
Table 1. Paeomagnet~c results by site. The positions of paeomagnet~c sites are ~nd~cated In centimeters 
(Fg. 4) Sites are classifled according to Johnson's system (16): class 1 if precision parameter k (15) was 
greater than 10, class 2 ~f k was less than 10, and class 3 ~f one specmen was used. 

VG P 

S~te Mean Inclination latitude Height declination VGP long~tude class L~thology 
(cm) (degrees) (degrees) (degrees 

E) 

TDS7 
TDS5 
TDS6 
TDS4 
TDS3 
TDNI 8 
TDNI 7 
TDNI 5 
TDNI4 
TDN12 
TDN7 
TDN13 
TDNl I 
TDNIO 
TDN8 
TDN9 
TDS2 
TDSl 
TDN4 
TDN2 
TDN 1 
TDN3 

Red silt 
Red silt 
Red s t  
Red s t  
Bat guano 
Carbonated silt 
Carbonated silt 
Carbonated silt 
Red s~lt 
Red silt 
Red silt 
Red s t  
Red sandy silt 
Red sandy silt 
Speeothem 
Speleothem 
Yellow s t  
Yellow s t  
Red clay 
Red clay 
Red clay 
Red clay 

Unconformities are likely in karst environ- 
ments. On the other hand, we cannot rule out 
the possibili'ty that the Gran Dolina sedi- 
ments with reverse magnetization are younger 
than Jaramlllo. If that is the case, then a rough 
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Functional Significance of Symmetrical 
Versus Asymmetrical GroEL-GroES 

chaperonin Complexes 
sedilnentation rate of about j0 cm per looO Andreas Engel,' Manajit K. Hayer-Hartl, Kenneth N. Goldie, 
years is indicated; this value is consistent with 
the rates of deposition found in other cave Gunter Pfeifer, Reiner Hegerl, Shirley Muller, 
sediments (1 2). The stratigraphic level TD6, Ana C. R. da Silva, Wolfgang Baumeister, F. Ulrich Hartl 
and hence the Aurora stratum, is located 
within Matuyama and therefore is older than 
0.78 Ma. 
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The Escherichia coli chaperonin GroEL and its regulator GroES are thought to mediate 
adenosine triphosphate-dependent protein folding as an asymmetrical complex, with 
substrate protein bound within the GroEL cylinder. In contrast, a symmetrical complex 
formed between one GroEL and two GroES oligomers, with substrate protein binding to 
the outer surface of GroEL, was recently proposed to be the functional chaperonin unit. 
Electron microscopic and biochemical analyses have now shown that unphysiologically 
high magnesium concentrations and increased pH are required to assemble symmetrical 
complexes, the formation of which precludes the association of unfolded polypeptide. 
Thus, the functional significance of GroEL:(GroES), particles remains to be demonstrated. 

Chaperonins mediate the adenosine triphos- connected with the characteristic oligomeric 
phate (ATP)-dependent folding of newly structure of chaperonins, which has been 
synthesized proteins in the cytosol, in mito- analyzed by electron microscopy (2-5) and 
chondria, and in chloroplasts (1 ), preventing x-ray crystallography (6). The chaperonin of 
off-pathway steps during folding that result E, coli, GroEL, is composed of 14 subunits 
in agereeation. This function is intimate111 that are arranged in two he~tameric rings -- - - u 

stacked back-to-back, resulting in a cylindri- 
A. Engel, K. N. Golde, S. Muller, Maurce E Muller nsti- cal structure a central 
tute, Biozentrum. University of Basel, CH-4056 Basel, 
Swtzerland. Three domains are distinguishable in the 
M. K. Hayer- art^. A. C. R. Silva. F. U. Hartl. Howard 58-kD subunit (6): (i) an equatorial domain 
Hughes Medcal Institute and Cellular Biochemstry and that mediates the contact between the rings 
Biophyscs Program. Memorial Sloan-Ketter~ng Cancer 
Center, New York, NY 10021. USA. and contains the ATP binding site, (ii) an . . . . . . 

G. Pfe~fer. R. Heaerl. W. Baumester. Max Planck nsttut apical domain that forms the opening of the 
fljr Bochem~e, D-82150 Martnsried, Germany. central cavity, and (iii) an intermediate, 
'To whom correspondence should be addressed hinge domain. Electron microscopic data 
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have suggested that unfolded polypeptide 
substrates bind within the GroEL cylinder at 
the level of the apical domains (4, 5, 7), 
which expose a putative hydrophobic bind- 
ing surface toward the cavity (8). 

Folding occurs through ATP hydrolysis- 
dependent cycles of protein release from the 
chaperonin followed by rebinding. This pro- 
cess i s  regulated by the interaction of GroEL 
with GroES, a single heptameric ring of 
- 10-kD subunits that coordinates ATP hy- 
drolysis and protein folding (9, 10). A flex- 
ible loop region in GroES mediates its nu- 
cleotide-dependent association with GroEL 
( I  I ) ,  which results in inhibition of the 
GroEL adenosine triphosphatase (ATPase) 
(9, 12-14). Optimum folding activity and 
ATPase inhibition are achieved at a 1: 1 
stoichiometry of GroEL tetradecamers to 
GroES heptamers (4, 9, 10, 14-16). To- 
gether with the results of biochemical anal- 
ysis of the chaperonin ATPase cycle (10, 
14, 17), this observation indicates that the 
functional chaperonin unit i s  asymmetrical, 
providing for the accessibility of the GroEL 
cavity to substrate polypeptide at all times. 
Indeed, the formation of chaperonin com- 
plexes wi th a single ring of GroES bound to 
one end of the GroEL cylinder has been 
demonstrated by electron microscopy (3-5, 
18). In contrast, the recent observation of 
GroEL:(GroES), complexes, with GroES 
heptamers bound coaxially at both ends of 

Fig. 1. Negatively stained and freeze-dried chap- 
eronin particles detected by scanning transmis- 
sion electron microscopy (STEM). (A and B) A 
mixture of 0.1 2 FM GroEL oligomer and 0.6 pM 
GroES oligomer was incubated for 15 min at 25°C 
in 50 mM tris-HCI (pH 8.0), 50 mM KCI, 50 mM 
MgCI,, and either 2.5 mM ATP (A) or 2.5 mM ADP 
(B), cross-linked for 15 min at 25°C in 0.1 % glu- 
taraldehyde, adsorbed to carbon film, and stained 
with uranyl formate (33). GroEL and GroES were 
isolated as described previously (4, 10, 14). Con- 
centrations were determined by quantitative ami- 
no acid analysis. (C) Averages of the characteristic 
projections resulting from the multivariate statisti- 
cal analysis of 477 chaperonin particles (22). From 
top to bottom: top view, GroEL side view, GroEL: 
GroES side view, and GroEL:(GroES), side view. 
The relative occurrence of the projections is given 
in Table 1. (D and E) Top views and side views, 
respectively, of freeze-dried unstained GroEL- 
GroES complexes assembled and cross-linked as 
in (A) were recorded for mass evaluation at a dose 
of 200 to 400 electrons per square nanometer 
with a Vacuum Generators STEM HB5 operated 
at 80 kV (right panels) (23). (D, left panel) Mass 
histogram from 404 top views with two Gaussian 
peaks fitted at 850 and 950 kD, representing 
GroEL and GroEL:GroES complexes, respective- 
ly. The minor peak at 1 100 kD may be the result of 
a few symmetrical GroEL-GroES particles viewed 
along their cylinder axis. (E, left panel) Mass his- 

the GroEL cylinder (1 5, 19, 20), has sug- 
gested a markedly different mechanism of 
chaperonin action. In this model, the bind- 
ing and folding of substrate polypeptides are 
proposed to occur exclusively at the outer 
GroEL surface (1 5). 

We have now analyzed the requirements 
for the formation of asymmetrical and sym- 

metrical chaperonin complexes. The ratio o f  
asymmetrical to symmetrical complexes un- 
der different conditions is often assessed by 
visualizing mixtures of GroEL and GroES by 
negative staining wi th uranyl salts (2-4, 15, 
18-20). We  followed this approach by incu- 
bating GroEL and GroES in the presence o f  
A T P  or adenosine diphosphate (ADP), un- 

Table 1. Statistical analysis of negatively stained chaperonin complexes detected by electron micros- 
copy. Incubation of GroEL and GroES, cross-linking, and staining were performed as in Fig. 1 with the 
following buffer conditions: A, 50 mM tris-HCI (pH 8.0), 50 mM KCI, 50 mM MgCI,; and B, 20 mM 
MOPS-KOH (pH 7.2), 50 mM KCI, and 5 mM MgCI,. ATP (2.5 mM), 2.5 mM ADP, 2.5 mM AMP-PNP, or 
2.5 mM AMP-PNP plus 0.3 pM 6His-N-DHFR [substrate protein (S)] were present as indicated. For the 
latter condition, GroEL was incubated with 6His-N-DHFR before addition of GroES and AMP-PNP, as in 
Fig. 2B. Data sets marked by an asterisk were obtained by digital image processing and classification 
from images such as those shown in Fig. 1. Particle populations selected manually were angularly and 
translationally aligned, and normalized. They were subsequently submitted to a multivariate statistical 
classification, partitioning particles into classes according to their structural similarity (22). A(ATP) and 
A(ADP) resulted from visual interpretation of data sets A(ATP)*.and A(ADP)*, respectively. All other entries 
are from particles recorded with a fixed-beam transmission electron microscope after visual particle 
classification. 

TOP 
Side views (%) 

Condition Unclass- views Particles 
ified (%) 

(%) GroEL GroEL: GroEL: analyzed 
GroES (GroES), 

Mass (megadaltons) Mass (rnegadaltons) 

togram from-382 side views with three major Gaussian peaks fitted at 850, metrical GroEL-GroES particles with one additional GroES ring. Mass anal- 
950, and 1120 kD, representing GroEL, GroELGroES, and GroEL:(GroES), ysis and Gaussian peak fitting were performed as described (23). Scale 
complexes, respectively. The fourth, minor peak probably represents sym- bars, 20 nm. 
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der conditions that favor the formation of 
either GroEL:(GroES)2 (Fig. 1A) or GroEL: 
GroES (Fig. IB) complexes, respectively 
(20). The interaction between GroEL and 
GroES was stabilized by glutaraldehyde 
cross-linking (15, 21). Consistent with pre
vious observations (3-5, 18-20), four types 
of particles were detected, as shown by the 
averaged images in Fig. 1C: top views with a 
sevenfold rotational symmetry and side 
views exhibiting the three characteristic 
morphologies of GroEL ("bricks"), GroEL: 
GroES ("bullets"), and GroEL:(GroES)2 

("footballs"). The respective populations 
were determined either by a multivariate 
statistical analysis (22) or by visual inspec
tion (Table 1). 

In end-on projections, the two types of 
GroEL-GroES complexes were indistin
guishable from each other or from free 
GroEL. We therefore used a scanning trans
mission electron microscope (STEM) (23) 
to determine the mass of freeze-dried, un
stained chaperonin particles assembled un
der conditions promoting the formation of 
GroEL:(GroES)2 structures (20). Because 
top and side views of the complexes could be 
discerned in low-dose STEM dark-field mi
crographs (Fig. 1, D and E), their respective 
masses could be measured. The mass histo
grams show that top views contained at most 
6% Gr'oEL:(GroES)2 complexes (Fig. ID), 
whereas side views comprised 20% GroEL 
tetradecamers, 36% GroEL:GroES, and 33% 
GroEL:(GroES)2 particles (Fig. IE). Thus, 
measurements of particle populations from 
negatively stained samples, based exclusively 
on the evaluation of side projections, may 
overestimate the abundance of symmetrical 
complexes. Top views represented the major 
fraction (>70%) of particles in micrographs 
that were used for a quantitative analysis of 
the occurrence of GroEL, GroEL:GroES, 
and GroEL:(GroES)2 complexes (20). 

The analysis of negatively stained GroEL 
particles in conjunction with the mass mea
surements allowed us to define the experi
mental conditions that favor the formation 
of symmetrical and asymmetrical chaperonin 
complexes (Table 1). Significant popula
tions of GroEL:(GroES)2 structures were de
tected only in the presence of ATP [or the 
nonhydrolyzable analog adenylyl-imido-
diphosphate (AMP-PNP)] at pH 8.0 and 50 
mM Mg2+ (20) (Table 1). GroEL:(GroES)2 

structures were essentially absent when 
GroEL and GroES were incubated with ATP 
in 5 mM Mg2+ at pH 7.2, that is, under 
conditions previously used to obtain maxi
mal protein folding activity (4) (Table 1). 
Combining low Mg2+ with pH 8.0 or high 
Mg2+ with pH 7.2 also minimized the for
mation of symmetrical complexes (see be
low). Although the chaperonin system is 
functional in protein folding under all of 
these conditions, folding is more efficient at 

low Mg2+ concentrations and pH 7.2 (24). 
In agreement with previous studies, only 
asymmetrical GroEL:GroES complexes were 
detected on incubation with ADP and Mg2+ 

(4, 15, 20), even in buffers that allow the 
assembly of symmetrical particles in the pres
ence of ATP (Table 1). 

To test the validity of the electron mi
croscopic analysis of chaperonin complexes, 
we established reliable biochemical binding 
assays capable of distinguishing between 
GroEL:GroES and GroEL: (GroES)2 parti
cles. Removal of free GroES by size-exclu
sion chromatography results in the dissoci
ation of symmetrical complexes to asym
metrical complexes (20), suggesting that 
one of the two GroES oligomers is less 
stably bound, at least in the presence of 
ATP. This conclusion is consistent with the 
observation that, under the appropriate 
buffer conditions, high concentrations of 
ATP (~400 (JLM) are necessary for half-
maximal formation of GroEL: (GroES)2 

complexes, whereas much lower concentra
tions of ATP are sufficient for the half-
maximal formation of GroEL:GroES parti
cles (15) and for GroEL- and GroES-depen-
dent protein folding (24). To avoid separa
tion of GroEL:(GroES)2 from free GroES, 
we initially analyzed the interaction be
tween the two proteins by equilibrium dial-
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ysis with [3H]GroES (25). As expected, in 
the presence of ADP, GroES bound to 
GroEL with 1:1 stoichiometry both at 5 
mM Mg2+ (pH 7.2) and at 50 mM Mg2+ 

(pH 8.0) (Fig. 2, A and B). Because of the 
long incubation times, the use of ATP was 
not practical in these experiments and was 
therefore substituted by AMP-PNP, which 
also supports the formation of GroEL: 
(GroES)2 complexes (15, 20). On incuba
tion with AMP-PNP, binding of GroES to 
GroEL at a stoichiometry close to 2:1 was 
observed. However, such 2:1 binding oc
curred only at the high Mg2+ concentration 
and at pH 8.0 (20) (Fig. 2, B and C). Elec
tron microscopy confirmed that, under these 
conditions, >70% of the particles in side-
orientation represent GroEL: (GroES )2 com
plexes (Table 1). Thus, conditions favoring 
the formation of GroEL: (GroES )2 particles 
reduce the negative cooperative effect nor
mally transduced from the GroES-bound 
toroid of GroEL to the opposite toroid (4), 
allowing the two toroids to function inde
pendently. Negative cooperativity is appar
ently most pronounced in the presence of 
ADP and is then sufficient to suppress the 
binding of a second GroES oligomer even at 
high concentrations of Mg2+ and at in
creased pH. Consistent with this observa
tion, the addition of a low ADP concentra-

Fig. 2. Analysis of the interaction between GroEL 
and GroES by equilibrium dialysis. (A) GroEL oli
gomer (60 nM) was incubated with various con
centrations of [3H]GroES (4, 27) in buffer A [20 mM 
MOPS-KOH (pH 7.2), 100 mM KCI, 5 mM mag
nesium acetate] containing 0.2 mM ADP (O) or 2.5 
mM AMP-PNP (•). (B) GroEL oligomer (60 nM) 
was incubated with various concentrations of 
[3H]GroES in buffer B [50 mM tris-HCI (pH 8.0), 50 
mM KCI, 50 mM magnesium acetate] containing 
0.2 mM ADP (O), 2.5 mM AMP-PNP (•), 0.2 mM 
ADP plus 2.5 mM AMP-PNP (A), or 2.5 mM AMP-
PNP plus 120 nM 6His-N-DHFR (x) (5). (C) Stoi
chiometry of GroES to GroEL in chaperonin com
plexes determined as in (A) and (B) under the 
conditions indicated. Equilibrium dialysis was per
formed in 2-ml units (Spectrum) containing two 
1 -ml cells separated by a membrane with a 300-
kD cutoff. GroEL was added to one cell and 
[3H]GroES was added to both cells at the concen
trations indicated. After 5 hours at 25°C, portions 
of the contents of each cell were analyzed by 
scintillation spectroscopy and SDS-polyacrylam-
ide gel electrophoresis. In the absence of added 
nucleotide, GroEL bound ~5 nM [3H]GroES. This 
binding was considered nonspecific and was sub
tracted. When present, 6His-N-DHFR (28) was 
first incubated with GroEL for 5 min in the absence 
of nucleotide. The 6His-N-DHFR:GroEL complex 
was then added to one cell of the dialysis appara
tus followed by the addition of AMP-PNP and 
[3H]GroES to both cells. 
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tion (0.2 mM) in the presence of 2.5 mM 
AMP-PNP was sufficient to convert the sto- 
ichiometry of GroES binding to GroEL from 
2 : 1 to 1 : 1 (Fig. 2B). Symlnetrical chapero- 
nin co~nplexes may thus exist only when the 
subunits of both GroEL toro~ds have ATP or 
AMP-PNP bound. This situation does not 
occur in the normal chaperonin ATPase cy- 
cle, In which the two toroids are maintained 
In different nucleotide-bound states, reflect- 
Ing a structural and funct~onal asymmetry in 
the double ring (26, 27). 

Free GroES 

GroEL-bound ::[,;/,/'( 0.5 

0 

2.04 B 

Fraction 

Fig. 3. Analysis of the interact~on between 
GroEL and GroES by size-exclusion chromatog- 
raphy. GroEL (0.5 pM) was incubated for 10 mn 
at 25°C in buffer B containng either 0.2 mM ADP 
(A), 2.5 mM AMP-PNP (B) or 2.5 mM AMP-PNP 
and 0.6 pM 6Hs-N-DHFR (C). [3H]GroES (1.5 
pM) was then added for another 10 min. (D) 
GroEL and [3H]GroES were first Incubated n 
buffer B conta~nng 2.5 mM AMP-PNP for 10 
mn. after wh~ch 0.6 pM 6Hs-N-DHFR was add- 
ed for another 10 mln. The react~on mixtures 
were subsequently separated on Sephacryl 
S-300 columns (0.5 by 10 cm) that had been 
equ~librated with buffer B conta~nng the respec- 
tve nuceot~de. Fractons (1 50 pI) were collected 
and analyzed by scintllation spectroscopy and 
SDS-polyacrylamide gel electrophores~s w~th 
Coomassie blue staning. The distribution pro- 
fles of [3H]GroES (*) are shown in (A) to (D) and 
the profiles of 6His-N-DHFR (0) n (C) and (D). 

The availability of a biochem~cal bind~ng 
assay also allowed us to address the question 
of whether the G ~ ~ E L : ( G ~ O E S ) ~  cornplex 
can form in the presence of unfolded 
polypept~de. A derivative of mouse dihydro- 
folate reductase (DHFR) with a 15-amino 
acid extension, ~ncluding a six-histidinyl tag, 
at its NH2-terminus was chosen as the sub- 
strate proteln (28). Although ~nonomeric 
and enzymatically active in the absence of 
chaperonin, the DHFR lnoiety In the 6His- 
N-DHFR der~vat~ve was structurally destabi- 
lized and bound avidly to GroEL without the 
need for prior unfolding in denaturant. The 
interaction with the chaperonin was only 
prevented 111 the presence of hydrolyzable 
ATP and the folate antagonist methotrex- 
ate, wh~ch stabilizes the native state of 
DHFR. When 6His-N-DHFR was added to 
GroEL at a twofold molar excess at 50 mM 
Mg2+ and pH 8.0, subsequent add~tion of 
GroES and AMP-PNP did not result In the 
for~nation of GroEL:(GroES), complexes. 
Only 1 : 1 binding of GroES to GroEL was 
observed by equilibr~um dialys~s (Fig. 28). 
The same result was obta~ned when unfolded 
bovine rhodanese was bound to GroEL by 
dilut~on from denaturant (29). Electron mi- 
croscopy confirmed these observations: Only 
2% of negatively stallled chaperon~n corn- 
plexes could be identified as sy~n~netrical 
GroEL:(GroES), particles when GroEL had 
substrate protein bound (Table 1) (30). 

The saturability of GroEL with two GroES 
oligolners observed in AMP-PNP-containing 
buffer (Fig. 2)  prompted us to test the stability 
of the symtnetrical complexes. Separation of 
free GroES from GroEL by size-exch~sion 
chromatography demonstrated that both the 
GroEL:GroES cornplexes formed in the pres- 
ence of ADP (Fig. ?A) and the GroEL: 
(GroES), cornplexes formed with AMP-PNP 
at 50 tnM Mg2- and pH 8.C (Fig. 3B) were 
sufficiently stable to allolv isolation. Again, 
preincubation of GroEL with 6His-N-DHFR 
reduced the stoichiometry of GroES binding 
to GroEL from 2: 1 to 1: 1 (Fig. 3C) (30). 
However, the initial formation of GroEL: 
(GroES), colnplexes in the presence of AMP- 
PNP precluded the association of 6His-N- 
DHFR with GroEL (Fig. 3D). Thus, unfolded 
polypeptide likely binds within the central 
cavity of the chaperonin cylinder. 

With the use of electron rn~croscopic and 
biochemical binding assays, we have shown 
that symmetrical GroEL:(GroES), complex- 
es form in the presence of ATP or AMP- 
PKP, but only at concentrations of free 
hlg2+ unlikely to occur in cells and at alka- 
line pH. Mixtures of asymmetrical and sym- 
metrical chaperonin co~nplexes at varying 
ratios lvere observed over h,1g2L concentra- 
tions ranging from 15 to 50 mM and at pH 
values of 7.5 to 8.0 (31). The concentration 
of free Mg2+ in the E.  coli cytosol is only 1 to 
2 mM (32). Thus, the conditions required 

for the forrnation of GroEL:(GroES), parti- 
cles are unrelated to the function of GroEL 
and GroES in proteln fold~ng, wh~ch is fully 
efficient at physiological concentratio~ls of 
free Mg2+ and pH 7.2, condit~o~ls under 
which GroEL:(GroES), particles do not 
form. Moreover, when the central cavlty of 
GroEL was obstructed by the assoc~ation of 
two GroES oligorners, billdint' of substrate 
protein was pre;ented. On the other hand, 
bind~ng of polypept~de to GroEL still al- 
lowed the forrnation of asv~n~netrical corn- 
plexes after the additloll of G ~ ~ E S  ol~gomers, 
but it precluded the subsequent association 
of a second GroES oligorner under condi- 
tions that otherwise would promote the effi- 
cient formation of sv~nlnetrical chaneron~n 
complexes. This observation and thk insta- 
bility of the sylnlnetrical particles in the 
presence of ATP explains why conditions 
that allow the binding of two GroES per 
GroEL ol~eonler can be cornnat~ble with " 

chaperonin-med~ated protein fold~ng (24). 
A kinet~c analysis of the nucleotide-depen- 
dent interaction between GroEL and GroES 
also demonstrates that the distinct steps of 
the chaaeron~n reaction cvcle can be ex- 
pla~ned 'on the bass of the asyrn~netrical 
chaperonin colnplex alone (27). 
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Asymmetrical Interaction of GroEL and GroES in 
the ATPase Cycle of Assisted Protein Folding 

Manajit K. Hayer-Hartl, Jorg Martin, F. Ulrich Hartl* 

The chaperonins GroEL and GroES of Escherichia coli facilitate protein folding in an 
adenosine triphosphate (ATP)-dependent reaction cycle. The kinetic parameters for the 
formation and dissociation of GroEL-GroES complexes were analyzed by surface plas- 
mon resonance. Association of GroES and subsequent ATP hydrolysis in the interacting 
GroEL toroid resulted in the formation of a stable GroEL:ADP:GroES complex. The 
complex dissociated as a result of ATP hydrolysis in the opposite GroEL toroid, without 
formation of a symmetrical GroEL:(GroES), intermediate. Dissociation was accelerated by 
the addition of unfolded polypeptide. Thus, the functional chaperonin unit is an asym- 
metrical GroEL:GroES complex, and substrate protein plays an active role in modulating 
the chaperonin reaction cycle. 

T h e  chaperonins mediate protein folding in 
the cell by preventing the formation of un- 
productive associations within and between 
nonnative polypeptides (1-3). GroEL, the 
chaperonin in E.  coli cytosol, is a large oli- 
gomeric complex composed of two stacked 
heptameric rings of identical -58-kD sub- 
units that form a central cavity (4, 5). Stud- 
ies indicate that GroEL binds one molecule 
of substrate protein within this cavity in a 
conformation resembling the molten globule 
(3,  4 ,  6-8). Folding is achieved through 
cycles of protein release and rebinding that 
are dependent 011 ATP hydrolysis (3, 9 )  and 
regulated by GroES, a single heptameric ring 
of -10-kD subunits (3,  10-12). Asymmet- 
rical bindine of GroES to one end of the u 

GroEL cylinder has been proposed to be a 
kev feature of the reaction, leavine the cav- " 

ity of one toroid available for the association 
of substrate protein (4).  GroES bi~ldi~lg is 
nucleotide-depellde~lt and is thought to ex- 
ert a negative cooperative effect, preventing 
the association of a second GroES oligomer 
with the opposite GroEL toroid (4,  13). 
GroES increases the cooperativity of the 
GroEL adenosine triphosphatase (ATPase) 
(12, 14-16) and, after ATP hydrolysis, sta- 
bilizes the seven interacting GroEL subunits 
in the adenosine diphosphate (ADPI-bound 
state (15). As a result, the GroEL ATPase is 
inhibited by 50% (10). GroES dissociates 
after ATP hydrolysis in the uninhibited 
GroEL toroid 115. 17); its association (or 
reassociation) with a substrate:GroEL con-  
plex results in ATP-dependent protein re- 
lease for foldine. 

0 

Recently, the electron microscopic obser- 
vation of symmetrical GroEL:(GroES), com- 

, L 

plexes (18120) has led to several near propos- 
als that differ from the model of chaperonin 
action outlined above: (i) The symmetrical 
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chaperonin particle was invoked as an oblig- 
atory intermediate preceding the step of ATP 
hydrolysis in the reaction that results in 
GroES release (17, 20). (ii) Substrate protein 
\\as proposed to interact with the outer sur- 
face of the chaperonin cylinder because sym- 
metrical binding of GroES would prevent ac- 
cess to the GroEL cavity (19). (iii) The inter- 
action between GroEL and GroES \\.as 
claimed to be independent of substrate pro- 
tein (1 7). We have now analyzed the steps of 
the chaperonin reaction cycle with kinetic 
and biochemical methods that allowed us to 
distmguish between a functional stoichiome- 
try for GroEL:GroES of 1 : 1 or 1 : 2. 

Complex formation between GroEL and 
GroES as a function of nucleotide binding 
was analyzed by surface plasmon resonance 
(SPR). This technique measures the real- 
time association and dissociation of protein 
~ n o l e c ~ ~ l e s  on  a sensor surface and alloars 
precise and highly reproducible estimates of 
kinetic binding constants (21 ). The kinetic 
properties of the GroEL-GroES interaction 
were compared under various conditions. 
Either GroEL or GroES was functionally 
immobilized to the sensor surface of the 
flow cell. Efficient complex for~nation oc- 
curred in the presence of adenine nucleo- 
tide and Mg2+ (Fig. 1 )  (22). Similar bind- 
ing parameters were obtained irrespective of 
whether GroEL or GroES was immobilized 
(Fig. 1 and Table 1).  Thus, covalent cou- 
pling to the flow cell per se did not affect 
the f~~nc t iona l  properties of these proteins 
(23). SPR response curves for the ADP- 
dependent binding of increasing concentra- 
tions of GroEL to i rn~nob~l~ ied  GroES are 
shown in Fig. 1A. Association occurred in a 
monophasic reaction with an apparent rate 
constant, kc,, of -4 x 10' M p '  sp '  (Table 
1 ) .  Association may be slower than that in 
free solution because of the ~llotional re- 
straint of one of the partner molecules. The 
rate of complex formation in the presence 
of ATP was approximately three tunes that 
in the presence of ADP (Fig. 1B and Table 

835 SCIENCE VOL. 269 11'AUGUST 1995 


