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SUMMARY

The GroEL/ES chaperonin system is required for
the assisted folding of many proteins. How these
substrate proteins are encapsulated within the
GroEL-GroES cavity is poorly understood. Using
symmetry-free, single-particle cryo-electron micro-
scopy, we have characterized a chemically modified
mutant of GroEL (EL43Py) that is trapped at a nor-
mally transient stage of substrate protein encapsula-
tion. We show that the symmetric pattern of the
GroEL subunits is broken as theGroEL cis-ring apical
domains reorient to accommodate the simultaneous
binding of GroES and an incompletely folded sub-
strate protein (RuBisCO). The collapsed RuBisCO
folding intermediate binds to the lower segment
of two apical domains, as well as to the normally
unstructured GroEL C-terminal tails. A comparative
structural analysis suggests that the allosteric transi-
tions leading to substrate protein release and folding
involve concerted shifts of GroES and the GroEL
apical domains and C-terminal tails.

INTRODUCTION

Many essential proteins fold only when assisted by ATP-

powered machines known as molecular chaperones (Hartl

et al., 2011). The GroEL/ES system of Escherichia coli is a well-

studied example of the chaperonin class of molecular chaper-

ones (Horwich and Fenton, 2009; Lin and Rye, 2006). GroEL is

a tetradecamer of 57 kDa subunits, arranged as two stacked,

seven-membered rings, each containing a large, solvent-filled
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cavity (Braig et al., 1994). The cavity-facing surface of the apical

domain of each subunit is lined with hydrophobic amino acids

that tightly bind substrates that are neither random coil nor

natively folded proteins (so-called nonnative proteins; Fenton

et al., 1994). Efficient folding of proteins that strictly depend on

GroEL (so-called stringent substrate proteins) requires encapsu-

lation of the nonnative substrate protein within a cavity formed by

GroEL plus the smaller, ring-shaped cochaperonin GroES

(Mayhew et al., 1996; Rye et al., 1997; Weissman et al., 1995,

1996). Encapsulation seals the GroEL cavity and results in the

release of the substrate protein into an enlarged GroEL-GroES

chamber (a cis complex). Upon release, folding is initiated and

continues for a brief period, until the cavity is disassembled

and the protein, folded or not, is ejected back into free solution

(Mayhew et al., 1996; Todd et al., 1994; Weissman et al., 1994,

1995, 1996).

Encapsulation and initiation of folding ultimately depend

upon ATP-driven structural rearrangements (Chen et al., 1994;

Roseman et al., 1996; Rye et al., 1999). ATP binding to GroEL

equatorial domains results in large, cooperative rearrange-

ments, which elevate and rotate the apical domains (Burston

et al., 1995; Xu et al., 1997; Yifrach and Horovitz, 1995).

Exposed sites bind GroES, which results in a switch of the

apical-domain surfaces from hydrophobic to polar (Xu et al.,

1997), a switch believed to be essential for releasing substrate

and triggering folding. Whereas protein folding is initiated inside

the GroEL-GroES cavity, the relatively short lifetime of this com-

plex limits the amount of time a protein has to fold (Burston

et al., 1995; Rye et al., 1999; Todd et al., 1994; Weissman

et al., 1994). The timer for complex disassembly is set by

the rate of ATP hydrolysis within the cis cavity, ranging from

4–20 s, depending on temperature and the concentration of

nonnative substrate protein (Burston et al., 1995; Grason

et al., 2008; Rye et al., 1999).
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Figure 1. The GroEL Protein Folding Cycle

Involves a Series of Allosteric Transitions

within the Chaperonin Complex

(A–F) Nonnative substrate proteins enter the

GroEL reaction cycle by binding to the open trans

ring of an asymmetric GroEL-GroES complex,

pulling the trans ring into the high-affinity ‘‘T’’

state (A; for cycle details, see Cliff et al., 2006;

Horwich and Fenton, 2009; Lin and Rye, 2006).

Protein encapsulation is initiated by highly coop-

erative binding of ATP to the trans ring, popu-

lating the R1 state (B), a conformational state of

the GroEL ring with high affinity for the nonnative

protein, but not yet for GroES. The R2 state (C)

retains substantial, though weakened, affinity for

the nonnative protein, binds GroES, and encap-

sulates the substrate protein (D). Transitions into

or between the R1 and R2 states are also linked

to disassembly of the GroEL-GroES complex on

the opposite ring. The ATP-bound GroEL-GroES

complex has a high affinity for GroES in the R3 state (E), which releases the nonnative substrate protein into the enclosed cis cavity, to initiate folding.

Hydrolysis of ATP within the cis ring triggers a transition of the complex to at least one additional conformational state (F).
Recent structural work provides insight into how a nonnative

substrate protein is bound to an open GroEL ring and a view of

a fully folded protein inside the GroEL cavity (Clare et al., 2009;

Elad et al., 2007; Falke et al., 2005, Kanno et al., 2009), but struc-

tural information about nonnative proteins during and immedi-

ately following encapsulation, the point at which folding is

initiated, remains limited. In fact, the cooperative structural tran-

sitions of the GroEL ring that occur in response to ATP binding

appear to create a paradox. Given that nonnative substrate pro-

teins and GroES are thought to bind to overlapping sites on the

GroEL apical domains, how is it possible for ATP binding to drive

a GroEL ring into a state with high affinity for GroES without

causing premature release of the folding intermediate outside

the chaperonin?

Binding competition between GroES and a substrate protein

to the apical domains could be avoided if the ATP-bound GroEL

ring populates an intermediate conformation that transiently

binds both substrate protein and GroES (Cliff et al., 2006). Entry

into and exit from such a state would require an orderly allosteric

cascade designed to enforce a specific ligand binding sequence

(Clare et al., 2012; Cliff et al., 2006; Madan et al., 2008; Ueno

et al., 2004). The sequence begins with the nonnative substrate

protein binding to the open trans ring of an asymmetric GroEL-

GroES complex with high affinity for the substrate protein but

without significant affinity for GroES (Figure 1A; Lin et al.,

2008). Cooperative binding of ATP to the same GroEL ring is

then thought to initiate encapsulation through a series of con-

formational states, which sequentially weaken the interaction

between GroEL and the substrate protein, while simultaneously

strengthening the interaction with GroES (Figures 1B–1F).

Whereas functional and kinetic studies strongly suggested the

existence of such an allosteric cascade, because they are only

transiently populated, the structural nature of these key interme-

diate states has remained poorly understood. A recent cryo-

electron microscopy (cryo-EM) study of GroEL in the presence

of ATP has begun to fill in some of these missing details, by suc-

cessfully classifying several intermediate conformations of the

GroEL apical domains (Clare et al., 2012). This study provides
structural evidence for a sequential allosteric cascade, as well

as insight into the intermediates populated by an ATP-bound

GroEL ring prior to encapsulation. However, the absence of

GroES and nonnative substrate protein in these studies leaves

unresolved the key structural transitions that lead to substrate

protein encapsulation, release, and folding.

Here, we show a nonnative substrate protein trapped inside

the GroEL-GroES cavity during encapsulation. We used cryo-

EM and single-particle three-dimensional (3D) reconstruction

to determine the structure of a chemically modified GroEL

mutant, which stalls in an allosteric state just prior to substrate

protein release (the R2 state; Madan et al., 2008). Population of

this normally transient state requires a break in the 7-fold rota-

tional symmetry of the GroEL ring. As the GroES heptamer

engages the GroEL ring to seal the cavity, the nonnative protein

contacts the lower segment of the GroEL apical domains. Strik-

ingly, the normally unstructured C-terminal tails of the GroEL

subunits extend up from the base of the cavity tomake extensive

contact with the nonnative protein. Removal of the C-terminal

tails results in an increase in premature substrate protein release

prior to GroES binding. Efficient encapsulation thus requires an

intermediate conformation of the GroEL-GroES complex that

simultaneously binds both the nonnative protein and GroES.

RESULTS

Cryo-EM of a Functionally Trapped GroEL
(EL43Py)-GroES Complex
Previous work showed that the GroEL variant EL43Py is a potent

tool for examining the linkage between substrate protein encap-

sulation, release, and folding (Madan et al., 2008). EL43Py was

created through homogeneous N-1-pyrene maleimide alkylation

of a surface-exposed Cys residue engineered into a stem-loop at

the bottom of the GroEL cavity. EL43Py encapsulates nonnative

substrate proteins beneath GroES but only very slowly releases

them into the GroEL-GroES cavity to initiate folding. The EL43Py

variant thus provides an excellent opportunity to trap and struc-

turally characterize a key conformation of the GroEL-GroES
Cell 153, 1354–1365, June 6, 2013 ª2013 Elsevier Inc. 1355



Figure 2. The Structure of the EL43Py398A-

GroES-ATP Complex Determined at 8.9 Å

Resolution by Cryo-EM with C7 Symmetry

Imposed

(A) Side view of the EL43Py398A-GroES-ATP

density map displayed at a contour level of 1.3 s.

Individual GroEL subunits are shown in different

colors; GroES is magenta. All other density maps

shown in this study are displayed at a contour level

of 1.0 s (unless otherwise noted).

(B) Close-up view of a single EL43Py398A cis-ring

subunit (contour level of 1.5 s) overlapped with a

rigid-body, flexibly refined fit of the GroEL-GroES-

ADP crystal structure (PDB ID code 1AON;

magenta) using the programDireX (Schröder et al.,

2007). The stem loop containing Cys 43 and the

GroEL C terminus are labeled with arrows.

(C) A medial slice of the density map shown in (A),

with the density rendered transparent and super-

imposed on a rigid-body, flexibly refined fit of the

GroEL-GroES-ADP crystal structure. In (C), extra

density is visible at the tips of the equatorial stem

loops of each GroEL subunit (amino acids 34–52;

black dashed circles). The observed densities

beyond amino acid 525 in the C-terminal tails are

indicated by red arrows.

(D) The additional stem-loop density for each

subunit is shown (inside of black dashed circle),

viewed from above, at a slice level indicated by the dashed blue line in (A). The seven stem loops are labeled 1–7, respectively. A single N-1-pyrene maleimide dye

molecule (green) was rigid-body fit into the density at the tip of one stem loop in the EL43Py398A-GroES-ATP complex using Chimera.

(E) View of the cis-ring equatorial domain near the subunit C termini, viewed from above, at the slice level indicated by the black dashed line in (A). Substantial

density (large red arrow) is visible in the region of the subunit C termini, well beyond the last crystallographically resolved residue (small red arrow). The position of

the GroEL subunit N terminus is indicated by the blue arrow.

See also Figures S1 and S7.
complex that is essential for substrate protein encapsulation but

is normally highly transient (the GroES-bound R2 state of the

GroEL ring; Figure 1D). In order to facilitate this study, we incor-

porated one additional modification into the EL43Py back-

ground, introducing a well-established mutation (D398A) that

prevents ATP hydrolysis by GroEL, without affecting ATP or

GroES binding (Rye et al., 1997). EL43Py398A stalls at the

same point in the allosteric cycle as EL43Py (Figure S1A avail-

able online) but cannot hydrolyze ATP (data not shown). Using

EL43Py398A and limiting amounts of ATP and GroES, we were

thus able to create a chaperonin sample enriched in asymmetric

EL43Py398A-GroES-ATP complexes (a so-called ATP bullet

complex) with the cis cavity trapped in the R2 configuration.

Cryo-EM was used to image this sample (Figure S1B), which

contains multiple molecular species even when using an

optimized mixing protocol, because the assembly reaction

can never be driven to completion to yield a single, unique

EL43Py398A-GroES-ATP bullet complex.

We applied a consecutive multiple-model refinement strategy,

previously used to successfully analyze images of chaperonins

with mixed conformations and compositions (Chen et al., 2006,

2008; Cong et al., 2012). The first round of processing of

71,200 particle images yielded three subpopulations of images

that resulted in free GroEL tetradecamer (no GroES bound),

bullet-shaped GroEL-GroES complexes (with GroES bound to

only one end of the GroEL tetradecamer) and football-shaped

GroEL-GroES2 complexes (with GroES bound to both ends of
1356 Cell 153, 1354–1365, June 6, 2013 ª2013 Elsevier Inc.
the GroEL tetradecamer). Because we were only interested in

the structure of the bullet-shaped complex in the present study,

we did not pursue a structural determination of the other

subpopulations.

The subset of images corresponding to the bullet-shaped

complex was subjected to several additional rounds of multi-

ple-model refinement to yield a final homogeneous data set of

8,372 bullet-shaped particle images. This final data set was split

into two halves for a gold-standard resolution assessment

(Scheres and Chen, 2012). A 3D structure of the bullet complex

at �8.9 Å was reconstructed using C7 symmetry (Figures 2A

and S1C) from all 8,372 highly selected particle images. A sym-

metry-free reconstruction from the same set of 8,372 highly

selected particle images was also obtained at 13.9 Å resolution.

Without a symmetry imposition, the subunits are not perfectly

symmetrically arranged but do not deviate far from 7-fold sym-

metry (data not shown). Because the symmetry-freemap is close

to C7 symmetry, and the symmetry imposition generated a

higher resolution map, we employed the symmetry-imposed

map for subsequent structural analysis.

The structures of the wild-type GroEL-GroES-ADP complex

and the EL43Py398A-GroES-ATP complex bear substantial

similarities at �9 Å resolution, except in three locations. First, the

position of theGroEL apical domains and the orientation of GroES

are slightly shifted in the EL43Py398A-GroES-ATP complex (an

R2-ES complex; see below). Second, substantial additional

density protrudes into the chaperonin cavity from the end of a



stem loop (amino acids 34–52) at the base of the EL43Py398A-

GroES cis cavity (Figures 2B–2D andS1D). This density emanates

in part from the expected attachment point of the pyrene dyes at

position 43, which resides at the tip of the stem loop (Figure 2B).

However, the density near this position (green dashed circle) is

larger than can be accounted for by the dye molecule alone (Fig-

ure 2D). Third, significant density rises up from the bottom of

each GroEL subunit (large red arrow in Figures 2C, 2E, and S1E),

beyond the last crystallographically resolved residue at position

525, toward thedye attachment position. The locationof this addi-

tional density is consistent with the normally flexible C-terminal

tails of the GroEL subunits, which extend from residue 526 to

the C terminus (a total of 23 amino acids), rising from the bottom

of the GroEL subunits and interacting with the pyrene dyes

attached to the protruding stem loop (Figures 2C, 2D, and S1E).

Additional density is also apparent in the trans ring of the complex

(Figure S1E), though the density in this ring is somewhat more

complex than that observed in the cis ring and may suggest that

the GroEL C-terminal tails in the trans ring make contact with

both the pyrene dyes and the apical domains.

Visualizing an Encapsulated Nonnative Protein
We next examined the conformation of the EL43Py398A-GroES-

ATP complex in the presence of a nonnative substrate protein.

To accomplish this goal, we modified our original preparation

protocol to add the well-characterized GroEL-dependent sub-

strate protein RuBisCO (see the Experimental Procedures). In

brief, EL43Py398A was first mixed with nonnative RuBisCO to

form a binary complex. The EL43Py398A-RuBisCO binary com-

plex was then mixed with limiting ATP and GroES, which results

in the formation of multiple species, including the bullet-shaped

EL43Py398A-RuBisCO-GroES-ATP complex, both with and

without nonnative RuBisCO inside the cis chamber. After cryo-

EM imaging (Figure S2A) and heterogeneity sorting of the particle

images, we examined the first of two major subpopulations of

bullet-shaped particle images, which were used to produce

both symmetry-imposed and symmetry-free maps. The symme-

try-imposed map for this RuBisCO-free subpopulation, which is

devoid of density within either cis or trans cavities (Figures S2B

and S2C), is very similar to that of the empty EL43Py398A-

GroES-ATP complex (Figure 2A). Additionally, the unwrapped

density in the symmetry-free reconstruction from the same set

of RuBisCO-free particle images shows that the complex retains

7-fold symmetry (Figure S2D).

We examined the second major subpopulation of bullet-

shaped particle images to generate a 9.2 Å symmetry-free

reconstruction of the bullet-shaped complex (Figures 3A

and S3A). Remarkably, this map displays strong density within

the cis cavity, most likely from the nonnative RuBisCOmonomer

trapped within the stalled R2 complex (gold in Figure 3A). The

estimated mass of the visible RuBisCO monomer at a contour

level of 1.0 s is �35 kDa, representing roughly 70% of the native

RuBisCO monomer mass, assuming the central density comes

from the RuBisCO alone. However, no regular secondary struc-

tural elements could be defined in the putative RuBisCO density

either visually or quantitatively (based on SSEHunter; Baker

et al., 2007), and no fragment of the RuBisCO crystal structure

could be docked convincingly into the density.
The presence of the nonnative RuBisCO within the R2 cavity

also alters the structure of the GroEL-GroES complex itself.

The rotational symmetry of the EL43Py398A apical domains,

on both the cis and trans rings, is broken in the presence

of nonnative RuBisCO (Figures 4A–4C and S3B), with a gap

appearing between the apical domains of two cis-ring neigh-

boring subunits (Figures 4A and 4C). Interestingly, the point at

which the cis ring appears to break 7-fold rotational symmetry

coincides with direct physical interaction between the nonnative

RuBisCOmonomer and the lower segment of the apical domains

of two cis ring subunits (Figures 3B–3D and 4C and 4D). The

reliability of this connecting density is substantiated by its low

variance in the 3D variance analysis from 100 reconstructed

maps with different subsets of particle images (red in Figure 3D).

The cis-ring equatorial domains also deviate slightly from C7

symmetry, which can be observed as differences in the separa-

tion of the equatorial domain helices between different subunits

(Figure S3C).

A Role for the GroEL C-Terminal Tails in Protein
Encapsulation
A second striking feature of the R2 state revealed by the

EL43Py398A-RuBisCO-GroES-ATP complex is a direct, phys-

ical contact between the nonnative RuBisCOmonomer and den-

sity from the base of the GroEL cavity wall (Figures 3B, 3C, 4E,

and S3D). This interaction site is principally in the region of the

dye-modified stem loops near amino acid 43, and some of this

interaction is probably due to contact between the pyrene

dyes and the nonnative substrate protein (Figure S3D). However,

in the absence of RuBisCO, substantial density from the GroEL

C termini is also present in this region (Figures 2C, 2E, and

S1E). Several studies have suggested that the C-terminal tails

of the GroEL subunits play important, though poorly defined,

roles in protein folding and regulation of the GroEL ATPase cycle

(Farr et al., 2007; Machida et al., 2008; McLennan et al., 1993;

Tang et al., 2006). Additionally, 3D variance analysis of the

EL43Py398A-RuBisCO-GroES-ATP structure suggests a direct

and heterogeneous interaction between the nonnative RuBisCO

and the C-terminal region of the GroEL subunits (Figure 3D). By

far some of the largest 3D variance in the GroEL subunits in the

EL43Py398A-RuBisCO-GroES-ATP complex appears around

the equatorial domains, in regions near or containing the

C-terminal tails of the GroEL subunits. Whereas high-variance

regions (red in Figure 3D) are observed on both the cis and trans

rings, in the cis ring these regions appear to be in intimate con-

tact with the nonnative substrate protein (Figure 3D). The puta-

tive RuBisCO density also displays high variance, suggesting

that the nonnative protein remains conformationally heteroge-

neous at this stage of the GroEL reaction cycle.

We next considered whether the observed contacts between

the C-terminal tails and nonnative RuBisCO require the presence

of the pyrene dyes. Using a mixing protocol similar to that

described above, we created a population of asymmetric

complexes using the GroEL variant D398A (EL398A) that does

not contain the pyrene dye. Following imaging (Figure S4A)

and heterogeneity sorting, the bullet-shaped structure of the

EL398A-RuBisCO-GroES-ATP complex with RuBisCO within

the cis cavity was solved to 15.9 Å without imposing a symmetry
Cell 153, 1354–1365, June 6, 2013 ª2013 Elsevier Inc. 1357



Figure 3. The Structure of the EL43Py398A-

GroES-ATP Complex Containing Nonnative

RuBisCO within the cis Cavity Determined

at 9.2 Å by Cryo-EM without Imposed

Symmetry

(A) A side view of the density map of EL43Py398A-

RuBisCO-GroES-ATP complex (contour level 1.23

s) shown colored as in Figure 2, with density from

the encapsulated, nonnative RuBisCO monomer

shown in gold.

(B) A medial slice of the EL43Py398A-RuBisCO-

GroES-ATP complex with the density rendered

transparent and overlapped with a rigid-body,

flexibly refined fit of the GroEL-ADP-GroES crystal

structure (PDB ID code 1AON) to the cryo-EM

map. Additional density around the GroEL equa-

torial domain stem loops makes direct contact

with the nonnative RuBisCO monomer (dashed

black circles). The RuBisCO is also in contact with

the lower region of the apical domain of one cis-

ring GroEL subunit in the region of F281 (black

arrow).

(C) A close-up view of one cis-ring GroEL subunit

in direct contact (long black arrow) with the

nonnative RuBisCO monomer (gold; contour

level of 1.05 s). The GroEL subunit stem loop

(short black arrow) and C terminus (red arrow) are

indicated.

(D) A medial slice of the variance map derived for

the EL43Py398A-RuBisCO-GroES-ATP complex

(red; see the Experimental Procedures) is shown

overlapped with the average map of the complex

(gray; orientation as in B), calculated from 100 3D

reconstructions of the complex computed during

the variance calculations. The largest variations in

the density map are from the nonnative RuBisCO

monomer and cavity-facing regions of the GroEL

equatorial domains, most likely the C termini of the

cis and trans rings.

See also Figures S2, S3, and S7.
constraint (Figures 5 and S4B). Because the EL398A-GroES

complex does not stall in the R2 state, but productively releases

the substrate into the cis cavity and initiates folding,

though it cannot hydrolyze its bound ATP (Rye et al., 1997),

the EL398A-RuBisCO-GroES-ATP complex constitutes a sub-

strate-occupied R3 state of the cis ring (Figure 1E).

Once again, a substantial amount of density from the RuBisCO

monomer is visible within the cis cavity (Figure 5B). The apparent

mass of the RuBisCO monomer in this complex appears to be

less than that in the EL43Py398A-RuBisCO-GroES-ATP struc-

ture (Figures 3B and S3D). This is likely due to the fact that the

R3 cavity of the EL398A-GroES complex is fully folding active

(Figure 1E), unlike the R2 cavity of the EL43Py398A-GroES com-

plex (Figure 1D). Even though the EL398A complex was rapidly

processed for cryo-EM freezing to prevent complete folding of

the encapsulated RuBisCO, the initiation of folding in this com-

plex could not be blocked at a specific step, as it is with

EL43Py398A. The enclosed RuBisCO monomer will thus be a

highly heterogeneous mix of both folded and nonnative states,

resulting in a lower resolution reconstruction. TheC-terminal tails

of the GroEL subunits are also not resolved, because the map

represents a heterogeneous ensemble of interactions between
1358 Cell 153, 1354–1365, June 6, 2013 ª2013 Elsevier Inc.
the RuBisCO monomer and the C-terminal tails. Nonetheless,

a significant contact between the base of the GroEL cavity

wall, in the region of the C-terminal tails and stem loop and the

RuBisCO monomer is apparent (Figure 5B). To further validate

this structure, a completely independent reconstruction of this

structure with a different initial model in which the cis cavity

was empty (a low-pass filtered X-ray structure of GroEL-

GroES-ADP complex; Protein Data Bank [PDB] ID code 1AON)

still converged well and displayed a very similar contact between

the encapsulated RuBisCO and the GroEL C-terminal region and

stem loops (Figure S4C). As expected for a released and folding

competent RuBisCO monomer, this contact is less substantial

than observed in the EL43Py398A complex (Figures 4E, 5B,

and S3D) and, more importantly, does not depend upon the

presence of the pyrene dyes.

The contact between the GroEL C-terminal tails and nonnative

RuBisCO suggests that the C termini play a direct and important

role in ensuring efficient substrate protein encapsulation beneath

GroES. In order to test this hypothesis, we generated a GroEL

variant with a C-terminal truncation at the last crystallographi-

cally resolved residue (ELD526). A similar truncation has been

previously observed to display both perturbed ATPase activity



Figure 5. The Structure of the EL398A-GroES-ATP Complex

Containing RuBisCO within the cis Cavity Determined at 15.9 Å by

Cryo-EM Reconstruction without Imposed Symmetry

(A) A side view of the EL398A-RuBisCO-GroES-ATP density map.

(B) Medial slice of the EL398A-RuBisCO-GroES-ATP complex indicates direct

contact between the folding RuBisCOmonomer and the C-terminal and stem-

loop region of one cis-ring GroEL subunit (black arrow).

See also Figures S4 and S7.

Figure 4. The C7 Symmetry of the GroEL cis-Ring Is Broken in the

EL43Py398A-RuBisCO-GroES-ATP Complex Near Points of Contact
between the Nonnative RuBisCO and the GroEL Cavity Wall

(A) cis-ring apical domains of the EL43Py398A-RuBisCO-GroES-ATP struc-

ture are shown as in Figure 3A, viewed from the top of the cis ring. A gap (black

arrow) in the ring density is observed between subunit 2 (purple) and subunit 3

(dark cyan).

(B) The cross-correlation coefficient between the map of the cis-ring apical

domains and a symmetric reference indicates that subunit 4 is closer to sub-

unit 3, which is approximately 9� off its C7 symmetrical position, leaving a gap

between subunits 3 and 2 (black arrow).

(C) The gap (black arrow) between the two neighboring GroEL subunits is

shown in an unwrapped, planar display from the outside of the 9.2 Å density

map of EL43Py398A-RuBisCO-GroES-ATP, as viewed from the side.

(D) Top view slice of the planar map, through the lower region of the cis ring

apical domains (C, blue dashed line) shows interactions between the nonna-

tive RuBisCO monomer and the lower aspect of the GroEL apical domains of

subunits 2 and 4 (blue circles).

(E) Top view slice of the planar map through the upper section of the equatorial

domains (C, dashed black line) indicates contacts with the GroEL subunits

near the stem-loop region of the equatorial domain. The isosurface threshold

for (D) and (E) is 0.9s.

See also Figure S2.
and a reduced ability to support folding of several model sub-

strate proteins (Farr et al., 2007; Machida et al., 2008; Tang

et al., 2006). We employed this GroEL variant in a gel filtration

assay designed to score the efficiency of protein encapsulation

(Figure 6A). When nonnative GFP is bound to the trans ring of a

wild-type GroEL-GroES-ADP bullet, approximately half of the

initially bound protein is encapsulated inside a new cis cavity

upon the addition of limiting ATP (Figure 6B). However, when
the GroEL C-terminal tails are removed in the ELD526 variant,

the efficiency of GFP encapsulation beneath GroES drops

dramatically (Figure 6C). Similar results are obtained when the

same experiment is conducted with both nonnative rhodanese

(Figure 6D) and RuBisCO (Figure 6E), though the drop in encap-

sulation efficiency is not as substantial.

Structural Changes in the GroEL-GroES Complex
between the R2 and R3 States
Following GroES binding and substrate protein encapsulation,

the R2 state of the GroEL-GroES complex must then execute a

shift to the R3 state, whereupon the substrate protein is released

into the GroEL-GroES cavity and folding is triggered (Figure 1). In

order to gain additional insight into this transition, we re-exam-

ined our cryo-EM data using strongly restrained flexible fitting

of the atomic model of the GroEL-GroES-ADP complex (PDB

ID code 1AON) into our cryo-EM maps (Figures 2A, 3A, and

5A) with the program DireX (Schröder et al., 2007). The models

generated from each flexible fitting analysis were then compared

with each other in an attempt to isolate the conformational

changes that lead from the R2 to the R3 state of the GroEL-

GroES complex.

We first sought to identify structural differences between the

R2 and R3 complexes that do not depend on the presence of

the nonnative substrate protein. This was accomplished by

comparing the EL43Py398A-GroES-ATP complex, representing

an empty R2 complex, to a previously described EL398A-

GroES-ATP complex (Ranson et al., 2006), representing, in

principle, an empty R3 complex (Figure 1E). Surprisingly, the

conformational differences between these two complexes are

relatively small (Figures 7A–7C). The cis ring apical domains

appear to display slight counterclockwise rotations (1�–2�) within

the plane of the ring, but the overall position and elevation of the

apical domains do not appear to change substantially (Figures
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Figure 6. Removal of the GroEL C-Terminal Tails Results in Premature Substrate Protein Release and Reduced Encapsulation Efficiency

(A) Experimental schematic: nonnative substrate protein (blue) is bound to the open trans ring of a GroEL ADP bullet complex in the presence of excess GroES.

Encapsulation is initiated by the addition of ATP. ATP binding and turnover is limited to a single round by addition of hexokinase and glucose within 10 s of ATP

addition. Complexed and free substrate proteins are separated by gel filtration chromatography with an in-line fluorescence detector.

(B) Example of an encapsulation experiment using GFP as the substrate protein. The positions of encapsulated GFP (GroEL-GroES complex) and released GFP

(free GFP) are indicated with arrows, for both wild-type GroEL (wtGroEL) and the D526 truncation mutant (D526).

(C–E) Encapsulation is quantitated for three independent substrate proteins: (C) GFP (normalized fluorescence peak area; n = 6), (D) Rhodanese (normalized SDS-

PAGEband intensity by densitometry; n = 4), and (E) RuBisCO (fluorescently labeled; n = 6). The reduction in encapsulation of nonnative substrate protein byD526

GroEL relative to wtGroEL is robust: p = 6.53 10�9 for GFP, p = 0.0007 for rhodanese, and p = 0.0007 for RuBisCO (paired t test; error bars are one SD; see the

Experimental Procedures for additional details).
7A and 7B). Likewise, the equatorial domains show almost no

movement at the current resolution (Figure 7A). The position

and conformation of the GroES heptamer also appears mostly

unchanged (Figure S5A). The lack of substantial conformational

differences between these two complexes suggests that either

(1) the conformation we observe for the EL43Py398A-GroES-

ATP complex is further along the R2-to-R3 transition than ex-

pected or (2) that the detailed conformational properties of either

the R2 or R3 state are not observable or stable in the absence of

the nonnative substrate protein.

To address these questions, we compared the empty R2

complex (EL43Py398A-GroES-ATP from Figure 2A) with

the substrate protein occupied R2 complex (EL43Py398A-

RuBisCO-GroES-ATP from Figure 3A). As shown in Figure S6,

only slight differences between the two complexes are apparent,

with the notable exception of the disruption of rotational sym-

metry and local structural shifts in the apical domains that

make direct contact with the nonnative substrate protein. These
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observations suggest that the global conformation of the R2

state of the EL43Py398A cis ring is stable in the presence of

the substrate protein.

We next examined whether conformational differences

between an R2 and R3 complex can be detected when the cis

cavity is occupied by a substrate protein. Strikingly, the sub-

strate-occupied R3 complex (EL398A-RuBisCO-GroES-ATP

from Figure 5) shows substantial rearrangements compared to

the substrate-occupied R2 complex (EL43Py398A-RuBisCO-

GroES-ATP from Figure 3; see Figure 7D–7F). The cis apical

domains of the substrate-occupied R3 ring display sizable

outward tilts and elevations (Figures 7D and 7E), increasing the

cavity volume compared to the R2 ring, as well as shifting the

position of the bound GroES heptamer upward (Figure 7D).

This tilt and elevation are also associated with a small clockwise

rotation of the apical domains within the plane of the ring

(Figure 7E). The conformation of the bound GroES heptamer

also changes, with the average position of the GroES subunits



Figure 7. The Transition from the R2 to the

R3 State in the Presence of RuBisCO

Involves Large Structural Rearrangements

of Both the cis and trans Rings

(A–C) Atomic models of the GroEL-GroES complex

(PDB ID code 1AON) were refined against density

maps of the empty EL43Py398A-GroES-ATP

(R2ATP; Figure 2A) and EL398A-GroES-ATP (R3ATP;

Ranson et al., 2006) complexes.

(D–F) Atomic models of the GroEL-GroES com-

plex (PDB ID code 1AON) were refined against

density maps of the EL43Py398A-RuBisCO-

GroES-ATP complex (R2ATP + sub; Figure 3A) and

the EL398A-RuBisCO-GroES-ATP (R3ATP + sub;

Figure 5A). (A) Side view of the EL43Py398A-

GroES-ATP density map: structural shifts asso-

ciated with movement from an empty R2

complex to an empty R3 complex are illustrated

with a field of difference vectors (blue lines and

dots) to indicate the change in Ca positions from

R2 (start) to R3 (end; square). Vector lengths

are scaled by a factor of two to improve

visibility. (B) View of structural changes in the cis

apical domains and (C) trans ring apical

domains. (D) Side view of the EL43Py398A-

RuBisCO-GroES-ATP density map: structural

shifts indicating the differences between the

substrate-occupied R2 and R3 complexes. (E)

View of structural changes in the cis apical

domains and (F) the trans ring apical domains.

For (B), (C), (E), and (F), the viewing direction

and selected slice density are indicated by the

black arrow and horizontal lines on the

GroEL-GroES density map shown in the inset, to the lower right. In all cases, strongly restrained flexible model refinement was carried out with DireX.

The designations R2 and R3 reference the functional allosteric states of the GroEL ring, illustrated in Figure 1.

See also Figures S5 and S6.
shifting outward in concert with the apical domains, resulting in a

somewhat larger opening in the orifice at the top of the GroES

dome (Figure S5B). The equatorial domains display only small

movements, which are most notable as an outward shift in the

region near the C termini (Figure 7D). The collective movements

of the R3 cis ring thus appear poised to peel away the remaining

contacts between the nonnative substrate protein and the apical

domains andC-terminal tails. Notably, both release events occur

once GroES is already bound. The final elevation and rotation of

the apical domains in the R3 state are likely responsible for lock-

ing GroES into its highest affinity state for the ATP-bound GroEL

ring (Cliff et al., 2006; Rye et al., 1997).

DISCUSSION

Conformational Properties of an Encapsulated Folding
Intermediate
The structure of the EL43Py398A-RuBisCO-GroES-ATP com-

plex provides a view of a protein folding intermediate inside of

the GroEL-GroES cavity (Figure 3). Whereas earlier studies

have visualized nonnative proteins bound to an open GroEL

ring (Clare et al., 2009; Elad et al., 2007; Falke et al., 2005), as

well as fully folded proteins inside the GroEL-GroES cavity (Clare

et al., 2009; Kanno et al., 2009), the RuBisCO folding intermedi-

ate we describe here exists in transition between the two. Earlier
work demonstrated that the RuBisCO monomer upon which

GroEL operates is likely a middle- to late-stage protein folding

intermediate (Lin and Rye, 2004; Lin et al., 2008; van der Vies

et al., 1992), where the polypeptide chain has collapsed but is

not as compact as the native state and which possesses signif-

icant secondary structure but poorly organized and highly

heterogeneous tertiary structure. We examined the RuBisCO

density in the EL43Py398A-RuBisCO-GroES-ATP complex for

recognizable structural elements of native RuBisCO. Secondary

structural elements should theoretically be identifiable in this

structure, given the subnanometer resolution of the entire recon-

struction. For example, helices in the equatorial domain of the

GroEL subunits can be readily assigned (Figure S3C). However,

our analysis failed to objectively identify any native state second-

ary structural elements. The lack of identifiable secondary struc-

tural elements in the putative RuBisCO region is consistent with

the RuBisCO monomer populating a heterogeneous ensemble

of collapsed and partially organized states (Figure 3A).

Coordinated Action of the GroEL Apical Domains
and C Termini
Our results suggest that direct contact between nonnative sub-

strate proteins and the C-terminal tails of the GroEL subunits

helps prevent premature substrate protein escape during encap-

sulation beneath GroES. However, this interaction alone cannot
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fully explain efficient encapsulation on an R2 ring. Indeed, most

of the nonnative RuBisCO and rhodanese are still correctly

captured in the absence of the C termini (Figures 6D and 6E),

suggesting that contacts between the GroEL apical domains

and nonnative RuBisCO must also play an important role. The

structure of the R2 cavity in the EL43Py398A-RuBisCO-GroES-

ATP complex provides strong evidence for this mechanism. As

shown in Figures 3 and 4, the nonnative RuBisCO makes direct,

physical contact with the lower section of two cis apical domains

in the region of Phe 281, a segment of the inner apical domain

previously identified as important for substrate protein encapsu-

lation and folding (Fenton et al., 1994). Simultaneous binding of

the nonnative substrate protein by both the C-terminal tails

and the lower segment of the cis apical domains could thus pro-

vide a mechanism for retaining the nonnative substrate protein

while the GroEL ring shifts into the R2 state to permit loading

of GroES.

How GroES makes initial contact with a GroEL ring already

occupied by a large and bulky nonnative substrate protein

remains unclear. The earliest stages of the encapsulation reac-

tion undoubtedly follow an ATP-driven elevation and movement

of the GroEL apical domains, structural shifts that are capable of

mechanically unfolding the bound substrate protein (Clare et al.,

2012; Lin et al., 2008). However, only a subset of the apical

domainsmustmaintain contact with the nonnative protein during

the encapsulation reaction (Farr et al., 2000). This observation

suggests that, in the earliest stages of contact between GroES

and a substrate-occupied GroEL ring, apical domains not in

direct contact with the substrate protein are the ones employed

to initially capture GroES. Such a loading mechanism would

likely require that the cooperative interactions between the api-

cal domains in the R2 cis ring be relaxed or partially uncoupled,

in order for different apical domains to bind to two distinct

ligands in different positions. In support of this idea, we find

that the substrate-occupied EL43Py398A-GroES complex

breaks C7 rotational symmetry (Figures 4A–4C).

Effects of Nonnative Substrate Protein on Inter-ring
Allostery
Whereas changes in the cis ring complex are essential for the

progression of the GroEL folding cycle, the trans ring also plays

a central role. Substrate proteins first enter the GroEL reaction

cycle on the open trans ring of the asymmetric GroEL-GroES

complex, and the nucleotide state of each ring directly influences

the functional state of the other ring (Horovitz et al., 2001; Lin

et al., 2008; Rye et al., 1997; Sparrer and Buchner, 1997). For

example, the presence of ATP on one ring inhibits ATP binding

to the other ring (negative cooperativity) and the presence of

ADP on one ring, while permitting ATP to bind to the second

ring, nonetheless noncompetitively inhibits ATP hydrolysis on

the other ring (Burston et al., 1995; Kad et al., 1998; Yifrach

and Horovitz, 1995). These trans ring effects are thought to be

essential for imposing the ring-ring asymmetry needed for the

GroEL-GroES machine to function as a two-stroke motor (Bur-

ston et al., 1995; Frank et al., 2010; Kad et al., 1998; Rye et al.,

1999; Yifrach and Horovitz, 2000). Whereas the structural nature

of this ring-ring allostery remains incompletely understood, our

flexible fitting analysis of different GroEL-GroES complexes pro-
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vides insight into structural changes imposed on the trans ring by

the ligand status of the cis ring.

The occupancy of a cis ring R2 cavity by nonnative RuBisCO

appears tobecommunicated to the trans ring through substantial

and asymmetric displacements of the trans ring apical domains

(Figures 7C, 7F, and S3B). The apical domains of the R2 complex

trans ring appear to be drawn inward, resulting in a smaller ring

opening (Figures 7C and 7F). This change involves both counter-

clockwise rotations and outward tilting of the trans-ring apical

domains (Figures 7C and 7F), resulting in a reordering the

cavity-facing apical surface. Interestingly, the conformational

shift of the trans ring is different in detail whenRuBisCO is present

in the cis cavity, with the magnitude of the apical domain move-

ment in the trans ring being considerably larger and the extent

of domain rotation being much smaller (Figures 7C and 7F). The

observed closing down of the trans-ring opening in the R2

complex, both with and without nonnative protein in the cis cav-

ity, could provide a mechanism to prevent nonnative substrate

proteins from binding to the trans ring until the substrate protein

inside the cis complex is committed to release and folding.

A Model for Substrate Protein Encapsulation, Release,
and Folding
The observations described here thus suggest amultistepmodel

for substrate protein encapsulation, release, and folding. Initial

capture of a nonnative substrate protein on the apical face of a

GroEL ring is accompanied by additional binding contacts

between the substrate protein and the C-terminal tails of the

GroEL subunits. Subsequent binding of ATP to the GroEL ring

initiates the movement of the GroEL apical domains, weakening

the interaction between the nonnative substrate protein and the

apical domains (Badcoe et al., 1991; Martin et al., 1991; Viitanen

et al., 1991). Binding contacts between the nonnative substrate

protein and the C-terminal tails at the base of the cavity serve

to reduce the probability of premature substrate protein escape

as the apical domains move to accommodate GroES. Our struc-

tural analysis of the EL43Py398A complexes further suggests

that population of the GroES acceptor state (the R2 state)

requires an intermediate arrangement of the GroEL apical

domains (Figure 7). The consequence of this altered apical posi-

tion involves a shift in the binding position of theGroES heptamer

and the simultaneous exposure of a partial binding surface for

the nonnative substrate protein at the bottom of the apical

domains (Figure 7). A subsequent allosteric transition of the

GroEL-GroES cavity to the R3 state of the ring then results in a

shift of the apical domains to their high-affinity state for GroES,

fully occluding the apical binding surface and ejecting the nonna-

tive substrate protein from the apical face (Cliff et al., 2006;

Madan et al., 2008; Ueno et al., 2004). Coordinated movements

in the C-terminal regions of the equatorial domains serve to draw

the C-terminal tails away from the substrate protein, resulting in

full release of the nonnative substrate protein and the initiation of

folding. However, this release from the C termini does not appear

to be total, as the C-terminal tails continue to make ongoing,

though reduced, physical contacts with the substrate protein

following release and the initiation of folding (Figure 5). Whether

these ongoing contacts directly influence the folding of a sub-

strate protein remains to be determined.



EXPERIMENTAL PROCEDURES

Full details of the experimental procedures can be found in the Extended

Experimental Procedures.

Proteins

Wild-type GroEL, EL398A, EL43C, and EL43C398A were expressed and puri-

fied as previously described (Lin et al., 2008). ELD526 was purified in the same

manner as wild-type GroEL. GroES, RuBisCO, and GFP were also expressed

and purified as previously described (Lin and Rye, 2006; Lin et al., 2008; Rye

et al., 1997, 1999). Bovine rhodanese was purchased from Sigma-Aldrich

and purified as previously described (Madan et al., 2008; Weissman et al.,

1994).

Labeling of Proteins with Fluorescent Dyes

EL43C and EL43C398A were specifically labeled at Cys43 with the thiol-

reactive dyeN-1-pyrenemaleimide (PM) to generate EL43Py and EL43Py398A

as previously described (Madan et al., 2008). Wild-type RuBisCO was fluores-

cently labeled at Cys58with the thiol-reactive dye 5-iodoacetamidofluorescein

(5IAF) to create 58F-RuBisCO as previously described (Lin and Rye, 2006; Lin

et al., 2008; Rye et al., 1999). Both PM and 5IAF were obtained from Invitrogen

(Molecular Probes, Eugene, OR, USA) and prepared fresh from dry powder in

anhydrous DMF immediately prior to use. The extent and specificity of dye

conjugation was confirmed as previously described (Lin and Rye, 2004; Lin

et al., 2008; Rye, 2001). For 58F-RuBisCO, EL43Py, and EL43Py398A, the

labeling efficiency was confirmed to be 98%–100% by at least two different

methods of analysis (Madan et al., 2008; Rye, 2001).

Refolding, Enzymatic, and Encapsulation Assays

Encapsulation experiments were conducted in sample buffer: 50 mM HEPES

(pH 7.6), 15 mM Mg(OAc)2, 100 mM KOAc, and 2 mM DTT. Substrate protein

(58F-RuBisCO, GFP, or rhodanese) was denatured in acid urea buffer for

30–60 min at room temperature (in the dark) to yield working stocks of

dRub, dGFP, and dRho. ADP bullet complexes (Lin et al., 2008) with nonnative

GFP, rhodanese, or RuBisCO bound to the trans ring were formed by adding

dGFP, dRho, or dRub to ADP bullets at a mixing stoichiometry of 1:1 in cold

buffer. After 5min at room temperature, ATP was added to permit GroES bind-

ing and protein encapsulation and then quenched by addition of hexokinase

and glucose. The complexmixture was separated on a Superose 6 gel filtration

column, equilibrated in sample buffer, and supplemented with 50 mM ADP,

connected to an in-line fluorescence detector. For experiments with GFP

and RuBisCO, captured protein was quantified using in-line fluorescence

detection. For experiments with rhodanese, the GroEL-GroES peak was

collected, and encapsulated rhodanese was quantified by SDS-PAGE and

densitometry (see the Extended Experimental Procedures).

Cryo-EM and Data Processing

The freezing of chaperonin samples for cryo-EM was done in accordance with

the standard method (see the Extended Experimental Procedures). Electron

images of frozen, hydrated specimens were recorded at 300 kV in either

JEM-3000SFF or JEM-3200FSC cryo-electron microscopes on photographic

films or CCD camera (see the Extended Experimental Procedures). The digital

images were preprocessed by boxing particle images and determining

contrast transfer function parameters for each micrograph using EMAN1

program (Ludtke et al., 1999).

The methodology of EMAN1 multiple-model refinement (multirefine) for

compositionally and conformationally heterogeneous complex analysis, which

has been previously described (Chen et al., 2006), was used to sort different

particle subpopulations from all the data sets (Figure S7A). Here, several

consecutive multiple-model refinements were applied to ‘‘purify’’ the relatively

homogeneous bullet-shaped particle images of greatest interest for each of

three complexes described in this study (see the Extended Experimental Pro-

cedures). Each subpopulation with ‘‘purified’’ particle images was subject to a

single-model refinement (refine) to obtain a final converged bullet-shaped 3D

reconstruction. The Euler angular distributions of particle images correspond-

ing to each of the reconstructions (Figures 2A, 3A, and 5A) are shown in Figures

S7B–S7D, respectively.
The final resolutions for the refined structures were assessed using the gold-

standard criterion of Fourier Shell Correlation (FSC) cutoff at 0.143 from two

independent half-sets of data (Scheres and Chen, 2012) after the particle

images were highly purified from our consecutive multiple-model refinement

procedures. Chimera (Pettersen et al., 2004) was used for the surface

representations of all the cryo-EM density maps. The 3D variance map of

the EL43Py398A-RuBisCO-GroES-ATP complex was calculated using the

EMAN1 program calculateMapVariance.py with the bootstrap technique

implemented (Chen et al., 2008; Penczek et al., 2006).

Fitting of X-Ray Structure into Cryo-EM Density Maps

To standardize the pixel size of the substrate occupied and empty density

maps of the GroEL-GroES complexes, a number of density maps were gener-

ated with different pixel sizes between 2.0 and 2.2 Å because different electron

microscopes and recording media were used. The X-ray structure of the

GroEL-GroES-ADP complex (PDB ID code 1AON) was then refined against

each of these density maps using DireX (Schröder et al., 2007). As the orienta-

tion of the equatorial domains in the density maps was very similar to the X-ray

structure, we used those domains as reference regions for magnification

calibration for each map. The root-mean-square deviation (RMSD) between

all equatorial domains of the fitted models and the X-ray structure of the

GroEL-GroES-ADP complex was calculated, and the optimal pixel size was

chosen as the one that leads to the smallest RMSD value. The optimized

pixel sizes for the three density maps of the EL43Py398A-GroES-ATP,

EL43Py398A-RuBisCO-GroES-ATP, and EL398A-RuBisCO-GroES-ATP com-

plexes were 2.08, 2.04, and 2.12 Å, respectively.

The GroEL-GroES-ADP crystal structure (PDB ID code 1AON) was fitted

as a rigid body into the density maps of the EL43Py398A-GroES-ATP,

EL43Py398A-RuBisCO-GroES-ATP, EL398A-RuBisCO-GroES-ATP, and

EL398A-GroES-ATP complexes. This rigidly docked structure served as

the starting point for our strongly restrained flexible fitting using the program

DireX (Schröder et al., 2007).
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