doi:10.1006/jmbi.2001.5193 available online at http://www.idealibrary.com on IIIE):['I“'J. Mol. Biol. (2001) 314, 1167-1179

JMB

GroEL Channels the Folding of Thioredoxin Along
One Kinetic Route

Nidhi Bhutani and Jayant B. Udgaonkar*

National Centre for Biological
Sciences, Tata Institute of
Fundamental Research, UAS-
GKVK Campus, Bangalore
560065, India

*Corresponding author

Many proteins display complex folding kinetics, which represent multiple
parallel folding pathways emanating from multiple unfolded forms and
converging to the unique native form. The small protein thioredoxin
from Escherichia coli is one such protein. The effect of the chaperonin
GroEL on modulating the complex energy landscape that separates the
unfolded ensemble from the native state of thioredoxin has been studied.
It is shown that while the fluorescence change accompanying folding
occurs in five kinetic phases in the absence of GroEL, only the two slow-
est kinetic phases are discernible in the presence of saturating concen-
trations of GroEL. This result is shown to be consistent with only one out
of several available folding routes being operational in the presence of
GroEL. It is shown that native protein, which forms via fast as well as
slow routes in the absence of GroEL, forms only via a slow route in its
presence. The effect of GroEL on the folding of thioredoxin is shown
to be the consequence of it binding differentially to the many folding-
competent forms. While some of these forms can continue folding when
bound to GroEL, others cannot. All molecules are then drawn into the
operational folding route by the law of mass action. This observation
indicates a new role for GroEL, which is to bias the energy landscape of
a folding polypeptide towards fewer available pathways. It is suggested
that such channeling might be a mechanism to avoid possible aggrega-
tion-prone routes available to a refolding polypeptide in vivo.
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Introduction

polypeptide are understood relatively well.®~® The
kinetic and molecular events at the level of the

The ability of the Escherichia coli chaperonin
GroEL to recognize and bind to hydrophobic sur-
faces of aggregation-prone polypeptides is crucial
to its function.” Following capture of the substrate
protein, binding of co-chaperonin GroES and ATP
trigger a conformational change in GroEL, leading
to a decrease in binding affinity.>® The folding
polypeptide is then released into the cylindrical
cavity of GroEL, which is capped by co-chaperonin
GroES,* and which provides a passive cage for
folding in seclusion;® hence, competing aggregation
processes are avoided. The ATP-dependent reac-
tion cycle of GroEL interacting with its co-chaper-
one GroES, and their effect on the refolding

Abbreviations used: Trx, thioredoxin; ANS, 8-anilino-
1-naphthalene sulfonic acid; GAnHCI, guanidine
hydrochloride; CNBr, cyanogen bromide.
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refolding polypeptide are, however, still compara-
tively obscure. More recent studies have indicated
that GroEL plays a more active role in optimizing
folding,'°'® and it appears that this active role
may primarily be the consequence of binding
energy being exploited to effect changes in the con-
formation of the substrate protein. Thus, the bind-
ing energy of GroEL may be utilized to unfold
partially folded or mis-folded proteins either by
decreasing the activation energy for unfolding'''?
or by thermodynamic coupling.’> Conformational
changes in GroEL that result from GroES and ATP
binding may lead to mechanical unfolding of the
substrate protein.'"* Binding to GroEL can also
result in the acceleration of folding of some sub-
strate proteins: the binding energy may promote
inter-domain reorganization'® as suggested for
lysozyme, or effect a thermodynamic shift to
increase the concentration of folding-competent
forms as in the case of barstar.'®

© 2001 Academic Press
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Thus, the active role of the chaperonins is envi-
saged mainly as minimizing or rescuing kinetically
trapped intermediates via binding and consequent
unfolding, thereby improving the yield of refold-
ing. In this way, the energy landscape for folding
can be modulated."” = It has been suggested that
binding and hydrolysis of ATP can provide GroEL
with the energy to alter and perhaps smooth the
energy landscape available to the substrate protein
for folding.***' Even without ATP hydrolysis, the
energy landscape of the substrate can be modified,
because binding of GroEL alters the kinetic barriers
that separate various forms present at similar or
lower-energy rungs in the folding funnel. In this
manner, GroEL may be able to optimize folding by
channeling the folding polypeptide along some
preferred routes, when many routes are otherwise
available. While modulation of the energy land-
scape in this way has been shown to be possible
through mutations in the case of E. coli dihydrofo-
late reductase, which result in four folding chan-
nels collapsing into only two,* such modulation
through the action of a chaperonin has not been
reported previously.

Here, we study the effect of GroEL on the com-
plex refolding kinetics®®~?” of oxidized thioredoxin
(Trx) from E. coli. Trx is an oxidoreductase, whose
sequence of 108 amino acid residues folds into a
large Bopof domain and a small BRo domain.?®
Previous studies have shown that multiple parallel
routes are utilized for folding to the native (N)
state of Trx.”” Thus, Trx is a good model substrate
protein to study whether GroEL can differentially
affect parallel folding routes by modulating the
energy landscape accessible for folding.

Equilibrium unfolded Trx consists of at least
three unfolded forms,>?* presumably because of
the presence of five proline residues that may be in
cis or trans conformations; a very rapidly refolding
form, Uyyg, a rapidly refolding form, Uy, and a
medium/slow refolding form, Uy. Native Trx
unfolds rapidly to Uyg, which then relaxes slowly
via two parallel, presumably proline isomerization-
dependent processes, to Uz and Uy, The refolding
kinetics of Trx have been investigated in detail
using many probes, including tryptophan fluor-
escence, far-UV circular dichroism (CD), near-UV
CD, 8-anilino-1-naphthalene sulfonic acid (ANS)
binding, and regain of native Trx activity,”*~*” and
Scheme 1 shows the mechanism that has been pro-
posed to describe the refolding of equilibrium
unfolded Trx:

All three unfolded forms initially form burst-
phase intermediates in parallel reactions. The early
burst-phase intermediate ensemble consists of pre-
dominantly B structures, native as well as non-
native, that have yet to stablize.”” Molecules in the
burst-phase ensemble that originate as Uyy then
fold directly to N, while molecules that originate
as Ui and Uy, fold to the slow-folding intermediate
I;, whose transformation to N is accompanied by
trans to cis isomerization of Pro76, the only cis pro-
line residue in the N state.?® The folding of wild-
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Scheme 1.

type Trx occurs in four observable kinetic phases
and one unobservable burst-phase, and replace-
ment of Pro76 by Ala eliminates only the slowest-
folding phase.?® Transitions between Iyg, Iz and I
within the burst-phase intermediate ensemble are
not ruled out in Scheme 1, and are expected to
occur rapidly relative to the rates at which these
burst-phase intermediates fold further.

Here, the effect of GroEL on the parallel folding
pathways of Trx has been studied. In the presence
of a saturating concentration of GroEL, only the
two slowest phases of fluorescence-monitored fold-
ing are observed, out of the four observed in the
absence of GroEL. It is shown that the refolding of
Trx proceeds via only the slowest of the two kinetic
routes that are available for the formation of N in
the absence of GroEL. The molecules that fold via
the fast route in the absence of GroEL appear to be
channeled to N via the slow route when GroEL is
present.

Results

Folding and unfolding of Trx in the absence
of GroEL

To determine the effect of GroEL on the folding
of Trx, it was first necessary to confirm that
Scheme 1 indeed describes, correctly, folding in the
absence of chaperone. The guanidine hydrochlo-
ride (GdnHCl)-induced equilibrium unfolding tran-
sition of Trx, monitored using fluorescence of the
Trp residues at positions 28 and 31 as the tertiary
structure probe, is shown in Figure 1(a). The Trp
fluorescence is quenched strongly in N, because of
the proximity of the active-site disulphide between
Cys32 and Cys35.%” There is a release of Trp
quenching upon unfolding, with the mid-point of
the equilibrium unfolding transition being at 2.5 M
GdnHCL. The increase in fluorescence upon unfold-
ing occurs in one kinetic phase, as seen in
Figure 1(b) for unfolding in 3.2 M GdnHCI or in
4.8 M GdnHCI (inset), and corresponds to the for-
mation of Uyg. The unfolding rates show a steep
dependence on GdnHCI concentrations,* with a
rate of 0.02s™' in 32M GdnHCl and 3s™' in
4.8 M GdnHCI. Figure 1(c) shows that when Trx,
which had been unfolded to equilibrium in 3.6 M
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Figure 1. Folding of Trx in the absence of GroEL. (a) Equilibrium unfolding of thioredoxin. The relative intrinsic
Trp fluorescence of Trx equilibrated in different concentrations of GAnHCI is plotted against GAnHCI concentration.
The broken lines represent the extrapolated unfolded and the native baselines. The continuous line through the data
is a fit of the data to a two-state N = U model* and yields a C,, value of 2.55 M. (b) Kinetics of unfolding of thiore-
doxin in 3.2 M GdnHCI], and 4.8 M GdnHCI (inset). The upper continuous lines represent the fluorescence of the
unfolded protein in 3.2 M and 4.8 M GdnHCl (inset), and the lower continuous lines represent the fluorescence of N.
(c) Kinetics of folding of equilibrium-unfolded Trx in 0.3 M GdnHCI. The progress of the folding reaction was moni-
tored by measurement of the intrinsic Trp fluorescence of Trx. The upper continuous line represents the fluorescence
of unfolded protein in 3.6 M GdnHCI, the lower continuous line represents the fluorescence of N, and the broken line
represents the value of the fluorescence of unfolded protein in 0.3 M GdnHCI, obtained by linear extrapolation of the
unfolded protein baseline in (a). The inset shows the fluorescence change occurring in the first 0.5 second after com-
mencement of refolding. (d) Kinetics of refolding of transiently unfolded Trx. Trx was unfolded in 4.8 M GdnHCl for
each of the different times indicated before being refolded by dilution to 0.3 M GdnHCL The relative amplitudes of
the very rapid (O), rapid (A) and medium phases (<) of fluorescence change are plotted against the time at which
refolding is commenced. The relative amplitudes of the slow phase are shown in the inset. The error bars represent

the standard deviations from three separate experiments.

GdnHC], is refolded in 0.3 M GdnHCI, the folding
to the native state occurs via a burst-phase and
four observable phases of decreasing Trp fluor-
escence. The burst-phase change in fluorescence as
well as the subsequent very rapid phase of fluor-
escence change that has an apparent rate constant
of 557!, are shown in the inset to Figure 1(c). The
rapid, medium and slow phases that follow have
apparent rate constants of 0.3, 0.02 and 0.004 s,
respectively. These observable phases have been
attributed to the Iyx — N (very rapid phase),
Iz — I5 (rapid phase), Iy — Is (medium phase) and
Is — N (slow phase) steps of Scheme 1.

To confirm the presence of three unfolded forms,
native Trx was transiently unfolded in 4.8 M
GdnHC], for times ranging from 1 to 900 seconds,

and then refolded in 0.3 M GdnHCI. At one second
of unfolding, native Trx is expected to unfold com-
pletely to Uy (Figure 1(b)) and, as expected, the
folding kinetics show only a burst-phase followed
by a very rapid phase of fluorescence change. As
shown in Figure 1(d), with increasing time of
unfolding, the relative refolding amplitude of the
very rapid folding phase decreases, while that of
the rapid and medium phases build up. The
decrease in the very rapid phase amplitude occurs
in two phases, with relaxation rates of 0.025 and
0.008 s . The relative amplitudes of the rapid and
medium phases build up with rates of 0.008 and
0.025 s7!, respectively. Thus, in the unfolded
ensemble, Uy equilibrates with Uy and Uy, with
relaxation rates of 0.008 and 0.025 s~*, respectively.
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The relative amplitude of the slow phase, ie. the
Is — N transition, builds up with a rate of 0.025 s™*
as shown in the inset to Figure 1(d). These obser-
vations confirm that, as suggested in earlier stu-
dies, there exist three different unfolded forms of
Trx that arise in the denatured ensemble, presum-
ably due to proline isomerizations.

Previously, the existence of two channels leading
to N, with 10% of the molecules forming N very
rapidly from Uyg, and 90 % of the molecules form-
ing N slowly from I, had been confirmed by
experiments showing that 10% of refolding mol-
ecules regained Trx activity very rapidly, while
90% of the molecules regained activity with the
same rate as that of the slow phase of fluorescence
change.”” Here, the existence of the fast and slow
channels leading to N is confirmed by a double-
jump (U— N — U) assay in which equilibrium-
unfolded Trx was refolded for variable time inter-
vals, and then re-unfolded to assess the amount of
N present at the time refolding was interrupted.
Figure 2(a) shows the kinetics of unfolding in
3.2 M GdnHCl, when unfolding is initiated after
folding in 0.3 M GdnHCI has proceeded for ten
seconds and for 100 seconds. While the apparent
rates of the kinetic unfolding traces are the same
and equal to the rate at which N unfolds in 3.2 M
GdnHC1 (Figure 1(b)), the amplitudes increase
with an increase in the time at which folding is
interrupted. The relative amplitudes represent the
amount of N present at the time refolding was
interrupted. For example, it is seen that 10 % of the
refolding molecules have formed N at ten seconds
of refolding itself, because the amplitude of the
kinetic trace of unfolding, when refolding is inter-
rupted at ten seconds, is 10% of the amplitude
observed of the kinetic trace of unfolding of an
identical concentration of fully native Trx.
Figure 2(b) shows how the fraction of the native
molecules, as determined from such double-jump
assays, increases with time of refolding. It is
observed that, while 10% of the molecules have
formed N at ten seconds of refolding, i.e. via the
fast channel, the remaining 90 % form N in a single
phase that corresponds in rate to that of the slow
phase of fluorescence change (0.004 s™) i.e. via the
slow channel. Thus, the data in Figures 1 and 2
confirm the basic features of Trx refolding
described earlier”” and by Scheme 1.

Folding of Trx in the presence of GroEL

Since GroEL is devoid of Trp residues, the intrin-
sic Trp fluorescence of Trx can be used as the
probe to study the effect of GroEL on Trx refold-
ing. Figure 3 shows that the relative amplitudes of
the burst, very rapid and rapid phases of change in
fluorescence decrease with increasing concentration
of GroEL. The decreases in the relative amplitudes
of the three fastest phases is compensated for by
increases in the amplitudes of the medium and
slow phases (Figure 3(a)). The relative amplitude
of the burst-phase decreases from 45% in the
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Figure 2. Fractional formation of N upon transient
refolding. Thioredoxin that had been unfolded to equili-
brium in 3.6 M GdnHCI was refolded by dilution to
0.3 M GdnHCl for the indicated time intervals, and then
unfolded in 3.2 M GdnHCL (a) Unfolding kinetics of
equilibrium-unfolded Trx that has been refolded for ten
seconds (upper trace) and 100 seconds (lower trace).
Unfolding was monitored by Trp fluorescence at
368 nm, and the data were normalized to a value of 1
corresponding to the value of fluorescence when the
unfolding reaction is complete. (b) The relative ampli-
tudes of the unfolding reaction, obtained after refolding
for different times, were normalized by taking the
unfolding amplitude of equimolar native protein as 1,
thereby defining the fraction of N formed at different
times. The continuous line through the data represents a
non-linear, least-squares fit of the data to a single expo-
nential.

absence of GroEL to become zero at a saturating
concentration of GroEL (Figure 3(b)), at which the
ratio of concentration of GroEL to that of Trx is
approximately 1:1.
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Figure 3. Kinetics of folding of Trx in the presence of
GroEL. (a) Refolding of thioredoxin in the absence and
presence of different concentrations of GroEL. Trx
(1.5 uM) was refolded in 0.3 M GdnHCI in the absence
(lowest trace) and in the presence of 0.5, 1 and 1.5 pM
GroEL (upper traces). The upper and lower continuous
lines represent the fluorescence values of unfolded pro-
tein in 3.6 M GdnHCI, and of native protein, respect-
ively, and the broken line represents the value of the
fluorescence of unfolded protein in 0.3 M GdnHC],
obtained by linear extrapolation of the unfolded protein
baseline in Figure 1(a). (b) Relative amplitude of the
unobserved burst-phase as a function of GroEL concen-
tration. The relative burst-phase was determined as the
unobservable amplitude divided by the total amplitude
of the folding reaction. The continuous line through the
data has been drawn by inspection only.

To determine whether the effect of GroEL on the
two slowest phases of folding is due to specific
binding of Trx inside the GroEL cavity, the exper-

iment shown in Figure 3(a) was repeated with
GroEL that had been pre-saturated with rhoda-
nese, a stringent substrate of GroEL, known to
bind inside the GroEL cavity.'>'® The rates and
amplitudes of the two slowest phases of folding in
the presence of rhodanese-saturated GroEL are
identical with those observed in the absence of
GroEL (data not shown), indicating that the effect
seen with GroEL alone is indeed due to specific
binding of Trx inside the GroEL cavity, and is not
due to non-specific binding.

Figure 3(a) shows that native Trx does not bind
GroEL: the same final fluorescence of N is recov-
ered in the presence or absence of GroEL. Activity
measurements of Trx folded in the presence of
GroEL also confirm that all the molecules fold to
free N in the presence of GroEL: the activity is
identical with that of an equimolar concentration
of free Trx; moreover, the activity is unaffected by
prolonged incubation with GroEL (data not
shown). GroEL can, however, bind unfolded Trx
molecules, as shown by its ability to bind two
CNBr-generated fragments of thioredoxin,®® which
are unstructured at neutral pH (unpublished
results).

Figure 4 shows the effect of GroEL on the
relative amplitudes and apparent rates of all the
observable phases. The very rapid phase disap-
pears at sub-stoichiometric concentrations of
GroEL, while the rapid phase disappears only at
equimolar concentrations of GroEL. The medium
and slow phases show a fourfold and a 5.3-fold
increase in relative amplitude, respectively. The
apparent rates of the rapid and slow folding
phases decrease significantly with increasing
GroEL concentration, while the rate of the med-
ium phase decreases marginally. At saturating
concentrations of GroEL, the rates of the med-
ium and slow phases level off at a non-zero
value, while the rate of the rapid phase becomes
zero. The dependences of the rates of the
observed rapid, medium and slow phases on
GroEL concentration were analyzed according to
equation (1)*! to yield values for the dissociation
constant, Ky, of 0.2, 0.07 and 0.2 uM for GroEL
binding to I, I, and I, respectively. The value
of the dissociation constant for I,; is only a
crude estimate due to the scatter in the data.
Similar values for the dissociation constants are
obtained from fitting the dependence of the rela-
tive amplitudes of the rapid, medium and slow
phases on GroEL concentrations according to a
simple binding curve (equation (2)).

Effect of delayed addition of GroEL on
Trx refolding

In a delayed addition experiment, equimolar
GroEL was added at different time intervals after
commencement of folding in 03M GdnHCI
(Figure 5(a)). At each time of addition of GroEL,
there is an increase in the fluorescence that accom-
panies its binding to the intermediate forms pre-
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Figure 4. Effect of GroEL on the folding kinetics of
Trx. (a) and (b) Relative amplitude and observed rate
constant of the very rapid phase; (c) and (d), relative
amplitude and observed rate constant of the rapid
phase; (e) and (f), relative amplitude and observed rate
constant of the medium phase; (g) and (h), relative
amplitude and observed rate constant of the slow phase.
The error bars represent standard deviations from at
least three different experiments. The continuous lines
through the data in (c), (¢) and (g) represent fits to
equation (2), and those through the data in (d), (f) and
(h) represent fits to equation (1),*' and yield estimates of
the dissociation constants for GroEL binding to various
intermediates as described in the text.

sent, which is complete in the ten seconds dead-
time of mixing. This increase in fluorescence is to
the fluorescence value (within 10 %) seen for mol-
ecules that have folded for the same time when
folding is commenced in the presence of GroEL.
With increasing times of folding before addition of
GroEL, smaller and smaller increases in fluor-
escence are seen, because molecules are trans-
formed to N, which does not bind GroEL. The
decrease in the value of the initial fluorescence of
the GroEL-bound molecules follows the kinetic
trace of fluorescence change obtained when folding
is initiated in the presence of GroEL.

Effect of GroEL on the folding of transiently
unfolded Trx

Figure 5(b) compares the folding kinetics of
transiently unfolded Trx in the presence and
absence of GroEL. Trx was unfolded in 4.8 M
GdnHCI for ten seconds, before being refolded
in 0.3 M GdnHCI in the presence or absence of
GroEL. In the presence of equimolar GroEL, the
relative amplitude of the burst-phase seen for
the folding of transiently unfolded protein is
reduced from 45 to 30%, while for equilibrium
unfolded protein it is reduced to essentially zero
(Figure 3). As in the case of the refolding of
equilibrium unfolded Trx in the presence of
equimolar GroEL, the only observable refolding
phases for transiently unfolded Trx in the pre-
sence of equimolar GroEL are the medium and
slow phases: the very rapid and rapid phases
are absent.

Double-jump assay for formation of N in the
presence of GroEL

It was possible to carry out the double-jump
assay for N (Figure 2) in the presence of GroEL
also, because N does not bind GroEL (see
above). This is evident from the observations
that N unfolds at the same rate in the presence
or absence of GroEL, and the fluorescence
change that accompanies unfolding of 100% N
molecules does not depend on whether GroEL is
present (data not shown). Figure 6(a) shows that
no unfolding reaction corresponding in rate to
the unfolding of N is observed when unfolding
is initiated after 30 seconds of folding; indicating
that no N molecules are present even at 30
seconds after folding is commenced in the pre-
sence of GroEL. In contrast, 10% of the mol-
ecules form N at ten seconds of folding in the
absence of GroEL (Figure 2). Hence, it appears
that the fast channel for folding to N is no long-
er operational in the presence of GroEL. This
result is emphasized in Figure 6(b), where the
kinetics of formation of N in the presence of
GroEL are shown. The apparent rate of for-
mation of N in the presence of GroEL is
0.003 s, which is similar to the slow rate of
change in fluorescence measured in the presence
of GroEL (Figure 4). Extrapolation of the kinetic
curve for formation of N to t=0 clearly shows
that no N is formed in the first 30 seconds of
folding. A lag is seen in the formation of N
when folding of Trx occurs in the presence of
an equimolar concentration of GroEL (Figure 6(b)
and inset). Indeed, such a lag would be expected
if N forms from I,; in a two-step process. The
kinetics of formation of N fit well to equation
(3), which describes the formation of N in two
consecutive steps®* with rates of 0.02s™! and
0.003 s
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Figure 5. (a) Effect of delayed addition of GroEL on
the folding kinetics of Trx. Trx that had been unfolded
to equilibrium in 3.6 M GdnHCl was refolded in 0.3 M
GdnHCl for varying periods of time before addition of
GroEL to a final concentration of 1.5 uM (same as the
final concentration of Trx). The upper and lower con-
tinuous lines represent the fluorescence values of
unfolded protein in 3.6 M GdnHCI, and of native pro-
tein, respectively, and the dotted line represents the
value of the fluorescence of unfolded protein in 0.3 M
GdnHCI, obtained by linear extrapolation of the
unfolded protein baseline in Figure 1(a). The broken
trace shows the change in fluorescence during folding
when no GroEL is present. The continuous trace shows
the change in fluorescence when folding is initiated in
the presence of 1.5 uM GroEL. Both the traces were
obtained from manual-mixing experiments with a dead-
time of ten seconds. The filled circle at each time-point
represents the fluorescence when 1.5 pM GroEL has
been added to the folding protein solution, at that time.
The subsequent decrease in fluorescence, as Trx folds
further, follows the continuous trace from the time of
addition. (b) Effect of GroEL on the kinetics of refolding

Discussion

Altered folding kinetics in the presence
of GroEL

Two observations suggest that the basic folding
mechanism of Trx is not altered in the presence of
GroEL. (1) For the rapid, medium or slow phase,
the dependences on GroEL concentration of the
rate and amplitude fit well to simple binding
curves described by equations (1) and (2), respect-
ively (Figure 4). Extrapolations of the binding
curves to zero GroEL concentration correctly pre-
dict the rate and amplitude observed for each
phase in the absence of GroEL. (2) The same kin-
etic trace of fluorescence change is recovered,
whether GroEL is added at the commencement of
refolding or after different delays after the com-
mencement of refolding (Figure 5(a)). These obser-
vations suggest that the different intermediate
forms that populate the folding pathways of Trx
are also there in the presence of GroEL, and that
the changes in amplitudes and rates that are
observed in the presence of GroEL are the conse-
quence of GroEL binding to these intermediate
forms.

Binding of GroEL increases the intrinsic Trp
fluorescence of folding Trx molecules

The 5.3-fold increase in the relative amplitude of
the slow phase, ie. Ig— N, at saturating GroEL
concentrations is surprising, because 90% of the
molecules fold to N with this rate in the absence of
GroEL (Figure 2(b)) and, even if the remaining
10 % molecules fold to N via the slow phase in the
presence of GroEL, this would lead to only a 10 %
increase in the fluorescence change that accompa-
nies the slow phase. It appears, therefore, that
when GroEL is added either at the commencement
of refolding or at any time later (Figure 5(a)), its
binding to early forms on the refolding pathway of
Trx leads to a very rapid increase in Trx fluor-
escence, presumably because the binding occurs
very near the active site of Trx, where the two Trp
residues are located. In the case of lysozyme'® and
barnase® too, binding of GroEL is accompanied by
an increase in the intrinsic Trp fluorescence of the
substrate protein.

of transiently unfolded Trx. Native Trx was unfolded in
4.8 M GdnHCI for ten seconds before being refolded by
dilution to 0.3 M GdnHCI in the absence of any GroEL
(lower trace) and in the presence of 3 pM (equimolar)
GroEL (upper trace). The upper continuous line rep-
resents the fluorescence of unfolded protein in 4.8 M
GdnHCI, the lower continuous line represents the fluor-
escence of native protein, and the broken line represents
the value of the fluorescence of unfolded protein in
0.3 M GdnHClI, obtained by linear extrapolation of the
unfolded protein baseline in Figure 1(a). The inset
shows the fluorescence changes that occur during the
first one second of refolding.
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Figure 6. Kinetics of unfolding of transiently folded
Trx. (a) Equilibrium unfolded Trx in 3.6 M GdnHCl was
refolded in 0.3 M GdnHCI for 30 seconds (upper trace)
and 75 seconds (lower trace) in the presence of 3 pM
GroEL (equimolar) before being unfolded in 3.2 M
GdnHCL. Unfolding was monitored by Trp fluorescence
at 368 nm, and the data were normalized to a value of 1
corresponding to the value of fluorescence when the
unfolding reaction is complete. (b) Effect of GroEL on
the kinetics of formation of N. A double jump-assay, as
described for Figure 2, was used to determine the frac-
tional formation of native protein at different times after
commencement of folding. Trx that had been unfolded
to equilibrium in 3.6 M GdnHCl was refolded by
dilution to 0.3 M GdnHCI in the presence of 3.3 uM
GroEL (equimolar) before being unfolded in 3.2 M
GdnHCI. The continuous line through the data obtained
in the presence of equimolar GroEL represents a fit to
equation (3).*> The inset shows the fraction of native
protein formed at early times of refolding.

For the refolding of equilibrium-unfolded Trx,
the absence of the burst-phase change in fluor-
escence at saturating GroEL concentrations could
be either because the burst-phase intermediate
ensemble does not form or because the increase in
Trx fluorescence that occurs when the unfolded
and burst-phase intermediate ensembles bind to
GroEL, exactly compensates for the decrease in
fluorescence that would otherwise be observed
when the unfolded ensemble transforms to the
burst-phase ensemble. The different members of
the burst-phase ensemble, Iz, Iz and I, are
expected to differ in their fluorescence properties.
Thus, if the folding of Uyy alone is initiated in the
presence of a saturating concentration of GroEL,
then it is possible that the burst-phase decrease in
fluorescence that occurs during the Uyi — Iyg
transition is not fully compensated for by the
increase that occurs upon GroEL binding to Uyy
and possibly Iyg as well. Figure 5(b) shows that
this is indeed so: when Trx is transiently unfolded
for only ten seconds so that Uyy is predominantly
present, and then refolded in the presence of satur-
ating GroEL, a burst-phase change in fluorescence
is still observed. Thus, Iz bound to GroEL does
form in the presence of saturating GroEL, but its
fluorescence is lower than that of Uy Figure 5(b)
therefore rules out the possibility that the burst-
phase ensemble itself does not form from equili-
brium unfolded Trx in the presence of saturating
GroEL (Figure 3(b)). The absence of a burst-phase
change in fluorescence for folding in the presence
of 1.5 pM GroEL (equimolar to Trx), suggests that
the binding of GroEL occurs during the 6 ms
instrumental dead-time; consequently, the bimole-
cular rate constant for association must be >5 x 10®
M ~! s7% Indeed, GroEL is known to be capable of
binding its substrate proteins at diffusion-con-
trolled rates.'s3*

Binding of GroEL to intermediate forms
reduces the rates of folding

When bound by GroEL, folding intermediates
may or may not be capable of further foldin$.
In the former case, as seen for hen lysozyme,"
barstar,'® barnase,®® chymotrypsin inhibitor-2,*
staphylococcal nuclease,® o-lactalbumin,® and
maltose-binding protein,®” folding rates have non-
zero values at saturating concentrations of
GroEL>'* In the latter case, exemplified by
rhodanese,® o-lactalbumin® and human dihydro-
folate reductase,® the folding rate will be zero at
saturating GroEL concentrations, because virtually
all protein molecules will be GroEL-bound. More-
over, the decrease in folding rates with increasing
GroEL concentration will match the decrease in
amplitude, because the fraction of the folding-com-
petent GroEL-free form®! decreases with increasing
GroEL concentration (equations (1) and (2)).

Thus, the data in Figure 4 suggest that I and Iy
cannot fold further when bound by GroEL,
because the very rapid and rapid rates decrease to
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zero at saturating GroEL concentrations, while Iy,
and I;, as well as the corresponding unfolded
forms can, because the medium and slow rates
decrease to non-zero values independent of GroEL
concentration. Upon binding of GroEL, the stabiliz-
ation of I; and Ig increases the effective energy
barriers between them and the next sequential
forms on the refolding pathway, but only so much
as to slow folding, while the stabilization of Iy
and I is large enough to effectively stop their
further folding.

The decrease seen for the very rapid rate occurs
at a tenfold lower concentration of GroEL than that
seen for the rapid rate, indicating that Iy binds
GroEL at least tenfold more tightly than I;. The
GroEL concentration-independent folding rates of
Iy; and Ig at saturating GroEL concentrations corre-
spond to the folding rates of GroEL-bound forms,
because virtually all protein molecules are expected
to be bound by GroEL. The binding of GroEL to
Uy, U, Iy and Ig appears to be much faster than
their subsequent folding, because the medium and
slow-phase rates still fit to single exponentials at
lower concentrations of GroEL, where both GroEL-
bound and free forms of I; and I are present. If
this were not the case, rates corresponding to the
folding of the GroEL-bound as well as the free
forms would have been observed.® Using the
values obtained for the dissociation constant, Kp,
for GroEL binding to the I; I, and I forms, of 0.2,
0.07 and 0.2 pM, respectively (see Results) (which
are within the micro- to nanomolar range of dis-
sociation constants for GroEL binding to the inter-
mediate forms of other proteins'®), and a value of
5 x 10®* M's™! for the bimolecular rate constant for
GroEL binding (see above), the estimated dis-
sociation rates of GroEL from I I, and Ig are 100,
35 and 100 s, respectively. Thus, the rates of
GroEL binding to and dissociating from either Iy I
or Ig are indeed faster than the rates of further fold-
ing of these forms in the presence of GroEL.

Formation of N in the presence of GroEL

When GroEL is absent, 10% of the molecules
form N in a sub-second phase, and no lag is seen
in the formation of N (Figure 2). In the presence of
an equimolar concentration of GroEL, a distinct lag
in the formation of N is observed, after which all
molecules form N in a single-exponential process
with a time-constant of 0.003 s~!, which corre-
sponds to the rate of the slow phase of fluor-
escence change that accompanies folding in the
presence of GroEL. The magnitude of the lag time
suggests that the last step in the formation of N,
which has a rate of 0.003 s7*, is preceded by a fas-
ter step with a rate of 0.02 s~ (Figure 6). The rate
of the faster step corresponds to the rate of the
medium phase of fluorescence change in the pre-
sence of GroEL (Figure 4). These observations
imply that (1) the fast channel for formation of N is
no longer operative in the presence of GroEL, and
(2) the lag in the formation of N in the presence of

GroEL is because of the time taken for the concen-
tration of GroEL-bound I to build up as GroEL-
bound I, folds further to N. These conclusions are
supported by the observations that (1) the very
rapid phase of fluorescence change, which is
known to accompany the Iyz — N reaction that
constitutes the fast channel for formation of N in
the absence of GroEL (Figure 3), is absent in the
presence of an equimolar concentration of GroEL
(Figure 6), and (2) the rapid phase of fluorescence
change, which is known to accompany the
Iz — 6lg reaction in the absence of GroEL, is absent
in the presence of an equimolar concentration of
GroEL (Figure 4). It should be noted that because
there are two routes to the formation of Ig in the
absence of GroEL (Scheme 1), there is no lag seen
in the formation of N in those conditions: the rate
of the Iy — Ig reaction is such that it contributes to
the buildup of N in a time-frame that would other-
wise correspond to the lag period in which the
population of I builds up from I;.

Mechanism of refolding in the presence
of GroEL

The disappearance of the very rapid and rapid
phases, as well as the disappearance of the fast
channel for the formation of N, at saturating con-
centrations of GroEL, suggest that Iz and I are
incapable of folding to N and Ig, respectively, after
being bound by GroEL. As discussed above, Iy
and I fold in GroEL-bound forms in the presence
of saturating GroEL. Since all Trx molecules finally
fold to free N in the presence of GroEL (see above),
GroEL-bound Iyi and Iy, as well as GroEL-bound
Uyr and Ug, must fold to N only by transiting
through the GroEL-bound Uy, form. Thus, in the
presence of saturating concentrations of GroEL, the
folding of Trx is represented by Scheme 2, where
X.E represents GroEL-bound forms:

UME<=IyE—-E—-N+E

)

Uyr.E <= Iyvr.E

)

Ur.E <= Ig.E

Scheme 2.

According to Scheme 2, all GroEL-bound refolding
Trx molecules are channeled to N via one slow
route. This channeling occurs because Uyg.E and
Ug.E molecules would replenish Uy.E molecules as
they fold to N, because of thermodynamic coup-
ling. Conceivably, Iyz.E and Iz.E molecules can
similarly replenish I;.E molecules within the burst-
phase intermediate ensemble itself; although this
possibility is not shown explicitly in Scheme 2. It
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should be noted that, although X is present predo-
minantly in the form X.E in saturating concen-
trations of GroEL, X.E coexists with small amounts
of free X and E, which are not shown in Scheme 2
so as not to complicate it unnecessarily.

Scheme 2 predicts that all Trx molecules should
form N in the slow phase corresponding to the rate
of the Ig.E — N + E reaction, and that no N mol-
ecule should form in a faster reaction as seen in the
absence of GroEL (Figure 2), because the
Iyg-E — N + E reaction cannot occur. The Scheme
predicts the lag seen in the formation of N, because
N forms from IL,E in a two-step process:
I.E — IgE - N 4+ E. Since the rates of the Iy
E — L.E and I¢.E — N+ E reactions are 0.02 s7!
and 0.003 s, respectively, in the presence of equi-
molar GroEL, and because the rates of all preced-
ing steps leading to the formation of I; appear to
be faster than or similar to the rate of the Iy
E — L.E reaction, the lag of 30 seconds is expected.

An alternative explanation for the observation
that N forms only in a single slow phase in the
presence of GroEL, could be that the rate-limiting
steps for folding are the release reactions from
GroEL. In such a scenario, the observed folding
rates for the different unfolded populations may
appear to be similar, even when the actual folding
rates are not different from the rates seen in the
absence of GroEL. For example, the following
alternative reaction scheme can be considered, for
the fast-folding Uy form:

UVR.E — Iy E<~—= Iy + E

!
N

Scheme 3.

According to Scheme 2, the Iyz.E — N + E reac-
tion does not operate at saturating GroEL concen-
tration (see above). It is possible, however, that
while N does not form directly from Iyr.E, it may
form indirectly when GroEL transiently dissociates,
and the free Iy folds to N. Depending on the rate
of dissociation of GroEL from I, z.E, and on the Ky
of GroEL binding to Iyz (the bimolecular associ-
ation rate constant is >5 x 102 M~!s~! (see above)),
it is possible that the effective rate of formation of
N from Iyz.E is the same as the rate of formation
of N from Ig.E. In such a scenario, there would be
no channeling of molecules from the Iy route to
the I route. However, this possibility is easily
ruled out, because the lag that is seen in the for-
mation of N, is not predicted by Scheme 3. These
results suggest that the Ky for GroEL binding to
Iyg is less than 1 nM , because then the effective
rate of formation of N according to Scheme 3
would be too slow to be significant. The K, for
GroEL binding to Iy could not, however, be deter-

mined, as it has been for I, I; and Ig, because it is
too small to be measured. (Figure 4a).

It is difficult to distinguish clearly whether, in
the presence of saturating GroEL concentrations,
the build up of I occurs only via the I,.E — Ig.E
route (Scheme 2), or also via the folding of transi-
ently released I; directly to Ig. Scheme 4 can be
considered for Iy, where the Iz.E — I + E reaction
does not occur, as in Scheme 2, but Ig can form via
transiently released I:

UpE<=RE<~= g+ E

!
Is
Scheme 4.

Given that the estimated bimolecular rate con-
stant of association of GroEL for I is >5 x 108 M~!
s~ and the dissociation rate is 100 s~', it can be
shown by kinetic simulation that it is possible for
the effective rate of formation of Ig via Scheme 4 to
be the same as the rate (0.02 s7!) of the [,;.E — I¢.E
reaction in Scheme 2. Hence, it is not possible to
rule out that the build-up of Ig may occur also
according to Scheme 4, and not only according to
Scheme 2.

Relevance of channeling

The channeling role of GroEL that has been pro-
posed here for Trx, whereby folding molecules are
induced to follow one route to the native protein,
may be relevant for staphylococcal nuclease,
which, like Trx, has multiple unfolded forms and
folds through multiple parallel pathways.***' For
staphylococcal nuclease too, the relative amplitude
of the slowest of the four observable phases of
folding increases at the expense of the fastest
phase, when folding is initiated in the presence of
increasing concentrations of GroEL.*

It seems almost paradoxical that for Trx, and
perhaps also for staphylococcal nuclease,® it is the
fast-folding route that stops operating in the pre-
sence of GroEL. As suggested here for Trx, this is
because the faster-folding forms bind GroEL tigh-
ter than the slower-folding forms. GroEL recog-
nizes and binds to exposed hydrophobic surfaces
on its substrate proteins,'”'® and tighter binding
implies that the bound surface is more hydro-
phobic. The presence of more exposed hydro-
phobic surface in unfolded forms or very early
intermediate forms might be expected to allow
these forms to fold faster if hydrophobic inter-
actions play an important part in driving the fold-
ing process. Partly folded forms with binding
surfaces that are very hydrophobic are also
expected to aggregate in the crowded situation
prevalent in the cell, and this intermolecular aggre-
gation is prevented by tight binding to chaperone
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proteins. The cost of tight binding to chaperones is
that the bound substrate protein folds slower than
the free protein, as is seen commonly*~37 and pre-
dicted theoretically.*! Nevertheless, by folding
while bound to the chaperone, the protein avoids
intermolecular aggregation.

It is noteworthy that the channeling of Trx fold-
ing along one kinetic route, which is effected by the
binding of GroEL and subsequent thermodynamic
coupling, has the unusual result that the 10 % of the
unfolded molecules that contain the Pro76 bond in
the native-like cis conformation in the unfolded
form (as Uyg) are first converted to an unfolded
form (Uy) with the Pro76 bond in a non-native
trans conformation, before folding to the N state.
Even when all molecules start off as Uy in transi-
ently unfolded Trx, the very rapid and rapid kinetic
phases are eliminated in saturating concentrations
of GroEL, and all Uy molecules fold via the slow
channel (Figure 5(b)). The measured rate of
0.025s' for the Uyyg=Uy equilibrium
(Figure 1(d)) is consistent with the channeling pro-
cess described by Scheme 2. It would appear that
the possible benefit of channeled folding, of mini-
mizing aggregation as described above, overrides
the energetic costs of cis to trans proline isomeriza-
tion.

The results presented here suggest that the
binding of unfolded forms or early intermediates
by GroEL can have a profound effect on the
energy landscape available to the protein mol-
ecules for folding. Binding of GroEL to some
partly folded forms may prevent their folding
further along a particular route, and folding pro-
tein molecules are channeled along alternative
routes. The effect of this function is that the cha-
perone may provide biological assistance to a
nascent polypeptide for exploring only a few
pathways to the native state.

Materials and Methods
Protein purification

E. coli BL21(DE 3) cells containing the plasmid pET-
trx*2 were grown in rich medium containing 100 pg/
ml of ampicillin at 37°C for 15 hours, and then har-
vested by centrifugation. The cell pellet was dissolved
in residual medium, and Trx was extracted by osmotic
shock by adding chloroform*® and incubating the sol-
ution at 25°C for 15 minutes. Buffer (20 mM Tris-HCI
(pH 7.5), 25 mM NaCl) was added to the solution
and after centrifugation, the aqueous layer was
removed and lyophilized. This was subsequently run
on a Sephadex G-50 gelfiltration column, and the
fractions containing Trx were identified by SDS-PAGE
and pooled. The protein was dialyzed against water
and stored after lyophilization. Activity was monitored
by checking its ability to catalyze the DTT-mediated
reduction of insulin and the subsequent aggregation of
the insulin B chain.*

GroEL was purified from a GroE-overproducing strain
of E. coli harboring the plasmid pOFX6, as described.'¢
To remove small, Trp-containing contaminating pep-
tides, an extra step involving passage though a reactive-

red resin was added: the eluted protein was found to be
free of impurities, as judged by Trp fluorescence emis-
sion. The concentrations of GroEL that refer to the 14-
mer were determined using an extinction coefficient of ¢
(0.1%,1 cm) = 0.2 at 280 nm.'® A Pharmacia PD-10 col-
umn was used to buffer-exchange GroEL into the refold-
ing buffer immediately before use.

Equilibrium unfolding experiments

Equilibrium fluorescence intensities were measured on
an SPEX fluorimeter with excitation at 295 nm and the
emission collected at 368 nm. The typical protein concen-
tration for a GAnHCI melt was 2 to 4 uM. The refolding
buffer used was 30 mM sodium phosphate (pH 7.0),
0.1 M KCl without any reducing agent in order to main-
tain thioredoxin in its oxidized form under all con-
ditions. All experiments were carried out at 25°C.

Unfolding and refolding kinetics

All rapid kinetic mixing events were carried out using
a Biologic SFM-4 stopped-flow module, with a mixing
dead-time of 6 ms. Trx (1.5 pM) was unfolded in 4.8 M
GdnHCl by mixing 25 pl of 18 pM Trx with 75 pl of
refolding buffer and 200 ul of 7.2 M GdnHCI containing
refolding buffer. Intrinsic Trp fluorescence emission
between 370 and 420 nm was monitored using a band-
pass filter, with the excitation set at 295 nm. Refolding of
1.5 uM Trx in 0.3 M GdnHCI was carried out by mixing
25 ul of 18 uM Trx unfolded to equilibrium in 3.6 M
GdnHCl, with 275 pl of refolding buffer. In the presence
of GroEL, refolding was carried out using increasing
concentrations of GroEL in the refolding buffer, keeping
the final Trx concentration fixed at 1.5 uM. The small
contribution of GroEL to the fluorescence signal, which
was mainly due to scattering effects, was determined by
mixing 25 pl of unfolding buffer with 275 pl of GroEL-
containing refolding buffer, and was subtracted as
appropriate from the refolding traces.

Double-jump experiment to monitor the formation
of N

Trx (15 pl of 40 uM) unfolded to equilibrium in 3.6 M
GdnHCl, was mixed with 165 pl of refolding buffer, so
that 3.33 uM Trx commenced folding in 0.3 M GdnHCl.
The protein was allowed to refold for various time inter-
vals between 10 and 1000 seconds, before being unfolded
at a concentration of 2 pM in 3.2 M GdnHCl by mixing
with 120 pl of 8 M GdnHCI. Unfolding was followed
using an SPEX fluorimeter (SPEX DM3000), by exciting at
295 nm and collecting the fluorescence emission at
368 nm. In the presence of GroEL, Trx was refolded by
diluting it into refolding buffer containing 3.3 uM GroEL.

Double-jump to monitor refolding of transiently
unfolded protein

Native Trx was unfolded in 4.8 M GdnHCI at a
concentration of 48 uM by mixing 30 ul of 125 pM
protein with 48 pl of 7.8 M GdnHCl-containing unfold-
ing buffer. The protein was allowed to unfold for
times varying from 1 to 900 seconds before being
refolded at a concentration of 3 uM in 0.3 M GdnHCI
by mixing 30 ul of this unfolding mix with 450 pl of
refolding buffer. To observe the effect of GroEL on
the folding of Uyg, native Trx was unfolded for ten
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seconds in 4.8 M GdnHCI (as described above), and
was then refolded at a concentration of 3 uM in 0.3 M
GdnHCI, with the refolding buffer containing 3 pM
(equimolar) GroEL. The two faster phases of fluor-
escence change were monitored using the Biologic
SFM-4 stopped-flow module as described and the
slower phases were monitored on the SPEX DM3000
fluorimeter for times varying from 10 to 900 seconds.

Delayed addition of GroEL during Trx refolding

Trx (1.9 uM) was refolded in 0.38 M GdnHCI by mix-
ing 25 pl of 18 pM Trx that had been unfolded to equili-
brium in 3.6 M GdnHCI with 210 pl of refolding buffer.
Trx was allowed to refold for periods varying from 20 to
1000 seconds before addition of 65 ul of 7 uM GroEL, to
give a final concentration of 1.5 M GroEL (equimolar to
Trx), in 0.3 M GdnHCl. Refolding was followed from the
point of addition of GroEL, by exciting at 295 nm and
collecting the fluorescence emission at 368 nm.

Data analysis

The dependences of the rapid, medium and slow-
phase rates on the GroEL concentrations have been fit to
the following equation:*!

1 —Kp —G(ks —kg)
kobs —E{ 7[ +ks—|—kg
Kp + G(ks — k 2
S (For ) W

_ 1/2
» (_ (ks +hO) k), kskg)} }

In equation (1), it is assumed that Trx (I) and GroEL
(G) form only a 1:1 complex characterized by a dis-
sociation constant Kp,. k is the rate of free folding of the
intermediate in solution and k, is the rate of folding in
the GroEL-bound form.

The dependences of the rapid, medium and slow-
phase amplitudes on the GroEL concentrations have
been fit to the following equation:

(I +Kp +G) — (I + Kp + G)? — (4IG)
5= 21 )

Smin) + Smin

X (Smax -

where S is the amplitude, and S, and S, are the
maximum and minimum values, respectively.

When N forms from I.E via Is.E, according to a
Iy.E — Ig.E — N mechanism, the rate of formation of N
is given by:

N(t) = {1 + L[kz exp(—kit) — ki eXP(—kzt)]} ®3)
+k

ky

where k; and k, are the rate constants for the I;.E — Ig.E,
and Ig.E — N reactions, respectively.
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