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ABSTRACT:

The mitochondrial chaperonin, mtHsp60, promotes the folding of newly imported and transiently
misfolded proteins in the mitochondrial matrix, assisted by its co-chaperone mtHsp10. Despite
its essential role in mitochondrial proteostasis, structural insights into how this chaperonin binds
to clients and progresses through its ATP-dependent reaction cycle are not clear. Here, we
determined cryo-electron microscopy (cryo-EM) structures of a hyperstable disease-associated
mtHsp60 mutant, V72I, at three stages in this cycle. Unexpectedly, client density is identified in
all states, revealing interactions with mtHsp60’s apical domains and C-termini that coordinate
client positioning in the folding chamber. We further identify a striking asymmetric arrangement
of the apical domains in the ATP state, in which an alternating up/down configuration positions
interaction surfaces for simultaneous recruitment of mtHsp10 and client retention. Client is then
fully encapsulated in mtHsp60/mtHsp10, revealing prominent contacts at two discrete sites that
potentially support maturation. These results identify a new role for the apical domains in
coordinating client capture and progression through the cycle, and suggest a conserved

mechanism of group | chaperonin function.
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INTRODUCTION:

Many proteins require the assistance of molecular chaperones to assume their native
conformation(s) in the cell'. Chaperonins are an essential and highly conserved class of
molecular chaperones found in all domains of life that form distinct multimeric ring complexes
featuring a central cavity in which client protein substrates are folded®*. Chaperonins are
classified into two groups: group | members, including bacterial GroEL, form heptameric rings
and require a co-chaperonin (here GroES) to completely seal the folding chamber, while group
I members, including human TRiC/CCT, form octa- or nonameric rings and have helical
insertions that close the chamber*. Both group | and |l chaperonins play essential roles in
protein homeostasis (proteostasis), likely because their architecture allows them to act on a

wide variety of important client proteins.

Much has been learned about the mechanisms of group | chaperonins through
pioneering studies of GroEL/ES®. Each GroEL promoter is composed of an apical domain, an
intermediate domain, and an equatorial ATPase domain that coordinates inter-ring contacts to
form the double-ring tetradecamer. In the intact heptamer, non-native client proteins bind tightly
to exposed, inward-facing hydrophobic surfaces on GroEL apical domains, as well as to
hydrophobic C-terminal tails found at the base of the folding cavity®®. ATP binding to the
equatorial domains induces an upward rotation and elevation of the apical domains, resulting in
a decreased affinity for client and an increased affinity for GroES'®"3. In this arrangement,
GroES then binds the hydrophobic apical domain surfaces and seals the now-hydrophilic cavity,
favoring the folding of the client protein*'". GroES dissociates in a post-hydrolysis state,
enabling the client to be released in a folded, native state or partially folded intermediate that
requires subsequent rounds of chaperone interaction®. Through this mechanism, GroEL/ES

promotes the folding of prokaryotic proteins and buffers cellular stress upon heat shock™.

Mitochondrial heat shock protein 60 (mtHsp60) is the only group | chaperonin found in
humans. Along with its co-chaperonin, mtHsp10, it promotes the folding of proteins newly
imported into the mitochondrial matrix, as well as proteins that have become denatured upon
thermal or chemical stress?°22. This chaperonin has been implicated in the progression of

several cancers®?*

, and point mutations in mtHsp60 cause severe neurodegenerative diseases
known as hereditary spastic paraplegias, which cause progressive muscle spasticity and lower
limb weakness®>?°. Because of these links to disease, there is interest in understanding the
structure and function of mtHsp60/mtHsp10, and in developing inhibitors as chemical probes or

potential therapeutics®*,
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Given the structural and sequence homology between mtHsp60 and GroEL, the general
chaperone mechanisms are thought to be conserved®. Indeed, client-free structures of
mtHsp60 and mtHsp60/10 complexes confirm that several reaction intermediates in the
chaperone cycle are shared, however there are important differences in ring-ring assembly and
inter-ring allostery®-3. Moreover, there are multiple gaps in our structural and mechanistic
understanding of how mtHsp60/mtHsp10 binds and folds its clients during the ATP-dependent
reaction cycle. Advances in understanding mtHsp60 mechanism have been limited by the
relative instability of mtHsp60 complexes in vitro®®, likely explaining the lack of reported client-
bound mtHsp60 structures. Thus, it is not clear which regions of mtHsp60 might be involved in
these interactions or how clients might impact mtHsp60’s structure. Additionally, in group |
chaperonins client and co-chaperone appear to bind to the same region®, namely the inward-
facing hydrophobic apical domain helices H and I. It is therefore unclear how co-chaperonin
binding occurs with a bound client given these overlapping interactions. A possible explanation
comes from the observation that ATP binding decreases the affinity of GroEL for client: previous
studies have suggested the existence of a series of ATP-bound intermediates in which
chaperonin-client interactions are progressively weakened while chaperonin-co-chaperonin
interactions are strengthened'*“%*?. These states might feature sufficiently low client off-rates
such that release is averted until co-chaperonin is bound. However, the structural details of such

complexes remain elusive.

We sought to determine the structural basis for progression through the nucleotide- and
mtHsp10-dependent mtHsp60 chaperone cycle using a disease-associated mutant that
increases oligomeric stability?®2%43, Cryo-EM structures of three mtHsp60 states in this cycle
were determined: apo-mtHsp60, ATP-bound mtHsp60, and ATP-bound mtHsp60/mtHsp10.
Unexpectedly, extensive sub-classification revealed low-resolution density corresponding to a
bound client in the chamber for each state. The position of client density appears coordinated by
distinct sites of interaction that include the apical domains, equatorial domain stem loops, and
disordered C-terminal tails. We identify a novel arrangement of ATP-bound mtHsp60 in which
the apical domains alternate between a client-contacting ‘down’ conformation and an outward-
facing ‘up’ conformation. The ‘down’ conformation allows contact with client but appears
incompatible with mtHsp10 binding, while the ‘up’ conformation is disengaged with client but has
accessible mtHsp10 binding sites. These results suggest a mechanism in which apical domain
up/down positioning enables client retention within the folding cavity to occur simultaneously
with mtHsp10 recruitment. The ATP-bound mtHsp60/mtHsp10 structure indicates that

subsequent movement of the remaining apical domains completes the contact with all mtHsp10
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97 protomers, sealing the chamber and allowing folding to progress. We propose that this

98 mechanism may be conserved among group | chaperonins, including GroEL/ES, providing new

99 insight into how these chaperone machines are able to retain clients during recruitment of their
100 co-chaperonins.

101 RESULTS:

102 The hereditary spastic paraplegia variant mtHsp60"7? forms stable heptamers and retains
103 significant chaperone activity

104 Wild type mtHsp60 heptamers are unstable in the absence of mtHsp10 in vitro, and readily

105 dissociate into monomers at low concentration or temperature, or when incubated with

106 nucleotide®®, thereby complicating efforts to characterize the mtHsp60 chaperone cycle. To

107 facilitate structural studies of mtHsp60, we focused on the previously identified mtHsp60""?

108 variant that is associated with hereditary spastic paraplegia SPG13%2?°, and is reported to have
109 increased oligomeric stability*®. Residue V72 (numbering corresponds to the mature mtHsp60
110 protein after cleavage of the mitochondrial import sequence) is located in the equatorial domain
111 of mtHsp60 and packs into its hydrophobic core, but does not contact the ATP binding pocket
112 (Fig. 1a, Extended Data Fig. 1a). Importantly, the V72| mutation retains some client refolding
113 activity in vitro**, suggesting that general features of the mtHsp60 chaperone cycle are

114 preserved.

115 To investigate the biochemical effects of the V72| mutation, we first confirmed the

116 increased stability of this mutant using size exclusion chromatography coupled to multi-angle
117 light scattering (SEC-MALS). This experiment revealed that the V72| mutant mostly remained as
118 heptamers, while wild-type protein had almost completely dissociated into monomers (Fig. 1b).
119 Importantly, incubation with ATP caused the complete dissociation of wild-type protein, while an
120 appreciable fraction remained oligomeric with the V72| mutation. Next, we analyzed the ATPase
121 activity of the V721 mutant in vitro. In the absence of mtHsp10, an increase in nucleotide

122 hydrolysis rate (~10 pmol ATP hydrolyzed/min for WT, ~21 for V72I) was observed (Extended
123 Data Fig. 1b), which is likely a result of the V72| protein’s enhanced oligomerization (see Fig.
124 1b) and the known effect of cooperative ATP hydrolysis**“°. To determine if mtHsp10 could

125 further increase ATPase activity, we titrated with increasing concentrations of mtHsp10 and

126 found that it stimulated hydrolysis in both WT and V72I, although the activity in WT was higher
127 than in V72l at high mtHsp10 concentrations (~37 pmol/min for WT, ~31 for V72| at the highest
128 concentration tested). Overall, we conclude that the V72| mutation only modestly impacts ATP

129 hydrolysis. Next, to investigate client folding activity, we measured substrate turnover by
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130 chemically denatured mitochondrial malate dehydrogenase (mtMDH) after incubation with the
131 mtHsp60/10 system using an established assay*®. We identify that the V72l mutation impairs,
132 but does not eliminate, client refolding activity (initial velocity of mtMDH activity ~0.03 for WT,
133 ~0.02 for V72l) (Fig. 1c), indicating this mutant retains a significant amount of chaperone activity
134 in vitro. In sum, based on the modest biochemical effects that we and others identify, we

135 considered this mutation to be an attractive tool with which to structurally characterize the

136 chaperone states of mtHsp60.

137 Structures of mtHsp60'’? heptamers reveal asymmetric apical domain conformations

138 that coordinate a bound client

139 We first sought to determine cryo-EM structures of the nucleotide-free (apo) mtHsp60¥7?

140 heptamer. Reference-free two-dimensional (2D) class averages of the complex show top views
141 with clear heptameric rings and apparent C7 symmetry and side views with two bands of density
142 likely corresponding to the equatorial and apical domains (Fig. 1d, Extended Data Fig. 1c).

143 Remarkably, in certain top view class averages an additional asymmetric density in the central
144 cavity is observed that we hypothesized to be a bound protein client (Fig. 1d). Initial three-

145 dimensional (3D) classification of mtHsp602*° particles reveal four prevalent classes (classes 1-

146 4) corresponding to mtHsp60 heptamers. Classes 2 and 4 feature density in the mtHsp60

147 central cavity, consistent with the top-view 2D averages (Extended Data Fig. 1d, Fig. 1d). In
148 total, ~39% of the particles selected from 3D classification contain this density. Given that

149 mtHsp60 heptamers are reconstituted from purified monomers and no additional protein was
150 carried through the purification (Extended Data Fig. 1e), we conclude the extra density is likely
151 partially folded mtHsp60 that is retained as a client in the chamber. Indeed, mtHsp60 is required
152 for its own assembly into oligomeric complexes in yeast mitochondria®’. This serendipitous

153 observation indicates that the increased oligomer stability and slowed client folding activity of
154 V72| are features that combine to favor the capture of structures with bound client, making the
155 mtHsp60""? system poised to reveal the structural basis of mtHsp60 chaperone function.

156 Given the structural similarities between all mtHsp60 classes, we jointly refined particles
157 from all four classes with C7 symmetry enforced in order to improve resolution. This resulted in
158 a consensus map at 3.4 A resolution, which enabled building of an atomic model (Fig. 1e,

159 Extended Data Fig. 2a, Table 1). All domains of mtHsp60 were modeled except the flexible C-

160 terminal tails, which were not resolved. This model highly resembles structures of previously
161 published mtHsp60 heptamers (Ca root mean squared deviation (RMSD) ~0.6-0.8 A)*38, While
162 the equatorial and intermediate domains are well-resolved in this map, density for the apical
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163 domains, including the cavity-facing helices H and |, is considerably weaker, indicating flexibility
164 (Fig. 1f). This is also reflected in the higher B-factors relative to the equatorial and intermediate
165 domains (Extended Data Fig. 1f). Additional density in the central cavity is only observed at very
166 low thresholds, likely due to its heterogeneity and symmetry imposed during refinement. From
167 this analysis, we wondered whether the weaker apical domain density was a result of

168 independent apical domain motions of each protomer, or whether a series of discrete

169 heptameric arrangements of these domains existed, possibly related to client binding.

170 To better resolve the apical domains and potential client contacts we sorted mtHsp60
171 particles solely by apical domain conformation and client density, excluding signal from the

172 relatively invariant equatorial and intermediate domains. Given the C7 symmetry of the mtHsp60
173 heptamer, this was achieved by focused classification using symmetry-expanded*® particles in
174 order to resolve symmetry-breaking conformations of apical domains (Fig. 1g). This approach,
175 and subsequent refinement of the entire volumes, resulted in two types of classes: those with
176 dramatically improved apical domain density, and those with strong density corresponding to
177 client (Extended Data Fig. 1d, 2b). The absence of strong client density in classes with well-

178 resolved apical domains is likely due to apical domain signal driving the classification, rather

179 than client. Inspection of the best class with improved apical domain density, termed mtHsp602>°
180 focus, revealed a range of apical domain conformations around the heptamer, each related by a
181 rigid body rotation about the apical-intermediate domain hinge (Fig. 1h,i). Relative to the

182 consensus map, apical domains rotate both upward (i.e. away from the equatorial domain) and
183 downward; the range of rotation among all protomers spans ~10° (Fig. 1h,i, Extended Data Fig.
184 19). Intriguingly, some of the largest differences in apical domain position occur in adjacent

185 protomers, giving rise to an apparent ‘up’ and ‘down’ alternating conformation (Fig. 1h,

186 protomers 7 through 3). In sum, we successfully resolved the flexible mtHsp60?*° apical

187 domains and identify that they adopt discrete up/down positions around the heptamer, rather
188 than being randomly oriented.

189 Client-containing maps from focused classification feature client at multiple locations in

190 the mtHsp60 heptamer (Fig. 1j, Extended Data Fig. 1d). Density corresponding to client is at an

191 overall low resolution compared to the mtHsp60 protomers, but this result is expected for a

192 partially folded protein that likely populates multiple conformations; low-resolution client density
193 has also been observed in GroEL structures®®'*#°_In all structures, client is asymmetrically
194 positioned in the central cavity and contacts multiple mtHsp60 protomers, which is consistent
195 with the finding that group | chaperonins use multiple apical domains to engage client, and with
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196 previous observations of asymmetric client density in GroEL tetradecamers’=°. However, there
197 are notable differences in client localization between the three classes, with density positioned
198 adjacent to the mtHsp60 apical domain, equatorial domain, or both. In the apical-only class
199 client density is proximal to helices H and | (Extended Data Fig. 1i), which contain multiple

200 hydrophobic residues shown to be critical for the binding of non-native proteins to GroEL®, and
201 also form the surface engaged by mtHsp10%+%’. Likewise, in the equatorial-only class client
202 density is located deeper in the central cavity and appears to interact with the disordered C-
203 terminal tails that project into this cavity (Extended Data Fig. 1j), and in the apical/equatorial
204 class both contacts are observed. Notably, all client-bound classes also feature asymmetric
205 apical domain conformations (Extended Data Fig. 1h), indicating that apical flexibility is a

206 general feature of mtHsp60?*° and not limited to either client-bound or -unbound complexes.
207 ATP binding induces mtHsp60 double ring formation and ordered apical domain

208 conformations

209 We next sought to characterize apical domain conformations and client positioning in the

210 uncapped, ATP-bound state. ATP binding favors the formation of double-ring tetradecamers®,
211 and reference-free 2D class averages of this sample indeed revealed a double ring

212 arrangement for the majority of particles, though top views of single rings were also observed
213 (Extended Data Fig. 3a). All top view averages show clear density corresponding to client, in
214 contrast to the weaker density in apo state particles, potentially indicating higher client

215 occupancy in the ATP sample (Extended Data Fig. 3a, 1c). Side view class averages show
216 markedly decreased apical domain resolution relative to that of the equatorial and intermediate
217 domains (Fig. 2a). Based on symmetric features of the complex identified in 2D analysis and the
218 lack of negative inter-ring cooperativity with respect to nucleotide binding in this system®’, we
219 refined the structure of the double-ring complex with D7 symmetry enforced (Fig. 2b, Extended
220 Data Fig. 3b). The resulting map has an overall resolution of 2.5 A, with the highest resolution in
221 the equatorial and intermediate domains and greatly reduced resolution for the apical domains

222 due to their extended, flexible arrangement (Extended Data Fig. 2c, Table 1). This finding is

223 similar to the apo state, and indicates the equatorial and intermediate domains are

224 conformationally invariant, while the apical domains are substantially more flexible in the

225 uncapped, ATP state. Client appears as a diffuse central density at approximately the level of
226 the apical domains, and is likely less visible due to the imposition of symmetry. We built a

227 complete atomic model of this structure by fitting in a previous model of mtHsp60 and rigid body
228 docking the apical domain into the low-resolution density, followed by all-atom refinement
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229 (Extended Data Fig. 3c). ATP is clearly resolved in the nucleotide binding pocket, indicating that

230 this structure corresponds to a pre-hydrolysis state (Extended Data Fig. 3d). As observed in
231 other chaperonins, nucleotide binding induces a downward ~20° rigid body rotation of the
232 intermediate domain over the equatorial nucleotide binding pocket, positioning the catalytic

233 aspartate (D397) in proximity to the ATP y-phosphate (Extended Data Fig. 3e). The inter-ring

234 interface closely matches that of other nucleotide-bound mtHsp60 cryo-EM structures, with

235 protomers arranged in a staggered 1:2 conformation and presenting two possible sites of

236 interaction to the opposite ring®’. At the first site, residues in helix P form polar and hydrophobic
237 interactions between rings, while no contacts are observed at the other site (Extended Data Fig.
238 3f). The mtHsp60 inter-ring interface is significantly reduced compared to those in analogous
239 GroEL complexes'®'"®" likely explaining the ability of mtHsp60 to exist as single rings.

240 We postulated that the apical domains in the ATP state may be similarly positioned as
241 we identify in the apo state, adopting discrete up/down arrangements around the heptamer that
242 are potentially correlated with client contact. To investigate this possibility, we performed

243 focused classification of D7 symmetry expanded particles, using a mask that encompassed all
244 apical domains of one heptamer, and the central cavity (Fig. 2c, Extended Data Fig. 3b). Out of
245 50 classes, ten have greatly improved apical domain density for several protomers; the number
246 of protomers per heptamer with improved density varies between three and six. Intriguingly,

247 similar to the apo state, we identify an up/down arrangement in all apical domains with improved
248 resolution. Four of the ten classes (1-4) have six well-resolved apical domains in this pattern,
249 and the symmetry-breaking protomer (i.e. the protomer between an up and down protomer)

250 exhibits much weaker density, likely due to an inability to stably adopt either conformation.

251 Refinement of the best focused class with six well-resolved apical domains (class 1,

252 determined qualitatively) using a mask around the entire heptamer yielded the mtHsp60*™

253 focus map (Fig. 2d, Extended Data Fig. 2d, Table 1). This structure features substantially

254 improved density for six apical domains, while that of the symmetry-breaking protomer remained
255 more poorly resolved. Additionally, the equatorial and intermediate domains adopt identical

256 conformations as in the consensus structure, but two states of the apical domains, termed the
257 ‘up’ and ‘down’ states, are observed in an alternating arrangement around the heptamer (Fig.
258 2e). With the improved apical domain resolution we identify that the up/down conformations are
259 related by a rigid body rotation of ~25°. The rotation of the ‘up’ apical domains displaces helices
260 H and | from the central cavity; this likely eliminates potential client binding to these helices. In
261 contrast, the rotation of the ‘down’ apical domains enables helices H and | to project directly into
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262 the central cavity. Apical inter-protomer contacts between ‘up’ and ‘down’ protomers are

263 predominantly made using helices H and |, though the resolution is insufficient to identify

264 specific interacting residues (Extended Data Fig. 3g). Finally, modeling suggests that two

265 adjacent ‘up’ protomers would not significantly clash with each other but that two adjacent

266 ‘down’ protomers would (Extended Data Fig. 3h). Given that adjacent ‘up’ protomers were not
267 observed during focused classification it therefore appears that the alternating up/down

268 arrangement is critical for stable apical domain positioning.

269 In addition to substantially improved apical domain density, the mtHsp60"™" focus map
270 features asymmetric client density in the mtHsp60 central cavity (Fig. 2d). As in mtHsp602>°
271 structures, client is contacted by the apical and equatorial domains (Fig. 2f-h). Apical contacts
272 are only made by ‘down’ protomers; this pattern of contact results in an asymmetric positioning
273 in the mtHsp60 cavity (Fig. 2d). Based on our molecular model, these interactions primarily
274 involve helix | and the underlying hydrophobic segment (Fig. 2g). The C-terminal tails and

275 equatorial stem loop (residue W42) also contact client, and, as in mtHsp60?°, likely serve to
276 retain client in the folding cavity (Fig. 2h). This arrangement is distinct from the client densities
277 identified in the apo state, likely due to the rotation of all apical domains relative to those in apo
278 states. In sum, ATP binding induces a highly persistent alternating conformational arrangement
279 of mtHsp60 apical domains, which is identified in all classes with well-resolved apical domains.
280 This appears to cause a functional asymmetry in client binding ability and potentially enables
281 bifunctional interactions by apical domains.

282 mtHsp10 binding symmetrizes mtHsp60 complexes and exposes distinct client-

283 contacting surfaces

284 We next sought to determine structures of the mtHsp60-mtHsp10 complex in order to

285 investigate the active state for promoting client folding. To accomplish this, we incubated these
286 proteins with saturating ATP and prepared samples for cryo-EM as before. Reference-free 2D
287 class averages revealed predominantly symmetric double-ring complexes (hereafter referred to
288 as ‘footballs’ due to their resemblance to an American football), with a heptamer of mtHsp10

289 capping each mtHsp60 heptamer (Extended Data Fig. 4a,b). The structure of the football
290 complex with D7 symmetry imposed refined to a resolution of 2.7 A, with well-resolved density

291 for mtHsp10 and all domains of mtHsp60, excluding the mtHsp60 C-terminal tails (Fig. 3a,

292 Extended Data Fig. 2e, Table 1). In contrast to the apo and ATP consensus structures, the
293 apical domains in this state are approximately as well-resolved as the equatorial and
294 intermediate domains. Client is only observed in this consensus map at very low thresholds,
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295 likely due to partial occupancy in the central cavities of double-ring complexes and well-resolved
296 density for mtHsp60 and mtHsp10, which could overwhelm density for client. However, based
297 on previous structures we hypothesized that a subset of particles might contain stronger client

298 density.

299 To analyze the mtHsp10-bound state further, we built an atomic model of the football

300 complex (Extended Data Fig. 4c). ATP is well resolved in the nucleotide binding pocket, and

301 adopts the same orientation as in ATP-bound mtHsp60 (Fig. 3b). Likewise, the conformations of
302 the equatorial and intermediate domains are nearly identical to those in the ATP-bound state
303 (Extended Data Fig. 4d). Relative to the ‘up’ apical domains in mtHsp60"™", the apical domains
304 undergo a ~65° clockwise twist and elevation, generating a near-planar surface formed by

305 helices H and | onto which mtHsp10 docks. mtHsp10 predominantly interacts with these helices
306 through a hydrophobic triad (131, M32, L33) in its mobile loop (Extended Data Fig. 4e). The

307 interior of the composite mtHsp60/10 folding cavity features increased hydrophilicity relative to

308 the interior of apo-mtHsp60 (Extended Data Fig. 4f), also a feature of GroEL/ES complexes®.
309 Finally, the inter-ring interface of this complex very closely resembles that of uncapped
310 mtHsp60*™ (Extended Data Fig. 4g).

311 To visualize client in football complexes, we performed focused classification using a
312 mask that included the folding cavity, with minimal density corresponding to mtHsp60 and

313 mtHsp10 (Fig. 3c, Extended Data Fig. 4b). This approach resulted in a class with significant
314 client density, which refined to 3.4 A when using a mask encompassing the entire

315 mtHsp60/mtHsp10 ring (Fig. 3d). The bulk of the client density presents as a toroidal ring

316 approximately at the level of the mtHsp60 apical domains (Fig. 3d). mtHsp60-client contacts
317 become apparent when inspecting lowpass-filtered versions of the client density, which reveal
318 that in multiple mtHsp60 protomers, client contacts the interface of two alpha-helical hairpins,

319 which project two aromatic residues (F279, Y359) into the folding cavity (Fig. 3e,f). These

320 residues are only exposed to central cavity in the mtHsp10-bound state (Extended Data Fig.

321 4d). Contiguous density corresponding to client and the mtHsp60 C-terminal tails is also visible
322 in filtered maps, suggesting that these extensions play a role during client folding (Fig. 3g).

323 Overall, client localization and mtHsp60 contacts in this state resembles those in the

324 mtHsp60~™ focus map and in client-bound GroEL/ES complexes'*°, with both apical and

325 equatorial domains in contact with client. This arrangement is distinct from the mtHsp60%° state,
326 which features several client topologies, including apical-only and equatorial-only contacts,

327 indicating a more heterogeneous association with mtHsp60?*° heptamers. Of note, multiple
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328 distinct conformations in the mtHsp10-bound complex might exist, though the likely

329 heterogenous client population and sub-stoichiometric occupancy likely precludes the

330 identification of distinct, or folded, conformations.

331 Client-contacting mtHsp60 residues are also important for oligomerization

332 To probe the role of specific regions of mtHsp60 in client refolding activity, we selected four

333 aromatic residues observed to contact client and mutated them to Ala (Fig. 4a). W42 is located
334 on the equatorial domain stem loop, which is positionally invariant in all mtHsp60 states. Y201 is
335 located in the underlying segment of the apical domains, and was observed to contact client in

336 the ATP state. F279 and Y359 contact client in the mtHsp10-bound state due to a significant

337 rotation of the apical domain (Extended Data Fig. 4d); they do not face the folding chamber in
338 the apo or ATP-bound states. Conservation analysis between human mtHsp60 and its yeast
339 and bacterial orthologs revealed that three of these residues are conserved, while W42 is a Phe
340 in the other sequences (Fig. 4b). Analysis of ATPase activity in these mutants revealed that the
341 activity of three of the four, W42A, F279A, and Y359A, was not stimulated by mtHsp10 (Fig. 4c).
342 The activity of the Y201A mutant was modestly impaired at high concentrations of mtHsp10,

343 reminiscent of V72| (Extended Data Fig. 1b). Furthermore, all four mutants had impaired

344 mtMDH refolding activity compared to WT (Fig. 4d), a finding possibly explained by the
345 perturbed ATPase activity. Given the lack of mtHsp10-stimulated ATPase activity in three of four

346 mutants, we next wondered whether these mutations had altered oligomerization propensities.
347 Indeed, when analyzing these samples by SEC we observed that the W42A, F279A, and Y359A
348 mutants had completely dissociated into monomers, whereas WT and Y201A were at least

349 partly heptameric (Fig. 4e). Inspection of the apo mtHsp60 model revealed that F279 and Y359

350 are at an inter-protomer interface, and appear to contact the neighboring intermediate domain
351 (Fig. 4f). Thus, mutation of these two residues potentially impairs this interaction, leading to a
352 less stable heptamer. However, the mechanism of monomerization induced by the W42A

353 mutation, which is not proximal to any inter-protomer interface, is less clear. Together, we
354 conclude that client binding and oligomer assembly are somewhat coupled in the mtHsp60
355 system, making it difficult to assign distinct roles to these residues.

356 A model of mtHsp60 client engagement and progression through the chaperone cycle
357 The results presented here allow for the generation of a model describing client folding by the

358 mtHsp60-mtHsp10 system (Fig. 5, Supplementary Video 1). In this model, mtHsp60 without
359 nucleotide or co-chaperone exists as heptamers that are competent to bind client, with static

360 equatorial and intermediate domains and somewhat flexible apical domains loosely arranged in
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361 alternating up/down conformations. The client folding chamber in the apo state allows for

362 multiple mtHsp60 interaction modes, including interaction with the inward surface of the apical
363 domains, the disordered C-terminal tails, or both. ATP binding induces the dimerization of

364 heptamers at the equatorial-equatorial interface, causes a downward rotation of the

365 intermediate domain, closing the nucleotide binding pocket, and causes apical domain rotation.
366 The apical domains of ATP-bound protomers are arranged in a strict up/down alternating

367 arrangement, with the ‘down’ protomers interacting with client through helix | and the underlying
368 hydrophobic segment. Equatorial interactions, namely with the C-terminal tail and an aromatic
369 residue projecting into the folding chamber, also contribute to client interaction. The ‘up’ ATP-
370 bound protomers likely provide an initial platform for mtHsp10 association, and interaction with
371 the remaining apical domains induces the transition into a fully symmetric conformation that
372 expands the now-capped folding chamber, allowing the client to fold. Finally, upon ATP

373 hydrolysis mtHsp10 dissociates from the heptamer, and client is released.

374 DISCUSSION:

375 Chaperonins are a superfamily of molecular chaperones that promote protein folding by
376 encapsulating unfolded or misfolded client proteins and allowing them to fold in a protected
377 environment. How client and co-chaperonin binding are coordinated to enable efficient client

378 folding in group | chaperonins, including the bacterial GroEL/ES and mitochondrial Hsp60/10

379 systems, has remained an active area of study. The mtHsp60/10 system is a relatively

380 understudied chaperonin homolog, yet has critical roles in human health and disease. Here we
381 used the stabilizing V721 mutant to structurally characterize intermediates in the mtHsp60

382 chaperone cycle, all of which unexpectedly contained client. These investigations substantially
383 increase our understanding of the mechanism of group | chaperonins.

384 In the apo state we identify that client contacts multiple mtHsp60 protomers in several
385 dynamic arrangements (Fig. 1j, Extended Data Fig. 1i,j), an observation consistent with previous
386 reports of multiple apical domains being necessary for efficient client binding in GroEL’.

387 Intriguingly, though a preference for contact with contiguous protomers has been observed for
388 some clients, this does not appear to be the case upon ATP binding in the mtHsp60 system, as
389 apical domains of alternating protomers were observed to contact client (Fig. 2f). Therefore,
390 client interactions with chaperonins appear to change throughout the chaperone cycle.

391 Based on our structures we propose that apical domain asymmetry is a key feature of
392 the mtHsp60 cycle because it enables efficient client capture and retention. The mtHsp60 apo
393 state may be initially encountered by client and features moderate apical domain flexibility, in

12


https://doi.org/10.1101/2023.05.15.540872
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.15.540872; this version posted May 15, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

394 agreement with other studies of mtHsp60 and its homologs®=¢3, We identify that apical

395 domains in intact heptamers exhibit loosely enforced alternating arrangements of ‘up’ and

396 ‘down’ apical domains, rather than being randomly distributed (Fig. 1h,i). These arrangements
397 do not appear to be induced by client binding, as classes without resolved client that exhibit

398 these patterns were identified (Fig. 1i). It is therefore possible that these arrangements are

399 simply more energetically favorable than in a perfectly symmetric apical domain ring, perhaps
400 due to steric constraints. Intriguingly, similar apical domain arrangements are observed in ATP-
401 bound structures, though the degree of asymmetry is greater and the up/down pattern is

402 consistently observed across the different classes (Fig. 2f, Extended Data Fig. 3b). The

403 positioning in the apo state likely predisposes the apical domains for the alternating

404 arrangement we observed in the ATP-bound state. Moreover, the ATP dependence in mtHsp10
405 binding may be a consequence of increased stability of the upward-positioned apical domains to
406 facilitate binding. Notably, these results are in contrast to previous assumptions of symmetric
407 intermediates in the group | chaperonin cycle'.

408 The alternating apical domain arrangement in the ATP-bound mtHsp60 state raises a
409 question about the role of the 7" protomer, located at the interface of ‘up’ and ‘down’ apical

410 domains. The apical domain of this protomer appears highly flexible, likely due to an inability to
411 adopt either ordered conformation, though two adjacent ‘up ‘protomers appear permitted

412 (Extended Data Fig. 3h) and are likely not observed due to the need for the stabilizing up/down
413 packing arrangement. Several possibilities exist as to the function of the 7" protomer: first, it
414 might play a role in co-chaperonin recruitment, enabling significantly greater access to helices H
415 and | and thus more efficient binding than even that facilitated by the three ‘up’ apical domains,
416 which are still somewhat inward-facing (Fig. 2d). Alternatively, it may be largely non-functional,
417 and the presence of the 7" protomer may merely serve to enlarge the size of the chaperonin
418 folding chamber, enabling encapsulation of larger clients. A final possibility is that this

419 symmetry-breaking protomer might confer a measure of stochasticity and dynamics in apical
420 domain conformation, possibly weakening the alternating ATP-bound arrangement, which could
421 enable efficient progression through the chaperone cycle. However, the evolution of octameric
422 group Il chaperonins, despite having a distinct conformational cycle®, indicates that

423 chaperonins with even numbers of protomers can be functional.

424 How client proteins are retained in the folding chamber during co-chaperonin binding has
425 remained an open question for all group | chaperonins. Here, the alternating apical domain

426 arrangements observed in the ATP-bound states raise exciting hypotheses about how this
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427 objective is achieved. We speculate that the function of the ‘up’ apical domains is to enable
428 efficient recruitment of co-chaperonin, while the function of those in the ‘down’ conformation is
429 to interact with client. This alternating arrangement would enable simultaneous client retention
430 and co-chaperonin recruitment, likely preventing premature client release into solution during
431 co-chaperonin association. The three ‘up’ apical domains provide a platform for initial co-

432 chaperonin association (Fig. 5, green apical surfaces), and conformational rearrangements
433 cooperatively propagated throughout the entire heptamer result in apical domain rotations in all
434 protomers and the formation of the fully-encapsulated complex. This model is consistent with
435 previous biochemical studies of group | chaperonins, which suggested multiple ATP- and co-
436 chaperonin-bound intermediates on the pathway to complete encapsulation'*'. The structures
437 presented here are the first high-resolution views of an ATP-bound group | chaperonin without
438 co-chaperonin, leaving unclear whether other homologs such as GroEL function by the same
439 mechanism. However, given the high sequence similarity between members of the chaperonin
440 superfamily (Extended Data Fig. 5), it appears likely that the mechanism is conserved. Of note,
441 apical domains of apo GroEL exhibit considerably less flexibility than those in mtHsp60 and
442 have distinct inter-protomer interfaces*®, suggesting that a different mechanism may be

443 operative. The up/down apical domain configuration in ATP-bound protomers might also provide
444 an explanation of chaperonin-promoted folding without encapsulation observed in GroEL%%:
445 the significant apical domain rotations relative to apo states may perform mechanical work on
446 clients, displacing them from the walls of the central chamber and promoting folding without the
447 need for the unique folding environment formed in the intact chaperonin-co-chaperonin

448 complex.

449 The oligomer disruption observed for several tested mtHsp60 mutants is striking, and
450 further confirms that mtHsp60 complexes are more labile than GroEL, which exists exclusively
451 as oligomers. Though it is presumed that equatorial contacts are largely responsible for

452 oligomeric stability in chaperonins®’, it appears that mutation of single equatorial and apical
453 domain residues in mtHsp60 is sufficient to impair oligomeric stability. Indeed, the causative

454 mutation of the hereditary spastic paraplegia MitCHAP-60?", D3G, is characterized by a marked

455 decrease in oligomeric stability and thus chaperonin function®®, further supporting this instability
456 as a unique aspect of mtHsp60 function.

457 The function of single- vs double-ring states of group | chaperonins during their

458 chaperone cycles has been debated extensively*”**'. In contrast to GroEL, apo mtHsp60

459 exists as single-ring heptamers, and in all other visualized states single-ring complexes are also
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460 observed (Fig. 1, Extended Data Fig. 3a, 4b). A previously reported lack of inter-ring allostery

461 also suggests that single rings are functional®, and it is thus tempting to speculate that double-

462 ring complexes are artefacts of the high protein concentrations employed in vitro. Indeed,

463 engineered single-ring variants of mtHsp60 have been demonstrated to support client folding in

464 vitro, strengthening this notion®”. However, lack of direct high-resolution observation of mtHsp60
465 complexes in situ leaves this question unresolved. In sum, this work provides a comprehensive

466 view of the structural intermediates of mtHsp60 complexes, the conclusions from which are

467 potentially applicable to all group | chaperonins.
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482 Fig. 1. Biochemical and structural analysis of the mtHsp60""? mutant

483 (a) Domain schematic and cartoon of an mtHsp60 protomer (ATP-bound consensus model).
484 Location of the V72| mutation is indicated by a box, and the apical-intermediate domain hinge is
485 marked (*). (b) SEC-MALS of mtHsp60 (black) and mtHsp60""? (purple) without ATP (solid

486 lines) and with ATP (dashed lines). Normalized differential refractive index (left y-axis) vs elution
487 volume (x-axis) are shown. The average molecular weight of the heptamer peak of mtHsp60""?
488 and the monomer peak of mtHsp60 are shown and indicated by horizontal lines (kDa, right y-

489 axis). (c) Enzymatic activity of chemically-denatured human mtMDH refolded by the mtHsp60-

490 mtHsp10 system, as measured by the decrease in NADH (an mtMDH cofactor) absorbance at
491 340 nm (left panel, representative of three biological replicates). Dashed lines represent

492 standard deviation of technical triplicates. Initial velocities of absorbance curves from three

493 biological replicates are shown at right. Error bars represent standard error of the mean. *p <
494 0.05. Wild-type mtHsp60 (black) refolds mtMDH more efficiently than does V721 (purple). Native
495 (green) and denatured mtMDH (mtMDH?"®") (orange) are shown for comparison. (d) Top and
496 side view 2D class averages of client-bound and -unbound mtHsp60¥7? heptamers. Client is
497 indicated with a white arrow. Equatorial (+) and apical (*) domains are indicated in the side view
498 average. Scale bar equals 100 A. (e) Overlay of the sharpened (opaque) and unsharpened

499 (transparent) mtHsp60?*° consensus map, colored as in (b), showing high-resolution equatorial
500 and intermediate domains and weak apical domain density. Lack of apical domain density in the
501 sharpened map is indicated in the top view (#). (f) Detailed view of an apical domain from

502 mtHsp60%"° consensus, with the sharpened map (opaque) overlaid with the unsharpened map
503 (transparent) and the fitted model. Helices H and | (dark purple) are particularly poorly resolved,
504 indicating flexibility. (g) Cryo-EM processing workflow to obtain maps with client and asymmetric
505 apical domain conformations. (h) Top view of the sharpened mtHsp60?° focus map, showing
506 significantly improved apical domain features, colored as in (b). (i) (Left) heptamer cartoon

507 showing apical domain rotation relative to the consensus map. Positive values (green) indicate
508 an upward rotation (increasing equatorial-apical distance), negative values (red) indicate a

509 downward rotation. (Right) unwrapped view of the apical domains of the unsharpened

510 mtHsp60%"° focus map, showing significant asymmetry in apical domain conformations, labeled
511 as in (h), colored as in the cartoon. Dashed line indicates the apical domain position in the

512 consensus map. (j) Slabbed side views of unsharpened additional refinements from the

513 classification outlined in (g), showing unannotated density likely corresponding to client (yellow)
514 present in multiple conformations in the mtHsp60 heptamer (purple). A dashed line (red)

515 delimits apical and equatorial regions of mtHsp60.
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517 Fig. 2. ATP-induced mtHsp60'"? conformational changes and client contacts

518 (a) Top and side view 2D class averages of ATP-bound mtHsp60Y"?. Arrow in top view indicates
519 client density in folding cavity; asterisks in side view indicate poor apical domain resolution as
520 compared to the equatorial and intermediate domains. Scale bar equals 100 A. (b) Sharpened
521 (opaque) and unsharpened (transparent) maps of consensus ATP-bound mtHsp60""?, colored
522 as in Fig. 1. Note complete loss of apical domain density (encircled) in sharpened map. The
523 central density corresponding to client is colored yellow in the top view. (¢) Cryo-EM processing
524 workflow to obtain maps with asymmetric apical domain conformations. (d) mtHsp60*™ focus
525 map, shown as unsharpened mtHsp60 density overlaid with segmented and 8 A low-pass

526 filtered client density. Note lack of density for one apical domain (encircled). (e) Models for

527 representative ‘up’ (pink apical domain) and ‘down’ (purple apical domain) protomers, showing a
528 rigid body rotation of the apical domain. Equatorial and intermediate domains are colored gray.
529 The apical domain underlying segment (below helices H and 1) is indicated (*). (f) Unwrapped
530 view of the apical domains and client in the mtHsp60"™ focus map, showing alternating

531 up/down apical domain conformations, shown as in (d). Note that client extensions (#) are only
532 proximal to ‘down’ protomers (2, 4, 6), and the weak apical domain density for protomer 7 at the
533 symmetry-mismatched interface. (g) Client (shown as in (d)) contact with a representative

534 ‘down’ apical domain (model overlaid with transparent unsharpened map). Putative client-

535 contacting residue are shown. (h) Client (shown as in (d)) contact with a representative

536 equatorial domain (filtered map). Putatively client-contacting residue Trp42 is shown, as are the
537 last resolved residues of the C-terminal tail.

19


https://doi.org/10.1101/2023.05.15.540872
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.15.540872; this version posted May 15, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

-mtHsp10
consensus

f

538

mtHsp60A™ C2 symmetry_ Folding chamber

. » I .
expansion ~ focused classification

mtHsp60*™-mtHsp10 focus map «—

AN
/f L ‘\ ’-/'l’/‘.\a
i\"\/\}'—\ @

“C-terminal tails

20


https://doi.org/10.1101/2023.05.15.540872
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.15.540872; this version posted May 15, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

539 Fig. 3. Analysis of mtHsp10-bound mtHsp60 complexes

540 (a) Sharpened map of mtHsp60~™-mtHsp10, mtHsp60 colored as in Fig. 1, mtHsp10 in brown.
541 Note uniform quality of all mtHsp60 domains. (b) Nucleotide binding pocket of mtHsp60™-

542 mtHsp10, showing density for ATP and the y-phosphate thereof, and Mg?* and K* ions (gray,
543 from sharpened map). (¢) Cryo-EM processing workflow to obtain the mtHsp60*™-mtHsp10

544 focus map. (d) Slabbed views of mtHsp60”™ -mtHsp10 focus map. mtHsp60/mtHsp10 density is

545 shown as the sharpened map, colored as in (a), client is shown as a segmented and 8 A low-
546 pass filtered map. (e) Unwrapped view of the mtHsp60~™ -mtHsp10 focus map, showing client
547 contact with multiple apical domains (encircled). mtHsp60 is shown as an unsharpened map
548 (pink, opaque) overlaid with an 8 A low-pass filtered map, and client is shown as in (d). (f)

549 Enlarged view of client contact with a representative apical domain (both mtHsp60 and client
550 maps are low-pass filtered to 8 A). Residues putatively involved in client contact are labeled. (g)
551 Enlarged view of client contact with the mtHsp60 C-terminal tails.
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Fig. 4. Functional analysis of putative client-contacting mtHsp60 residues

(a) Protomer of mtHsp60 from mtHsp60~™

-mtHsp10, showing residues mutated. (b)
Conservation of residues in (a) among human and yeast mtHsp60 and GroEL. (c¢) Steady-state
ATPase activity of mtHsp60 mutants vs concentration of mtHsp10. A representative experiment
of three biological replicates is shown. Error bars represent standard deviation. (d) Enzymatic
activity of chemically-denatured human mtMDH refolded by mtHsp60 mutants (left panel,
representative of three biological replicates). Dashed lines represent standard deviation of
technical triplicates. Initial velocities of absorbance curves from three biological replicates are
shown at right. Error bars represent standard error of the mean. *p < 0.05, **p < 0.005, ns = not
significant. (e) Analytical size exclusion chromatography traces of mtHsp60 mutants, showing
complete monomerization of W42A, F279A, and Y359A mutants. (f) Model of two apo-mtHsp60
protomers, showing apical domain residues F279 and Y359 contacting the intermediate domain

of an adjacent protomer.
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567 Fig. 5. Model of conformational changes in the client-engaged mtHsp60 reaction cycle
568 State 1: Apical domains (pink) of mtHsp60?*° heptamers are flexible, and exhibit modest rotation
569 about the apical-intermediate hinge, denoted by coloration of helices H and |. State 2: Client
570 binding to mtHsp60?*° preserves apical domain asymmetry, and client can localize to multiple
571 depths of the heptamer, facilitated by mtHsp60 apical domains and the flexible C-terminal tails.
572 State 3: ATP binding induces the dimerization of heptamers through the equatorial domains and
573 a more pronounced apical domain asymmetry in an alternating up/down arrangement. Helices H
574 and | in ‘down’ protomers (red) contact client, while those in ‘up’ protomers (green) are

575 competent to bind mtHsp10. State 3a: mtHsp10 initially binds the mtHsp60 heptamer using the
576 three upward-facing apical domains; all apical domains then transition to the conformation
577 observed in the mtHsp10-bound complex (state 4). After ATP hydrolysis and client folding (state

578 5), client, mtHsp10, and ADP are released, and the double-ring complex disassociates into
579 heptamers.
580
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581 TABLES:
582 Table 1. Cryo-EM data collection, refinement, and validation statistics of mtHsp60
583 structures
mtHsp60®° | mtHsp60?° | mtHsp60A™ mtHsp60A™™ | mtHsp60A™- | mtHsp60AT™ -
consensus focus (EMD- | consensus focus (EMD- | mtHsp10 mtHsp10 focus
(EMD-29813, | 29814, PDB | (EMD-29815, |29816, PDB |consensus (EMD-29818,
PDB 8G7J) |8G7K) PDB 8G7L) 8G7M) (EMD-29817, |PDB 8G70)
PDB 8G7N)
Data collection and processing
Microscope and camera Glacios, K2 | Glacios, K2 | Glacios, K2 Glacios, K2 | Glacios, K2 Glacios, K2
Magnification 53,937 53,937 53,937 53,937 53,937 53,937
Voltage (kV) 200 200 200 200 200 200
Data acquisition software SerialEM SerialEM SerialEM SerialEM SerialEM SerialEM
Exposure navigation Image shift Image shift Image shift Image shift Image shift Image shift
Electron exposure (e/A?) 66 66 66 66 66 66
Defocus range (um) -0.5t0-25 -0.5t0-25 -1.0to0-2.5 -1.0to-2.5 -0.510-3.0 -0.510-3.0
Pixel size (A) 0.927 0.927 0.927 0.927 0.927 0.927
Symmetry imposed Cc7 C1 D7 C1 D7 C1
Initial particle images (no.) 970,545 970,545 696,761 696,761 113,390 113,390
Final particle images (no.) 839,799 192,680 405,263 137,145 81,840 37,628
Map resolution (A) 3.4 3.8 2.5 3.2 2.7 3.4
FSC threshold 0.143 0.143 0.143 0.143 0.143 0.143
Map resolution range (A) 2.5-8 3-6 2-6 2.5-8 2-7 2.5-8
Refinement
Model resolution (A) 3.6 4.1 27 34 2.8 3.6
FSC threshold 0.5 0.5 0.5 0.5 0.5 0.5
Map sharpening B factor (A?) -221.8 -157.4 -127.9 -120.0 -120.6 -91.8
Model composition
Nonhydrogen atoms 27,461 27,461 55,524 26,334 66,122 33,047
Protein residues 3,682 3,682 7,378 3,505 8,778 4,389
Ligands 0 0 42 21 42 7
B factors (A?)
Protein 67.39 67.39 107.82 107.52 39.67 90.40
Ligand N/A N/A 23.99 44.80 11.75 61.26
R. m. s. deviations
Bond lengths (A) 0.015 0.014 0.008 0.004 0.004 0.003
Bond angles (°) 1.525 1.509 1.350 0.940 0.972 0.572
Validation
MolProbity score 0.83 0.87 0.91 1.25 1.04 1.24
Clashscore 1.16 1.41 1.63 4.88 2.56 3.99
Poor rotamers (%) 0.00 0.00 0.79 0.00 0.20 0.00
Ramachandran plot
Favored (%) 99.24 98.99 99.37 99.17 99.04 97.78
Allowed (%) 0.68 0.82 0.63 0.83 0.96 2.22
Disallowed (%) 0.08 0.19 0.00 0.00 0.00 0.00
584
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585 RESOURCE AVAILIBITY:
586 Materials availability:

587 Requests for resources and reagents should be directed to Daniel R. Southworth
588 (daniel.southworth@ucsf.edu).

589 Data availability:

590 Cryo-EM densities have been deposited at the Electron Microscopy Data Bank under accession
591 codes EMD: 29813 (mtHsp60?*° consensus), EMD: 29814 (mtHsp602° focus), EMD: 29815
592 (mtHsp60~™ consensus), EMD: 29816 (mtHsp60~™ focus), EMD: 29817 (mtHsp60”™ -mtHsp10
593 consensus), and EMD: 29818 (mtHsp60~™-mtHsp10 focus). Atomic coordinates have been

594 deposited at the Protein Data Bank under accession codes PDB: 8G7J (mtHsp602~°

595 consensus), PDB: 8G7K (mtHsp60%° focus), PDB: 8G7L (mtHsp60*™ consensus), PDB: 8G7M
596 (mtHsp60~™ focus), PDB: 8G7N (mtHsp60A™-mtHsp10 consensus), and PDB: 8G70

597 (mtHsp60~™-mtHsp10 focus).

598 METHOD DETAILS:

599 Molecular cloning

600 The Q5 Site-Directed Mutagenesis kit (New England Biolabs) was used to introduce mutations
601 into the mtHsp60 expression construct.

602 Protein expression and purification

603 Human mtHsp60 constructs and mtHsp10 were expressed and purified as previously

604 described®*“®. In brief, mtHsp60 variants (‘mature’ construct, residues 27-end) and full-length

605 mtHsp10 were cloned into pMCSG7, containing a TEV protease-cleavable N-terminal 6xHis tag.
606 pMCSG7-mtHsp60"T, pMCSG7-mtHsp60Y"?, and pMCSG7-mtHsp10 were transformed into E.
607 coli BL21(DE3) chemically competent cells (New England Biolabs) using standard protocols.
608 BL21 cells were grown in Terrific Broth supplemented with 100 ug/ml ampicillin at 37 °C with
609 shaking until ODsgo of ~1 was reached. Cultures were then induced with 400 uM isopropy! B-D-
610 1-thiogalactopyranoside (IPTG) and incubated at 37°C for 4 hours with shaking. Cells were

611 harvested by centrifugation for 10 minutes at 4,000 rpm, and stored at -80 °C until use.

612 All purification steps were performed at 4 °C unless otherwise specified. Cell pellets
613 were resuspended in His-binding buffer (50 mM Tris pH 8.0, 10 mM imidazole, 500 mM NaCl),
614 supplemented with EDTA-free protease inhibitor cocktail (Roche). The resuspensions were
615 homogenized by douncing and lysed by sonication. Lysates were clarified by centrifugation at
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616 17,000 rpm for 30 min. Lysate supernatants were incubated with HisPur Ni-NTA resin (Thermo
617 Scientific) for 1 hour. The resin was washed with His-washing buffer (50 mM Tris pH 8.0, 30 mM
618 imidazole, 300 mM NaCl), and eluted with His-elution buffer (50 mM Tris pH 8.0, 300 mM

619 imidazole, 300 mM NaCl). The 6xHis tags were removed by incubating the elutions with TEV
620 protease and 1 mM DTT for 4 hours at room temperature, followed by overnight dialysis in SEC
621 buffer (50 mM Tris pH 7.7, 300 mM NaCl, 10 mM MgCl,). The next day, uncleaved protein was
622 removed by a reverse nickel column and concentrated for reconstitution/size exclusion

623 chromatography. mtHsp10 heptamers were purified on a HiLoad 16/600 Superdex 200 pg

624 column (GE Healthcare) equilibrated in SEC buffer. mtHsp60 oligomers were reconstituted by
625 mixing mtHsp60 with KCI, Mg(OAc). and ATP in the following ratio: 573 yL mtHsp60, 13 uL of 1
626 M KCI, 13 uL 1 M Mg(OAc)2, and 52 puL 50 mM ATP. After incubation at 30 °C for 90 minutes,

627 the mixture was applied to the same SEC column, and the oligomeric fractions were collected,
628 supplemented with 5% glycerol, concentrated, flash frozen in liquid nitrogen, and stored at -80
629 °C.

630 The mtMDH bacterial expression vector was a gift from Nicola Burgess-Brown (Addgene
631 plasmid #38792; https://www.addgene.org/38792/). The vector was transformed into Rosetta
632 2(DE3)pLysS chemically competent cells (Novagen) using standard protocols. Rosetta 2 cells
633 were grown in Terrific Broth supplemented with 50 ug/ml kanamycin and 25 pg/mi

634 chloramphenicol at 37 °C with shaking until ODsgo of ~1 was reached. Cultures were then

635 induced with 500 uM IPTG and incubated at 18°C overnight with shaking. Cells were harvested
636 by centrifugation for 10 minutes at 4000 rpm, and stored at -80 °C until use.

637 All purification steps were performed at 4 °C. A cell pellet was resuspended in mtMDH
638 His-binding buffer (50 mM HEPES pH 7.5, 20 mM imidazole, 500 mM NaCl, 5% glycerol),

639 supplemented with EDTA-free protease inhibitor cocktail (Roche). The resuspension was

640 homogenized by douncing and lysed by sonication. The lysate was clarified by centrifugation at

641 17,000 rpm for 30 min, filtered, and applied to a 5 mL HisTrap column (GE Healthcare). The

642 column was washed with 5 column volumes of mtMDH His-binding buffer, and eluted with a 10
643 column volume gradient of mtMDH His-elution buffer (50 mM HEPES pH 7.5, 250 mM

644 imidazole, 500 mM NaCl, 5% glycerol). Fractions containing mtMDH were concentrated and
645 injected onto a HiLoad 16/600 Superdex 200 pg column (GE Healthcare) equilibrated in mtMDH
646 SEC buffer (10 mM HEPES pH 7.5, 500 mM NacCl, 5% glycerol, 0.5 mM TCEP). Fractions

647 enriched in mtMDH were concentrated, flash frozen in liquid nitrogen, and stored at -80 °C.
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648 Purity of all proteins was verified by SDS-PAGE and concentration was determined
649 using the Pierce BCA Protein Assay Kit (Thermo Scientific).

650 SEC-MALS and analytical SEC

651 For SEC-MALS, mtHsp60 samples (17 yM monomer) incubated with 1 mM ATP where

652 applicable were injected onto an SEC column (Shodex Protein KW-804) equilibrated at room
653 temperature in MALS buffer (20 mM HEPES pH 7.5, 100 mM KCI, 10 mM MgCl.) connected to
654 an in-line DAWN HELEOS multi-angle light scattering detector and Optilab T-rEX differential
655 refractive index detector (Wyatt Technology Corporation). Molecular weights of proteins were
656 determined with the ASTRA V software package (Wyatt Technology Corporation). For analytical
657 SEC, mtHsp60 samples (17 uM monomer) were injected onto a Superdex 200 Increase 3.2/300

658 column equilibrated at room temperature in MALS buffer.
659 BIOMOL Green ATPase assay

660 ATPase activity was measured in 96-well plates using an assay reported previously’®, with

661 minor modifications. In brief, 500 nM mtHsp60 monomer (final) was incubated with a two-fold
662 dilution series of mtHsp10, starting at 10 uM monomer (final), in ATPase buffer (100 mM Tris pH
663 7.4, 20 mM KCI, 6 mM MgClz, 0.01% Triton X-100). ATP was added to 1 mM (final), and the

664 reactions (25 pL total) were incubated for 1 hour at 37 °C. After incubation, 80 pL of BIOMOL

665 Green reagent (Enzo Life Sciences) was added to each well, immediately followed by 10 uL of
666 32% wlv sodium citrate, to limit nonenzymatic hydrolysis of ATP. The reactions were mixed and
667 incubated at 37 °C for 15 minutes, and then As20 was measured on a SpectraMax M5 (Molecular

668 Devices). ATP hydrolysis (pmol ATP hydrolyzed/min) was quantified using a standard curve of

669 sodium phosphate and the following equation:

AgopXreaction volume (uL)

670 pmol ATP hydrolyzed/min= A
slope of standard curve ( GZO/UM phosphate) xincubation time (min)

671 mtMDH refolding assay

672 mtMDH activity after refolding by mtHsp60/10 was measured using a previously reported assay
673 with minor modifications*®. To prepare chemically denatured mtMDH (mtMDH®"") mtMDH was
674 incubated for 1 hour at room temperature in denaturant buffer (50 mM Tris pH 7.4, 6 M

675 guanidine HCI, 10 mM DTT). A binary complex of mtHsp60-mtMDH®"® was prepared by adding
676 mtMDH®" (120 nM final) to mtHsp60 (3.33 uM final) in mtMDH reaction buffer (50 mM Tris pH
677 7.4,20 mM KCI, 10 mM MgClz, 1 mM DTT), and incubating for 10 minutes at room temperature.
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678 mtHsp10 (6.67 uM final) was added to this mixture, and 30 pL aliquots were transferred to 96-
679 well plates in triplicate. 20 uL ATP was added to each well (1 mM final), and reactions were
680 incubated at 37 °C for 1 hour. After incubation, an equivalent amount of mtMDH or mtMDH¢"!
681 was added to the plate as controls for mtMDH activity, and 10 pyL of 500 mM EDTA pH 8.0 was
682 added to all wells to quench mtHsp60-mediated refolding. 20 pL of mtMDH enzymatic reporter
683 (2.4 mM NADH, 20 mM sodium mesoxalate dissolved in mtMDH reaction buffer, freshly

684 prepared for each assay) was added to all wells, and Asso was measured by a SpectraMax M5
685 (Molecular Devices) for 90 minutes at room temperature. Initial velocities of NADH oxidation
686 were calculated using the following equation:

A Ass0icn o "A340120) o
687 Initial velocity (—22 )=-1x —2t=3 min ” 340t=0 min

min 3 min
688 Significance testing for calculated initial velocities was performed using Dunnett’s multiple
689 comparison test, using mtHsp60"'" as the control.

690 SDS-PAGE analysis

691 mtHsp60Y"? (10 uL of 5 uM monomer) was loaded on a 4-15% TGX gel (Bio-Rad), run for 30
692 min at 200 V, and stained using Coomassie Brilliant Blue R-250 (Bio-Rad).

693 Cryo-EM sample preparation, data collection, and image processing

694 For apo mtHsp60 samples, 2.4 mg/mL mtHsp60 was prepared in ATPase buffer (without

695 detergent), supplemented with 0.1% n-Octyl-beta-D-glucopyranoside (Alfa Aesar) to improve
696 particle orientation distribution. For samples with ATP, 0.2-0.6 mg/mL mtHsp60 was prepared in
697 ATPase buffer (without detergent), supplemented with 1 mM ATP. For samples with mtHsp10,
698 6.3 mg/mL mtHsp60 and 1.3 mg/mL mtHsp10 were prepared in ATPase buffer, supplemented
699 with 1 mM ATP and 0.1% amphipol A8-35 (Anatrace) to improve particle orientation distribution.
700 3 pL of each sample was applied to glow-discharged (PELCO easiGlow, 15 mA, 2 min) holey
701 carbon grid (Quantifoil R1.2/1.3 on gold or copper 200 mesh support), blotted for 3 seconds with
702 Whatman Grade 595 filter paper (GE Healthcare), and plunge frozen into liquid ethane cooled
703 by liquid nitrogen using a Vitrobot (Thermo Fisher Scientific) operated at 4 or 22 °C and 100%

704 humidity. Samples were imaged on a Glacios TEM (Thermo Fisher Scientific) operated at 200
705 kV and equipped with a K2 Summit direct electron detector (Gatan). Movies were acquired with
706 SerialEM® in super-resolution mode at a calibrated magnification of 53,937, corresponding to a
707 physical pixel size of 0.927 A. A nominal defocus range of -1.0 to -2.0 ym was used with a total
708 exposure time of 10 sec fractionated into 0.1 sec frames for a total dose of 66 e/A? at a dose
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709 rate of 6 e/pix/s. Movies were subsequently corrected for drift, dose-weighted, and Fourier-

710 cropped by a factor of 2 using MotionCor254.

711 For the apo-mtHsp60 dataset, a total of 20,223 micrographs were collected over two
712 different sessions and initially processed in cryoSPARC®. After Patch CTF estimation,
713 micrographs were manually curated to exclude those of poor quality, followed by blob- or

714 template-based particle picking, 2D classification, and ab initio modeling in cryoSPARC.

715 Datasets were processed separately through 2D classification, and particles selected from 2D
716 analysis were subjected to an initial 3D classification in Relion®®. Four classes resembled

717 mtHsp60 heptamers, some of which contained density in the central cavity likely corresponding
718 to a bound client. The particles from these four classes were jointly refined in cryoSPARC with
719 C7 symmetry imposed. This resulted in the mtHsp60?*° consensus map, which featured well-
720 resolved equatorial and intermediate domains but very poor density for the apical domains. To
721 improve the resolution of the apical domains and resolve client, particles from this refinement
722 were symmetry expanded in C7 and subjected to focused classification without image alignment
723 (hereafter referred to as skip-align classification), using a mask encompassing all apical

724 domains and the central cavity. This resulted in a number of classes with significantly improved
725 apical domains in asymmetric conformations (for example, class 1), as well as a number of

726 classes with moderate apical domain resolutions but strong density corresponding to client

727 (classes 2-4). Particles from each of these classes were re-extracted and locally refined to

728 obtain the entire structure.

729 For the mtHsp60/ATP dataset, a total of 15,900 micrographs were collected over three
730 different sessions, and initially processed as for apo-mtHsp60, leaving particles from different
731 collections separate until initial 3D classification in Relion. Two classes from this job, both

732 double-ring tetradecamers with weak central density corresponding to client, were jointly refined
733 in cryoSPARC with D7 symmetry enforced, yielding the mtHsp60*™ consensus map. As for the
734 mtHsp60%"° consensus map, the equatorial and intermediate domains were well-resolved in this
735 map, but density for the apical domains was extremely poor, indicating significant

736 conformational flexibility. To better resolve the apical domains, skip-align focused classification
737 was performed on D7-symmetry expanded particles, using a mask that encompassed the apical
738 domains of 1 heptamer. This yielded many classes with between three and six ordered apical
739 domains, with the remainder of the apical domains being poorly resolved. Local refinement in

740 cryoSPARC of the best class (class 1) yielded the mtHsp60”™ focus map.
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741 For the mtHsp60/mtHsp10/ATP dataset, a total of 7,460 micrographs were collected

742 across two different sessions, and initially processed as for apo-mtHsp60, leaving particles from
743 different collections separate until initial 3D classification in Relion. Two classes from this job,
744 both resembling double-ring complexes with each ring bound by mtHsp10, were jointly refined in

745 cryoSPARC with D7 symmetry imposed, resulting in the mtHsp60~™-mtHsp10 consensus map.

746 Weak density in the central cavities prompted further analysis to classify rings with and without
747 client density. To this end, a mask was created encompassing the folding chamber of one ring,
748 with minimal density for mtHsp60 or mtHsp10. A skip-align focused classification into two

749 classes was performed in Relion on C2-symmetry expanded particles, which resulted in classes
750 with and without client density. The class with client was locally refined in cryoSPARC using a
751 mask that encompassed the entire ring, resulting in the mtHsp60~™-mtHsp10 focus map.

752 Molecular modeling

753 For the mtHsp60°° consensus structure, a previously published model (PDB 7AZP) was docked
754 and refined against the sharpened map using Rosetta Fast Torsion Relax. The V72| mutations
755 were made using Coot™. This model was then refined against the sharpened mtHsp60?*° focus
756 map. For the mtHsp60*™ consensus structure, a chain from a previously published model (PDB
757 6MRC) was docked into an asymmetric unit of the unsharpened map, and the apical domain

758 was rigid-body docked using Phenix Real Space Refine’?. The V72| mutation and ligand

759 modifications were then made in Coot, followed by generation of the complete 14-mer in Phenix
760 and refinement against the sharpened map using Phenix Real Space Refine. One heptamer

761 from this model was docked into the sharpened mtHsp60~™ focus map, and refined using

762 Phenix Real Space Refine. The disordered apical domain was omitted from the model due to
763 extremely poor resolution. For the mtHsp60"™ -mtHsp10 consensus structure, a protomer pair of

764 mtHsp60-mtHsp10 from a previously published model (PDB 6MRC) was docked into an

765 asymmetric unit of the sharpened map. The V72| mutation and ligand modifications were then
766 made in Coot, followed by generation of the complete 14-mer in Phenix and refinement against
767 the sharpened map using Phenix Real Space Refine. One ring of this model was then docked
768 into the sharpened mtHsp60*™-mtHsp10 focus map, and refined using Phenix Real Space

769 Refine. Coot, ISOLDE®, and Phenix were used to finalize all models.

770 Data analysis and figure preparation

771 Biochemical data was analyzed and plotted using Prism 9.3.1 (GraphPad). Figures were

772 prepared using Adobe lllustrator, UCSF Chimera, and UCSF ChimeraX”™"*,.
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773 EXTENDED DATA:

Extended Data Fig. 1
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775 Extended Data Fig. 1. Biochemical and cryo-EM analysis of apo mtHsp60""?

776 (a) View of V72| mutation in mtHsp60?°, colored as in Fig. 1b. Adjacent hydrophobic residues
777 also labeled. (b) Steady-state ATPase activity of mtHsp60 (black) and mtHsp60¥7?' (purple) as a
778 function of mtHsp10 concentration. A representative experiment of three biological replicates is
779 shown. Error bars represent standard deviation. (¢) Representative 2D class averages from the
780 mtHsp60*° dataset. Scale bar equals 100 A. (d) Cryo-EM processing workflow for structures
781 obtained from the mtHsp60%° dataset. The mask used for focused classification is shown in

782 transparent yellow with the consensus map. Client-containing maps from the initial 3D

783 classification are indicated (*). (e) Coomassie Brilliant Blue-stained SDS-PAGE gel of

784 recombinant mtHsp60"?', showing no strong additional bands corresponding to other proteins.
785 (F) Protomer of apo mtHsp60 consensus colored by B-factor. (g) Overlay of mtHsp602° focus
786 protomers, with apical domains colored as in Fig. 1i. (h) Unwrapped views of unsharpened

787 mtHsp60%° focus and client-bound maps, showing apical domain asymmetry. Horizontal red
788 dashed lines are for clarity. (i) Enlarged view of apical domain helices H and | from the

789 mtHsp60%"° apical-only client map. (j) Enlarged view of resolved portions of C-terminal tails from
790 the mtHsp60°"° equatorial-only client map.
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Extended Data Fig. 2
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792 Extended Data Fig. 2. Cryo-EM densities and resolution estimation from the mtHsp60'"*
793 datasets
794 (a to f) Fourier Shell Correlation (FSC) curves, orientation distribution plots, sharpened maps
795 colored by local resolution (0.143 cutoff), and map-model FSC curves for (a) mtHsp60?*°
796 consensus, (b) mtHsp60?° focus, (¢) mtHsp60*™ consensus, (d) mtHsp60~™ focus, (e)
797 mtHsp60~™"-mtHsp10 consensus, and (f) mtHsp60*™ -mtHsp10 focus structures. Displayed
798 model resolutions for map-model FSC plots were determined using the masked map.

799
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Extended Data Fig. 3
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801 Extended Data Fig. 3. Cryo-EM analysis of ATP-bound mtHsp60""?

802 (a) Representative 2D class averages from the mtHsp60”™ dataset. Scale bar equals 100 A.
803 Top views of single ring complexes are indicated (*). (b) Cryo-EM processing workflow for

804 structures obtained from the mtHsp60”™" dataset. The mask used for focused classification is
805 shown in transparent yellow with the consensus map. Protomers from focused classification

806 maps are colored in green (apical domain facing upward), red (apical domain facing downward),
807 or gray (disordered apical domain). Class 1 was selected for refinement based on visual

808 assessment of map quality. (¢) View of an apical domain from the unsharpened mtHsp60"™
809 consensus map and associated model. (d) Nucleotide binding pocket of mtHsp60*™, showing

810 density for ATP and the y-phosphate thereof, and Mg®* and K" ions (gray, from sharpened

811 map). (e) Overlay of consensus mtHsp60?*° and mtHsp60~™ models, aligned by the equatorial
812 domain, showing a downward rotation of the intermediate and apical domains in the ATP-bound
813 state. (f) Inter-ring interface of the sharpened mtHsp60”™ consensus map and fitted model,

814 showing contact at the left interface mediated by helix P, but no contact at the right interface.
815 Each protomer is colored a different shade of purple. (g) Unsharpened map and model of apical
816 domains of mtHsp60~™ focus. ‘Down’ protomers are colored purple, ‘up’ protomers are colored

817 pink. (h) Modeling of two adjacent ATP-bound ‘up’ (left) or ‘down’ (right) protomers, generated
818 by aligning a copy of chain C of mtHsp60*™ focus with chain D (up pair) or a copy of chain D
819 with chain C (down pair). A large clash is observed with two adjacent down protomers, while two

820 adjacent up protomers appear compatible.
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Extended Data Fig. 4
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822 Extended Data Fig. 4. Cryo-EM analysis of ATP/mtHsp10-bound mtHsp60'"?
823 (a) Representative 2D class averages from the mtHsp60”™ -mtHsp10 dataset. Scale bar equals

824 100 A. (b) Cryo-EM processing workflow for structures obtained from the mtHsp60*™ -mtHsp10

825 dataset. (¢) Sharpened map and model for the asymmetric unit of the mtHsp60A™-mtHsp10
826 consensus structure. (d) Overlay of consensus models for mtHsp60~™ and mtHsp60”™ -

827 mtHsp10 structures, showing identical equatorial and intermediate domain conformations but a
828 large upward apical domain rotation. (e) Model of the mtHsp10 mobile loop and associated
829 mtHsp60 apical domain in the mtHsp60”™ -mtHsp10 consensus map, showing interaction of
830 conserved hydrophobic residues with apical domain helices H and I. (f) Coulombic potential
831 maps of protomers of mtHsp60 apo, mtHsp60*™, and mtHsp60*™-mtHsp10 consensus

832 structures, showing increased negative charge in the inward-facing regions of mtHsp60~™-

833 mtHsp10. (g) Overlay of consensus models for mtHsp60*™ and mtHsp60*™-mtHsp10

834 structures, showing highly similar inter-ring conformations.
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Extended Data Fig. 5 W2 V72

cov pid 17 . . . * : . . *
mtHsp60_human 100.0% 100.0%
mtHsp60_yeast 98.9% 56.3%
GroEL_Ecoli 99.5% 50.6%

cov pid 81
mtHsp60 human 100.0% 100.0%
mtHsp60_yeast 98.9% 56.3%
GroEL_Ecoli 99.5% 50.6%

cov pid 16l
mtHsp60_ human 100.0% 100.0%
mtHsp60_yeast 98.9% 56.3%
GroEL_Ecoli 99.5% 50.6%

cov pid 241
mtHsp60 human 100.0% 100.0%
mtHsp60_yeast 98.9% 56.3%
GroEL_Ecoli 99.5% 50.6%

cov pid 321
mtHsp60 human 100.0% 100.0%
mtHsp60_yeast 98.9% 56.3%

GroEL_Ecoli 99.5% 50.6%
cov pid 401 - . - . : . . . 480
mtHsp60 human 100.0% 100.0% N TR EE R« DS T, 'NEDOK E! & RRT *K T ¢ KN E-S EK:2,0SSSEEE
thspGO_yeast 98.9% 56.3% N:TR' EE . KASR' DIiNEDQKI DEERKAITR KOLIENAGE S’ IGWLIDEYGDDFA
GroEL_Ecoli 99.5% 50.6% HA ARG VA 1vaskEUADERCOANS KVALJAMEABLRQ CEEPEVVANTVRGGDGN -~ —
cov pid 481 . . . ] 555
mtHsp60 human 100.0% 100.0% D TK A"RT s T‘l‘ E ‘TE} s KEEKD -
mtHsp60_yeast 98.9% 56.3% vl A B APE AAAGA P| IMP
835 GroEL_Ecoli 99.5% 50.6% R A
836 Extended Data Fig. 5. Alignments of group | chaperonin amino acid sequences
837 Alignments of mature human (residues 27-end) and yeast (Saccharomyces cerevisiae, residues
838 26-end) mitochondrial Hsp60 and E. coli GroEL amino acid sequences. Residues mutated in
839 this study are indicated (numbering corresponds to the human sequence). Cov = covariace
840 relative to the human sequence, Pid = percent identity relative to the human sequence.
841 SUPPLEMENTARY INFORMATION:
842 Supplementary Video 1. Summary of conformational changes and client contacts in the
843 mtHsp60 reaction cycle
844 Morphs between mtHsp60%° focus, mtHsp60™ focus, and mtHsp60*™-mtHsp10 focus are
845 shown, with experimental client density appearing at each stage. In apo and ATP-bound models
846 helices H and | are colored according to apical domain rotation. For clarity, only one ring of

847 mtHsp60~™ and mtHsp60~™ -mtHsp10 are shown.
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