Inhibition of the trigger factor by unfolded RCM-La ¢ jHg42.

(®) and by RCM(P39A)T1 @). The relative rate of catalyzed
refolding (/ky) of 0.1 uM RCM-T1 is shown as a function of the
concentrations of the two inhibitors. The conditions were as in panel
A.

Ficure 3: Enzyme kinetics of the trigger-factor-catalyzed refolding
of RCM-T1. (A) Initial velocity of catalyzed refolding reaction at
15 °C as a function of the concentration of RCM-T1. The trigger
factor concentration was 10 nM and the buffer was 0.1 M Tris/
HCI, 2.0 M NaCl, pH 8.0, in all experiments. ValueslQf/Ky =

100

T

©0
(=4

absorbance upon isomerization becomes buried underneath
the very large changes that occur when the peptide is cleaved
by trace amounts of proteases as are always present in crude
extracts.

To overcome these problems, we developed an assay that
is based on the folding activity of the prolyl isomerases
toward RCM-T1. To avoid proteolytic degradation of this
protein substrate, we added a mixture of protease inhibitors

(=)
(=

rel. fluorescence (%)

B
=)

1 1

500 2000 4000

time (s)

250

(see Materials and Methods) to the crude extracts prior to
the assay. The results are shown in Figure 5. The extract
from wild-type cells contains a high activity, and the addition
of 10 uL of crude extract leads to a 8.5-fold acceleration of
the folding of RCM-T1. This folding activity is only slightly
lower (7.9-fold acceleration) in the extract from the MH1
cells, which lack cyclophilin. This indicates that the trigger
factor accounts for the great majority of the folding activity
in B. subtilis as could be expected from the very high activity
of the purified trigger factor. In fact, the extract from the
SG1 cells, which lacks the trigger factor, shows only a small,
but significant residual activity, which can be ascribed to
cyclophilin. Finally, the SG2 cells, which carry a disruption
in both geneppiB andtig, do not show a detectable prolyl
isomerase activity, and the kinetics of folding of RCM-T1
follow the same time course as the uncatalyzed folding in
the control experiment. This close coincidence also confirms

Ficure 5: PPlase activities of PPlase-deficient strains. The
refolding of 1.0uM RCM-T1 was measured in 0.1 M Tris/HCI,
2.0 M NaCl, pH 8.0, at 15C. The lowest trace represents the
control in the absence of cell extracts. It almost coincides with the
trace observed in the presence of 0 of crude extract of SG2
(ppiB~/tig™). The third curve represents the activity of &0 of
crude extract of SG1tif~), and the two highest traces represent
the activities found for MH1gpiB~) and JH642 (wild-type). All
crude extracts had the same protein concentration (12 mg/mL).

rate of folding increased. The sensitivity of this assay is
such that about 1% of the folding activity of the trigger factor
in wild-type B. subtiliscells can be detected reliably. The
assay is performed in the presené@ & NaCl. Therefore,
it would not detect prolyl isomerases that are inactive at high
salt concentration.

Together, the results in Figure 5 suggest that at least 99%
of the catalytic activity that can be measured by our protein
folding assay in the crude extract Bf subtilis originates

that the refolding RCM-T1 molecules are not degraded by from only two prolyl isomerases: the cyclophilin (17.6 kDa)
proteases in the extract during the assay. In such a case thand the trigger factor (47.3 kDa), which contributes more
fluorescence amplitude would be decreased and the measurethan 90% of the overall activity. From the data in Figure 5
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Table 1: Stress Conditions for Cell-Growth Analysis of the PPlase
Disruption Mutants

medium stress condition phenotype
1 2xYT no difference in growth
between wild-type
(JH642) and PPlase
lacking strains
SG1, SG2, and MH1
2 DSM asinl
sporulation
medium
3 SM asinl
4 2xYT cold shock: as in 1; protein
temp shift concentration of
from 37 to trigger factor and
15°C cyclophilin was
2-fold enhanced
5 SM cold shock: asinland4
asin4
6 heatshock: asinl
temp, shift
from 37 to
48°C
7 SM salt stress: asinl
0.8 M (w/v)
8 SM ethanol stress:  asin1l
4% (vIv)
9 SM oxidative stress asinl
10 S™M amino acid mutant strains SG1 and
limitation MH1 showed a lag
period in growth of
abou 5 h compared
to wild-type.The double
mutant SG2 doubled
only once in 30 h.
11 SM glucose starvation like 1

and from the known specific activities, intracellular concen-
trations of 26uM can be estimated for cyclophilin and 35
uM for the trigger factor.

We searched the entire genomeRfsubtilis (available
in the SubtiList Databank) for additional PPlases, and found
only two further genes which showed significant sequence
homologies to thé&. coli parvulin, namelyprsAandyacD.

prsAencodes a membrane-bound protein, 32.5 kDa in size,

which is involved in secretion of extracellular proteins such
asa-amylase47, 48. PrsA shows prolyl isomerase activity,
which is, however, about 100- to 1000-fold lower than the
activity of E. coli parvulin? The function of the 34.1-kDa
yacD gene product is not yet known.

To analyze YacD activity, thgacDgene was cloned into
the expression vector pQE70, and the His-tagged YacD
protein was purified. The protein had no prolyl isomerase
activity tested with the substrates Suc-Ala-Xaa-Pro-Phe-4-
nitroanilide, with Ala, Phe, Glu, and Lys as Xaa. It seems
that, in fact, the prolyl isomerase activity that could be
detected by our prolyl isomerization assay Bn subtilis
originates from only two proteins, i.e., the trigger factor and
cyclophilin.

Growth Defects of the Prolyl Isomerase Disruption
Mutants. To elucidate the physiological role of the prolyl
isomerase activity for the viability oB. subtiliscells, we

Biochemistry, Vol. 37, No. 38, 19983397

ODsoo

time (h)
—O— 5G1 (sig)

—O— JH642
—O— SG2 (rig/ppiB) —L— MHI (ppiB")

FiIcure 6: Growth kinetics of the strains JH642, SG1, SG2, and
MH1 at 37°C after a shift from SM medium containing all amino
acids to SM medium containing no amino acids (exept tryptophan
and phenylalanine needed by the parent strain). The inset shows
the later time points in the growth kinetics.

difference in growth could be observed between wild-type
and mutant strains. Therefore, we performed several stress
tests including heat, cold, ethanol, oxidative, or salt stress,
which are known to be sublethal f8 subtilis(39). Under
most of these stress conditions (see Table I), no differences
in growth could be detected for the strains JH642, SG1, SG2,
and MH1. When, however, the cells were transferred from
a rich medium to a minimal medium (SM medium), the SG2
strain, which lacks both prolyl isomerases, shows a signifi-
cant growth retardation, indicating an important role of
PPlases under these stringent conditions.

To further elucidate the conditions under which the PPlases
are essential for cell viability, we performed growth experi-
ments in minimal medium (SM) on glucose and amino acid
limitation. Starvation for glucose had no effect on the growth
of the strains that are deficient in prolyl isomerases. In
contrast, when the supply with amino acids was limiting,
strong differences in growth could be observed. As shown
in Figure 6, thaig/ppiB double mutant could not fairly grow
in SM medium that lacked all amino acids (exept Trp and
Phe, which were needed by the parental strain). The single
PPlase mutants MH1 and SG1 also showed retarded growth
under these conditions, but after a lag perid8 o (relative
to the wild-type cells), both of them could resume growth.
On solid minimal media, lacking amino acids, the double
mutant is also significantly retarded in growth, a finding that
may allow a search for suppressor mutations

The growth defect observed in the double mutant could
not be rescued by adding back single amino acid to the SM
medium, indicating a multiple requirement, next to tryp-
tophan and phenylalanine which are needed by the parental
strain. In further experiments, we therefore tested whether
growth could be restored when the minimal medium was
supplemented by different pools of amino acids (all at a final
concentration of 5@g/mL), which were grouped according
to the six biosynthetic families in the following way: 1, Asp,

exposed the strain SG2 which exhibits no measurable Asn, Met, Thr, Lys, lle; 2, Ala, Val, Leu; 3, His; 4, Tyr, 5,

cytosolic PPlase activity to a variety of growth conditions
(Table 1). In rich media (such as 2xYT and 3C), no

2Matti S., and Fischer G., personal comunication.

Glu, GIn, Pro, Arg; 6, Ser, Cys, Gly. As shown in Figure

7, the double mutant (SG2) could not resume growth in
media containing amino acid sets 1, 3, 4, or 6. It could only
grow when set 2 (the combination of Ala, Val, and Leu) or
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ODgy,

= 1
SG2 Ser,

SG2 Asp, Ala, His Tyr Glu,

+aa  -aa Asn,  Val, Gln, Cys,
(+Trp, Met, Leu Pro,  Gly
Phe) Thr, Arg

lle,
Lys

optical density after 16 h Bl optical density after 24 h

FiIGURe 7: Growth of strain SG2 in SM medium containing different
pools of amino acids. As a control, SG2 was grown in SM medium
containing all amino acidst{aa) and no amino acids-@a, except

Gothel et al.

when the wild-type and the mutant strains were transferred
from rich to minimal medium. Unlike the wild-type strain
and the single disruption mutants, the doutigppiB null
mutant could not grow in minimal medium when certain
amino acids were absent. This defect could be rescued
completely by adding all amino acids to the medium or in
part when the following two limited groups of amino acids
(Ala, Val, Leu or Glu, GIn, Pro, Arg) were present.
However, the phenotype in growth recovery could not be
reduced to a single amino acid biosynthetic pathway. The
two groups of amino acids mentioned above belong to two
different branches of the well-known six amino acid bio-
synthetic families in bacteria. The remaining four amino
acid biosynthetic families were found to be unable to rescue
the growth retardation of thiigy/ppiB null mutant in minimal
medium (see Figure 7). At present we cannot advance a
simple explanation for the cause of this phenotype (the first
to be observed for a procaryotic prolyl isomerase mutant)

tryptophan and phenylalanine). Cells of strain SG2 were grown in or for the specific amino acids requirement of the double
SM medium with 0.1% casamino acids and these cells were usedyytant. Therefore, further studies are needed to elucidate

to inoculate an overnight culture of SM medium containing a
combination of amino acids (50g/mL) mentioned in the legend
of the figure. After 16 and 24 h, respectively, the #Xoptical
density at 600 nm) was measured.

set 5 (the combination of Glu, GiIn, Pro, and Arg) were added.

the possible physiological role of PPlases Bn subtilis
growth under amino acid limitation. It may be noteworthy
that SurA, a protein of th&. coli periplasm that is essential
for survival in the stationary phaseb@), shares some
sequence similarity with the parvulins, a novel familiy of

This growth was, however, much slower than in the presencepp|ases §. It is also interesting to note that in yeast

of all amino acids in the medium (Figure 7), and the final
optical density in the stationary phase (P—= 3) was
reache 8 h later.

DISCUSSION

Only two prolyl isomerases, cyclophilin and the trigger
factor, contribute to the measurable folding activity in crude
extracts of B. subtilis The cyclophilin of B. subtilis
resembles the other prolyl isomerases of this family in its
modest activity in protein folding. This low activity
originates from the poor affinity of cyclophilins for unfolded
protein chains. In contrast, the trigger factorBfsubtilis
shows a high affinity for protein substrates and a very high
catalytic activity in the folding of our model protein RCM-

FKBP12 physically interacts with the aspartokinase, an
enzyme of the biosynthetic pathway to Thr and Met in a
regulatory manners(l).

Our data provide clear evidence that prolyl isomerases can
become essential for the growth of a bacterium when the
supply with nutrients is poor and that the two prolyl
isomerases cyclophilin and trigger factor can substitute for
each other functionally. It is still unclear whether this
function relates to the acceleration of folding of some crucial
enzymes of amino acid metabolism. Nonproductive folding
or the aggregation of folding intermediates probably com-
petes with uncatalyzed folding and thus decreases the yield
of correctly folded proteins. These side reactions occur
probably all the time. It is possible that they are tolerated

T1. Inits enzymatic properties it resembles the homologous in the cells under good growth conditions, but not when the

trigger factors fronk. coliandMycoplasma genitaliur(i9,

20). More than 90% of the folding activity in the crude

extract of B. subtilisoriginates from the trigger factor.
Mutants in which both thepiB and thetig gene were

supply with proteins or protein precursors is very poor. This

is reminiscent of the chaperone Hsp70, which becomes
essential only under heat shock conditions when the amount
of inactive or aggregated proteins increases. Protein bio-

disrupted showed no residual prolyl isomerase activity in a synthesis in bacteria may have evolved such that under good
protein folding assay. This suggests that the other two prolyl growth conditions most of the proteins can fold spontane-

isomerases that could be identified in the genomeBof
subtilis (the products of theprsA and yacD genes) are
inactive or show a very low prolyl isomerase activity, as
was found for the purified PrsA (Fischer, G., et al,
unpublished observation) and YacD proteins (this work).
The individual or the simultaneous disruption of {h&@B
andtig genes did not affect the viability @&. subtilisin the
cold, although the synthesis of both cyclophilin and the
trigger factor is enhanced after a cold sho4®)( A mutant
of E. coli with a reduced expression of the trigger factor
was reported to show reduced viability in the col®)(
Differences in growth could also not be found for our
mutants of B. subtilis under a variety of other stress

ously and in sufficient amounts in the absence of catalysts
or chaperones. When, however, the supply of nutrients, and
in particular of building blocks for proteins, is severely
limited, substantial misfolding may no longer be tolerable,
and now the functions of folding catalysts and chaperones
become essential. These harsh conditions should be the rule,
rather than the exception, for many bacteria in their natural
habitats.

B. subtilisis well suited to investigate the cellular functions
of prolyl isomerases, because, unlike, e.g., yeast, it contains
only very few prolyl isomerases. Similar to cyclophilin and
the trigger factor ofB. subtilis the many different prolyl
isomerases in higher organisms might very well replace each

conditions, such as heat, high salt concentrations, or oxidativeother functionally, which complicates the analyses of mu-

conditions. Growth was, however, significantly affected

tants.
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