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Folding of substrate proteins inside the sequestered and hydro-
philic GroEL-GroES cis cavity favors production of the native state.
Recent studies of GroEL molecules containing volume-occupying
multiplications of the flexible C-terminal tail segments have been
interpreted to indicate that close confinement of substrate pro-
teins in the cavity optimizes the rate of folding: the rate of folding
of a larger protein, Rubisco (51 kDa), was compromised by multi-
plication, whereas that of a smaller protein, rhodanese (33 kDa),
was increased by tail duplication. Here, we report that this latter
effect does not extend to the subunit of malate dehydrogenase
(MDH), also 33 kDa. In addition, single-ring versions of tail-
duplicated and triplicated molecules, comprising stable cis com-
plexes, did not produce any acceleration of folding of rhodanese or
MDH, nor did they show significant retardation of the folding of
Rubisco. Tail quadruplication produced major reduction in recovery
of native protein with both systems, the result of strongly reduced
binding of all three substrates. When steady-state ATPase of the
tail-multiplied double-ring GroELs was examined, it scaled directly
with the number of tail segments, with more than double the
normal ATPase rate upon tail triplication. As previously observed,
disturbance of ATPase activity of the cycling double-ring system,
and thus of ‘‘dwell time’’ for the folding protein in the cis cavity,
produces effects on folding rates. We conclude that, within the
limits of the �10% decrease of cavity volume produced by tail
triplication, there does not appear to be an effect of ‘‘close
confinement’’ on folding in the cis cavity.

chaperonin � protein folding � single ring

The bacterial chaperonin GroEL is an essential double-ring
assembly that assists folding of a large variety of newly

translated proteins to native form, which it accomplishes through
two major actions (1–4). One action involves binding of nonna-
tive protein via exposed hydrophobic surfaces, preventing ag-
gregation and potentially unfolding nonnative protein. As indi-
cated by aggregation of a large collective of proteins in a severe
conditional GroEL mutant strain, many newly translated pro-
teins, including large ones, may be at least transiently bound by
GroEL (ref. 5; see also refs. 6 and 7). For substrates that are
more tightly bound, however, presumably via a greater amount
of exposed hydrophobic surface (8), a subsequent step of
ATP/GroES binding to the substrate-bound ring ejects the
substrate off the cavity wall into a now GroES-encapsulated and
hydrophilic so-called cis cavity, where folding commences (9–
12). The reaction proceeds for �10 seconds before ATP hydro-
lysis in the cis ring followed by trans ring ATP binding ejects the
cis ligands, including substrate polypeptide whether folded or not
(11, 13, 14). For many such GroEL-GroES-dependent sub-
strates, only a small fraction of GroEL-bound molecules reach
the native state in any given round of this cycle, and further
rounds of binding followed by attempted folding are required.

The nature of the folding reaction in the cis cavity is of
considerable interest, particularly considering that for ‘‘strin-
gent’’, GroEL-GroES-dependent, substrates, unable to properly

fold spontaneously in solution (15), the cis cavity is essential for
reaching the native state (16). At least a dozen such bacterial
proteins, many of them providing essential function, have been
identified (17, 18). It seems clear that a major favorable feature
of the cis cavity is sequestration, with solitary confinement of
substrate in this space preventing multimolecular aggregation
from occurring. The hydrophilic character of the cavity walls may
also be supportive, potentially favoring burial of exposed hydro-
phobic surfaces and exposure of hydrophilic ones in the folding
protein, properties of the native state (12). The benefit of this
wall character has not, however, been formally demonstrated.
Indeed, several experiments carrying out substitutions of
charged, predominantly acidic, residues in the cis cavity wall to
neutral character have shown no general effect in vitro (19) nor
have such substitutions produced any effect on cell viability in
vivo [e.g., see supporting information (SI) Fig. 6]. But are there
other properties of the cis cavity that may generally facilitate
productive folding?

A recent study has suggested that ‘‘close confinement’’ of
nonnative substrate protein in the cis cavity is critical to pro-
ducing an optimum rate of folding to the native state in the
enclosed space (19). It was postulated that the volume of the cis
cavity (�160,000 Å3) would provide optimum confinement for
‘‘larger’’ substrate proteins of �40–50 kDa, e.g., Rubisco from
Rhodospirillum rubrum (51 kDa), and that any decrease of cavity
volume would lead to physical restriction of the folding protein
and thus to a decrease in rate of folding. Moreover, for such
proteins, an increase of volume would also be expected to reduce
the rate of cis folding due to reduced, nonoptimum confinement.
Conversely, it was hypothesized that relatively ‘‘small’’ proteins
of �30 kDa, such as the well studied substrate bovine rhodanese
(33 kDa), would experience an acceleration of folding if the
volume of the cavity was decreased, i.e., if these substrates were
more closely confined. With progressive decrease of the cavity
volume, an optimum confinement would, of course, be reached,
beyond which there would be physical restriction of space needed
for folding, and the rate of reaching native form would then be
reduced. Experimentally, the volume of the cavity was manip-
ulated by multiplying or removing the flexible C-terminal tails of
the GroEL subunits, which extend into the cavity from each
equatorial domain as a GGM � 4 repeat from residue Ala-535
to the terminal residue, Met-548. The C-terminal tails are not
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crystallographically ordered, but the collective within a ring (a
net molecular mass of �10 kDa) is visualized by EM studies as
a mass in the central cavity at the level of the equatorial domains
(20). Each increment of tail multiplication was predicted to
reduce the volume of the cis cavity by �4%. Data supporting the
foregoing models of folding rate behavior were presented,
comparing rates of reaching the native state for the well-studied
GroEL-GroES-dependent substrates, rhodanese and Rubisco,
as well as for two other proteins. Rates of folding of these
substrates were reported for cycling reactions, carried out with
various tail-multiplied versions of double-ring GroEL, GroES,
and ATP. Here, we test the conclusions drawn from that study,
using reactions carried out with tail-multiplied versions of SR1,
a single-ring version of GroEL that reports specifically on the cis
folding phase of the chaperonin reaction, where the proposed
effects on cis folding would be expected to be observed.

Results
Effects of Volume Reduction of the cis Cavity on Folding Rate, Using
Tail-Multiplied Versions of SR1. Cycling chaperonin reactions with
tail-multiplied double-ring GroELs were reported on in ref. 19.
In addition to cis folding, such reactions have ongoing phases of
substrate protein release and rebinding. The proposed effects of
close physical confinement by C-terminal tail multiplication,
however, would be exerted specifically during the cis folding
phase of the reaction cycle, during which the GroES ‘‘lid’’
structure encapsulates the folding substrate protein. If this phase
of the reaction is the specific site of action, then it would be
predicted that the effects observed with the double-ring system
should be reproduced by the single-ring (SR1) system. Here,
upon the addition of ATP and GroES, the reaction is confined
strictly to the cis phase of the reaction cycle, with polypeptide
folding proceeding to completion inside a stable, long-lived, cis
SR1-GroES folding chamber (9). This chamber, formed after the
addition of ATP and GroES to a substrate-SR1 binary complex,
is stable because of the absence of the opposite GroEL ring,
which normally provides the allosteric GroES ejection signal
upon ATP binding (11, 21). The kinetics of folding to native form
of stringent (GroEL-GroES-dependent) proteins such as rho-
danese, malate dehydrogenase (MDH), and Rubisco in the
stable SR1–GroES complexes have been observed to be virtually
identical to those in the cycling GroEL-GroES reaction (9, 11),
in the latter of which the ongoing nucleotide cycle drives regular
departure of GroES and substrate protein into the bulk solution
at �10 sec intervals (13). Thus, if cavity volume alterations
exerted by changes of GroEL tail length are specifically affecting
the rate of cis folding in the GroEL-GroES reaction, they would
be expected to likewise affect the rates of folding inside SR1–
GroES complexes. To test this hypothesis, we prepared versions
of SR1 containing the various multiples of GroEL C-terminal
tails that had been previously reported (designated here by T and
the total number of tails).

No Acceleration of cis Folding of Rhodanese or MDH Mediated by
Tail-Multiplied SR1 and GroES. Binary complexes were formed
between the various tail-multiplied SR1 molecules and three
different stringent substrates, rhodanese, MDH, and Rubisco,
and refolding was carried out by adding ATP and GroES.
Recovery of enzymatic activity was measured at various times
after initiating the reaction. For MDH and Rubisco, a brief cold
temperature exposure was required at each of these times, as in
previous kinetic studies with SR1 (11), to release GroES and
substrate from the SR-GroES complexes and allow assembly of
the folded subunits into the respective native homodimers. Figs.
1–3 show representative experiments for each of the three
substrates. Each experiment was conducted at least three times,
with rates and extents of recovery falling in all cases within 20%

of that of the experiment shown (SI Table 1). In all experiments,
the recovery data could be fit to a single exponential curve, from
which a rate constant was derived.

As observed from the recovery data and derived rate con-
stants for the three substrates, in no case was any significant
acceleration of the rate of folding observed for tail-multiplied
SR1 molecules when compared with the rate observed for SR1
itself (Figs. 1–3). In the case of rhodanese (Fig. 1), where a 50%
acceleration had been reported for double-ring GroEL contain-
ing a duplicated tail (ref. 19; also observed here; SI Table 1),
duplication and triplication of the tails of SR1 (SR-T2 and
SR-T3) led to a modest decrease in the rate of folding. Qua-
druplication of the tails (SR-T4) produced a rate identical to
SR1, although the extent of recovery was substantially reduced
(see below). Likewise, in the case of MDH, another small
stringent substrate whose subunit has the same mass as rho-
danese, 33 kDa, no significant acceleration of folding was
observed with duplication or triplication of the tails in SR1 (Fig.
2A); the rate constants for folding by SR-T2 and SR-T3 were all
within 20% of the SR1-mediated reaction, approximating the
range of experimental error. Deletion of the tails (T0) was
without effect on the rate of recovery. Finally, as with rhodanese,
the quadruplication of the tails in SR1 led to a strong reduction
in the extent of MDH recovery (see below).

Rate of MDH Refolding Is Also Not Accelerated by Tail-Multiplied
Double-Ring GroELs. Because there were no effects of duplication,
triplication, or deletion of the GroEL tails upon the rate of
recovery of MDH by single-ring molecules (Fig. 2 A), we tested
whether any effects could be observed with tail-modified double-
ring GroELs. As shown in Fig. 2B, here also no acceleration was
observed. For example, tail duplication (GroEL-T2), in contrast
with the 50% acceleration of recovery observed for rhodanese,
produced virtually the same rate of folding of MDH as wild-type.
By contrast, triplication (GroEL-T3) led to reduction of the rate
of recovery, and quadruplication led to essentially no recovery
(data not shown). Meanwhile, similar to the single-ring context,
deletion of the tails altogether was without effect on MDH
refolding. We conclude that, whatever the basis to the effects of
tail duplication in double-ring GroEL on modestly increasing the
rate of rhodanese recovery, it does not obtain for MDH. That is,
such acceleration in the double-ring context is not a general
effect.

Fig. 1. No acceleration of rhodanese refolding by tail-multiplied variants of
SR1. Guanidine-HCl-denatured rhodanese was diluted into buffer containing
the indicated chaperonin to form a binary complex. GroES and ATP were
added, and at the indicated times, the recovery of native protein was mea-
sured by assay of rhodanese enzymatic activity. The amount of native rho-
danese recovered is expressed as a percentage of the total input rhodanese.
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No Inhibition of cis Folding Rate of the Large Substrate Protein
Rubisco by Tail-Multiplication in SR1; No Evidence for ‘‘Tight’’ Volume
Restriction. The third stringent substrate examined was the large
protein Rubisco, whose subunit mass, 51 kDa, suggests that it
occupies a substantial volume of the cis cavity. The reported
studies with double-ring GroEL indicated that multiplication of
the GroEL tails led to a strong decrease in the rate of folding,
with simple duplication reducing the rate of folding to �20% of
wild-type (19). Here in SR1, in contrast, no such ‘‘critical’’
behavior of the tails was observed. When they were either
duplicated or triplicated, the rate constant for folding was
virtually identical, with a moderate reduction in extent of
recovery for the triplicated SR-T3 (to �70% that of SR1).
Quadruplication once again had a strong effect on the extent of
recovery, reducing it to �30% that of SR1, with a similar effect
observed on rate.

In the direction of increasing the cavity volume, deletion of the
tails of double-ring GroEL was reported to cause a moderate

reduction (50%) in the rate of Rubisco folding (19), and the
same was observed here for SR1. Whether this is a volume effect
or, instead, the result of a loss of an interacting ‘‘barrier’’ (i.e.,
the hydrophobic tails) cannot at present be resolved. In sum-
mary, however, duplication and triplication of the tails in SR1
was essentially without effect on Rubisco folding rate, whereas
deletion had a moderate effect. These results do not seem
consistent with the proposed critical volume requirement for cis
folding of large proteins, at least within the limits of contracting
the volume for folding by �8–10%, as is achieved with tail
triplication.

Finally, we attempted to reproduce the reported effects on
Rubisco refolding in the context of tail-multiplied double-ring
GroEL, but did not observe such behavior (SI Table 1). Dupli-
cation of the tails produced no change of rate constant, whereas
triplication produced a moderate reduction (by �40%). Once
again, as for all of the substrates, quadruplication (GroEL-T4)
drastically reduced extent of recovery (see next section).

Quadruplication of the Tails of Either GroEL or SR1 Leads to Strongly
Reduced Extent of Binding Nonnative Substrate Proteins. A reduced
extent of recovery was observed for all three of the foregoing
substrates, rhodanese, MDH, and Rubisco, when tested with
quadruplicated tail molecules in either the double-ring (GroEL-
T4) or single-ring (SR-T4) contexts (Figs. 1–3). This result could
be consistent with ‘‘stuffing’’ the central cavity to a degree that
a fraction of each of the substrate proteins was arrested in
folding. However, considering the significantly different sizes of
the various substrate proteins, it seemed unlikely that all three
proteins would be similarly affected in the cis folding phase of the
reaction. It seemed possible instead that the defect could lie at
the level of initial substrate binding to the open rings of T4
chaperonins, for example, if the T4 tails interacted with the
GroEL apical domains and competed for substrate binding.
Failure of such initial binding would lead to irreversible mis-
folding and aggregation of the unbound fraction of molecules,
and this result would be mirrored in the refolding reaction as
reduced extent of recovery. To evaluate this result, we directly
measured the association of the three substrates, Rubisco,
MDH, and rhodanese, with the entire series of GroEL and SR1
tail-multiplied constructs (Fig. 4 A–C). 35S-substrate diluted
from denaturant was allowed to bind to the various chaperonin
molecules, and the mixture was separated by gel filtration. We

Fig. 2. No acceleration of MDH refolding by tail-multiplied versions of either SR1 or GroEL. MDH denatured in guanidine-HCl was diluted into buffer containing
the indicated single-ring (A) or double-ring (B) chaperonin to form binary complex. GroES and ATP were added, and at the indicated times, the recovery of native
MDH was measured by assay of MDH enzyme activity. The yield of MDH activity recovered is expressed as a percentage of the initial MDH added to the reaction.

Fig. 3. Rate of Rubisco refolding is not affected by tail-duplication or
triplication in SR1. Guanidine-HCl-denatured Rubisco was diluted into buffer
containing the indicated chaperonin. GroES and ATP were added, and the
amount of native Rubisco recovered at the indicated times was determined by
enzymatic assay. The recoveries are expressed as a percentage of the total
input Rubisco.
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compared the amount of substrate protein bound by the tail-
multiplied mutants with that bound by SR1 or GroEL (EL),
respectively. Reproducibly, the T4 molecules exhibited strong
reduction of binding of all three substrates, achieving a level
5–30% of that of the other constructs. This result correlated with
an in vivo rescue experiment in which all of the tail-multiplied
(and tail-deleted) GroEL-encoding plasmids except GroEL-T4
could efficiently rescue growth of a GroEL-deficient Escherichia
coli strain (LG6; see ref 22). No colonies were produced by the
GroEL-T4 plasmid.

The concern could be raised that the reduced binding by T4
molecules in part reflects that the gel filtration resin itself might
compete for nonnative substrate protein that had initially been
bound by the chaperonin. To address this concern, a further set of
experiments was carried out with the SR1 series of molecules and
35S-rhodanese. After initial formation of the respective binary
complexes, they were incubated with ATP and an excess of GroES,
allowing the initially bound substrate to become encapsulated
inside the SR1-GroES cis folding chamber before application of the
mixture to the gel filtration column. Once encapsulated in this
location, the substrate would be protected from interaction with the
gel filtration resin, such that all of the input radioactive molecules
that became initially bound in solution would be recovered at the
elution position of SR1-GroES. The results obtained (Fig. 4D) were
essentially identical to those in the absence of encapsulation, with
SR1, SR-T2, and SR-T3 complexes all recovered with 90% or more
of the input rhodanese molecules, whereas the SR-T4 complex was
recovered with �30% that level, corresponding to the same fraction
bound without a prior encapsulation step (compare Fig. 4C with
Fig. 4D).

Tail Multiplication Incrementally Accelerates the ATPase Rate of GroEL
and GroEL-GroES. In earlier studies of a fusion protein joining the
B subunit of the sweet protein monellin (51 aa) at the C termini

of the GroEL subunits (total tail length, 68 aa), we had observed
not only a substrate binding defect resembling that described
above for T4 molecules (extended by 51 aa), but also an
acceleration of the rate of ATP turnover of the fused GroEL–
monellin complex (G.W.F., unpublished data). We thus inves-
tigated the steady-state rates of ATP turnover of the various
tail-multiplied GroELs. As shown in Fig. 5A, the rate of steady-
state ATP turnover was significantly affected by tail multiplica-
tion, approximately scaling with the multiplied length of the
C-terminal tails up to triplication. For example, the rate in-
creased by �50% for GroEL-T2 compared with GroEL and
increased by more than two-fold over GroEL for T3. Concor-
dantly, deletion of the tails reduced the rate of turnover by �50%
as compared with GroEL. The addition of GroES, as in refolding
reactions, reduced the rate of steady-state ATP turnover of
wild-type GroEL by �50%, as observed reproducibly by many
laboratories (e.g., ref. 23). Correspondingly, GroES addition
reduced steady-state ATP turnover for each tail-multiplied
complex by �25–50%. Overall, however, in the presence of
GroES, the steady-state turnover maintained the scaled behavior
with respect to tail length.

Discussion
Consequences of Accelerated ATP Turnover. What are the effects of
accelerating the rate of ATP turnover in the cycling tail-
multiplied GroEL–GroES reactions by as much as three-fold?
Earlier studies have shown that the rate-limiting step of the
wild-type GroEL–GroES reaction, in the presence of nonnative
substrate protein, is the step of ATP hydrolysis in a GroEL–
GroES–ATP–substrate complex (24). This defines the ‘‘dwell
time,’’ during which the substrate protein attempts to fold in the
cis chamber. With an increased rate of ATP turnover in the

Fig. 4. Tail quadruplication greatly reduces substrate binding to both SR1 and GroEL. (A) Rubisco binding. (B) MDH binding. (C) Rhodanese binding. (D)
Rhodanese binding and encapsulation. 35S-labeled Rubisco (A), MDH (B), or rhodanese (C and D) were denatured in guanidine-HCl and diluted into buffer
containing the indicated chaperonin. In A–C, binary complexes were purified by gel-filtration chromatography, and the amount of substrate protein recovered
was compared with that for GroEL (filled bars) or SR1 (open bars). In D, GroES and ATP were added before gel filtration to encapsulate bound 35S-rhodanese,
and gel-filtration was carried out in the presence of 1 mM ADP. Error bars in C represent the standard deviation for three experiments.
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tail-multiplied molecules, this dwell time must necessarily be
decreased. Such speeding up of the GroEL cis ‘‘timer’’ would
have significant effects on the lifetimes and population of various
nonnative intermediate forms, and this in turn could have
substantial effects on the rates of reaching the native state. The
effects of speeding up the timer are not entirely predictable. A
shortened dwell time could either disfavor formation of some
unproductive intermediates, potentially accelerating the rate of
folding, or disfavor formation of productive intermediates, slow-
ing the rate of productive folding. More generally, effects of the
multiplied tails on the rates of allosteric transitions and their
cooperativity could lead to changes in folding rates (25).

By contrast with such perturbing effects of altering the
ATPase in cycling GroEL–GroES reactions, tail multiplication
of SR1 does not perturb the noncycling SR1-GroES reaction. In
particular, tail-multiplied SR1 alone exhibited only modest
increases of steady-state ATP turnover with tail multiplication,
and adding GroES completely suppressed ATP turnover (Fig.
5B). This finding is consistent with the known single-turnover
behavior of SR1-GroES, where a single event of ATP/GroES
binding is followed within �10 sec by a single round of ATP
hydrolysis in the seven equatorial ATP sites of SR1, producing
a stable, long-lived, folding-active cis SR1-GroES-ADP7 cham-
ber (9, 26). The lack of effects of tail elongation on rates of
folding in the SR-GroES chamber makes clear that the volume
decreases produced by multiplying the C-terminal tails, involv-
ing, in the case of triplication, an �10% decrease of volume, are
generally insufficient to affect the folding process.

Further volume contraction of the cis cavity by tail multipli-
cation beyond T4 was not pursued because quadruplication
already largely blocked the step of polypeptide binding, presum-
ably by association of the T4 tails with the apical binding surface
of SR1 or GroEL, thus competing for binding of nonnative
substrate proteins. It seems possible that at least some compo-
nent of the increment of ATPase activity produced by tail
multiplication in the context of double-ring GroEL or in SR1
alone, particularly for T4, involves allosteric effects of such
putative interaction of the tails with the apical domains to
stimulate the equatorial ATPase. This would mimic the effects
seen with nonnative proteins such as casein (27) or RCMLA
(28), which stimulate the steady-state ATPase activity of GroEL.
As an alternative explanation for reduced binding, the quadru-
plicated tails may simply sterically block entry of nonnative
substrate into the cavity. Importantly, we note that the volume
of the open cavity of an unliganded GroEL ring is about half that
of the encapsulated cis cavity, and, correspondingly, the same

volume of quadruplicated tails that would occupy �12% of the
cis cavity would occupy �25% of this space. Whatever the
mechanism of blocked substrate binding, the point at which cis
folding of any of the stringent substrates, including the largest
substrate, Rubisco, becomes impaired by volume limitation of
the cis cavity remains presently unknown. Likewise, whether any
folding rate enhancement would be achieved before such volume
restriction is also not known.

Influence of Cavity Wall vs. ATPase on Folding by GroEL-GroES. A
precedent for improved folding by GroEL-GroES has been
reported, with a directed-evolution experiment in which GroEL-
GroES were genetically altered by a recombinational shuffling
procedure carried out to optimize the extent of GFP folding in
vivo (the rate could not be measured in this context) (29).
Interestingly, the characterized mutant pair with the best refold-
ing action (mutant 3-1) combined an equatorial domain substi-
tution of GroEL that increased ATPase activity by 50% with a
GroES mutant affecting a cavity-facing residue, Y71H. The
substitution affecting the ATPase, however, contributed the
predominant effect, increasing GFP recovery by six-fold on its
own in the company of wild-type GroES, whereas the Y71H
produced alone only a two-fold effect when paired with wild-type
GroEL. In the present study as well, the effects of tail multipli-
cation on the ATPase in the double-ring system appear likely to
account for most if not all of the effects on rates of folding, given
that little or no effect was observed on folding rates in the
single-ring system where ongoing ATP binding and turnover
does not occur.

The issue thus of whether the GroEL cavity walls are active or
passive in supporting cis folding appears to remain open. Evi-
dence for an active role could come in the form of specific effects
of amino acid substitution in GroEL upon folding in the cis
cavity, as distinct from effects on polypeptide binding or encap-
sulation, necessary steps to forming a cis cavity in the first
instance (see ref. 30 for further consideration). As mentioned,
effects of neutralizing the predominantly negative charges that
are present in the cis cavity wall were reported in in vitro studies
(19), but only some substrates were affected, raising the question
of whether these effects would be significant in an in vivo context.
For example, in our own hands, a number of double substitutions
and a triple one involving charged residues have not affected cell
viability (SI Fig. 6). By contrast, two residues with hydrophobic
character that face the cis cavity in GroEL–GroES complexes,
F281 and L309, were shown in an earlier substitution analysis to
be critical; expression plasmids carrying the substitutions F281D

Fig. 5. The steady-state ATPase activity of GroEL and GroEL-GroES scales with the number of C-terminal tails, whereas GroES completely suppresses the activity
of tail-multiplied SR1. The rate of ATP hydrolysis for tail-multiplied versions of GroEL (A) and SR1 (B) was determined by the malachite green assay in the absence
(filled bars) or presence (open bars) of GroES, using 1 mM ATP. Error bars represent the standard deviation in three experiments.
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and L309K could not rescue GroEL-deficient E. coli (31).
Interestingly, residual hydrophobicity has recently been pro-
posed from a simulation experiment as potentially being able to
facilitate production of the native state within the cis cavity (32).
Further analysis of the 281 and 309 substitutions, however, does
not resolve whether these residues have any significant role in the
cis folding phase of the reaction cycle. For example, Yoshida and
Taguchi and their coworkers have recently demonstrated (33)
and we confirm (G.F., unpublished data) that L309 substitutions,
including L309K, block the stable binding of GroES to substrate-
GroEL binary complexes, thus preventing formation of a
folding-active cis ternary complex in the first instance. This
finding precludes any direct assessment of whether 309 has a role
during the cis folding phase of the reaction. Our studies of
F281D, by contrast, show that GroES binds to this mutant in its
double ring form, but here the further turnover of ATP is
blocked, simulating the behavior of SR1. Nevertheless, sub-
strates such as rhodanese and trypsinogen are folded at normal
rates. It thus remains unclear whether there is a direct and
general role of the cis cavity wall beyond its overall hydrophilicity
on the rate of cis folding.

Materials and Methods
Proteins. The chaperonin variants used were produced from
wild-type GroEL or SR1 by replacement of a fragment at the
3�-end of the coding sequence with appropriate synthetic double-
stranded oligonucleotides encoding the desired changes. For T0,
the coding sequence was terminated at amino acid 534; for the
tail-multiplied species, one, two, or three iterations of (GGM)4M
were added to the wild-type sequence to generate T2, T3, or T4,
respectively. In addition, T2 and T3 had Ala-Ser substituted for
Met-548, the terminal methionine in wild-type GroEL. Con-
structs were sequenced to confirm the substitutions. The chap-
eronins were overproduced and purified as described in ref. 26.
The molecular mass of each of the purified proteins was deter-
mined by mass spectrometry and matched that calculated from
the predicted amino acid sequence. In the case of the SR1
variants, the multiplied tails were determined to be localized

inside the chaperonin cavity by their acquisition of resistance to
digestion by proteinase K upon binding GroES in the presence
of ATP. Rhodanese and Rubisco were overproduced and puri-
fied as before. Porcine MDH was obtained from Roche Applied
Science (Indianapolis, IN). Substrate proteins labeled with 35S
were produced by expression in the presence of 35S-TransLabel
(GE Healthcare, Piscataway, NJ) as described in refs. 13 and 34.

Assays. Rhodanese and MDH were assayed spectrophotometri-
cally and Rubisco was assayed radiochemically as described in
refs. 11 and 13. ATPase activity of the various chaperonins was
determined with 1 mM ATP by using malachite green.

Binary Complex Formation and Refolding. Binary complexes be-
tween denatured substrate proteins and the various chaperonins
were formed as described in ref. 11, except that Rubisco was
denatured in 6 M guanidine-HCl. In all cases, a 200-fold dilution
into buffer containing a two-fold molar excess of chaperonin was
performed. Refolding was carried out at a binary complex
concentration of 0.5–1.0 �M as described in refs. 11 and 13 by
adding a two-fold molar excess (relative to GroEL or SR1) of
GroES and 5 mM ATP. Refolding data were fit to a single-
exponential equation, using KaleidaGraph software. All refold-
ing experiments were carried out at least three times.

Assay of Substrate Binding by Chaperonins. Binary complexes
formed as described above between various chaperonins and
radiolabeled substrates were subjected to chromatography on a
7.8 � 300 mm G4000SWxl HPLC size exclusion column (TOSOH
Biosep, Montgomeryville, PA) as described in ref. 11. Fractions
were collected and analyzed by scintillation counting. For the
experiments involving rhodanese encapsulated by the single-ring
variants, GroES and ATP were added to the binary complexes
before loading on the column, and the column buffer contained
5 mM MgCl2 and 1 mM ADP.
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