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The bacterial chaperonin GroEL-GroES promotes protein folding through ATP-regulated
cycles of substrate protein binding, encapsulation, and release. Here, we have used cry-
oEM to determine structures of GroEL, GroEL-ADP-BeF;, and GroEL-ADP-AIF;-GroES
all complexed with the model substrate Rubisco. Our structures provide a series of snap-
shots that show how the conformation and interactions of non-native Rubisco change as
it proceeds through the GroEL-GroES reaction cycle. We observe specific charged and
hydrophobic GroEL residues forming strong initial contacts with non-native Rubisco.
Binding of ATP or ADP-BeF; to GroEL-Rubisco results in the formation of an inter-
mediate GroEL complex displaying striking asymmetry in the ATP/ADP-BeF;-bound
ring. In this ring, four GroEL subunits bind Rubisco and the other three are in the
GroES-accepting conformation, suggesting how GroEL can recruit GroES without releas-
ing bound substrate. Our cryoEM structures of stalled GroEL-ADP-AIF;-Rubisco-GroES
complexes show Rubisco folding intermediates interacting with GroEL-GroES via dif-
ferent sets of residues.

chaperonins | CryoEM | protein folding | Rubisco

Chaperonins prevent protein aggregation and promote correct folding through ATP-driven
cycles of binding, encapsulation, and release of substrate proteins (1). The Escherichia coli
GroEL-GroES system is the archetypical chaperonin and is among the best studied molec-
ular chaperones (2). GroEL subunits assemble into a tetradecameric complex composed
of two back-to-back rings that surround a central cavity (3). The cavity is divided into
two halves by the disordered C-terminal tails of GroEL subunits. Each GroEL monomer
is divided into three domains: the nucleotide-binding equatorial domain, the apical
domain that binds GroES and substrate, and an intermediate hinge domain. GroEL binds
to non-native proteins through two apical domain helices (helices H and I) that form a
hydrophobic collar around the entrance of each GroEL cavity (4). Binding of ATP causes
conformational changes in GroEL that facilitate binding of the co-chaperonin GroES to
seal the folding chamber (5). The ATP-induced conformational changes of GroEL can
also lead to forced unfolding of the bound substrate, which occurs as a result of a stretching
force applied to it (6). Forced unfolding of substrate proteins may be necessary to rescue
them from kinetically trapped misfolded states and can enhance overall folding rates (7).
However, a structural basis for forced unfolding by GroEL has not been described, and
our previous cryoEM study of GroEL-ATP was carried out in the absence of a substrate
protein (8).

Structural studies of different substrates bound to nucleotide-free GroEL have been
published, including malate dehydrogenase (9), gp23 (10), PepQ (11), Rubisco (12), actin
(13), and PrP (14). Together, these studies show that non-native proteins initially bind
multivalently and in different configurations to GroEL apical domains, allowing GroEL
to capture structurally distinct folding intermediates. The GroEL C-terminal tails, while
not essential in vivo, also participate in capture and folding of substrate proteins, partly
by promoting their deeper initial binding inside the GroEL cavity (15, 16).

Following binding of ATP and the heptameric co-chaperonin GroES, the GroEL-GroES
cavity approximately doubles in volume and in principle can accommodate substrate
proteins up to a mass of around 60 to 70 kDa (17). The majority of GroEL substrates
identified in E. coli are 20 to 40 kDa, with a sharp cutoff toward proteins above 50 kDa
(18). Two published cryoEM reconstructions of Rhodospirillum rubrum Rubisco (50.5
kDa) encapsulated by GroEL-GroES show either a native-like densitcy (19) or a
non-native-like density (15) located in the lower part of the cavity, interacting with hydro-
phobic residues of the cavity wall.

To gain insights into GroEL-assisted protein folding, we used cryoEM to determine struc-
tures of GroEL, GroEL-ADP-BeF;, and GroEL-ADP-AIF;-GroES, each complexed with the
obligate substrate R. rubrum Rubisco. Our reconstruction of nucleotide-free GroEL-Rubisco
shows that Rubisco fills the GroEL cavity and interacts with several GroEL apical domains
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Significance

A central question about the
action of molecular chaperones
in assisting protein folding in vivo
is to understand how a
chaperone can provide folding
assistance with little or no
specificity for substrate sequence
or final fold. The bacterial
chaperonins GroEL/GroES are
among the best understood
chaperones, but crucial steps in
nucleotide binding and substrate
encapsulation have remained
obscure. Using cryoEM to
examine chaperonin-substrate
complexes at different stages
along the pathway of assisted
protein folding, this study reveals
a succession of specific sites of
interaction of the substrate with
GroEL and provides a structural
basis for the central step in
chaperonin action—how the
non-native substrate is ejected
from its hydrophobic binding
sites and simultaneously
encapsulated in a hydrophilic
folding chamber.
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and C-terminal tails. By studying GroEL-ADP-BeF;- Rubisco, we
identified an asymmetric conformation of the substrate-bound
GroEL ring. Four GroEL subunits maintain contact with non-native
Rubisco while the remaining three subunits extend upward. In addi-
tion, we observed a more extensive interaction between the substrate
and the GroEL C termini. This complex offers a possible mechanism
for forced unfolding in which the substrate protein is stretched
between the apical domains and C termini of GroEL subunits while
other GroEL subunits simultaneously present sites for GroES bind-
ing. Upon recruitment of GroES, Rubisco is encapsulated in the
folding chamber where it samples non-native and native-like con-
formations, held in place by interactions with hydrophobic and

charged residues of GroEL-GroES.

Results

CryoEM Structure of GroEL Bound to Non-Native Rubisco. Protein
folding intermediates can be captured by rapidly diluting chemically
denatured substrate proteins into a GroEL-containing buffer (20).
We formed binary complexes of wild-type E. coli GroEL bound
to the model substrate protein R. Rubrum Rubisco. We confirmed
the formation of binary complexes using native gel electrophoresis
and native mass spectrometry (S Appendix, Fig. S1).

Our initial attempts to determine a cryoEM reconstruction of
GroEL-Rubisco were hindered by preferred orientation (S Appendix,
Fig. S2). In the absence of non-native substrate, GroEL particles
adopted a range of orientations permitting high-resolution refine-
ment (SI Appendix, Fig. S2A). However, particles of GroEL bound
to non-native Rubisco exhibited a strongly preferred end-view ori-
entation. This limited the resolution of the reconstruction, and
non-native Rubisco was not well resolved (87 Appendix, Fig. S2B).
To offset the preferred orientation, we collected cryoEM data
employing stage tilt (S Appendix, Fig. S2C). Despite the lower num-
ber of particles, density for non-native Rubisco was better resolved
(81 Appendix, Fig. S2C).

To attain a higher resolution reconstruction, we aimed to reduce
the interaction of GroEL-Rubisco with the air-water interface
during cryoEM grid preparation. To accomplish this we prepared
cryoEM grids of GroEL-Rubisco using a Chameleon (21, 22).
Chameleon dispenses liquid sample onto a self-wicking grid, then
after a short wicking time, plunge freezes the grid into liquid
ethane. We collected cryoEM data of GroEL-Rubisco from two
grids and determined a reconstruction from each. Although there
was still preferred orientation, enough alternate views were
recorded to yield isotropic reconstructions (8] Appendix, Fig. S3A).
We used 3D classification to separate apo GroEL particles from
GroEL-Rubisco particles, and then combined GroEL-Rubisco
from each dataset (87 Appendix, Fig. S4).

A 4.4 A cryoEM map of GroEL-Rubisco was reconstructed
from 65,453 particles (Fig. 14 and ST Appendix, Figs. S3A and $4
and Table S1). The local resolution of the map ranged from 4.2 A
for GroEL equatorial domains to worse than 12 A for non-native
Rubisco (S Appendix, Fig. S3A). We refined the atomic model of
GroEL (PDB code: 1SS8) into the cryoEM map (Fig. 1B). Extra
density inside the GroEL cavities was attributed to bound
non-native Rubisco. At a moderate contour level (5.06), Rubisco
density in the top ring represented the full volume estimated for
a folded Rubisco monomer (~61,000 A°) (Fig. 1C). Density for
non-native Rubisco was also present in the bottom GroEL ring
(Fig. 1 A-C). However, this density was weaker and represented
only around 30% of the volume of a folded Rubisco monomer
(Fig. 1C). For comparison, the Rubisco density in reconstructions
from our initial cryoEM datasets accounted for 20 to 50% of a
natively folded monomer (S Appendix, Fig. S2).

https://doi.org/10.1073/pnas.2308933120

Non-native Rubisco was positioned at the level of the GroEL
apical domains (Fig. 1B). When displayed at a high contour level
(8.00), the map revealed individual contacts between non-native
Rubisco and the apical domains of three GroEL subunits. Several
additional features of the complex were apparent at lower map
contour levels (5.00) (Fig. 1C). At these lower contour levels,
Rubisco density filled the top GroEL cavity and contacted all seven
GroEL subunits via helix H, helix I, and the underlying hydro-
phobic segment. As the contour level is lowered further (<5.00),
the density for non-native Rubisco and several of the GroEL C
termini becomes continuous, this might suggest a weak interac-
tion. (Fig. 1C, black arrow). The Rubisco density also protruded
~15 A above the level of helix H (Fig. 10).

Interactions between GroEL and Non-Native Rubisco. By
thresholding the map through a range of contour levels (5 to 1206),
we identified specific GroEL residues involved in binding non-
native Rubisco (Fig. 1D). The strongest contacts to Rubisco were
in helix I, consistent with previous cryoEM studies of different
GroEL-substrate complexes (9—14). Many of the residues involved
in contacting non-native Rubisco were those identified in the
original mutational studies of GroEL (4). These included V264
and Y203, both implicated in substrate binding and located in
helix I and the underlying hydrophobic segment, respectively (4).
However, we also identified substrate-binding residues located at
the C-terminal end of helix I, including M267, R268, and 1270.
The relative importance of these residues is less clear. GroEL-
substrate interactions are canonically hydrophobic, explaining the
contacts observed for M267 and 1270. M267 has been implicated
in allosteric communication, though an exact role is not known
(23). Perhaps most surprising is the interaction with the positively
charged residue R268, which was consistently the strongest
interacting residue in our cryoEM reconstructions. GroEL R268
has previously been shown to form hydrogen bonds to glycine
and serine residues on a 12-residue GroEL-binding peptide (24).

ATP Binding Induces Asymmetry in the Rubisco-Bound Ring of
GroEL. We next aimed to study the effects of ATP binding to
GroEL-Rubisco, building on our previous work on GroEL-ATP
(8). GroEL-Rubisco complexes were prepared as described above,
then blotted and plunge-frozen with a Vitrobot several seconds
after addition of ATP. We collected cryoEM data employing stage
tilt (25) to compensate for the preferred orientation of GroEL-
ATP-Rubisco (S Appendix, Fig. S3B). Initial reconstructions
showed that GroEL had partially denatured at the air-water
interface (SI Appendix, Fig. S5). We used a combination of
signal subtraction and 3D classification to identify a subset of
13,015 relatively undamaged particles (S Appendix, Fig. S5). We
determined a reconstruction of GroEL-ATP at a resolution of
4.3 A (ST Appendix, Fig. S5). The map showed an asymmetric
ring arrangement of GroEL. However, the low resolution limited
interpretability. We could not reliably identify bound nucleotide,
and density for non-native Rubisco was not well resolved.

For high-resolution cryoEM, we replaced ATP with a nonhydro-
lysable analogue. The ADP-metal complexes ADP-BeF;, ADP-AIF;,
and ADPVO, are mimics of the ATP ground state, transition state,
and posthydrolysis state, respectively (26). Incubation of GroEL-
GroES with ADP + BeF; or ATP + BeF, supports formation of
asymmetric GroELGroES, and symmetric GroEL-GroES, com-
plexes, respectively (27). Both ADP-BeF; and ADP-AIF; support
folding of the GroEL substrate Rhodanese in the presence of GroES
(26). Both ATP analogues have been used to aid previous structural
studies of chaperonins (10, 19, 28). Additionally, to reduce both
preferred orientation and denaturation at the air-water interface,
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Fig. 1. CryoEM structure of GroEL-Rubisco. (A) CryoEM map of GroEL-Rubisco at 4.5 A. CryoEM density is shown coloured blue (GroEL) and green (Rubisco).
(B) Refined atomic model of GroEL and Rubisco density (green) contoured at 8.0c. The atomic model of GroEL is coloured blue; the substrate-binding helices
H and | are coloured red and orange, respectively. (C) CryoEM map of GroEL-Rubisco contoured at a low threshold (5.0c). The black arrowhead indicates a
possible interaction between non-native Rubisco and the GroEL C termini. Percent values in green text represent the Rubisco density compared to that of a
folded Rubisco monomer. (D) Contacts between GroEL subunits 1, 2, and 3 (gray density), and non-native Rubisco (green density). Interacting GroEL residues

are labelled and shown as stick models.

we used the Chameleon instrument to prepare grids for
cryoEM.

A 3.4 A cryoEM map of GroEL-ADP-BeF;-Rubisco was
reconstructed from 202,582 particles (Fig. 2 and SI Appendix,
Figs. S3Cand S6 and Table S1). The map displayed an asymmet-
ric ring and a symmetric ring (Fig. 24). We observed density for
Rubisco in the asymmetric ring only, contacting four GroEL
subunits (Fig. 24). The apical domains of the remaining three
GroEL subunits were less well resolved and they extended
upward, adopting a conformation reminiscent of the GroES-
bound state (Fig. 24). We used DeepEMhancer (29) to visualise
the extended GroEL apical domains. However, Rubisco density
was absent from the DeepEMhancer map, likely due to low local
resolution. We used the locally filtered map from Relion to build
a model of the complex and used the DeepEMhancer map only
to position the apical domains of GroEL subunits 2, 5, and 7.
We built and refined the model into the cryoEM maps using the
crystal structures of apo GroEL (PDB code: 1SS8) and GroEL-
GroES (PDB: 1SVT) (Fig. 2B). The conformation of the four
substrate-contacting GroEL subunits resembled the Rs1 confor-
mation previously reported for GroEL-ATP (Fig. 2C). In the Rsl
state, the GroEL intermediate and apical domains have under-
gone a 35° sideways tilt as a single rigid body relative to the
nucleotide-free state (8). The four Rs1 GroEL subunits shared

PNAS 2023 Vol.120 No.50 2308933120

the equatorial-to-apical domain salt bridge, R58-E209, not
observed in our previous study of GroEL-ATP (SI Appendix,
Fig. S3D). R58 is located within a short a-helix adjacent to the
stem loop of GroEL equatorial domains. E209 lies in a short loop
region of the underlying hydrophobic segment in the apical
domains. In both the 2.7 A crystal structure of apo GroEL (PDB:
18S8) and in our 4.4 A cryoEM reconstruction of nucleotide-free
GroEL-Rubisco, the E209 loop faces away from the R58 helix
and the R58-E209 sidechains are ~8 A apart (SI Appendix,
Fig. S3D). This salt bridge likely only forms upon binding of
ATP (or analogue) and may act to stabilise the substrate-bound
Rsl state. The salt bridge could also be involved in allosteric
communication between the apical and equatorial domains of
GroEL. The residue E209 is located adjacent to the underlying
hydrophobic segment which is involved in substrate-binding
primarily via Y203. GroEL subunits 2, 5, and 7 adopted the
GroES-bound state (Fig. 2D). This GroEL subunit conformation
has only previously been observed in structures of GroEL-GroES,
never in the absence of GroES. Our structure of GroEL-ADP-
BeF;-Rubisco likely represents a transient intermediate complex
adopted in response to ATP and substrate binding. This confor-
mation of GroEL might be able to recruit GroES without releas-
ing non-native substrate, and potentially represents a missing
link in substrate encapsulation.

https://doi.org/10.1073/pnas.2308933120 3 of 11
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Fig. 2. CryoEM structure of GroEL-ADP-BeF,-Rubisco. (4) CryoEM map of GroEL-ADP-BeF,-Rubisco at 3.4 A. The GroEL map (blue) displayed was generated by
DeepEMhancer. Density for non-native Rubisco (green) was isolated from the locally filtered map generated by Relion. (B) Refined atomic model of GroEL-ADP-BeF;
and non-native Rubisco density (green). The substrate-binding helices H and | are coloured red and orange, respectively. The asymmetry can be appreciated
from the position of helix H in each subunit. (C) Comparison of GroEL-ADP-BeF; subunit 1 with the published structure of the Rs1 conformation of GroEL-ATP
(PDB: 4AAQ). (D) Comparison of GroEL-ADP-BeF; subunit 2 with the published crystal structure of GroEL-GroES (PDB: 1SVT). (E) Nucleotide binding sites of each
GroEL ring, showing ADP-BeF; in asymmetric ring subunits and ADP in symmetric ring subunits. Overlaid cryoEM density is shown only for the labelled moieties.

We examined the nucleotide binding sites of GroEL subunits
(Fig. 2E). Clear density for ADP was seen in all fourteen sites. We
observed differences in nucleotide site density between the two
rings, but saw no obvious differences among subunits belonging
to the same ring (SI Appendix, Fig. S3E). We observed continuous
density between the GroEL D87 sidechain and ADP. D87 is
involved in ATP hydrolysis, and mutations such as D87K abolish
ATPase activity (4). We were able to conﬁdentlg model ADP and
the phosphate oxygen-coordinating metal, Mg™. ADP bound in
the asymmetric ring showed additional density that we attributed
to the ATP y-phosphate analogue, BeF;. (Fig. 2E). Symmetric ring
ADDP lacked this additional density and it was modelled without
BeF;. Subunits in both rings showed density for the second coor-
dinating metal ion, K*. GroEL requires K" to hydrolyse ATP, and
a previously published crystal structure confirmed this position as
the K* binding site (30). In the asymmetric ring, we observed
additional density between the D52 and D398 sidechains (Fig. 2E).
We attributed this to the water molecule involved in attacking the
y-phosphate of ATP during hydrolysis (31). Asymmetric ring sub-
units have therefore been captured in an ATP-bound state prior
to hydrolysis, consistent with the classification of ADP-BeF; as a
ground-state analogue of ATP.

https://doi.org/10.1073/pnas.2308933120

Interactions between Non-Native RuBisCO and GroEL-ADP-BeF;.
Non-native Rubisco interacted with the apical domains of
four GroEL subunits in the asymmetric ring (Fig. 3). At low
contour levels, the interaction was dominated by helix I and the
underlying hydrophobic segment of GroEL subunits 1, 3, 4, and
6 (Fig. 3A4), leaving subunits 2, 5, and 7 to extend upward. The
density attributed to Rubisco extended deeper into the GroEL
cavity (Fig. 34) than in our reconstruction of nucleotide-free
GroEL-Rubisco (Fig. 1). This raises the possibility that part of
the density instead represents the seven C termini of GroEL, which
together have a mass of 14 kDa. If the lower part of the density
inside the GroEL cavity represents the C termini, it suggests a
direct interaction with non-native Rubisco in the upper cavity.
At a moderate contour level (5.06), the volume of the Rubisco/
GroEL C-terminal density in the asymmetric ring accounted for
a mass of ~34 kDa. In the symmetric ring, we observed density
for the C-terminal GroEL residues P525 and K526 (typically
disordered in crystal structures), but no density for non-native
Rubisco (Fig. 34). We examined the contacts between GroEL
apical domains and non-native Rubisco at higher contour levels
(Fig. 3B). The strongest interactions were similar to those we
observed in the nucleotide-free binary complex (Fig. 1). The same

pnas.org
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Fig. 3. Interactions between GroEL-ADP-BeF; and non-native Rubisco. (A) Central slices through the GroEL-ADP-BeF;-Rubisco model overlaid with the cryoEM
map. GroEL density is coloured transparent gray; Rubisco/GroEL C-terminal density is coloured green. Panels showing lateral slices through the asymmetric
ring apical domains (red panel), asymmetric ring equatorial domains (yellow panel), symmetric ring equatorial domains (blue panel), and symmetric ring apical
domains (purple panel). (B) Interactions between GroEL apical domains and non-native Rubisco.

R268 contact in helix I was seen for each of the four GroEL
subunits (Fig. 3B). Other subunits showed contacts involving
V264 and N265 of helix I, and residue Y203 of the underlying
hydrophobic segment (Fig. 3B).

Rubisco Encapsulated by GroEL-ADP-AIF3-GroES. We next studied
the conformation of encapsulated Rubisco in the full GroEL-GroES
complex. We added GroES and ADP-AIF; to GroEL-Rubisco
to form stalled ternary complexes. We again used a Chameleon
instrument to prepare frozen grids. Initial 3D classification showed
variability in the occupancy of GroES (SI Appendix, Fig. S7). Two
of the 3D classes showed GroEL-ADP-AIF; complexes without
GroES. We processed these classes and determined a 3.7 A structure
of GroEL-ADP-AIF;-Rubisco, which in the absence of GroES,
displayed the same asymmetric conformation observed for GroEL-
ADP-BeF;-Rubisco (SI Appendix, Fig. S8). To identify GroEL-
GroES particles with encapsulated Rubisco, we used masked 3D
classification targeting the cis cavity (SI Appendix, Fig. S7). We
determined a 3.7 A reconstruction of GroEL-ADP-AIF,-Rubisco-
GroES from 30,965 particles (Fig. 44 and SI Appendix, Figs. S3F
and S7 and Table S1). We refined the published crystal structure
of GroEL-GroES (PDB: 1SVT) into our cryoEM map (Fig. 4B).
Density for encapsulated Rubisco occupied the upper two-thirds of
the cis cavity, adjacent to the GroEL apical domains. The Rubisco

PNAS 2023 Vol.120 No.50 2308933120

density accounted for 40 to 50 kDa of protein mass, and its shape
was reminiscent of a folded Rubisco monomer. Interactions were
observed with several cavity-facing residues of GroEL-GroES
subunits (Fig. 4C). The strongest contacts to encapsulated Rubisco
involved GroEL residue F281, and GroES residue Y71 (Fig. 4C).
The ring of Y71 residues on GroES subunits forms a hydrophobic
collar on the ceiling of the cis cavity and may be important for
the folding of some GroEL substrates (32). Additional contacts
were resolved at lower map contour levels and involved GroEL
residues K226 and E255 (Fig. 4 C, Right).

The conformation of the #7ans ring of GroEL-ADP-AIF;-Rubisco-
GroES resembled the symmetric ring of GroEL-ADP-BeF;-Rubisco.
This “wide” conformation of the GroEL #7ans ring is likely related
to the presence of high concentrations of ADP (3 mM) during
sample preparation (33). We did not observe density for non-native
Rubisco in the #rans ring, even at low map contour levels. In this
conformation, the continuous hydrophobic collar formed by hel-
ices H and I is disrupted, possibly leading to reduced substrate
binding. Lower concentrations of ADP may have allowed for vis-
ualisation of bound non-native substrate in the #7ans ring.

We observed clear density for ADP in all fourteen nucleotide
binding sites. Cis ring ADP showed additional density that we
modelled as AlF; (Fig. 4D). Trans ring sites contained the coor-
dinating potassium ion (Fig. 4D). At this point along the ATP
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Cis ring

Trans ring

Fig. 4. CryoEM structure of GroEL-ADP-AIF,-Rubisco-GroES. (4) CryoEM map of GroEL-ADP-AIF,-Rubisco-GroES at a global resolution of 3.7 A, filtered by local
resolution. (B) Refined atomic model of GroEL-ADP-AIF;-GroES and non-native Rubisco density (green). (C) Molecular contacts between GroEL-GroES and Rubisco.

(D) Nucleotide site density in the cis and trans rings.

hydrolysis reaction coordinate, K has presumably fulfilled its
catalytic role and is no longer required in the ¢/s ring. In contrast,
our structure of GroEL-ADP-BeF;-Rubisco showed K* bound in
both GroEL rings. This is consistent with BeF; and AlF; mimick-
ing different states of the ATP y-phosphate.

Further 3D Classification Revealed Distinct Conformations of
Encapsulated Rubisco. The Rubisco density in our reconstruction
of the stalled ternary GroEL-ADP-AIF;-Rubisco-GroES complex
likely represented an ensemble of conformations that had been
averaged together during image processing. We aimed to identify
some of these conformations using an additional round of 3D
classification (S Appendix, Fig. S7). Due to the relatively low
number of particles at this processing step, we opted to use four
classes for masked 3D classification, targeting the GroEL-GroES
cis cavity. We refined each subset of particles to a resolution of
4.1 to 4.2 A (SI Appendix, Fig. S3G) and performed a rigid body
fit of our refined model of GroEL-ADP-AIF;-GroES (Fig. 5). In
the four reconstructions the interactions between GroEL-GroES
and the encapsulated Rubisco monomer were well resolved. Each
class showed a different set of GroEL-GroES residues interacting
with Rubisco, suggesting that GroEL-GroES can stabilise a range
of non-native substrate conformations (Fig. 5). At lower contour
levels, the substrate density accounted for the volume a full
Rubisco monomer (~61,000 A%). All four classes shared the same

https://doi.org/10.1073/pnas.2308933120

GroEL F281 contact to Rubisco (Fig. 5 A-D, black arrowheads).
Individual classes displayed additional contacts from the Rubisco
density to GroEL residues K226 (Fig. 54), N229 (Fig. 54),
E255 (Fig. 5 C and D), and Y360 (Fig. 5C). Additionally, class
4 displayed strong contacts to the Y71 residues of two adjacent
GroES subunits (Fig. 5D).

Model of Near-Native Rubisco Encapsulated in the GroEL-GroES
Folding Chamber. To model Rubisco, we examined the density in
the four cryoEM reconstructions. Due to the low local resolution,
we were unable to identify secondary structure elements of Rubisco.
We limited our analysis to low-resolution features and examined
density that might represent the different Rubisco domains.
Rubisco monomers are composed of two domains, an N-terminal
domain (NTD; residues 1 to 135) and a larger C-terminal TIM
barrel domain (CTD; residues 136 to 466) (34). Classes I, I1I, and
IV could accommodate rigid body fits of the Rubisco monomer
in multiple different orientations. The class II reconstruction
(81 Appendix, Fig. S7) showed two distinct lobes of density when
displayed at a higher contour level (Fig. 64). We attributed these
lobes to the NTD and CTD of Rubisco and used them to orient
and rigid body fit the published Rubisco crystal structure (PDB:
9RUB) (Fig. 6B). We flexibly fit the Rubisco monomer into the
density, allowing for only minor changes when optimising the map-

model fit (Fig. 6 Band C and ST Appendix, Table S1).
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Class 1 (4.2A) Class Il (4.2 A)

Class lll (4.2 A) Class IV (4.1 A)

Fig. 5. Multiple classes of encapsulated Rubisco. Red dashed circles highlight the contact in all four reconstructions between GroEL residue F281 and Rubisco.
(A) Reconstruction of class | from 7,202 particles. Panels highlight the K226 and N229 contacts. (B) Reconstruction of class Il from 8,237 particles. Panel highlights
the F281 contact. (C) Reconstruction of class Ill from 7,818 particles. Panels highlight the F281, Y360, and E255 contacts. (D) Reconstruction of class IV from 7,708
particles. Panels highlight the E255, F281, and GroES Y71 contacts.

Discussion a series of snapshots of chaperonin complexes with a non-native

protein as it progresses through the GroEL-GroES reaction cycle,

In this study, we have used single-particle cryoEM to determine  revealing the interactions between GroEL and substrate at each

structures GroEL, GroEL-ADP-BeF;, and GroEL-ADP-AIF;-  step. We have described a conformation of ATP-bound GroEL

GroES all complexed with non-native Rubisco. Our work provides  that can simultaneously recruit its co-chaperonin GroES while
A B C

Rigid body fit Refined model
PDB: 9RUB
o ~
22, -7y
N[

Fig.6. Modelling Rubisco inside the GroEL-GroES folding chamber. (A) CryoEM map of GroEL-ADP-AIF;-Rubisco-GroES (class Il) at a contour level of 7c. The two
domains of the encapsulated Rubisco monomer are coloured purple (NTD) and green (CTD). (B) Comparison between the crystal structure of a Rubisco monomer
and the refined model. (C) Refined model of GroEL-ADP-AIF;-Rubisco-GroES overlaid on the class Il density at a contour level of 3c.
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still binding non-native substrate, preventing its escape during the
encapsulation step. Lastly, we showed that encapsulated Rubisco
resides in the GroEL-GroES cavity as an ensemble of conforma-
tional states that likely represent different folding intermediates.
We have previously shown that Rubisco binds to the apical
domains of GroEL subunits (12) in a similar fashion to other
GroEL substrates (9—11, 13, 14). Structural studies of
GroEL-substrate complexes are typically limited to low resolution
and density for non-native substrate is usually incomplete. Our
cryoEM reconstruction of GroEL-Rubisco showed that the strong-
est contacts were formed with helix I of GroEL, consistent with
previous structural studies of other GroEL-substrate complexes.
Several of the residues involved in contacting non-native Rubisco
were those identified in the original mutational studies of GroEL,
such as V264 and Y203 (4). Recognition of substrates by GroEL
is typically described as predominantly hydrophobic, involving
nonpolar residues. We therefore did not expect the strongest con-
tact to Rubisco to involve the GroEL residue R268, located at the
C terminus of helix I. The importance of R268 in substrate binding
and folding is less well characterised. Structural evidence for the
role of R268 in mediating substrate interactions comes from the
crystal structure of GroEL bound to a 12-residue peptide (24). The
GroEL-peptide structure showed that a serine and glycine residue
on the peptide formed hydrogen bonds to R268 (24). Our cryoEM
structures of GroEL-Rubisco and GroEL-ADP-BeF;-Rubisco iden-
tified R268 as an important residue in mediating non-native sub-
strate interactions prior to GroES binding. Additionally, we
observed a strong interaction between non-native Rubisco and
GroEL residue M267, located on the lower face of helix I, suggest-
ing that it may play a role in substrate binding. It has been impli-
cated in intra- and intersubunit allosteric communication (23).
Experiments using native mass spectrometry have previously
shown that Rubisco monomers bind to GroEL tetradecamers with
a 1:1 stoichiometry, exerting negative cooperativity on the opposite
GroEL ring and inhibiting binding of a second Rubisco monomer
(35). Other substrates with a range of molecular weights (32 to 56
kDa) have been shown to bind to both GroEL rings simultaneously,
implying that GroEL can recognise and respond to different types
of substrate (36). Our native mass spectrometry results for
GroEL-Rubisco agreed with the published results. However, our
cryoEM reconstruction showed Rubisco bound in both rings simul-
taneously, albeit with different occupancies. Previous work has sug-
gested that the structural basis for this negative cooperativity lies in
a narrowing of the opposite GroEL ring (12, 15, 36). However, we
did not observe a significant structural change in the opposite ring.
All previously published cryoEM structures of GroEL-substrate
complexes were determined from grids prepared using conventional
plunge-freezing methods that included a blotting step, and a
several-second delay between sample application and vitrification. It
has been shown that reducing this delay can reduce denaturation at
the air-water interface and improve the orientation distribution of
particles (22). Previous reconstructions of GroEL-substrate com-
plexes did not display the full expected volume of the non-native
substrate. For example, previous studies report the following percent-
ages for the substrate volume in their reconstruction: GroEL-MDH:
25 to 40% (9), GroEL-gp23: 54% (10), GroEL-actin: 28% (13),
and GroEL-Rubisco: 30 to 35% (12). Our initial cryoEM attempts
using traditional vitrification methods yielded similar results, but our
reconstruction from Chameleon grids accounted for the full volume
of Rubisco. It is likely that non-native substrate in previous studies
had been partially denatured at the air-water interface. The missing
density in the published reconstructions would have presumably
protruded from the GroEL cavity, as displayed in our reconstruction
of GroEL-Rubisco. Non-native proteins are particularly prone to

https://doi.org/10.1073/pnas.2308933120

adsorption at the air-water interface during cryoEM grid preparation.
Our work shows that reducing the time between sample application
and vitrification provides additional benefits in the study of biological
systems involving non-native proteins.

Binding of ATP is known to trigger conformational changes
within GroEL subunits (8, 37). Studies of GroEL-GroES bound
to ATP analogues such as ATPyS or AMP-PNP fail to form fold-
ing active complexes and do not show the same large-scale con-
formational changes in GroEL (26, 38, 39). This is likely related
to the critical role of the ATP y-phosphate, mimicked in our
structures by BeF; or AlF; (26). Here, we present the structure of
a GroEL intermediate with both nucleotide and substrate bound.

Our previous structural study of GroEL-ATP was carried out in
the absence of substrate protein, and the dataset was not large enough
to test for asymmetry, particularly in the more open states (8). In
this work, we show that individual GroEL subunits of the ATP-bound
ring adopt one of two conformations, resulting in a markedly asym-
metric ring. This asymmetric behaviour of subunits is reminiscent
of the eukaryotic hetero-oligomeric group II chaperonin TRiC/CCT
(40). Our cryoEM structure of GroEL-ADP- BeF;-Rubisco
reveals how some GroEL subunits can recruit GroES while others
are bound to non-native substrate, preventing its escape. The four
substrate-bound GroEL subunits adopt the Rs1 state reported for
GroEL-ATP (8). The three remaining subunits adopt the
GroES-bound conformation (41), despite the absence of GroES
itself.

In our cryoEM map of GroEL-ADP-BeF;-Rubisco, the
C-terminal tails of all seven asymmetric ring subunits contacted
non-native Rubisco. In comparison, structures of nucleotide-free
GroEL-substrate complexes do not typically suggest an extensive
interaction with the C termini. This suggests that deeper substrate-
binding role of the GroEL C termini becomes more important
following ATP binding. Deletion of the GroEL C termini has
been shown to slow folding of Rubisco (16). Nevertheless, the C
termini themselves are not essential in vivo (42) despite being
conserved among chaperonins. The slowed rate of folding upon
C-terminal tail deletion has been attributed to altered rates of
chaperonin cycling and ATPase activity (discussed in appendix 1
of the comprehensive review of chaperonins in ref. 2).

We previously speculated that GroES is initially recruited by 1 to
2 raised GroEL subunits, resulting in an asymmetric intermediate
(8, 9). However, significant asymmetry of a GroEL ring has only
been previously reported in the crystal structure of the double mutant
GroELpgsp/ari974 bound to ADP (43). In this mutant, two inter-
subunit salt bridges were removed, effectively detaching adjacent
apical domains. The freed apical domains adopted conformations
similar to those observed for GroEL-ATP (8). Our structure of
GroEL-ADP-BeF;-Rubisco offers a view of an asymmetric wild-type
GroEL ring in an intermediate state of the folding reaction.

During transition from the Rs1 state to the GroES-bound state,
GroEL apical domains undergo a dramatic upward swing of 60°,
and a 90° clockwise rotation (8). These movements have been sug-
gested to exert a stretching force on the substrate, which remains
bound to several apical domains during their motion (44). This
stretching action is thought to forcefully unfold GroEL substrates,
rescuing kinetically trapped folding intermediates (6, 16). Our
previous study of GroEL-ATP suggested a possible mechanism
for forced unfolding in which the radial expansion of subunits
exposed bound substrate to stretching (8). Our structure of GroEL-
ADP-BeF;-Rubisco suggests a different geometrical pathway of
stretching. A substrate that is multivalently bound between GroEL
apical domains and C termini could be stretched during their tran-
sition from Rsl to GroES-bound states. In support of this, it has
previously been shown that forced unfolding of Rubisco is attenuated
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when the C termini are removed (16). Bound Rubisco might also
be destabilised due to the exclusion of bulk water from the occupied
GroEL cavity, reducing the hydrophobic effect and altering the ener-
getics of its folding relative to that in bulk solution (45). Following
GroES binding, non-native Rubisco would be released into the fold-
ing chamber where it may still associate with the C termini (19).

Our reconstructions of GroEL-ADP-AIF;-Rubisco-GroES
showed Rubisco in the upper half of the folding chamber, held
in place by interactions with charged and hydrophobic residues
located in the GroEL apical domains (K226, E255, F281, and
Y360), and in GroES (Y71). Due to the low local resolution of
the encapsulated Rubisco, we could only reliably identify a
native-like conformation in a small subset of particles. Several
cryoEM structures of GroEL-GroES-substrate complexes, includ-
ing two with Rubisco as the substrate protein, have been pub-
lished (10, 15, 19). Importantly, the published structure of
GroELy;p,3054-GroES (15) is not a fully folding-active complex
and instead represents a stalled complex immediately prior to the
release of the substrate inside the folding chamber. Both previ-
ously published structures of GroEL-ADP-AIF;-Rubisco-GroES
showed either non-native or native-like Rubisco located in the
lower half of the folding chamber, interacting with residues of
the GroEL apical domains (F281, Y360), the equatorial domains
(F44), and the GroEL C termini (15, 19). GroEL residue F281
appears to be critical in the folding of substrate proteins. This is
supported by earlier work showing that the mutant GroELgyq,
supports binding of non-native substrate, but exhibits decreased
ATPase activity, reduced folding, and aggregation of the substrate
protein upon its release (4).

The position of Rubisco in GroEL-GroES was similar to that of
the T4 bacteriophage capsid protein, gp23 (10), also observed in a
native-like state. Rubisco interacted with several of the GroES Y71
residues that together form a hydrophobic ring on the folding cham-
ber ceiling. Previous work has shown that this hydrophobic ring may
take part in the folding process for some GroEL substrates (32). We
did not observe contacts with hydrophobic residues in the lower part
of the chamber, such as F44 or the C termini, and instead observed
interactions with charged residues in the GroEL apical domains.
Encapsulated substrates may start as folding intermediates at the
bottom of the GroEL-GroES cavity, sequestered primarily by the C
termini and the F44 loop. As folding proceeds and hydrophobic
residues in the substrate become buried, the interaction with the C
termini might diminish, allowing the substrate to occupy a more
central or upper position in the cavity. The Rubisco intermediate in
our class II structure might represent a near-native state, with some
distortion of the domain interface, primed for release following
detachment of GroES.

Conclusion

Our results, benefitting from the substantial advances in cry-
oEM methodology in the last decade, provide a more detailed
view of the chaperonin-assisted folding pathway and mechanism
for a major, model substrate. Our cryoEM reconstructions show
the progression through key initial steps in the nucleotide cycle
and the changing sites of substrate interaction within the
complex through the folding reaction, as well as substrate dis-
placement in the GroEL-GroES cavity as native structure is
formed.

Methods

Protein Expression and Purification. Expression and purification of E. coli GroEL
and GroES and R. rubrum Rubisco are described in SI Appendix, Supplementary
Materials and Methods.

PNAS 2023 Vol.120 No.50 2308933120

Formation of GroEL-Rubisco Binary Complexes. Rubisco was unfolded
in unfolding buffer (50 mM HEPES-KOH, pH 7.5, 8 M urea) at 21 °C for at
least 30 min. Binary complexes of GroEL bound to non-native Rubisco were
prepared by diluting non-native Rubisco into chloride-free GroEL-containing
HKM buffer (50 mM HEPES-KOH, pH 7.5, 10 mM KOAc, 10 mM Mg(OAc)2,
2 mM DTT + 1 uM GroEL tetradecamer). Unfolded Rubisco was added to 1
mL of GroEL-containing HKM buffer in five 2 uL additions. Gentle mixing and
centrifugation were performed after each addition. After the fifth addition, the
final concentration of Rubisco was 4 uM, a fourfold molar excess over GroEL.
The sample was incubated at 21 °C for 10 min with periodic mixing via gentle
pipetting. Complexes were centrifuged at 16,200 RCF at 21 °C for 10 min to
pellet aggregated protein. The presence of binary complexes was confirmed
by native PAGE and native mass spectrometry. Binary complexes were freshly
prepared for all cryoEM experiments.

Mass Spectrometry. Samples for native mass spectrometry were exchanged into
50 mM ammonium acetate (pH 6.8) using 10-kDa cutoff Amicon Ultra centrifugal
filtration units (Merck Millipore). Samples were introduced to a first-generation
Waters Synapt QToF (Waters Corporation, UK) in nano electrospray gold-coated
borosilicate glass capillaries (prepared in-house). Mass calibration was performed
using a solution of 30 mg/mL caesium iodide (Fluka). Typical machine parameters
used were capillary 1.4 kV, sampling cone 150V, extraction cone 4.5V, backing
pressure 7.5 mbar, trap CE 40 eV, transfer CE 10 eV, bias 88V, source wave velocity
300 ms™", source wave height 0.2V, trap wave velocity 300 ms™", and trap wave
height 0.2 V. Spectra were analysed using MassLynx v4.1 (Waters Corporation,
UK) and Ampbhitrite (46). Spectra were loaded into Amphitrite using a grain size
of 3:and a smoothing value of 2.

CryoEM Sample Preparation, Data Collection and Analysis.
GroEL-Rubisco. GroEL-Rubisco was prepared and concentrated to 3.4 pM.
Grids were prepared using a Chameleon instrument (SPT Labtech). We col-
lected data from two grids frozen at different dispense-to-freeze times. Grid 1
was frozen at 1,039 ms and grid 2 was frozen at 101 ms. Movies (48 frames)
were collected using the EPU software on a Titan Krios transmission electron
microscope (Thermo Fisher Scientific) operating at 300 keV, equipped with
a Gatan K2 Summit direct electron detector in counting mode and Gatan
energy filter. The defocus range was set between —1.4 and —3.0 pm, and
the total exposure was 40.2 electrons/AZ. Images were recorded at a pixel
size of 1.34 A/pixel.

GroEL-ATP-Rubisco. UltrAuFoil R2/2 grids were glow discharged at 30 mA for 60
s using a Pelco easiGlow (Ted Pella, Inc., USA) system. ATP (3 mM) was added to
GroEL-Rubisco (1 pM).Three microlitres of the mixture was applied to grids, blotted,
and plunged into liquid ethane cooled by liquid nitrogen using a Vitrobot mark IV
(Thermo Fisher Scientific, USA) operating at 100% humidity and 4 °C. Blot time was
setto 55, blot force setto —10.The time between adding ATP to GroEL-Rubisco and
plunge-freezing was approximately 10 s. Movies (50 frames) were collected using
the EPU software on a Titan Krios transmission electron microscope (Thermo Fisher
Scientific) operating at 300 keV, equipped with a Gatan K3 direct electron detector
operating in super-resolution mode and a Gatan energy filter. The defocus range
was set between —1.5 and —2.7 pm, and the total exposure was 50 electrons/A”.
Images were recorded at a pixel size of 1.06 A/pixel. A stage tilt of 35° was set at the
start of image acquisition.

GroEL-ADP-BeF;-Rubisco. GroEL-Rubisco complexes were prepared and con-
centrated to 7 uM. We then added 3 mM ADP, 20 mM KF, and 2 mM BeSO,
and incubated the sample for 10 min. Grids were prepared using a Chameleon
instrument (SPT Labtech) with a dispense-to-freeze time of 54 ms. Movies (50
frames) were collected using the EPU software on a Titan Krios transmission
electron microscope (Thermo Fisher Scientific) operating at 300 keV, equipped
with a Gatan K3 direct electron detector operated in super-resolution mode
and a Gatan energy filter. The defocus range was set between —1.5and —2.7
um, and the total exposure was 50 electrons/A. Images were recorded at a
pixel size of 1.068 A/pixel.

GroEL-ADP-AIF;-Rubisco-GroES-ADP-AIF;. GroEL-Rubisco complexes were pre-
pared and concentrated to 7 pM. We then added 7 pM GroES, 3 mM ADP,
20 mMKF, and 2 mM KAI(SO,), and incubated the sample for 10 min. Grids were
prepared using a Chameleon instrument (SPT Labtech) with a dispense-to-freeze
time of 54 ms. Movies (50 frames) were collected using the EPU software on a
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Titan Krios transmission electron microscope (Thermo Fisher Scientific) operating
at 300 keV, equipped with a Gatan K3 direct electron detector operated in super-
resolution mode and a Gatan energy filter. The defocus range was set between
—1.5and —2.7 um, and the total exposure was 72 electrons/A. Images were
recorded at a pixel size of 0.828 A/pixel.

CryoEM image processing. The initial approach forimage processing was the same
for all datasets. Full image processing details for individual datasets are described
in SI Appendix, Supplementary Materials and Methods. Micrograph movies were
corrected for beam-induced motion using Motioncorr2 (46). For movies collected in
super-resolution mode using a Gatan K3 camera, micrographs were downsampled
by a factor of 2 during motion correction. The CTF parameters of motion-corrected
micrographs were estimated using Gctf (47). Particles were picked using the neural
network particle picker included in EMAN v.2.2 (48). Particle coordinates (.box files)
were imported into RELION v.3.1(49). Particles were typically extracted from micro-
graphs with 2 to 3 times downsampling, giving pixel sizes of 2 to 4 A/pixel. We used
downsampled particles for initial 2D classification, then re-extracted particles with
finersampling for 3D classification and final 3D refinements. Downsampled particles
were imported into cryoSPARC (50) and subjected to three rounds of reference-free
2D dlassification. Particles from featureless, noisy, or poorly resolved classes were
discarded. Good particles from 2D classification were imported back into Relion using
the csparc2star.py Python script(51). Subsequentimage processing steps were per-
formed in Relion v.3.1 or cryoSPARC v.3.3.1. No symmetry was applied during any
step of image processing. For 3D refinements, an initial model of GroEL or GroEL-
GroES was generated from a previously published cryoEM reconstruction (EMDB:
3415 and EMDB: 2325), or generated using ab initio reconstruction in cryoSPARC,
and low-pass filtered to 30 to 60 A,
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