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The modulation of the folding mechanism of the small protein single-
chain monellin (MNEI) by the Escherichia coli chaperone GroEL has been
studied. In the absence of the chaperone, the folding of monellin occurs
via three parallel routes. When folding is initiated in the presence of a
saturating concentration of GroEL, only 50-60% of monellin molecules
fold completely. The remaining 40-50% of the monellin molecules remain
bound to the GroEL and are released only upon addition of ATP. It is
shown that the basic folding mechanism of monellin is not altered by the
presence of GroEL, but that it occurs via only one of the three available
routes when folding is initiated in the presence of saturating concentra-
tions of GroEL. Two pathways become nonoperational because GroEL
binds very tightly to early intermediates that populate these pathways in
a manner that makes the GroEL-bound intermediates incompetent to
fold. This accounts for the monellin molecules that remain GroEL-bound
at the end of the folding reaction. The third pathway remains operational
because the GroEL-bound early intermediate on this pathway is folding-
competent, suggesting that this early intermediate binds to GroEL in a
manner that is different from that of the binding of the early
intermediates on the other two pathways. It appears, therefore, that the
same protein can bind GroEL in more than one way. The modulation of
the folding energy landscape of monellin by GroEL occurs because GroEL
binds folding intermediates on parallel folding pathways, in different
ways, and with different affinities. Moreover, when GroEL is added to
refolding monellin at different times after commencement of refolding,
the unfolding of two late kinetic intermediates on two of the three folding
pathways can be observed. It appears that the unfolding of late folding
intermediates is enabled by a thermodynamic coupling mechanism,
wherein GroEL binds more tightly to an early intermediate than to a late
intermediate on a folding pathway, with preferential binding energy
being larger than the stability of the late intermediate. Hence, it is shown
that GroEL can inadvertently and passively cause, through its ability to
bind different folding intermediates differentially, the unfolding of late
productive intermediates on folding pathways, and that its unfolding
action is not restricted solely to misfolded or kinetically trapped
intermediates.
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Introduction

In the cell, the proper folding of a substantial ~ GroES, facilitates the folding of many proteins.’”

molecular chaperone is the prokaryotic chaperonin

GroEL, which, together with its cochaperonin cohor;c

fraction of proteins is assisted by a class of proteins The roles played by such chaperones are even more
called chaperones. Perhaps the best-characterized ~ crucial when the cell experiences stress, when even

those proteins that can otherwise fold by themselves
fold with decreased efficiency.”” The primary role

*Corresponding author. E-mail address: jayant@ncbs.res.in. ~ played by GroEL appears to be to associate
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reversibly with folding intermediates that would
otherwise associate irreversibly with each other
through exposed hydrophobic surfaces and,
thereby, aggregate. Another role attributed to
GroEL is that it facilitates the unfolding of misfolded
intermediates, either in the absence or in the
presence of ATP and GroES; thus, the chaperonin
may play a more active annealing role in promoting
folding.'® Much is known about how the processes
of substrate protein binding to GroEL, ATP and
GroES binding to GroEL, and ATP hydrolysis are
coupled intricately to one another, and how these
processes elicit conformational changes in the
structure of GroEL.>”'%!!" Understanding the role
of GroEL in facilitating folding has, however, been
difficult because of the transient nature of protein
folding intermediates and because of the conforma-
tional heterogeneity of the bound forms.
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Early observations that proteins can fold while
remaining bound to GroEL suggested that multiple
conformations of the same protein can bind
GroEL.>"*"" In fact, GroEL appears to have evolved
to become a universal chaperone that can bind to
different nonnative conformations of many different
proteins, irrespective of their native structures.'*>'*™®
It can bind to many of the intermediates that
accumulate on the folding pathways of proteins,
including unfolded forms, early unstructured inter-
mediates, molten globule intermediates, late struc-
tured intermediates, and native-like states.'?>*2”
Little is known about what determinants in the
sequence and structure of the substrate protein
allow it to bind GroEL,'>*?%3! and whether struc-
ture is induced in or removed from the substrate
protein upon GroEL binding. Such binding can lead
to acceleration'***° or deceleration!217.36 of folding
rates and to modulation of the energy landscape of
folding so that folding is channeled along only one of
many available routes."” Modulation of the energy
landscape of folding may also occur by confinement
of the folding protein.!53437.38

Fig. 1. Characterization of the interaction of GroEL
with native monellin and unfolded monellin during
refolding in 0.5 M GdnHCI and 0.1 M KCI (pH 7). The
interaction of GroEL with unfolded monellin under
refolding conditions was characterized at 2000 s after
mixing an unfolded monellin solution with a refolding
buffer containing GroEL in a stopped-flow mixer with a
dead time of 2 ms. (a) Fluorescence spectra. Shown are
the fluorescence spectra of 2 pM monellin (blue line),
2 uM GroEL (red line), 2 uM GroEL mixed with 2 pM
native monellin (broken purple line), and 2 uM GroEL
mixed with 2 uM unfolded monellin under refolding
conditions (broken green line), compared to the arith-
metic sum of the fluorescence spectra of 2 pM GroEL
and 2 pM monellin (black line). Inset shows the
fluorescence emission spectra of 2 pM monellin (blue
line), the mixture of 2 pM GroEL and 2 pM native
monellin from which the GroEL fluorescence has been
subtracted (purple line), and 2 uM GroEL mixed with
2 uM unfolded monellin under refolding conditions
from which the GroEL fluorescence has been subtracted
(green line). (b) Size-exclusion chromatograms. Shown
are gel-filtration profiles monitored by absorbance
measurements at 280 nm of 2 uM GroEL (red line),
2 pM GroEL mixed with 2 pM native monellin (purple
broken line), 2 uM GroEL mixed with 2 uM unfolded
monellin under refolding conditions (green broken line),
and 4 pM GroEL mixed with 2 pM unfolded monellin
under refolding conditions (green line). Inset shows the
region of the chromatogram corresponding to the elution
volumes of GroEL and monellin-bound GroEL. Free
monellin is seen to elute out at a volume of 18 mL for
the samples prepared by mixing 2 or 4 pM GroEL with
2 pM unfolded monellin under refolding conditions.
(c) Fluorescence anisotropy of the products of the
refolding reaction of monellin carried out in the presence
of different concentrations of GroEL, measured after the
folding reaction has gone to completion (>2000 s). The
continuous lines through the anisotropy data have been
drawn by inspection. Error bars represent standard
deviations from three independent measurements.
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GroEL can also modulate the energy landscape
of folding by unfolding partially folded intermedi-
ates, with errors in folding being removed by
iterative unfolding and folding steps.” Unfolding
may be achieved either through a thermodynamic
coupling mechanism'”****! ‘where GroEL binds
preferentially to a less structured conformation
than to a more structured conformation on the
folding pathway, or through a catalytic mechanism
where GroEL binds to the more structured
conformation.*> In other models, forced unfolding
of a partially folded conformation is induced by
the large conformational change that GroEL under-
goes upon ATP hydrolysis and subsequent GroES
binding.*** To understand the role of GroEL-
enabled protein unfolding in facilitating the fold-
ing reaction, it is necessary to first demonstrate
that the unfolding of folding intermediates indeed
occurs during the folding of a protein whose
folding mechanism has been delineated in detail.
The small protein monellin appears to be a suitable
model protein for such studies.

The folding mechanism of single-chain monellin
(MNEI) has been characterized in detail. **™*® Multi-
ple folding pathways operate but do so at sulffi-
ciently different rates, so that individual pathways
can be distinguished.”” Importantly, each pathway
has early collapsed intermediates, as well as later,
more structured intermediates. Hence, monellin
appears to be an attractive model system for the
study of how GroEL might modulate the energy
landscape of folding of a protein by enabling
transient unfolding reactions during the course of
folding. Furthermore, since monellin occurs natu-
rally as a heterodimeric protein,**>" which, like the
single-chain variant, can fold and unfold reversibly
under some (but not all) conditions,” the two-chain
variant would be an ideal system for studying how
GroEL enables productive chain complementation
within the confines of its folding chamber. Finally,
since monellin is a good model system for the study
of protein aggregation,”* it could be a useful
system to study how GroEL might modulate the
process of protein aggregation.

In this study, it is shown that when the folding of
single-chain monellin is initiated in the presence of
GroEL, the chaperone modulates the folding path-
ways of monellin by binding differentially to
different folding intermediates. The binding of
GroEL is rapid, occurring at nearly a diffusion-
controlled rate. While the basic folding mechanism
is unperturbed by GroEL binding, the folding rates
of all folding routes are modulated because of
thermodynamic coupling of the binding reaction to
the folding reaction. At saturating concentrations of
GroEL, two of the folding routes do not appear to
operate. It is shown that GroEL binds to folding
intermediates on these two folding routes very
tightly, in such a manner that the intermediates
cannot fold further. Hence, a fraction of folding
monellin molecules remains trapped in intermediate
states bound to GroEL when folding of the remain-
ing molecules is complete. These intermediate states

appear to be the initial collapsed and unstructured
folding intermediates. When GroEL is added to
folding monellin at different times of folding, the
transient unfolding of late folding intermediates
already formed on two of the folding routes can be
observed.

Results

Native monellin does not bind to GroEL

When 2 pM native monellin is added to 2 uM
GroEL in a buffer containing 0.5 M GdnHCI and
0.1 M KCI (pH 7), the fluorescence spectrum of the
mixture is observed to be identical with the
arithmetic sum of the fluorescence spectra of
individual proteins (Fig. la). Even when the
monellin concentration is in a fourfold excess over
that of the GroEL concentration, the spectrum of the
mixture of the two proteins is predicted by
individual spectra (data not shown). No change is
seen in the spectrum for incubation times as long as
48 h. Moreover, when a mixture of 2 uM native
monellin and 2 pM GroEL in 0.5 M GdnHCI is
subjected to size-exclusion chromatography, the two
proteins elute out separately, and the elution profile
of the GroEL in the mixture is identical with that
seen with only GroEL (Fig. 1b). These results
indicate that there is no interaction between the
two fully folded proteins.

On the other hand, when equilibrium-unfolded
monellin in 5 M GdnHCl is diluted 10-fold into a
native buffer containing GroEL, using a stopped-
flow machine to ensure that mixing occurs within
2 ms such that the concentrations of both proteins
are finally 2 pM in 0.5 M GdnHCl and 0.1 M KCI
(pH 7), the fluorescence spectrum of the resultant
mixture collected 2000 s after mixing is different
from the arithmetic sum of the fluorescence spectra
of 2 uM monellin and 2 uM GroEL (Fig. 1la),
indicating that at least some of the monellin is
bound to the GroEL. It should be noted that the
difference from the sum is not due to the fact that
some of the refolding monellin has misfolded or
aggregated, since the equilibrium-unfolded ;:)rotein
refolds completely in the absence of GroEL.*” When
the fluorescence spectrum of 2 pM free GroEL is
subtracted from that of monellin-bound GroEL (Fig. 1a,
inset), the resultant difference spectrum is different
from that of native monellin. The wavelengths of
maximum fluorescence emission by native monellin
and unfolded monellin are 348 and 355 nm, respec-
tively, while that by the GroEL-bound monellin is
352 nm, suggesting that the latter is at least partially
unfolded.

Size-exclusion chromatography shows that when
unfolded monellin is added to GroEL under refold-
ing conditions using a stopped-flow machine to
ensure that mixing occurs within 2 ms, some of the
monellin is ultimately found free in solution after all
folding reactions have been completed, even when
the GroEL is present in twofold excess (Fig. 1b). The
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elution profile of the protein that was allowed to
refold completely in the absence of GroEL was
identical with that of native monellin and showed
no evidence of misfolded or aggregated protein (data
not shown). A large fraction of the monellin remains
bound to the GroEL, and the monellin-bound GroEL
is observed to elute earlier than does free GroEL
(Fig. 1b). Not surprisingly, the monellin-bound
GroEL displays a higher absorbance at 280 nm, as
manifested by the larger area under the chromato-
graphy peak, than does GroEL in a mixture with
native monellin because of the contribution of the
bound monellin on the former case.

To confirm that a fraction of refolding monellin
molecules remains bound to GroEL, in whose
presence refolding was initiated, the fluorescence
anisotropy of the product of the folding reaction
(after stopped-flow mixing) was examined after

2000 s. Figure 1c shows that the fluorescence
anisotropy of the folding product increases with
the concentration of GroEL in which folding was
initiated. Fluorescence anisotropy increases in value
from 0.134+0.002 for the product of folding initiated
in the absence of GroEL to 0.16+0.006 for the
product of folding initiated in the presence of 2-
4 pM GroEL (Fig. 1c). The observation that
fluorescence anisotropy has reached a saturating
value upon addition of 2 uM GroEL suggests that
the binding of monellin is very tight and, hence,
further addition of GroEL does not lead to an
increase in fluorescence anisotropy.

The value of the fluorescence anisotropy of native
monellin alone (0.134+0.002) is similar to that
reported earlier for double-chain monellin.””> When
native monellin was mixed with GroEL, the fluor-
escence anisotropy value remained at 0.132,
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Fig. 2. Effect of GroEL on the refolding kinetics of monellin in 0.5 M GdnHCl and 0.1 M KClI (pH 7). Monellin (2 uM)
was refolded in the presence of 0 uM (red line), 0.4 uM (blue line), 1 pM (orange line), and 4 uM (green line) GroEL.
Refolding was determined by monitoring the fluorescence emission at 340 nm, upon excitation at 280 nm. The
fluorescence of the relevant concentration of GroEL has been subtracted from each trace, and all fluorescence values were
then normalized to a value of 1 for the fluorescence of monellin at 2000 s of refolding in the absence of GroEL. The black
continuous lines through the data represent least-squares fits. The broken line represents the fluorescence of unfolded
monellin in 5 M GdnHCI. (a) Only the first 5 s of the folding reaction are shown to illustrate the effect of GroEL on the
burst, very fast, and fast phases of the folding of monellin. (b) From 5 to 2000 s of the folding reaction are shown to
illustrate the effect of GroEL on the very slow phase. (c—e) The apparent rate constants of the very fast, fast, and slow
phases of the folding of 2 uM monellin in the absence of GroEL (black bar), in the presence of 0.5 pM GroEL (green bar), in
the presence of 0.5 pM GroEL presaturated with 1 mM ATP and 2 mM MgCl, (purple bar), in the presence of 0.5 uM
GroEL presaturated with 1 mM ADP and 2 mM MgCl, (dark cyan bar), and in the presence of 0.5 pM bovine serum
albumin (gray bar). Error bars represent standard deviations from three separate measurements.
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confirming the absence of any interaction between
native monellin and native GroEL.

Folding of monellin in the presence of GroEL

Figure 2a and b show the kinetic traces of the
folding of 2 uM monellin in the absence and in the
presence of three different concentrations of GroEL.
Previous studies have shown that in the absence of
GroEL, the fluorescence change accompanying fold-
ing in 0.5 M GAnHCl, but in the absence of any added
KCl, occurs in three phases: a very fast phase (15%)
with an apparent rate constant of 7 s~ ', a fast phase
(60%) with an apparent rate constant of 1s™', and a
slow phase (25%) with an apparent rate constant of
0.1 s . These kinetic phases lead to the formation of
long-lived intermediates that transform into native
protein in a very slow phase (0.0024 s~ '), which is
silent to fluorescence change. In the present study,
folding was carried out in 0.5 M GdnHCI in the
presence of 0.1 M KCl. KCl was added because it was
necessary to maintain the stability of GroEL. The
presence of 0.1 M KCl introduces an ~10% unobser-
vable burst-phase change in fluorescence at the
expense of the fast and slow kinetic phases whose
amplitudes reduce to 55% and 20%, respectively. The
apparent rate constants are not perturbed.

Figure 2a and b shows that as the GroEL
concentration is increased to 4 pM, the following
are observed: (1) a decrease in the total amplitude of
the observable fluorescence change; (2) an increase
in both the apparent rate constant and the relative
amplitude of the very fast kinetic phase; (3) a
decrease in both the apparent rate constant and the
relative amplitude of the fast kinetic phase; (4) a
decrease in both the apparent rate constant and the
relative amplitude of the slow kinetic phase; and (5)
the appearance of a very slow phase of fluorescence
change, whose apparent rate does not change but
whose relative amplitude shows an increase. At a
GroEL concentration of 4 uM, the very fast phase
seems to disappear, as do the fast and slow phases of
fluorescence change; only a burst-phase increase
and a very slow increase in fluorescence are seen.

If the folding reaction is carried out in the presence
of GroEL that has been presaturated with 1 mM ATP,
no effect is seen on either the apparent rate constant
(Fig. 2c—e) or the relative amplitude (data not shown)
of either the very fast, the fast, or the slow phase of
refolding. Moreover, no fluorescence change is
observed to occur during the very slow phase of
refolding. The effect of GroEL presaturated with
ADP is the same as that of GroEL alone. If the folding
reaction is carried out in the presence of bovine serum
albumin instead of GroEL, again no effect is seen on
the apparent rate constants and relative amplitudes
of any of the kinetic phases of refolding.

Extent of monellin folding in the presence of
GroEL

The data in Figs. 1a, 2a and b, and 3a indicate that
the total change in fluorescence during the folding of

monellin in the presence of GroEL is less than that
seen in its absence. Figure 3a shows how the total
amplitude of fluorescence change decreases with an
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Fig. 3. Dependence on GroEL concentration of the total
amplitude of fluorescence change during the folding
reaction of monellin in 0.5 M GdnHCl and 0.1 M KCl
(pH 7). (a) The relative total amplitude (¢) at each GroEL
concentration was determined as (Fg—Fy/Fn— Fy), where
Fy is the fluorescence of unfolded monellin in 0.5 M
GdnHCI obtained from a linear extrapolation of the
unfolded protein baseline of an equilibrium GdnHCI-
induced unfolding curve determined in 0.1 M KCl (pH 7);
Fg is the fluorescence of the refolded monellin at 2000 s of
refolding in the presence of GroEL; and Fy is the
fluorescence of refolded monellin at 2000 s of refolding
in the absence of GroEL. The fluorescence of the relevant
concentration of GroEL was subtracted prior to the
calculation of total amplitude at each GroEL concentra-
tion. Also shown is the relative amount of free monellin
(®) present in solution (not bound to GroEL) after the
folding reaction has gone to completion (>2000 s). The
relative amount of free monellin was determined as
described in the text. (b) Bar chart showing the relative
amount of free native monellin after folding has been
completed at 2000 s when 2 uM monellin is folded in the
absence of GroEL (1); in the presence of 2 uM GroEL (2); in
the presence of 2 uM GroEL, 1 mM ATP, and 2 mM MgCl,
(3); and in the presence of 2 pM GroEL alone, but after
subsequent treatment with 1 mM ATP and 2 mM MgCl,
for 2000 s (4). The relative amount of free monellin was
determined from the relative fluorescence of the filtrate
that passes through a 100-kDa ultrafiltration membrane
after the excess of ATP had been removed by a High-trap
desalting column. In all panels, error bars represent
standard deviations from three separate experiments.
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increase in GroEL concentration. At a GroEL
concentration of 2 pM, the observed fluorescence
change is about 50-60% of that expected if the
monellin were to fold completely and not be bound to
the GroEL. To determine whether the observed 50—
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had been completed. The product was filtered
through a 100-kDa cutoff membrane, which allows
>97% of free monellin, but <1% of GroEL, to pass
through (data not shown). By measuring the fluor-
escence of the monellin that flowed through the
membrane, the extent of free monellin and the extent
of GroEL-bound monellin at the end of the folding
reaction could be determined. Figure 3a shows that
the relative amount of monellin that is free in solution
matches the total fractional change in fluorescence
during the folding of monellin at each GroEL
concentration. Thus, it appears that the fractional
change in fluorescence during folding in the presence
of GroEL represents the fraction of monellin mole-
cules that have folded completely and, hence, are no
longer bound to GroEL. The remaining fraction of
monellin molecules remains bound to the GroEL in a
state whose fluorescence appears to be similar,
within experimental error, to that of unfolded
monellin. While the gel-filtration experiments
shown in Fig. 1b indicate the same result, it has not
been possible to quantify the relative amount of
monellin that was free in solution because of the low
absorbance at 280 nm of monellin.

Figure 3b shows that when 1 mM ATP and
2 mM MgCl, were added to the reaction mixture
after the folding reaction had been allowed to
proceed for 2000 s and the amount of free monellin
had been determined by ultrafiltration assay, as
described above, more than 95% of the monellin
was found to be free in solution. Thus, the addition
of ATP results in the release of the bound monellin,
which subsequently folds completely while free in
solution.

Modulation of the folding kinetics of monellin
by GroEL

Figure 4 shows the dependences of the apparent
rate constants and relative amplitudes of the very
fast, fast, slow, and very slow kinetic phases of
folding on GroEL concentration.

The apparent rate constant of the very fast phase
of fluorescence change appears to increase linearly
with an increase in GroEL concentration from 0 to
1.25 uM (Fig. 1a). The relative amplitude increases at
low GroEL concentration, but saturates abruptly at a

value of 0.5 uM. Both the apparent rate constant and
the relative amplitude of the fast phase decrease
with an increase in GroEL concentration of up to
0.6 uM, beyond which the fast phase cannot be
observed (Fig. 4c and d). The apparent rate constant
of the slow phase also decreases in value with an
increase in GroEL concentration to 0.6 puM, after
which it remains constant at a value of about
0.015 s~! (Fig. 4e and f). The relative amplitude
remains constant within error at ~20%, even at
1.5 uM GroEL. By 2 uM GroEL, neither the very fast,
fast, nor slow phase of folding can be observed.

The inset in Fig. 4b shows that the ~10% burst-
phase change in fluorescence, which occurs during
the first 2 ms of refolding, is unaffected by the
presence of GroEL at concentrations of up to
1.25 uM GroEL. At higher GroEL concentrations,
however, the burst-phase amplitude is nearly 40%
(data not shown). This increase appears to occur
because the very fast phase, whose rate constant
increases with GroEL concentration (Fig. 2a),
becomes too fast to be measured given the 2-ms
dead time of mixing. Consequently, the 30%
amplitude of the very fast phase gets added to the
10% burst phase seen at low GroEL concentrations.

In the presence of GroEL, unlike in its absence, a
very slow phase of change in fluorescence is
observed to accompany refolding. The observed
fluorescence-monitored rate of 0.002 s is the same
as the rate of the very slow phase measured
previously by an interrupted folding experiment
that directly measured the rate of formation of
native protein,”” and it appears to be independent of
the GroEL concentration present (Fig. 4g). The
relative amplitude of the very slow phase increases,
however, with an increase in GroEL concentration
up to 2 uM, after which it remains constant at about
25% (Fig. 4h).

Effect of the delayed addition of GroEL to
1refolding monellin

When 2 uM GroEL is added at different times after
the commencement of folding of 2 pM monellin,
there is an initial jump in fluorescence within a few
milliseconds (Fig. 5a). Subsequently, fluorescence
decreases in two kinetic phases. The fast phase of

Fig. 4. Dependence on GroEL concentration of the kinetics of refolding of monellin in 0.5 M GdnHCI and 0.1 M KCl
(pH 7). (a) Apparent rate constant of the very fast phase; (b) reduced amplitude of the very fast phase; (c) apparent rate
constant of the fast phase; (d) reduced amplitude of the fast phase; (e) apparent rate constant of the slow phase; (f) reduced
amplitude of the slow phase; (g) apparent rate constant of the very slow phase; and (h) reduced amplitude of the very slow
phase. The reduced amplitude of each kinetic phase is equal to (AF;)/(Fn— Fu), where AF;is the fluorescence change during
the ith kinetic phase; Fy; is the fluorescence of unfolded monellin in 0.5 M GdnHCl obtained from a linear extrapolation of the
unfolded protein baseline of an equilibrium GdnHCl-induced unfolding curve determined in 0.1 M KCI (pH 7); and Fy; is
the fluorescence of refolded monellin at 2000 s of refolding in the absence of GroEL. The fluorescence of the relevant
concentration of GroEL was subtracted prior to the calculation of the reduced amplitudes. The inset in (b) shows the reduced
amplitude of the burst phase. The reduced burst-phase amplitude was determined as (Fo—Fy/Fn—Fy), where F is the
fluorescence value obtained by extrapolation of the kinetic refolding curve to t =0 after subtraction of the fluorescence of the
relevant concentration of GroEL. Error bars represent standard deviations from three separate experiments. The continuous
line in (a) is a fit to a straight line and yields a value for ky, (10° M ' s~ 1), the bimolecular rate constant for the association of
monellin with GroEL. The continuous lines through the apparent rate constant data in (c), (e), and (g) and those through the
relative amplitude data in (b), (d), (f), and (h) have been drawn by inspection.
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amplitude of the slow unfoldmg phase seen upon addition of GroEL. The continuous lme is a fit to a two-exponential
equation: the amplitude increases atarate of 1s ', and then decreases at a rate of 0.002 s~ '. The reduced amplitudes of the
fast and slow unfolding phases were determined as (AF)/(Fn—Fy), where AF is the fluorescence change during the fast or
slow kinetic unfolding phase; Fy is the fluorescence of unfolded monellin in 0.5 M GdnHCI obtained from a linear
extrapolation of the unfolded protein baseline of an equilibrium GdnHCl-induced unfolding curve determined in 0.1 M KCl
(pH?7); and Fy is the fluorescence of refolded monellin at 2000 s of refolding in the absence of GroEL. All fluorescence values
in (a), (b), and (c) have been normalized to a value of 1 for the native protein in 0.5 M GdnHCl and 0.1 M KCI (pH 7) after

subtraction of the fluorescence of 2 uM GroEL.

fluorescence decrease occurs with a rate constant of
5+2 s !, while the slow phase of fluorescence
decrease occurs with a rate constant of 0.2+0.04 s~ .
Finally, a slow increase in fluorescence, Wthh occurs
with a rate constant of 0.002+0.0002 s -, is observed.
The final phase of fluorescence increase is observed
only when GroEL is added within 5 s of the
commencement of monellin folding.

Figure 5b and c show how the relative amplitudes
of the fast and slow phases of fluorescence decrease
change with the delay in adding GroEL. The relative
amplitudes of both phases first increase and then
decrease with an increase in the delay in adding
GroEL. The rate constant of the increase in the
relative amplitude of the fast phase of fluorescence
decrease matches the rate constant of the increase in
the population of intermediate Is.*” Similarly, the
rate constant of the increase in the relative ampli-
tude of the slow unfolding phase matches the rate
constant of the increase in the population of
intermediate I.*” The rate constant of the decrease
in the relative amplitude of either phase matches the
rate constant for the formation of native protein
from Ig or Ir. Hence, it appears that, at each time of
addition of GroEL, the relative amplitude observed
for each phase of fluorescence decrease represents
the relative amount of the folding intermediate
unfolded by GroEL. Each phase of fluorescence
decrease seen in Fig. 5a therefore corresponds to an
unfolding phase. Figure 5b shows that the relative
amplitude of the fast unfolding phase seen upon
delayed addition of GroEL first increases with a rate
constant of 0.1 s~ !, which is the rate constant of the

formation of Is, and then decreases with a rate
constant of 0.002 s™!, which is the rate constant of
the formation of native monellin from Is. The
relative amplitude of the slow unfolding phase
increases with a rate constant of 1 s}, which is the
rate constant of the formation of Iz, and then
decreases with a rate constant of 0.002 s™ !, which
is the rate constant of the formation of native
monellin from Ir (Fig. 5c).

Discussion

The folding mechanism of single-chain monellin
is not altered in the presence of GroEL

Single-chain monellin has a complex folding
mechanism: there are three principal folding routes.
On one route, a very-fast-forming intermediate (Iyg)
is populated; on another route, two fast-forming
intermediates (Ip; and Ip,) are populated; on the
third route, a slow-forming intermediate (Is) is
populated. Each of these intermediates fold to a
native protein at the same very slow rate of 0.002 s~
in processes that are silent to fluorescence change, as
shown in the scheme depicted in Fig. 6a. Also shown
are the relative fluorescence values for the different
states describing the mechanism, as deduced from
experimental data.””

The scheme depicted in Fig. 6a also shows that the
initial step in folding leads to a heterogeneous
collapsed form, Ig. Iy consists of Ig;, which folds fast
to Ir (I; and Ipp); Igo, which folds slowly to Ig; and
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Fig. 6. Folding mechanisms of monellin in the absence (a) and in the presence (b) of GroEL. The scheme in (a) represents
the mechanism of refolding of 2 M monellin in 0.5 M GdnHCl and 0.1 M KCl (pH 7) in the absence of GroEL. The scheme in
(b) represents the mechanism of refolding of 2 uM monellin in 0.5 M GdnHCl and 0.1 M KCl (pH 7) in the presence of 2 uM
GroEL. The numbers in blue are the fluorescence values of the different folding intermediates. The numbers in red
(estimated) and yellow (determined from experiments) are the values of the rate constants used in kinetic simulations.

Igs, which folds very fast to Iyr. The fluorescence of
I is similar to that of a completely unfolded protein;
hence, U-to-Ig reactions are silent to fluorescence
change.

When the folding of monellin is initiated in the
presence of GroEL, the very fast, fast, slow, and very
slow phases of folding persist, although their
apparent rate constants and relative amplitudes
change with increasing GroEL concentration. A
notable effect of GroEL is that the very slow folding
phase is no longer silent to fluorescence change, but
its apparent rate constant is not perturbed. Hence, it
appears that the basic folding mechanism of single-
chain monellin is not altered significantly by the
presence of GroEL.

GroEL binds to folding intermediates but not to
native monellin

When the refolding of monellin was initiated in
the presence of saturating concentrations of GroEL,
it was found that only about 50-60% of monellin
molecules had folded completely and were present
free in solution (Fig. 3). The remaining ~40-50% of
the monellin molecules were found to have bound to
GroEL and to remain bound even when refolding of
the other 50-60% of the molecules had been
completed. An analysis of the Trp fluorescence of
the GroEL-bound monellin indicates that it is bound
in a state whose fluorescence intensity is similar to,
or marginally higher than, that of unfolded monellin

(Fig. 3a). Hence, the monellin molecules that remain
tightly bound to GroEL appear either to be unfolded
or to be in one or all of the collapsed intermediates
(Ig) that form within a few milliseconds of the
commencement of refolding and whose Trp fluor-
escence is similar to that of unfolded monellin.*” The
observation that the bound monellin is released
upon addition of ATP, which is known to induce
conformational changes within the GroEL folding
chamber®®”” and thereby to reduce affinity for
binding, suggests that the monellin is bound at the
specific substrate-binding site of GroEL.

If 40-50% of monellin molecules remain bound to
GroEL while the remaining 50-60% refold comple-
tely, it must mean that these 40-50% of molecules
bind to the GroEL very tightly in such a manner that
they cannot continue refolding. The very tight
binding of the 40-50% of molecules to GroEL is
indicated by chromatography data (Fig. 1b), fluor-
escence anisotropy data (Fig. 1c), and particularly by
the observed dependence on GroEL concentration of
the relative amplitudes of the very fast and fast
phases of fluorescence change (Fig. 4b) (see Results
and the text below).

The observation that native monellin does not
bind to GroEL, even though partially folded forms
do so, is not unusual. Human and Escherichia coli
DHFR,%>"® as well as barstar® and thioredoxin,'”
also do not bind GroEL; only their folding
intermediates do. Neither unfolding of monellin
nor its binding to GroEL can be detected even
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when the two proteins are incubated together for
48 h.

Effect of GroEL on the very fast phase of
fluorescence change

One explanation for the increase observed in the
apparent rate constant of the very fast phase of
change in fluorescence with increasing GroEL
concentration (Fig. 4a) is that it represents an
increase in the rate constant of very fast folding as
a consequence of GroEL binding rapidly to Igs, with
the GroEL-bound protein folding either at the same
rate as free Igz or at a faster rate than does free
Ig3.%>?® This explanation appears unlikely because
the apparent rate constant increases linearly with
increasing GroEL concentration and does not
saturate at high GroEL concentrations. On the
other hand, the relative amplitude of the very fast
phase of fluorescence change reaches its maximum
value when the ratio of GroEL concentration to total
monellin concentration reaches 0.5:2. These results
suggest that, in the presence of GroEL, the very fast
phase of fluorescence change arises because of the
rapid binding of refolding monellin to GroEL, which
is accompanied by a change in monellin fluores-
cence. In this case, the linear increase observed in the
apparent rate constant of the very fast phase of
fluorescence change with increasing GroEL concen-
tration reflects an increase in the apparent rate of the
binding of GroEL to the initially formed hetero-
geneous intermediate Ig. The slope of the depen-
dence of the apparent rate constant yields a value of
~10° M ' 57! for the bimolecular rate constant of
association of I with GroEL. Similar values have
been obtained for the rate constant of binding of the
partially structured forms of other proteins to
GroFL.16.59,60

The observation that the relative amplitude of the
very fast phase has reached a saturating value at a
GroEL concentration at which the other phases of
folding are still decreasing in amplitude (see the text
below) indicates that the increase in the former is not
due to a decrease in the latter. The relative
amplitude of the very fast phase of fluorescence
change increases with increasing GroEL concentra-
tion because the fluorescence of the Ig'G complex is
higher than that of I alone. The observation that it
saturates at a concentration of GroEL at which the
other phases are still decreasing indicates that, at
present, it is not known whether the enhancement in
the fluorescence of Iz upon binding GroEL is the
consequence of an additional structure being
induced in Ig by the binding event. For several
other proteins, too, the binding of GroEL to partially
structured forms leads to an enhancement of the
fluorescence of the bound intermediate.'*>7%!
The observation that the very fast, fast, and slow
phases of folding are all modulated in the presence
of GroEL (Fig. 4) suggests that all three components
of Ig (Ig1, Igo, and Igz) bind to GroEL during folding.
It should be noted, however, that the data in Fig. 4a
and b do not indicate whether the binding of each

component of Ig to GroEL is accompanied by an
increase in fluorescence. It is possible, for example,
that only the binding of Ig; and Ik, to GroEL leads to
the observed increase in fluorescence upon binding,
while the binding of Ig; to GroEL is not accom-
panied by any increase in fluorescence.

The observation that the relative amplitude of the
very fast phase saturates at 0.5 uM GroEL and does
not increase upon a further increase in GroEL
concentration suggests that this concentration of
GroEL is sufficient for binding to 2 pM refolding
monellin. Since it is not known whether the
fluorescence of all three components of Ig (Ig, Ik,
and Ig3) is enhanced, it becomes difficult to
determine the number of sites on GroEL to which
the different components can bind, and whether
they all bind to the same sites. It can only be said that
each molecule of GroEL has four or fewer sites to
which refolding monellin molecules can bind. It is
evident, however, that the components of I whose
fluorescence is enhanced as a consequence of
binding must bind GroEL very tightly: the relative
amplitude of the very fast phase of fluorescence
change reaches its maximum value very abruptly,
and not gradually, at 0.5 pM GroEL.

It should be remembered that, in the absence of
GroEL, the very fast phase of fluorescence change
reflects the folding of Is to Iyr. It is possible that this
very fast folding reaction, like the fast and slow
folding reactions (see the text below), also occurs in
the presence of GroEL, but the effect of GroEL on the
kinetics of the very fast folding reaction appears to
be masked by the fluorescence change accompany-
ing the binding of GroEL to Ig.

Effect of GroEL on the fast and slow phases
of folding

The decrease in the apparent rate constantand in the
relative amplitude of the fast phase of fluorescence
change observed during the folding of 2 uM monellin
with an increase in GroEL concentration to 0.6 uM,
after which the fast phase is no longer detected (Fig. 4c
and d), can have two explanations: (1) GroEL binds
rapidly to Ig; molecules, and GroEL-bound Ig; (Ig;-G)
is incapable of folding further. With increasing GroEL
concentration, the concentration of folding-competent
Ig1 (that which is free in solution) decreases (as it binds
to GroEL), leading to a decrease in both the apparent
rate constant and the relative amplitude of the fast
phase of folding (Figs. 4c and d). (2) GroEL binds
rapidly to Ig; molecules to form Ig;-G, which folds
further to Ig'G (I;'G + Ig'G). The values of the forward
and backward rate constants of the Ig1'G<Iz G
reaction are such that Ip;'G is very marginally
populated. The Ig;"G—Ip'G transition is either silent
to fluorescence change, which is unlikely because it
would mean that the fluorescence of Ig,'G is less than
that of I, or its rate has slowed to become the same as
that of the Ip,"G—N transition (0.002 s~ ). In this case,
virtually all Ig;-G molecules would fold further by the
Ig1'G—Ip'G— N route, where Ig,'G is a high-energy
intermediate that is not significantly populated and
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whose fluorescence, like that of I, is the same as that of
N. This second explanation appears likely because the
fraction of molecules that form Ig; and, hence, that
would fold via the U; — Iz —1g1'G —Ip'G— N route
matches the fraction of molecules that are found to fold
completely to N (50-60%) (Fig. 3a).

Since about 60% of refolding molecules (total
concentration, 2 pM) form Ig; in 0.5 M GdnHCl (Fig.
3), the concentration of Ig; would be ~1.2 uM. The
binding of Ig; to GroEL appears to be very tight, with
both the relative amplitude and the rate constant of
the fast phase reaching their limiting values of zero
abruptly at 0.6 uM GroEL (Fig. 4b). Thus, it appears
that one molecule of GroEL binds tightly to two
molecules of Ig;. Although GroEL is capable of
binding to substrate proteins in both folding chambers
simultaneously,(’l'(’2 it is not known, at the present
time, whether the two Iz; molecules bind in the same
folding chamber or in both folding chambers.

It is more difficult to understand fully how GroEL
modulates the slow phase of folding because the slow
phase has a small amplitude. But the decrease in the
apparent rate constant and in the relative amplitude
of the slow phase of fluorescence change observed
during the refolding of 2 pM monellin with an
increase in GroEL concentration to 2 pM, after which
the slow phase is no longer observed, can be
explained by the rapid binding of GroEL to Iy, if
the GroEL-bound Ig; is incapable of folding further.

Effect of GroEL on the very slow phase of
refolding

The observation that the reduced amplitude of the
very slow phase of fluorescence change during
folding increases from 0% in the absence of GroEL to
a saturating value of 25% in the presence of 2 uM

GroEL can have two explanations: (1) either one or
all of the late intermediates Iy, Iy, Iro, and I, which
have native-protein-like fluorescence in the absence
of GroEL, are less fluorescent when bound to GroEL;
or (2) the late intermediates retain native-protein-
like fluorescence even when bound to GroEL, but
one or more of the bound late intermediates are
destabilized sufficiently so as to not be populated.
For example, Ir,'G may be destabilized sufficiently
so that it becomes a high-energy intermediate, but
the transition state separating it from N is not
destabilized. In that case, the overall rate constant
for the Ig;'G — Ig,'G — N reaction would become the
same as that of the I, — N reaction (0.002 s~ '), but a
fluorescence change will accompany the very slow
Ig1'G—Ip'G— N reaction because Ig;'G and N
differ in fluorescence. It would not be surprising
that the folding of Ig; to I is slowed down when
these intermediates are bound to GroEL because the
transformation of Ip; into Iy, involves a significant
conformational change. On the other hand, the
folding of Ir, to N involves only a very local
conformational change (proline isomerization)*’
whose rate might not depend on whether I, is
bound to GroEL or not. Once folding to N has been
completed, the bound native protein would dis-
sociate rapidly from the GroEL.

Mechanism of folding in the presence of GroEL

The observed effects of GroEL on the very fast,
fast, slow, and very slow phases of fluorescence
change during folding (see the text above) have been
used to propose the following mechanism to
account for the folding of 2 pM monellin in the
presence of 2 pM GroEL. The mechanism depicted
in Fig. 6b includes the rate constants observed for
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Fig.7. Kineticsimulations using KINSIM®* supporting the mechanism of refolding of monellin in the presence of GroEL.
In each panel, the experimental data for the folding of 2 uM monellin in the presence of 2 uM GroEL (continuous black line)
are shown along with the kinetic simulation (red broken line). The broken black line represents the signal of unfolded
protein. (a and b) The refolding data and the simulation when folding is initiated in the presence of GroEL. (c) The refolding
data and the simulation when GroEL is added 50 s after commencement of the refolding of monellin. The values of the rate
constants used in the kinetic simulations are shown in the mechanism in Fig. 6b, as are the fluorescence values of the different
states of the protein. For the simulation shown in (c), the fractions of U, Iy, I, Igs, Ive Ik, Ik, Is, and N present at 50 s of
refolding were calculated from the values of the rate constants shown in the mechanism in Fig. 6a; the rate constants for the
g G—lg, Is—1gy'G, Igs'G — Iyg, and Iyg— I3 G transitions were assumed to have values of 0.1 s ! (the same as that of

Ig, —Ig; Fig. 6a), 5 s ! (Fig. 5a; see the text), 7 s ! (the same as that of Iz3— Iyg; Fig. 6a), and 100 s~

!, respectively.
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different transitions in the presence of GroEL (Figs. 4
and 5), as well as the rate constants observed for
GroEL-independent steps, as shown in Fig. 6a. Also
shown are the relative fluorescence values for
different states describing the mechanism, as
deduced from experimental data.

The mechanism is based on the following observa-
tions and assumptions: (1) GroEL (G) binds to all
members of the Iz ensemble, with a bimolecular rate
constant of 10* s™' (Fig. 4a). Hence, the binding
process in the presence of 2 uM GroEL occurs with an
apparentrate constant of 200s™ . (2) The fluorescence
of Ig; and I, is enhanced (from 0.5 to 0.68 and 0.75,
respectively), while that of Ig; remains unaltered,
upon binding to GroEL. (3) All three binding steps
are essentially irreversible because the binding is
very tight. Based on the measured binding rate
constant of 10%s™? (Fig. 4a) and an arbitrarily chosen
(for the simulation) dissociation rate constant of
102 sfl, a value for Ky is obtained. GroEL has been
reported to bind to folding intermediates of other
proteins with similar afﬁnj’cy.59 (4)Igp'Gand IgzG are
incapable of folding further, while Ig;G can fold
further to Ir;*G and Ig,*G. In previous studies, GroEL
has been shown to bind very tightly in essentially an
irreversible manner to the partially folded forms of
other proteins.25'58'63'64 (5) The fluorescence values of
If1'G and Iy>'G are the same as those of free Ir; and
Iro, which are the same as that of N. (6) The
Ig1'G—1Ip'G step is essentially irreversible, with
the backward unfolding step (Irz'G —Ig;1°G) being at
least 20-fold slower than the forward step. (7) The
rate constant of the Ig;G —Ip -G step is assumed to
be the same as that of the Ig;"G — Iy, G step and is at
least as slow as the subsequent step. The rate constant
for the unfolding of Ir; -G is assumed to be the same as
that for the unfolding of I, (Fig. 5a). This is 100-fold
faster than that for its formation, thereby ensuring
that the Ig;-G — Irp'G — N pathway is effectively the
only operational pathway for Ig; to fold. (8) Ig;-G and
Iy, G fold to N with the same rate constant as do free
Iz and I, (see the text above). (9) The fluorescence of
GroEL does not change in the course of binding and
folding monellin.

Figure 7 shows that a simulation of the folding of
2 pM monellin in the presence of 2 uM GroEL,
according to the mechanism shown in Fig. 6b, with the
rate constants for the various steps and with fluores-
cence values of the different intermediates as indi-
cated, can adequately describe the folding process.

GroEL unfolds refolding intermediates of
monellin

The initial jump in fluorescence observed when
GroEL is added at different times after the initiation
of folding occurs for the same reason that an initial
jump in fluorescence is observed when refolding is
initiated in the presence of GroEL: Ig; and Ig, bind
very rapidly to GroEL, with a consequent rise in
their fluorescence. The observation that the initial
jump in fluorescence, relative to the fluorescence of
monellin folding in the absence of GroEL, is

observed even when GroEL is added at a time
when the very fast and fast phases of folding are
complete (so that Ig; and Igz are no longer present)
confirms that GroEL binds Ig, (Fig. 6b), which is the
only one of the initially formed intermediates
present at that long time.

The biphasic decrease in fluorescence, which
follows the initial jump in fluorescence following
delayed addition of GroEL (Fig. 5), appears to be the
consequence of GroEL unfolding at least two
intermediates that have formed prior to its addition.
This conclusion is based on the observation that the
time course of the change in the amplitude of the fast
decrease in fluorescence parallels that of the change
in the population of Is during folding, while the time
course of the change in amplitude of the slow
decrease in fluorescence parallels that of the change
in the populations of Ig; and/or Iy, during folding.

Is and I will unfold in the presence of GroEL if the
chaperone binds more tightly to the intermediates
(Igz and Ig;y, respectively) preceding them. In such a
thermodynamic coupling mechanism, the energy of
GroEL binding to the early intermediate is greater
than the stability of the later intermediate, which
leads to the unfolding of the later intermediate.
Upon addition of GroEL, there will therefore be
competition between the unfolding of the late
intermediates (Is and Ir) and their further folding
to N. The unfolding action of GroEL becomes
apparent only because Is and Ir fold to N at a very
slow rate of ~0.002 s™'. This rate is much slower
than the rates of unfolding of Is (5 s 1) and Ig
(0.2 s~ ') observed in 0.5 M GdnHCl upon addition
of GroEL (Fig. 5). The observation that Is unfolds
faster than Ir is in accordance with the prior
observation that I is less stable than Ir*’

The maximum amplitude of the fast decrease in
fluorescence upon addition of GroEL should occur
when Ig is maximally populated, and the maximum
amplitude of the slow decrease in fluorescence
should correspond to the maximal population of
Ir. The maximum observed reduced amplitudes of
the two phases of fluorescence decrease are only
10% and 15% for the fast and slow phases,
respectively. Is and Iy are expected to be transiently
populated to extents of 20-25% and 55-60%,
respectively, during folding in the absence of
GroEL."” There can be several explanations for the
observed discrepancy between the expected max-
imum amplitudes of fluorescence decrease and the
observed amplitudes upon delayed addition of
GroEL: (1) the unfolding of Is and Iz does not
occur via a thermodynamic coupling mechanism as
described above, but by GroEL binding to them
preferentially and forcing them to unfold. Depend-
ing on the binding affinity of Is and Ir for GroEL,
only a fraction of these late intermediates would
then unfold, resulting in a lower-than-expected
accompanying decrease in fluorescence. This
mechanism is unlikely because forced unfolding
mechanisms proposed for GroEL involve conforma-
tional changes induced by the binding and hydro-
lysis of ATP,*®**** which is not present in the



GroEL Unfolds Late Intermediates

771

experiments described here. (2) Since GroEL binds
tightly to the intermediates that precede Is and Ig (Ig;
and I, respectively), and since GroEL-bound Ig,
and Ig; have higher fluorescence than their unbound
counterparts, the amplitudes of fluorescence
decrease correspond to the difference in fluorescence
between Is and GroEL-bound Ig,, and between Ig
and GroEL-bound Ig;. Moreover, the binding of
GroEL to Ig; induces the unfolding of only Ir;, which
is maximally populated to about 10%, and not Ig,,
which is maximally populated to about 50%,"
because Ig,'G is much more stable than Ir;-G (Fig.
6b). The kinetic simulation depicted in Fig. 7c
indicates that this second mechanism can ade-
quately explain the effect of the delayed addition
of GroEL.

The final very slow increase in fluorescence, which
follows the initial increase and then biphasic
decrease in fluorescence upon delayed addition of
GroEL, occurs with the same rate constant as that of
the very slow phase of folding, which can be
observed when folding is initiated in the presence
of GroEL. It should therefore correspond to the very
slow folding of late intermediates with GroEL
bound (see the text above). The observation that
this very slow increase in fluorescence is not
observed when GroEL is added at times (>5 s)
after the very fast and fast phases of refolding had
already been completed suggests that it does not
have any contribution from the very slow folding of
GroEL-bound Is.

A major result of the present study is that the
folding of monellin is effectively channeled along
one of several different routes by GroEL. The
chaperone plays, however, merely a passive role in
which it acts by differentially binding to folding
intermediates on the different folding pathways.
Partially folded forms of proteins bind GroEL via
exposed hydrophobic surfaces that are buried in
binding-incompetent native forms of the proteins.
The GroEL-bound forms of Ig, and Ig; presumably
are incapable of folding further, while the GroEL-
bound form of Ig; can fold further. It appears that Ig,
and Ig;z bind in such a manner that the subsequent
folding reactions of Ig'G to Is'G, and of Ig3G to
IypG are very slow compared to the unfolding
reactions of Is'G and Iyg'G, respectively. In contrast,
Ig; binds GroEL in a manner that allows Ig;-G to fold
further. If I, and Igz expose a greater hydrophobic
surface to which GroEL can bind, then it might be
the larger interaction interface that prevents Ig,'G
and Ig3'G from folding further. This greater expo-
sure of the hydrophobic surface is also likely to
make Ig, and Ig; more aggregation-prone when
GroEL is absent. Hence, by binding tightly to
GroEL, refolding monellin would avoid utilizing
aggregation-prone folding pathways. It is likely that
ATP plays a role in the utilization of specific folding
pathways when many pathways are available via
modulation of the binding affinities of GroEL for the
intermediates populating the different pathways.

A principal result of this study is the direct
demonstration that GroEL can drive the unfolding

of partially folded intermediates populating the
folding pathways. Iz and Ig, the two intermediates
observed to unfold upon addition of GroEL, are not
kinetically trapped or off-pathway intermediates
but are instead productive (folding-competent)
intermediates.*” The unfolding appears to be purely
the result of GroEL binding more tightly to the
preceding intermediates Ig; and Ig,, than to Ir and Is.
Unfolding is enabled because the energies of
binding of GroEL to Ig; and Ip, are greater than
the stabilities of Iz and Is. Ir is known to be more
stable than Is and Iy * but the absolute stabilities of
the late intermediates are not known. If GroEL binds
to the early intermediates with a dissociation
constant of 100 pM (see the text above), then in
micromolar concentrations of GroEL, as used here
and as found in the cell, the free energy of binding
(the difference in the free energies of the free and
bound GroEL=—RTIn([GroEL]/K4)) would be
—RTIn(10 °/10 ') or ~5.6 kcal mol !. Native
monellin has a stability of 6.2 kcal mol ™ %; thus,
thermodynamic coupling cannot cause it to unfold.
But it appears that Ir and I have stabilities less than
~5.6 kcal mol™'; thus, thermodynamic coupling
does cause them to unfold. The result suggests that
the ability of GroEL to bind to many different
partially folded forms of proteins can sometimes
lead to an undesired effect, namely, the unfolding of
a productive folding intermediate.

Materials and Methods

Materials

All chemicals and reagents were obtained from Sigma-
Aldrich (unless otherwise stated) and were of the highest
purity grade. Double-distilled autoclaved water was used
for all experiments.

Purification of single-chain monellin

The purification protocol has been described previously.*”
The purity of the protein was checked with SDS-PAGE and
was found to be >95%. Electrospray ionization mass
spectrometry indicated a pure protein with a mass of
11,403 Da. In addition, a second minor (10%) mass of
11,271 Da, which corresponds to the mass of the monellin
sequence with the N-terminal methionine cleaved out, was
observed. Typically, 100250 mg of pure protein was
obtained from 1 dm?® of E. coli growth. In all studies, the
monellin concentration was determined using the extinction
coefficient £7 " =1.46x10*M "' cm 1.*

Purification of GroEL

GroEL was purified from a GroE-overproducing strain
of E. coli harboring the plasmid pOFX6.*® Cells were
grown overnight after induction with 0.05 mM isopropyl-
D-1-thiogalactopyranoside. The purification protocol used
has been described previously.”® Very briefly, harvested
cells were broken by sonication. This was followed by ion-
exchange chromatography on a DE-52 column and then
by hydrophobic interaction chromatography on a phenyl
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Sepharose CL-6B column, after which the GroEL was
>95% pure. To remove small tryptophan-containing
contaminating peptides, an extra step involving reactive
red 120 agarose (type 3000 CL) resin was added: the
tryptophan fluorescence emission spectrum of the eluted
protein was very similar to that of N-acetyl tyrosine
amide. GroEL was checked for its ability to prevent
aggregation of refolding rhodanase.” In all experiments,
the concentrations of GroEL refer to that of the 14-mer and
were determined using an extinction coefficient of & (0.1%,
1 cm)=0.2 at 280 nm.®” GroEL was stored at —80 °C in
20 mM Tris (pH 7.5) and 5 mM MgCl, with 10% glycerol.
A PD-10 column was used to buffer exchange the GroEL
into a refolding buffer immediately before use.

Buffers and solutions

The native (refolding) buffer used for all equilibrium
and kinetic experiments was composed of 50 mM sodium
phosphate, 0.1 M KCl, 1 mM DTT, and 0.5 mM ethylene-
diaminetetraacetic acid (pH 7). The presence of DTT in all
buffers ensured that the monellin molecules did not form
dimers through intermolecular disulfides. The unfolding
buffer was a native buffer containing 5 M GdnHCl
(ultrapure; 99.9% from USB). The concentrations of stock
solutions of GAnHCI were determined by measurement of
the refractive index. All measurements were carried out at
room temperature (25 °C). All buffer solutions were
passed through 0.22-um filters and degassed before use.

Fluorescence spectra

Fluorescence spectra were collected on a Spex Fluor-
omax-3 spectrofluorimeter. The protein sample was
excited at 280 nm, and emission spectra were collected
from 300 to 400 nm, with a response time of 1 s, an
excitation bandwidth of 0.3 nm, and an emission
bandwidth of 5 nm, using a 0.2-cm pathlength cuvette.
Each spectrum was recorded as the average of five
fluorescence emission wavelength scans.

Equilibrium unfolding experiments

Protein (8-10 uM) was incubated at different concentra-
tions of GdnHCI ranging from 0 to 6 M for 6 h.
Fluorescence signals at equilibrium were measured on
the stopped-flow module (SFM-4; Biologic), with which
the kinetic experiments were also performed. The protein
sample was excited at 280 nm, and fluorescence emission
was monitored using a 340-nm bandpass filter. For each
sample, the signal was averaged for 120 s.

Kinetic experiments

Rapid (milliseconds) mixing of solutions and observa-
tion of kinetic processes during the protein folding
reactions were performed using a Biologic SFM-4
machine. The mixing dead time was about 1.8 ms, usin,
a cuvette of 0.08 cm pathlength with flow rates of 5mLs™ .
Fluorescence was excited at 280 nm, and fluorescence
emission was measured using a 340-nm bandpass filter.
Data were acquired in three time domains on different
channels, with different sampling times for each domain.
For refolding experiments, monellin was first unfolded for
6 h in an unfolding buffer. Twenty microliters of 20 uM
equilibrium-unfolded monellin was diluted into 180 uL of

premixed native buffer and GroEL-containing native
buffer, so that the final GroEL concentration was within
the range of 0—4 uM, the final monellin concentration was
2 uM, and the final GAnHCI concentration was 0.5 M.

For measurement of the very slow phase of refolding, a
Fluoromax-3 spectrofluorimeter was used. Fifty micro-
liters of equilibrium-unfolded protein was diluted into
450 pL of premixed GroEL and native buffer, so that the
final GroEL concentration was within the range of 04 uM,
the monellin concentration was 2 uM, and the GdnHCl
concentration was 0.5 M.

Size-exclusion chromatography

Size-exclusion chromatography was carried out with an
AKTA Basic-10 HPLC system using an analytical pre-
packed Superose-6 column with a bed volume of 24 mL
and a separation range of 5-5000 kDa. Samples were
injected into the column using a 200-uL loop and run at a
flow rate of 0.5 mL min . The elution profile was

observed by measurement of absorbance at 280 nm.

Fluorescence anisotropy experiments

The refolding of 2 pM monellin was initiated in the
presence of different concentrations of GroEL using a
stopped-flow machine with a mixing dead time of 2 ms.
Samples of refolding monellin were collected, and refold-
ing was allowed to reach completion at 2000 s after
mixing. Fluorescence anisotropy measurements were then
carried out in a 1-cm cuvette using the MOS-450/ AF-CD
instrument (Biologic). Since GroEL does not contain
tryptophan, and since monellin has one tryptophan
residue, the samples were excited at 295 nm, exciting
only tryptophan and not tyrosine. Hence, GroEL alone did
not show any fluorescence signal. An additional 300-nm
bandpass filter (Asahi) was placed in front of the cuvette
to ensure that no stray light reached the sample.
Fluorescence emission was measured using a 360-nm
bandpass filter (Asahi). For each sample, anisotropy was
averaged for 500 s.

Determination of free (unbound) monellin by
ultrafiltration

Five hundred microliters of the sample produced by a
stopped-flow refolding experiment was added to a 100-
kDa NMWL Centricon from Millipore and spun at 1000g
until ~100 pL of the sample had passed through the
Centricon membrane. This was repeated four times. The
sample that passed through the membrane was collected,
and its fluorescence emission spectrum from 300 to 400 nm
was measured using a Fluoromax-3 spectrofluorimeter.
The fluorescence signal at 348 nm was normalized to that
of a solution of 2 uM monellin in a refolding buffer
containing 0.5 M GdnHCI, which was ultrafiltered under
identical conditions. For experiments in which ATP was
used, ATP was removed using a High-trap desalting
column (GE) before the measurement of fluorescence.

Delayed addition of GroEL to refolding monellin

A Biologic SFM-4 mixing module was used to mix 30 pL
of 40 uM equilibrium-unfolded protein in 5 M GdnHCl
buffer with 270 pL of native buffer, such that the final
GdnHCI concentration was 0.5 M, and the monellin
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concentration was 4 pM. The refolding mixture was aged
for different lengths of time in a delay loop of 190 pL
volume (the intermixer volume was 220 uL). After
different refolding times (from 0 ms to 1 h), 100 pL of
the refolding protein in the delay loop was mixed with
100 pL of 4 uM GroEL in a native buffer containing 0.5 M
GdnHC(]J, so that the final GAnHCI concentration remained
0.5 M, and the final monellin and GroEL concentrations
were both 2 uM. A dead time of 15.5 ms was obtained
using a 0.15-cm cuvette and a flow rate of 2 mL s~ '. The
fluorescence of the solution subsequent to mixing was
measured at 340 nm, with excitation at 280 nm.
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