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Abstract

Multipass membrane proteins play numerous roles in biology and include receptors, transporters, 

ion channels, and enzymes1,2. How multipass proteins are co-translationally inserted and folded 

at the endoplasmic reticulum (ER) is not well understood2. The prevailing model posits that 

each transmembrane domain (TMD) of a multipass protein successively passes into the lipid 

bilayer through a front-side lateral gate of the Sec61 protein translocation channel3–9. The PAT 

complex, an intramembrane chaperone comprising Asterix and CCDC47, engages early TMDs of 

multipass proteins to promote their biogenesis by an unknown mechanism10. Here, biochemical 

and structural analysis of intermediates during multipass protein biogenesis revealed that the 

nascent chain is not engaged with Sec61, which is occluded and latched closed by CCDC47. 

Instead, Asterix binds to and redirects the substrate behind Sec61, where the PAT complex 

contributes to a multipass translocon surrounding a semi-enclosed lipid-filled cavity11. Detection 

of multiple TMDs in this cavity after their emergence from the ribosome suggests that multipass 

proteins insert and fold behind Sec61. Accordingly, biogenesis of several multipass proteins was 

unimpeded by inhibitors of the Sec61 lateral gate. These findings elucidate the mechanism of 

an intramembrane chaperone and suggest a new framework for multipass membrane protein 

biogenesis at the ER.

The first transmembrane domain (TMD1) of most membrane proteins inserts into the lipid 

bilayer by passing through a lateral gate in the Sec61 protein translocation channel3,8,12,13. 

TMD1 of membrane proteins with short exoplasmic N-terminal domains, such as most G-

protein coupled receptors (GPCRs), can be inserted independently of the Sec61 lateral gate 

by the ER membrane protein complex (EMC)14,15, a member of the Oxa1 family of TMD 
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insertases16,17. With either route, the ribosome-nascent chain complex (RNC) is ultimately 

docked tightly at Sec614,7,18,19 where the later steps of multipass protein biogenesis are 

thought to occur by yet unclear mechanisms2.

The long-standing paradigm envisions iterative TMD insertion via the Sec61 lateral gate3,13 

followed by intramembrane packing of TMDs into the correct tertiary structure20,21. 

Recently, optimal biogenesis of multipass but not single-pass membrane proteins was 

found to require a protein complex termed PAT (for protein associated with translocon), 

a heterodimer of CCDC47 and Asterix10,22. The PAT complex interacts co-translationally 

with semi-hydrophilic TMDs throughout multipass protein biogenesis10,23,24, suggesting an 

intramembrane chaperone function. The PAT complex probably engages the ribosome as 

part of a poorly characterised multipass translocon with Sec61 and other factors2,25, but its 

role and mechanism during membrane protein biogenesis are unclear.

Recruitment of the PAT complex to Sec61

We analysed a series of early insertion intermediates of rhodopsin (Rho), a 7-TMD 

G protein-coupled receptor (GPCR) and model multipass membrane protein, produced 

by in vitro translation using cytosol from reticulocyte lysate and ER microsomes from 

canine pancreas. These experiments used a construct (termed Rhoext) containing the 

first two TMDs of Rho preceded by an extended N-terminus and epitope tag (Fig. 1a; 

characterised in Extended Data Fig. 1a-d). Immunoblotting of sequential Rhoext insertion 

intermediates affinity purified via the nascent chain revealed stable PAT complex recruitment 

to Sec61-associated ribosome-nascent chain-complexes (RNCs) when ~70 residues had been 

synthesised downstream of TMD1 (Fig. 1b; Extended Data Fig. 1e).

TRAM2, an unrelated multipass membrane protein whose topology is opposite to Rho, 

also recruited the PAT complex in a nascent chain length-dependent manner (Extended 

Data Fig. 1f). Recruitment of the PAT complex to Rhoext RNCs was reduced by increasing 

TMD1 hydrophobicity (Fig. 1c), consistent with the hydrophilicity requirement for substrate 

crosslinking to Asterix10. Thus, the PAT complex is stably recruited to the ribosome-Sec61 

complex by membrane proteins of either topology at roughly the same tether length beyond 

TMD1 (after accounting for their opposite orientations; see Extended Data Fig. 1g).

Architecture of the PAT complex at Sec61

The Rhoext RNC at the point of initial PAT complex engagement was analysed by single-

particle electron cryomicroscopy (cryo-EM; Extended Data Fig. 2a,b). The overall resolution 

of the PAT complex-containing map was 3.25 Å with local resolutions from 2.8 Å for 

most of the ribosome to ~7 Å for poorly-resolved regions of associated membrane proteins 

(Extended Data Fig. 2c). The map contained well-resolved density for the Sec61 complex, 

the cytosolic domain of CCDC47, and the membrane domains of TMEM147 and Nicalin 

at locations seen in earlier work11 (Fig. 2a; Extended Data Fig. 3). The cytosolic domain 

of TMCO1 and the lumenal domain of the translocon-associated protein (TRAP) complex 

could be seen at their previously observed locations11,26 at high contour levels.
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TMEM147 and Nicalin interact with NOMO to form an obligate heterotrimer25,27 whose 

function is not known. We term this complex BOS (for back of Sec61) due to its location. 

TMCO1 is a member of the Oxa1 insertase family16 and forms an obligate complex 

with C20Orf24, which we name OPTI (obligate partner of TMCO1 insertase)25. The 

TMCO1-OPTI complex is homologous to the GET1-GET2 complex and the EMC3-EMC6 

subcomplex within EMC28, both of which mediate TMD insertion17,29. We term the 

TMCO1-OPTI complex GEL (for GET-and EMC-like). As shown elsewhere25, nascent 

membrane proteins trigger not only PAT complex recruitment (Fig. 1), but also the BOS 

and GEL complexes. We focus primarily on the PAT complex, with the BOS and GEL 

complexes described briefly later and in the Supplementary Discussion.

High-confidence AlphaFold2 predictions of the PAT-, BOS-, and Sec61-complexes30,31 

(Extended Data Fig. 4) were fitted into the map and adjusted conservatively to generate 

a model of RNCs engaged with these complexes (Fig. 2a,b; Extended Data Fig. 3). The GEL 

and TRAP complexes were omitted from the model due to their low occupancy and poor 

resolution, respectively. The Sec61 channel is occluded by its plug helix and the lateral gate 

is closed, similar to the ‘primed’ state of Sec61 bound to non-translating ribosomes32. The 

PAT complex is located behind the Sec61 complex (Fig. 2a), whose front side is defined by 

its lateral gate used for signal sequence and TMD insertion33–35.

The globular domain of CCDC47 contacts ribosomal protein eL6 and several sites along 28S 

rRNA. C-terminal to this globular domain, CCDC47 contains three helices that run along 

the surface of the ribosome making contacts with uL22 and various parts of the 28S rRNA. 

The last two of these helices, which we term the latch helices, are separated by a sharp 

bend at the point of contact with Sec61α. The final helix culminates inside the mouth of the 

ribosomal exit tunnel, substantially narrowing the otherwise wide opening and abutting the 

emerging nascent chain (Extended Data Fig. 3e,f).

Site-specific photo-crosslinking was used to validate our placement of Asterix and identify 

its substrate-binding surface (Fig. 2c-e). Semi-permeabilised Asterix knockout cells were 

reconstituted by in vitro translation of Asterix variants containing the photo-crosslinking 

amino acid benzoyl-phenylalanine (BPA) at a variety of desired positions (Extended 

Data Fig. 5a-c). The sum of crosslinking data verifies the AlphaFold2-predicted CCDC47-

interacting region, which we term the back of Asterix (Fig. 2e; Extended Data Fig. 5d), and 

define Asterix’s front-side substrate-binding surface (Fig. 2e; Extended Data Fig. 5e).

The substrate binding domain of Asterix

The substrate-binding surface of Asterix is ~70 Å away from the back of Sec61 and the 

ribosome exit tunnel (Fig. 2a,b).This position means that ~25-35 residues of unstructured 

polypeptide is needed to span the distance from the exit tunnel to Asterix. Accounting 

for another ~35 residues inside the ribosome, a TMD cannot reach Asterix until ~60-70 

downstream residues have been synthesised, explaining earlier crosslinking data10 and the 

length at which stable PAT complex recruitment is seen (Fig. 1b; Extended Data Fig. 1g).
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The substrate-binding domain is highly conserved and amphiphilic (Fig. 3a). Several 

hydrophilic side chains (mostly serine) are interspersed with the long and flexible 

hydrophobic side chains of eight methionine residues. Mutants that disrupt the amphiphilic 

surface by changing several polar amino acids to leucine reduced substrate photo-

crosslinking to Asterix (Fig. 3b). Similarly, replacement of multiple methionine residues, 

particularly those in TMD1 of Asterix, for the less flexible but similarly hydrophobic valine 

also impaired substrate photo-crosslinking.

Both hydrophilicity and side-chain flexibility are therefore important for an optimal 

interaction of Asterix with substrate TMDs. This arrangement is well suited to bind and 

stabilise partially hydrophilic TMDs in the membrane. Furthermore, the flexibility of 

methionine side chains would help accommodate diverse substrates. Methionine-rich TMD 

binding sites are used widely in the cytosol by targeting factors36,37, chaperones38–40, 

and quality control factors41. That Asterix employs a similar strategy suggests that TMD 

recognition in the membrane shares mechanistic principles with recognition in the cytosol.

CCDC47 impedes opening of Sec61

The sharp bend between the latch helices of CCDC47 is wedged between the ribosome and 

the N-terminal half (N-half) of Sec61α (Fig. 3c). CCDC47 makes close contacts with the 

cytosolic loop between Sec61α lateral gate helices TMD2 and TMD3. When substrates pass 

through Sec61’s lateral gate, its N-half must rotate away from the ribosome-bound C-half34. 

With CCDC47 in position, this rotation would be impeded by clashes with the latch helices 

(Extended Data Fig. 6a). Hence, CCDC47 constrains Sec61 to a closed conformation. This 

constraint probably explains why the cryo-EM map containing CCDC47 shows relatively 

strong density for the N-half of Sec61, whereas in maps lacking CCDC47 the N-half density 

is typically weak, indicating flexibility (Extended Data Fig. 6b).

Another consequence of CCDC47 binding is that the latch helices are positioned between 

the mouth of the ribosome exit tunnel and the cytosolic vestibule of Sec61. This 

configuration markedly obstructs nascent chain access to the vestibule and lateral gate on the 

opposite side (Fig. 3c). By disfavouring vestibule access, the nascent chain instead would be 

directed behind Sec61 toward the multipass translocon components. Routing of the nascent 

chain in this direction is also favoured by TMD1 being held ~70 Å behind Sec61 by Asterix. 

Thus, after the PAT complex has been engaged, downstream hydrophobic sequences would 

be disfavoured from insertion via the Sec61 lateral gate.

We tested this prediction by determining whether a hydrophobic element that emerges at 

a PAT complex-engaged translocon is impaired in accessing Sec61 (Fig. 3d). Cleavable N-

terminal signal sequences are known to function even when placed in an internal location42, 

allowing us to use cleavage as an assay for Sec61 engagement. Sec61-dependent cleavage 

of the secretory protein preprolactin placed downstream of an artificial TMD (containing 

22 leucines), which does not recruit the PAT complex (see Extended Data Fig. 7h), was 

~64%. Cleavage did not occur in the absence of ER, was prevented by an inhibitor of the 

Sec61 lateral gate, and was unchanged when CCDC47 was knocked out. When preprolactin 

was preceded by a Rho membrane domain that recruits the PAT complex, Sec61-dependent 
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cleavage efficiency was notably lower (39%, p=0.01). Importantly, this impairment was 

completely reversed (66% cleavage) when CCDC47 was deleted. Thus, PAT complex 

recruitment by an upstream membrane domain impedes a downstream hydrophobic domain 

from engaging the Sec61 complex, consistent with the structural observations in Fig. 3c.

Multipass translocon bound to substrate

After the PAT complex has initially engaged TMD1 of Rho, the next step upon further 

elongation would be insertion of TMD2 and TMD3 accompanied by translocation of the 

intervening loop. To investigate how this step might work in the context of a closed Sec61, 

we affinity-purified a Rhoext insertion intermediate at a length just after TMD3 has emerged 

from the ribosome, when TMD4 is still inside the ribosome (see diagram, Fig. 4a), and 

analysed it by quantitative mass spectrometry, immunoblotting, and cryo-EM.

This Rho-4TMD intermediate (and an analogous late TRAM2 insertion intermediate) 

showed enrichment of the PAT, GEL and BOS complexes (Fig. 4a,b; Extended Data Fig. 

7a-c). Cryo-EM analysis of the Rho-4TMD intermediate (Extended Data Fig. 8) combined 

with high-confidence predictions of each multipass translocon subcomplex (Extended Data 

Fig. 4) allowed us to place them relative to Sec61 (Fig. 4c). Compared to the earlier 

intermediate (Fig. 2a), the occupancy of the GEL complex was higher, whereas the PAT 

complex and the BOS complex were largely unchanged. The other major difference was the 

visualisation of a membrane-spanning helix, assigned to TMD3 of Rho based on subsequent 

crosslinking data, immediately outside the exit tunnel behind the closed Sec61 complex.

Site-specific photocrosslinking using probes in the Rho-4TMD intermediate showed that 

TMD1 is adjacent to Asterix, TMD2 is adjacent to TMCO1, and TMD3 is at the back of 

Sec61 (Fig. 4d; Extended Data Fig. 7d,e). Thus, the three TMDs of this Rho intermediate 

reside in the cavity behind the Sec61 complex surrounded by the other multipass translocon 

components. This intermediate represents the post-insertion state in which the TMD2-TMD3 

unit has just been translocated into the cavity between the back of Sec61 and the multipass 

translocon subcomplexes. The proximity of TMD2 to the GEL complex suggested that it 

facilitated insertion of the TMD2-TMD3 unit. Consistent with this idea, this insertion step 

is reduced when the GEL complex is deleted (Extended Data Fig. 7f), which does not 

appreciably impair recruitment of the PAT and BOS complexes to Sec61 (Extended Data 

Fig. 7g) or TMD1 engagement of the PAT complex (Extended Data Fig. 7h).

Protein biogenesis with Sec61 inhibitors

Our findings suggest that after assembly of the multipass translocon, TMD insertion 

does not rely on the Sec61 lateral gate. For GPCRs, whose first TMD can use EMC 

for insertion14, biogenesis would occur completely independent of the Sec61 lateral 

gate. Consistent with this idea, Rho biogenesis in vitro (Fig. 4e) and in cells (Fig. 

4f) was completely unimpaired by Apratoxin A, a broadly potent Sec61 inhibitor. 

Asialoglycoprotein receptor 1 (ASGR1), a single-pass membrane protein known to use 

Sec61 for insertion5, was strongly inhibited, whereas the post-translationally inserted EMC 

substrate squalene synthase (SQS)17 was refractory (Fig. 4e,f). Although Sec61 activity was 
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not needed, Sec61 protein was required for Rho biogenesis (Fig. 4f), presumably because it 

is needed as a ribosome receptor43 and helps nucleate assembly of the multipass translocon.

Lack of reliance on Sec61 activity was seen for two other GPCRs (β1AR and AGTR2) 

and with two other structurally unrelated Sec61 inhibitors in vitro and in cells (Extended 

Data Fig. 9, 10). By contrast, cleavable signal sequences and signal anchors that are known 

to pass through the Sec61 lateral gate are partially or completely blocked by the same 

inhibitors. β1AR and AGTR2 were rendered sensitive to Sec61 inhibitors by appending an 

N-terminal extracellular domain preceded by a signal sequence (Extended Data Fig. 10c).

Similarly, C3AR1, a GPCR that contains a long translocated domain between TMD4 

and TMD5, requires Sec61 activity specifically at this step of biogenesis (Extended Data 

Fig. 9d). C3AR1 translocation becomes refractory to Sec61 inhibition when this loop is 

shortened. Thus, Sec61 activity is dispensable for translocation of short domains, whether 

at the N-terminus or between internal TMDs, but becomes essential when long domains 

need to be translocated across the ER membrane. Long inter-TMD segments of polypeptide 

might trigger displacement of CCDC47’s latch helices, whose C-terminal region probes the 

ribosome exit tunnel (Extended Data Fig. 3f; Supplementary Discussion). This displacement 

would temporary relieve Sec61 occlusion by CCDC47, allowing the immediately preceding 

TMD to initiate translocation of its downstream soluble domain through the Sec61 channel.

Model for multipass protein biogenesis

Our findings lead to a model for multipass membrane protein biogenesis that differs 

from the long-standing paradigm of Sec61-mediated sequential TMD insertion (see 

Supplementary Discussion for more details). Once a semi-hydrophilic early TMD has a ~70 

Å downstream tether to the ribosome exit tunnel, the TMD can engage Asterix’s amphiphilic 

substrate-binding surface. This interaction favours stable residence at the ribosome of the 

PAT complex, whose latch helices then disfavour Sec61 access and opening. At the same 

time, the GEL and BOS complexes are recruited concomitant with OST displacement to 

form the multipass translocon25. The next two TMDs then emerge from the ribosome 

behind a closed Sec61 and insert as a pair into the multipass translocon’s lipid-filled 

cavity. Translocation of the loop between these two TMDs may be facilitated by a thinned 

membrane adjacent to the conserved semi-hydrophilic interior surface of the GEL complex 

(Extended Data Fig. 8d).

As with other Oxa1 family members2,44, translocation by the GEL complex is probably 

limited to loops of less than ~50 amino acids, explaining why translocation of long loops 

requires Sec61. When long loops do emerge from the ribosome, a mechanism might 

exist to temporarily displace CCDC47’s latch helices to allow Sec61 engagement (see 

Supplementary Discussion). Long translocated loops between internal TMD pairs are far 

less common than short loops45, suggesting that the majority of multipass protein biogenesis 

occurs independently of Sec61’s lateral gate. The semi-shielded lipid cavity of the multipass 

translocon would provide a site for accumulation and packing of around seven TMDs, which 

can egress into the bulk membrane via the large gap between Asterix and the back of Sec61. 

Because most larger membrane proteins are built of modules comprising seven or fewer 
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TMDs46,47, the multipass translocon should be capable of accommodating a wide variety of 

diverse substrates.

Methods

Plasmids, GeneBlocks, and antibodies

Constructs for in vitro translation (IVT) in rabbit reticulocyte lysate were cloned into 

a pSP64-based vector or ordered as gene blocks (from Integrated DNA Technologies) 

containing a 5’ SP6 promoter for transcription and are described in Supplementary Table 2. 

Antibodies were either from commercial sources or were custom antibodies that have been 

described previously as detailed in Supplementary Table 3.

Cell culture

HEK293 Flp-In TRex cells (Invitrogen) were grown in Dulbecco’s Modified Eagle’s 

Medium (DMEM) supplemented with 10% fetal calf serum. The HEK293-derived Asterix, 

CCDC47 and TMCO1 knockout (KO) cell lines have been described10,11. CRISPR-Cas9-

mediated disruption of TMEM147 was performed using pSPCas9(BB)-2A-Puro (PX459) 

plasmid (Addgene) encompassing the gRNA 5’-CGACGATGTAATGGACCTAG-3’. 

Transfected cells were selected for 48 h with 1 μg/ml puromycin. Remaining cells were 

sorted into 96-well plates at 1 cell/well concentration to select for single-cell colonies. 

Single colonies were expanded and screened for successful gene disruption. Cell lines with 

various stably expressed doxycycline-inducible reporters have been described10,14,17. These 

reporter cell lines were grown in DMEM was supplemented with tetracycline-free FCS 

(Biosera) and 15 μg/ml blasticidin and 100 μg/ml hygromycin.

Flow cytometry analysis

For knockdown experiments in reporter cell lines, siRNAs were transfected using the 

Lipofectamine RNAiMAX reagent according to manufacturer’s instructions (Thermo Fisher 

Scientific). After 48 h, a second round of siRNA transfection was performed, and the 

cells were analysed 24 h later. Fluorescent reporter expression was induced with 1 μg/ml 

doxycycline in DMEM supplemented with 10% fetal calf serum for 6 h prior to analysis 

by flow cytometry. Sec61 inhibitors (or DMSO for control samples) were included during 

the induction. The inhibitors were used at following concentrations: Apratoxin – 200 nM; 

Ipomoeassin F – 200 nM; CT8 – 1000 nM, as described earlier15,48–50. The cells were 

collected in ice-cold PBS, washed and resuspended in PBS supplemented with 2% FCS 

and 1 μg/ml DAPI (Thermo Fisher Scientific). Cells were passed through 70-μm filter 

immediately prior to analysis using Beckton Dickinson LSRII or LSRFortessa instrument. 

A total of at least 20,000 fluorescent and live (negative for DAPI stain) cells were 

collected (see Supplementary Fig. 2 for an example of how gating was performed). For 

experiments with a transiently transfected reporter (Next-β1AR), the plasmid was transfected 

into wild-type HEK293 Flp-In TRex cells using Transit 293 reagent (Mirus) according to 

manufacturer’s instructions. Twelve hours post-transfection, the cells were treated with 200 

nM Apratoxin (or DMSO) in DMEM supplemented with 10% fetal calf serum and incubated 

for another 12 hours before analysis by flow cytometry as above.
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Preparation of semi-permeabilised cells

Semi-permeabilised (SP) cells were prepared by modification of earlier protocols41. All 

steps of SP-cell preparation were performed at 0-4°C on cells at ~70% confluency, typically 

from a 10 cm dish. After removing the growth media, the cells were washed once with 

ice-cold PBS, collected by gentle pipetting in 1 ml PBS, and counted using Scepter™ 2.0 

Cell Counter (Merck Millipore) with the 60 μM sensor (Merck Millipore, PHCC60050). The 

cells were recovered by centrifugation for 2 min at 5000 rpm in a microcentrifuge, washed 

once with ice-cold PBS, then resuspended in 1 ml of 1X “physiologic salt buffer” [PSB: 50 

mM HEPES-KOH, pH 7.5, 100 mM KOAc, 2.5 mM Mg(OAc)2] supplemented with 0.01% 

digitonin. Following a 10 min incubation on ice, the cells were collected by centrifugation, 

washed twice with 1X PSB, then resuspended in 0.5X PSB to a concentration of 4 × 107 

cells/ml. The SP cells were used immediately without freezing at a final concentration in 

translation reactions of 4 × 106 cells/ml.

In vitro translation

All in vitro transcription reactions used PCR-generated templates containing the SP6 

promoter51,52. The transcription reactions were for 1 hour at 37°C. The resulting transcript 

was used without further purification and was diluted 1:20 in the IVT reaction, which was 

carried out in rabbit reticulocyte lysate (RRL) as described earlier51,52. Where indicated 

in the figure legends, the reaction was supplemented with either canine rough microsomes 

(cRMs) prepared and used according to the method of Walter and Blobel53 or SP cells 

prepared as above. Labelling of nascent proteins was achieved by including 35S-methionine 

(500 μCi/ml). Site-specific incorporation of the photo-crosslinkable amino acid benzoyl-

phenylalanine (BPA) was achieved via amber suppression as described previously54. In 

brief, amber codon(s) were suppressed by supplementing translation reactions with 0.1 

mM BPA, 5 μM B. Stearothermophilus tRNATyr with a CUA anti-codon, and 0.25 μM BPA-

tRNA synthetase. In experiments with Sec61 inhibitors, the drugs (dissolved in DMSO) 

were added to a final concentration of 2 μM. Control samples without the inhibitor included 

an equivalent volume of DMSO. All translation reactions were incubated for 30 min at 

32°C, then halted by transferring the samples to ice. All further steps were performed 

at 0-4°C, unless stated otherwise. Prior to SDS-PAGE analysis, the tRNA on RNCs was 

removed by adjusting the sample to 50 μg/ml RNaseA, 10 mM EDTA, 0.05 % SDS and 

incubating 10-15 min at room temperature.

Affinity purification of RNCs

Biochemical analysis of proteins associated with defined RNC intermediates (Figs. 1 and 4b; 

Extended Data Figs. 1e-g, 7a-c, g) was done by immunoblotting of products affinity purified 

via an epitope tag on the nascent chain. In the first step, microsomes from the IVT reactions 

were recovered by centrifugation at 4°C in the TLA55 rotor (Beckman) for 20 min at 

55,000 rpm. The pellet was washed three times with 1XRNC buffer [50 mM HEPES-KOH, 

pH 7.5, 200 mM KOAc, 5 mM Mg(OAc)2] then resuspended in one-fourth the volume 

of the original translation reaction. The resuspended microsomes were diluted 8-fold in 

solubilisation buffer (1XRNC buffer supplemented with 1.5% digitonin) and incubated for 

10-30 min on ice. Insoluble material was sedimented for 15 min at 20,000 × g at 4°C in 
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a microcentrifuge and the supernatant was transferred to 20-50 μl anti-FLAG-M2 affinity 

resin (Sigma-Aldrich) or Streptactin sepharose (IBA Lifesciences) that had been equilibrated 

in 1XRNC buffer supplemented with 0.25% digitonin (wash buffer). After 2 h with gentle 

end-over-end rotation at 4°C, the beads were washed three times with wash buffer, then 

transferred to a new tube. The anti-FLAG resin was eluted with 0.25 mg/ml 3xFLAG 

peptide (Sigma-Aldrich) in wash buffer at 22°C for 30 min with agitation. Streptactin 

sepharose was eluted with 50 mM biotin in wash buffer on ice for 1 h. The eluates were 

analysed by SDS-PAGE and immunoblotting with the antibodies indicated in the figures.

Substrate architecture in the ribosome-translocon complex

Estimates of the position of substrate relative to the ribosome and translocon are based on 

established dimensions of the mammalian ribosome-Sec61 complex32. The exit tunnel of 

the ribosome accommodates a minimum of ~30 residues for an extended polypeptide and 

~40 residues if the chain has some degree of secondary structure. Approximately 10 and 35 

residues are needed to span the distance from the mouth of the exit tunnel to the cytosolic 

and lumenal sides of the membrane, respectively, assuming that the membrane-embedded 

part of the nascent chain is an alpha helical TMD. The distance spanned by an unstructured 

coil was assumed to be an average of ~ 2 Å per residue. Hence, the ~50 Å distance from the 

exit tunnel to the lumenal end of the Sec61 channel would be spanned by ~25 residues of 

unstructured polypeptide. This means a total of 55 to 65 residues is needed to span from the 

P site tRNA to the lumen through Sec61, consistent with the structure of an early secretory 

protein translocation intermediate34. Similarly, ~35 residues are needed to span the ~70 Å 

distance from the exit tunnel to the substrate-binding surface of Asterix. Crosslinks can be 

seen at shorter tether lengths10, presumably because the nascent chain can sample more 

extended conformations that become trapped upon crosslinking.

PAT complex reconstitution in Asterix knockout SP cells

Functional analysis of Asterix and various mutants relied on replenishment of Asterix KO 

cells by in vitro translated Asterix (Fig. 2c-d, 3b; Extended Data Figs. 5b-f). SP cells 

prepared as described above were included during IVT of Asterix. The reaction contained 
35S-methionine in experiments where Asterix was radiolabeled (Fig. 2c; Extended Data 

Figs. Extended Data Figs. 5b, 5d, 5f) or cold methionine (at 40 μM) in experiments where 

unlabeled Asterix was subsequently tested for interaction with radiolabeled substrate (Fig. 

2d, 3b; Extended Data Figs. 5c, 5e). Where desired, amber suppression reagents (see above) 

were included during the translation to incorporate BPA into specified sites in Asterix. 

Following translation, the reaction was cooled on ice and the SP cells were isolated by 

centrifugation through a 100 μl sucrose cushion at 10,000 rpm for 5-10 minutes in a 

microcentrifuge at 4°C. The cells were resuspended in 1X PSB prior to immediate use 

(without freezing) in downstream analyses as described below.

In separate parallel experiments, native CCDC47 immunoprecipitations (IP) were performed 

to verify successful reconstitution of each Asterix variant into the PAT complex (Extended 

Data Figs. 5b, 5f). In these analytical-scale experiments, 35S-methionine labelled Asterix 

variants were translated in the presence of Asterix knockout SP cells in a total reaction 

volume of 20 μl. After translation, the SP cells were isolated by centrifugation through a 
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100 μl sucrose cushion at 10,000 rpm for 5-10 minutes in a microcentrifuge. The pellet was 

resuspended in 50 μl 1XRNC buffer and diluted 8-fold in 1XRNC buffer supplemented 

with 1.5% digitonin. After 10-30 min on ice, the insoluble material was removed by 

centrifugation for 15 min at 20,000 × g at 4°C in a microcentrifuge. The supernatant was 

incubated with end-over-end rotation for 3 h at 4°C with 1 μl anti-CCDC47 antibody and 

5 μl of CaptivA Protein A sepharose (Repligen). The resin was washed thrice with wash 

buffer, transferred to a new tube, and eluted in SDS-PAGE sample buffer by heating to 95°C. 

Co-immunoprecipitated Asterix was detected by SDS-PAGE and autoradiography.

Preparation of substrate RNCs for downstream insertion assays
35S-labelled substrate RNCs used for subsequent insertion assays were prepared by IVT. 

To isolate these RNCs, a 200 μl translation reaction of 35S-methionine labelled truncated 

Rhodopsin was layered on a 2 ml 10-50% (w/v) sucrose gradient. The gradient was prepared 

in 11 × 34 mm centrifuge tubes (Beckman coulter, 347357) by successively layering 

400 μl each of 50%, 40%, 30%, 20% and 10% sucrose solution in 1X PSB. Gradients 

were equilibrated for 30 minutes at 4°C prior to use. The samples were centrifuged in a 

TLS-55 rotor (Beckman coulter) at 55,000 rpm for 1 h, at 4°C with slow acceleration and 

deceleration settings. Eleven 200 μL fractions were successively collected from the top and 

analysed by SDS-PAGE and autoradiography. The two fractions containing the majority of 

RNCs (generally fractions 6 and 7) were pooled and supplemented with 1 mM GTP. The 

isolated RNCs were used directly in insertion reactions with PAT complex-reconstituted SP 

cells or snap-frozen in liquid nitrogen and stored at -80°C for later use in translocation 

reactions.

Photo-crosslinking via probes in Asterix

Site-specific Asterix-CCDC47 interactions (Fig. 2c; Extended Data Fig. 5d) were analysed 

in SP cells reconstituted of the PAT complex with 35S-labelled Asterix variants containing 

BPA installed at defined sites by amber suppression as described above. The reconstituted 

resuspended SP cells were transferred to a 384-well plate on ice. The samples were 

irradiated for 10 min using UVP B-100 series lamp (UVP LLC) positioned 10 cm above 

the sample. The samples were either analysed directly by SDS-PAGE and autoradiography, 

or after denaturing IPs as described below.

Probing substrate-Asterix interactions in PAT complex reconstituted SP cells (Fig. 2d; 

Extended Data Fig. 5c, e) was accomplished by resuspending the sedimented SP cells 

in the isolated RNC mix at a concentration of 4 × 106 cells/ml. After an incubation 

for 10 min at 32°C to allow substrate insertion, the samples were placed on ice 

for either photo-crosslinking as described above (Extended Data Fig. 5e), or chemical 

crosslinking (Extended Data Fig. 5c) with 250 μM bismaleimidohexane (BMH, Thermo 

Fisher Scientific) for 15 min on ice. Chemical crosslinking reactions were quenched with 1 

mM DTT. The samples were either analysed directly by SDS-PAGE and autoradiography, or 

after denaturing IPs (described below) as indicated in the figure legends.
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Photo-crosslinking via probes in the substrate

In experiments shown in Figs. 3b, 4d and Extended Data Fig. 7d, photo-crosslinking utilised 

probes in the substrate. In Fig 3b, the 35S-methionine labelled RNC containing BPA was 

generated in a membrane-free IVT reaction and isolated as described above. The isolated 

RNC was incubated with the desired SP cells for post-translational insertion as described 

above. The suspension after post-translational insertion was UV-irradiated, digested of tRNA 

as described above and either analysed directly or after IP as indicated in the figure legends. 

In Figs 4d and Extended Data Fig. 7d, the Rho-4TMD substrate RNC was translated with 
35S-methionine and the desired SP cells. Amber codons and amber suppression were used 

as described above to incorporate BPA into the substrate at defined positions as indicated 

in the figure. The SP cells were isolated, resuspended, and subjected to UV crosslinking as 

described above. To separate RNCs from prematurely terminated products, the RNCs were 

recovered by centrifugation. Here, the SP cells were lysed for 15 min on ice in 50 mM 

HEPES, pH 7.4, 100 mM KOAc, 5 mM Mg(OAc)2, 0.5% Triton X-100, 1 mM DTT, and 

1X EDTA-free protease inhibitor cocktail (Roche). The lysate was clarified by spinning for 

10 min at 15,000 x g in a microcentrifuge at 4°C. The supernatant was layered onto 20% 

sucrose cushion in 50 mM HEPES, pH 7.4, 100 mM KOAc, 5 mM Mg(OAc)2, 1 mM DTT 

in 8 × 34 mm centrifuge tubes (Beckman coulter, 343776). The sample was centrifuged 

at 100,000 rpm in TLA-120.1 rotor (Beckman coulter) at 4°C for 1 h. The supernatant, 

containing the prematurely terminated translation products, was discarded. The RNC pellet 

was resuspended and digested of tRNA as described above prior to either direct analysis by 

SDS-PAGE or denaturing IP using antibodies to Asterix or subunits of the Sec61 complex as 

indicated in the figure.

Cysteine-based chemical crosslinking

For experiment in Extended Data Fig. 7h 35S-methionine labelled RNCs containing a 

cysteine in the first TMD were generated by IVT in the presence of different SP cells 

as indicated in the figure. The cells were then pelleted through a sucrose cushion and 

resuspended in 1X PSB. The suspension was supplemented with BMH to 250 μM 

concentration and incubated for 15 min on ice. The reaction was quenched with 1 mM 

DTT on ice for 5 min. The sample was then digested of tRNA as described above and 

denatured by heating to 95 °C for 10 minutes in SDS-PAGE sample buffer. The samples 

were either directly analysed by SDS-PAGE and autoradiography or subjected to denaturing 

anti-Asterix IP as indicated in the figure legend.

Protease protection assays

The topology of reconstituted Asterix in Asterix KO SP cells was assessed by a protease 

protection assay using trypsin (Extended Data Fig. 5b). After IVT of wild-type and mutant 

Asterix in the SP cells, the cells were isolated through a sucrose cushion and resuspended in 

1X PSB. Trypsin was added to 0.25 mg/ml and the reaction was incubated for 1 hour on ice. 

The reaction was stopped by addition of 10-fold excess trypsin inhibitor. The SP-cells were 

re-isolated by centrifugation through a sucrose cushion and denatured in SDS-PAGE sample 

buffer. The samples were analysed directly or processed for denaturing anti-FLAG IP.
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Proteinase K (PK) protection assays for different integral membrane or secreted proteins in 

Fig. 4e and Extended Data Fig. 9 was done directly following the translation reaction as 

described before52,55. In brief, translation reactions performed in the absence or presence of 

cRMs and Sec61 inhibitors (as described above) were put on ice, then divided into aliquots 

and adjusted to 0.5 mg/ml PK (or 10 μg/ml in Extended Data Fig 9e) and 1% Triton X-100 

as indicated in the figure. After 1 h on ice, 5 mM of freshly-prepared PMSF in DMSO 

was added from a 250 mM stock and incubated for 2-5 min on ice to stop the reaction. 

The entire reaction volume was transferred to 10 volumes of boiling 1% SDS, 100 mM 

Tris-HCl, pH 8.0. The samples were then analysed by SDS-PAGE and autoradiography or 

western-blotting (for TNFα, which lacks methionine residues in PK-digested fragments). 

All Sec61 inhibitors were used at 2 μM as characterised before15,48–50.

For the protease protection assay of Rho-4TMD substrate RNC (Extended Data Fig. 7f), 

the 35S-methionine labelled translation intermediate was generated in the presence of WT 

or ∆TMCO1 SP cells. After translation, cells were pelleted through a sucrose cushion and 

resuspended in 1X PSB. Digestion with PK (0.5 mg/ml) in the presence or absence of 

detergent was done as described above. The reaction was quenched with PMSF as above and 

transferred to 10 volumes of boiling 1% SDS, 100 mM Tris-HCl, pH 8.0. The sample was 

then diluted and subjected to denaturing IP as described below. RNase (10 ng/ml) and EDTA 

(5 mM) were included during the IP to digest the peptide-associated tRNA.

Immunoprecipitations

Denaturing IPs were performed on samples denatured in SDS-PAGE sample buffer by 

heating for 10 minutes at 95°C. After cooling, the samples were diluted 10-fold in IP 

buffer [50 mM HEPES pH 7.5, 100 mM NaCl, 2.5 mM Mg(OAc)2, 1% Triton X-100] 

and incubated for 2-3 hours at 4°C with either 5 μl of anti-FLAG-M2 affinity resin 

(Sigma-Aldrich), Streptactin sepharose (IBA Lifesciences), or CaptivA Protein A sepharose 

(Repligen) plus the desired antibody. The resin was washed three times with 0.5 ml each of 

IP buffer and eluted in SDS-PAGE sample buffer by heating to 95°C.

Mass spectrometry

Translation reactions containing transcripts coding for early or late insertion intermediates 

were subjected to affinity purification of RNCs as described above. Instead of eluting the 

RNCs from the resin, they were washed twice in RNC buffer without digitonin. The samples 

were subjected to on-bead digestion with trypsin followed by peptide tandem mass tag 

(TMT) labelling (Thermo Fisher Scientific, cat. #90110) and protein identification by mass 

spectrometry as described previously54.

In brief, the trypsin digested samples were desalted using home-made C18 stage tips (3M 

Empore) filled with poros R3 (Applied Biosystems) resin. The stage tips were equilibrated 

with 80% acetonitrile (MeCN)/0.5% formic acid (FA) followed by 0.5% FA. Bound peptides 

were eluted with 30-80%MeCN/0.5% FA and lyophilized. Dried peptide mixtures from each 

condition were resuspended in 40 μl of 200 mM HEPES (pH 8.5). 20 μl of TMT 10plex 

reagent (Thermo Fisher Scientific), reconstituted in 41 μl anhydrous MeCN, according to 

manufacturer’s instructions, was added and incubated at room temperature for 1 hr. The 
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labelling reaction was then terminated by incubation with 4 μL 5% hydroxylamine for 30 

min. Labelled samples were subsequently pooled into a single sample. The acetonitrile 

was evaporated in a SpeedVac, desalted (using stage tips prepared according to the 

method described above) and then fractionated using 10 mM ammonium bicarbonate and 

acetonitrile gradients. The eluate was acidified, concentrated in a SpeedVac, and subjected 

to Liquid chromatography (LC)-MS/MS using a fully automated Ultimate 3000 RSLC nano 

System (Thermo Fisher Scientific) fitted with a 100 μm × 2 cm PepMap100 C18 nano trap 

column and a 75 μm × 25 cm reverse-phase nanoEase M/Z HSS C18 T3 column (Waters). 

Peptides were separated using a binary gradient consisting of buffer A (2% MeCN, 0.1% 

formic acid) and buffer B (80% MeCN, 0.1% formic acid). Peptides were eluted at 300 

nL/min flow rate with an increasing acetonitrile gradient. The HPLC system was coupled to 

a Q Exactive Plus hybrid quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific) 

equipped with a nanospray ionisation source.

The acquired MS/MS raw files were processed using Proteome Discoverer (version 

2.1, Thermo Scientific). MS/MS spectra were searched against Canis lupus familiaris 
(downloaded on 30/03/2021) and Oryctolagus cuniculus (downloaded on 09/02/2021) 

UniProt Fasta databases using Sequest search engine. MS/MS hits were analysed using 

Scaffold (Proteome Software Inc). The complete data plotted in Fig. 4a is provided in 

Supplementary Table 1.

Sample preparation for electron microscopy

In vitro transcription and translation reactions were performed as described above using 

cRMs. A 2 ml translation reaction was chilled on ice, divided in four, and each aliquot 

layered on a 500 μl cushion of 20% sucrose in 1XRNC buffer. The microsomes were 

sedimented by centrifugation at 4°C in the TLA-55 rotor (Beckman) at 55,000 rpm for 20 

min. The cRM pellets were each resuspended in 25 μl of 1X RNC buffer and pooled. The 

Rho-2TMD sample was incubated with 250 μM BMH on ice for 15 min and quenched with 

5 mM 2-mercaptoethanol. The Rho-4TMD sample was not crosslinked.

The microsomes were diluted with 400 μl of solubilisation buffer (1X RNC buffer 

containing 1.5% digitonin) and incubated for 10 min on ice. The digitonin was obtained 

from Calbiochem and further purified as described previously5. The sample was centrifuged 

at 20,000 × g and 4°C for 15 min. The supernatant was transferred to a tube containing 20 μl 

of StrepTactin High Performance Sepharose beads (GE Healthcare) and incubated for 1.5 h 

at 4°C. The resin was then washed five times with 0.5 ml 1X RNC buffer containing 0.25% 

digitonin and eluted by incubation for 1 h on ice with 40 μl of 1X RNC buffer containing 

0.25% digitonin and 50 mM biotin. The absorbance of the eluate for both samples was 3.4 at 

260 nm. They were applied to grids immediately without further dilution or adjustments.

Electron microscopy

The affinity-purified RNCs were vitrified on UltrAuFoil R 1.2/1.3 300-mesh grids 

(Quantifoil) coated with graphene oxide (Sigma-Aldrich). In a Vitrobot Mark IV (Thermo 

Fisher Scientific) at 4°C and 100% ambient humidity, each grid was loaded with 3 μl of 
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sample, blotted 4 sec with Whatman filter papers at a blot force of -15, and plunge frozen in 

liquid ethane at 92 K.

Automated data collection was performed on a Titan Krios microscope (Thermo Fisher 

Scientific) equipped with an XFEG source operating at an accelerating voltage of 300 kV. 

Defocus was programmed to range between 2.7 and 1.9 μm. Movies were captured using a 

K3 Bioquantum direct electron detector (Gatan) operating in super-resolution mode. Movies 

were dose-fractionated into 54 frames covering a total dose of 54 e-/Å2. One dataset was 

collected per sample. For the Rho-2TMD sample, 17,540 images were collected at 105,000× 

magnification (0.83 Å/px, or 0.415 Å/px in super-resolution). For the Rho-4TMD sample, 

13,755 images were recorded using Gatan K3 Bioquantum direct electron detector in super-

resolution mode at 53,000× magnification (1.39 Å/px, or 0.69 Å/px in super-resolution).

Image processing

All following steps except particle picking were performed in RELION-3.1. Movie 

frames were motion-corrected using MotionCor2 with 7×5 patches and dose-weighting. 

Contrast transfer function parameters were estimated using CTFFIND-4.1. Particles were 

picked using either cryoSPARC 3.2 (for the Rho-2TMD dataset) or crYOLO (for the 

Rho-4TMD dataset). 2,444,921 Rho-2TMD and 1,454,565 Rho-4TMD particles were 

picked. Rho-2TMD particles were then extracted in 412-px boxes, and Rho-4TMD particles 

in 386-px boxes. These particles were downsampled to 3 Å/px and subjected to 2-D 

classification. Classes containing 1,665,551 Rho-2TMD and 1,445,986 Rho-4TMD particles 

were retained. 3-D refinement was then performed with a mammalian ribosome lowpass 

filtered at 70 Å as a reference.

Focused classification with partial signal subtraction (FCwSS) was then used to identify the 

subset of particles containing the PAT complex. Signal outside a soft mask encompassing 

the translocon and detergent micelle was subtracted from the particle images, which were 

then subjected to 3-D classification using fixed alignment parameters determined during 

the 3-D refinement. Division into 7 classes yielded one class with strong density for the 

PAT complex. For the Rho-2TMD dataset this class comprised 9% or 148,833 particles, 

and for the Rho-4TMD, 9.7% or 136,812 particles. These particles were then re-extracted 

without downsampling and 3-D refined to obtain Rho-2TMD and Rho-4TMD maps at 

overall resolutions of 3.25 Å and 3.88 Å, respectively.

We attempted to improve different regions of the map by further FCwSS around individual 

translocon sub-complexes. For the PAT and BOS sub-complexes, this strategy yielded 

moderately improved density, particularly for the TMD of Nicalin and the ribosome-

proximal regions of CCDC47, but no qualitatively new information beyond what could be 

derived from the Rho-2TMD reference map. Attempts to improve the very weak density for 

the GEL complex by FCwSS were unsuccessful, so this was not included in the final model.

Model building, refinement and validation

The 60S subunit and P-site tRNA from PDB ID 6T59 were used as a starting model for the 

rabbit ribosome. Models for the four canine translocon subcomplexes were generated using 

the ColabFold implementation (AlphaFold2_advanced.ipynb notebook)56 of Alphafold30. 
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Default settings were used, except that the top-scoring models in each case were refined with 

Amber-Relax. The quality of each complex was assessed by the predicted local-distance 

difference test (pLDDT), which provides a per-residue confidence score for each subunit, 

and the Predicted Aligned Error (PAE), which provides a confidence measure of the 

predicted protein-protein interface. Models were further validated by their fit to the cryo-EM 

maps, site-specific photo-crosslinking or comparison with previously determined structures.

For the Rho-2TMD model, the 60S ribosomal subunit and P-site tRNA were placed as 

rigid bodies into Rho-2TMD reference map. The C-terminal 38 residues of the stalled 

nascent chain were built into density in the ribosome exit tunnel. Residues 219-250 of 

eL6 (RPL6), which pack against a portion of the CCDC47 cytosolic domain, were built 

into density, and a portion of the 5.8S rRNA loop that contacts TMEM147 was manually 

adjusted. The Sec61 and PAT complex models were placed into Rho-2TMD submap 2 and 

each complex was adjusted as a single unit (to maintain the predicted interchain contacts) 

using tightly restrained real-space refinement in COOT57. The BOS complex (excluding 

NOMO) was placed into Rho-2TMD submap 1 and adjusted similarly. Density for the GEL 

complex was very weak in the Rho-2TMD sample, and therefore not included in the final 

model. Additional low resolution density in the lumen in the approximate region previously 

ascribed to the TRAP complex was not assigned.

The Rho-4TMD model was built similarly. After placing the Rho-2TMD model into 

Rho-4TMD map, the GEL complex was fit into density and adjusted as a single unit using 

tightly restrained real-space refinement in COOT. The C-terminal 70 residues (including 

TMD3) of the stalled Rho-4TMD intermediate were built into density that extends nearly 

continuously from the ribosomal peptidyl transferase centre into the membrane. The register 

of the TMD3 helix is approximate, and is based on site-specific photo-crosslinking results 

showing F115 adjacent to Sec61β and W126 adjacent to Sec61α.

Real-space refinement of the Rho-2TMD and Rho-4TMD models was done in PHENIX58,59 

against the Rho-2TMD reference map and the Rho-4TMD map, respectively. Three rounds 

of global minimisation and group B-factor refinement were performed, with tight secondary 

structure, reference model, rotamer, and Ramachandran restraints applied. Secondary 

structure- and reference model restraints were determined from the starting models. 

Hydrogen-bonding and base-pair and stacking parallelity restraints were applied to the 

rRNA. Final model statistics are provided in Extended Data Table 1. Structure figures were 

generated with UCSF ChimeraX60.

Smalinskaitė et al. Page 15

Nature. Author manuscript; available in PMC 2023 May 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Extended Data

Extended Data Fig. 1. Characterisation of the Rhoext construct.
a, 35S-methionine labelled Rhoext ribosome nascent chain complexes (RNCs) of indicated 

length were synthesised in rabbit reticulocyte lysate (RRL) in the presence of canine 

pancreas-derived rough microsomes (RMs). Where indicated, RNCs were chemically 

crosslinked using bismaleimidohexane (BMH). The positions of the glycosylated (+glyc.) 

and non-glycosylated (-glyc.) translation products are indicated. The crosslink to Asterix 

(indicated by x-Asx) was verified by immunoprecipitation under denaturing conditions using 
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anti-Asterix antibody (bottom panel). The pattern of PAT complex recruitment for Rhoext 

construct is similar to the non-extended Rho construct construct described previously10. 

b, 35S-methionine labelled Rhoext RNC of the indicated length, lacking or containing the 

glycosylation site, was synthesised in RRL containing or lacking RMs. The translation 

products were then digested with proteinase K (PK). The population of polypeptides inserted 

into the membrane is protected from PK. c, Translation products were produced as in panel 

b (lanes 1 and 4), after which the RMs were isolated by sedimentation (lanes 2 and 5) and 

subjected to crosslinking with BMH (lanes 3 and 6). The crosslink to Asterix is indicated. 

d, FLAG or twin-Strep tag (TST) containing membrane-inserted RNCs of Rhoext truncated 

70 amino acids (aa) beyond TMD1 were subjected to fractionation and affinity purification. 

The total IVT products were centrifuged to obtain a membrane fraction, which was then 

solubilised under non-denaturing conditions (soluble fraction). The soluble fraction was then 

subjected to anti-FLAG affinity purification. Aliquots of the purification (with five-fold 

more loaded for the elution fraction) were analysed by anti-FLAG immunoblot (top panel). 

The bottom panel shows the elution fractions of the two purifications immunoblotted for 

CCDC47, Asterix, RPL8, Sec61b, and EMC2. Serial dilutions of ER microsomes were 

analysed in parallel. RNCs of Rhoext can be efficiently affinity-purified, recovering the 

associated PAT complex. Note that the left and right lanes of the CCDC47 and Asterix 

blots are from the same gel and taken from the same exposure, with the vertical line 

indicating the point where the lanes were spliced together. e, Membrane-inserted RNCs of 

bovine preprolactin (pPL) truncated 56 residues beyond the signal sequence34 and Rhoext 

truncated 70 residues beyond TMD1 were subjected to anti-FLAG affinity purification as 

in panel d. The TST-tagged Rhoext served as a specificity control. Where indicated, the 

sample was crosslinked with BMH just prior to solubilisation of RMs. The top panel shows 

the anti-FLAG immunoblot of the steps of affinity purification (as in panel d), and the 

bottom panel shows the elution fractions of each purification immunoblotted for CCDC47, 

Asterix, RPL8, and Sec61α. The blots indicate that the pPL translation intermediate does 

not associate with the PAT complex, while the PAT complex is recovered with Rhoext with 

comparable efficiency without or with crosslinking, which proved to be nearly quantitative 

as judged by the near absence of non-crosslinked Asterix. This indicates that association of 

the PAT complex with Rhoext RNCs is salt- and detergent-resistant under the purification 

conditions employed. The faint band in the final lane of the CCDC47 is IgG heavy 

chain contamination. f, The top panel shows a diagram depicting the construct encoding 

full-length N-terminal FLAG-tagged TRAM2, whose topology is opposite to that of Rho. 

The bottom panel shows an experiment analogous to that for Rhoext shown in Fig. 1b. 

The purified samples were analysed by immunoblot adjacent to serial dilutions of RMs. 

Equal translation levels and recovery of RNCs is reflected by both the substrate blot and by 

similar levels of Sec61 subunits and the ribosome. A reaction lacking mRNA served as a 

negative control for non-specific binding to the affinity resin. Note that as for Rhoext (Fig. 

1b), recruitment of the PAT complex to TRAM2 translation intermediates is dependent on 

nascent chain length. Although a small amount of recruitment is detectable at lengths of 

70-100 aa beyond TMD1, the initial point of stable maximal recruitment is observed at 110 

aa beyond TMD1. g, Diagrams showing the substrate configurations, approximately to scale, 

for Rho and TRAM2 at the point of initial stable recruitment of the PAT complex. This 

corresponds to ~70 aa beyond TMD1 for Rho and ~110 aa beyond TMD1 for TRAM2. The 
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difference in length can be accounted for by the different topology of TMD1. The translocon 

is not shown for simplicity.

Extended Data Fig. 2. Processing scheme and resolution information of the Rho-2TMD map.
a, Flowchart depicting the classification scheme and analysis of cryo-EM micrographs of 

the Rho-2TMD RNC sample. The classes denoted as “TRAP complex” appear to only 

contain the core translocon comprised of the Sec61 and TRAP complexes, evidently in 

somewhat different conformations, as characterised previously in cryo-EM and cryo-electron 
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tomography work26,61–63. These were not pursued further. Note that model building relied 

almost entirely on the Rho-2TMD reference map, with a few regions employing the two 

submaps for verification. The composite map shown in Fig. 2a is solely for illustration 

purposes as a means of simultaneously displaying the best regions contributed by each map. 

FCwSS indicates focused classification with signal subtraction. b, Fourier shell correlation 

(FSC) curve for the Rho-2TMD reference map illustrating an overall resolution of 3.25 Å 

by the gold-standard method64. c, Two views of the Rho-2TMD reference map coloured by 

local resolution. Key structural elements are indicated.
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Extended Data Fig. 3. Features of the Rho-2TMD map and model.
a, b, Two views from the plane of the membrane of the Rho-2TMD reference map, low-pass 

filtered to 7 Å resolution, fitted with the model. The approximate position of the membrane 

is indicated. The detergent micelle and ribosome are omitted for clarity. c, View from the 

ER lumen of the low-pass filtered Rho-2TMD reference map fitted with the model. The 

clipping plane is within the membrane close to the ER lumen. The detergent micelle and 

ribosome are omitted for clarity, with the position of the ribosome tunnel exit indicated. 

d, Overview of the low-pass filtered reference map in the context of the detergent micelle 
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and ribosome. The map is shown at two contour levels. The blue line shows a contour 

level at which lumenal density and the complete micelle is visible. The opaque density is 

shown at a lower contour level to visualise the translocon, coloured as in panels a-c. The 

ribosome and micelle are in transparent grey. e, The PAT sub-classified map (submap 2 in 

Extended Data Fig. 2) filtered by local resolution viewed from the ribosome to illustrate that 

the regions closest to (and stabilised by) the ribosome are particularly well resolved. The 

position of the nascent chain density and the mouth of the ribosome exit tunnel are indicated. 

f, Space-filling depictions of the Rho-2TMD model illustrating how the C-terminal region of 

CCDC47 enters the mouth of the ribosome exit tunnel, abuts the nascent chain, and narrows 

the exit tunnel dimensions. The top shows overviews before and after clipping, with dashed 

boxes indicating the regions shown at higher magnification below.
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Extended Data Fig. 4. AlphaFold2 predictions of the PAT, Sec61, GEL and BOS complexes.
All AlphaFold2 predictions were obtained using ColabFold. For all complexes, predicted 

alignment error (PAE) matrices, structural models coloured by the predicted Local Distance 

Difference Test (pLDDT) and the final models fitted into respective densities are shown. 

Note that the PAE matrix scale is from 0-5 Å, not the default 0-30 Å output, to emphasise 

the very high-confidence interactions. a, Human PAT complex, comprised of CCDC47 

and Asterix. The final model is fitted into the respective density taken from the PAT 

sub-classified map (submap 2 in Extended Data Fig. 2) filtered by local resolution. b, 
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Canine Sec61 complex. The final model is fitted into the respective density taken from the 

Rho-2TMD reference map filtered by local resolution. c, Human BOS complex, comprised 

of TMEM147, Nicalin, and NOMO. The final model (which omitted NOMO because it was 

not visualised in the map) is fitted into the respective density taken from the TMEM147 

sub-classified map (submap 1 in Extended Data Fig. 2) filtered by local resolution. The 

density for Nicalin is also shown at a very low threshold in transparent white to visualise 

the lumenal domain density. d, Human GEL complex, comprised of TMCO1 and OPTI 

(C20orf24). The final model is fitted into the respective density taken from the Rho-4TMD 

map filtered by local resolution.
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Extended Data Fig. 5. Characterisation of PAT complex reconstitution in SP cells.
a, Diagram illustrating the strategy for PAT complex reconstitution with Asterix variants 

followed by analysis of substrate interaction. Asterix KO cells contain residual levels of 

endogenous CCDC47. When Asterix is in vitro translated in RRL, supplemented with 

Asterix KO semi-permeabilised (SP) cells, it is inserted and interacts with CCDC47 to 

reconstitute the PAT complex. When substrate RNCs are subsequently introduced, their 

interaction with the PAT complex can be tested. b,35S-labelled Asterix was translated 

in the presence of Asterix KO SP cells. The cells were then isolated by centrifugation 
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and analysed by protease protection to check Asterix topology (left) and interaction with 

CCDC47 by co-immunoprecipitation (IP; right). The cytosolic N-terminus of Asterix is 

accessible to protease (trypsin), and the remaining protected fragment is recoverable by 

immunoprecipitation via the C-terminal FLAG-tag. The right panel shows the total in vitro 
translated products (lane 1), the sedimented SP cells (lane 2), native IP with CCDC47 

antibody (lane 3) or native IP using control antibody (lane 4). c, Wild-type and amber 

codon-containing Asterix variants (at the indicated positions) were translated in RRL (with 

non-radioactive methionine) containing Asterix KO SP cells and amber suppression reagents 

for site-specific incorporation of the photocrosslinking amino acid BPA. The cells were 

isolated and incubated with 35S-labelled Rho RNCs truncated at 70 residues beyond TMD1. 

The samples were then crosslinked using bismaleimidohexane (BMH) where indicated. The 

only cysteine of the substrate is located in the first TMD. Note that all Asterix variants 

form BMH-mediated crosslinks with the substrate, indicating successful reconstitution of 

the substrate-Asterix interaction. For comparison, the sample containing BPA at M50 of 

Asterix was UV-irradiated, illustrating that photo-crosslinks between Asterix and substrate 

can also be visualised (see also Fig. 2d and panel e). As expected, the efficiency of photo-

crosslinking is lower than chemical crosslinking. d, Autoradiographs of photocrosslinking 

experiments between Asterix and CCDC47. 35S-labelled Asterix variants with BPA at the 

indicated positions were reconstituted into Asterix KO SP cells as in panel c. The cells were 

isolated, irradiated with UV light, and analysed directly or after denaturing IP using anti-

CCDC47 antibody. e, Non-radioactive asterix variants with BPA at indicated positions were 

reconstituted into Asterix KO SP cells as in panel c. The reconstituted SP cells were then 

incubated at 32°C for 10 min with isolated 35S-labelled Rho RNCs truncated 70 residues 

beyond TMD1. The samples were irradiated with UV light and analysed by SDS-PAGE and 

autoradiography. The positions of non-glycosylated and glycosylated Rho, and the crosslink 

to Asterix (x-Asterix) are indicated. Only position 42 showed a strong crosslink among those 

tested in this experiment. f, Native CCDC47 IPs for the Asterix mutants analysed in Fig. 

3b. 35S-labelled Asterix variants were translated in RRL supplemented with Asterix KO SP 

cells. The SP cells were isolated by centrifugation, solubilised under native conditions, and 

subjected to immunoprecipitation using anti-CCDC47 antibody. Aliquots of the isolated SP 

cells (top panel) and products of CCDC47 IP (bottom panel) are shown. Note that a small 

population of Asterix is evidently inserted in the inverted orientation (“inv. Asterix”) and 

becomes glycosylated. This population does not co-IP with CCDC47, providing an internal 

specificity control. The scheme for depicting the positions that are mutated is the same as 

shown in Fig. 3.

Smalinskaitė et al. Page 25

Nature. Author manuscript; available in PMC 2023 May 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Extended Data Fig. 6. CCDC47 latch helices disfavour Sec61 opening.
a, The Sec61 complex in the Rho-2TMD model (left) is in a closed conformation with the 

latch helices of CCDC47 abutting the cytosolic loop between TMD2 and TMD3 of Sec61α. 

The open Sec61 complex (middle, PDB 3JC2) would clash with CCDC47 because the N-

half of Sec61 would need to rotate away from the ribosome-bound C-half to accommodate a 

substrate at the lateral gate (such as a signal peptide in this structure). The right panel shows 

an alignment of the two structures by their ribosome-binding domains, illustrating how 

the N-half of Sec61 needs to rotate during lateral gate opening. b, Experimental cryo-EM 

density of reconstructions from the Rho-2TMD dataset from particles containing (left) or 

lacking (right) the PAT complex. At comparable contour levels where the ribosome and 

the C-half of Sec61 are essentially the same between the two maps, the N-half density 
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is markedly better in the CCDC47-containing map. At more generous contour levels, the 

N-half can be seen in the CCDC47-lacking map, albeit at lower resolution due to presumed 

heterogeneity of positions. The differences in Sec61 density in particles without and with the 

PAT complex cannot be ascribed to refinement differences. The particle alignments during 

refinement are dominated by the strong signal provided by the ribosome, which does not 

differ between the two classes. No realignment was performed after focused classification. 

The fact that the density for the ribosome and many parts of Sec61 is very similar between 

the two maps provides post hoc validation that the refinement procedure was consistent. 

Differences in overall flexibility of the translocon-micelle complex relative to the ribosome 

can be excluded because significant density differences are seen only in the parts of Sec61 

known to move during gating. By contrast, parts of Sec61 that are distal to the RBD but 

unmoved by gating remain unchanged. For these reasons, we ascribe the difference in Sec61 

density between the PAT-containing and PAT-free maps to the former being stabilised in the 

closed state.
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Extended Data Fig. 7. Analysis of the substrate-engaged multipass translocon.
a, RNCs of FLAG-TRAM2 truncated at the indicated lengths (see diagram) were 

synthesised in RRL supplemented with HEK293 SP cells. The RNCs were affinity-purified 

under native conditions via the N-terminal FLAG-tag (as in Extended Data Fig. 1f) and 

analysed by immunoblotting for the indicated proteins. The negative control (neg) is a 

translation reaction without mRNA. b, RNCs of Twin-Strep Tag (TST)-Rhoext (see diagram) 

truncated 40 residues downstream of TMD2, TMD3, TMD5 or TMD7 were analysed for 

PAT complex association as in Fig. 1b. The RNC of 7+ length represents a nascent chain 
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truncated 70 residues beyond TMD7. c, RNCs of FLAG-TRAM2 (see diagram) truncated 

40 residues downstream of indicated TMD were analysed for PAT complex association 

as in Extended Data Fig. 1f. d, Photo-crosslinking analysis of 35S-methionine-labelled 

Rho-4TMD translocation intermediate (as in Fig. 4d) via BPA installed at amber codons 

in TMD1 (Amb1), TMD3 (Amb3), or both. The top panel shows the autoradiograph 

of total RNCs after isolation by ultracentrifugation. Three of the key samples were 

also subjected to immunoprecipitation using the indicated antibodies and analysed in the 

bottom panel by autoradiography. Non-glycosylated and glycosylated substrate (Rho and 

Rho+glyc., respectively) and the adducts to Asterix (x-Asterix), Sec61β (x-S61β) and 

Sec61α (x-S61α) are indicated. e, Photo-crosslinking analysis of 35S-methionine-labelled 

Rho-4TMD translocation intermediate via BPA installed at TMD2 (position 85). Three 

types of semi-permeabilised cells were compared: wild type (WT), TMCO1 knockout 

(∆TMCO1) and ∆TMCO1 cells transiently transfected with FLAG-tagged TMCO1. The 

major crosslink seen with WT SP cells is lost in ∆TMCO1 SP cells, where other weak 

crosslinks to similar-sized unidentified proteins are seen. When a subset of the ∆TMCO1 

cells now express FLAG-TMCO1, a new crosslink is seen that migrates slightly slower 

than the major product seen in WT cells. These results verify that the major crosslink in 

WT cells is TMCO1 and the slightly larger crosslink in the reconstituted ∆TMCO1 cells 

is FLAG-TMCO1. Crosslinking with BPA at different positions in TMD2 show that its 

more hydrophilic face interacts with TMCO1 (summarised in the diagram). f, Protease 

protection assay of Rho-4TMD RNC in WT or ∆TMCO1 SP cells. The autoradiograph 

shows equal glycosylation indicative of equal efficiencies of TMD1 insertion, but different 

amounts of fully-protected product indicative of successful 3-TMD insertion. In ∆TMCO1 

cells, a larger population of proteins failed to insert TMDs 2 and 3, leading to protease-

accessibility (see diagram). PK digestion in the presence of detergent (subscripted d) 

leads to complete digestion. Graph shows quantification of three independent experiments 

showing the mean and standard deviation. g, RNCs of Rhoext stalled 70 residues beyond 

TMD1 were assembled in WT, ∆Asterix, ∆CCDC47, ∆TMCO1 and ∆TMEM147 SP cells 

and affinity-purified via the FLAG-tag under native conditions as in Fig. 1b. Total cell 

lysates and purified RNCs were analysed by immunoblotting for the indicated proteins. h, 

Bismaleimidohexane (BMH) mediated crosslinking via cysteine in place of F56 in TMD1 

of Rhodopsin stalled 70 residues downstream of TMD1 (top panel), or the equivalent RNC 

in which TMD1 is replaced with 22 leucine residues and a similarly positioned cysteine 

residue (bottom panel). 35S-methionine-labelled RNCs were assembled with WT, ∆Asterix, 

∆TMCO1, and ∆TMEM147 SP cells, subjected to BMH crosslinking where indicated, and 

either directly analysed by SDS-PAGE and autoradiography or after denaturing anti-Asterix 

IP. Equal glycosylation efficiency in all samples without BMH crosslinking indicate TMD1 

insertion is unaffected by the loss of MPT components. Asterix crosslinking (marked as 

x-Asx) is unimpaired in ∆TMCO1 and ∆TMEM147 SP cells. In ∆Asterix cells, TMD1 of 

Rho crosslinks to an unidentified product that migrates slightly faster than Asterix (upward 

arrowhead). The 22L TMD does not crosslink to Asterix or the unidentified product, 

suggesting these interactions need partial TMD hydrophilicity.
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Extended Data Fig. 8. Features of the Rho-4TMD map and model.
a, Flowchart depicting the classification scheme and analysis of cryo-EM micrographs of 

the Rho-4TMD RNC sample. The classes denoted as “TRAP complex” appear to only 

contain the core translocon comprised of the Sec61 and TRAP complexes, evidently in 

somewhat different conformations, as characterised previously in cryo-EM and cryo-electron 

tomography work26,61–63. These were not pursued further. b, Fourier shell correlation 

(FSC) curve for the Rho-4TMD map illustrating an overall resolution of 3.88 Å by the 

gold-standard method64. c, Two views of the Rho-4TMD reference map coloured by 
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local resolution. Key structural elements, including the density assigned to TMD3 of the 

substrate, are indicated. d, Space-filling models showing the multipass translocon’s highly 

conserved interior surface that faces the lipid-filled cavity (left) and poorly conserved 

exterior surface that faces the surrounding membrane (right). The models are coloured 

successively (from top to bottom) by protein, hydrophobicity, charge and conservation 

(calculated by ConSurf65). The conserved amphiphilic substrate-binding domain of the PAT 

complex, the conserved positively-charged hydrophilic vestibule of the GEL complex, and 

the conserved Sec61-docking site on the BOS complex are each indicated.
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Extended Data Fig. 9. Effect of Sec61 inhibitors on various substrates in vitro.
a, Diagram of substrates tested for their sensitivity to Sec61 inhibitors. Cleavable signal 

sequences (tan), glycosylation sites (green), and experimentally determined sites of protease 

accessibility (lavender) are indicated. The core of β1AR∆CL3 that is resistant to protease 

digestion is also indicated. PrP is prion protein; LeP is leader peptidase; ASGR1 is 

asialoglycoprotein receptor 1; TNFα is tumor necrosis factor alpha. b-d, 35S-methionine 

containing RRL translation reactions in the absence or presence of RMs and 2 μM of the 

indicated Sec61 inhibitor were analysed by protease protection. Panel b employed Apratoxin 
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A (ApraA, as in Fig. 4e), panel c employed Ipomeassin F (Ipom-F) and panel d used 

cotransin-8 (CT8). An equivalent volume of DMSO was used as a negative control. The 

translation products were either left untreated or digested with proteinase K (PK) without 

or with detergent (subscripted d) as indicated. The samples were analysed directly by 

SDS-PAGE and autoradiography or immunoblotting via a C-terminal FLAG tag (in the case 

of TNFa, which lacks methionines in the protease-protected fragment). Red arrows represent 

the fragments protected from PK digestion that are indicative of successful translocation. 

The protease-resistant folded core of β1AR∆CL3 is marked by blue arrows. NTF and 

CTF stand for N-terminal fragment and C-terminal fragment, respectively. Asterisk in the 

TNFa blot marks a background band that is sometimes detected by the FLAG antibody. 

e, Protease-protection analysis of C3AR1 (a GPCR) or a variant in which the ~180 amino 

acid long second extracellular loop (EL2) was shortened by deleting 61 residues (from 

T166 to D326). For simplicity, the majority of the C-terminal cytosolic domain was omitted 

from the constructs. Translation reactions of C3AR1 (left) and C3AR1∆EL2 (right) were 

performed in the presence or absence of 2 μM ApraA and analyzed by protease protection. 

At the protease concentration used, all of the short cytosolic loops are resistant to digestion 

if the protein is inserted correctly, but become accessible if any insertion step fails (see 

diagram). Successfully inserted and PK-resistant products are indicated with red downward 

arrows. Failed insertion of TMD4 in the presence of ApraA has two consequences: the 

downstream loop is not glycosylated and the protein is protease-accessible downstream of 

TMD3. Thus, the doubly-glycosylated product is not observed and a protected N-terminal 

fragment (NTF, marked with dark blue upward arrow) representing the first three TMDs 

is generated upon PK digestion. Note that by these criteria, some failed insertion is seen 

even without ApraA. C3AR1∆EL2 is unaffected by ApraA and the majority of it is correctly 

inserted. The asterisk marks the position of the C3AR1∆EL2 fragment generated by PK 

digestion of the noninserted (and hence, non-glycosylated) population.
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Extended Data Fig. 10. Effect of Sec61 inhibitors on various substrates in cells.
a, Diagram of fluorescent protein (FP)-tagged substrates tested for their sensitivity to Sec61 

inhibitors in cells. 2A is the viral sequence at which peptide bond formation fails without 

disrupting elongation. Thus, each translation cycle generates two products: an FP-tagged 

substrate and a different coloured FP that serves as an internal control for translation levels. 

For RFP-tagged ASGR1 and SQS, GFP, which precedes the viral 2A sequence, serves as 

the translation control, while RFP fluorescence levels report on the substrate. The other 

substrates are GFP-tagged, with RFP serving as the translation control. b, Scatter plots of 
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the indicated reporters, each expressed from an inducible promoter in stable cell lines. Cells 

treated with 200 nM Apratoxin A (ApraA) during reporter induction are shown in blue, 

while cells treated with vehicle are shown in red. The histograms corresponding to some 

of these constructs are shown in Fig. 4f. c, Scatter plots of N-terminally extended (Next) 

β1AR and AGTR2 (see diagram in panel a) from an experiment similar to that shown 

in panel b. Next-AGTR2 is expressed stably whereas Next-b1-AR was expressed for 24 h 

by transient transfection with ApraA included during the final 12 hours. d, Histograms of 

normalised substrate levels after 6 hours of expression in the presence of vehicle (grey), 200 

nM Ipomoeassin F (Ipom-F, light blue) or 1 μM CT8 (dark blue).

Extended Data Table 1
Cryo-EM data collection, refinement and validation 
statistics

Rho-2TMD (EMDB-25994) (PDB 
7TM3)

Rho-4TMD (EMDB-26133) (PDB 
7TUT)

Data collection and processing

Magnification 105,000 53,000

Voltage (kV) 300 300

Electron exposure (e-/Å2) 54 54

Defocus range (μm) -2.7 to -1.9 -2.7 to -1.9

Pixel size (Å) 1.34 1.39

Symmetry imposed C1 C1

Initial particle images (no.) 1,665,551 1,445,986

Final particle images (no.) 148,833 136,812

Map resolution (Å) 3.25 3.88

    FSC threshold 0.143 0.143

Refinement

Model resolution (Å) 3.2 4.1

    FSC threshold 0.5 0.5

Model composition

    Non-hydrogen atoms 149,944 152,599

    Protein residues 8213 8542

    Nucleotide bases 3895 3895

    Ligands Mg2+: 220 Mg2+: 220

Zn2+: 5 Zn2+: 5

B factors (Å2)

    Protein 183 205

    Nucleotide 139 199

    Ligand 104 161

R.m.s. deviations

    Bond lengths (Å) 0.004 0.004

    Bond angles (°) 0.681 0.673

Validation

    MolProbity score 1.79 1.85
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Rho-2TMD (EMDB-25994) (PDB 
7TM3)

Rho-4TMD (EMDB-26133) (PDB 
7TUT)

    Clashscore 6.88 7.36

    Poor rotamers (%) 0.86 1.13

Ramachandran plot

    Favored (%) 93.9 94.0

    Allowed (%) 6.0 5.8

    Disallowed (%) 0.1 0.2

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Substrate-mediated recruitment of the PAT complex to Sec61.
a, Diagram of the Rhoext construct (not to scale) containing the first two TMDs and flanking 

regions of bovine rhodopsin (amino acids 32-111, Uniprot ID P02699). The Rho region is 

preceded by a signal sequence (ss) and a polypeptide of 52 amino acids containing a site 

for N-linked glycosylation (Glyc.) to monitor translocation. The experimental strategy to 

analyse intermediates of Rhoext is indicated. b, Ribosome nascent chain complexes (RNCs) 

of FLAG-tagged Rhoext truncated at the indicated lengths (in amino acids, aa) beyond 

TMD1 were assembled by in vitro translation in rabbit reticulocyte lysate (RRL) containing 

canine pancreas rough microsomes (RMs). The RNCs were affinity-purified via the FLAG 

tag and analysed by immunoblotting relative to serial two-fold dilutions of RMs. Rhoext 

tagged with the twin-Strep tag (TST) and truncated 70 amino acids beyond TMD1 served 

as a specificity control for anti-FLAG affinity purification. The diagram below (not to scale) 

depicts key stages of biogenesis as deduced from the results. c, Affinity purification of TST-

tagged Rhoext RNCs similar to panel B for constructs in which TMD1 contains mutations: 

NL→LR stands for N55L and L47R mutations; NGT→LLL changes N55, G51, T58 to 

leucines. The FLAG-tagged wt Rhoext served as a specificity control for the purifications via 
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the TST. The substrates in this experiment do not contain a glycosylation site. Source data 

for all gels in this and other figures can be found in Supplementary Fig. 1.
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Fig. 2. Structure of the PAT complex recruited to Sec61.
a, Composite map (top) and model (bottom) of the Rho-2TMD translocation intermediate 

stalled 70 amino acids beyond TMD1 (see Fig. 1b). The density for the PAT and BOS 

complexes derives from submaps obtained after focussed classification on each complex 

(see Extended Data Fig. 2). The PAT complex is shown at two contour levels to visualise 

the lower-resolution membrane domain simultaneously with the higher resolution ribosome-

proximal regions. The GEL and TRAP complexes, visible only at very low contour 

levels, were not modelled. The detergent micelle has been removed for clarity. b, View 
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from the ER lumen of the Rho-2TMD translocation intermediate model. c, Site-specific 

photo-crosslinking from benzoyl-phenylalanine (BPA) installed in Asterix by amber (Amb) 

suppression at residue 42 or 62. Semi-permeabilised (SP) Asterix knockout (KO) cells were 

reconstituted with 35S-methionine labelled Asterix-FLAG variants (see Extended Data Fig. 

5d), irradiated with UV, and analysed directly (total products) or after immunoprecipitation 

(IP). The red arrow indicates the Asterix-CCDC47 adduct. d, Analysis of substrate-Asterix 

photo-crosslinking from BPA installed at amber codons (Amb) at the indicated positions 

in Asterix. Asterix KO cells are reconstituted with non-radioactive Asterix-FLAG variants 

as in panel c, then incubated with 35S-methionine labelled RNCs of Rho-2TMD. After 

UV irradiation, the samples were analysed directly or after IP. Non-glycosylated and 

glycosylated substrate (Rho and Rho+glyc., respectively), and the adduct to Asterix (x-

Asterix) are indicated. e, Summary of all site-specific photo-crosslinking results (see Fig. 

2d and Extended Data Fig. 5d-e) mapped onto the PAT complex structure shown in three 

different views.
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Fig. 3. The PAT complex binds the substrate and redirects it to the back of Sec61.
a, The substrate-binding surface of Asterix showing conservation (top), hydrophobicity 

(middle) and positions subject to mutagenesis (bottom). b, Photo-crosslinking from a BPA 

probe in place of F56 in TMD1 of the Rho-2TMD substrate. Semi-permeabilised (SP) 

Asterix KO cells were reconstituted with either wild-type or mutant Asterix-FLAG variants 

and tested for photo-crosslinking with 35S-methionine labelled Rho-2TMD RNCs similar to 

Fig. 2d. The adducts to Asterix (x-Asterix) and SRP54 (x-SRP54, from the non-translocated 

population of RNCs) are indicated. The bottom panel shows an immunoblot for Asterix 

Smalinskaitė et al. Page 44

Nature. Author manuscript; available in PMC 2023 May 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



to verify comparable levels of reconstitution for each mutant. The diagram above the gel 

indicates which positions were mutated (indicated by an ‘X’), using the positional scheme 

in the bottom diagram of panel a. Hydrophilic (teal) and methionine (yellow) residues were 

mutated to leucine and valine, respectively. c, Three views of the Rho-2TMD structure 

showing that CCDC47’s latch helices are wedged between the ribosome and a closed Sec61. 

d, Experimental strategy (left) to measure hydrophobic domain access to the Sec61 lateral 

gate downstream of a membrane domain. Either the first three TMDs of Rho (Rho-3TMD) 

or an artificial poly-leucine TMD (22L), is fused ahead of preprolactin. If the preprolactin 

signal sequence successfully engages Sec61, the glycosylated fusion protein is cleaved; 

otherwise, the glycosylated fusion protein remains intact. 35S-methionine labelled fusion 

proteins were translated with wild type (WT) or CCDC47 KO (∆) semi-permeabilised 

cells in the absence or presence of 2 μM Apratoxin A (ApraA, a Sec61 inhibitor). The 

pelleted cells were analysed by SDS-PAGE and autoradiography. Glycosylated (+glyc) 

and non-glycosylated (-glyc) fusion protein and the cleaved prolactin domain are marked. 

Quantification from three experiments (mean ± standard deviation) is shown below the gel.
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Fig. 4. Insertion of multipass proteins independent of Sec61 activity.
a, Tandem-mass-tag (TMT) mass spectrometry of proteins copurified with early and late 

Rhoext insertion intermediates (see diagram). The top four proteins differentially recovered 

with the late intermediate are indicated. The raw data are in Supplementary Table 1. b, 

Samples prepared as in panel a and a negative control lacking substrate were analysed by 

immunoblotting for the indicated proteins. c, Cryo-EM map (top) and map overlaid with 

model (bottom) of the Rho-4TMD translocation intermediate (stalled 40 amino acids beyond 

TMD3) containing the PAT, BOS, GEL and Sec61 complexes. The PAT complex is shown 

at two contour levels. The detergent micelle was removed for clarity. The position of the 

substrate is based on crosslinking data showing that TMD1, TMD2, and TMD3 are adjacent 

to Asterix, TMCO1 and the closed Sec61 complex, respectively. d, Photo-crosslinking of 
35S-methionine-labelled Rho-4TMD translocation intermediates via BPA at the indicated 

positions of each TMD. Non-glycosylated and glycosylated substrate (Rho and Rho+glyc., 

respectively) and the adducts to Asterix (x-Asterix), TMCO1 (x-TMCO1), Sec61β (x-S61β) 

and Sec61α (x-S61α), verified in Extended Data Fig. 7d, and 7e, are indicated. e, In vitro 

translation reactions of ASGR1 and Rho in the absence or presence of RMs and 2 μM 

Apratoxin A were analysed by protease protection. The translation products were digested 

with proteinase K (PK) without or with detergent (subscripted d) where indicated. Red 

arrows represent PK-protected fragments indicative of successful translocation. f, Cell lines 

containing the indicated inducible fluorescent protein reporters (see Extended Data Fig. 10) 
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were treated with control or Sec61A1-targeting siRNAs. Reporter expression was induced 

in the presence or absence of 200 nM Apratoxin A and the cells were analysed by flow 

cytometry. Histograms of normalised reporter expression are shown. SQS is a tail-anchored 

protein inserted by EMC.

Smalinskaitė et al. Page 47

Nature. Author manuscript; available in PMC 2023 May 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts


	Abstract
	Recruitment of the PAT complex to Sec61
	Architecture of the PAT complex at Sec61
	The substrate binding domain of Asterix
	CCDC47 impedes opening of Sec61
	Multipass translocon bound to substrate
	Protein biogenesis with Sec61 inhibitors
	Model for multipass protein biogenesis
	Methods
	Plasmids, GeneBlocks, and antibodies
	Cell culture
	Flow cytometry analysis
	Preparation of semi-permeabilised cells
	In vitro translation
	Affinity purification of RNCs
	Substrate architecture in the ribosome-translocon complex
	PAT complex reconstitution in Asterix knockout SP cells
	Preparation of substrate RNCs for downstream insertion assays
	Photo-crosslinking via probes in Asterix
	Photo-crosslinking via probes in the substrate
	Cysteine-based chemical crosslinking
	Protease protection assays
	Immunoprecipitations
	Mass spectrometry
	Sample preparation for electron microscopy
	Electron microscopy
	Image processing
	Model building, refinement and validation

	Extended Data
	Extended Data Fig. 1
	Extended Data Fig. 2
	Extended Data Fig. 3
	Extended Data Fig. 4
	Extended Data Fig. 5
	Extended Data Fig. 6
	Extended Data Fig. 7
	Extended Data Fig. 8
	Extended Data Fig. 9
	Extended Data Fig. 10
	Extended Data Table 1
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4

