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Abstract

Most mitochondrial proteins need to be imported from the cytosol. Over half of mitochondrial
proteins are imported through the pre-sequence pathway that is controlled by the TOM complex in the
outer membrane and the TIM23 complex in the inner membrane. It is unclear on the molecular level
how proteins cross the mitochondrial double membranes through the TOM and TIM23 complexes.
Here, we report the assembly of the active TOM-TIM23 supercomplex with translocating polypeptide
substrates captured in the import pathway. Electron cryo-microscopy (Cryo-EM) analyses reveal that
during translocation across the outer membrane, the polypeptide substrates pass through the center of
the Tom40 channel while interacting with a glutamine-rich patch in the inner wall of Tom40.
Structural and biochemical analyses show that the TIM23 complex contains a heterotrimer of the
subunits Tim23, Tim17, and Mgr2 in the inner membrane. Tim17 and Mgr2 shield the polypeptide
substrates from the lipid environment. The import pathway consists of two highly conserved residue
patches of Tim17, one negatively charged patch at the entrance and one hydrophobic patch in the
middle of the pathway. These data reveal an unexpected pre-sequence pathway mediated by the
TOM-TIM23 supercomplex for facilitating protein import across the double membranes of

mitochondria.
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Introduction

Most mitochondrial proteins are encoded in the nucleus, synthesized by ribosomes in the
cytosol, and imported into mitochondrial compartments . Mitochondria have evolved sophisticated
import systems to facilitate protein translocation across their membranes *¢. The translocase of the
outer membrane (TOM) complex mediates the entrance of most proteins into mitochondria. After
passing through the TOM complex, proteins are sorted and delivered to different protein translocation
machinery according to their destination. Over half of mitochondrial proteins follow the pre-sequence
pathway to the translocase of the inner membrane 23 (TIM23) complex ". These protein substrates
usually contain a positively charged pre-sequence at the N-terminus that directs preproteins to the

matrix through the TOM complex and the TIM23 complex '

The TOM complex is the primary import gate for mitochondrial proteins '2. The core channel-
forming subunit is an integral membrane [ barrel protein, Tom40. Protein substrates are translocated
across the outer membrane by passing through the center of the B barrel '*. Tom40 form dimers and
higher oligomers with Tom22, Tom20, Tom70, and small TOM subunits, including Tom5, Tom6, and
Tom7. Cryo-EM structures of TOM complexes from yeast and human reveal extensive interactions
among these subunits '*'®, In the dimeric TOM complex, two Tom22 molecules are located at the
dimer interface and are involved in interactions with both Tom40 molecules. Tom5, Tom6, and Tom7
are associated with the outer wall of Tom40 at an equal ratio. Tom20 and Tom70 serve as receptors

for preproteins from the cytosol '**2. Tom22 can also function as a receptor for pre-sequences >°.

After crossing the TOM complex, protein substrates containing pre-sequences are passed to
the TIM23 complex in the inner membrane. The core subunits of TIM23 are Tim23 and Tim17 which
are both four-membrane-spanning proteins sharing sequence and topology similarities **. While the
four transmembrane segments (TMs) of either Tim23 or Tim17 alone are unlikely to complete a
protein-conducting channel, Tim23 has been shown to form channels, probably by oligomerization
2326 Tt is generally believed that Tim23 is the major channel-forming subunit, with Tim17 providing
essential structural support 2”**, However, this view has recently been challenged *. The other
subunits of TIM23 include Tim50, Tim21, Tim44, mtHsp70, Pam16, Pam18, Mgel, Pam17, and
Mgr2. The IMS domain of Tim50 recognizes pre-sequences and transports the protein substrates from
the TOM complex to the TIM23 complex ***2. Tim21 is suggested to regulate subunit association and
activity of TIM23 **-**. Tim44 is associated with Tim23 and Tim17 at the matrix side to recruit
mtHsp70 *-¥, the ATP-driven motor for protein translocation *>*°. The activity of mtHsp70 is
regulated by membrane-anchored Pam16-Pam18 and by Mgel in the matrix *'*’. The most recent
subunit to be identified in the TIM23 complex is Mgr2, which has two TMs and shares sequence
homology with Tim17 and Tim23 **. Mgr2 is a nonessential subunit that functions as a gatekeeper to

regulate the lateral release of TMs from the translocase ***°.
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66 In the pre-sequence pathway, the TOM and TIM23 complexes are orchestrated to achieve
67 efficient protein import across mitochondrial double membranes. It is well established that TOM and
68 TIM23 form a supercomplex during protein translocation °'>*. However, it is unclear how the two
69 complexes and their subunits are organized to facilitate the threading of protein substrates through the
70 two membranes >*. In particular, the composition and assembly of the core translocase unit in the
71 TIM23 complex are obscure. To better understand the molecular details of the TOM and TIM23
72 complexes, particularly the import pathway during import, we assembled the TOM-TIM23
73 supercomplex in vivo with a series of polypeptide substrates. By utilizing cryo-EM, AlphFold2
74 modeling, site-specific photo-crosslinking, and mutagenesis techniques, we were able to visualize the
75 import pathway of the substrates as they are translocated through the central pore of the TOM
76 complex, and the organization of the TIM23 core that creates a cross-membrane path to facilitate
77 protein translocation through the inner membrane.
78
79 Results
80 Architecture of the TOM-TIM23 supercomplex
81 The TOM-TIM23 supercomplex could be detected when the polypeptide substrates with pre-
82 sequences are trapped in the import pathway, such as using Cytochrome b2 precursor (pB:) fused with
83 dihydrofolate reductase (DHFR) as the substrate in the protein import assays of mitochondria in vitro
84 32, pB; contains a bipartite pre-sequence. The N-terminal 31 residues target the matrix and the
85 subsequent segment (residues 32-80) contains a sorting signal to the IMS. An internal deletion of 19
86 residues (residues 47-65, A19) can disrupt the sorting signal, resulting in translocation of pB: directly
87 to the matrix *°. While loosely folded DHFR can be imported together with pB; into mitochondria,
88 induced folding of DHFR by methotrexate can stall protein import at the TOM complex. When the
89 sorting signal of pB; is disrupted by the A19 mutation in the fusion proteins and methotrexate is
90 present, the arrested pB>A19-DHFR in mitochondria is shown to occupy the pre-sequence import
91 pathway and trap the TOM-TIM23 supercomplex >*. For structural studies, we replaced DHFR within
92 the substrate with the superfolder green fluorescent protein (sfGFP) *°, which stalls mitochondrial
93 import in vivo. pB2A19 was truncated at residue 167, which was long enough to span the
94 mitochondrial double membranes and could be stably trapped in both the TOM and TIM23 complexes
95 (pB2167A19-sfGFP, Fig. 1A). The substrate was overexpressed in Saccharomyces cerevisiae (S.
96 cerevisiae). The purified supercomplex contained essentially all the subunits of the TOM and TIM23
97 complexes as analyzed by Blue Native PAGE and mass spectrometry (Fig. 1B). Most of the subunits
98 were evident on SDS-PAGE (Fig. S1A). The presence of the translocase core subunits, Tom40,
99 Tim23, and Tim17, was confirmed by immunoblotting (Fig. S1B).

100 Analysis of the supercomplex by single particle cryo-EM yielded a density map at 9.4 A

101 resolution (Fig. S1C-G). The supercomplex has two distinct discs of the membrane protein-detergent

3
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102 micelle complexes (Fig. 1C). The centers of the two discs are ~ 50 A apart. 3D classification revealed
103 that the two discs are not parallel in a fixed position, but are tilted at angles of ~30 - 50° relative to
104 each other (Fig. S1E). The large disc has two holes in the middle that fit well with the dimeric Tom40
105 subunits in the TOM complex (Fig. 1C). The connection density between the large and small discs is
106 evident, but flexible. The density could be fitted with the C-terminal helix of Tom22 which might

107 help to connect the two discs ** (Fig. 1C, SIH). The cryo-EM density of the small disc does not

108 resolve the individual transmembrane segments (TM) of the TIM23 complex. However, the strong
109 core density in the center of the disc has a characteristic X shape that spans the membrane (Figs. 1C,
110 S1I). Shown as a cylinder-shaped density, the C-terminal sfGFP molecule of the polypeptide substrate
111 is located on the cytosolic side of the TOM complex, fulfilling its function as the translocation

112 blocker. A weak thread of density extends from sfGFP into one Tom40 channel (Fig. 1C). Thus, only
113 one of the two Tom40 subunits in the structure is actively engaged in protein import.

114

115 TOM complex engaged with the polypeptide substrate

116 The flexibility of the supercomplex prevented the further improvement of the map resolution.
117 In an attempt to restrain the substrate in the supercomplex, a DHFR molecule was introduced in the
118 middle of the polypeptide substrate between residues 125 and 126, a position that would allow DHFR
119 to be translocated and folded on the matrix side of TIM23 (Fig. 2A). With this substrate (pB,167A19-
120 DHFR-sfGFP), TOM and TIM23 would be sandwiched between sfGFP and DHFR in the

121 supercomplex. Indeed, the cryo-EM map of this supercomplex shows that while the overall

122 architecture was similar to the supercomplex with the substrate pB,167A19-stfGFP described above,
123 an extra density from DHFR was visible on the matrix side of the TIM23 disc (Fig. 2B). The cryo-EM
124 structure of this supercomplex was determined at 10.0 A resolution (Fig. S2A-D); however, the

125 subsequent calculation focusing on the TOM disc yielded a structure at 4.1 A resolution (Fig. S2E-H).
126 In the structure, it is well resolved the 3 barrels of the core Tom40 channels and the associated o

127 helical Tom subunits, including Tom22, Tom5, Tom6, and Tom7 (Figs. 2C, D, S3). The two Tom40
128 subunits are almost identical in the structure. Similar to the structure described above, only one

129 Tom40 channel has sfGFP trapped on the cytosolic side. The  strands of sfGFP are not resolved in
130 the density map, suggesting that sftGFP may not be in a fixed orientation.

131 A trace of density from the polypeptide substrate extends from sfGFP into one of the Tom40
132 channels (Fig. 2C, D). The density is evident within the channel, but not well resolved enough to build
133 a polypeptide model, indicating that the substrate is extended and flexible in the translocation pathway
134 (Fig. 2E). The substrate runs along a hydrophilic patch of the Tom40 inner wall that consists of f2-6.
135 Specifically, multiple polar residues, particularly glutamine, within the patch make direct interactions
136 with the substrate (residues Q99, Q128, R140, and Q156) (Fig. 2E). Glutamine and arginine can form
137 extensive hydrogen bonds with a variety of residues via their long polar side chains. In addition, two
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138 hydrophobic residues, F126 and M94, are located along the pathway, probably providing hydrophobic
139 interactions with the hydrophobic residues in the extended polypeptide substrate. The pathway was
140 confirmed by photo-crosslinking between the residues and the polypeptide substrate (Fig. 2F).

141 Interestingly, this patch of the residues along the import pathway does not overlap with, but are

142 instead flanked by, the polar and hydrophobic residues previously identified to interact with pre-

143 sequences and hydrophobic carrier proteins '* (Fig. 2G). Thus, Tom40 appears to employ different
144 patches of residues to coordinate the translocation of different types of polypeptide substrates. After
145 passing the central pore, the polypeptide substrate runs toward the C-terminus of the Tom40 subunit
146 (Fig. 2E), consistent with the observation that deletion of the C-terminus of yeast Tom40 reduces

147 import efficiency .

148

149 Mapping of the polypeptide substrate in the supercomplex

150 Due to the resolution limit of the cryo-EM maps and the intrinsic flexibility of the

151 supercomplex, the amino acid sequence of the polypeptide substrate could not be accurately assigned
152 in the structure. We turned to the photo-crosslinking assays to map the residues of the polypeptide
153 substrate in the import pathway. The photoreactive amino acid, 4-Benzoyl-L-phenylalanine (Bpa),
154 was introduced into the polypeptide to probe the subunits of the TOM and TIM23 complexes in the
155 immediate vicinity along the import pathway. pB2167A19-DHFR-sfGFP was systematically mutated
156 to yield a series of mutants in which one in every two to four residues of the polypeptide segment

157 between sfGFP and DHFR was mutated to the amber codon for Bpa incorporation (Fig. 2A). The

158 supercomplexes were assembled with the Bpa containing substrates. After purification, the

159 supercomplexes were subjected to UV irradiation. Strong crosslinking bands to Tom40 were observed
160 for the C-terminal polypeptide segment from residues 155 to 168 (Figs. 3A, B, S4A). This segment
161 would span a linear distance of ~39 A in an extended conformation, corresponding well with the

162 thickness of the Tom40 barrel (~ 38 A).

163 In the N-terminal segment of the polypeptide, while the Tom40 crosslinked bands

164 disappeared, prominent crosslinked bands around 100 kDa began to emerge, from residues 128-159
165 (Figs. 3A, S4B). These bands turned out to be Tim17 crosslinking products (Fig. 3C). Interestingly,
166 residues 155 and 159 could be crosslinked to both Tom40 and Tim17, indicating that parts of Tim17
167 extend into the IMS and toward Tom40 (Fig. 3B-D). In the IMS, Tim17 has a C-terminal tail of 19
168 amino acids (residues 140-158) that is rich in proline (Fig. S4C). Deletion of the C-terminal tail

169 slightly slows yeast cell growth *’. The proline residue is often observed in mediating dynamic protein
170 interactions *®. To examine whether the C-tail of Tim17 is involved in the recognition of polypeptide
171 substrates, a yeast strain with C-tail deletion was generated (Tim17AC) and subjected to similar

172 photo-crosslinking assays. The results showed that the crosslinking between Tim17 and residues 144-
173 159 of the substrate indeed disappeared (Fig. S4D), confirming the interactions between the C-tail of
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174 Tim17 and the middle segment of the substrate in the IMS. Thus, the N-terminal residues 128-142 of
175 the polypeptide substrate, which remained crosslinking in the Tim17AC mutant, likely interact with
176 the TM region of Tim17 and span the inner membrane (Fig. 3E).

177 Another set of strong bands had a molecular weight of ~70 kDa, immediately above the

178 substrate bands and co-appearing with the Tim17 crosslinked bands (Figs. 3A, S4B). It was likely
179 from a TIM23 subunit with a weight of less than 10 kDa. Among the TIM23 subunits, Mgr2 has

180 previously been shown to crosslink to the substrate and has an apparent molecular weight of 7 kDa *.
181 To examine whether these were Mgr2 crosslinked bands, an HA tag was fused to Mgr2 in the yeast
182 cells. Indeed, crosslinking was detected between Mgr2 and the N-terminal segment of the polypeptide
183 substrate (Fig. S4E).

184 Although Mgr2 plays a crucial role in stabilizing the TOM-TIM23 supercomplex in vitro *, it
185 is not an essential subunit like Tim17 for protein import **. To examine if the crosslinking remains
186 without Mgr2, we conducted photo-crosslinking experiments using mitochondria from Mgr2 deletion
187 strains. While the supercomplex was not detected without Mgr2 (Fig. S4F), the polypeptide substrate
188 could still crosslink to Tim17 (Fig. S4G). Taken together, these data confirm that the substrate spans
189 the TOM complex and the TIM23 complex in the supercomplex (Fig. 3E). Tim17 and Mgr2 are the
190 two major subunits of the TIM23 complex that are in close proximity to the polypeptide substrates,
191 with Mgr2 being nonessential.

192 It is surprising that the Tim23 subunit is not detected in the substrate-crosslinked bands as
193 Tim23 is considered the major translocase subunit of TIM23. In an attempt to capture substrate

194 crosslinking to Tim23, we tagged Tim23 in the yeast cells and affinity purified the supercomplex by
195 Tim23 pull-down. Immunoblotting of Tim23 did not reveal any evident crosslinking bands, whereas
196 immunoblotting of the substrates displayed similar crosslinking patterns to the results above (Fig.

197 S5A). To exclude the possibility that the interactions between Tim23 and the substrate were lost

198 during purification, mitochondria containing accumulated supercomplexes were irradiated with UV
199 prior to Tim23 pull-down. Crosslinking bands were still not detected by immunoblotting of either
200 Tim23 or the substrate (Fig. S5B). By contrast, pull-down of Tim17 or Mgr2 after UV irradiation of
201 mitochondria yielded clear crosslinking of the substrates with Tim17 or Mgr2 (Fig. S5C), similar to
202 the crosslinking observed in the purified supercomplexes (Fig. S4B, E). These data suggest that

203 Tim23 may not be as close to the substrate as Tim17 and Mgr2 in the supercomplex.

204

205 Core translocase subunits in the inner membrane

206 The crosslinking data suggest that Tim17 and Mgr2 are likely part of the core translocase of
207 the TIM23 complex that holds the polypeptide substrates in the supercomplex. Previous studies have
208 shown that Tim23 is also essential for protein translocation by the TIM23 complex ***. Since the
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209 cryo-EM density maps of the supercomplexes did not resolve individual subunits in the inner

210 membrane, we turned to AlphaFold2 to generate models of the core translocase of the TIM23

211 complex ', including Tim23 and Tim17, and possibly Mgr2. Modeling of Tim23 or Tim17 oligomers
212 using AlphaFold2 did not yield stable conformations (See Methods for modeling details). Instead, a
213 stable heterotrimer of Tim23, Tim17, and Mgr2 could be modeled with a stoichiometry of 1:1:1 (Fig.
214 S6A). The heterotrimer model has the characteristic X shape of the core TM density of TIM23 (Fig.
215 S6B) and could fit well into the cryo-EM map (Fig. S6C). The four TMs of both Tim17 and Tim23
216 form curved surfaces similar to those of the Tim22 subunit in the TIM22 complex ***. Tim17 and
217 Tim23 are in the “back-to-back™ arrangement with the convex surfaces next to each other (Fig. 4A,
218 B). The concave surface of Tim17 is sealed by the two TMs of Mgr2, whereas the concave surface of
219 Tim23 is open and exposed to lipids. Thus, Tim17 and Mgr2, but not Tim23, form a channel-like

220 structure in which lipids are excluded. The heterotrimeric model of Tim23-Tim17-Mgr2 seems to be
221 difficult to reconcile with the idea that Tim23 is the channel-forming unit for protein translocation.
222 However, this model is supported by large-scale deep learning-based protein-protein interaction

223 modeling * and a cryo-EM structure of the Tim17-Tim23-Tim44 complex ».

224 To examine whether the Tim17-Tim23-Mgr2 heterotrimer exists in mitochondria, especially
225 during substrate import, Bpa was introduced into the TM residues of Tim17 to probe its neighboring
226 subunits in the inner membrane (Fig. 4A, B). The mitochondria containing accumulated

227 supercomplexes were exposed to UV and then Tim17 was pulled down. Consistent with the

228 heterotrimer model, residues 59, 60, and 67 of TM2 at the convex surface of Tim17 could crosslink to
229 Tim23, whereas residue 121 of TM4 at the edge of the concave surface did not show crosslinking
230 (Fig. 4C). The “back-to-back” conformation of Tim17-Tim23 was relatively stable. As demonstrated
231 by the V60Bpa mutant of Tim17, the crosslinking between the two subunits was maintained without
232 accumulated substrate, membrane potential, or lipid membrane environment (Fig. 4D).

233 Residues 121, 124, 125, 128, and 132 at the edge of the concave surface of Tim17 were

234 shown to crosslink to Mgr2 (Fig. 4E). Similarly, the TM residues 32, 69, and 73 of Mgr2 that are

235 oriented toward Tim17 in the heterotrimer model were shown to crosslink to Tim17, while residue 16
236 of Mgr2 that is oriented away from Tim17 in the model displayed no crosslinking to Tim17 (Fig. 4E).
237 The crosslinking efficiency between Tim17 and Mgr2 increased slightly when in the presence of the
238 arrested polypeptide substrate (Fig. 4F), consistent with the previous results showing that Mgr2 is
239 dynamically associated with the TIM23 complex *. Interestingly, the crosslinking was greatly

240 enhanced in the protein solution of digitonin-solubilized mitochondria.

241

242 Translocation pathway in the inner membrane

243 The mapping of the polypeptide substrate in the supercomplex and the heterotrimeric Tim17-
244 Tim23-Mgr2 model raised the possibility that the polypeptide may pass through a channel-like
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245 structure formed by Tim17 and Mgr2 in the supercomplex but not via Tim23. To explore this

246 scenario, Bpa was introduced to the TM region of Tim17 and Mgr2 to capture the translocating

247 polypeptide substrate (Fig. SA, B). Two clusters of residues showed crosslinking to the substrate (Fig.
248 5C, D). One cluster is at the entrance of the channel on the IMS side, including residues 76, 80, and
249 91 of Tim17 (Fig. 5B). The other cluster is in the middle of the channel, including residues 65, 68,
250 121, 122, and 125 of Tim17 and residues 33 and 67 of Mgr2. Residues 121 and 125 in TM4 of Tim17
251 were found to crosslink to both Mgr2 and the substrate (Figs. 4E, 5C). These crosslinking results are
252 well consistent with the Tim17-Mgr2 model since the two residues are located on the edge of the

253 Tim17 concave surface next to Mgr2 and their side chains are oriented toward the center of the

254 channel (Fig. S6D). These crosslinking data indicated that Tim17 and Mgr2 likely form the

255 translocation pathway of the polypeptide substrate in the TIM23 complex. In addition to the residues
256 in the TM region, residue 156, the second to the last residue in the C-tail of Tim17, was also

257 introduced with Bpa to capture the substrate. The positive crosslinking band confirmed that the C-tail
258 of Tim17 is indeed in direct contact with the substrate in the IMS (Fig. 5C).

259 The mapping results of the polypeptide substrate in the supercomplex indicated that the N-
260 terminal residues 128-142 of the substrate were captured in the import pathway in the inner

261 membrane. Thus, the TM residues of Tim17 and Mgr2 identified above were likely photo-crosslinked
262 to the N-terminal segment of the substrate. To test this, a cysteine residue was introduced to W68 of
263 Tim17 (W68C) in the middle of the import pathway, as well as to the N terminal residues of the

264 polypeptide substrate. The results showed that in the supercomplexes assembled with the cysteine

265 mutants, Tim17(W86C) formed disulfide bonds with pB,-DHFR-sfGFP(135C) and pB,-DHFR-

266 sfGFP(139C) (Fig. S6E), confirming the substrate and import pathway mapping results from photo-
267 crosslinking.

268 The surface charge and hydrophobicity analyses of Tim17 and Mgr2 show that the two

269 clusters of the substrate-crosslinking residues are within two distinct patches in the import pathway, a
270 negatively charged patch of Tim17 at the entrance and a hydrophobic patch in the middle (Fig. 6A,
271 B). Both of the patches are highly conserved. Actually, the residues of Tim17 and Mgr2 along the

272 import pathway are all well conserved (Fig. 6C). To identify the residues that are critical for protein
273 translocation in the pathway, highly conserved residues in the two patches were selected for

274 mutagenesis studies, including D17, D76, and E126 from the negatively charged patch, and F65,

275 W68, L121, L122, 1125 in the hydrophobic patch. The negatively charged residues were mutated to A
276 or K to examine how charge changes might affect protein import and cell growth. The hydrophobic
277 residues were mutated to N, K, or D to test if hydrophobicity was important in maintaining the protein
278 import pathway. As Mgr2 is nonessential, these mutations were also examined in the absence of

279 Mgr2.
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280 In the negatively charged patch, the yeast growth assays showed that the A mutations had
281 little effect on cell growth, whereas the K mutations caused substantial growth defects (Figs. 6D,

282 S6F). The D17K mutant could not be obtained from 5-fluoroorotic acid selection (Fig. S6F), probably
283 due to severe mitochondrial dysfunction caused by the mutation. The E126K mutant displayed slow
284 growth on the fermentable carbon source (glucose), and no growth on the non-fermentable carbon
285 source (glycerol) (Fig. 6D). Only the D76K mutant could grow on both glucose and glycerol, but with
286 obvious growth defects (Fig. 6D). Furthermore, the mitochondrial import assays revealed that D76A
287 reduced protein import efficiency to ~ 40%, while D76K significantly impaired protein import, with
288 only ~20% efficiency of the wild type (Fig.6E). Therefore, the highly negatively charged patch

289 comprising of three D/E residues plays a critical role in protein translocation through the inner

290 membrane. An alanine mutation that moderately reduces charges is relatively tolerable, but the

291 introduction of positive charges from lysine could be detrimental to protein translocation. Notably,
292 these mutants had similar growth phenotypes and mitochondrial import efficiencies in the absence of
293 Mgr2 (Fig. 6D, E). This is consistent with the Tim17-Mgr2 model in which Mgr2 does not have

294 obvious contribution to the charge of the import pathway (Fig. 6A).

295 In the hydrophobic patch, mutations to the polar/charged residues resulted in varying degrees
296 of impairment to cell growth. Residue F65 was particularly sensitive to mutation. F65K and F65D
297 could not be obtained from selection (Fig. S6F), while F65N showed no growth on glycerol (Fig. 6F).
298 Most D mutants in the hydrophobic patch were intolerable, except for [125D (Figs. 6F, S6F).

299 Generally, K mutations had a greater effect on cell growth than N mutations in most sites, such as
300 L121, L122, and 1125 (Fig. 6F). Consistent with the growth defects, L122K impaired protein import
301 to a much greater extent than L122N (Fig. 6G). Striking growth defects were observed when the

302 mutations were combined with Mgr2 deletion, with essentially no mutants able to grow on glycerol
303 (Fig. 6F). Growth on glucose was also significantly impaired. Apparently, the effect of Mgr2 deletion
304 on the polar/charge mutations of the hydrophobic patch differed from its effect on the mutations of the
305 negatively charged patch. These results support the Tim17-Mgr2 model, in which Mgr2 shields the
306 hydrophobic patch of Tim17 from lipids in the channel-like structure (Fig. 6B), thus the polar/charge
307 mutations of the hydrophobic residues could be relatively tolerated. When Mgr2 is absent, the

308 hydrophobic patch of Tim17 in the middle of the import pathway is exposed to the lipid environment.
309 Introduction of polar/charge residues in the patch would be much less tolerated in lipids, resulting in
310 an impaired protein import pathway and mitochondrial dysfunction.

311 The photo-crosslinking and mutagenesis data together revealed a protein import pathway in
312 the inner membrane that is formed by Tim17 and Mgr2. The efficient translocation of proteins

313 through this pathway is dependent on both a negatively charged patch at the entrance and a

314 hydrophobic patch located in the middle of the pathway. Tim17 plays a vital role in providing the

315 essential structural elements required for the pathway, while the Mgr2 subunit, which is nonessential,
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316 contributes to the formation of a channel-like structure that shields and monitors the polypeptide

317 substrates during translocation.

318

319 Discussion

320 Assembly of the TOM-TIM23 supercomplex

321 The use of the arrested polypeptide substrates has been crucial in biochemical

322 characterization of the TOM and TIM23 complexes, particularly when combined with import assays
323 in vitro. To facilitate structural characterization, we designed a series of polypeptide substrates for the
324 in vivo assembly of the TOM-TIM23 supercomplex. The cryo-EM structures of the supercomplexes
325 revealed that one of the two Tom40 channels in the TOM complex is engaged in protein import.

326 However, this may be due to steric hindrance at the cytosolic side caused by the bulky sfGFP in the
327 designed substrates. It is unclear if both Tom40 channels may actively translocate natural preprotein
328 substrates simultaneously. In addition, it remains uncertain if the angle and distance between the

329 TOM and TIM23 complexes, as shown in the structures, accurately reflect the relationship between
330 the two complexes in mitochondria during protein import. While the distance of ~5 nm is consistent
331 with a previous result from chemical crosslinking/mass spectrometry %, a cryo-electron tomography
332 study at a low resolution suggested a larger distance between the outer and inner membranes at the
333 import sites .

334

335 The TOM complex in the supercomplex

336 The TOM complex does not appear to undergo significant conformational changes during
337 protein import. In particular, the Tom40 pore shows minimal changes, with an r.m.s.d. of ~ 1.0 A

338 between the structures of the substrate-engaged Tom40 pore and the idle Tom40 pore '°. Indeed, the
339 Tom40 pore has a minimal diameter of 11A, which is more than enough to accommodate an extended
340 polypeptide during translocation.

341 The structure of the substrate-engaged TOM complex reveals a “glutamine-rich” patch (patch
342 2) that mediates substrate interaction in the Tom40 pore. This patch is relatively conserved among
343 different species, with Q99 and Q156 being highly conserved and Q128 being not (Fig. S7A). R140 in
344 yeast Tom40 aligns with N and Q residues in metazoan species (Fig. S7A). M94 is located in an

345 unconserved loop of yeast Tom40, however, in the structure, it is close to the conserved N111 residue
346 of human Tom40 (Fig. S7B). These observations suggest that the “polar-rich” patch is a common

347 feature across species for facilitating substrate translocation. In contrast to the “polar-rich” patch

348 revealed by the extended and channel-spanning polypeptide substrate in this study, an earlier

349 investigation revealed two other substrate interacting patches of Tom40 using a positively charged
350 pre-sequence (interacting with patch 1) and a hydrophobic carrier protein (interacting with patch 3)
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351 that were stuck inside the Tom40 pore . Consistently, patch 1 is positioned close to negatively

352 charged residues in Tom40 which could guide pre-sequences through the pore . Patch 3 comprises
353 hydrophobic residues that may help to stabilize hydrophobic substrates during import.

354 The folded sfGFP molecule is stuck on the cytosolic side of Tom40 as an import blocker in
355 the supercomplex structure. While not in a fixed orientation in the structure, the density map shows
356 that sfGFP is likely to have direct contact with the cytosolic loop between 14 and B15 (L14-15) of
357 Tom40 (Fig. S7C). The loop is disordered in the idle TOM complexes '*'¢. The tip of the loop is rich
358 in hydrophobic residues which may help to stabilize and align the unfolded polypeptide substrates
359 prior to their entrance into the central pore (Fig. S7D).

360

361 The TIM23 complex in the supercomplex

362 The TIM23 complex is highly dynamic ****. The exact organization of the TIM23 complex
363 was unclear, especially during substrate import. The IMS domains of Tim50, Tim21, and Tim23 have
364 been shown to interact with each other and with substrates 3278, On the matrix side, Tim44

365 interacts with Tim23, Tim17, and substrates ***’. The purified supercomplexes for cryo-EM studies
366 essentially contain all TIM23 subunits as judged by mass spectrometry. However, the cryo-EM

367 density maps show little density on the IMS and matrix sides, suggesting that the soluble domains of
368 these subunits are flexible and/or the interactions between subunits are highly dynamic. Consistently,
369 previous biochemical studies suggest that Tim44, Tim50, and Hsp70 are not stably associated with the
370 supercomplex >3

371 The strong density of the TIM23 complex is only observed in the trans-membrane region.

372 Previous chemical crosslinking provided limited details regarding the interactions between the

373 transmembrane regions of the TIM23 complex, likely due to the lack of reactive residues in the TMs,
374 such as Lys. Guided by Alphafold2 modeling, we demonstrated the presence of the Tim17-Tim23-
375 Mgr2 heterotrimer in mitochondria by site-specific photo-crosslinking. Nevertheless, this heterotrimer
376 organization could be dynamic during protein import. For example, Mgr2 is nonessential for substrate
377 import, but is critical for supercomplex formation *. Thus, Mgr2 may not be stably associated with
378 Tim17 in the idle state, but could form a dynamic channel-like structure with Tim17 to aid substrate
379 import in the active state. Similarly, Tim23 has been shown to form voltage-gated channels *°. TM2 of
380 Tim23 has an aqueous-facing helical surface, the exposure of which is affected by membrane

381 potential and substrate import **7°. These properties suggest that Tim23 may have other

382 conformations that are not present in the heterotrimer.

383

384 Polypeptide import pathway in the TIM23 complex

11
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385 The ambiguity of the core translocase unit in the TIM23 complex has been largely due to the
386 lack of direct evidence showing the immediate surrounding environment of the hydrophilic

387 polypeptide substrates passing through the hydrophobic lipid membrane. By stably trapping the

388 substrate pB>167A19-DHFR-sfGFP in the supercomplex, we were able to employ photo-crosslinking
389 to precisely map the polypeptide substrate in the inner membrane and examine the subunits along the
390 import pathway. Unexpectedly, the polypeptide segment is surrounded by Tim17 and Mgr2 in the

391 supercomplex, but not by the generally expected Tim23 subunit. In line with the finding, some species
392 have been shown to have only the Tim17 subunit, but not Tim23, in mitochondria "'”*. The Tim17-
393 directed protein import is also implicated by a study on stendomycin, a compound that inhibits

394 mitochondrial protein import by directly targeting the TIM23 complex 7*. Single point mutations on
395 Tim17 were found to be sufficient to confer resistance to stendomycin, underscoring the critical role
396 of Tim17 in controlling protein import.

397 As preprotein substrates pass the inner membrane via Tim17, Mgr2 seals the lateral opening
398 of Tim17 to the lipid membrane by forming a channel-like structure, consistent with its function as a
399 lateral gatekeeper for preprotein sorting. In this conformation, Tim17 and Mgr2 could tightly hold the
400 polypeptide substrates, explaining the observation that Mgr2 is required for the supercomplex

401 formation *°. In the middle of the import pathway, from the hydrophobic patch, four highly conserved
402 residues F65, W68, and L121 of Tim17 and F67 of Mgr2 form the narrowest restriction of the

403 pathway (Fig. S8A-D). The restriction has a diameter of ~7-8 A (Fig. S8A), similar to the opening of
404 the hydrophobic pore ring in the SecY channel during protein translocation. The opening size could
405 allow passage of an extended polypeptide and prevent leakage of small ions "°. After passing the

406 restriction region, the channel-like structure becomes wide open on the matrix side. The TMs of

407 Tim17 and Mgr2 on this side actually extend outwards and do not maintain an enclosed channel (Fig.
408 S8B). This conformation may facilitate the delivery of the substrate to the receptor Tim44 on the

409 matrix side of the TIM23 complex.

410 While Mgr2 makes direct contact with polypeptide substrates in the TIM23 complex, it is not
411 an essential subunit for protein import. Without Mgr2, the TOM-TIM23 complex cannot be stabilized
412 in vitro possibly because Mgr2 is not present to hold the polypeptide substrates to Tim17 once in

413 solution. However, our experiment showed that polypeptide substrates can still crosslink to Tim17
414 while in the inner membrane. This suggests that Tim17 alone, without channel formation, may be

415 sufficient to facilitate polypeptide translocation. In this scenario, the protein import pathway primarily
416 consists of the concave surface of Tim17 that is exposed to the lipids. The negatively charged patch at
417 the entrance of the import pathway may distort the local lipid bilayer structure, causing membrane
418 thinning to facilitate protein translocation. Similar mechanisms have been proposed for other protein
419 translocation systems, including the YidC insertase ', the ER membrane complex "7, the TIM22
420 complex , and ER retro-translocation mediated by Hrdl 7. However, it remains possible that, in
421 addition to a single copy of Tim17, more copies of Tim17 or other subunits, such as Tim23, may be

12
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422 involved in the formation of the protein conducting channel at different stages of protein

423 translocation. In either case, Tim17 is likely to be the key translocase subunit along the import

424 pathway to facilitate the passage of preproteins through the inner membrane.

425 In summary, we established a methodology to assemble and stabilize the TOM-TIM23

426 supercomplex for comphensive structural and biochemical analyses. The cryo-EM structures of the
427 supercomplex show that the TOM and TIM23 complexes could be physically connected for efficient
428 import of protein substrates through the mitochondrial double membranes. While passing through the
429 outer membrane, the polypeptide substrates run along a glutamine-rich path in the inner wall of the
430 Tom40 channel (Fig. S9). In the inner membrane, the polypeptides are held by a channel-like

431 structure formed by Tim17 and Mgr2 (Fig. S9). Taken together, we mapped the pre-sequence import
432 pathway in detail, revealed an unexpected Tim17-Tim23-Mgr2 heterotrimer, and highlighted the

433 critical role of Tim17 as a translocase subunit directly mediating substrate translocation through the
434 inner membrane.

435

436 Materials and Methods

437 Yeast strains and plasmid construction

438 For structural studies, the S. cerevisiae strain yLS110 was generated from the W303 strain by fusing a
439 Hisio tag to the C-terminus of Tom22 in the genome. For substrate expression, the first 167 amino
440 acids of cytochrome b2 with residues 47-65 deleted were fused to a C-terminal sfGFP and a twin-
441 Strepll tag (pB2167A19-stGFP-twinStrepll). DNA encoding pB,167A19-sfGFP-twinStrepll was

442 inserted into the pRS423 vector downstream of the inducible galactose promoter GALI1, resulting
443 plasmid pLSB1. The yLS110 strain was transformed with pLSB1 and selected on yeast synthetic
444 defined medium without Ura and His (SD-Ura/His) to yield the supercomplex expressing strain

445 yLS111. Similarly, the strain expressing the supercomplex assembly with pB2167A19-DHFR-sfGFP
446 was generated using the yLS110 strain and the pLSB2 plasmid in which DHFR was inserted between
447 residues 125 and 126 of pB2167A19-sfGFP-twinStrepll.

448 For photo-crosslinking assays, Tom40, Tim17, Tim23, and Mgr2 were either N- or C-terminally

449 tagged in the genome or expressed with the tags from the pRS31X series of vectors in the knock-out
450 strains. The photoreactive unnatural amino acid p-benzoyl-L-phenylalanine (Bpa) was introduced by
451 transformation of a plasmid encoding a modified tRNA-synthetase that charges tRNA with Bpa and
452 the tRNA suppresses the amber stop codon *.

453

454 Cryo-EM data acquisition

455 The purified supercomplex was concentrated to 5-7 mg/mL. For the supercomplex assembled with
456 pB2A19-DHFR-sfGFP, 5 uM methotrexate was added and incubated on ice for 30 min before cryo
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457 sample preparation. A 2.5-3 uL aliquot of protein sample was dropped onto the glow discharged holey
458 carbon grids (Quantifoil Au R1.2/1.3, 300 mesh), blotted with a Vitrobot Mark IV (ThemoFisher

459 Scientific) (1.5 s blot time, 5 s wait time, 100% humidity at 6 °C), and plunge-frozen in liquid ethane
460 cooled by liquid nitrogen.

461 The cryo-EM grids were imaged on a Titan Krios transmission electron microscope (FEI) at 300 kV
462 with a magnification of 81,000 x. Images were recorded by a Gatan K3 Summit direct electron

463 detector using SerialEM ®'. Defocus values varied from -1.0 to -1.2 pm. Each image was dose

464 fractionated to 40 frames with a total electron dose of 60 e¢’A and a total exposure time of 3.2 s. All
465 movie stacks were motion-corrected using MotionCor2 *? and the defocus values were estimated

466 using Getf *.

467

468 Structure determination

469 To determine the structure of the supercomplex with pB,167A19-sfGFP, a total of 8,041 movie stacks
470 were recorded. All data processing was performed using Relion *. A total of 1,869 particles were
471 manually picked and subjected to 2D classification to generate templates for automatic particle

472 picking. A total of 2,284,465 particles were auto-picked from 6,818 images that were manually

473 selected. The picked particles were subjected to three rounds of 2D classification, and 1,901,689

474 particles were selected for subsequent 3D classification. The initial model was generated from the
475 selected particles with high quality. One class with 113,571 particles was selected from the last round
476 of 3D classification for a new round of 2D classification and for generating a template for another
477 round of particle auto-picking. The auto-picked 3,215,742 particles were subjected to two rounds of
478 2D classification. The 2D classes with features in the the TIM23 disc were selected to generate an
479 initial model (3D-Ref1) that had transmembrane density in the TIM23 disc. Two rounds of

480 unsupervised 3D classifications with 3D-Ref1 as the reference map were performed, followed by

481 another round of supervised 3D classification with four reference maps, including 3D-Refl and three
482 newly generated maps referred as 3D-Refset2. Two classes were merged for final refinement. The
483 workflow of data processing is illustrated in Fig. SIC-G. The model of the TOM complex (PDB ID:
484 6UCU) was fitted in the density map of the large disc using Coot *°. Tom22 was extended to the full
485 length in the density map on the basis of the model predicted by AlphaFold2

486 (https://alphafold.ebi.ac.uk/entry/P49334).

487 The structure of the supercomplex with pB,167A19-DHFR-sfGFP was determined using a similar
488 process as described above (Fig. S2A-D). To improve the local resolution of the TOM complex, a
489 mask including the TOM40 dimer and sfGFP was applied to the particles for 3D classification.

490 Subsequently, 3D classification without alignment was performed with a mask covering only the

491 substrate-engaged Tom40 channel and sfGFP. A subset of 103,262 particles was further subjected to
492 iterative cycles of CTF refinement, Bayesian polishing, and local masked 3D refinement, yielding a
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493 map of 4.10 A resolution (Fig. S2E-H). The model of the TOM complex (PDB ID:6UCU) was fitted
494 in the density map of the substrate engaged TOM complex using Coot *. After manual building and
495 modification, the model was refined in real space using PHENIX *¢. The model of stGFP (PDB

496 ID:2B3P) was fitted in the density map and subjected to rigid body refinement using PHENIX.

497

498 Modeling of Tim23-Timl17-Mgr2

499 Structure prediction was performed for yeast Tim23 (Uniprot ID: P32897), Tim17 (Uniprot ID:

500 P39515), and Mgr2 (Uniprot ID: Q02889), using Alphafold2 on the Google Colaboratory server *”-.
501 Various homo- and hetero-oligomers were tested, including homodimers (Tim23), and (Tim17),;

502 heterodimers Tim23-Tim17, Tim23-Mgr2, and Tim17-Mgr2; homotrimers (Tim23); and (Tim17)s3;
503 hetero-trimers (Tim23),-Tim17, (Tim17),-Tim23, and Tim23-Tim17-Mgr2; hetero-tetramer Tim23-
504 Tim17-(Mgr2),. For each test, five models were generated and evaluated based on their predicted

505 Local Distance Difference Test (pLDDT) scores (per-residue confidence), Predicted Aligned Error
506 (PAE) plots (domain position confidence), and consistency of the subunit orientations between

507 parallelly predicted models (Fig. S10). Results showed that the Tim23-Tim17 heterodimer, the

508 Tim17-Mgr2 heterodimer, and the Tim23-Tim17-Mgr2 heterotrimer consistently had high pLDDT
509 scores in the TM regions and low PAE within and between subunits (Fig. S10C, E, J). The average
510 r.m.s.d. between the core transmembrane regions in the models of Tim23-Tim17, Tim17-Mgr2, and
511 Tim23-Tim17-Mgr2 all had values of ~ 1.1 A, suggesting each prediction yielded essentially the same
512 conformation of transmembrane regions in all five models. The Tim23-Tim17-Mgr2 models could
513 actually be generated by superimposing Tim17 from the Tim23-Tim17 and Tim17-Mgr2 models,

514 demonstrating the robustness of AlphaFold2 prediction. Furthermore, human Tim23-Tim17b1-Romol
515 (equivalent of yeast Mgr2) was modeled by AlphaFold2 to examine if the organization of Tim23-

516 Tim17-Mgr2 is conserved. The resultant models had high pLDDT scores, low PAE, and the same

517 arrangement of the three subunits as their yeast countparts in the Tim23-Tim17-Mgr2 heterotrimer
518 (Fig. S10L).

519

520 Photo-crosslinking assays

521 For photo-crosslinking in protein solutions, the supercomplex with incorporated Bpa was affinity

522 purified by sequential pulldown of the His-tag and Flag-tag. 5 pM methotrexate was added to stabilize
523 DHEFR folding in the substrate. Half of the purified sample was irradiated by UV for 12 min on ice,
524 and the other half was kept on ice in the dark. Samples were analyzed by SDS-PAGE and

525 immunoblotting.

526 For photo-crosslinking in mitochondria, the isolated mitochondria were incubated with 20 pM

527 methotrexate at 4°C for 30 min. Half of the sample was UV-irradiated for 30 min on ice, and the other
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528 half was kept on ice in the dark. Then, mitochondria were solubilized with 1% SDS buffer (20 mM
529 Tris-HCI pHS8.0, 150 mM NacCl, 1% SDS, 8M urea) at 98°C for 5 min. The insoluble material was
530 removed by ultracentrifugation at 200,000 g for 30 min at 25°C. The supernatant was diluted 5-fold in
531 0.5% Triton-X100 buffer (20 mM Tris-HCI pHS.0, 150 mM NacCl, 8 M urea, 0.5% Triton-X100, 20
532 mM imidazole) and incubated with Ni-NTA resin for 90 min at room temperature. The bound proteins
533 were eluted with 250 mM imidazole and analyzed by SDS-PAGE and immunoblotting.

534

535 Disulfide crosslinking

536 Isolated mitochondria were resuspended in MIB buffer (10 mM Tris-HCI pH 7.4, 250 mM sucrose)
537 and incubated with 20 pM methotrexate to stabilize DHFR folding. Then, copper phenanthroline was
538 added at a final concentration of 1 mM to promote formation of the disulfide bond between the

539 cysteine mutants of Tim17 (68C) and the substrate (135C, 139C). The treated mitochondria were

540 collected by centrifugation, solubilized with 1% SDS at 98°C for 5 min. After removing the insoluble
541 material, the supernatant was diluted 5-fold in 0.5% Triton-X100, and then subjected to Ni-NTA and
542 Flag affinity purification. The eluted proteins were analyzed by SDS-PAGE and immunoblotting.

543

544 Yeast spot assays with the Tim17 mutants

545 The pLSA1 plasmid was transformed into W303-1a or yLS430 strain. The endogenous Tim17 gene
546 was replaced by the selectable cassette fragments to generate the Tim17 shuffling strains (yLS270 and
547 yLS280). The Tim17 wild-type (pLSA4) and mutation plasmids (pLSA4-X) were transformed into
548 these Tim17 shuftling strains, with the empty pRS315 plasmid as the control. The strains were

549 selected on the synthetic medium with 5-fluoroorotic acid to eliminate the pLSA1 plasmid. To

550 examine yeast survival and growth, cells were cultured in medium containing 3% (w/v) glycerol or
551 2% (w/v) glucose at 30°C with shaking at 180 rpm. The cell culture was then diluted to an OD600 of
552 0.4 and subjected to a 5-fold serial dilution. The cells were spotted on the YPD or YPG medium

553 plates and cultured at 30°C for 72h to monitor growth.

554

555 Protein import assays

556 The mitochondria were incubated with precursor proteins in import buffer (250 mM sucrose, 10 mM
557 MOPS-KOH (pH 7.2), 80 mM KCl, 5 mM dithiothreitol, 5 mM MgCl,, 2 mM ATP, 2 mM NADH,
558 3% (w/v) bovine serum albumin, 5 mM creatine phosphate and 0.1 mg/mL creatine kinase) at 25 °C
559 for 5, 15 or 30 min. The import reaction was stopped by adding AVO-mix (0.8 mM antimycin A, 0.1
560 mM valinomycin and 2 mM oligomycin) and then incubated with 0.5 mg/mL proteinase K on ice for
561 30 min to remove the nonimported precursor proteins. After proteinase K treatment, 1 mM

562 phenylmethyl sulfonyl fluoride (PMSF) was added. The samples were then washed with SEM buffer
563 and analyzed by SDS-PAGE and immunoblotting.
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Bt [ [ F--} SGFP 232
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813
814 Fig. 1. Cryo-EM structure of the TOM-TIM23 supercomplex. (A) Scheme of a polypeptide
815 substrate for the assembly of the TOM-TIM23 supercomplex. The pre-sequence of cytochrome b2
816 precursor (pB:) is drawn as a bar in which the matrix targeting signal is colored light grey and the
817 inner membrane sorting signal is colored dark grey. The mature segment of the following pB.
818 sequence is drawn as a green line. The C-terminal superfolder GFP is shown as a green box. The
819 structural elements are labeled. The starting and ending residues of each element are marked. The
820 dashed line indicates the A19 deletion in the pre-sequence. (B) Coomassie blue staining of the
821 purified supercomplex analyzed by Blue Native PAGE. (C) Cryo-EM density of the supercomplex.
822 Left panel, the TOMA40 disc is colored pink, the TIM23 disc is colored sky blue, and GFP is colored
823 green. The connection distance between TOM40 and TIM23 is marked. Middle panel, the cutaway
824 sideview of the supercomplex. The TOM40 structure (PDB ID: 6UCU) is fitted in the map. The
825 Tom40 subunit is colored red. Tom22 is colored magenta for the segment modeled in the TOM40
826 structure and yellow for the C terminal segment modeled by Alphafold2. The transmembrane region
827 of TIM23 is colored sky blue and the micelle density is color light blue. Right panel, the top view of
828 the TOM40 and TIM23 discs, showing the characteristic twin pores of TOM40 and the segmented
829 TIM23 density.
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831 Fig. 2. Structure of the substrate-engaged TOM40 complex. (A) Scheme of the DHFR containing
832 polypeptide substrate (pB2167A19-DHFR-sfGFP) for the assembly of the TOM-TIM23

833 supercomplex. DHFR is drawn as a yellow box. The insertion position of DHFR in the substrate is
834 marked. The mutation positions for photo-crosslinking are indicated by black dots. The starting and
835 end positions are labeled. (B) Cryo-EM density map of the supercomplex assembled with pB,167A19-
836 DHFR-sfGFP. DHFR on the matrix side of the structure is colored yellow. (C) Cryo-EM density map
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837 of the substrate-engaged TOM40 complex, showing the side view (top panel) and the top view

838 (bottom panel). Individual subunits are labeled and colored, Tom40 in salmon, Tom22 in cyan, Tom5
839 in purple, Tom6 in light yellow, Tom7 in grey, GFP in light green, and the polypeptide substrate in
840 green. To highlight the polypeptide substrate, the display threshold for the substrate density is lower
841 than that for other subunits. (D) Ribbon diagrams of the substrate-engaged TOM40 complex. The

842 coloring of the subunits is the same as in C. The polypeptide substrate passing one of the Tom40

843 channels is shown as density. (E) Polypeptide substrate passing the inner wall of Tom40, shown in
844 two views that differ by 90 ° rotation. The polypeptide is shown as the density in green. The residues
845 that interact with the substrate are shown as magenta sticks. The position of GFP is indicated by a
846 green box. The B strand numberings of Tom40 are marked in black. The C-terminus of Tom40 is

847 labeled. In the lower panel, the density of the substrate interacting residues is shown as a transparent
848 salmon surface. (F) Photo-crosslinking of the Tom40 residues to the polypeptide substrate

849 pB2167A19-DHFR-sfGFP (pB,A19) in the supercomplex assembled in yeast strains yLS510/ pLSC1-
850 X. The crosslinking bands are confirmed by immunoblotting of the Flag tag (substrate) and Tom40.
851 Non-specific bands are indicated by *. (G) Three patches of the substrate-interacting residues in

852 Tom40. As revealed by a previous photo-crosslinking study '°, the residues that interact with the pre-
853 sequence and carrier proteins are clustered in patches 1 and 3. These residues are shown as cyan sticks
854 and are shaded by blue ovals. The substrate interacting residues from the cryo-EM structure are

855 colored magenta and shaded by a green oval.
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857 Fig. 3. Mapping of the polypeptide substrate in the supercomplex by photo-crosslinking. (A)
858 Photo-crosslinking of the substrate to the subunits in the TOM40 and TIM23 complexes. The
859 substrate pB>167A19-DHFR-sfGFP (pB2A19) was mutated at the indicated residue positions for Bpa
860 incorporation. The supercomplexes assembled with different pB>A19 mutants in yeast strains
861 yLS210/pLSB4-X were purified and subjected to UV irradiation. Immunoblotting detects the Flag tag
862 of the substrate. The crosslinking bands with different subunits are marked. (B) Same protein samples
863 as in A, with immunoblotting of the Tom40 subunit. (C) Same protein samples as in A, with
864 immunoblotting of the Strep tag fused to the Tim17 subunit. (D) Quantitation of the crosslinking
865 efficiency based on the band intensity in A. The strongest crosslinking bands of each subunit over the
866 substrate bands in the same lane were set to 100%. Band intensity was quantitated by using ImageJ.
867 (E) Scheme of substrate mapping in the TOM-TIM23 supercomplex. The residue ranges of the
868 substrate in the outer membrane, IMS, and inner membrane are marked according to the photo-
869 crosslinking results.
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871 Fig. 4. Heterotrimeric conformation of Tim23, Tim17, and Mgr2. (A) Top views of the Tim23-
872 Tim17-Mgr2 heterotrimer generated by AlphaFold2. Left panel, ribbon diagram of the trimer, viewed
873 from the IMS. Tim23, Tim17, and Mgr2 are colored Dodger blue, Indian red, and yellow,
874 respectively. TMs are labeled. The dashed curves indicate the concave space and the openings of
875 Tim23 and Tim17. Right panel, cylinder representation of the trimer, viewed from the matrix. The
876 residues mutated for photo-crosslinking are shown as color-coded balls: orange, crosslinking residues
877 of Tim17 to Tim23; light blue, crosslinking residues of Tim17 to Mgr2; light green, crosslinking
878 residues of Mgr2 to Tim17; yellow, non-crosslinking control. The terminal flexible segments of the
879 subunits are omitted from the diagram. (B) Side views of the Tim23-Tim17-Mgr2 heterotrimer,
830 viewed from two angles differing by 90°. (C) Photo-crosslinking of Tim17 and Tim23. The
881 supercomplexes were assembled with HA tagged Tim23 and Strep-His tagged Tim17 in yeast strains
882 yLS321/pLSA1-X. Bpa was incorporated at different positions of Tim17. Tim17 was pulled down
883 using the Ni resin after UV irradiation of mitochondria. The crosslinking products between Tim17 and
884 Tim23 were detected by immunoblotting of the HA tag (Tim23, upper panel) and the Strep tag
885 (Tim17, lower panel). The unidentified crosslinking bands are marked by *. (D) Photo-crosslinking of
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886 Tim17 and Tim23 under different conditions. Bpa was incorporated at residue 60 of Tim17. The

887 membrane potential was dissipated by the addition of valinomycin. Pulldown and detection were

888 performed similarly to those in C. Different conditions are indicated. The unidentified crosslinking
889 bands are marked by *. (E) Photo-crosslinking of Tim17 and Mgr2. The supercomplexes were

890 assembled with HA tagged Mgr2 and Strep-His tagged Tim17. Bpa was incorporated at different

891 positions in Tim17 (left panel, yeast strains yLS411/pLSA1-X) or Mgr2 (right panel, yeast strains
892 yLS221/pLSM1-X). Tim17 was pulled down using the Ni resin after UV irradiation of mitochondria
893 (left panel) or pulled down first and then subjected to UV irradiation (right panel). The Ni eluents
894 were then subjected to HA pull-down before immunoblotting. The crosslinking bands are marked by
895 red arrows. Non-specific bands are indicated by *. (F) Photo-crosslinking of Tim17 and Mgr2 under
896 different conditions. Bpa was incorporated at residue 125 of Tim17. UV irradiation was applied either
897 on intact mitochondria (Mito.) or on digitonin-solubilized mitochondria (Pro.). Tim17 was pulled
898 down using the Ni resin. Non-specific bands are indicated by *.
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900 Fig. 5. Substrate-interacting residues of the Tim17-Mgr2 heterodimer. (A) Top view of the
901 Tim17-Mgr2 heterodimer. Tim17 and Mgr2 are shown in ribbon and outlined by a transparent
902 surface. Tim17 is colored Indian red and Mgr2 is colored yellow. The substrate crosslinking residues
903 of Tim17 and Mgr2 are labeled and shown as cyan sticks and purple sticks, respectively. (B) Cutaway
904 side views of Tim17-Mgr2. The two views differ by a rotation of 180 °, showing the substrate
905 crosslinking residues inside the import pathway. (C) Photo-crosslinking of Tim17 and the substrate.
906 The supercomplexes were assembled with Strep-His tagged Tim17 in yeast strains yLS230/pLSA1-X.
907 Bpa was incorporated at different positions in Tim17. The crosslinking products between Tim17 and
908 the substrate were pulled down by using the Ni and Flag resin sequentially after UV irradiation of
909 mitochondria. The residue numbers are colored according to the code in A. The non-crosslinking
910 position (71) is in black. Non-specific bands are indicated by *. (D) Photo-crosslinking of Mgr2 and
911 the substrate. Bpa was incorporated at different positions in Mgr2 in yeast strains yLS221/pLSM1-X.
912 The supercomplexes were purified by pulling down Tim17 and the substrate before UV irradiation.
913 The crosslinking products between Mgr2 and the substrate were detected by immunoblotting. Non-
914 specific bands are indicated by *.
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Fig. 6. Import path of the substrate in the Tim17-Mgr2 heterodimer. (A) The open-book view of
Tim17-Mgr2 to show surface electrostatics in the protein import pathway. The negatively charged
patch is outlined by a dashed circle. The negatively charged residues are labeled. (B) The
hydrophobicity distribution of Tim17-Mgr2, the same view as in A. The hydrophobic patch is
outlined by a dashed circle. (C) Sequence conservation mapped to the Tim17-Mgr2 model. The
protein import pathway is outlined by dashed lines. (D) Yeast spot assays to examine the growth of
the mutations in the negatively charged patch. The carbon sources and the strains with and without
Mgr?2 are labeled. (E) Protein import assays, showing the import efficiency of mitochondrion mutants.
A representative residue in the negatively charged patch, D76, is chosen for the assays. pB,167A19-
DHEFR is used as the substrate and immunoblotted by an anti-His antibody. The preprotein bands are
marked by “p”. The bands of the imported substrates are marked by “i”. The amounts of mitochondria
used in the reactions are indicated by Tim17 immunoblotting. (F) Yeast spot assays to examine the

growth of the mutations in the hydrophobic patch. (G) Protein import assays. A representative residue

in the hydrophobic patch, L122, is chosen for the assays.
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Fig. S1. Purification and structure determination of the TOM-TIM23 supercomplex with

pB2167A19-sfGFP.

(A) Coomassie blue staining of the purified supercomplex in SDS-PAGE. The protein bands marked

in SDS-PAGE have been confirmed by mass spectrometry. (B) Immunoblots of the substrate and the
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937 major translocase subunits in the purified supercomplex. The degradation bands of the polypeptide
938 substrate are marked by *. (C) Representative raw image of the supercomplex collected by a Titan
939 Krios with a K3 detector. (D) Representative 2D classes of the supercomplex. (E) Flow chart of data
940 processing. The angles between the two discs in different 3D classes are labeled. See the details of
941 data processing in Methods. (F) Gold standard Fourier shell correlation (FSC) curve with the

942 estimated resolution of the final map at 0.143. (G) Eulerian angle distribution of the particles used for
943 supercomplex reconstruction. (H) A close-up view of the connection between the TOM and TIM23
944 discs. The structure of the TOM complex (6UCU) is fitted in the density. The Tom22 segment in the
945 structure (residues 86-135) is colored magenta. The model of the Tom22 C-terminal segment

946 (residues 136-149) is from the AlphaFold Protein Structure Database and colored yellow. (I)

947 Representative 2D classes of the supercomplex particles. The TIM23 disc is placed in the center of the
948 box for better alignment. The characteristic X shape of the TIM23 TM region can be observed in the
949 side view.

31


https://doi.org/10.1101/2023.06.21.546012
http://creativecommons.org/licenses/by-nc-nd/4.0/

950

951
952

953
954
955
956
957
958

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.21.546012; this version posted June 22, 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.

Supplementary Figure 2
A

15,229 movies
Motion Correction
Autopick

3,213,429 particles
2D Classiﬁcationl

2,549,146 particles

3D Classiﬁcationl bin 4
1,364,521 particles

3D Refinementlbin 2

13.2% 12.9% 22.6% 12.3% 12.1% 13.9% 13.0%
92,743 91,826 160,283 86,550 85,186 96,842 90,856 3D Classification
particles particles particles particles particles particles particles with local mask

3D Refinement

E 1
&
g‘:‘&* «(3,)_‘/
327,919 particles
L
(P 3D Classification
(local mask covering substrate-engaged { = J with local mask
Tom40 channel and sfGFP) \ ‘l (skip alignment)
oy B,
A e
F = £
” AL
16.5% 19.1% 14.6% 18.4%
53,848 62,699 47,800 103,262 60,310
particles particles particles particles particles
= CtfRefine
Tom40A  Tom40B (Iocal mask covering TOM4O dimer and sfGFP) & ) Pl ement
G H 1.0———_
0.9 ‘ “_  ——TOM40 FSC
: \ "\ —— TOM-TIM23 supercomplex FSC
s 08 \ \
T N \
é 0.7 “ \
5 06 | \
e ? A
%) 04 \\
%03 \
3 |
3 02| Fsc=0.143_9-99A \ G10A
0.1 AV \
0.0

0 005 010 015 020 025 030 035 040
Resolution(A-")

Fig. S2. Cryo-EM 3D reconstructions of the supercomplex with pB,167A19-DHFR-sfGFP. (A)
Representative raw image of the super-complex collected by a Titan Krios with a K3 detector. (B)
Representative 2D classes. (C) Flow chart of data processing for the super-complex. (D) Eulerian
angle distribution of the particles used for supercomplex reconstruction. (E) Flow chart of data
processing focusing on the TOM complex. (F) Local resolution estimation of the TOM complex. (G)
Eulerian angle distribution of the particles used in the local TOM reconstruction. (H) FSC curves with

the estimated resolution at 0.143 of the supercomplex and the TOM maps.
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961 Fig. S3. Examples of the fit of the models into density maps.
962 Density maps (grey mesh) and the models of the selected peptide segments are shown. Residues at the
963 beginning and end of each segment are indicated. The residue side chains are shown as sticks.
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966 Fig. S4. Photo-crosslinking of the polypeptide substrates to the subunits in the supercomplex.
967 Similar crosslinking assays as described in Fig. 3, showing the controls without UV exposure. (A)
968 Crosslinking between the C-terminal segment of the substrate and Tom40. The same protein samples
969 were immunoblotted with the anti-Flag antibody to detect the substrates (upper panel) and with the
970 anti-Tom40 antibody (lower panel). The non-specific bands in the immunoblots are marked by *. (B)
971 Crosslinking between the N-terminal segment of the substrate and Tim17. The same protein samples
972 were immunoblotted with the anti-Flag antibody to detect the substrates (upper panel) and with the
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973 anti-Strep antibody to detect Tim17 (lower panel). (C) Sequence alignment of Tim17 C-tail. The

974 proline residue is highlighted in green. The multiple-sequence alignment was performed with

975 ClustalOmega. The sequences are from Saccharomyces cerevisiae (S. cerevisiae, Uniprot P39515),
976 Schizosaccharomyces pombe (S. pombe, Uniprot P87130), Neurospora crassa (N. crassa, Uniprot

977 P59670), Homo sapiens (H. sapiens, Uniprot Q99595), Mus musculus (M. musculus, Uniprot

978 Q545U2), Caenorhabditis elegans (C. elegans, Uniprot 044477). (D) Crosslinking between the

979 substrate and the Tim17 C-tail deletion mutant (Tim17AC) from strains yLS290/pLSB4-X. Protein
980 extraction and crosslinking were performed same as in B. The non-specific bands in the immunoblots
981 are marked by *. (E) Crosslinking between the N-terminal segment of the substrate and Mgr2 in yeast
982 strains yLS240/pL.SB4-X. The same protein samples were immunoblotted with the anti-Flag antibody
983 to detect the substrates (upper panel) and with the anti-HA antibody to detect Mgr2 (lower panel). The
984 crosslinking bands are marked by red arrows. (F) Dependence of supercomplex formation on Mgr2.
985 The supercomplex band is absent in BN-PAGE (upper panel) when Mgr2 is deleted. The two lower
986 strips are from SDS-PAGE to detect Mgr2 and Tim17. (G) Crosslinking between the polypeptide

987 substrate and Tim17 from the Mgr2 knockout yeast strains. The protein samples were immunoblotted
988 with the anti-Strep antibody to detect the substrates (left panel) and with the anti-HA antibody to

989 detect Tim17 (right panel). The crosslinking bands at the residue positions 139 and 144 are marked by
990 red arrows. Residue 162 of the substrate is located in Tom40 and shows no crosslinking to Tim17.
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Fig. SS. Detection of photo-crosslinking between the substrate and Tim23.

(A) The Bpa was incorporated into the polypeptide substrate at the indicated residues in the N-
terminal segment. The supercomplexes were assembled with these Bpa-incorporated substrates in
yeast strains yLS310/pLSB4-X, and then purified by pulling down Tim23 (Strep-His tagged) and the
substrate (Flag tagged) sequentially. The purified supercomplexes were subjected to UV irradiation,
and immunoblotted with the anti-Flag antibody to detect the substrate (upper panel) and with the anti-
Strep antibody to detect Tim23 (lower panel). The substrate-crosslinked bands were detected in the
upper panel, similar to the immunoblotting results in Fig. S4B. However, immunoblotting of Tim23
did not reveal any crosslinking bands in the lower panel. The non-specific bands in the immunoblots
are marked by *. (B) The supercomplexes were assembled as in A, and then mitochondria were

subjected to UV irradiation. Tim23 was pulled down using Ni resin under denaturing conditions.
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1004 Immunoblotting with the anti-Flag antibody (upper panel) and the anti-Strep antibody (lower panel)
1005 did not detect any crosslinking bands between the substrate and Tim23. (C) The supercomplexes with
1006 Bpa-incorporated substrates were assembled in yeast strains expressing Strep-His tagged Tim17 (left
1007 panels, yeast strains yLS210/pLSB4-X) or Mgr2 (right panels, yeast strains yLS421/pLSB4-X). After
1008 UV irradiation of mitochondria, Tim17 or Mgr2 was pulled down using Ni resin. Immunoblotting
1009 with the anti-Flag antibody (upper panels) and the anti-Strep antibody (lower panels) detected the
1010 substrate-crosslinked band of Tim17 or Mgr2, respectively. The non-specific bands in the

1011 immunoblots are marked by *.
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1014 Fig. S6. Tim23-Tim17-Mgr2 model and mutants.
1015 (A) AphaFold2 model of the Tim23-Tim17-Mgr2 heterotrimer, displaying the Predicted Aligned
1016 Error (PAE) plot (left) and the model (right) colored according to the predicted Local Distance
1017 Difference Test (pLDDT) score. (B) Model of the TM segments of Tim23-Tim17-Mgr2, showing the
1018 X shape of the heterotrimer. Tim23, Tim17, and Mgr2 are colored Dodger blue, Indian red, and
1019 yellow, respectively. (C) Fitting of the Tim17-Tim23-Mgr2 heterotrimer into the cryo-EM density of
1020 the TIM23 disc, shown in three views. The TIM23 density is colored sky blue and the detergent
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1021 micelle density is colored light blue. (D) Top view of the Tim17-Mgr2 dimer, focusing on the

1022 residues 121 and 125 of Tim17, shown in three different views. Tim17 is colored Indian red and Mgr2
1023 is colored yellow. L121 and 1125 of Tim17 and the neighboring residues of Mgr2 are shown as blue
1024 and yellow sticks, respectively. The channel is indicated by a dashed circle. (E) Disulfide crosslinking
1025 between Tim17 and the substrate. The disulfide bond between Tim17(68C) and the substrate (135C or
1026 139C) was detected in yeast strains yLS273/pLSB9-X. The yeast strains yLS274 and yLS276 with the
1027 wild type (WT) substrate were used as control. Tim17 was Strep-His tagged and the substrate was
1028 Flag tagged. The crosslinking products between Tim17 and the substrate were pulled down by using
1029 the Ni and Flag resins sequentially after oxidation of mitochondria by CuPh;. Before SDS-PAGE, the
1030 Flag eluents were split into two portions, one treated DTT and one without the DTT treatment. (F)
1031 Tim17 mutant selection on 5-FOA plates. The yeast strains, yL.S270 and yLS280, were transformed
1032 with Tim17 mutation plasmid pLSA4-X and selected on 5-FOA plates. The mutants that could not
1033 grow during selection are shown.
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1036 Fig. S7. Substrate contact sites of Tom40.
1037 (A) Sequence alignment of Tom40 focusing on the patch2 region. The substrate interacting residues in
1038 patch2 are marked. (B) Structure superimposition of yeast and human Tom40. The ribbons of yeast
1039 and human Tom40 are colored salmon and cyan, respectively. The substrate interacting residues of
1040 yeast and human Tom40 are shown as sticks and colored magenta and gold, respectively. (C) Cryo-
1041 EM density of the substrate-engaged Tom40 channel, focusing on the contact site between GFP and
1042 L14-15 of Tom40. The tip of L14-15 (residues 283-290) is not modeled as the local density is not well
1043 resolved. However, it is clear from the map that L14-15 is in direct contact with GFP. (D) Sequence
1044 alignment of L14-15 from representative fungus species. The residues are colored according to their
1045 hydrophobicity.
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Fig. S8. Restriction of the protein import pathway in the Tim17-Mgr2 heterodimer.

(A) Top view of the Tim17-Mgr2 dimer, focusing on the restriction of the import pathway. The
restriction residues are labeled and shown as green sticks. The opening at the restriction is indicated
by a dashed circle. (B) Side view of the Tim17-Mgr2 dimer. The position of the restriction residues in
the membrane is highlighted by green space-filling surfaces. (C) Sequence alignment of TM2 and
TM4 of Tim17 from representative species. The purple cylinders on top of the sequences indicate the
o helices of Tim17. The restriction residues are marked in green numbers. The multiple-sequence
alignment was performed with ClustalOmega and visualized by ESPript. The sequences are from
Saccharomyces cerevisiae (S. cerevisiae, Uniprot P39515), Schizosaccharomyces pombe (S. pombe,
Uniprot P87130), Neurospora crassa (N. crassa, Uniprot P59670), Homo sapiens (H. sapiens,
Uniprot Q99595), Mus musculus (M. musculus, Uniprot Q545U2), Drosophila melanogaster (D.
melanogaster, Uniprot Q9VGA2), Caenorhabditis elegans (C. elegans, Uniprot 044477). (D)
Sequence alignment of TM2 of Mgr2 from representative species. The dark green cylinders on top of
the sequences indicate the a helices of Mgr2/ROMOL. The restriction residue is marked in green
numbers. The sequences are from Saccharomyces cerevisiae (S. cerevisiae, Uniprot Q02889),

Schizosaccharomyces pombe (S. pombe, Uniprot P79082), Neurospora crassa (N. crassa, Uniprot
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1064 Q7SDL7), Homo sapiens (H. sapiens, Uniprot P60602), Mus musculus (M. musculus, Uniprot
1065 P60603), Drosophila melanogaster (D. melanogaster, Uniprot QO9VUM?2), Caenorhabditis elegans
1066 (C. elegans, Uniprot Q93511).
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1067 Supplementary Figure 9

Preprotein

il Glutamine-rich patch Matrix translocase

Gytosdl Tom20! & Negatively charged patch
om
Ms mMs

Matrix Matrix
1068
1069 Fig. S9. Pre-seqeunce import pathway.
1070 Scheme of mitochondrial preprotein import through the TOM-TIM23 supercomplex. The Tom40
1071 subunit in the outer membrane, and the Tim17, Tim23, and Mgr2 subunits in the inner membrane are
1072 colored light green, Indian red, dodger blue, and orange, r espectively. The preprotein substrate is in
1073 gray. The C terminal tail of Tim17 is labeled. The glutamine-rich patch (patch 2) in Tom40 is outlined
1074 by a green oval. The negatively charged patch and hydrophobic patch in Tim17 are marked by a red
1075 and yellow oval, respectively. Mgr2 is omitted in the last panel to show the import pathway inside the
1076 concave surface of Tim17.
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1077 Supplementary Figure 10
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1081 Fig. S10. AlphaFold2 modeling of TIM23 subunits.
1082 Homo- and heter-oligomers of Tim23, Tim17, and Mgr2 are modeled by AlphaFold2. For each
1083 prediction, five models are generated and ranked on the basis of their pLDDT scores. The PAE plots
1084 and the models colored according to the pLDDT scores are displayed.
1085
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