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Abstract: The protein folding process is often in vitro rate-limited by slow cis-trans proline
isomerization steps. Importantly, the rate of this process in vivo is accelerated by prolyl
isomerases (PPlases). The archetypal PPlase is the human cyclophilin 18 (Cyp18 or CypA), and Arg
55 has been demonstrated to play a crucial role when studying short peptide substrates in the
catalytic action of Cyp18 by stabilizing the transition state of isomerization. However, in this study
we show that a R55A mutant of Cyp18 is as efficient as the wild type to accelerate the refolding
reaction of human carbonic anhydrase Il (HCA Il). Thus, it is evident that the active-site located Arg
55 is not required for catalysis of the rate-limiting prolyl cis-trans isomerization steps during the
folding of a protein substrate as HCA Il. Nevertheless, catalysis of cis-trans proline isomerization in
HCA Il occurs in the active-site of Cyp18, since binding of the inhibitor cyclosporin A abolishes
rate acceleration of the refolding reaction. Obviously, the catalytic mechanisms of Cyp18 can differ
when acting upon a simple model peptide, four residues long, with easily accessible Pro residues
compared with a large protein molecule undergoing folding with partly or completely buried Pro
residues. In the latter case, the isomerization kinetics are significantly slower and simpler
mechanistic factors such as desolvation and/or strain might operate during folding-assisted
catalysis, since binding to the hydrophobic active site is still a prerequisite for catalysis.

Keywords: cis-trans proline isomerization; cyclophilin 18; prolyl isomerases; human carbonic

anhydrase Il

Grant sponsor: European Community’s FP6 (through a Marie
Curie EST fellowship); Grant number: MEST-CT-2004-504272;
Grant sponsors: Swedish Research Council; Knut och Alice
Wallenberg  Foundation;  Stiftelsen Marcus och Amalia
Wallenbergs Minnesfond; The Swedish Foundation for Strategic
Research.

*Correspondence to: Uno Carlsson, IFM-Department of
Chemistry, Linképing University, SE-581 83 Linkdping, Sweden.
E-mail: ucn@ifm.liu.se

475 PROTEIN SCIENCE 2009 ‘ VOL 18:475-479

Introduction

The protein folding process in vitro is often rate-lim-
ited by slow cis-trans proline isomerization steps.
Importantly, the rate of this process in vivo is acceler-
ated by prolyl isomerases (PPIlases). The archetypal
PPIase is the human cyclophilin 18 (Cyp18 or CypA)
for which the structure-function relationship has been
comprehensively investigated." Cyp18 has also been
used as a model enzyme for studies of the linkage
between dynamics and catalysis.”™* In the catalytic
action, Arg 55 has been demonstrated to play a critical
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role when using peptide substrates. In this study we
show, however, that a R55A mutant is as effective as
the wild-type enzyme in catalyzing the cis-trans pro-
line isomerization on a folding protein substrate
(human carbonic anhydrase II; HCA II).

Despite the large amount of data that have been
accumulated from studies on the action of Cypi8 on
peptide substrates, the molecular mechanism has not
been definitely resolved. In the favored mechanism,
Arg 55 plays a crucial role by lowering the rotational
barrier of the prolyl bond. This is accomplished by sta-
bilization of the lone electron pair at the prolyl imide
nitrogen in transition state by a hydrogen bond from
the guanidino group of Arg 55.%°77

In the crystal structure of Cyp18 with bound pep-
tide substrate molecules, interactions of the guanidino
group of Arg with the imide nitrogen of proline in the
substrate have been shown.®” Support for this mecha-
nism also stems from the almost complete inactivation
of Cyp18 by a R55A mutation (0.1% remaining activ-
ity).® Moreover, the backbone nitrogen of Arg 55 from
NMR chemical shift and relaxation measurements has
been observed to undergo conformational exchange
coupled to the isomerization and binding process.?
This motion with the substrate of Arg 55 leading to
stronger hydrogen bond interactions in transition state
is also supported by simulation studies.®”** To gain
insight into the catalytic mechanism, small model pep-
tide substrates have usually been employed and not
folding proteins that are the natural substrates in the
cell. Therefore, we engineered the R55A variant and
used the folding protein HCA II as a substrate. HCA II
contains two cis-peptidyl-Pro bonds (Pro 30 and Pro
202) out of 17 Pro residues in the native state,"® and
we have previously shown that refolding of the protein
is rate-limited by cis-trans proline isomerization.'*
Moreover, the refolding reaction has been demon-
strated to be accelerated by wild-type Cyp18.'47'7

Results and Discussion

To verify the reduced prolyl isomerise activity on a
peptide substrate (succinyl-Ala-Leu-Pro-Phe-4-nitroa-
nilide) caused by the R55A mutation in human Cyp18,
we initially measured the activity for Cyp18 (wild-type)
and Cyp18gssa in the commonly used protease-coupled
assay. We observed that the R55A mutation gave rise to
loss of the prolyl isomerise activity and the mutant
showed the same kinetics as the uncatalyzed reaction
[Fig. 1(A)]. On the contrary, Cyp18 efficiently catalyzed
rapid isomerization of the peptide substrate, which was
almost completed within the time of manual mixing.

To compare the prolyl isomerise activity between
Cyp18 and Cyp18gssa in a proline rate-limiting protein
folding reaction, we used denatured HCA II,; as a
substrate protein. HCA IIj,, is a pseudowild type with
a C206S mutation that has indistinguishable folding
and functional properties to those of the wild type.'®
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Figure 1. (A) Prolyl isomerase activity of Cyp18 and
Cyp18gssa in the protease-coupled assay on the peptide
substrate succinyl-Ala-Leu-Pro-Phe-4-nitroanilide as
measured by the increase in Azgo nm after the coupled
hydrolysis by chymotrypsin. The uncatalyzed reaction

(®@: red), cis — trans isomerization catalyzed by Cyp18
(®@: blue), and Cyp18rssa (A: green). (B) Time courses of
reactivation of unfolded HCA Il in the presence and
absence of Cyp18 variants. The kinetic data were best
fitted to two exponential terms and the parameters are
given in Table |. Uncatalyzed (@®: red), with Cyp18 (@: blue),
with Cyp18rssa (A: green), with Cyp18 + CsA (A: black),
and with Cyp18grssa+ CsA (@: black).

The HCA II variants were denatured for 1 h in 5M
GuHCI to reach cis-trans equilibrium, and the Cyp18
variants were added to the dilution buffer used to ini-
tiate refolding. The halftime of the total reactivation
process of denatured HCA II,,  was lowered to
~3 min in the presence of Cyp18 as compared to 10
min for the uncatalyzed refolding reaction in agree-
ment with previous data.'# Interestingly, the refolding
kinetics of HCA Il in the presence of Cyp18ggsa fol-
lowed identical reactivation kinetics as in the presence
of Cyp18 [Fig. 1(B); Table I)]. Thus, it is clear that the
active-site located Arg 55 is not required for catalysis
of the rate-limiting prolyl cis-trans isomerization steps
during the folding of a protein substrate such as
HCA 1L

Of course, a protein folding reaction with in this
case involvement of cis-trans isomerization of 17 Pro
residues is much more complicated than the corre-
sponding isomerization of a single Pro residue in a
small peptide. In the peptide reaction, Cyp18 is operat-

ing on the millisecond time scale (k. > 600 s

PROTEINSCIENCE.ORG 476



Table 1. Kinetic Data for Reactivation of Denatured HCA II,,,, With and Without Assistance of Cyp18 Variants

Protein k, (min™") A, k, (min™") A, ty»" (min)
HCA II, 0.14 0.38 0.020 0.30 10
HCA I, + Cyp18 0.56 0.43 0.029 0.31 2.8
HCA I, + Cyp18gssa 0.55 0.43 0.032 0.31 2.9
HCA II,, ¢ + Cyp18+CsA 0.14 0.34 0.028 0.33 9.9
HCA II, + Cyp18gs5a+CsA 0.16 0.31 0.026 0.36 10

# The halftime of the total reactivation process.

Ref. 1), whereas the catalyzed folding reaction is pro-
ceeding on the minute time scale (k; = 0.56 min™;
Table I). Therefore, the reaction mechanisms are not
necessarily the same for a simple peptide substrate
and a much larger protein substrate. Addition of the
inhibitor CsA stops the rate acceleration of the reacti-
vation of HCA II for both Cyp18 and Cypi8rssa
[Fig. 1(B)]. Consequently, binding of the protein sub-
strate to the hydrophobic active-site located at the sur-
face of Cyp18 is also important for Cyp18gssa for catal-
ysis. However, in a folding protein the accessibility of
substrate Pro residues for the active-site located resi-
due Arg 55 can rapidly be limited because of the initial
hydrophobic collapse hiding hydrophobic residues
(like Pro) in the interior of the protein. For HCA II, it
has also been shown that a fraction of the Pro residues
very rapidly becomes buried for Cyp18 during the ini-
tiation of the folding process.”®'” Therefore, the cata-
Iytic effect of binding to the hydrophobic active-site
region for a large protein substrate such as the 29 kDa
HCA II might be limited to desolvation and/or strain,
mechanisms that previously have also been proposed
to explain the prolyl isomerase activity.'>*° In this
context, it is interesting to note that the yeast mito-
chondrial cyclophilin Cpr3 with a homologous R73A
mutation did not affect the prolyl-isomerase activity
on a mutated form of T1 RNase but lacked catalytic ac-
tivity on peptide substrates.**

Proline cis-trans isomerization has important
functional consequences during protein folding, mis-
folding, and regulation of isoformic conformations.
Recently, proline isomerization gained considerable in-
terest in the protein misfolding and amyloidogenesis
arena. It was demonstrated that proline isomerization
governed the population of an amyloidogenic interme-
diate in B-2-microglobulin misfolding®**3 and proline
isomerization controlled the phosphorylation of Thr
668-Pro 669, mediated by Pini1, in amyloid precursor
protein that facilitates proteolytic cleavage that affords
the AB-peptides in Alzheimer’s disease.** Furthermore,
prefibrillar tetrameric assemblies of the protein stefin
B (from the cystatin superfamily) have been shown to
be controlled by proline isomerization that mediated
extensive intermolecular contacts of domain swapped
dimers.*® Recently, we hypothesized that proline isom-
erization governs alternate supermolecular folding of
tetrameric functional conformational isoforms of a
thermophilic alcohol dehydrogenase in a process remi-
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niscent of conformational variations of yeast prion
strains.2® Notably, all these aforementioned conforma-
tional transitions occur within large protein molecules.

To conclude, the catalytic role of Arg 55 in Cyp18
should not be generalized from its action toward simple
model peptides to more complicated in vivo substrates
such as a folding protein molecule. This does, however,
not exclude involvement of Arg 55 toward protein sub-
strates, since for instance Cyp18 has been shown to bind
to a short exposed proline-containing loop of the HIV-1
CA protein, where Arg 55 probably facilitates cis-trans
isomerization by anchoring the proline oxygen and acti-
vating the proline imide of the isomeric peptide bond.*”
It should be pointed out, on the other hand, that it is dif-
ferent to act on exposed protein loops in the native state
of a protein than to interact with partly exposed or buried
prolines in a protein during folding.

Materials and Methods

Cloning, production, and purification of Cyp18
and Cyp18gssa

The human cyclophilin A (Cyp18) gene was isolated
from a human lymphocyte ¢cDNA library (CD4 posi-
tive) in the cloning vector lambda gti1 from Clontech
and cloned into the expression vector, pACA.?® Site-
directed mutagenesis and expression of Cypi8 and
Cyp18rssa in Escherichia coli as well as purification
followed the procedure described by Zydowsky et al.®
with some modifications. Thus, Dnase I (a spatula tip)
treatment of the cell solution was performed prior to
the protamine sulfate precipitation of nucleic acids.
The buffers in the chromatographic steps were com-
plemented with 0.5 mM DTT. In the final gel filtration
step, Sephadex G-50 Fine was used and protein-con-
taining fractions were pooled and concentrated. The
purity of the prepared Cypi18 and Cypi8rssa proteins
were analyzed by SDS-PAGE. Ten micrograms of the
Cyp18 variants were applied in each lane and stained
with Commassie Brilliant Blue R-250. No significant
impurity bands could thereby be detected.

Prolyl isomerase activity in the peptide assay

The PPlase assay was performed in a coupled assay
with chymotrypsin essentially as described by Scholz
et al®* This assay is based on monitoring the time
course of the chymotryptic cleavage of the 4-nitro-
anilide bond of N-succinylated tetrapeptide-4-
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nitroanilides as substrates, which is kinetically coupled
to the cis — trans isomerization of the peptidylprolyl
bond of the peptide. The chromogenic peptide sub-
strate  succinyl-Ala-Leu-Pro-Phe-4-nitroanilide =~ was
used and the release of the nitroanilide moiety was fol-
lowed by an increase in absorbance at 390 nm (Var-
ian, Cary 100 Bio UV-visible spectrophotometer)). In
the assay, Cyp18 or Cyp18gssa (final concentrations of
3—7 nM) were added to a 600 WM solution of a-chy-
motrypsin (Fluka) buffered with 0.1M Tris-HCl, pH
8.0. The activity measurement was initiated by adding
a 7.8 mM solution of the chromogenic peptide succi-
nyl-Ala-Leu-Pro-Phe-4-nitroanilide, dissolved in tri-
fluroethanol that additionally contained 0.45M LiCl.
The peptide solution was thereby diluted 100 times
yielding a final concentration of 78 pM. PPIase inhibi-
tion was performed by addition of 50 nM of cyclospo-
rin A (CsA), dissolved in ethanol, prior to addition of
the peptide substrate in the assay.

Reactivation kinetics of denatured HCA Il
variants with and without Cyp18 variants
A pseudo wild-type variant of HCA II (HCA II) with
a C206S mutation was used in these measurements.
HCA II,.: has been shown to have indistinguishable
folding and functional properties when compared
with the wild-type enzyme and was constructed as
described earlier.’®

HCA II,,, was denatured in 5.0M GuHCI for 1 h
and renatured by dilution to 0.3M GuHCI at 21°C. The
measurements of the regain in CO, hydration activity
during refolding were performed as described previ-
ously."* The concentration of HCA II,,,, during refold-
ing was 0.83 puM and the concentration of Cyp18 and
Cyp18gssa Was 8.3 pM, and when applicable CsA was
added to a concentration of 25 uM. All solutions were
buffered with 0.1M Tris-H,SO,, pH 7.5. The rate con-
stants and amplitudes were calculated using a nonlin-
ear least squares fit program (TableCurve, Jandel Sci-
entific). The data were fitted to the double exponential
zero intercept equation:

y=A,(1—exp( — k;it)) + As(1 — exp( — kot)),

where y is the refolding yield in %, t denotes the time
in minutes, A, and A, denote the amplitudes of the
first and second phase, respectively, and k, and k, are
the rate constants for the first and second phases.
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