higher force portion of the force-velocity
curve and quite likely would tend to main-
tain the muscles at a relatively high power
and efficiency (11). Further evidence that
gearing may enhance the contractile perfor-
mance of the calf muscles comes from the
observation that during rapid acceleration
the gear ratio remained relatively low (Fig.
2B). Again, this is what would be expected
if the system were to function so as to
maintain the muscles at high power.
Morphologists and muscle physiologists
have long recognized that synergistic mus-
cles often have different mechanical advan-
tages around joints, and they have therefore
suggested that different muscles use differ-

ent gears (12). Leverage around joints has

also been shown to vary with body size (13)
and during ontogeny (14). But these sepa-
rate muscle systems and allometric patterns
are not variable gearing mechanisms for
individual muscles within an individual.
Variable gearing has been suggested to re-
sult from the unusual organization of the
ankles of artiodactyls and lagomorphs (15)
and has been documented in the flight
system of blowflies (16). Additionally, hu-
mans have been shown to shift mechanical
advantage around the hip, knee, and ankle
when they change gaits from a walk to a run
(17), presumably using mechanisms similar
to those proposed here.

The concept of variable musculoskeletal
gearing has received relatively little atten-
tion from physiologists. Given the variety
of species specialized for terrestrial locomo-
tion, and the grace, skill, and speed with
which ‘many animals run-and jump, it
would be surprising if variable gearing had
not evolved.
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Characterization of a Functional GroEL, ,(GroES-),
Chaperonin Hetero-Oligomer

Abdussalam Azem, Martin Kessel, Pierre Goloubinoff*

Chaperonins GroEL and GroES form two types of hetero-oligomers in vitro that can
mediate the folding of proteins. Chemical cross-linking and electron microscopy showed
that in the presence of adenosine triphosphate (ATP), two GroES, rings can successively
bind a single GroEL,, core oligomer. The symmetric GroEL,,(GroES,), chaperonin,
whose central cavity appears obstructed by two GroES; rings, can nonetheless stably bind
and assist the ATP-dependent refolding of RuBisCO enzyme. Thus, unfolded proteins first
bind and possibly fold on the external envelope of the chaperonin hetero-oligomer.

Chaperonins, also called cpn60 and
cpnl0, belong to a ubiquitous class of se-
quence-related chaperone molecules in mi-
tochondria, chloroplasts, and bacteria. In
the cell, they are implicated in the folding
of proteins {I) and in the molecular re-
sponse to cellular stress (2). In vitro, chap-
eronins assist in the correct refolding of
proteins by preventing aggregations (3, 4).
As determined by electron microscopy,
cpn60 from bacteria (GroEL) is an oligomer
of 14 identical 57.3-kD subunits, with a
structure of two stacked heptameric rings
(5-7) arranged around a twofold axis of
symmetry. This oligomer, GroEL,,, appears
as a hollow cylinder, with a cavity that
spans the sevenfold axis of symmetry of the
molecule (7-9). The cpnl0 from bacteria
(GroES) is a heptameric ring of identical
10.4-kD subunits (10).

The molecular mechanism by which
chaperoning assist the folding of a large
array of proteins (I11) remains obscure (12,
13). Central to this issue is the molecular
architecture of the GroEL-GroES hetero-
oligomers and of the GroEL,, core oligomer
which can spontaneously bind unfolded
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proteins (3). The step leading to the disso-
ciation of the protein-GroEL,, complex
and the subsequent correct refolding of the
assisted protein is coordinated by the co-
chaperonin GroES; and requires Mg-ATP
(3, 12). Electron microscopy reveals that
one GroES; ring can asymmetrically bind
on either end of the GroEL,, cylinder and
thus obstruct one end of the central cavity
(7, 8). Refolding proteins may compete
with GroES; for the same binding sites on
either end of the GroEL,, cylinder (14,
15). However, electron micrographs of
GroEL,, molecules previously incubated
with denatured proteins indicate that pro-
teins bind directly within the central cavity
(9, 16). Biochemical analysis suggested that
the asymmetric GroEL,,GroES; complex is
a functional chaperonin hetero-oligomer
(8, 17, 18). Hence, a model for the-chap-
eronin reaction cycle is an asymmetric
GroEL,4GroES; hetero-oligomer that as-
sists the folding and release of a protein
from within the central cavity through the
unobstructed end of the GroEL,, cylinder
(13, 19).

In contrast, we now show that the asym-
metric GroEL;,GroES; molecule is only
one of two active forms of chaperonin
hetero-oligomers. In solution, there exists a
second symmetric GroEL,4(GroES;), chap-
eronin that can stably bind and efficiently
assist the refolding of the RuBisCO enzyme.
Both the asymmetric GroEL,,GroES; and
the symmetric GroEL,,(GroES;), hetero-
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oligomers may serve as intermediate species
of the chaperonin cycle.

When GroEL,, and a molar excess of
GroES; oligomers were incubated with in-
creasing amounts of Mg-ATP and then
exposed to glutaraldehyde (GA), three
cross-linked species successively appeared
on SDS-polyacrylamide gels in a stepwise,
ATP-dependent manner (Fig. 1A). In the
absence of ATP, there was a single cross-
linked species in the range of 800 + 40 kD
that comigrated with the cross-linked prod-
uct of the GroEL,, oligomer alone (20).
Incubation with 5 pM ATP led to the
appearance of a second cross-linked species
in the range of 870 + 40 kD, Forml, at the
expense of the GroEL, 4 species. When the
ATP concentration was raised to 500 uM,
a third cross-linked species, Form2, ap-
peared in the range of 940 + 50 kD, at the
expense of Forml (Fig. 1A) (21). Various
concentrations of adenosine diphosphate
(ADP) or adenylimidodiphosphate (AMP-
PNP), but not of guanosine triphosphate
(GTP), substituted for ATP in the reac-
tion. However, ADP only supported the
appearance of Forml and not of Form2
(Table 1).

Forml and Form2 also appeared in a
GroES;-dependent manner, in the pres-
ence of a saturating amount of ATP (Fig.
1B). When the molar ratio between GroES
and GroEL protomers was 0.22, the protein
signal distributed nearly equally between
the GroEL,, and Forml cross-linked spe-
cies. A GroES to GroEL ratio of 0.44
shifted the protein signal almost entirely
into Forml, at the expense of GroEL,,.
Form2 appeared when the molar ratio ex-
ceeded 0.5. It became the major species at
the expense of Forml when molar ratios
exceeded 1.1 (22). From these results we
deduce that in solution two GroES; rings
can bind a single GroEL,, core oligomer.

Electron microscopy confirmed that
Forml is the asymmetric GroEL,,GroES,
hetero-oligomer and Form2 a symmetric
GroEL,4(GroES;), chaperonin oligomer.
Electron micrographs of a solution high-
ly populated with Forml chaperonins
(Fig. 2A) revealed that it was enriched
with asymmetric bullet-shaped structures
(Fig. 2B), which were identical to
GroEL, ,GroES; hetero-oligomers (8, 9). In
contrast to Forml, where a single GroES,
ring was seen asymmetrically bound to
GroEL 4, Form2 molecules displayed a sym-
metric football-shaped structure (the shape
of an American football). When a non-
cross-linked chaperonin solution was incu-
bated in the presence of ATP, similar sym-
metric structures were initially identified by
Schmidt et al. (23) and further character-
ized as GroEL,4(GroES;), hetero-oligomers
(24).

When GroEL,, and increasing amounts
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Fig. 1. Cross-linking of chaperonin hetero-oligomers. (A) Cross-linking of GroEL,, and GroES,,
preincubated with increasing concentrations of ATP. We purified GroES, and GroEL,, to homoge-
neity as described in (78) with small modifications, and as in (32), respectively. Oligomers of
GroEL,, (3.3 uM protomers) and GroES, (9.6 uM protomers) were preincubated for 20 min at 37°C
in 50 mM triethanolamine, pH 7.5, containing 20 mM MgCl,, 2 mM KCI, 1 mM dithiothreitol (DTT),
and increasing amounts of ATP (0, 2, 5, 50, 100, 250, 500, 750, and 1000 uM, in lanes 1 to 9,
respectively). (B) Cross-linking as in (A) of GroEL,, preincubated with ATP (1 mM) and increasing
amounts of GroES,. The molar ratio between GroES and GroEL was 0, 0.11, 0.22, 0.33, 0.44, 0.67,
1.10, and 2.90 in lanes 1 to 8, respectively. (C) Cross-linking of chaperonin oligomers with unfolded
RuBisCO. We preincubated GroEL,, (3.3 wM protomers) with 2 mM AMP-PNP (Sigma) and
increasing amounts of GroES as in (B). The molar ratio between GroES and GroEL protomers was
0,0,0.44, 1, and 2 in lanes 1 to 5, respectively. RuBisCO (26 pM) in 5 M urea was diluted 1:52 in
the chaperonin solutions (except in lane 1, in which only 5§ M urea was diluted) and then further
incubated 30 min at 37°C. Chaperonin solutions in (A), (B), and (C) were exposed for 60 min to
0.22% GA at 37°C. The cross-linking reaction was stopped by the addition of a one-third volume of
1 M tris-glycine (pH 8.8), 4% SDS, and 10% 2-mercaptoethanol. Boiled samples (2 min) were
submitted to a uniform SDS—polyacrylamide (2.8%) gel electrophoresis and stained with Coomassie

Brilliant blue R-250 (Sigma) as in (32).

of GroES; were preincubated with AMP-
PNP, mixed with urea-denatured RuBisCO,
and then reacted with GA, three slow-migrat-
ing cross-linking species appeared above the
GroEL,, marker (Fig. 1C). The GroES;-
dependent, stepwise apparition of each
species, at the expense of the other, identified
them as the cross-linked species of RuBisCO-
GTOEL14, RuBiSCO‘GTOELl4GrOES7, a.nd
RuBisCO-GroEL,4(GroES;),  chaperonin
complexes, respectively (25). It was previous-
ly suggested that the binding of unfolded
citrate synthase, but not of unfolded
rhodanese, can cause a transient dissociation
of GroES; from ADP-preformed chaperonin
hetero-oligomers (13), which we now know
to be dilution-sensitive (26), asymmetric
GroEL,4GroES; hetero-oligomers. In con-
trast, we showed here that within minutes
of the initial binding of unfolded
RuBisCO, GroES; is an integral part of
RuBisCO-GroEL, 4GroES; and of RuBisCO-
GroEL,4(GroES,), complexes (Fig. 1C).
The binding of a single GroES; to a
protein-GroEL,, binary complex has been
suggested to be sufficient to drive the correct
release of the refolding protein from the
chaperonin (8, 17). The two orders of mag-
nitude difference between the ATP concen-
trations necessary to form GroEL,,GroES,
and GroEL,,(GroES;), oligomers (Table
1) suggests that GroES; has a higher affin-
ity for GroEL,, than for GroEL,,GroES,;.
Consequently,GTOEL14andGr0ELl4(GroES7)z
tend not to coexist in the same solution (Fig.
2C); thus, protein refolding activity can be
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Table 1. The effective concentration of nucleo-
tide that is necessary to drive the formation of
50% (ECs,) of the cross-linked species Form1,
at the expense of GroEL,,, and of Form2, at the
expense of Form1. Electrophoresis and
Coomassie blue stain of the gels was as in Fig.
1A. Quantification of the cross-linked products
was ‘obtained by scanning the gels with an
Ultrascan-XL (LKB) as in (32). Dashes indicate
that no measurable reaction occurred.

NUPlGO- ECso (1M)

tde GroEL, ,:Form1 Form1:Form2
ATP 3.5 400
ADP* 30 —
AMP- 100 500
PNP
GTP — —
*ADP was tested up to 6 mM.

determined for chaperonin solutions that
contain, at most, two identified species of
hetero-oligomers. Solutions of GroEL,4 pre-
incubated in the presence of ATP with
various amounts of GroES; were assayed for
RuBisCO refolding activity (Fig. 3). Maxi-
mal recovery of RuBisCO was already
achieved when the molar ratio between
GroES and GroEL approximated 0.5, and
the chaperonin solution was accordingly
popu- lated with a majority of asymmetric
GroEL,,GroES; hetero-oligomers. More-
over, when the molar ratio was preset above
1.5 and the chaperonin solution was accord-
ingly populated with a majority of symmetric



asymmetric GroEL,,GroES; hetero-oligo-
mers, thus converting them into transient
GroEL,,(GroES,), complexes (28). This
model, which assigns a catalytic role to the
second GroES;, can explain our unexpected

S = observation that full RuBisCO recovery is

' , ’ equally achieved by chaperonin solutions

Formt P 8 ‘ ' ' B populated either with asymmetric or with
GroEL,, P} g y | symmetric chaperonin hetero-oligomers.

B g A In view of our results, the role of the
. B = central cavity remains unclear. Electron mi-
crographs of GroEL,,(GroES;), show that

both access paths to the central cavity are
obstructed by the two GroES, rings [see

(23)]. Nevertheless, GroEL,,(GroES.), is a

fully potent chaperonin, which implies that

the initial interaction and binding between
unfolded RuBisCO and GroEL,,(GroES.),
occurs on the outside surfaces of the chaper-

onin. If the folding of the protein was also to

take place on the external envelope of the

B chaperonin, the limitation imposed by the
size of the central cavity would be lifted

(29), accounting for reports of chaperonin-
assisted folding of large polypeptides such as

GroEL,, (GIoES,), 4 s it phytochrome (30) and of Escherichia c_oli
SRSl : 44 o RNA polymerase_(31 ). The central cavity
=R c may serve as an inexpensive backbone for
GrokLy 137 4 6 the globular shape of the complex and thus

Total 143 103 476 provide optimal exposure of the chaperonin

protein-binding surfaces to the surrounding
Fig. 2. Identification of cross-linked chaperonin species by electron microscopy. (A) SDS gels of protein-folding intermediates.
cross-linked chaperonin hetero-oligomers. The GroEL,,, and GroES, oligomers were preincubated
as in Fig. 1A except that ATP was replaced by 0, 0.1, 0.2, 0.4, 0.5, 0.6, 1.0, and 1.2 mM AMP-PNP
(for lanes 1 to 8, respectively). (B) Cross-linked chaperonin hetero-oligomers viewed by electron
microscopy. The left, central, and right panels show cross-linked chaperonin molecules from (A),
lanes 1, 3, and 8, respectively. The cross-linking reaction was stopped by the addition of an equal
volume of 1 M glycine, pH 7.5. Samples were applied to a glow-discharged, carbon-coated, 2
collodion-covered 300 mesh copper grid and negatively stained with 1% aqueous uranyl acetate.

Specimens were viewed in a Philips CM12 electron microscope operating at 100 kV. Micrographs

were recorded on Kodak emulsion SO-163 at a nominal magnification of x75,000. The bar equals

20 nm. (C) Distribution of identified side views of GroEL,,, GroEL,,GroES,, and GroEL, ,(GroES;), 3
molecules in a larger sample of fields as in (B).
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Symmetric Complexes of GroE Chaperonins as
Part of the Functional Cycle

Marion Schmidt, Kerstin Rutkat, Reinhard Rachel, Glinter Pfeifer,
Rainer Jaenicke, Paul Viitanen, George Lorimer,
Johannes Buchner*

The particular structural arrangement of chaperonins probably contributes to their ability
to assist in the folding of proteins. The interaction of the oligomeric bacterial chaperonin
GroEL and its cochaperonin, GroES, in the presence of adenosine diphosphate (ADP)
forms an asymmetric complex. However, in the presence of adenosine triphosphate (ATP)
or its nonhydrolyzable analogs, symmétric complexes were found by electron microscopy
and image analysis. The existence of symmetric chaperonin complexes is not predicted
by current models of the functional cycle for GroE-mediated protein folding. Because
complete folding of a nonnative substrate protein in the presence of GroEL and GroES only
occurs in the presence of ATP, but not with ADP, the symmetric chaperonin complexes
formed during the GroE cycle are proposed to be functionally significant.

Cha,peronins_ are abundant, indispensable
pioteins that participate in protein folding
in vivo and in vitro (I, 2). The Escherichia
coli chaperonins comprise two proteins,
GroEL and GroES. These proteins have a
particular oligomeric structure, as detected
by electron microscopy (3-6) and x-ray
crystallography (7). Native GroEL (sub-
units of ~57 kD) is a cylindrical tetrade-
camer composed of two stacked rings with
sevenfold symmetry, whereas GroES (sub-
units of ~10 kD) is a single heptameric ring
(8). GroEL binds nonnative proteins with
little or no specificity (2, 9). Binding is
thought to occur in the central cavity (6,
10), although nonnative proteins can still
be cross-linked to GroES, are prone to
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proteolysis, and can interact with antibod-
ies (11). ATP induces changes in the quar-
ternary structure of GroEL that lead to a
rotation of the individual GroEL subunits
(5). The K*-dependent hydrolysis of ATP
occurs cooperatively (12-15). GroEL also
binds ADP and nonhydrolyzable analogs,
although with lower affinity (14, 15). As for
GroES, it couples ATP hydrolysis with the
ability of GroEL to refold nonnative pro-
teins (12). Upon association of GroES with
GroEL, cooperativity of ATP hydrolysis is
enhanced (13-16), and the rate of ATP
turnover is reduced to 50% (17). Under
nonpermissive refolding conditions in vi-
tro, GroES is essential for GroE-mediated
protein folding (18).

In the presence of adenine nucleotides,
the physical interaction between GroEL
and GroES is mediated through a flexible
loop in the cochaperonin (19). Electron
micrographs of such complexes (5, 6) show
a large structural rearrangement of GroEL
when GroES binds at one end of the GroEL
cylinder. The binding of one GroES has
been proposed to confer a change in the
structure at the distal end of the GroEL
cylinder, thereby precluding the association
of a second GroES (6). In addition, bio-





