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Abstract : Peptidylprolyl cis-trans isomerase (PPlase) catalyzes the cis-trans isomerization of prolyl peptide
and facilitates the folding of cellular proteins and peptides. PPlase consists of two distinct immunophilins,
each specifically binding to the immunosupressive drug cyclosporin A (CsA) or FK506. respectively. A PPlase
was isolated and partially purified from porcine spleen. The molecular weight of porcine spleen PPlase
was determined to be ~14,000 on the basis of SDS-PAGE. The purified enzyme was strongly inhibited
by FK506, but not by CsA. The inhibition constant and the true concentration of enzyme preparations
were determined by active site titration using the tight binding inhibitor FK506: K;=18.7 nM and E,=172
nM. The equilibrium ratio of conformer, [cis]/[trans], of prolyl peptide substrates (N-Suc-Ala-Xaa-Pro-Phe-
p-NA) in anhydrous trifluoroethanol/LiCl solvent system varied from 0.24 to 0.85 depending on the nature
of Xaa. Overall, in this solvent-salt system, the populations of the cis conformer of substrates in equilibrium
are higher than in an aqueous solution so that the substantial error caused by high background absorption
can be reduced. The reactivities of porcine spleen PPlase are shown to be highly sensitive to changes
in the structure of substrates. Thus, k./K,, value for the most reactive substrate (Xaa=Leu) is 4.007+10°
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M s ! and, is 2,636 fold higher than that for the least reactive peptide substrate tested, Xaa=Glu.
Key words : cis-trans isomerase, FK506-binding protein, kinetics, peptidylprolyl, substrate specificity.

Peptidylprolyl cis-trans isomerase (PPlase, EC. 5.2.1.
8) discovered by Fischer and coworkers is an enzyme
of novel class that catalyzes cis-trans isomerization of
peptidylproly imide bonds in peptides and proteins
(Fischer et al, 1984). This enzyme has been detected
in many organisms and all cellular compartments tested
(Fischer, 1994) and is known to catalyze the refolding
of denatured proteins in vitro (Lang and Schmidt,
1988; Troupschung et al, 1990; Schénbrunner et al,
1991) and to play an important role in folding of newly
synthesized proteins in vivo, where the trans—cis iso-
merization of proline peptide bond is considered as
the rate limiting step in some protein folding process
(Brandts et al, 1975; Schmidt et al, 1993). PPlases
are also shown to be the initial binding proteins (im-
munophilins) for cyclosporin A (CsA) and FK506 (Fisch-
er et al, 1989; Takahashi et al, 1989), both potent
immunosuppressive drugs. Therefore these enzymes are
classified as two families of proteins, cyclophilin and
FK506-binding protein (FKBP), depending on their
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specificity for the CsA and FK506, respectively. Their
catalytic activities are inhibited by binding of the respec-
tive ligand, but they are not inhibited by crossed inhib-
itors (Harding et al, 1989; Siekierka et al., 1989).
In tracing biological functions of these enzymes, a num-
ber of cellular binding proteins for PPlase were iden-
tified (Friedman et al., 1993; Nadeau et al., 1993; John-
son and Toft, 1994) which may include native sub-
strate. In certain bacterial systems, the binding of FK506
has been shown to protect FKBP protein against pro-
teolytic digestion (Lee et al, 1992). Recently human
cyclophilin-CsA and FKBP-FK506 complexes were re-
ported to inhibit the signal transduction pathway for
activating human T-cells (Fischer et al, 1994). Never-
theless, a clear link between the acceleration of protein
folding by PPlase and its role in the immunosuppres-
sion process has yet to be identified. The identification
of possible endogeneous PPlase inhibitors would be
an effective approach that leads to an understanding
of the whole process and this can be achieved on the
basis of knowledge of detailed catalytic mechanisms
and the chemistry of the enzyme active site.

In the present study, a PPlase was isolated and par-
tially purified from porcine spleen and some of its kinet-



520 Soo-Ja Kim and Chan Lee

ic properties and substrate binding properties were stud-
ied.

Materials and Methods

Materials

N-Succinylalanylalanylprolylphenyalanyl-p-nitroanilide
(N-Suc-Ala-Ala-Pro-Phe-p-NA), recombinant human FK506-
binding protein (hFKBP), a-chymotrypsin, phenylmethyl-
sulfonyl fluoride (PMSF), Trizma base, acrylamide, NN'-
methylenebisacrylamide were purchased from Sigma
(St. Louis, USA). Tetrapeptide substrates, 1-7 for PPlase
assays were prepared by Bachem Bioscience (Heidel-
berg, Germany). Trifluoroethanol (TFE) and tetrahydro-
furan (THF) were obtained from Aldrich Chemicals
(Milwaukee, USA). FK506 and CsA were provided by
E. Lee (Wheatridge, USA). Sephadex G-75 and CM-
Trisacryl M were purchased from Pharmacia LKB Bio-
technology Inc. (Uppsala, Sweden). NANOpure deion-
ized water of conductivity no less than 18.0 Mohm-cm
at 25°C was used throughout this experiment.

Enzyme purification

Peptidylprolyl cis-trans isomerase was isolated and
purified by the method of Kofron et al. (1991) with
the following modifications. The porcine spleen was
homogenized in 1:4 (w/v) lysis buffer (0.025 M Tris-
HCl. pH 7.6, 0.1 M NaCl, 5 mM 2-mercaptoethanol
and 1 mM PMSF). The homogenate was centrifuged
at 8,000Xg for 20 min and the supernatant was heat-
ed to 60°C for 20 min. The mixture was centrifuged
at 20,000 Xg for 30 min. The proteins from the super-
natant was precipitated by 80% saturation with ammo-
nium sulfate. The precipitate was dissolved in a small
amount of lysis buffer and applied to a Sephadex
G-75 column (1.6X75 cm) pre-equilibrated in 0.05 M
Tris-HC! buffer, pH 7.6, and was eluted by the same
buffer. The PPlase activity of each fraction was deter-
mined using a coupling enzyme assay method (Fischer
et al, 1984; Harding et el, 1989; Siekierka et al,
1989) with N-Suc-Ala-Ala-Pro-Phe-p-NA as the sub-
strate for the PPlase catalyzed reaction. The fractions
which had the highest enzyme activity were pooled
and concentrated and dialyzed against 0.0l M acetate
buffer, pH 54 using Amicon ultrafiltration apparatus
with YM-10 membrane. The final mixture in 0.01 M
acetate buffer was applied to a CM-Trisacryl M column
(1.2X25 cm) equilibrated with 0.01 M acetate buffer,
pH 54 and was eluted by linear gradient of 0~0.3
M NaCl in the same buffer. Fractions with high enzyme
activity were collected, concentrated and stored at 4°C.
The molecular weight of porcine spleen PPlase was
determined to be ~14,000 on the basis of SDS-PAGE.
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The enzyme preparation was purified 250 fold as com-
pared to the ammonium sulfate precipitates.

Substrate preparation

Synthetic peptide substrates (1-7) were dissolved in
anhydrous TFE or THF which contained 047 M LiCl
to give 5.5 mM solution. The cis/trans equilibrium con-
stant and the percentage of cis isomer of each peptide
preparation were determined as follows: first, absorption
at 390 nm of the reaction mixture without substrate
and PPlase was zeroed and, after mixing with substrate.
the absorption was read at 390 nm. This measures
the amount of trans peptide in equilibrium mixture un-
der the conditions applied. Since the rate for reequili-
bration of reaction mixture upon addition of substrate
is slower than the a-chymotrypsin catalyzed hydrolysis
of preexisting trans isomer, there is an initial burst
which is follwed by slower increase in p-nitroaniline
production. Then PPlase was added and allowed to
react to completion (about 1 min). When there was
no further change in absorption, the absorption corre-
sponding to the total p-nitroaniline released was meas-
ured. The subtraction of the first measured value from
the second absorption gave the amount of cis isomer
in the sample.

Assay of peptidylprolyl cis-trans isomerase catalyzed
reaction

The coupling enzyme assay method for PPlase activ-
ity determination suggested originally by Fischer et al.
(1984) depends upon the isomer specific proteolytic
activity of a-chymotrypsin and was modified by Kofron
et al. (1991) so that the steady state kinetic parameters
could be measured accurately. Kern et al. (1995) used
dynamic NMR spectroscopy for the noncoupling assay
of pig kidney cyclophilin.

Standard PPlase assay mixture contained 0.05 M
Tris-HCl buffer, pH 8.0, a-chymotrypsin, 1.67 mg (90
U), peptide substrate 0.11 mM, TFE 2% (v/v), LiCl 94
mM and PPlase in total volume of 0.5 ml Reaction
was initiated by adding substrate to the equilibrated
reaction mixture and changes in absorption at 390 nm
were measured at 25°C using Shimadzu UV 3101 PC
Spectrophotometer. The first order rate constants (Koss)
were determined by exponential curve fit to the reac-
tion progress curves or by the logarithmic linear trans-
formation. Effect of inhibitors (peptide analogs, FK506
and CsA) and nonenzymic spontaneous isomerization
rate constants were also determined in a similar manner.

Substrate specificity
Keat/Km for the PPlase catalyzed isomerization with
seven different tetrapeptide substrates varying in amino
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acid Xaa in N-Suc-Ala-Xaa-Pro-Phe-pNA were calcu-
lated from the observed first order rate constants of en-
zyme catalyzed reactions and uncatalyzed reactions of
the same peptides.

Results and Discussions

Assay of PPlase catalyzed cis-trans isomerization of
prolyl peptides

The coupling enzyme assay method described by Fi-
scher et al. (1984) and Harrison and Stein (1990a)
involved the coupling of the reversible PPlase reaction
with the irreversible, a-chymotrypsin catalyzed hydroly-
sis of C-terminal amide bond of peptide liberating p-
nitroaniline. In this reaction, a-chymotrypsin has the
isomer selectivity and it cleaves the Phe-pNA amide
bond of trans isomer of substrate only. In the presence
of high concentrations of a-chymotrypsin, the trans iso-
mer in equilibrium mixture can be hydrolyzed in the
burst phase and rate limiting slower hydrolysis would
follow this. The PPlase catalyzed reaction rate can be
determined from the absorption at 390 nm (Ae=13,400)
or some other wave lengths by this slower p-nitroan-
iline liberation.

PPlase
cis-Pro-peptidyl-p-NA — trans-Pro-peptidyl-p-NA

J a-Chymotrypsin

trans-Pro-peptide + p-Nitroaniline
AE:;«)() = 13,400

The isomerization of prolyl peptide bond is a facile
reaction and enzyme catalyzed isomerization is accom-
panied by a significant degree of uncatalyzed, sponta-
neous isomerization. When the concentration of sub-
strate is very low ([S]<<K,), the enzyme catalyzed iso-
merization can be expressed by first order reaction ki-
netics and the observed first order rate constants (koss)
would thus include both of the enzymatic and nonen-
zymatic rate constants;

V=KobsL S]1=kne[S]+(kea/K.) [E]} [S] (1)
kobs = kne + (kcal/Km) [E] (2)

where ks is the observed first order rate constant,
ke stands for the rate constant for nonenzymatic iso-
merization, [S] represents the concentration of cis-pep-
tide and (ke:/Kn) [E] is the pseudo first order rate con-
stant for PPlase catalyzed cis-trans isomerization of
prolyl peptide.

Fig. 1A represents the typical reaction progress curves
for the cis-trans isomerization of Suc-Ala-Ala-Pro-Phe-
p-NA in the presence of (a) PPlase, (b) enzyme plus
FK506 and (c) neither enzyme nor inhibitor. At 25°C,
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Fig. 1. (A) Representative progress curves for the cis-trans iso-
merization of Suc-Ala-Ala-Pro-Phe-pNA. In the presence of por-
cine spleen PPlase (a), in the presence of PPlase and FK506
(b) and nonenzymatic spontaneous isomerization (c). Reactions
were carried out in 0.05 M Tris-HCl buffer, pH 8.0, at 25°C.
(a-chymotrypsin]=0.167 mg, [Suc-Ala-Ala-Prp-Phe-pNA]=0.16
mM, [PPlase]=172 nM, [FK506]=714 nM. (B) Logarithmic
analysis of data (A). [S,]=[cis] at zero time, [S,]=[cis] at t
sec.

there are abrupt changes in absorption very early, prob-
ably during the mixing time. This abrupt change in
absorbance reflects the rapid reaction of trans-sub-
strate with a a-chymotrypsin. The remaining cis-isomer
of substrate does not react with a-chymotrypsin. The
first order PPlase catalyzed and nonenzymatic conver-
sion of cis to trans peptide is the rate limiting step
for the whole coupled reaction and thus appears as
slow exponential increase in absorbance in the progress
curves. These data reveal much larger change in absorp-
tion and faster reaction as compared to Harrison and
Steins (1990a) experiment where the change in absorp-
tion due to remaining cis-peptide was only 0.13 and
the initial burst phase lasted about 10 seconds after
mixing with substrate. Fig. 1B represents the results
of logarithmic analysis of data A. The linearities in the
early part in this graph indicate that the first order reac-
tion rate calculation is not affected by burst phase
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Fig. 2. Active site titration of PPlase by tight binding inhibitor,
FK506. {A} Reactions were carried out in .05 M Trs-HCl buffer,
pH 80 at 25°C. In final 0.5 ml assay mixture contained 0.167
mg a-chymotrypsin, 0035 mM Suc-Ala-Ala-Pro-Phe-pNA, 0~373
nM FK506 and 172 nM PPlase. Steady state velocities deter-
mined from (Kypeke) [S], were plotted against varying FK506
concentration and fitted to Eq. {3) by nonlinear regression analy-
sis. (B) Reactions were carried out with varying concentration of
PPlase of 0~600 nM. [FK506]=3114 nM, [Suc-Ala-Ala-Pro-
Phe-pNA]=0.035 mM.

rate even though the analysis included the very first
points at zero time. It is a contrast to the aforemen-
tioned Harrison and Steins experiment where they
had to abort data of initial 20 seconds to avoid the
inclusion of burst rate and that would leave consider-
ably shorter reaction time to be analyzed. In an analo-
gous experiment, CsA at the concentration of more
than one hundred times of [FK506] had no effect
on the PPlase activity, indicating that porcine spleen
PPlase is a FKBP rather than a cyclophilin.

Determination of enzyme concentration and K; for
FK506 by active site titration using tight binding
inhibitor

Enzyme concentration of the partially purified por-
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cine spleen PPlase preparation was determined by ac-
tive site titration using tight binding inhibitor, FK506.
Enzyme activities were measured with the substrate
N-Suc-Ala-Ala-Pro-Phe-pNA in the presence of inhibi-
tor, and analyzed using the rate Eq. (3) described by
Williams and Morrison (1979) for the enzyme reaction
in the presence of tight binding inhibitor.

v= (1 /2) R;[(K'“”l’ + I’ - QE,,)Z + 4K[ulJl)aErI] 12—
(Kiapp + ]y - (IE,'){ (3)

In Eq. (3), R represents the reciprocal of the steady
state rate in the absence of inhibitor; K, denotes the
apparent inhibition constant; |, is the total inhibitor; E,'
is the total protein used and o represents the fraction
of total protein that reacts with inhibitor as enzyme,
ie.

E,=aE/ (4)

In Fig. 2A and B, the steady state velocities of PPlase
catalyzed reactions, (K.»—k.), obtained from different
fixed concentrations of |, and E,/ are plotted against
. or E/, and analyzed by nonlinear least square fit
to Eq. (3). Kupyp and a can be determined from the
best fit line equation and E, from Eq. (4). Assuming
FK506 be a competitive tight binding inhibitor and [S]
<<K,, (K. was estimated as >20 mM by Harrison and
Stein, (1990a); as 0.5 mM by Park et al. (1992)), Kipp
is equal to the true dissociation constant according to
Eq. (5)

Kiapp=Ki (1+5/K.) (5)

K of 18.7 nM calcuated here (and E;=172 nM) is
lower than by Harding et al., (1989), Ki=50 nM (E,=
670 nM) worked with same substrate, but an order
of magnitude higher than by Harrison and Stein (1990
b), Ki=17 nM (E;=50 nM), working with 12 times
more reactive Suc-Ala-Leu-Pro-Phe-p-NA at 10°C. The
cause of the discrepancy is presumably attributed to
the amount of enzyme used for inhibition study. In
the present study, relatively large amount of enzyme
was used to get higher activity as compared to nonen-
zymatic reaction. This influenced favorably the calcula-
tion of first order rate constant as shown above, but
this could give a poor estimation of K.

Substrate specificity of porcine spleen PPlase
Synthetic prolyl peptide substrates exist in equilib-
rium of cis-trans conformer in solution. Since PPlase
catalysis depends on the population of cis isomer in
peptide substrate, cis-trans equilibrium constant or the
percentage of cis isomer in an equilibrium mixture of
peptide substrate is very important in carrying out
PPlase catalyzed reaction. In aqueous solution cis-prolyl
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Table 1. cis/trans Equilibrium constants of prolyl peptide in
TFE/LICl solution

Table 2. Substrate specificity of porcine spleen peptidylprolyl cis-
trans isomerase toward N-Suc-Ala-Xaa-Pro-Phe-pNA°

N-Suc-Ala-Ala-Pro-Phe-pNA  0.85+ 0.046 4592+ 0.37
N-Suc-Ala-lle-Pro-Phe-pNA 041+ 0.013 29.04+ 0.66

lle 443+ 079  2290.80+541.60 1507.10

I N-Suc-Ala-Gly-Pro-Phe-pNA 024+ 0.004 1942+ 240 1 Glu 294+ 022 152+ 06l 1.00
2 N-Suc-Ala-Glu-Pro-Phe-pNA 076+ 0.046 4302+ 1.89 2 Gy  467+009 219+ 138 1.44
3 N-Suc-Ala-His-Pro-Phe-pNA 032+ 0021 2369+ 068 3 His 4724068 20450+ 1485 13454
4 N-Suc-Ala-Lys-Pro-Phe-pNA 051+ 0.055 3380+ 215 4 lys 607059 27415+ 1153 18036
5 5 Ala  536+067 30373+ 6929 30221
6 6

7

7  N-Suc-Ala-Leu-Pro-Phe-pNA  0.29+ 0.018 2820+ 094

“Peptide substrates were dissolved in anhydrous TFE containing
047 M LCL

"Refer to text for the determination of cis and trans Data are
average of 3~5 determinations.

peptide represents only about 10%. Therefore almost
all the substrate added are hydrolyzed in rapid burst
phase and we can follow the PPlase catalyzed isomer-
ization with the rest 10% substrate which is further com-
plicated by the uncatalyzed spontaneous isomeriza-
tion reaction. It is not possible to raise the substrate
concentration too high because of the low solubility
of the p-nitroaniline, the product. Harrison and Stein
(1990a) studied the equilibrium constant in several dif-
ferent peptide substrates and calculated K.,=[cis]/
[trans] in the range of 0.060~0.235 depending on the
Xaa in the substrate N-Suc-Ala-Xaa-Pro-Phe-pNa at
10°C. Kofron et al. (1991) reported that cis-trans equi-
librium constant varied with medium in which the pep-
tide was dissolved and the presence of metal salt and
water content also affected the equilibrium. Particularly
anhydrous TFE or THF and LiCl salt were their choice
since in those solvent/salt combinations the equilibrium
mixture contained 40~60% of cis-prolyl isomer of
some peptides at 0°C.

The isomer distributions at equilibrium of seven dif-
ferent peptide substrates varying Xaa in Suc-Ala-Xaa-
Pro-Phe-pNA in anhydrous TFE which contained 0.47
M LiCl are shown in Table 1. The cis-trans equilibrium
constants were determined to be from 0.24 (Gly) to
0.85 (Ala), which corresponds to 194% to 45.9% of
cis population, respectively, under experimental condi-
tions. In data not shown, the populations of cis-isomer
in TFE or dimethylsulfoxide (DMSO) free of LiCl were
found to be less than 10%. This clearly reflects the
effect of LiCl on the solubility and stability of a peptide
in an organic solvent (Seebach et al., 1989). For uncer-
tain reasons, LiCl did not raise the percentage of cis-
isomer in THF solution as much as in TFE solution
(not shown).

Activity of porcine spleen PPlase with these substrates
were measured and ke../K, values were compared as

leu 6112051 4007.23+85840 263640

“Reaction mixture contained 0.05 M Tris-HC! buffer, pH 80, a-
chymotrypsin 5 ma, peptide substrate 0.16 mM. TFE 2% (v/v).
LiCl 94 mM at 25C. ke/Kn=(Keps-kn)/[E], where Kk, is the
observed first order rate constant; k,. represents the rate constant
for nonenzymatic isomerization; [E] is the total PPlase which
is determined by active site titration by tight binding inhibitor
using FK506.

the measure of substrate specificity of PPlase. At concen-
trations of [S] much lower than the K,, value, Kea/Km
for PPlase catalyzed reaction can be determined from
the observed first order rate constant, nonenzymatic
rate constant and concentration of enzyme, according
to Eq. (6)

kcat/Km = (kobs - kne)/[E] (6)

keat/Km for porcine spleen PPlase catalyzed cis-trans
isomerization of 7 different synthetic peptides are listed
along with their first order rate constant for uncatalyzed
reactions in Table 2. At 25°C nonenzymatic thermal
isomerization rate constants range from 294+ (0.22 5!
(Glu) to 6.11x051 s ! (Leu). It is interesting that
the least reactive subsrate for PPlase isomerizes spon-
taneously most slowly and the most reactive substrate
reacts also nonenzymatically with the highest rate. But
with any other peptides such correlation was not found.
The second order rate constants for PPlase catalyzed
reactions are, overall, higher than k../K. values report-
ed previously for the hFKBP (Harrison and Stein,
1990b) and the greater sensitivity for substrate change.
As in hFKBP, porcine spleen PPlase shows preference
for hydrophobic amino acid side chains at the P1 posi-
tion. On the basis of the specificity data, these sub-
strates can be classified into 3 groups; the high specific-
ity groups (Leu and lle) with hydrophobic side chains, very
low specificity groups (Glu and Gly) and intermediate
specificity groups (His, Lys and Ala). lle peptide was
always less reactive than Leu peptide which may indi-
cate that the enzyme active site hydrophobic pocket
may accommodate C,-substitution better than Cg-sub-
stitution. The present data is not strong enough to ex-
plain the mechanism. However, if we assume that the
partial twisted amide mechanism (Park et al, 1992,

dJ. Biochem. Mol. Biol. {1996), Vol. 29(6)
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Fischer et al, 1993) is working in this enzyme, the
bulky Cg-substitution may provide steric hindrance in
the transition state. The large difference in reactivity
of Glu and Lys or His suggests that the possible stabili-
zation of the transition state is due to interactions bet-
ween the positive groups of amino acid side chain and
the negative peptide carbonyl oxygen in the resonance
structure.

In summary, PPlase purified from porcine spleen cat-
alyzed prolyl peptide cis-trans isomerization reaction,
and it can be assayed without interference from the
initial burst phase reaction rate in 2% TFE and 94
mM LiCl by the coupled enzyme method at 25°C. Por-
cine spleen PPlase was strongly inhibited by FK506
but not by CsA identifying it as one of the FKBP,
whose molecular weight is ~14,000 on the basis of
SDS-PAGE. True enzyme concentration and inhibition
constant were determined by active site titration with
the tight binding inhibitor FK506. Applying the TFE/
LiCl solvent system in enzyme catalysis , the population
of cis isomer of all tested Suc-Ala-Xaa-Pro-Phe-pNA
peptides can be increased with varying degrees of suc-
cess. The standard substrate (Xaa=Ala) exhibited the
highest ratio of cis to trans (0.85). In the study of sub-
strate specificity of porcine spleen PPlase using 7 differ-
ent synthetic tetrapeptides, the activity ratio of the
most reactive to the least reactive peptides is 2636
fold, and the reactivity of the intermediate group pep-
tides are two orders of magnitude higher than the least
ones. Such substrate specificity information would be
useful for the rational design of inhibitors involved in
both protein folding processes and immunoresponses.
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