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Binding and folding of substrate proteins by the molecular chaperone
GroEL alternates between its two seven-membered rings in an ATP-
regulated manner. The association of ATP and GroES to a polypeptide-
bound ring of GroEL encapsulates the folding proteins in the central cavity
of that ring (cis ring) and allows it to fold in a protected environment where
the risk of aggregation is reduced. ATP hydrolysis in the cis ring changes the
potentials within the system such that ATP binding to the opposite (trans)
ring triggers the release of all ligands from the cis ring of GroEL through a
complex network of allosteric communication between the rings. Inter-ring
allosteric communication thus appears indispensable for the function of
GroEL, and an engineered single-ring version (SR1) cannot substitute for
GroEL in vivo. We describe here the isolation and characterisation of an
active single-ring form of the GroEL protein (SR-A92T), which has an
exceptionally low ATPase activity that is strongly stimulated by the
addition of GroES. Dissection of the kinetic pathway of the ATP-induced
structural changes in this active single ring can be explained by the fact that
the mutation effectively blocks progression through the full allosteric
pathway of the GroEL reaction cycle, thus trapping an early allosteric
intermediate. Addition of GroES is able to overcome this block by binding
this intermediate and pulling the allosteric pathway to completion via mass
action, explaining how bacterial cells expressing this protein as their only
chaperonin are viable.

© 2009 Elsevier Ltd. All rights reserved.
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Introduction

GroEL, the chaperonin of Escherichia coli, is a
remarkable example of a complex, ATP-driven
molecular machine. It is an essential protein in
vivo' due to the fact that a number of essential
cellular proteins are unable to fold to their active
forms in its absence.” Its chaperone activity requires
the presence of the co-chaperonin GroES, whose
presence is also essential i vivo." Although essential
for the folding of only a relatively small number of
proteins, it is able to interact with and assist the
refolding of a significant proportion of the E. coli
proteome.2'3

GroEL is a homo-oligomeric complex of 14
subunits arranged as two heptameric rings stacked
back-to-back, with each ring surrounding a central
cavity having an approximate volume of 85,000 A*.*
Each GroEL subunit is composed of three domains:
an equatorial domain that contains inter-ring con-
tacts and most of the intra-ring contacts as well as
the ATP binding site, an apical domain that contains
the binding site for unfolded protein substrate and
GroES, and a highly flexible intermediate domain
that links the apical and equatorial domains. GroES
is a smaller, dome-shaped homo-heptamer that is
able to bind to one end of the GroEL cylinder in the
presence of ATP or ADP.””

Unfolded protein initially binds in a compact state
via exposed hydrophobic residues® ' to hydrophobic
regions on the apical domains of the GroEL ring
opposite (trans) to the one to which GroES is
associated (cis). The association of ATP to the trans
ring causes those subunits to proceed through a series
of rapid (t;,» ~25-30 ms) conformational changes
during which the trans-bound polypeptide substrate
may be stretched out into a less compact
conformation.'*'® These conformational changes are
also communicated across the inter-ring interface to
force the ejection of GroES and protein substrate,
whether folded or not, from the cis ring."*'® Weak
binding of GroES to the trans ring now occurs before
further rapid conformational changes in the trans ring
displace the protein substrate into the enlarged
central cavity!”20 and tightens the interaction be-
tween GroES and GroEL over 1000-fold.*" At this
point the trans ring has become the new cis ring and
vice versa. The protein substrate now has the
opportunity to fold in isolation in the new cis cavity
without the risk of aggregation. The rate of folding in
the central cavity is sometimes enhanced compared to
that seen in the bulk solvent. This is due to the fact that
the nature of the folding energy landscape is changed
within the GroEL central cavity.”” Whether this is
simply due to the elimination of the possibility of
forming transient low-order aggregates2324 or wheth-
er it is due to folding in a confined space where the
accessible volume has been reduced®™*® remains
controversial.”” Once ATP has been hydrolysed to
ADP in the cis ring the structure remains
unchanged;30 however, the energetics of the complex
changes such that association with GroES is now
weakened.'*?! This relatively slow hydrolysis step

provides a “timer” for the lifetime of the enclosed
central cavity (f;,» ~6 s) and completes a “half-
cycle”."*1%%2" The binding of protein substrate and
ATP to the trans ring starts a fresh half-cycle. The
reaction cycle continues in this manner with each ring
alternating between being the cis folding chamber
and the trans ring.

The GroEL reaction cycle requires highly coordi-
nated structural dynamics to ensure that the
chaperonin proceeds through its reaction cycle in
the correct order and that efficient binding and
release of substrate polypeptide and GroES are
achieved.>* The GroEL architecture has evolved,
therefore, to transmit allosteric information between
the subunits in each individual heptameric ring and
also between the rings themselves across the ring—
ring interface. This is reflected by the fact that ATP
binds to each heptameric ring of GroEL with
positive cooperativity; however, there is distinct
asymmetry between the two rings such that the
association of one GroEL ring with ATP weakens the
affinity of the opposite ring for ATP, that is, negative
cooperativity.16:36,37

The requirement for allosteric signalling between
the two rings for completion of the cycle was
experimentally demonstrated by the construction
of a mutant form of GroEL, called SR1, which forms
only single rings in vitro.”” Protein substrates bound
to SR1 can fold to their active form but remain
trapped in the cavity beneath the GroES cap due to
the lack of an allosteric signal from the absent trans
ring forcing GroES and protein substrate release. As
predicted by this model, mutants of GroEL with
weakened ring—ring interactions can fold the GroES-
dependent substrate mMDH when in a double-ring
form, but not in a single-ring form, whereas the
GroES-independent substrate LDH can be folded in
both cases.?® However, several examples of active
single-ring chaperonins have been described, which
either occur naturally or have been produced by
mutagenesis with or without selection.’*™** In all
cases studied, these single-ring mutants are able to
act because the interaction between the mutated
GroEL and GroES is weak relative to that of the wild-
type, removing the need for a signal from the trans
ring for discharge of GroES and release of the
substrate protein from the cavity.

The ATPase activity of wild-type GroEL, in the
absence of substrate polypeptide, is inhibited by
about 66% by the binding of an equimolar amount
of GroES.* This is due to a change in the rate-
limiting step of the reaction cycle from inter-ring
communication immediately prior to ATP hydroly-
sis (in the absence of GroES) to a conformational
change in the trans ring and its communication to
the cis ring (in the presence of GroES).'*! SR1
possesses an intrinsic ATPase activity that is almost
completely inhibited (once a single turnover of ATP
to ADP has occurred) by the binding of GroES,
although treatments that weaken the binding can
partially restore some ATPase activity.'”?” Active
single-ring mutants of chaperonins generally show
much reduced inhibition of ATPase activity by
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GroES, reflecting the weakened mteractlon between
GroES and these mutant proteins.***! In a series of
saturation mutagenesis experiments on SR1
designed to select for single rings that were active
and could replace GroEL in vivo, we isolated one
particular mutant (SR-A92T) several times indepen-
dently, which funchoned well in in vivo comple-
mentation assays.”> We show here that this mutant
has almost no detectable ATPase activity unless
GroES is also present. This mutant has clearly been
disturbed in its ATP hydrolytic cycle, and the fact
that this can be overcome by the addition of GroES
suggests that the problem lies with the ATP-induced
structural changes that take place in a GroEL ring
and that are central to the allosteric mechanism of
this protein complex. It was decided therefore to
engineer a single tryptophan residue (W485) that
has been used previously as an intrinsic fluorescent
probe to follow ATP-induced structural changes in
both GroEL*"** and SR1* into the SR-A92T mutant.
These ATP-induced allosteric changes in both
GroEL and SR1 follow the scheme:

ToR;~Ry—R3—Ry

while a further intermediate between R; and Ry
(termed R;*) is populated in the presence of
GroES.”' Analysis of the kinetic pathway of ATP-
induced allostery in SR-A92T provides an insight
into the role of this residue in allosteric communi-
cation within GroEL.

Results

Initial identification and characterisation of
the SR-A92T mutant

In an attempt to isolate as many possible mutants
of SR1 as possible that were able to function as single
rings, our original mutagenesis *2 was repeated
several times, varying the mutagen used (hydroxyl-
amine or error-prone PCR) and the stringency of the
selection (either at 37 °C or at 42 °C). A mutant that
was isolated independently at least four times
contained a substitution of alanine by threonine at
position 92. Because this was the most frequently
isolated of any of the apparently active single-ring
mutants in these experiments, it was selected for
more detailed characterisation. This mutant is
hereinafter called SR-A92T.

By deleting the chromosomal copy of the groEL
gene, using P1 transductlon from the strain AI90/
pPBADS50 as described,* it was confirmed that SR-
A92T could function as the sole chaperonin in the
cell. Plating of strains in which SR-A92T was the
only expressed form of groEL showed that it was
able to support growth up to 42 °C, although it
formed colonies smaller than those of the wild-type
control at high temperatures. A plasmid expressing
SR-A92T was introduced into the strain SF103,
which contains a temperature-sensitive groEL allele
and which cannot plate the bacteriophage T4 or T5.

Expression of SR-A92T in these strains restored its
ability to grow at 42 °C and to plate bacteriopha%e
T4 and T5 with an efficiency of plating of 100%.
SR-A92T is thus able to complement for loss of
GroEL in vivo at normal growth temperatures,
although it shows slightly reduced function under
heat shock conditions. This shows that SR-A92T
must be fully competent at folding proteins in vivo,
which for several other active single-ring proteins
was also confirmed by in vitro analysis.

To determine whether other amino-acid substitu-
tions at position 92 were equally competent at
rescuing the function of SR1, the alanine at this
position was mutated to all the remaining 18 amino-
acids, and their ability to support growth of
MGM100 on glucose at 37 °C was compared both
with and without IPTG induction. The results
showed that none grew as well as SR-A92T in the
absence of IPTG, although SR-A92S was nearly as
good, and several were slightly better than SR-A92T
when induced to high levels (Table 1). Several
mutants with major changes in side-chain character
rescued the glucose-sensitive phenotype of
MGM100 well when their expression was strongly
induced, showing that there is significant structural
capacity for variation without complete loss of
function at this position. To see how well these
results correlated with the natural variation at this
position, chaperonin protein sequences in GenBank
were used for comparison. Position 92 is one residue
downstream from the highly conserved GDGTTT
phosphate-binding loop motif and is very highly
conserved in all chaperonins. A comparison of
chaperonins from all three domains showed that
the residue at this position is an alanine in nearly all
type I chaperonins, including those from chloro-
plasts and mitochondria. Out of 782 bacterial GroEL
homologues, in all cases where the GDGTTT motif is
conserved (769), only one occurrence of a T was

Table 1. Effects of different substitutions in SR1 at
position 92

Residue at Growth at 37 °C Growth at 37 °C
position in MGM100 on in MGM100 on
92 in SR1 glucose-IPTG glucose +IPTG
A No growth No growth
T ++++ +++

S +++ ++++

C ++ ++++

\Y + ++++

N — ++++

M — ++++

R — +++

Q — +++

Y — +++

L — +++

H — ++
Wild-type GroEL ++++ ++++

Growth was assessed by measuring the relative efficiency of
plating of MGM100 (expressing each of the mutated forms of SR1
from the ptrc promoter in ptrc99A) at 37 °C on L-agar containing
0.2% glucose or to 0.2% arabinose. ++++, 100%; +++, 10%; ++, 1%;
+, 0.1%. Substitutions not shown did not show any growth.
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found at position 92, and the only other amino acids
at this position were serine (six cases) and cysteine
(seven cases). In type II chaperonins, however, a
valine is quite common at this position. Thus, the
amino acids that gave the best function in muta-
genesis experiments are also the only other ones
seen in this position in chaperonin proteins where
the GDGTTT muotif is intact. Only four examples
were found in GenBank of chaperonins containing
the sequence GDGTTTT: one in a bacterium
(Methylocella silvestris BL2), one in an archaeon
(Halorubrum lacusprofundi), one in a eukaryote (the
zeta subunit of the type II TriC protein in the marine
phytoplankton Ostreococcus tauri), and one in a
bacteriophage (Pseudomonas aeruginosa phage EL).

SR-A92T is a single ring with a
GroES-dependent ATPase activity

SR-A92T was purified to homogeneity from a
strain where the chromosomal copy of groEL was
deleted. Analytical centrifugation of the purified
protein confirmed that it behaved hydrodynamical-
ly as a single-ring species. The presence of ATP, an
ATP-regenerating system, or GroES did not change
this result (see Supplementary Fig. 1).

The ATPase activity of 2 uM SR-A92T subunits was
measured and found to be 1.87x10 > +5x10 * 5!
per subunit, 1.6% of the ATPase rate of wild-type
GroEL (wtGroEL; 0.12 s ! per subunit)'® and ~1.3%
that of SR1 (0.14 s™' per subunit)."””*>* Remark-
ably, however, when GroES was added to the
reaction in equimolar amounts, the ATPase rate
increased 37-fold (to 0.069+ 0.007 s~ ' per subunit) to
a level similar to that of wtGroEL in the presence of
GroES (0.042s ! per subunit) (Fig. 1a). This contrasts
with SR1 for which the presence of GroES reduces the
rate of ATP hydrolysis by ~90% from 0.14 to
0.015 s~ ',* due to the fact that it lacks the trans ring
that normally provides an allosteric signal upon ATP
binding and that leads to the ejection of GroES from
the cis ring. Consequently, the SR1-(ADP)~GroES
interaction is sufficiently tight that the very slow
dissociation rate (t ~1.1 min) of GroES from this
complex limits the ATPase cycle.

SR-A92T has reduced affinity for GroES

SR1 is not viable in a GroEL-depleted background
in vivo, as its ATPase cycle in the presence of GroES
stalls after one round of ATP hydrolysis, due to the
fact that there is no trans ring to bind ATP and
transmit an allosteric signal.’” Hence, GroES
remains relatively tightly bound to the SR1-ADP;
complex, thus trapping any folded substrate in the
cavity. Since SR-A92T is able to suppress the
nonfunctional phenotype of SR1 (in a wtGroEL-
depleted background) it seems likely that the
interaction between GroES and SR-A92T is sulffi-
ciently weakened to allow GroES, and hence
polypeptide substrate, to dissociate more rapidly,
thereby maintaining an encapsulation-ejection
cycle. To determine the affinity of GroES for SR-

% 2 o + GroES E
ERLYS :
° - —
& r ]
% 10 .
[\ - .
& L J
< gl ]
C -GroES ]
0 v el Tt

0 50 100 150

Time (sec)
(b)

008 T T T T T T T T T T T

0.06

ATPase rate (s per subunit)
o
o
B

0 05 1 15 2 25
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Fig. 1. (a) SR-A92T is a single ring with a GroES-
dependent ATPase activity. SR-A92T (2 pM) subunits
were mixed with 2 mM ATP in the absence or presence of
2 uM GroES and the rate of product evolution was
recorded. The presence of GroES accelerates the very
weak ATPase activity of SR-A92T by 37-fold from
1.87x107% £5x10"* s~ ' per subunit to 0.069 +0.007 s '
per subunit. (b) SR-A92T has reduced affinity for GroES.
SR-A92T (0.2 uM) subunits were used in a steady-state
ATPase assay in the presence of increasing concentrations
of GroES that results in an enhancement of ATPase
activity. The resulting data were fitted to a tight-ligand
binding equation with K4 of 0.42 +0.02 pM and the
concentration of GroES binding sites (on SR-A92T) equal
to 0.197 £0.01 pM (i.e., a 1:1 stoichiometry).

A92T in the steady state, the GroES dependence of
the steady-state rate of ATPase activity was deter-
mined (Fig. 1b). The resulting curve was fitted to a
tight-ligand binding equation and yielded a binding
stoichiometry of 1:1 and a K4 of 0.42 +0.02 uM,
which is weaker than that seen for the binding of
GroES to SR1 in steady state (Kg=6-14 nM)* or
wtGroEL in the presence of either ATP analogues
(Kg=12.5 nM)*® or ADP (K4=0.3-3 nM).**!

A92T increases the ATP hydrolytic activity of
the double-ring wild-type GroEL

The A92T mutation was constructed in wild-type
GroEL to assess its effects on the double-ring
chaperonin. Expression of A92T-GroEL was able to
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maintain cell viability in a GroEL-depleted back-
ground in vivo, demonstrating that it is still active as
a chaperone. Measurements of the ATP hydrolytic
rate showed that it was more active than wtGroEL in
the absence of GroES (0.18 s~ ' per active subunit
compared to 0.12 s~ for the wild-type chaperonin),
and, while the addition of GroES inhibited this rate,
its effect was not as great as that seen with wtGroEL
(0.146 s * per active subunit, a 19% inhibition,
compared to 0.041 s ' for the wild-type, a 66%
inhibition). Since the major energetic barrier to ATP
hydrolysis in the double-ring chaperonin was iden-
tified to be an allosteric coupling between the two
heptameric rings,”” the increased rate of ATP hydro-
lyis in A92T-GroEL may be due to a partial uncoup-
ling of this ring—ring allosteric communication.

The A92T mutation traps an allosteric
intermediate

Since we can probe the allosteric transitions
elicited by ATP binding using a single tryptophan
probe, we used this approach to evaluate the effects
of the A92T mutation on these rearrangements. In
previous work,*** single tryptophan versions
(Y485W) of both double-ring GroEL and SR1 have
been used to monitor the kinetics of these structural
transitions by intrinsic fluorescence. Similar studies
have used a different single tryptophan mutant,
F44W, with similar observations.4”.53 The mutation
Y485W (hereinafter called W485) was introduced
into SR-A92T and the resulting double mutant was
checked for its ability to support cell viability in a
GroEL-depleted background and for its ATP bind-
ing and hydrolysis characteristics. In all of these, SR-
A92T/W485 behaved exactly as did SR-A92T (data
not shown). Upon rapidly mixing SR-A92T/W485
with ATP in the stopped flow, it was immediately
apparent that SR-A92T/W485 does not proceed
through the full complement of kinetic phases
normally observed with SR1/W485 (or GroEL/
W485). At a low concentration of ATP (75 pM),
SR-A92T /W485 fluorescence rapidly increases upon
mixing with the nucleotide (Fig. 2a) in a manner
reminiscent of the initial kinetic phase seen with
SR1/W485 (Fig. 2b) (and also GroEL/W485), albeit
at a slower rate. However, two subsequent fluores-
cent-quenching phases are normally observed with
SR1/W485 or GroEL/W485 followed by a slow
fluorescence enhancement. This initial kinetic phase
of fluorescence enhancement has not previously
been quantitatively analysed in either SR1 or GroEL
because it is usually too fast to accurately resolve at
concentrations above ~100 uM and it is complicated
by the subsequent quench. However, in the double-
ring GroEL this phase has been assigned to either
the first ATP-induced conformational change in one
of the heptameric rings (T:ATP,—R;:ATP,)*'* or
the bimolecular association between ATP and
GroEL.>® Interestingly, when SR-A92T/W485 is
mixed with ATP concentrations above 1 mM, a
second, low-amplitude kinetic phase can be re-
solved in which the intrinsic fluorescence is
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Fig. 2. The A92T mutation traps an allosteric interme-
diate. (a) SR-A92T/W485 heptamer (1 uM) was rapidly
mixed with 75 uM ATP in a stopped-flow spectrofluorim-
eter and intrinsic fluorescence was monitored. The
increase in fluorescence (T to R;) fitted to a single
exponential with rate constant=46+0.2 s '. No more
kinetic phases could be observed at longer time scales. (b)
SR1/W485 heptamer (1 uM) was rapidly mixed with
75 pM ATP and intrinsic tryptophan fluorescence was
monitored. The increase in fluorescence is much more
rapid than that observed with SR-A92T/W485 above. It
also shows the presence of two fluorescence-quenching
phases (R; to R, and R, to Rj transitions) and the final
slower fluorescence increase (R3 to Ry transition) (inset).
(c) SR-A92T/W485 heptamer (1 pM) was rapidly mixed
with 2 mM ATP in a stopped-flow spectrofluorimeter and
intrinsic fluorescence was monitored. At this ATP
concentration a small-amplitude quenching phase can
now be observed.
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Fig. 3. The initial kinetic phase is not bimolecular. The
observed rate constant for the initial fluorescence en-
hancement observed when 1 pM SR1/W485 heptamer
was mixed with increasing concentrations of ATP shows a
sigmoidal dependence, indicating that this phase is not
reporting the initial bimolecular collision between ATP
and SR1/W485 but a subsequent positively cooperative
transition. The data were fitted to the Hill equation with
maximal kgy,s=1178 +88 s, K1,2=139+0.14 mM, and
Hill constant=1.61+0.08, although the maximal ks is not
well-defined by these data, since it becomes too fast to
measure accurately.

quenched (see Fig. 2c at 2.5 mM ATP). This is similar
to the first quenching phase observed with SR1. It
therefore appears that SR-A92T does not proceed
through its full complement of ATP-induced allo-
steric transitions but is stalled at a stage in which the
first allosteric intermediate Ry predominates with a
minor population of R,. No further progressions
through to the intermediates R3 or R4 were evident.

The initial kinetic phase is not bimolecular

The equilibrium binding of ATP is positively
Cooperative.43 However, kinetically this means that
there must be a relatively weak binding of ATP to
the T state governed by a bimolecular collision rate,
which precedes the four kinetically distinct confor-
mation rearrangements described previously for
GroEL*®® and for the single-ring SR1,**° which
tighten the affinity for ATP. The initial bimolecular
collision step will have a linear dependence on ATP
concentration and so can be distinguished from the
subsequent conformational rearrangement steps in
that they must have either a hyperbolic (as in a two-
step ligand-binding mechanism of collision fol-
lowed by conformational change) or a sigmoid
(when a more complex allosteric mechanism follows
the initial bimolecular collision binding step) de-
pendence on ATP concentration. To investigate
whether the first observed kinetic phase (fluores-
cence increase) is due to a cooperative conforma-
tional change (T:ATI’7—>R1:ATP7)2]’44 or to the
bimolecular collision between ATP and the
chaperonin,” we examined the dependence of the
observed rate constant on ATP concentration (Fig.

3). These data reveal a sigmoidal dependence of ks
on ATP concentration. Although ks is too fast to be
accurately determined at high concentrations of
ATP, the data can be fitted to the Hill equation with
a maximal ko,s=1178 + 88”7, K1/2=1.39 £0.14 mM,
and Hill constant=1.61 +£0.08. This fit is not fully
accurate owing to the uncertainty in end point, but
the observed cooperative behaviour shows that the
initial, rapid enhancement is not due to the direct
bimolecular collision of ATP and chaperonin, but
reports a positively cooperative transition.

GroES binding relieves the kinetic block caused
by the A92T mutation in SR1

The apparent lack of SR-A92T ATPase activity is
overcome by the addition of GroES (Fig. 1a). Since
the inhibition of the ATPase activity of SR-A92T
appears to be due to the kinetic trapping of the
pathway of ATP-induced structural rearrangements
at the R; intermediate, we repeated the stopped-
flow fluorescence experiments described above in
the presence of GroES. Figure 4 shows the changes
in the intrinsic fluorescence of SR-A92T upon
rapidly mixing with ATP and GroES. The same
experiment with SR1*° shows three kinetic phases: a
rapid increase in fluorescence followed by a
fluorescence quench before a much slower final
increase. Intriguingly, for the SR-A92T oligomer in
the presence of GroES, we see the restoration of
these optical phases. Since the pattern of fluores-
cence changes between the two proteins are the
same and their rates are similar, this shows that (a)
the presence of GroES ensures that SR-A92T
proceeds through the full complement of ATP-
induced conformational changes as seen with SR1,
and (b) the presence of the A92T mutation has not
qualitatively changed this kinetic pathway, but has
affected the balance of the R;-to-R, transition.
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Fig. 4. GroES binding relieves the kinetic block caused
by the A92T mutation in SR1. SR-A92T/W485 heptamer
(1 pM) was rapidly mixed with 1 mM ATP and 2 pM
GroES heptamer, and the intrinsic fluorescence change of
SR-A92T/W485 was monitored. Three kinetic phases
could be observed: a rapid increase in fluorescence and a
slower quench phase before a much slower increase in
fluorescence.
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Fig. 5. ATP-dependence of the observed kinetic rate
constants in the presence of GroES. The experiment
shown in Fig. 4 was repeated in the presence of
increasing concentrations of ATP and the observed rate
constants for each kinetic phase were determined. (a) The
ATP-dependence kgps of the initial fluorescence enhance-
ment phase. This was fitted to the Hill equation with
parameters kps=8185+ 9816 s K1,2=5.03+£3.73 mM,
y-intercept=40.42 s~!, and Hill constant=2.04+0.28,
although the maximum value of kg is too large to be
determined accurately. (b) The ATP-dependence of kg
for the fluorescence quench phase. This was fitted to the
Hill equation with parameters kg,s=8.6+0.46 s, K /2=
0.4+ 0.03 mM, and Hill constant=2.88+0.78. (c) The ATP-
dependence of the final slow fluorescence enhancement
phase shows that ks does not vary significantly with ATP
concentration.

To investigate this further, the ATP concentration
dependence of the observed rate constants of each
phase was examined. The fast fluorescence increase
(Fig. 5a) showed a similar ATP concentration
dependence as the same phase in the absence of
GroES (Fig. 3a). Although this phase becomes too
fast at higher ATP concentrations to accurately
determine ks, we have attempted to fit these data
to the Hill equation with maximal k,s=8185 +
9816 s ', Ki,,=5.03+3.73 mM, y-intercept=
40.42 s~ !, and Hill constant=2.04 +0.28. These data
are insufficient to accurately define the complete
behaviour of this kinetic phase, but it is clear that this
phase is too fast for stopped-flow measurements at
high ATP concentrations, and the behaviour at low
ATP concentrations suggests it is sigmoidal. This
sigmoidal character again shows that this step is not
the simple bimolecular binding of ATP but repre-
sents a subsequent conformational rearrangement.

The ATP dependence of the observed rate
constant of the fluorescence quench phase that
follows the initial, rapid fluorescence increase is
shown in Fig. 5b. For SR-A92T, this phase fitted well
to a single exponential at all concentrations of ATP
rather than the double exponential seen for SRI.
This is explained by the fact that in SR1 the R;-R,—R3
series of transitions all have substantial amplitudes
and GroES is not required to drag the R;-R,
transition. For the SR-A92T species, the R;-R;
transition lies heavily toward Ry so there is only
one discernable quench phase when GroES binds to
the R, and Rj3 forms and pulls the system through
the sequence of rearrangements. The ATP depen-
dence of k. for this phase was sigmoid in character
and was optimally fitted to the Hill equation with
parameters maximal kops=8.6 £0.46 s~ LK, ,2=04 +
0.03 mM, and Hill constant=2.88 +0.78.

The final kinetic phase is a slower increase in
fluorescence than has been observed previously
with both wild-type GroEL (in the presence and
absence of GroES) and SR1. As was the case with
those proteins, kops is essentially independent of
ATP concentration (Fig. 5c).

Discussion

GroEL and GroES constitute a molecular chaper-
one system within the cytosol of eubacteria that is
essential for viability at all temperatures. Depletion
of endogenous GroEL results in cell death that
cannot be rescued by expression of the single-ring
variant SR1, presumably because the SR1-GroES
interaction is too tight in the absence of the allosteric
signal from the trans ring.'””” However, random
mutagenesis of SR1 identified a number of point
mutations of SR1 that can rescue a GroEL-depleted
strain of E. coli, including SR-A92T.** These mutants
can completely replace wtGroEL in these cells. In an
attempt to establish why SR-A92T no longer needs
to function as a double-ring structure, we have
examined the ATPase, GroES binding, and allosteric
properties of this mutant single ring.
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Unexpectedly, SR-A92T alone had almost no ATP
hydrolytic activity when compared to SR1 (Fig. 1a),
unlike the previous SR1 mutants that we studied.*2
However, in contrast to SR1, where GroES almost
totally inhibits the steady-state ATPase, the co-
chaperonin activated the ATP hydrolysis in SR-
A92T to give a steady-state rate similar to that of
wtGroEL in the presence of GroES. An essential part
of the wtGroEL mechanism is the forcible ejection of
GroES from the cis ring of GroEL once every half-
cycle. This in turn allows substrate polypeptide to be
released after it has had a chance to refold in the
encapsulated environment of the cis cavity. The cis
cavity in the wild-type chaperone decays with a t; /»
of 16 s, a time that has evolved to be optimal for the
efficient refolding of GroEL substrates.””” If the
lifetime of the cavity is too long, then GroEL will
effectively retard the formation of active protein
complexes. If the lifetime of the cavity is too short,
then the proportion of the time that substrate
proteins spend outside the cavity is greater and
aggregation is more likely. The probable evolution-
ary pressure for the inter-ring, negative cooperativ-
ity is that in all circumstances, such a seesaw
mechanism maintains an equal balance of rings in
an acceptor state and an encapsulating state. The
ATPase cycle of a single ring cannot proceed beyond
a single turnover unless GroES has dissociated so we
can deduce that the enclosed central cavity of SR-
A92T decays with a half-time within the range that
allows this mutant chaperonin to function suffi-
ciently well in vivo under the conditions examined
thus far.

Since the lifetime of the enclosed cavity under-
neath GroES is critical to the functioning of the
chaperonin, we examined the affinity of GroES for
SR-A92T by monitoring the increase in ATPase
activity of SR-A92T as a function of GroES concen-
tration (Fig. 1b). The affinity of SR-A92T for GroES
in the steady state was 420 nM, which is almost 2
orders of magnitude weaker (~2-2.5 kcal/ rnol) than
that determined for SR1 (Kq=6-14 nM)
wtGroEL—(ADP); (Kq=0.3-3 nM).**°! This is con-
sistent with earlier studies on single-ring GroEL
homologues and suggests that the dissociation rate
of GroES is now sufficiently rapid to allow substrate
polypeptides to cycle on and off the chaperonin in a
manner that resembles that of the wild-type protein.

The reduction in affinity of SR-A92T for GroES
could be explained as being either due to the
mutation directly affecting the site of interaction
between the single ring and GroES (extremely
unlikely, since A92 is 3540 A from the GroES
binding site) or due to the fact that mutating A92 has
disturbed the communication of allostery through-
out the structure, that is, by altering the relative
stability of different conformational states. We
investigated this latter possibility by making use of
the well-established method of using changes in
intrinsic fluorescence intensity of a single trypto-
phan at position 485 that has been engineered into
the chaperonin. We have used this previously to
determine the kinetic pathway of allosteric commu-

nication in GroEL2144 and SR1,* while a different
single tryptophan mutant (F44W) has also been used
with similar results.*”

Upon ATP bmdlng, wild-type GroEL and SR1
proceed through a complex series of shape changes
T-R1-Rp-R3-R4. We have previously interpreted these
as ring opening (R;), formation of the GroES
receptor state (Ry), followed by the state that ejects
protein substrate into the cavity gRg ). The formation
of R, allows ATP hydrolysis.” In our current
experiments, we find that SR-A92T proceeds
through the T-R; rearrangement with only a trace
of R, being formed. It would appear then that the
mutation partially uncouples the allosteric effects of
ATP binding by stabilizing R; with respect to the
following conformational states and blocking the
pathway.

We have identified previously that the first GroES-
binding state of GroEL is R, and that subsequent
structural rearrangements further tighten this
association.”! Hence, in the case of the SR-A92T
species, this uncoupling can be overcome by the
addition of GroES that binds to and therefore
stabilizes the ensuing states (R, to Ry), thereby
pulling the system through and restoring the
ATPase activity. Having proceeded through the
full complement of ATP-induced structural rearran-
gements, this ensures that the M-helix of the
intermediate domain moves down toward the ATP
binding site, bringing the important catalytic resi-
due Asp398 into position for ATP hydrolysis to
occur.>1 Once ATP hydrolysis has occurred, the
subsequent SR-A92T—-(ADP),—GroES complex has a
weakened interaction between the SR-A92T and
GroES, compared to that of either GroEL-(ADP),—
GroES or SR1-(ADP),~GroES, and so the dissocia-
tion rate of GroES is sufficiently rapid to allow the
release of substrate polypeptide from the central
cavity at a rate that is optimal for normal cellular
protein folding.”

The structural consequences of mutating Ala92 are
not immediately apparent from inspection of the
GroEL structure. While it is positioned close to the
ATP binding site, occurring immediately after the
phosphate-binding loop (threonines 89, 90, and 91)
and at the N-terminal end of helix D that runs to the
ring-ring interface (Fig. 6), alanine is typically a
fairly benign amino acid being generally accepted
into most positions in protein structure without
causing significant perturbations. However, it is
clear from image-reconstruction studies that helix D
shifts between the GroEL-ATP and the GroEL-ATP-
GroES conformations.”” It can therefore be argued
that replacing Ala92 with threonine (or other amino
acids that were almost equally effective in reactivat-
ing SR1) may alter the relative energetic balance
between these innate conformations of GroEL,
favouring the former and inhibiting the transition
to the state that binds GroES. In specific structural
terms, disruption of the interactions between Ala92
at the top of helix D and Val77 and Ala78 at the end of
helix C could potentially affect all of the helix C/D
contact surface. Since the C-terminal end of helix D
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Fig. 6. The location of A92T in relation to a GroEL subunit and the ring—ring interface in wild-type GroEL. Left: One
subunit of a GroEL heptameric ring is shown packed against two subunits from the opposite ring. The D-helix that runs
from the ATP binding site to the ring-ring interface is shown in bold. Top panel, right: a zoom in on the subunit position
of A92 showing its environment at the top of the D-helix next to the three threonine residues (89, 90, and 91) that form the
phosphate-binding loop. Bottom panel, right: the contact region between D-helices of subunits in opposite rings. These
figure were made using PyMol (DeLano Scientific) using Protein Data Bank coordinate set 15X3.

makes contact with the same site on a subunit from
the opposite ring in the wild-type GroEL molecule,
and it is known that steric effects between the two
heptameric rings are responsible for inter-ring
allosteric communication, this subtle A92T mutation
appears well placed to disrupt conformational
coupling all the way from the GroES binding surface
on the apical subunits through the nucleotide
binding site and down to the equatorial interface
between the rings. In addition, there is a peptide
hydrogen bond between Ala92 and Gly88 at the
opposite end of the phosphate-binding loop. This
interaction (and others local to this) may result from
the correct alignment of helices D and E. Substitution
of Ala92 for Thr, and the resultant local structural
movements to accommodate the threonine side
chain, may disrupt the packing of helices D and E.
In the wild-type protein, the tight packing of these
helices, along with surrounding helices in the
equatorial domain, may contribute to the equatorial
domain acting as an effective stator as the apical
domains move upward and rotate to bind GroES
tightly. The energy for this is provided by the

presence of ATP and the binding of GroES, as
reported previously.”® After ATP has hydrolysed to
ADP, similar movements in the trans ring of the
wild-type GroEL are responsible for transmission of
the allosteric signal across the ring-ring interface to
induce collapse of the apical domains and release of
GroES and substrate polypeptide in the cis ring.
Since this signal is absent in SR1, it is deficient in
GroES release and cannot proceed through multiple
cycles. However, if the A92T mutation in the single
ring reported here results in an increased plasticity
both in the equatorial domain and between helices D
and E, then this will have the effect of reducing the
free energy of the apical domain’s opening and
twisting in the presence of ATP. This in turn would
lead to almost total absence of ATP hydrolysis, as
observed for SR-A92T, as the allosterically induced
structural rearrangements are required to bring the
catalytic residue Asp398 into the active site. The tiny
amount of ATP hydrolysis observed probably
reflects the small amount of the R, kinetic interme-
diate reached when ATP is bound, assuming that
this is the point in the pathway where the rotation
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downward of the M helix (and Asp398) occurs. Upon
addition of GroES, the co-chaperonin binds to the R,
conformation®' but results in the completion of the
normal conformational change due to thermody-
namic coupling with the GroES interaction. Howev-
er, the net overall affinity of SR-A92T for GroES is
approximately 2 orders of magnitude weaker when
compared to the affinity for wild-type GroEL or SR1.
The relative weakness of this interaction, caused by
the increased plasticity in the region of the mutation,
may allow the rapid collapsing of the apical domains
to their apo conformation upon hydrolysis of ATP.
This in turn permits GroES release (since ADP
binding does not support the same structural move-
ments as does ATP binding) and thus allows the
mutant single ring to proceed through multiple
cycles of binding and release in a manner similar to
that of wild-type GroEL, although with reduced
efficiency.

The finding that a single point mutation in SR1 can
affect the ATP-induced allosteric pathway so dra-
matically is remarkable. In addition, the fact that
ATP alone is now no longer sufficient to drive the
full complement of structural changes but termi-
nates at an intermediate stage of the kinetic allosteric
pathway opens up the possibility of gaining direct
structural information about such an intermediate
using cryoelectron microscopy. Similar investiga-
tion of other mutations identified using the in vivo
screen will determine whether these mutations
effectively map out a part of the structural pathway
involved in the transmission of allostery.

Materials and Methods

Bacterial strains and plasmids

The strain E. coli MGM100 is a derivative of MG1655
with the chromosomal groE promoter replaced by the
pPBAD promoter from the arabinose operon, which is
strongly repressed on glucose.”® The strain A190/pBAD50
has the groEL gene replaced by a kanR cassette, with
complementing ¢roEL being provided from the plasmid
pBADS50 under the control of the pBAD promoter.*® The
plasmid ptrcSR1 (AmpR) (a generous gift of A. Horwich
and K. Furtak) is a derivative of the expression plasmid
ptrc99A and contains the groES gene and the gene for the
single-ring chaperonin SR1 under the control of the ptrc
promoter.” This plasmid was used as the template for
mutagenesis, and all complementation experiments and
protein expression for purification were done using this
plasmid or its mutated derivatives.

Growth conditions

All growth was on Luria broth or agar containing the
appropriate antibiotics.

DNA manipulations

All site-directed mutagenesis was done using the
Stratagene QuikChange® Site-Directed Mutagenesis Kit.

Random mutagenesis was done using either hydroxyl-
amine as described** or error-prone PCR. All mutations
(both random and site directed) were checked by
resequencing the entire groE operon, using the Applied
Biosystems BigDye" terminator method.

Protein purification

MGM100 or AI90 strains containing the plasmids
expressing the Trp-GroEL, Trp-SR1, and Trp-A92TSR1
proteins were grown overnight in the presence of
antibiotics and 0.2% L-arabinose and diluted into 1 liter
of LB containing 0.2% glucose or 0.2% arabinose (in the
case of ptrcSR1). Cultures were grown until Aggp of 0.6 and
induced by 0.1% IPTG for 5 h. Cells were harvested by
centrifugation (8000g, 20 min), and the pellet was stored at
—-80 °C. The pellet was resuspended in the lysis buffer
[2ml per gram of cell pellet, 20 mM Tris—-HCI (pH 7.5),
10 mM MgCl,, 10 mM KCl, 0.1 mM ethylenediaminete-
traacetic acid (EDTA), 500 pg/ml lysozyme, 50 pg/ml
protease inhibitor cocktail (Sigma), 1 mM DDT, 20 pg/ml
DNase, and 20 ug/ml RNase]. The suspension was stirred
vigorously at 4 °C for 30 min, then at 37 °C for 30 min.
Cells were lysed by sonication for a total time of 12 min
with a 3-min pulse and 3 min on ice in each cycle (Cell
Disruptor 200, Branson Ultrasonic Corp.). Cell debris was
removed by centrifugation (30,000g, 30 min, 4 °C, repeated
once). Then, glycerol was added to the supernatant to a
final concentration of 20% and was included in all buffers
throughout the purification to prevent the aggregation of
the Trp mutant proteins. The supernatant was filtered
with a 0.2-um filter just before application to a DEAE Fast
Flow column at 4 °C. The column was washed with 2
column volumes (CV) of buffer B [20 mM Tris—=HCl
(pH 7.5), 20% glycerol, 0.1 mM EDTA, and 0.05% sodium
azide]. Proteins were eluted in a step gradient where 100%
was buffer B containing 1 M NaCl: 0-20% 0.5 CV; on 20%
1.5 CV, 20-40% 2 CV (GroEL elutes here), 40-100% 0.5 CV.
The column was regenerated on 100% 1 CV and
equilibrated on 0% 2 CV. The fractions were analysed on
10% SDS-polyacrylamide gels, and fractions containing
the target protein were mixed, concentrated by Vivaspin
20 (30,000 -kDa cutoff) concentrators (Vivascience), and
dialysed against buffer C [50 mM Mes-NaOH (pH 6.0),
20% glycerol, 0.1 mM EDTA, and 0.05% sodium azide].
The protein was then applied to a Q Sepharose column.
The column was washed with 2 CV of buffer C. Proteins
were eluted in a step gradient where 100% was buffer C
containing 1 M NaCl: 0-29% 1 CV, on 29% 1.5 CV, 29-50%
3 CV (GroEL elutes here), 50-100% 1 CV. The column was
regenerated on 100% 1 CV, and equilibrated on 0% 2 CV.
The fractions were analysed on 10% SDS—polyacrylamide
gels, and fractions containing the target protein were
mixed and concentrated by Vivaspin 20 (30,000 -kDa
cutoff) concentrators (Vivascience).

The sample was then applied to a gel-filtration column
(Sephacryl S-300) equilibrated and eluted with buffer B.
Fractions were analysed and concentrated as before.
Protein concentration was set to 2 mg/ml before removal
of bound substrates with Affi-Gel Blue Gel (Bio-Rad). The
protein was mixed with equal volumes of Affi-Gel Blue gel
equilibrated in buffer B and incubated for 2 h at 4 °C with
gentle shaking. This mixture was then centrifuged and the
supernatant was filtered through a 0.2-um filter to remove
any remaining gel. For storage, 10 mM MgCl, and 10 mM
KCl were added to the protein, which was stored at 4 °C.

To purify GroES, MGM100 cells containing the plasmid
ptrcSR1 were grown, induced, harvested, and lysed as
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described above. The supernatant was incubated (without
adding any glycerol) at 80 °C for 30 min and centrifuged
(30,000¢ for 30 min, twice) to remove the insoluble
fraction. Glycerol was added to the buffers in the
subsequent steps to improve protein stability. The
supernatant was filtered and applied to a DEAE Fast
Flow column. The column was washed with 1 CV buffer
B, and GroES was eluted by application of a step gradient:
0-20% 0.5 CV, on 20% 1.5 CV (GroES elutes here and in the
previous step), 20-40% 1 CV, 40-100% 0.5 CV. The column
was regenerated on 100% 1 CV and equilibrated on 0% 2
CV. Fractions were collected, analysed by 10% SDS-
PAGE, unified, and concentrated, and the buffer was
changed for buffer C as in the case of GroEL, and SR1
purification. The protein was then applied to a Q
Sepharose column. The column was washed with 2 CV
buffer C and then eluted in a step gradient: 0-29% 1 CV,
on 29% 1.5 CV (GroES elutes here and in the previous
step), 29-50% 1 CV, 50-100% 1 CV. The column was
regenerated on 100% 1 CV and equilibrated on 0% 2 CV.
The fractions were analysed on SDS—polyacrylamide gels,
and fractions containing the target protein were mixed,
concentrated by Vivaspin 20 (30,000 -kDa cutoff) concen-
trators (Vivascience), and dialysed against buffer B. For
storage, 10 mM MgCl, and 10 mM KCl were added to the
protein, which was stored at 4 °C.

Chromatography was carried out on the Bio-Rad
BioLogicLP system (DEAE, Q-Sepharose columns) and
on the Amersham AKTA Explorer (gel filtration).

Steady-state ATPase assay

ATP hydrolysis was measured using the EnzCheck®
Phosphate Assay Kit supplied by Molecular Probes, Inc.

Stopped-flow fluorescence measurements

All stopped-flow experiments were performed in buffer
D [20 mM Tris-HCI (pH 7.5), 8% glycerol, 20 mM MgCl,,
50 mM KCI, and 0.05% sodium azide] with an Applied
Photophysics SX17MV stopped-flow spectrofluorometer.
Tryptophan-containing mutants were excited by mono-
chromated light at 295 nm and the resulting fluorescence
was selected with a WG320 filter that cuts off all light
below 320 nm. All reactions were performed at 25 °C and
at least four to five transients were averaged for any data
points.

Analytical methods

All stopped-flow initial data fittings were carried out
with the stopped-flow software and refined with Grafit 3.0
(Erithacus software, 1994). All other data fittings were
performed with Grafit 3.0. The data in Fig. 1b was fitted
with the tight-ligand binding equation:'®

(ISR] + [ES] + Ka) —/ (ISR] + [ES] + Kq)* + 4ISRI[ES]
2[SR]

v =

X (vmux - Umin) + Upiin

where v is the ATPase rate, v,ax is the SR-A92T ATPase
rate when saturated with GroES, v, is the ATPase rate of
SR-A92T in the absence of GroES, SR and ES represent SR-

A92T and GroES, respectively, and Ky is the dissociation
equilibrium constant for the interaction between SR-A92T
and GroES.

Analytical ultracentrifugation

All sedimentation velocity experiments were performed
in the XL-I ultracentrifuge using interference optics
(Beckman Scientific Inc, Palo Alto, CA). Double-sector
cells of 12 -mm optical path length were used with 390 ul
of sample in each sector. Samples contained 0 or 2.16 pM
purified SR-A92T, 0 or 6.48 uM GroES, 0 or 2 mM ATP,
and a linked-enzyme ATP-regenerating system (PK/LDH)
in buffer D. Cells were filled with buffer D containing ATP
and phosphoenolpyruvate when it was necessary.
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