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Isomerase and Chaperone Activity of Prolyl
Isomerase in the Folding of Carbonic Anhydrase

Per-Ola Freskgard, Nils Bergenhem, Bengt-Harald Jonsson,
Magdalena Svensson, Uno Carlsson*

Several proteins have been discovered that either catalyze slow protein-folding reactions
or assist folding in the cell. Prolyl isomerase, which has been shown to accelerate rate-
limiting cis-trans peptidyl-proline isomerization steps in the folding pathway, can also
participate in the protein-folding process as a chaperone. This function is exerted on an
early folding intermediate of carbonic anhydrase, which is thereby prevented from aggre-
gating, whereas the isomerase activity is performed later in the folding process.

For many proteins, in vitro protein folding
is a spontaneous process that does not
require input of energy or any assisting
factors (I). Folding in vivo, however,
seems for many proteins to be mediated by
several protein factors. These helper pro-
teins are divided into two classes: (i) folding
catalysts, such as the enzymes protein disul-
fide isomerase and prolyl isomerase (PPlase)
and (ii) molecular chaperones that bind
transiently to folding intermediates and
thereby prevent incorrect interactions lead-
ing to aggregation (2-5). We have noted
that with the use of PPlase in the study of
the rate-limiting step of the refolding of
human carbonic anhydrase II (HCA II),
which contains 15 trans- and 2 cis-prolines
(residues 30 and 202) (6), PPlase has a
positive effect on both the kinetics and the
yield of active HCA II (7). Because aggre-
gation has been shown to lead to incom-
plete recovery of native HCA II in unas-
sisted refolding of denatured enzyme (8),
two questions arise. First, is the higher
HCA 1I yield obtained in the presence of
PPIase the result of a reduction of the time
of exposure of hydrophobic surfaces in fold-
ing intermediates that is caused by catalysis
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of slow cis-trans isomerization reactions?
That is, does PPlase facilitate the folding
process in the way that is generally believed
(9), or alternatively, does PPlase act as a
chaperone by binding to an early folding
intermediate, which is thereby protected
from unproductive interactions that other-
wise lead to aggregation?

PPlase accelerates the reactivation of
denatured HCA 1II [1-hour incubation in 5
M guanidine hydrochloride (GuHCI)] and
also increases the recovery of active en-
zyme: with PPlase; the half-time (t,,) of
reactivation is lowered from 9 to 4 min, and
the yield of enzyme is increased from 70 to
100% (Fig. 1). These stimulating effects are
completely abolished when the PPlase in-
hibitor cyclosporin A (CsA) is added at the
onset of refolding. No effect on the yield or
the kinetics of the reactivation was noted
when bovine serum albumin was added to
the same concentration as that of PPlase,
which rules out the possibility that these
effects are caused by general protein inter-
actions.

If HCA 1I is allowed to be in its dena-
tured state (in 5 M GuHCI) for only 10 s,
cis-trans isomerization of peptidyl-proline
bonds is greatly limited (t;,, = ~2 min).
However, within this 10-s incubation, full
denaturation is achieved, as judged by ac-
tivity and ultraviolet absorbance (absor-
bance = 292 nm) measurements. The re-
activation of this short-time (10-s) dena-
tured HCA 1II proceeds much faster (t,, =
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Fig. 1. Effect of PPlase on the time course of
reactivation of long-time denatured HCA II. 00 W
HCA Il (14.0 uM, 0.42 mg/ml) was denatured tee

for 1 hour in 5.0 M GuHCI. Reactivation was a
achieved by rapid dilution to 0.3 M GuHCI and
a protein concentration of 0.83 M (0.025 mg/
ml). All solutions were buffered with 0.1 M
tris-H,SO, (pH 7.5) at 23°C. We monitored the
reactivation process by measuring the CO,-
hydration activity (27). PPlase and CsA were
used at concentrations of 8.8 puM and 27 uM, 0 ) )
respectively. Reactivation of HCA II: OJ, without 0 10 20
PPlase; ¢, with PPlase; O, with PPlase and Time (min)
CsA; @, with PPlase from the onset of reactiva-

tion and CsA added after 10 s of reactivation; and <, with PPlase added after 10 s of reactivation.
HCA 1l was initially purified from erythrocytes by affinity chromatography (22) and further
chromatographed on DEAE-cellulose (23). An extract of PPlase was prepared from pig kidney
cortex according to Fischer et al. (24). The chromatographic purification was performed as
described by Takahashi et al. (25) with minor modifications (7). The chromatographic separation
resulted in several fractions with PPlase activity, as noted earlier (26). The PPlases tested (with
molecular masses of 17 and 22 kD) gave identical results in all experiments performed in this study.
To make sure that no impurity caused the chaperone effect observed, we chromatographed
aliquots of PPlase by high-performance liquid chromatography on Fractogel TSK G2000SW (LKB,
Bromma, Sweden) and MonoS (Pharmacia). In all instances, fractions that contained proline
isomerase activity exhibited chaperone activity.
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1 min) than after 1 hour of denaturation,
but the yield of active enzyme is not in-
creased (Fig. 2). Hence, the incomplete
yield is not a result of slow cis-trans isomer-
ization of peptidyl-proline bonds during re-
folding because almost all of the native
peptidyl-proline conformers should be
maintained during the short period of time
in the denatured state. Nevertheless, the
presence of PPlase during the refolding,
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Fig. 2. Effect of PPlase on the time course of
reactivation of short-time denatured HCA Il
HCA Il was denatured for 10 s in 5.0 M GuHCI.
All other experimental conditions were as in Fig.
1. Reactivation of HCA II: O, without PPlase; ¢,
with PPlase; O, with PPlase and CsA; @, with
PPlase from the onset of reactivation and CsA
added after 3 s of reactivation; and <, with
PPlase added after 10 s of reactivation.

after denaturation for 10 s, increases the
yield of active HCA II to 100%. In con-
trast, the reactivation kinetics are not in-
fluenced by PPlase in this case: t,, (1 min)
is the same as without PPlase (Fig. 2). If
both PPlase and the inhibitor CsA are
added at the onset of the refolding reaction,
PPlase has no effect on the recovery of
active HCA II (70%) and the kinetics of

reactivation—that is, the reaction proceeds

A PA
PA Pg? Fast F Fast Slow
HB —rast pB e —
P PPlase's® fA
PA
D I, N
pplasecha\l\ Fast

(),

Fig. 3. Schematic drawings of proline folding intermediates of HCA Il. D, denatured state; N, native
state; |, and I,, folding intermediates; (l,),, aggregate. PA and P® denote accessible and buried
prolines, respectively. The chaperone effect is illustrated by PPlasec", and the peptidyl-proline
cis-trans isomerase activity is illustrated by PPlases®. By binding to the aggregation-prone
intermediate |,, PPlase lowers the concentration of this intermediate, and thus the formation of the
aggregates (1,), will be minimized.
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as if uncatalyzed (Fig. 2). From this result,
it is evident that PPlase contributes to the
higher yield of refolded HCA II not by
accelerating any rate-limiting proline
isomerization step, but by protecting an
intermediate on the folding pathway, there-
by eliminating competing side reactions
such as aggregation. Thus, in addition to its
well-documented function as an isomerase,
PPlase can also act as a classical chaperone.

In order to gain insight into how and
when PPlase mediates its chaperone effect
during the course of HCA 1I folding, we
studied the effect of adding PPlase and CsA
at different times during the refolding pro-
cess. If PPlase is added 10 s after the
initiation of refolding of short-time (10-s)
denatured HCA 1II, the yield of active
enzyme is not improved as compared to the
yield (70%) in the absence of PPlase (Fig.
2). This result implies that the chaperone
effect is exerted by binding to an early
folding intermediate (I;; Fig. 3) and that
the formed aggregates cannot be dissociated
by PPlase. This result is in agreement with
the action of the chaperone GroE, which
apparently cannot rescue aggregated pro-
teins and is active only during the early
steps of protein folding (9). On the other
hand, if PPIase is present from the start of
the refolding process but is inhibited by the
addition of CsA 3 s later, HCA II is fully
reactivated (Fig. 2). This further demon-
strates that it is both sufficient and neces-
sary for PPlase to interact with a very early
folding intermediate (I,) to protect it from
unfavorable interactions.

Another observed effect is that the t, , of
reactivation of the short-time denatured
HCA 1I is increased from 1 to 5 min when
PPlase is inhibited after 3 s of folding as
compared to when PPlase is absent or is
present throughout the folding process (Fig.
2). If PPIase is inhibited after 3, 50, or 150
s of refolding, the ¢, of reactivation is 1.3
min up to the point of addition of CsA,
after which it is 5.0 min. Thus, the pres-
ence of active PPlase, even for only 3 s,
seems to facilitate the cis-trans equilibration
of a fraction of the prolines in HCA II (P4,
Fig. 3) and thereby increase the t,, of
reactivation from 1 to 5 min if PPlase is
subsequently inhibited (I, — N in Fig. 3).

The t,,, of reactivation is 1 min if the
conformations of the prolines are main-
tained, as is the case after 10 s of denatur-
ation (Fig. 2). Conversely, if the prolines
are allowed to cis-trans equilibrate (1 hour
of denaturation), the t, , of reactivation is 9
min without PPlase. When PPlase is pre-
sent throughout the refolding, the t;, of
reactivation is 4 min (Fig. 1) instead of 1
min as would be expected if PPlase could
isomerize all of the prolines. This result
supports the conclusion above that not all
prolines are equilibrated by PPlase during
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the refolding of the short-time denatured
enzyme, but that a fraction of the prolines
must be. very rapidly buried during the
initiation of the refolding process (PP in
Fig. 3) and thus become inaccessible to
PPlase. It has been reported (10-12) that
an initiation structure of carbonic anhy-
drase is rapidly formed during refolding.
When the prolines in this core of the
enzyme structure (PP in Fig. 3) are cis-trans
equilibrated by 1 hour of denaturation, the
isomerization of these residues to the native
conformers limits the rate of reactivation
(t;; = 4 min) in the presence of PPlase.
However, when the prolines in this core are
in correct conformation from the beginning
of refolding and all the other prolines are
cis-trans equilibrated by the action of PPlase
only during the first 3 s of refolding, uncat-
alyzed isomerization of the PPlase-accessi-
ble prolines (PA; Fig. 3) is rate determining
(t; = 5 min) in the reactivation process.

Thus, the action of PPlase on the refold-
ing HCA 1I reveals the presence of two
classes of prolines (accessible and buried),
as evidenced by the impact of PPlase on the
refolding kinetics. For ribonuclease T, the
structural context of prolines is important
for the efficiency of catalysis (13). That
PPlase acts as a classical chaperone is clear-
ly demonstrated also by its independent
effect on the kinetics and the yield of the
refolding reaction. This effect is exemplified
in Fig. 1: after 10 s of refolding, inhibition
of PPlase still gives rise to a 100% yield and
a relatively slow ¢,, (9 min; chaperone),
whereas addition of PPlase after 10 s of
refolding does not increase the yield but
does result in a shorter t,,, (4 min;
isomerase).

Two mechanisms proposed for the ac-
tion of PPlase are catalysis by distortion
(14) and catalysis by desolvation (15-17).
The latter mechanism was suggested be-
cause binding of a peptide segment into a
hydrophobic environment, as in the bind-
ing site of PPlase (18), promotes cis-trans
isomerization by decreasing the charge sep-
aration of the peptide bond and thus creat-
ing a peptide that has a more single-bond
character. Hence, if this in fact is the
mechanism for PPlase activity, then other
chaperones that bind peptide chains to
apolar sites (19, 20) might also possess
isomerase activity. Because PPlase (which
is also cyclophilin) is known to be involved
in T cell activation, it is possible that the
chaperone function of this protein is impor-
tant for essential protein-folding processes
in the immune response.
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Spontaneous Hypercholesterolemia and Arterial
Lesions in Mice Lacking Apolipoprotein E

Sunny H. Zhang, Robert L. Reddick, Jorge A. Piedrahita,
Nobuyo Maeda*

Apolipoprotein E (apoE) is a ligand for receptors that clear remnants of chylomicrons and
very low density lipoproteins. Lack of apoE is, therefore, expected to cause accumulation
in plasma of cholesterol-rich remnants whose prolonged circulation should be atherogenic.
ApoE-deficient mice generated by gene targeting were used to test this hypothesis and to
make a mouse model for spontaneous atherosclerosis. The mutant mice had five times
normal plasma cholesterol, and developed foam cell-rich depositions in their proximal
aortas by age 3 months. These spontaneous lesions progressed and caused severe
occlusion of the coronary artery ostium by 8 months. The severe yet viable phenotype of
the mutants should make them valuable for investigating genetic and environmental factors

that modify the atherogenic process.

Atherosclerotic cardiovascular disease, the
major cause of death in Western society,
results from complex interactions among
multiple genetic and environmental factors
(1). Among the factors that have been
identified to date are changes in the genes
involved in lipid metabolism, including the
gene encoding apolipoprotein E (apoE) (2).
ApoE is a glycoprotein with a molecular size
of approximately 34 kD that is synthesized
in the liver, brain, and other tissues in both
humans and mice (3); it is a structural
component of all lipoprotein particles other
than low density lipoprotein (LDL). One of
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its most important functions is to serve as a
high affinity ligand for the apoB and
apoE(LDL) receptor and for the chylomi-
cron-remnant receptor, thereby allowing
the specific uptake of apoE-containing par-
ticles by the liver.

A frequent genetic variant of human
apoE, apoE-2, differs from the most com-
mon form, apoE-3, by having cysteine at
position 158 in place of arginine. This
amino acid substitution in the LDL receptor
binding region reduces the binding ability
of apoE-2 to less than 2% relative to that of
apoE-3. Homozygosity for the gene Apoe? is
associated with type III hyperlipoproteine-
mia, which is characterized by increased
plasma triglyceride and cholesterol levels,
yellow lipid-laden xanthomatous skin nod-
ules, and the early development of athero-
sclerosis (4). The complexities of the
pathogenesis of this disease are, however,
illustrated by the fact that only about 2% of
Apoe?/Apoe? individuals develop hyperlip-
oproteinemia. The majority of individuals





