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SUMMARY

The chaperonin GroEL assists the folding of nascent
or stress-denatured polypeptides by actions of
binding and encapsulation. ATP binding initiates
a series of conformational changes triggering the
association of the cochaperonin GroES, followed
by further large movements that eject the substrate
polypeptide from hydrophobic binding sites into
a GroES-capped, hydrophilic folding chamber. We
used cryo-electron microscopy, statistical analysis,
and flexible fitting to resolve a set of distinct
GroEL-ATP conformations that can be ordered into
a trajectory of domain rotation and elevation. The
initial conformations are likely to be the ones that
capture polypeptide substrate. Then the binding
domains extend radially to separate from each other
but maintain their binding surfaces facing the cavity,
potentially exerting mechanical force upon Kineti-
cally trapped, misfolded substrates. The extended
conformation also provides a potential docking site
for GroES, to trigger the final, 100° domain rotation
constituting the “power stroke” that ejects substrate
into the folding chamber.

INTRODUCTION

Chaperonins are a major class of molecular machines that
provide assistance to protein folding in cells. They enable the
folding of a diverse subset of cellular proteins by a nonspecific
mechanical action involving coordinated, large excursions of
the chaperonin domains in a double-ring assembly. Currently

best understood is the bacterial chaperonin GroEL, which
assists the folding of nascent or stress-denatured polypeptides
in steps of binding and encapsulation (Figure 1) (Thirumalai
and Lorimer, 2001; Hartl and Hayer-Hartl, 2002; Horwich and
Fenton, 2009). The non-native polypeptide is first captured on
a ring of hydrophobic sites lining cavities at the ends of the
barrel-shaped complex. Then, the combined actions of ATP
and the cochaperonin GroES trigger a dramatic series of
concerted domain rotations that eject the polypeptide from the
cavity wall and encapsulate it for folding in isolation, inside
a hydrophilic chamber capped by GroES (Mayhew et al., 1996;
Weissman et al., 1996; Xu et al., 1997).

The key steps in this structural transition from an open hydro-
phobic ring to an enclosed folding chamber have not been deter-
mined, although computational methods have been used with
the aim of predicting the trajectory of these movements (Ma
et al., 2000; Tehver et al., 2009; Yang et al., 2009). The process
is initiated by concerted ATP binding to a GroEL ring, rapidly
followed by initial contact with GroES, and concludes with addi-
tional rigid-body movements of the GroEL apical domain to form
the GroES-domed chamber. ATP binds with positive cooperativ-
ity within rings but with negative cooperativity between rings
(Yifrach and Horovitz, 1995) and is followed by substrate binding
to the hydrophobic sites (Tyagi et al., 2009). Once the substrate
is encapsulated in the domed chamber, the slow hydrolysis of
ATP (half-time ~10 s) provides a time window for folding to take
place, but ATP hydrolysis is not required for protein folding.
Rather, hydrolysis moves the machine forward through its reac-
tion cycle. Hydrolysis in the GroES-bound ring is a prerequisite
for ATP binding to the opposite ring, which in turn triggers the allo-
steric discharge of GroES, ADP, and substrate, whether folded or
not, from the folding chamber. If the released substrate is not
correctly folded, it can rebind for further cycles of interaction
with the chaperonin (Rye et al., 1999).
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Figure 1. Diagram of the GroEL-GroES ATPase Cycle, Showing the Steps of Substrate Binding, Encapsulation, Folding, and Release
ATP hydrolysis in one ring is required to enable subsequent ATP binding to the opposite ring, but hydrolysis is not required for folding to proceed within the

chamber.

Crystal structures of GroEL as well as cryo-electron micros-
copy (cryo-EM) studies show the two extremes of its trajectory
of domain movements (Braig et al., 1994; Roseman et al.,
1996; Xu et al., 1997). Comparison of the apo GroEL structure
with the GroES-bound form revealed substantial rigid-body rota-
tions about interdomain hinge points, in addition to minor local
rearrangements of secondary structure elements within the
domains (Xu et al., 1997). Cooperative ATP binding to a unique
pocket in the equatorial domains induces a downward rotation
of the intermediate domains (Ranson et al., 2001; Ma et al.,
2000). This rotation breaks the intersubunit, intermediate-to-
apical domain contact E386-R197 that plays a key role in allo-
stery (White et al., 1997) and replaces it with an intersubunit,
E386-K80 intermediate-to-equatorial domain contact (Ranson
et al., 2001). In the presence of nucleotide and GroES, a major
elevation and twist of the apical domains (Roseman et al.,
1996; Xu et al., 1997) move the hydrophobic polypeptide-binding
site on each apical domain from a position facing the cavity in
apo GroEL to an elevated and rotated position in which part
of each hydrophobic site binds a mobile loop of the GroES
heptamer to complete the domed structure of the folding
chamber. Mutational mapping of the hydrophobic binding sites
showed an overlap between substrate and GroES binding
(Fenton et al., 1994). Competitive displacement of substrate by
GroES could account for its simultaneous ejection from the
binding surface and encapsulation in the folding chamber but
does not explain why there is no escape of substrate into solution
at this step.

The role of the ATP y-phosphate is critical in substrate encap-
sulation (Motojima et al., 2004). In the absence of substrate, the
structure of the folding chamber looks almost the same when
formed with ADP as with ATP (Chaudhry et al., 2003; Ranson
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et al., 2006). However, ADP and GroES are not sufficient to eject
stringent substrates from their binding sites on GroEL, whereas
ATP and GroES trigger ejection and permit folding to proceed.
Motojima et al. used FRET to report on apical domain move-
ments in order to show that bound substrate introduces a load
on the apical domains, slightly slowing their motion in ATP and
both severely slowing their motion and preventing their full
extension to the final GroES-bound state in ADP. Adding the
v-phosphate analog aluminum fluoride to the ADP complex
releases this block of productive folding and triggers substrate
refolding at the same rate as in ATP.

Observations of multiple GroEL-ATP fluorescent phases in
earlier kinetic studies suggest that there are intermediate confor-
mations on the trajectory from the apo to ATP/GroES-domed
form (Cliff et al., 1999, 2006; Yifrach and Horovitz, 1998; Horovitz
et al., 2002). This indicates that the earlier cryo-EM reconstruc-
tion of ATP-bound GroEL (Ranson et al., 2001) probably repre-
sented a mixture of states. Averaging multiple conformations
would account for the missing density and limited resolution in
that study and suggests that the earlier interpretation of ATP-
induced movements based on docking of atomic structures is
unlikely to be accurate in detail.

Here we have carried out statistical analysis of a large data
set (60,000 images) of single-particle cryo-EM images of a
GroEL mutant deficient in ATP hydrolysis in the presence of
ATP. We resolve multiple pre-hydrolysis conformations that
can be ordered into a sequence to trace out smooth trajectories
of domain movements for GroEL-ATP; and GroEL-ATPq4
complexes. The structures reveal a set of salt-bridge changes
that provide a series of “click stops” (preferred conformations)
on a trajectory to a conformation in which the apical domains
are separated from each other and partially elevated but lack
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Figure 2. Cryo-EM Maps of the Seven Structures Determined from the GroEL-D398A-ATP Data Set

Maps are shown as white surfaces. Top ring, side view, and bottom ring are shown for each complex. The atomic structures are fitted into the maps, with the
equatorial domain in green, intermediate in yellow, and apical in red. T, tense allosteric state (unliganded); R, relaxed states (ATP bound). Rs rings are the ATP-
bound rings from GroEL-ATP; complexes (single), and Rd rings are from GroEL-ATP4, complexes (double). Figure produced with UCSF Chimera (Pettersen et al.,

2004). See also Figures S1, S2, and S3.

the full elevation and large clockwise twist seen in the GroES-
bound rings. This elevated, open conformation of the GroEL
ring positions the GroES-binding sites on its apical surface, while
still exposing key hydrophobic sites toward the cavity, suggest-
ing how the chaperonin can recruit GroES before ejecting the
substrate from its binding sites. It also suggests how the final
large twist of the apical domains provides the power stroke to
eject substrate from the hydrophobic sites.

RESULTS

Cryo-EM Maps and Atomic Structure Fitting
of GroEL-ATP Complexes
In this study, we aimed to discriminate the multiple conforma-
tions induced upon ATP binding to GroEL. We used an ATPase
mutant (D398A) with normal ATP binding but 3% of the wild-
type steady-state ATPase activity. It is nonetheless able to effi-
ciently encapsulate and fold proteins (Rye et al., 1997, 1999).
The sample was briefly incubated with ATP and vitrified.
Because the side views, which are essential for three-dimen-
sional (3D) reconstruction, accounted for only 5%-10% of the
total, we used the Leginon automated data collection system
(Suloway et al., 2005) to obtain 6,000 CCD frames, yielding
~60,000 side views suitable for analysis.

We used multivariate statistical analysis (MSA; Elad et al.,
2008; Orlova and Saibil, 2010) to progressively subdivide the

particles on the basis of eigenimages distinguishing conforma-
tional changes in a ring from orientational variations (Figure S1
available online). The separated classes produced six distinct
3D reconstructions of GroEL-ATP states, three with ATP bound
in one ring and three with ATP in both rings, in addition to an
unliganded (apo GroEL) population (Figure 2). The map resolu-
tion was 7 A for apo GroEL and 8-9 A for GroEL-ATP, with
ATP density visible in occupied nucleotide pockets and almost
all helical secondary structures resolved (Figure 3).

In order to analyze the domain movements as accurately as
possible, we used flexible fitting (Topf et al., 2008) to dock GroEL
crystal structures into our maps followed by energy minimization
to further optimize side-chain conformations (Figure S3) (Phillips
et al., 2005). This procedure maintains the connectivity between
the GroEL domains and allows deformation of specified hinge
regions. With this approach, we were able to accurately model
the conformation of all the complexes, and we adopt an elabora-
tion of the T/R (tense/relaxed) terminology of allosteric states
(Yifrach and Horovitz, 1995) to label the rings (Figure 2). ATP-
bound rings from GroEL-ATP; complexes are termed Rs (single),
and those from GroEL-ATP44 Rd (double). For the Rs states, the
fitted models reveal three distinct new conformations between
the T state (apo GroEL) and the GroES-bound state (R-ES),
termed Rs1, Rs2, and Rs-open. The Rd states were identified
as six different ring conformations in the following double-ring
complexes: Rd1:Rd3, Rd2:Rd4, and Rd-open:Rd5. Each state
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Figure 3. Cut-Open Views of the EM Maps and Fits of Apo GroEL and
the GroEL-ATP; Complex with the Top Ring in the Rs1 State and the
Bottom Ring in the T State

The EM density is in white, and apical domain helices H and |, defining the
substrate-binding site, are in red and orange, respectively. Intermediate
domain helix M (green) contains the catalytic aspartate that contacts the
nucleotide, and equatorial domain helix D (magenta) runs from the y-phos-
phate to an inter-ring contact. The fitting shows that «-helical secondary
structures are largely resolved in these maps. Shown below each complex is
a view of the region around the ATP-binding pocket, which is empty in the T
state but filled with density in the Rs1 state. The ATP molecule inside the Rs1
density is shown as spheres with CPK coloring. See also Figure S3.

is defined by a set of intersubunit salt bridges, which are clearly
seen as bridges of density. The structures are shown in the order
corresponding to the smallest steps in domain rotation between
successive conformations. For both sequences, the major
movements are first a large, en bloc rotation of the intermediate
and apical domains forming the Rs and Rd states, followed by
elevation and radial expansion of the apical domains to the
R-open states.

In the above analysis, we imposed 7-fold symmetry, in accor-
dance with the known positive cooperativity of ATP binding
within GroEL rings (Yifrach and Horovitz, 1995). However, we
also explored asymmetric refinement of each structure to check
for evidence of asymmetric movements. The only states in which
significant asymmetry appeared are the critical steps of apical
domain detachment leading to the R-open states. In particular,
asymmetric refinement of the Rs2 state suggested that 1-2
apical domains detach first and begin to elevate before the
others. However, almost all subunits in the R-open states appear
to be elevated. In some of the states, the apical domain hairpins
formed by helices K and L become disordered, as previously
observed in the unliganded rings of GroEL-GroES-ADP and
GroEL-GroES-ATP complexes (Ranson et al., 2006).

Domain Movements and Switching of Intersubunit

Salt Bridges

The domain rotations and translations are listed in Table S1 and
shown graphically for the apical domains in the major steps:
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apo to Rs1, Rs1 to Rs2, Rs2 to Rs-open, and Rs-open to R-ES
(Figure S4). The movements in the ATP-bound rings produce
obvious differences in intersubunit contacts (Figure 4). The
sequence of breakage and formation of intersubunit contacts
is consistent with the order of the Rs and Rd ring conformations
chosen as explained above (Figures 2 and 4). The contact
distances are plotted in Figure S5 and tabulated in Table S2.

Very similar patterns are seen in the Rs and Rd series, but the
Rs series is simpler and is sufficient to illustrate the major stepsin
the trajectory. The initial step after ATP binding is an en bloc, 35°
sideways tilt of the intermediate and apical domains as a single
rigid body (to the left in Figure 4, top panel, Rs1; see Movie S5)
about the equatorial-intermediate hinge. Pivoting of these
domains about the equatorial-intermediate hinge closes helix
M (green, containing the catalytic residue D398 in the native
structure) over the ATP-binding pocket. The tilt breaks the salt
bridge between intermediate and apical domains of adjacent
subunits (R197-E386) in apo GroEL and replaces it by a new
contact between K80 and E386 in the adjacent equatorial
domain, as previously described (Ranson et al., 2001). In addi-
tion, the contact E255-K207 between adjacent apical domains
of apo GroEL is broken and replaced by a contact between
E255 at the end of helix | (orange) and K245 at the end of helix
H (red) on the next subunit. In the next step (Rs1-Rs2), the inter-
mediate-apical hinge also bends, so that the apical domain
undergoes an additional elevation, with the two new salt bridges
remaining connected (Rs2). Finally, both of these salt bridges are
broken, and the apical domain moves radially outwards and
elevates 20° to form the Rs-open state. Although the apical
domain in the R-open state has completed about 70% of the final
elevation observed in R-ES, the lack of twist means that helix |
and the underlying segment, part of the substrate-binding site,
are still accessible from the cavity. To reach the R-ES conforma-
tion, the apical domains must twist ~100° clockwise and
complete their elevation (see Table S1). The movements can
be followed in Movie S1, which shows the succession of apical
domain tilt, elevation and twisting movements, along with
smaller rocking and tilting motions of the equatorial domains.
The twisting motions of the apical domains are best appreciated
in an end view movie of the whole ring (Movie S2).

Considering the individual rings of the Rd states, a similar set
of conformational changes is observed, but in smaller steps,
presumably due to the inhibitory effect of negative cooperativity
between the two ATP-occupied rings. The E386-K80 contact is
not formed in any of the Rd rings because the equatorial ring is
slightly expanded in all of them. There is a more complex inter-
play between E255 and E257 at the end of helix | and K242
and K245 at the end of helix H (Figure 4B, Rd1-5). E257 is a highly
conserved residue and has been implicated in substrate stimula-
tion of ATP hydrolysis (Danziger et al., 2006; Brocchieri and Kar-
lin, 2000). In the sequence of apical domain movements, the salt-
bridge contact slips from 255-245 to 255/257-245 and then to
255/257-245/242, suggesting a “click stop” mechanism. Finally,
all of these salt-bridge contacts are broken, and the apical
domains detach from each other to form the Rd-open state (Fig-
ure 4B). These contacts determine the switch from a continuous
belt of hydrophobic binding sites lining the open cavity to an
expanded set of disconnected sites (see Movies S3 and S4).
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Figure 4. Subunit Conformations and Intersubunit Salt Bridges in GroEL Rings

Two adjacent subunits are shown as seen from inside the cavity, with EM density in white, helix H in red, helix | in orange, and helix M in green. Charged residues
involved in intersubunit contacts are shown as spheres, with negatively charged residues in red, and positive ones in blue, and the contacts are listed for each
ring. (A) GroEL-ATP; structures. For comparison, the crystal conformation bound to GroES (PDB ID 1SVT) is also shown (R-ES). (B) GroEL-ATP+4 structures. The
arrows in the Rd series indicate the sequence of states inferred from the salt-bridge changes and the smallest movement in each step. The contact residues are
listed in gray when the contact distance (defined in Table S2) is greater than 8 A. See also Figures S4 and S5, Movies S1, S2, S3, and S4, and Tables S1 and S2.

The transition to the R-open state is the main point at which mis-
folded substrates, if already bound to multiple adjacent apical
domains, could be expanded in a forced unfolding step.

Structural Basis for Negative Inter-ring Cooperativity
GroEL is a member of the group 1 chaperonin subfamily, found
in bacteria, mitochondria, and chloroplasts. In this subfamily,
the two seven-subunit rings are staggered, so that each sub-
unit contacts two others in the opposite ring. These contacts
transmit the signals for negative cooperativity between the
rings. In GroEL-ATP rings, the equatorial domains pivot, relative
to the unliganded state, about the inter-ring contact contain-
ing the salt bridge R452-E461. Pivoting about this contact
lengthens the other inter-ring contact, A109-A109, which is
directly linked to the ATP y-phosphate by helix D and provides
a route for communication between the two rings (Braig et al.,
1994; Roseman et al., 1996). This route is altered in the pres-
ence of ATP, potentially explaining negative cooperativity
between rings.

We are now able to describe these movements in more detail
(Figure 5). Unexpectedly, the equatorial domain rotations result

in rotation and expansion of the whole ring. The T-R transition
can be described as two movements in the inter-ring interface.
The first is a downward tilt of the equatorial domain centered
on the R452/E461/V464 contact, and the second is an anticlock-
wise rotation of the whole ATP-bound ring relative to the empty
ring. This second movement was not previously detected and
causes the A109-A109 inter-ring contact to change from tilted
to vertical, which is clearly seen in both the density and the fitted
coordinates. The tilt and rotation lengthen the A109 contact
by ~2 A. In the transition from Rs to Rd and especially to
R-open states, the equatorial domains move radially outwards,
lengthening both inter-ring contacts. The inter-ring contact
distances, specified in Table S2, are plotted in Figure S5. Movies
of the ring interface, seen in a central slice and from outside the
complex for the Rs and Rd series, show how the equatorial
domain tilts progressively lengthen the A109 contact and
weaken the whole interface (Movies S5, S6, S7, and S8). Quali-
tatively similar but larger tilts are seen in the equatorial domains
of group 2 chaperonins, which are less constrained by having 1:1
instead of 1:2 contacts across the ring interface (Clare et al.,
2008; Huo et al., 2010).
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When ATP binds in the second ring, the equatorial domains
recapitulate the movements seen in the first ring. This has the
effect of increasing the distance between both contacts, with
the interface at its weakest in the Rd-open:Rd5 complex, mani-
fested as reduced or absent density for the A109 contact and
very weak density at the R452/E461/V464 contact. The weak
interfaces of the R:R states are consistent with previous obser-
vations of ring dissociation in ATP (Burston et al., 1996; Ranson
et al., 2001, 2006).

Another unexpected finding is that the C termini, which are
disordered in apo GroEL, are more ordered in all the ATP-bound
rings (Figure S2). The cause and significance of this behavior are
unknown, but it would seal the base of each ring, preventing
even small substrates from crossing internally between rings.

DISCUSSION

The new observations of detachment and partial elevation of the
apical domains in the presence of ATP, passing through Rs/Rd
states to produce an R-open state, have major implications for
binding and mechanical action of GroEL on folding substrates,
as well as identifying the likely conformation for GroES docking.
It was previously assumed that ATP-bound conformations of
GroEL had low affinity for unfolded substrate. However a more
recent study revealed that ATP binding is much faster than
substrate binding (Tyagi et al., 2009), implying that, under phys-
iological conditions, substrates are captured by a GroEL ring
already occupied by ATP, here implied to be the Rs states.
Inthe apo GroEL structure, helices H and | demarcate a contin-
uous collar of hydrophobic sites around the inner face of the
GroEL ring (Figure 6A). The previous cryo-EM study (Ranson
et al., 2001) suggested that the binding site is rotated into
the intersubunit interface upon ATP binding, thus weakening
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Figure 5. Inter-ring Interfaces in the GroEL
Complexes

The salt-bridge contact involves E461 (red) and
R452 (blue), along with the van der Waals contact
V464-V464 (gray), seen in the left-hand contact in
each panel. The contact at A109-A109 (gray,
middle contact) is at the C-terminal end of helix D
(magenta). D87 at the N terminus of helix D is
involved in coordinating the ATP y-phosphate. For
the comparison with the GroES-bound state, we
used the EM-derived model (PDB ID 2C7C)
because the ring interface conformation in the
crystal lattice is different from the one observed in
solution (Ranson et al., 2006). The region viewed is
indicated by the box in the overview (top, central
panel). See also Figure S5, Movies S5, S6, S7, and
S8, and Tables S1 and S2.

substrate binding. However, our new
data show that after ATP binding, adja-
cent apical domains are linked by intersu-
bunit salt bridges between the ends of
helices H and |, thus maintaining the
continuous collar of binding sites facing
the cavity, albeit with different orienta-
tions of the plane of the binding surface (Figure 6B). It seems
possible that binding of a range of substrate conformations
could be facilitated by the variety of orientations presented by
the various R states.

The continuous collar of binding sites is important because
substrate binding to three or more adjacent apical domains is
essential for productive folding of stringent (strictly GroEL-
GroES dependent) substrates (Farr et al., 2000). At least for
some stringent substrates, the more internal part of the hydro-
phobic site, namely helix | and the underlying segment, provides
the preferred binding site (Elad et al., 2007; Clare et al., 2009).

When the apical domains of the Rs2 state undergo a further
elevation and move radially outwards, all the intersubunit
contacts between apical domains are broken, producing the
R-open state (Figure 6C). This movement could apply an exten-
sion force to a multivalently bound substrate, relieving kinetically
trapped, misfolded states (Shtilerman et al., 1999; Lin et al.,
2008). Notably, however, binding to an apo GroEL ring alone
can accomplish such stretching (Lin and Rye, 2004). Neverthe-
less, following substrate protein binding by ATP-bound R states,
as observed here, stretching could be mechanically exerted
by the transition to the R-open state. Although the radial expan-
sion and elevation break the continuous hydrophobic binding
surface, the movements place the helix H/I grooves (which
face into the cavity in all the preceding states) into an upward-
facing orientation (R-open) in line with the GroES mobile loops,
allowing GroES to be captured, whereas the stretched substrate
protein remains bound to the separated hydrophobic surfaces.
These views show how the binding surface is distorted, elevated,
and finally occluded at the key points in the trajectory, and they
are color-coded by hydrophobicity in Figure S6.

Although the GroES-binding sites in R-open are individually
aligned 100° from their final orientations in the plane of the
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GroEL-GroES-domed ring (compare Figures 6C and 6D), the
mobile loops are sufficiently long and flexible to readily dock
into the R-open ring from their unbound state (Hunt et al.,
1996; Landry et al., 1996). Each loop could then twist 100°
together with its bound apical domain to reach the final R-ES
conformation. As indicated, GroES docking to the R-open state
would explain why substrates do not escape before encapsula-
tion. The major steps in the trajectory from apo GroEL to R-ES,
via Rs1 and Rs-open, are shown as 3D cartoons in Figure 7.
The indirect path from T to R-ES, in which the apical domains
rotate sequentially in two orthogonal directions to reach the
R-ES conformation, was not predicted from the known end-
states and has major consequences for the mechanism of
substrate encapsulation.

These major conformational steps are observed to have
distinct patterns of intersubunit salt-bridge contacts that are
visible in the EM density. The residues involved in the salt bridges
formed upon ATP binding are reasonably well conserved in all
GroEL sequences. Specifically, residues at the positions equiv-
alent to E. coli residues 245 (K or R), 255 (E or D), and E257
involved in the interapical domain crosslink are conserved
in bacterial and mitochondrial GroEL sequences, whereas
K242 is not. In algal chloroplast GroEL sequences, all four
charged residues are conserved, but in the higher plant chloro-
plast GroEL the B subunits have three out of the four (242, 255,
and 257), and the o subunits only have one (257, the residue
important in substrate stimulation of ATP hydrolysis; Danziger
et al., 2006). However, the o subunits have an arginine at the
position equivalent to 244 in the E. coli sequence, and this might
be able to act as the salt-bridge partner to 255. Interestingly,
K80, which forms the new equatorial-intermediate salt bridge
to E386, is widely conserved in GroEL sequences except for
the mitochondrial ones. These findings are supported by the
analysis of a GroEL consensus sequence (Brocchieri and Karlin,
2000).

Previous mutational and biophysical studies provide addi-
tional support for the interpretation of movements presented
here. In apo GroEL, there is an intrasubunit, equatorial-to-
apical salt bridge D83-K327. The Ca separation between

Figure 6. Footprint of GroES-Binding Sites
on GroEL

The rings are seen in space-filling format from
above and in cut-away side view in (A) apo, (B)
Rs1, (C) Rs-open, and (D) R-ES (PDB ID 1SVT)
rings. Helices H and | are in red and orange,
respectively, and the binding residues on the
mobile loops of GroES are shown in dark blue. The
black dotted circle shows the radial distribution of
GroES-binding sites. In the R-open state, the sites
are at the same radius as in R-ES, but they are
rotated by ~100°. GroES is schematically docked
onto the R-open state to illustrate that the binding
sites are readily accessible to the GroES mobile
loops, unlike the situation in the Rs state. See also
Figure S6.

these residues goes from 8 Ain apo GroEL to 12.4 Ain Rs1 to
15.7 A in Rs-open and finally to 36 A in R-ES. Murai et al.
(1996) showed that substituting D83 and K327 with cysteine (in
a cysteineless, fully functional mutant version of GroEL) and
oxidatively crosslinking the cysteines to lock down the apical
domains blocked both GroES binding and ATP turnover.
Conversely, in an independent experiment, the ability of A384C
and S509C to oxidatively crosslink only in the presence of ATP
confirms the large rotation of the intermediate domain character-
istic of ATP-bound GroEL (see Figure 1 in Nojima and Yoshida,
2009).

A previous functional study provides strong support for an
R-open-GroES intermediate. In the presence of bound sub-
strate, the GroEL mutation C138W near the equatorial-interme-
diate domain hinge region produces a complex with both
substrate protein and GroES bound, and this complex is arrested
in ATPase and folding activities (Kawata et al., 1999; Miyazaki
et al.,, 2002). This stalled state, formed at 25°C, is partly un-
blocked by warming to 37°, allowing folding to the native state
to proceed. These findings fit extremely well with our proposal
that Rs-open is an intermediate state that can simultaneously
bind substrate and GroES. Our R-open structures provide
a view of this intermediate conformation.

The sequence of ATP-directed GroEL states presented here is
chosen to give the smallest domain movements in each step.
The plausibility of these as distinct intermediates along a trajec-
tory is supported by time-dependent fluorescence studies,
which identify at least two distinct ATP-bound states that
precede GroES binding (Taniguchi et al., 2004; Cliff et al.,
2006). Notably, the states observed here by cryo-EM were all
productive of the GroES-bound R-ES end-state: when GroES
was added to D398A GroEL after ATP, we found by negative-
stain EM that all available complexes bound GroES just as exten-
sively as when GroES was added before ATP.

The energy driving the movements charted here must be
derived from ATP binding. In previous studies, the energy of
ADP binding alone was measured at ~45 kcal/mol of rings,
whereas subsequent binding of an aluminum fluoride complex
(simulating the y-phosphate, albeit to an ADP/GroES-bound
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complex) was another ~45 kcal/mol of ring (Chaudhry et al.,
2003). Thus it seems that there is ample energy supplied to allow
the formation and breakage of salt bridges along the trajectory
from the T state to R-open.

Conclusions: Implications for Chaperonin-Assisted
Protein Folding

Important implications of this work for the mechanism of chap-
eronin action stem from the observation by cryo-EM of a set of
distinct intermediate states formed in response to ATP binding
that likely lie along a trajectory of movement. A key finding is
that this trajectory, from an unliganded ring (T state) to the
domed GroES/ATP-bound (R-ES state), is not direct. It seems
to be comprised of two main phases. First, upon binding
ATP, the GroEL apical domains tilt together with the interme-
diate domains (forming Rs1), begin to elevate by themselves
(forming Rs2), and then detach from each other, expand radi-
ally, and elevate further (forming Rs-open). Substrate protein
binds more slowly than ATP and thus in vivo is likely to bind
to the tilting and elevating apical domains. During the expan-
sion to Rs-open, the multivalently bound substrate must be
exposed to a stretching force that could unfold trapped, mis-
folded conformations. This first phase ends with the R-open
state. R-open holds bound polypeptide via hydrophobic con-
tacts with at least helix | and the underlying segment, which still
face the cavity, while simultaneously presenting binding sites
for the GroES mobile loops at the correct positions for GroES
docking. There is ample flexibility in the GroES loops to dock
onto this conformation (Figures 6 and 7), and thus a ternary
complex is formed from which captured, still-bound polypep-
tide cannot escape.
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Helices H (red), | (orange), and M (green) are
highlighted. The folding substrate polypeptide is
shown in gray mesh. GroES is shown docked onto
the Rs-open state as in Figure 6C. The R-open
apical domains have undergone about 70% of
their elevation from apo to R-ES. This figure was
generated in Blender 3D.

In the second phase of movement,
following GroES docking, the further
elevation of the apical domains and
massive 100° clockwise twist provide
the power stroke of chaperonin move-
ment, which ejects the substrate protein
from its binding sites by peeling away
the remaining hydrophobic sites on helix
| and the underlying segment. After this
step, the released substrate would be
free to collapse and fold inside the final,
hydrophilic folding chamber.

The time course of the movements,
based on observed rates of binding,
would be rapid ATP binding (100 s™), fol-
lowed by substrate binding and slower rearrangement (~5 s ),
and then GroES docking (1-2 s~) (Taniguchi et al., 2004; Cliff
etal., 2006; Tyagi et al., 2009). Therefore, our observed trajectory
likely elucidates the encapsulation mechanism and indicates
potentially where substrate protein can undergo an ATP-
directed stretching action that would release it from misfolded
states, as well as when it is ejected from the apical domains, fol-
lowed by collapse and folding in the 70 A long hydrophilic
chamber. It provides a plausible mechanism by which the chap-
eronin releases proteins from kinetic traps and places them
under conditions that favor productive protein folding to the
native state without any stereospecificity and without the possi-
bility of aggregation.

R-ES

EXPERIMENTAL PROCEDURES

Protein Expression and Purification
GroEL expression and purification were done as previously described (Weiss-
man et al., 1995; Rye et al., 1997).

Sample Preparation and EM

For the cryo-EM, 2.5 ul of 4 mg/ml GroEL in 50 mM Tris-HCI (pH 7.4), 50 mM
KClI, and 10 mM MgCl, was applied to holey carbon-coated C-flat grids (r2/2,
Protochips Inc., USA) followed by 0.5 ul of 400 or 800 uM ATP (ATP was added
to the grids once they were mounted in the vitrobot). The grids were rendered
hydrophilic with a Fischione plasma cleaner for 20 s in a specially adapted
stage, then immediately used for sample preparation in a vitrobot (FEI, Nether-
lands) at 25°C and 100% humidity, blotted for 2-3 s, and rapidly plunged into
liquid ethane maintained at —180°C. For GroEL-ATP complexes, a technical
problem also encountered with GroEL-substrate complexes (Elad et al.,
2007) reduced the number of side views to only 5%-10% of the total. In order
to collect a very large data set, low-dose images were recorded with the auto-
matic data acquisition system LEGINON on a Tecnai F20 electron microscope



operated at 120 kV and equipped with a Gatan cold stage (Gatan, USA) and
recorded on a Gatan 4k CCD camera (Gatan, UK) at a magnification on the
CCD camera of 148,500 with 0.7-3.5 um underfocus. Approximately 6,000
frames were collected in multiple sessions.

Image Processing

The CCD cryo-EM images were 2 X 2 binned to 2.02 A/pixel. The contrast
transfer function (CTF) for each CCD image was determined with CTFFIND
(Mindell and Grigorieff, 2003). Initially a small subset of particles was selected
(side views only) using XIMDISP (Smith, 1999) and extracted into 256 by 256
boxes. The CTF correction was done in SPIDER (Frank et al., 1996), and after
CTF correction, the boxes were cropped to 192 by 192. The images were
filtered, normalized, and aligned to a filtered side-view projection of the apo
GroEL crystal structure (Protein Data Bank [PDB] ID 10EL; Braig et al.,
1995). The total sum of the aligned images was then calculated and used as
a reference template to automatically pick side views from all the CCD frames
using FindEM (Roseman, 2004). The automatically picked particles were then
extracted into 256 by 256 boxes, CTF corrected, and cropped as before. The
boxed particles were band-pass filtered between 175 and 4 A and then
normalized. Images were initially centered using a projection of a filtered
crystal structure from the side and classified by MSA in IMAGIC (van Heel
et al., 1996) into classes containing approximately 6-10 images per class.
Class averages that did not clearly represent GroEL side views were selected,
and the images in these classes were removed from the data set. Following
this, the remaining 60,000 images were aligned to reprojections from a recon-
struction of unliganded GroEL. These aligned images were then classified using
MSA into 10 subgroups in which only eigenimages describing conformational
variation within rings and misalignment between particles were used (Fig-
ure S1). Based on these subpopulations, the images were partitioned into
GroEL-ATP,, GroEL-ATP+4, and “junk” (images not containing GroEL or with
an obviously incorrect alignment). From this point, the 20,000 GroEL-ATP,
images and 30,000 GroEL-ATP,, images were treated as separate data sets.

For both data sets, the eigenimages were again calculated, and the ones
reporting on variations in conformation were used to subdivide them into
four subgroups. From these, two subgroups were selected for each data
set, and reconstructions calculated. Alignment to reprojections of all these
reconstructions was then used to refine the separation (Elad et al., 2007,
2008). This procedure was iterated until the movement of images between
the two subgroups stabilized. Eigenimages calculated for both subpopulations
in both data sets revealed that one subpopulation in each data set still had
a significant conformational variation. Therefore, this information was used
to split that subpopulation into two further subgroups from which reconstruc-
tions were calculated. This gave three distinct subgroups for each of the
GroEL-ATP; and GroEL-ATP,,4 data sets, which were then used as reference
structures for competitive alignment. This procedure was iterated until the
separation was reasonably stable, giving 5,500 images in each of the three
GroEL-ATP; classes (Rs1, Rs2, and Rs-open) and 15,000, 6,500, and 6,500
images, respectively, in the three GroEL-ATP4, classes (Rd5:Rd-open,
Rd2:Rd4, and Rd1:Rd3). However, if the separation was left to run (up to iter-
ation 16), images from Rs-open would slowly move to Rs2, causing the apical
domains in Rs2 to expand and lose density. Therefore, to check the validity of
the separations of Rs-open and Rs2 at iterations 9 and 16, asymmetric recon-
structions were calculated. This test revealed that the apical domains at itera-
tion 9 were in a similar position to that of the 7-fold maps, whereas at iteration
16, there was a lot of variation in apical domain position. Class Rs1 remained
the same independent of the iteration number. This suggested that images of
the Rs-open state were being incorrectly assigned to Rs2. A similar test was
done with the GroEL-ATP,, data set.

The images for each of the six ATP conformations were then split into sepa-
rate data sets after iteration 9, and four further rounds of alignment and recon-
struction were done. The angular distribution of the reference images (side
views) was 80°-100° to the symmetry axis, over the asymmetric unit covering
0°-51.4° around the symmetry axis, with a step size of 1° for the final four
rounds of alignment. Each of the six GroEL-ATP data sets and the apo data
set were split into two halves and reconstructions generated, which were
then soft edge masked and used to calculate the Fourier shell correlation
(FSC). The resolution for each data set was estimated using the 0.5 criterion

as 7 A for apo GroEL and 8-9 A for the GroEL-ATP complexes. The final recon-
structions were filtered between 20-8.5 A to correct for the over-representa-
tion of low-frequency information and to remove high-frequency noise. The
low-frequency components were reduced to 10% of their original amplitudes.

Atomic Structure Fitting and Refinement

Starting from the apo rings of the GroEL-ATP; maps (the three T rings), the
crystal structure of the full heptameric ring of apo GroEL (PDB ID 10EL; Braig
etal., 1995) was rigidly docked using Chimera (Pettersen et al., 2004), showing
a good fit (cross-correlation coefficients: Rs1 = 0.616, Rs2 = 0.620, Rs-open =
0.633). Next, flexible fitting was applied with Flex-EM (Topf et al., 2008) to
the ATP-bound rings from all six maps: Rs1, Rs2, and Rs-open in the
GroEL-ATP; maps, and Rd1-5 and Rd-open in the GroEL-ATP14 maps. Two
crystal structures were used as starting points—apo GroEL,4 (PDB ID 10EL)
and GroEL4-GroES7 (PDB ID 1SVT; Chaudhry et al., 2004). Any mutations
in the crystal structures used were rebuilt as wild-type using Chimera
(Goddard et al., 2007), with the exception of the D398A mutation.

A flowchart of the fitting is shown in Figure S3. First, each map was box-
segmented around one subunit. A single GroEL subunit was then refined in
each segmented map. In some cases, additional manual intervention (per-
formed in Chimera) was needed to complete the fit, followed by conjugate-
gradient minimization of the physicochemical properties to reconnect the chain
using MODELER (Sali and Blundell, 1993). In the flexible fitting procedure, the
models were refined by optimizing the positions of nonhydrogen atoms with
respect to their cross-correlation with the map, as well as to the stereochemical
properties and nonbonded interactions, using simulated annealing molecular
dynamics. The optimization was performed by defining groups of atoms that
were treated as rigid bodies (e.g., domains), whereas the atoms in the hinge
regions connecting the rigid bodies were treated individually.

Once a single subunit was fitted, the ring was rebuilt using C7 symmetry. For
all the ATP-bound rings except Rs-open, the lateral B sheet contacts (residues
2-7 and 517-524 in one subunit and 37-49 in the neighboring subunit) were
superimposed from 10EL at the end of each fit to ensure that the correct
intersubunit contact was constructed. Finally, to get a better description of
the changes in nonbonded interactions between the different conformations
(in particular intersubunit and interdomain interactions), the side chains of
each of the six 14-mer models (which mostly were kept rigid within rigid bodies
during the refinement) were energy minimized. The minimization was per-
formed using NAMD2.6 (Phillips et al., 2005) with the CHARMM27 force field
(Foloppe and MacKerell, 2000).

The specific procedures for each of the nine ATP-bound rings are described
in the Extended Experimental Procedures. The final cross-correlation scores
for the full double-ring fits into each map are as follows: Rs1:T = 0.657,
Rs2:T = 0.651, Rs-open:T = 0.664, Rd1:Rd3 = 0.681, Rd2:Rd4 = 0.671, and
Rd-open:Rd5 = 0.728.

Quantitative Analysis of the Fits

The angles, axes, and translations between the same domains in the different
GroEL states were measured with MODELER (using an in-house script), by
tracking the center of mass of each domain and the axis and angle of rotation
needed for pairwise superposition of the domains (Topf et al., 2008). These
measurements required prior alignment of all of the fits and crystal structures.
The GroEL-ATP; fits, apo, and GroES-bound crystal structures were aligned
by superposing the nucleotide-free rings. The GroEL-ATP., fits were aligned
by rotating the structures around the z axis until the centers-of-mass of each
subunit in the top ring were aligned. These measurements are shown in Table
S1. The distances between interacting atoms in residues that form salt bridges
are listed in Table S2.

ACCESSION NUMBERS

The cryo-EM maps of states apo, Rs1, Rs2, Rs-open, Rd1:Rd3, Rd2:Rd4, and
Rd-open:Rd5 are deposited with Electron Microscopy Data Bank (EMDB)
codes EMD-1997-2003, respectively. The PDB files fitted to the GroEL-ATP
maps are deposited in the PDB as 4aaq (Rs1), 4aar (Rs2), 4aas (Rs-open),
4aau (Rd1:Rd3), 4ab2 (Rd2:Rd4), and 4ab3 (Rd-open:Rd5).
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EXTENDED EXPERIMENTAL PROCEDURES

Steps in Atomic Structure Fitting

(1) Rs1: A single subunit of 1OEL was flexibly fitted, first as two rigid bodies (the equatorial domain and the combined intermediate
and apical domains) for ten iterations. Next, seven rigid bodies (the three domains, with helices K and L and both lateral § sheet
contacts separate) were fitted for an additional ten iterations.

(2) Rs2: The final fit of Rs1was rigidly fitted into the single subunit map, and flexible fitting was first applied using six rigid bodies (the
three domains, with the lateral 8 sheet contacts and helix | separate) for ten iterations. A further ten iterations of flexible fitting were
applied, this time with helices K and L rather than helix | separate.

(8) Rd1: The Rs1 fit was rigidly fitted into Rd1, and the apical domain was manually moved by ~6 A. Flexible fitting was then applied
for three iterations using seven rigid bodies (the three domains with helices H, |, and lateral B sheet contacts separate).

(4) Rd3: The Rs1 structure was rigidly fitted, and flexible fitting was applied using three rigid bodies (the three domains) for ten iter-
ations. The lateral B sheet contacts were then manually repositioned.

(5) Rd2 and Rd4: The bottom subunit of the Rd1 final fit was rigidly fitted into the top ring (chains A-G). Flexible fitting was applied
using nine rigid bodies (the three domains with the lateral B sheet contacts and helices K, L, H, and | separate) for ten iterations. The
same procedure as Rd2 was applied for Rd4, but starting with the final fit of Rs2.

(6) Rd-open and Rd5: For both rings, the intermediate and equatorial domains of 1SVT were combined with the manually moved
apical domain from 10EL. Attempts at fitting starting from 1svt or Rs2/Rd2 conformations produced clearly worse results for the
apical domain. Flexible fitting was applied for ten iterations using all secondary structures as separate rigid bodies in the apical
and intermediate domains (allowing more flexibility in the system to compensate for missing density). The equatorial domain re-
mained rigid.

(7) Rs-open: The Rd-open structure was rigidly fitted into a single subunit, and flexible fitting was applied using five rigid bodies
(the three domains with helices K and L separate) for ten iterations.

SUPPLEMENTAL REFERENCE

Kyte, J., and Doolittle, R.F. (1982). A simple method for displaying the hydropathic character of a protein. J. Mol. Biol. 157, 105-132.
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Figure S1. Schematic Outline of the Procedure Used to Sort the Data Set into Seven Distinct Structures, Related to Figure 2

The eigenimages of the whole, aligned data set indicate significant variations in the top and bottom of layers of the complexes, the locations of the apical domains.
These eigenimages are circled in green. Class averages of this aligned data set show complexes with either one (red) or both (blue) apical domain layers extended
relative to their appearance in apo GroEL. An initial rough sorting of the data into complexes with one (single, GroEL-ATP;) or both (double, GroEL-ATP,) rings
occupied by ATP was based on the appearance of these classes. Eigenimages of the two subsets show more detailed features indicating variations in one or both
apical domain layers. These eigenimages were used to further subdivide the two subsets, leading to the four structural classes whose 3D maps were used to
generate reference projections for competitive alignment. Further eigenimage analysis led to one more subdivision of each set, yielding three single- and three
double-ring ATP complexes.
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Figure S2. C-Terminal Densities, Related to Figure 2
Cross-sections of the maps and fits showing the additional density arising from the GroEL C termini, which are disordered in the T state and in the crystal

structures. They become more ordered in ATP-bound rings.
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Figure S3. Flow Chart of Steps in the Flexible Fitting, Related to Figures 2 and 3

Lateral sheet superimposition in the equatorial domain contact was done by manual rigid fitting of the four strands from the 10EL structure. All CG refinements
were made without using map density. ATP was added by superimposing the equatorial domain from 1kp8. Mutations, rigid fitting, and segmentation done in
Chimera, as were any manual changes.
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ATP-bound ring of GroEL-ATP;

Rotation axis

Structures Translation Rotation X y z

Apical domains

Proposed trajectory
Apo Rs1 13.8 36.9 0.4 -0.6 0.7
Rs1 Rs2 3.0 8.9 1.0 0.1 -0.2
Rs2 Rs-open 10.3 17.7 0.1 0.4 0.9
Rs-open R-ES 7.6 95.6 -0.5 0.9 -0.2
Apo - Rs1 Rs2 - Rs-open Rs-open - R-ES

Figure S4. Apical Domain Rotations, Related to Figure 4
The main apical domain movements are tabulated, and the orientations of a pair of adjacent apical domains in the representative conformations are shown with
reference frames to indicate the view orientation and the axis and angle of rotation at each step.
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Figure S5. Plot of Intersubunit Contact Distances in the GroEL-ATP Complexes, Related to Figures 4 and 5
GroEL-ATP; (top) and GroEL-ATP,4 (bottom) complexes. The distances plotted are averaged over all seven subunits for each ring.

S6 Cell 749, 113-123, March 30, 2012 ©2012 Elsevier Inc.



Figure S6. Surface Hydrophobicity Representations of Rings in the T, Rs1, Rs-open, and R-ES States, Related to Figure 6

The front half of each ring is cut away, with the cut surface shown in pale blue. Residue surfaces were colored using Chimera, based on the Kyte-Doolittle scale
(Kyte and Doolittle, 1982), ranging from blue (most hydrophilic) through white to yellow (most hydrophobic). The continuous hydrophobic lining in the T state is
distorted in Rs1, broken up in Rs-open, and occluded in R-ES.
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