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The goal of this study is to investigate effects of temperature and co-chaperonin requirement for in
vitro protein refolding assisted by E. coli chaperone GroEL under permissive and nonpermissive tem-
perature conditions. In vitro protein refolding of two denatured proteins was kinetically investigated
under several conditions in the presence of GroEL. Effects of temperature and GroES-requirement on
the process of prevention of protein aggregation and refolding of denatured protein were extensively
monitored. We have found that E. coli GroEL chaperone system along with ATP is required for in
vitro refolding of unfolded polypeptide under nonpermissive temperature of 37°C. However, under
permissive condition spontaneous refolding can occur due to lower temperature, which can competes
with chaperone-mediated protein refolding viz GroEL chaperone system. Thus, GroEL seemed to di-
vert spontaneous refolding pathway of unfolded polypeptide toward chaperone-assisted refolding
pathway, which is more efficient protein refolding pathway.
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Introduction

Chaperone proteins are ubiquitous in bacteria, archaea,
and eukarya and assist correct folding and assembling of
other proteins in a ATP-dependent manner [11]. Molecular
chaperones are characterized by their remarkable ability to
recognize and bind nonnative proteins, which is often
doomed to aggregate [17]. One of the best characterized
chaperones is the GroEL/GroES chaperonin system from
Escherichia coli. In vivo, the GroEL system is responsible for
the folding of ~10 % of the polypeptide chains to their na-
tive structure [3,13]. Under stress condition, such as ele-
vated temperature, the GroEL chaperonin maintains via-
bility by stabilizing unfolding proteins or by keeping un-
folding intermediates in a reactivable state, leading to a
prevention of irreversible aggregation [7,9,14,15). The fun-
damental mechanism of GroEL/GroES action involves en-
capsulation of a single molecule of nonnative protein in a
cage-like structure, thereby allowing folding to occur pro-
tected from aggregation-prone environment [5,6].

Under thermal stress conditions, GroEL is capable of sta-
bilizing its substrate proteins like rhodanese [16] and citrate
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synthase (CS) [2]. Other substrates are not stabilized, but
they are bound by GroEL during heat inactivation and kept
in a reactivable state [7,9,14,]. After shifting the conditions
from an elevated temperature, under which spontaneous re-
folding is not possible (nonpermissive condition), to a lower
temperature (permissive condition), the bound substrate
could be efficiently refolded in the presence of ATP or
GroES/ATP, or even without need of chaperonin in some
cases. Experiments in which proteins are bound to GroEL
and subsequently reactivated under permissive conditions
are important to gain insights about in vifro properties of
GroEL system. Folding intermediates are often formed and
recognized by GroEL during the process of chemical or
thermal denaturation. They contain a decreased number of
tertiary contacts [19], partially or incompletely dissociated
domains [10], and/or incorrectly formed disulfide bonds
[4]. As a result, such intermediates tend to be highly hydro-
phobic, and consequently they can easily form large ag-
gregates and precipitate.

Here, we used CS and rhodanese as chaperone sub-
strates to investigate the activity of the GroEL system un-
der different temperature conditions such as permissive
and nonpermissive temperature. We have also investigated
the effect of different protein denaturation conditions on
GroEL activity toward substrate proteins during the time
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courses of aggregation. Of importance, we have observed
that requirement of GroES for prevention of aggregation is
influenced by the initial status {of being denatured or not)
and identity of substrate proteins, Under permissive con-
dition at low temperature, GroEL tends to recognize and
bind CS folding intermediate, thereby impeding sponta-
neous refolding. On the contrary, under nonpermissive
condition of high temperature (37°C), GroEL/GroES plus
ATP is required for efficient refolding of unfolded CS.
These results suggest that GroEL seems to divert sponta-
neous refolding pathway of unfolded polypeptide toward
chaperonin-assisted refolding pathway, which is more effi-
cient protein refolding pathway.

Materials and Methods

Expression and purification of E. coli GroEL/
GroES ‘

GroEL/GroES chaperonin proteins were prepared as de-
scribed previously [20] with slight modifications. E. colf
DHS5a and BL21 (DE3) codon plus (Novagen, Inc., San
Diego, CA) were used as the cloning and expression host
cells, respectively. Briefly, GroEL/GroES were expressed
and purified from E. coli (BL21) bearing the plasmid
pGroll under the control of pztl promoter. The proteins
were overexpressed with 20 ng/ml of tetracycline. The cell
lysate obtained by sonication was loaded onto DEAE-cellu-
lose (purchased from Sigma) column chromatography and
the fractions containing GroEL and GroES were re-
spectively collected. The pooled protein solution was con-
centrated using Amicon ultra-filtration device under nitro-
gen gas (Millipore, Bedford, MA, USA). Each concentrated
protein fraction of GroEL and GroES was further purified
by Sephadex G-150 gel-filtration column chromatography.
The purity of recombinant protein was confirmed by
SDS-PAGE. Protein concentration was determined using
the following extinction coefficient: EM* = 0142 (at 276
nm) for GroES and E™™* = 0173 (at 280 nm) for GroEL [20].
Hereafter, GroEL and GroES concentrations refer to 14-mer
and 7-mer, respectively.

Unfolding-Folding of rhodanese

Recombinant bovine rhodanese (thiosulfate:cyanide sul-
fur transferase, EC2.8.1.1) was purchased (from Sigma) and
further purified as described previously [18] to remove
ammonium sulfate in which the protein was suspended.

Rhodanese concentrations were determined using a value
of E"* =175 (at 280 nm) [1]. For chemical denaturation
of the protein, 0.3 mg/ml (equivalent to 9 pM) rhodanese
was denatured for at least 2 hrs at 25°C in the denatura-
tion buffer (50 mM Tris/Cl, pH 7.8, plus 6 M Gunidinium
chloride). For spontaneous folding, unfolded rhodaneses
was diluted to 3.6 pg/ml in 50 mM Tris/Cl, pH 7.8, con-
taining 50 mM sodium thiosulfate, 10 mM KCl, 10 mM
MgCl,, 0.2 M B-mercaptoethanol (rhodanese folding buffer)
preincubated at the desired temperature. For GroEL-as-
sisted refolding of the denatured rhodanese, the refolding
mixture was incubated in the presence of GroEL (0.1 uM)
with or without GroES (0.2 yM)/ATP (2 mM) at 20°C. For
the case of thermal aggregation of rhodanese, the native
rhodanese (3.6 ug/ml in rhodanese folding buffer) was in-
cubated in the presence or-absence of GroEL (0.1 M) with
other components at 50°C. The time course of thermal ag-
gregation of rhodanese and aggregation during refolding
of the chemically denatured rhodanese was monitored by
the increase of light scattering at 500 nm, using an
UV-visible spectrophotometer (Ultrospec 2100, Amersham
Biosciences).

Unfolding-Folding of citrate synthase

Mitochodrial CS from porcine heart (citrate synthase,
EC 4137) was
Biochemicals (Mannheim, Germany) and treated as de-

obtained from Roche Molecular
scribed [21]. CS concentrations refer to monomer and
measured as described [8]. For the case of thermal ag-
gregation of CS, the native CS (0.15 yM in rhodanese re-
folding buffer) was incubated in the presence or absence
of GroEL with other components at 43°C. For chemical
denaturation of CS, the protein (15 nM) was treated and
unfolded as described above. Chemically denatured CS
was incubated in the presence or absence of GroEL (0.15
M) at desired temperatures. Denatured CS was diluted
to a final concentration of 0.15 uM into 50 mM Tris/C],
pH 8.0, containing 10 mM KCl, 10 mM MgCl, (CS folding
buffer) at 37°C. Light-scattering due to protein aggregation
during thermal aggregation of CS and refolding of the
chemically denatured CS was measured using spectrome-
try same as above.

Thermal inactivation and reactivation of citrate

synthase
For thermal inactivation of CS, native CS protein (0.15 p



M) in the CS refolding buffer was initially incubated at
25°C in the presence or absence of GroEL (0.15 uM) and
other components (0.3 tM GroES and 2 mM ATP), and the
activity of CS was determined and set to 100 %. The in-
activation reaction was started by placing the mixture in a
43°C water bath. Aliquots taken at the indicated time
points were assayed to determine remaining CS activity as
described [21].

Chemically denatured CS was reactivated in the pres-
ence and absence of GroEL (0.15 uM) and other compo-
nents (0.3 uM GroES and 2 mM ATP) at two different tem-
peratures (20°C and 37°C). Reactivation of denatured CS
(15 uM) was initiated by diluting CS 100-fold into the CS
refolding buffer under vigorous stirring. The renaturation
sample was kept at the desired temperature. At the each
time points indicated, aliquots were withdrawn and the ac-
tivity was determined by assaying CS activity. The activity
of 0.15 uM native CS was set to 100 %.

Results and Discussion

GroEL and GroES proteins expressed in E. coli were re-
spectively purified as described in “Materials and
Methods”. Figure 1 shows a SDS-PAGE of the purified
GroEL and GroES with each purification step. The purified
GroEL was appeared by single band of 57 kDa, which cor-
responds to a molecular weight of GroEL monomer, and
GroES protein was identified as 10 kDa (monomer) single
band in SDS-PAGE.

A model has been proposed for folding-unfolding proc-
ess of the substrate proteins. In the present work, we use
this model presented in Scheme 1 to interpret our data.
According to this model, a folding intermediate (I) forms
when refolding is initiated for denatured proteins (U). This
folding intermediate (I) partitions to two states of the pro-
tein, one for aggregated state (A) and the other for pre-na-
tive state (N). The form N is capable of folding to the com-
plete native structure (N*), which is fully active protein. In
this model, GroEL can bind the folding intermediate (I),
and the GroEL-I protein complex inhibits the intra-protein
processes that would lead to inactive.species (A).

Figure 2A shows the effect of GroES requirement on the
prevention of the chemically denatured rhodanese by mon-
itoring light scattering using spectrometry. At 20°C,
time-dependent protein aggregation extensively starts by
placing the denatured rhodanese into dilution in the folding
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Fig. 1. Purification of recombinant GroEL/GroES. Lane M,
molecular mass marker; lane Cl, crude cell extract
without induction; lane C2, crude cell extract with in-
duction; lane 1, DEAE-cellulose peak fractions; lane 2,
Protein fractions after ultrafiltration; lane 3, Protein
fractions after gelfiltration chromatography. The gel
was stained with Coomassie brilliant blue.

~ buffer. This protein aggregation process is significantly in-

hibited by 60 % in the presence of GroEL. This result sug-
gests that GroEL protects the aggregation-prone unfolded
state of the chemically denatured rhodanese from aggrega-
tion. In the model, this case can be described by as follow-
ing; the step I — A can be inhibited by partition of I —
GroEL-I by GroEL. Prevention of protein aggregation was
further intensified in the presence of whole GroEL system
including GroES and ATP. Thus, denatured rhodanese is
readily captured by GroEL system and protected from con-
verting to the aggregated state. We have also tested wheth-
er GroEL is capable of suppressing thermal aggregation of
native rhodanese at high temperature (50°C). As shown in
Fig. 2B, elevated temperature results in rapid increase of
light scattering of rhodanese due to extensive protein
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Fig. 2. (A) GroEL/ES lessened aggregation of chemically dena-
tured rhodanese (20°C). Rhodanese protein (Rho) was
chemically denatured and diluted by 100-fold into the
renaturation buffer (+/- GroEL/ES) at 20°C. Time-de-
pendent protein aggregation was monitored by absorb-
ance increase at 500 nm due to light scattering. (B) Both
GroEL and GroES is required for prevention of thermal
aggregation of rhodanese at elevated temperature. Same
experiment starting with the native rhodanese (0.10 uM)
was performed as (A) except at the elevated temper-
ature (50°C).

aggregation. Rhodanese aggregation could not be pre-
vented by including GroEL alone in the mixture. However,
complete GroEL system including GroES and ATP effi-
ciently lessened progress of the thermal aggregation by 60
% (Fig. 2B). As compared with the result shown in Fig. 24,
it indicates that only the GroEL/GroES can recognize de-
naturing rhodanese intermediate, which can be dis-
tinguished from the unfolding intermediate originated
_from the unfolded state (U). In contrast, in the aggregation
of chemically denatured rhodanses, GroEL alone was capa-
ble of recognizing the folding intermediate.
Similar experiments were carried out using other sub-
strate protein, citrate synthase (CS). CS is well suited, be-

cause unfolding and refolding can be easily monitored.
The use of CS as a substrate protein for GroEL allows us
to address whether chaperonin suppresses aggregation, in-
teracts with folding intermediate, and reactivates the dena-
tured substrate protein. CS is a commercially available, di-
meric, mitochondrial protein, composed of two identical
subunits (49 kDa each). In the absence of any substrates,
CS is readily inactivated on incubation at higher temper-
atures with a midpoint of transition at 48°C [23]. CS loses
its activity after major structural changes during
denaturation. At high temperature (37°C and 43°C), either
chemically denatured or native CS was readily aggregated
(Fig. 3). This is based on unspecific hydrophobic inter-
actions between unfolding intermediates and results in the
formation of high molecular weight particles. GroEL
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Fig. 3. (A) GroEL/ES lessened aggregation of chemically dena-
tured CS. CS protein was chemically denatured and di-
luted by 100-fold into the renaturation buffer (+/-
GroEL/ES) at 37°C. Time-dependent protein aggrega-
tion was monitored by absorbance increase at 500 nm
due to light scattering. (B) GroEL/ES lessened thermal
aggregation of CS. Native CS protein was incubated at
43°C. Time-dependent protein aggregation was moni-
tored by absorbance increase at 500 nm due to light
scattering.



requires co-chaperonin GroES for efficient prevention of
aggregation of the chemically denatured CS (Fig. 3A). In
contrast, as shown in Fig. 3B, the presence of stoichio-
metric amounts of GroEL leads to a suppression of thermal
aggregation because GroEL forms apparently stable com-
plexes with the unfolding intermediates (I ~ GroEL-I in
Scheme 1). Thus, depending on whether unfolding rhoda-
nese comes from either native state (N) or denatured state
(U), GroEL seems to recognize different unfolding inter-
mediates.

Citrate synthase readily inactivates on incubation at
43°C. This inactivation process was monitored by measur-
ing the remaining activity of the enzyme during the in-
cubation at elevated temperatures. Within minutes after
start of the incubation at 43°C, the activity decreases and
after 20 min no active CS "can ‘be detected (Fig. 4).
Stoichiometric concentrations of GroEL did not influence
the inactivation process. Inactive folding intermediates are
bound readily by GroEL and are no longer in equilibrium
with the native state. In the model, the folding pathway of
I — GroEL-I is more favored without partition to I — N.
It therefore seems that GroEL inactivates CS, a phenomen-
on that has been also observed in the case of various other
substrate proteins with which GroEL is stably associating
[12,22]. However, the extent and kinetics of thermal in-
activation of CS was lessened with the complete GroEL
system including GroES and ATP. Thus, it indicates that
the unfolding intermediate of CS was recognized and pro-
tected from inactivation by the GroEL/GroES complex.
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Fig. 4. Inactivation kinetics of CS at 43°C in the presence of
GroEL/ES. Inactivation of CS (0.15 uM monomer in
the folding buffer) was measured in the refolding buf-
fer in the absence of chaperone or in the presence of
GroEL +/- GroES.
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* In order to investigate how the GroEL system responds
to denatured CS at each environment of permissive and
nonpermissive condition, we have monitored reactivation
kinetics of chemically denatured CS at two different tem-
perature conditions, such as 37°C (nonpermissive con-
dition) and 20°C (permissive condition). Reactivation of
chemically denatured CS was strongly influenced by the
folding conditions like temperature. As shown in Fig. 5A,
the presence of both GroES and ATP is required to allow
efficient folding of the denatured CS under nonpermissive
condition, where the spontaneous refolding of denatured
CS is not possible. Under permissive folding conditions
(low temperature, 20°C) for the spontaneous folding of
CS, the presence of GroEL alone was not sufficient for
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Fig. 5. Influence of different temperatures on the refolding of
chemically denatured CS. (A) Chemically denatured CS
protein was not able to spontaneously refold itself at
37°C (nonpermissive condition). Protein refolding oc-
curred in the presence of GroEL/ES. (B) Chemically
denatured CS protein was spontaneously renatured at
low temperature (20°C, permissive condition). Protein
reactivation was inhibited by incubation with GroEL
alone, but this inhibitory effect was reversed by in-
cubation with GroEL/ES.
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reactivation of CS (Fig. 5B). In this case, the folding ki~
netics is slower than in the absence of the chaperone ow-
ing to rebinding to GroEL. This phenomenon can be ex-
plained by the model, in which partition of folding inter-
mediate (I} to the native species (N) and subsequent active
species (N*) was favored by the GroEL/GroES complex.
However, under permissive condition without GroES and
ATP, GroEL readily binds to the folding intermediate and
forms a stable complex, not releasing the folding inter-
mediate into the native state. From our data, we suggest
that under permissive condition spontaneous refolding can
occur due to lower temperature, which can competes with
chaperone-mediated protein refolding via GroEL chaperone
system. Therefore, at the permissive temperature GroEL
seemed to divert spontaneous refolding pathway of un-
folded polypeptide toward chaperone-assisted refolding
pathway, which is more efficient protein refolding
pathway. In contrast, under nonpermissive condition un-
folded protein could not be refolded without GroEL
function.
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