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The chaperonin GroEL assists protein folding by undergoing ATP-induced
conformational changes that are concerted within each of its two back-to-
back stacked rings. Here we examined whether concerted allosteric
switching gives rise to all-or-none release and folding of domains in a
chimeric fluorescent protein substrate, CyPet-YPet. Using this substrate, it
was possible to determine the folding yield of each domain from its intrinsic
fluorescence and that of the entire chimera by measuring Forster resonance
energy transfer between the two domains. Hence, it was possible to
determine whether release of one domain is accompanied by release of the
other domain (concerted mechanism), or whether their release is not
coupled. Our results show that the chimera’s release tends to be concerted
when folding is assisted by a wild-type GroEL variant, but not when
assisted by the F44W /D155A mutant that undergoes a sequential allosteric
switch. A connection between the allosteric mechanism of this molecular
machine and its biological function in assisting folding is thus established.

© 2008 Elsevier Ltd. All rights reserved.
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Introduction

two homoheptameric rings, stacked back-to-back,
with a cavity at each end!? in which protein subs-

Oligomeric ring-shaped proteins that undergo
ATP binding and hydrolysis-induced conforma-
tional changes play a vital role in many b1010g1ca1
processes such as protein folding and degradatlon
and unwinding of duplex nucleic acids.” These
conformational changes may be concerted as in the
case of the chaperonin GroEL sequential as found
for the chaperonin CCT or probabilistic as recently
proposed for ClpX.” The relationship between these
different mechanisms of nucleotide-induced confor-
mational changes, and the biological function they
facilitate is generally not known. Here, we address
this issue with regard to the Escherichia coli cha-
peronin GroEL that assists protein folding by
undergoing ATP-induced allosteric transitions
between protein substrate binding and release states
(for reviews, see, e.g., Refs. 3, 6-9). GroEL consists of
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Abbreviation used: FRET, Forster resonance energy
transfer.

trate folding can take place in isolation from bulk
solution. It has a heptameric ring-shaped cofactor
GroES, which is essential for the assisted folding of
stringent substrates under nonpermissive condi-
tions.!! GroEL undergoes allosteric transitions that
are induced by ATP binding occurring with positive
intra-ring cooperativity and negative inter-ring
cooperativity.!2!3 Experimental data (Refs. 14, 15;
G. Curien, J. Grason, and G. Lorimer, Department of
Chemistry and Biochemistry, University of Mary-
land at College Park, personal communication) and
computer simulations'® have indicated that the
intra-ring allosteric transitions of GroEL are con-
certed in accordance with the Monod-Wyman-
Changeux re]?resentatlon 7 as proposed by the
nested model. = The impact of a concerted allosteric
mechanism on the function of GroEL has been unclear.

The work described here was undertaken in order
to test the hypothesis that the concerted allosteric
transitions of GroEL facilitate the release of the
different parts (domains) of a bound protein sub-
strate in an all-or-none fashion. A powerful tool that
is available for investigating this question is a wild-
type variant of GroEL (F44W'®) with the D155A
substitution that converts its ATP-induced intra-ring
allosteric transitions from concerted to sequential.'”

0022-2836/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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In other words, this substitution converts the t;— 1,
allosteric transition of a wild-type ring into a sequen-
tial allosteric transition such as t;,—t r;—r; or
t; — tsr; — 17 [where t and r stand for the respective
conformations of a subunit in the low-affinity (T)
and high-affinity (R) states of a ring for ATP, and
t,r;_, stands for a ring with n adjacent subunits in
the t conformation and the others in the r conforma-
tion]. In previous work,”” we fused a stringent (i.e.,
GroES-dependent) substrate, rhodanese, to the
nonstringent substrates mouse dihydrofolate reduc-
tase or enhanced green fluorescent protein, and
showed that folding of the nonstringent part of the
chimeras occurs in a stepwise fashion, with respect
to ATP concentration, when folding is assisted by
the F44W /D155A mutant, but not when assisted by
the wild-type variant. In these experiments, only the
nonstringent component of the chimeras was able to
fold to the native state, while the stringent part
remained bound and unfolded.” In the experiments
described here, we employed a chimera comprising
the cyan and yellow fluorescent proteins CyPet and
YPet,”! which are both nonstringent substrates. The
folding yield of each domain could be determined
separately by measuring its respective intrinsic
fluorescence, and that of the chimera (with both
domains folded) could be determined by measuring
the Forster resonance energy transfer (FRET)
between the two domains. Hence, by using this
chimera as a substrate, it was possible to determine
whether assisted folding by GroEL (either the wild-
type variant or the F44W/D155A mutant) of one
domain tends to be accompanied by folding of the
other domain (i.e., a ‘concerted’” mechanism), or
whether release and folding of the two domains is
independent. We show that a concerted ATP-
induced allosteric switch in GroEL results in a
more concerted release of substrate domains,
thereby linking the allosteric properties of this
machine with its folding function.

Results

Acid-denatured chimera was added to F44W or
F44W/D155A GroEL, and refolding was then
initiated by adding different concentrations of ATP.
The reactions were allowed to continue until the
maximal folding yield had been reached at each ATP
concentration and fluorescence emission spectra
following excitation at 430 and 480 nm were then
collected. The spectra obtained by collecting fluor-
escence emission between 500 and 599 nm upon
excitation at 480 nm (Fig. 1) contain information
about the extent of reactivation of the YPet compo-
nent of the chimera (with CyPet either folded or
not). The spectra between 450 and 600 nm following
excitation at 430 nm can be decomposed into two
parts: (i) a donor part that contains information
about the yield of reactivation of the CyPet
component of the chimera (with YPet either folded
or not), and (ii) an acceptor part due to FRET that
contains information about the yield of chimera
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Fig. 1. Emission spectra of the cyan and yellow
fluorescent proteins, CyPet and YPet, and of the CyPet-
YPet chimera. Excitation of the chimera at 430 nm leads to
emission by YPet owing to FRET (magenta). The FRET is
abolished by proteinase K cleavage of the chimera into its
separate domains, and CyPet fluorescence is, therefore,
observed upon excitation at 430 nm (cyan). The cleavage
does not affect the intrinsic fluorescence of the domains
(thus indicating their resistance to proteolysis) as may be
seen by comparing the fluorescence, upon excitation at
480 nm, of YPet in the chimera (orange) with that of YPet
derived from cleaving the chimera (yellow). The inset
shows the emission spectra of CyPet (cyan) and YPet
(yellow) that were expressed separately, upon excitation at
430 and 480 nm, respectively. All spectra were corrected
for wavelength dependence of excitation intensities and
the instrument spectral response.

molecules in which both the YPet and CyPet com-
ponents have refolded. In addition, it was possible
to obtain information about the extent of reactiva-
tion of the CyPet component of the chimera (with
YPet either folded or not) from donor emission
spectra between 450 and 500 nm upon excitation at
430 nm collected after cleavage of the chimera into
its separate domains with proteinase K (Fig. 1). This
cleavage reaction eliminates FRET from CyPet to
YPet, but does not affect the intrinsic fluorescence of
YPet or CyPet (Fig. 1).

The abovementioned emission intensities were
converted (see Materials and Methods) into the
relative populations of chimera molecules in which
both the YPet and the CyPet components are folded
(CyY), and chimera molecules in which only the
CyPet (Cy0) or the YPet (0Y) domain is folded (see
Fig. 2 for a scheme of the various possible species that
can be observed). The population of chimera
molecules in which neither domain is folded (00)
was calculated from conservation of mass and
assuming that, at the highest ATP concentrations in
our experiments, no such molecules remain (see
below). Plots of these populations as a function of
ATP concentration are shown for the F44W wild-
type variant (Fig. 3a) and the F44W /D155A mutant
(Fig. 3b). It can be seen that the extent of regain of
CyY, in the presence of the F44W wild-type variant,
displays monosigmoidal dependence on ATP con-
centration (Fig. 3a). By contrast, this extent of regain,
in the presence of the F44W/D155A mutant,
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Fig. 2. A cycle showing the different folding transi-
tions of the chimera. The GroEL-bound chimera in which
both the CyPet and the YPet domains are unfolded (00)
may be released by ATP in a concerted fashion that leads
to the folding of both domains (00— CyY). Alternatively,
only the CyPet or the YPet domain may be released and
folded as designated by the reactions 00— Cy0 and
00— 0Y, respectively. In these cases, the chimera remains
bound to GroEL (depicted schematically as a heptameric
ring) via its unfolded domain. Models of the four states of
the chimera, indicating their respective spectroscopic
properties relevant to this study, are shown. The Cy0
and 0Y species have the intrinsic fluorescence of the CyPet
(cyan) and YPet (yellow) domains, respectively, whereas
CyY has both and is the only species with FRET between
the two domains, as indicated by the wavy arrow. The 00
species lacks all of these properties.

displays bisigmoidal dependence on ATP concentra-
tion (Fig. 3b). Such dependence was previously
observed in the case of reactivation of other chimeras
by this mutant,”” and it reflects the sequential nature
of its ATP-induced allosteric transitions.'” Biphasic
behavior is, therefore, also observed in the decrease
of the population of 00, with increasing ATP
concentrations in the case of the mutant (Fig. 3b),
but not in the case of the wild-type variant (Fig. 3a).

Concerted ATP-dependent release of both the
CyPet and YPet domains in a chimera may result
in folding of both of its domains. Hence, we
designate this reaction by 00—CyY (Fig. 2). By
contrast, when the ATP-induced allosteric transition
of a ring is not concerted, as in the case of the mutant
at relatively low ATP concentrations, then only one
domain may be released and folded. These reactions
that are designated by 00 — Cy0 and 00— 0Y occur in
association with GroEL, since the other domain
remains attached (Fig. 2). It may be seen that, in the
presence of the mutant, the amounts of Cy0 and 0Y
initially increase with increasing ATP concentrations,
thus reflecting nonconcerted release, and then
decrease (Fig. 3b). The decrease is expected, since
athigh ATP concentrations, all seven subunits switch
from t to 1,"” thereby releasing most of the bound
substrate. In the case of the wild-type variant, the
initial increase in the amounts of Cy0 and 0Y with

increasing concentrations of ATP is less pronounced
(Fig. 3a), in agreement with a more concerted release
mechanism. It should be noted that some Cy0 and 0Y
remain even at the highest ATP concentrations
employed. This was found to be due to incomplete
substrate release, and not to aggregation, since the
populations of Cy0 and 0Y decreased to almost zero
(and the population of CyY increased in a corres-
ponding manner) when, in addition to a high
concentration (4 mM) of ATP, GroES was also
added (Fig. 4). The elution profiles in Fig. 4 show
that some 0Y and, in particular, Cy0 molecules
remain bound to GroEL and thus coelute with it
when 4 mM ATP is added (Fig. 4c and d), and that
complete release is reached when GroES is also
added (Fig. 4e and f). The fact that more Cy0 than 0Y
remains at the highest ATP concentrations employed
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Fig. 3. Fractions of the total population of chimeras in
which both, either, or neither of the CyPet and YPet
domains is folded as a function of ATP concentration. The
relative populations of chimera molecules in which both
the YPet and the CyPet components are folded (CyY;
magenta), only the CyPet (Cy0; cyan) or the YPet (0Y;
orange) domain is folded, and neither domain is folded
(00; blue), in the presence of the wild-type variant of
GroEL (a) and the F44W/D155A mutant (b) at different
ATP concentrations, were calculated as described in
Materials and Methods. The data of chimera molecules
in which both the YPet and the CyPet components are
folded (CyY) were fitted to the Hill equation in the case of
the wild-type variant, and to a double-Hill equation in the
case of the mutant. Each experiment was carried out in
triplicate, and standard errors of the mean are shown.
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Fig. 4. Gel filtration of the products of GroEL-assisted reactivation of the denatured CyPet-YPet chimera. (a and b)
Elution profiles of the denatured chimera in complex with the wild-type variant (a) or the F44W /D155A mutant (b) in the
absence of ATP and GroES. (c and d) Elution profiles of the reaction products of reactivation of the denatured chimera in
the presence of the wild-type variant (c) or the F44W/D155A mutant (d) and 4 mM ATP but without GroES. (e and f)
Elution profiles of the reaction products of reactivation of the denatured chimera in the presence of the wild-type variant
(e) or the F44W/D155A mutant (f), 4 mM ATP, and 2 uM GroES. The elution profiles were obtained by measuring the
absorbance at 280 nm (black line) and the appropriate emission spectra needed to determine the populations of CyY
(magenta), Cy0 (cyan), and 0Y (yellow). The populations in each panel were normalized separately relative to each other.
The material detected by the absorbance at 280 nm that elutes after about 8 and 19 ml corresponds to GroEL and ATP,
respectively. These reactivation reactions were carried out at 25 °C in 1 ml of refolding buffer containing 1 pM GroEL and
0.5 pM denatured chimera. The fluorescence emission of each reaction was monitored and when it had reached the
maximum, the sample was concentrated to <100 pl using a Microcone ultrafiltration device with a 10-kDa cutoff filter (in
all cases, the flow-through had no fluorescence) and loaded onto a Superdex 200 HR 10/30 gel-filtration column. Gel
filtration was carried out in refolding buffer at room temperature at a flow rate of 0.5 ml/min.

(in particular, in the case of the F44W/D155A  tion of the population of 00 from conservation of

mutant) reflects the relative folding yields of these
domains by themselves in the presence of the mutant
and wild-type GroEL variants (Fig. 5). Importantly,
the total population of CyY, 0Y, and Cy0 was found
to be the same when 4 mM ATP was added either
with or without GroES, thus validating our calcula-

mass that assumed that, at the highest concentra-
tions of ATP in our experiments, it is negligible.
Surprisingly, substantial amounts of Cy0 and 0Y
are found also prior to addition of ATP. Given that
the amount of these species at high ATP concentra-
tions is lower than that in the absence of ATP
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Fig. 5. Reactivation of denatured CyPet and YPet
proteins that are not fused to each other. Reactivation of
the individual CyPet (cyan) and YPet (yellow) proteins
following their denaturation was carried out at 25 °C in
refolding buffer containing 1 pM GroEL (F44W or F44W /
D155A) with or without 2 uM GroES and/or 4 mM ATP.
The yields of reactivation are expressed relative to the total
amount of denatured material. Each experiment was
repeated three times, and standard deviations were
determined (see Materials and Methods for more details).

indicates that some of the chimera molecules were
initially bound to GroEL via one domain only, with
the other domain folded. The fact that there is more
Cy0 than 0Y when no ATP is added (Fig. 3a and b) is
consistent with the higher folding yields of the CyPet
protein relative to the YPet protein in the absence of
ATP (Fig. 5).

We devised two measures for assessing the coo-
perativity in release by GroEL that circumvent
complications in data analysis arising from incom-
plete release at high ATP concentrations and from the
fraction of molecules that are initially bound only via
one domain. The first measure is based on the expec-
tation that, in the case of concerted release and folding
(00— CyY), the decrease in the amount of 00 should
match the increase in the amount of CyY. Hence, the
decrease in the population of 00 at a given concentra-
tion i of ATP relative to its population in the absence of
ATP ([00]o—[00];) is compared to the increase in the
population of CyY at that concentration i of ATP rela-
tive to the population in the absence of ATP ([CyY];—
[CyY]o) by plotting the ratio of these changes as a
function of ATP concentration (Fig. 6). In the case of
the mutant, ([00]o—[00],)/([CyY];— [CyYlp)>1 in the
presence of ATP concentrations under ~1 mM, thus
reflecting the nonconcerted release and folding
reactions 00—0Y and 00—Cy0 in which some of
the 00 population is converted into species with only
one folded domain (CyO0 or 0Y) (Fig. 6). In the case of
the wild-type variant, ([00]o—[00];)/(ICyY];—
[CyY]o) =1 at ATP concentrations under ~1 mM, in
agreement with a concerted release mechanism. No
difference between the wild-type variant and the
mutant is observed at high ATP concentrations as
expected, since at these concentrations, the allosteric

switch is concerted in both of them. In fact, ([CyY];—
[CyY]p) is somewhat larger than ([00],—[00];) at these
concentrations because of the 0Y —CyY and Cy0—
CyY reactions in which species with a single folded
domain are released and converted into fully folded
proteins. It should be noted, however, that ([CyY];—
[CyY]o) can also be equal to ([00],—[00];) if the
amounts of 0Y and Cy0 formed by 00—0Y and
00— Cy0 exactly match those consumed by the
reactions 0Y — CyY and Cy0— CyY. Hence, a second
measure for cooperativity that takes into account also
the concentrations of the 0Y and Cy0 species was
devised.

The second measure of cooperativity (); is given
by:

[Cy0);[0Y];
O === 1

Cy Y00 W
It is based on a thermodynamic cycle comprising the
00, Cy0, 0Y, and CyY species (Fig. 2) that is analogous
to a double-mutant cycle.”> By analogy to coupling
constants in other situations of thermodynamic link-
age,23 this measure compares for each concentration
i of ATP the extent of release and folding of one
domain when the other domain is folded and when it
is not (i.e., Cy0—CyY and 00— 0Y, respectively, in
the case of folding of the Y domain; 0Y —»CyY and
00— CyQ0, respectively, in the case of folding of the
Cy domain). If release and folding of the two
domains is strongly coupled (i.e., concerted), then
the main reaction will be 00— CyY, the concentra-
tions of Cy0 and 0Y will be low, and the value of (),
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Fig. 6. Plots of the ratio of the change in the population
of chimera molecules in which the CyPet and YPet
domains are both unfolded (00) to the change in the
population of chimera molecules in which both domains
are folded (CyY), at different concentrations of ATP. The
ratio of the decrease in the population of 00 to the increase
in the population of CyY, in the presence of the wild-type
(blue) or mutant (red) variants of GroEL, is plotted as a
function of ATP concentration. The changes in the
populations of 00 and CyY at each concentration i of ATP
are calculated relative to the populations in the absence of
ATP {([00]o—[00];) and ([CyY];—[CyY]o), respectively}. The
gray line with a slope of zero indicates when the values of
[CyY];—[CyY]o and [00],—[00]; match exactly.
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will decrease. If, on the other hand, the release of one
domain inhibits the release of the other domain, then
the reactions will occur via the two other routes
(00—-Cy0—CyY and 00— 0Y —CyY), the concen-
trations of Cy0 and 0Y will be high, and the value of
Q; will increase. Therefore, a lower value of ();
indicates that the reaction is more concerted. In
Fig. 7, the ratio between the values of ; for the wild-
type variant and the mutant is plotted against ATP
concentration (this ratio is a measure of the three-
way coupling between folding of the two domains
and the D155A mutation as in a triple-mutant
cube®?). It can be seen (Fig. 7) that the value of €,
is indeed lower for the wild-type variant than for the
mutant at low concentrations of ATP, thus reflecting
the more concerted mechanism of the wild-type
variant. The difference between the values of (); for
the wild-type variant and the mutant at very low
ATP concentrations is small, owing to the presence
of substantial amounts of Cy0 and 0Y prior to
addition of ATP. The difference between the values
of (); for the wild-type variant and the mutant is
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Fig. 7. Plot of the ratio of the coupling constant-type
measures of cooperativity in the release and folding of the
chimera components for the wild-type and mutant GroEL
variants. The measures (); (wild-type) and ;(mutant)
quantify the extent of concertedness in the release and
folding of the CyPet and YPet components of the chimera
by the respective wild-type and mutant GroEL variants at
different concentrations i of ATP as described in the text
(Eq. (1)). The straight line with a value of 1 is intended to
highlight the fact that the values of the ratio Q(wild-
type)/ Q) (mutant) with error are below 1 (a). In the case of
sequential release, the populations of Cy0 and 0Y shown
in bold are dominant (b; right cycle), whereas in the case of
concerted release, the populations of 00 and CyY shown in
bold are larger (b; left cycle). The value of (), is, therefore,
smaller in the latter case when release is more concerted.
Hence, Q wild-type)/Q;(mutant)<1 indicates that the
release mechanism of the wild-type variant is more
concerted than that of the mutant.

small also at high ATP concentrations when release
and folding by both variants are concerted. These
data are not shown owing to large errors under
those conditions.

Discussion

There is increasing appreciation that the problem
of multidomain protein folding deserves special
consideration, since interdomain interactions may
affect folding mechanisms and k1net1c part1t1on1ng
between folding and misfolding.”* A neglected
aspect of this problem is whether certain attributes
of molecular chaperone mechanisms have evolved
to specifically assist multidomain protein folding.
Previously, we speculated that ATP-induced
sequential conformational changes in the eukaryotic
chaperonin CCT may facilitate sequential protein
substrate release and, as a result, domain-by-
domain folding.* By contrast, we suggested that
ATP-induced concerted conformational changes in
the prokaryotic chaperonin GroEL facilitate all-or-
none substrate release. The difference in these
release mechanisms was proposed to reflect the
need for a more efficient folding mechanism of
multidomain protems that are more abundant in
eukaryotic cells®® and prone to misfold. A sequen-
tial release mechanism may have an adverse effect
on single-domain protein folding, since nonlocal
interactions cannot form when not all parts of the
protein are released from the chaperonin. It may,
however, be beneficial for multidomain proteins as
it reduces the likelihood of formation of non-native
interactions between domains. A recent two-dimen-
sional lattice folding simulation study®® has indeed
shown that concerted conformational changes are
more compatible with single-domain protein fold-
ing, whereas double-domain proteins benefit more
than single-domain proteins from sequential
changes.

In the case of GroEL, it has been possible to test
this hypothesis by comparing the folding of a
multidomain protein in the presence of wild-type
GroEL and the F44W/D155A mutant!'® that
undergo ATP-induced concerted and sequential
conformatlonal changes, respectively. In a previous
study,”” this test was carried out using a chimera in
which a stringent GroES-dependent substrate, rho-
danese, is fused to the nonstringent substrate mouse
dihydrofolate reductase or enhanced green fluores-
cent protein. ATP-induced folding of the nonstrin-
gent part of the chimeras was found to occur in a
stepwise fashion, with respect to ATP concentration,
in the presence of the F44W /D155A mutant but not
in the presence of the wild-type variant.> In other
words, the dependence on ATP concentration of the
folding yield of the nonstringent part of the
chimeras was found to be biphasic in the case of
the mutant that undergoes a sequential allosteric
switch (e.g., t;— t3r4 —1r7) and sigmoidal in the case
of the wild-type variant that undergoes a concerted
switch (t;—r7).



Concerted Substrate Release by GroEL

723

In this study, we devised a different test of this
hypothesis involving the use of a chimera CyPet-
YPet where both domains can fold upon addition of
ATP. Hence, we were able to examine whether (i)
release of one domain tends to be accompanied by
release of the other domain, or (ii) release of the two
domains is not coupled. Based on the fluorescence
properties of the individual domains and FRET
between the two domains, it has been possible to
show here that the degree of concertedness of the
ATP-induced conformational change in GroEL cor-
relates with the extent of concerted release and
folding of a protein substrate. In other words,
concerted release and folding (00— CyY) is more
favored in the presence of the wild-type variant that
undergoes a concerted allosteric switch than in the
case of the mutant that displays ATP-induced broken
symmetry and undergoes a sequential allosteric
transition. It should be noted that concerted release
from the wild-type variant might still result in a
sequential folding pathway that will require tran-
sient kinetic methods to be resolved. Our results
clearly show, however, that a break-in symmetry
favors sequential release and, as a result, sequential
folding. A sequential allosteric switch, as found in
CCT, provides a mechanism, therefore, for forcing a
sequential folding pathway even in cases where it is
not encoded in the sequence of the protein substrate.
The mechanism of conformational switching is an
aspect of allosteric regulation that is of particular
importance for molecular machines since their
efficiencies are path-dependent [i.e., their output
depends not only on interconversion between
different allosteric (functional) states but also on
the pathways by which they interconvert]. Our
results thus establish a connection between a key
allosteric property of this molecular machine and its
biological function in assisting folding.

Materials and Methods

Molecular biology

The gene coding for the CyPet-YPet fusion protein®' in
PLNCX (Clontech) was amplified using the oligonucleo-
tides 5-GCAAGCCATATGCGACGGTACCGCGGGC-3’
(forward) and 5-CGAACGAAGCTTATCGATGTTGGC-
CGC-3’ (reverse). These oligonucleotides introduce Ndel
and HindIII restriction sites (underlined) that flank the 5’
and 3’ ends of the gene, respectively. The polymerase chain
reaction product was digested with Ndel and HindIII, and
then inserted into the vector pET2la(+)/His (Novagen)
previously digested with the same enzymes. A stop codon
between the C-terminus of YPet in the chimera and the Hisg-
tag was removed using the QuickChange kit (Stratagene)
and the oligonucleotides 5-GCATGAACGAGCTCTATA-
AG*AAAGCGGCCAACATCGATAAGC-3’ (forward) and
5-GCTTATCGATGTTGGCCGCTTT*CTTATAGAG-
CTCGTTCATGC-3" (reverse). The asterisks indicate the
position of the deleted nucleotide. This resulted in addition
of the sequence SGQHRKLAAALE between the chimera’s
C-terminus and the Hise-tag. The sequence of the entire gene
was verified by DNA sequencing.

Protein expression and purification

The chimera protein was obtained as follows. E. coli
BL21(DE3) pLys cells harboring the pET21a(+)/chimera-
His plasmid were grown overnight at 37 °C in Luria broth
(LB) containing 50 pg/ml ampicillin and 34 pg/ml
chloramphenicol. The overnight culture was diluted
1:100 in LB containing the same antibiotics, and the cells
were then grown at 37 °C until an optical density of 1.0
had been reached. The temperature was then lowered to
20 °C, and 1 mM IPTG was added to initiate expression.
The cells were grown for an additional 10 h and then
centrifuged at 3000g for 15 min. The pellet was resus-
pended in 50 mM Tris-HCI buffer (pH 7.5) containing
0.5 M NaCl, 10 mM imidazole, and 1 mM p-mercap-
toethanol (buffer A). It was then centrifuged as before,
stored at —80 °C until use, and then resuspended in buffer
A containing 1 mM phenylmethanesulfonyl fluoride. The
cells were then disrupted by sonication, and the lysate was
clarified by centrifugation at 30,000g for 30 min. The
supernatant (70 ml) was loaded on a 5-ml HisTrap HP
column (Pharmacia) that was charged with 0.1 M NiSO,,
as described by the manufacturer, and eluted with a
gradient of 10-500 mM imidazole (60 ml at 1 ml/min) in
buffer A. Yellow/green fractions (that also displayed
fluorescence at 530 nm upon excitation at 430 nm) that
eluted at 200 mM imidazole were analyzed by SDS-PAGE.
The appropriate fractions were combined, transferred into
10 mM Tris-HCl buffer (pH 7.5) containing 1 mM dithio-
threitol (buffer B) using a PD-10 desalting column
(Pharmacia), and then concentrated using Vivaspin 20
(Sartorius). They were then loaded on a MonoQ column
(Pharmacia) preequilibrated with buffer B and eluted with
a gradient of 0-600 mM NaCl (60 ml at 1 ml/min) in buffer
B. Yellow/green fractions that eluted at 140 mM NaCl
were analyzed by SDS-PAGE, and the appropriate
fractions were then combined, concentrated, and loaded
on a Superdex 75 gel-filtration column (Pharmacia) that
had been preequilibrated with buffer B. Chimera-contain-
ing fractions were analyzed as described above, and the
appropriate fractions were combined, concentrated, and
divided into aliquots that were snap-frozen and stored at
—-80 °C.

The CyPet and YPet proteins were expressed in E. coli
DHba cells harboring the pPBAD33 plasmid that contains
the gene for either CyPet-His, or YPet-His,, as described.?!
Overnight cultures of these cells grown at 37 °C in LB
containing 34 pg/ml chloramphenicol were diluted 1:100
in the same medium, and the cells were then grown at
37 °C until an optical density of 0.5 had been reached. The
temperature was then lowered to 20 °C, and 0.2% (wt/vol)
L-arabinose was added to initiate expression. The cells
were grown for an additional 10 h (0.2% L-arabinose was
added again after 3.5 h) and then centrifuged at 3000g for
15 min. Clarified lysate was obtained and purified on a
1-ml HisTrap column as described above for the chimera.
Yellow/green fractions that eluted at 175 mM imidazole
were analyzed by SDS-PAGE. The appropriate fractions
were combined, transferred into buffer B, concentrated,
and then stored at —80 °C as described above for the
chimera. Protein concentrations were determined using
the Bradford assay and bovine serum albumin as
standard. The F44W and F44W/D155A GroEL mutant
proteins were obtained as described before.””

Refolding assays

The chimera (50 pM) was denatured in 60 mM HCI
(final pH of 1.5) and then diluted 1:100 in a siliconized test
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tube containing 50 mM Tris-HCI (pH 7.5), 10 mM KCl,
10 mM MgCl,, 1 mM dithiothreitol (refolding buffer), and
1 uM GroEL (F44W or F44W/D155A mutants) at 25 °C.
The refolding mixture was incubated for 1 h until no more
spontaneous folding could be observed, and GroEL-
assisted folding was then initiated by adding ATP at the
indicated concentration. Reactivation of chimera mole-
cules in which both fluorescent proteins are folded and of
the individual domains CyPet and YPet in the chimera
(with the other component either folded or not) was
monitored by recording the appropriate emission spectra
2 h after the addition of ATP. The spectra were analyzed as
described below. The total amount of folded CyPet was
also determined after overnight cleavage with 20 uM
proteinase K at room temperature.

Data analysis

Fluorescence emission spectra of the reaction mixtures at
different ATP concentrations were recorded using an ISS
PC1 spectrofluorometer and then corrected for the
wavelength-dependent response of the instrument’s detec-
tion system as specified by the manufacturer. The emission
spectrum of the acceptor YPet, upon direct excitation at
480 nm, was 1ntegrated between 500 and 599 nm and is
designated by I4g0. The emission spectra, upon excitation at
430 nm, were decomposed into the respectlve donor
(CyPet) and acceptor parts, 12, and I55, using the spectra
of the mleldual proteins (Fig. 1, inset). The intensities %o,
12, and I45 at each ATP concentration were determined in
triplicate, normalized to the average of the maximal
intensities (obtained at the highest ATP concentrations
employed), and then averaged. These average emission
intensities were then converted to be on a scale that is free of
variations in quantum efficiencies and excitation strengths
as follows: [ —1430/QDr L=I4s50e30Rp, A/ Qathso; and
13 I430/QA (1480/QA)D Here QD and QA deSIgnate the
donor and acceptor quantum efficiencies; €20 and ey are
the extinction coefficients of the donor at 430 nm and of the
acceptor at 480 nm; D is the fraction of acceptor emission
due to direct excitation at 430 nm (as opposed to FRET);
and Rp, 4 is the ratio of lamp intensities at 430 and 480 nm.
I is corrected for direct acceptor excitation at 430 nm.
Given I, I, and I, one can derive expressions (to within a
constant factor) for the populations of chimera molecules
with only the YPet domain folded (0Y), with only the CyPet
domain folded (Cy0), and with both domains folded (CyY),
as follows: [CyO]=I-I3(1-E)/E; [0Y]=L,—I3/E; and
[CyY]=I5/E, where E is the FRET efﬁciency The emission
1nten51ty of the donor after proteinase K cleavage, I,
(=120(cut)/Qp), corresponds to [Cyliowar=[Cy0]+[CyY].
Hence, a consistency check for our calculations and
experimental accuracy is obtamed by determining whether
Iy = I + I;. The values of €5 and e45, were determined from
the slope of the plots of absorbance as a function of
concentration (Beer’s law) and were found to be 18.3(+0.9)
and 15.6(x1.2) mM ' em !, respectively. The values of Qp
and Qa were determined from the slopes of integrated
emission intensity versus absorbance of the donor (relative
to fluorescein in 0.1 M NaOH) and the acceptor (relative to
rhodamine 6G in ethanol) and found to be 0.66(+0.07) and
0.22(+0.03), respectrvely, after correcting for the refractive
indices of the media.?® The value of E, found to be 0.65, was
determined using the relation E=1—(7¢yy)/{Tcy?, where
(tcy) and (tcyy) are the respective average fluorescence
lifetimes of CyPet alone and in the chimera measured using
a Jobin-Yvon FluoroCube lifetime spectrofluorometer. The
value of D, found to be 0.08, was determined from the ratio

of corrected and integrated emission intensities upon
excitation at 430 and 480 nm. The value of the correction
factor Rp, A was determined using a concentrated solution
of rhodamine B as a quantum counter and was found to be
1.25.
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