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Supplementary Fig. 1: Cryo-tomograms of ER-derived vesicles from HEK-293 cells. (A) 2D slice (thickness 2.0 nm) of a representative tomogram. The scalebar corresponds to 100 nm. (B) PyTom correlation scores resulting from template matching 69. Particles with scores of 0.28-0.56 were selected for subsequent subtomogram analysis. Scores are color-coded as indicated. (C) Distribution of ice thickness of n = 50 randomly selected tomograms. Median thickness (156 nm) is indicated, the box defines the lower (138 nm) and upper (167 nm) quartile, whiskers define the minimum (106 nm) and maximum (206 nm) thickness. Outliers are indicated.
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Description automatically generated with low confidence]
Supplementary Fig. 2: Proteomics characterization of microsome preparation. (A) Enrichment of ribosome-associated ER and mitochondrial proteins and depletion of cytosolic proteins when comparing microsome enriched samples to cytosolic supernatant. The y-axis of the volcano plot was made using a two-sided T-test, where the false positive rate was controlled to 5% based on 250 randomizations of the data. (B) Dynamic range of the detected absolute abundances for the measured proteome (central bar labeled with intensity-based quantification, iBAQ). Ribosomal proteins occupy a narrow band of absolute abundances (left bar). Among ribosome-binding GTPases, eEF1a the most abundant (right boxplot). Data points show n=3 technical replicates of 1 experiment. Median of logarithmic of IBAQ values is indicated, the box represents lower and upper quartile, whiskers represent minimum and maximum.
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Supplementary Fig. 3: Observed active intermediates in the context of the complete model of human elongation cycle. Different from Figure 1D all observed ribosomal states are positioned in a model recapitulating structurally characterized states beyond the most abundant ones detected in our study. States that are not detected are grayed out. The solid arrows indicate the cycle from 21, while the transitions to states only detected in our study are broken lines. The Rotated-1 Pre+ state had not been assigned in Fig. 1D due to its missing support from in situ data.
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Description automatically generated with medium confidence] Supplementary Fig. 4: Identification of elongation factor-bound ribosomal translocation intermediate states. (A) Large ribosomal subunits of the TI (translocation intermediate)-Post-1 (6GZ3), TI-Post-2 (6GZ4) and TI-Post-3 (6GZ5) states were fitted into our reconstruction of the ‘translocation’ intermediate from Fig. 1A and the structure of the small ribosomal subunit was superposed onto our reconstruction. Rotational differences of the SSU head and body with respect to our reconstruction are indicated. (B) Domains of eEF2 (6GZ5) fitted into the translocation intermediate. Domains D1, D2, D4 and D5 fit well into the reconstruction, domain D3 is positioned slightly differently. The switch I loop is disordered in our reconstruction indicating a GDP-bound state.
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Supplementary Fig. 5: Cryo-ET analysis of ER membrane-bound ribosomes obtained from stressed cells. (A) Side views (top row) and top views (bottom row) of intermediate states of soluble and ER membrane-associated ribosomes under condition of oxidative stress. (B) Abundance of elongating and hibernating ER membrane-bound ribosomes in WT and DTT-treated vesicles. n(WT) = 132,371 particles in 869 tomograms from 1 experiment, n(DTT) = 26,512 particles in 212 (174 and 38) tomograms from 2 independent experiments. Stacked columns show the modelled mean with the 95% confidence interval as error bars. (C) Different populations of ER translocons from DTT-treated microsomes. (D) Distribution of ER translocon populations in WT and DTT-treated sample (C). n(WT) = 132,371 particles in 869 tomograms from 1 experiment, n(DTT) = 26,512 particles in 212 (174 and 38) tomograms from 2 independent experiments. Stacked columns show the modelled mean with the 95% confidence interval as error bars. (E) Structure of the hibernating ribosome-bound OSTA-translocon complex from DTT-treated samples at an overall resolution of 6.4 Å. (F) Side view (top row) and view from the ER lumen (bottom row) of the active WT (left) and inactive DTT-treated (right) OSTA-translocon. Both reconstructions were filtered to a resolution of 8 Å. SP: signal peptide, NC: nascent chain.



















[image: ]Supplementary Fig. 6: Identification of ribosome-associated EBP1. (A) Structures of EBP1 (6SXO, SPA structure) and MetAP2 (1BN5, crystal structure) fitted into our segmented reconstruction of soluble ribosomes. Arrowheads indicate structural differences between EBP1 and MetAP2 that are not explained by the reconstruction. (B) Abundance of the structurally related proteins EBP1 (PA2G4), MetAP1 and MetAP2 in our ER-vesicle preparation determined by mass spectrometry. n.d. – not determined. Data points show n=3 technical replicates of 1 experiment.
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Supplementary Fig. 7: Reconstructions of multipass translocon populations. (A) Western blots of ER-derived vesicles prepared from HEK293F WT and ΔCCDC47 cells. Samples of WT and knock-out (KO) clones 3 and 9 in different lanes derive from the same experiment. The membrane was cut vertically after blotting and its fragments were processed in parallel. Sec61α (Sec61a) and TRAPγ (TrapG) were used as ER marker. The depicted Western blot is a representative of two independent experiments. (B) Comparison between the multipass translocon population from WT and ΔCCDC47. The difference density is displayed at 2s (red). n(ΔCCDC47) = 555 particles in 60 tomograms from 1 experiment (C) Multipass translocon populations obtained by classification focused on the ER luminal densities of TRAP and NCLN or on CCDC47. (D) Quantification of multipass translocon populations associated with elongating or hibernating ribosomes. Color-code as in (C). n = 14781 particles in 869 tomograms from 1 experiment. (E) Overall structure of the entire multipass translocon-associated ribosome filtered to 8 Å (opaque) and 20 Å (transparent) resolution. Densities of TRAP, NCLN, CCDC47 are highly fragmented due to flexibility or compositional heterogeneity.  (F) Close-up view of Sec61 and TMEM147 (PDB: 6W6L) fitted into the segmented reconstruction from (E). (G) Components of the multipass translocon (PDB: 6W6L) fitted into the segmented densities of CCDC47-containing or TRAP-containing populations. Densities that are distant from the ribosome are fragmented due to flexibility. (H) Close-up views of Sec61 from the entire multipass-translocon population (left) compared to the OSTA-translocon (right). Numbering of TMHs of Sec61α is indicated. SP– signal peptide, NC – nascent chain. (I) Segmented density of Sec61 shown as in (H) of reconstructions from populations lacking or containing CCDC47 and lacking or containing TRAP.
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Supplementary Table 1: Cryo-EM data collection, refinement and validation statistics of ribosome and translocon classes 
	
	#1
Decoding-Sampling State
(EMDB-15871)
	#2 
Classical Pre+ State

(EMDB-15872)
	#3
Classical Pre State

(EMDB-15873)
	#4 
Rotated-1 Pre+ State

(EMDB-15874)
	#5
Rotated-1 Pre State

(EMDB-15875)

	Data collection and processing
	
	
	
	
	

	Magnification   
	79000
	79000
	79000
	79000
	79000

	Voltage (kV)
	200
	200
	200
	200
	200

	Electron exposure (e–/Å2)
	<80
	<80
	<80
	<80
	<80

	Defocus range (μm)
	3
	3
	3
	3
	3

	Pixel size (Å)
	1.724
	1.724
	1.724
	1.724
	1.724

	Symmetry imposed
	-
	-
	-
	-
	-

	Initial particle images (no.)
	134350
	134350
	134350
	134350
	134350

	Final  particle images (no.)
	26980
	40035
	3884
	4196
	5300

	Map resolution (Å)
    FSC threshold
	4.8
0.143
	4.6
0.143
	8.0
0.143
	6.7
0.143
	6.1
0.143

	Map resolution range (Å)
	3.6-51.7
	3.6-34.5
	4.3-51.7
	4.3-51.7
	4.1-51.7

	
	
	
	
	
	

	Refinement
	
	
	
	
	

	Initial model used (PDB code)
	
	
	
	
	

	Model resolution (Å)
    FSC threshold
	
	
	
	
	

	Model resolution range (Å)
	
	
	
	
	

	Map sharpening B factor (Å2)
	
	
	
	
	

	Model composition
    Non-hydrogen atoms
    Protein residues
    Ligands
	
	
	
	
	

	B factors (Å2)
    Protein
    Ligand
	
	
	
	
	

	R.m.s. deviations
    Bond lengths (Å)
    Bond angles (°)
	
	
	
	
	

	 Validation
    MolProbity score
    Clashscore
    Poor rotamers (%)   
	
	
	
	
	

	 Ramachandran plot
    Favored (%)
    Allowed (%)
    Disallowed (%)
	
	
	
	
	




	
	#6
Rotated-2 State

(EMDB-15876)
	#7
Translocation State

(EMDB-15877)
	#8
Post State


(EMDB-15878)
	#9
Non-Rotated Hibernating
(EMDB-15879)
	#10
Rotated Hibernating

(EMDB-15880)

	Data collection and processing
	
	
	
	
	

	Magnification   
	79000
	79000
	79000
	79000
	79000

	Voltage (kV)
	200
	200
	200
	200
	200

	Electron exposure (e–/Å2)
	<80
	<80
	<80
	<80
	<80

	Defocus range (μm)
	3
	3
	3
	3
	3

	Pixel size (Å)
	1.724
	1.724
	1.724
	1.724
	1.724

	Symmetry imposed
	-
	-
	-
	-
	-

	Initial particle images (no.)
	134350
	134350
	134350
	134350
	134350

	Final  particle images (no.)
	20560
	5789
	13511
	7565
	4551

	Map resolution (Å)
    FSC threshold
	4.8
0.143
	6.8
0.143
	5.9
0.143
	6.5
0.143
	6.7
0.143

	Map resolution range (Å)
	3.6-51.7
	3.6-51.7
	3.6-51.7
	4.3-51.7
	4.1-51.7

	
	
	
	
	
	

	Refinement
	
	
	
	
	

	Initial model used (PDB code)
	
	
	
	
	

	Model resolution (Å)
    FSC threshold
	
	
	
	
	

	Model resolution range (Å)
	
	
	
	
	

	Map sharpening B factor (Å2)
	
	
	
	
	

	Model composition
    Non-hydrogen atoms
    Protein residues
    Ligands
	
	
	
	
	

	B factors (Å2)
    Protein
    Ligand
	
	
	
	
	

	R.m.s. deviations
    Bond lengths (Å)
    Bond angles (°)
	
	
	
	
	

	 Validation
    MolProbity score
    Clashscore
    Poor rotamers (%)   
	
	
	
	
	

	 Ramachandran plot
    Favored (%)
    Allowed (%)
    Disallowed (%)
	
	
	
	
	







	
	#11
Ribosome-Sec61-TRAP-OSTA

(EMDB-15884)
	#12 
Ribosome-Sec61-TRAP


(EMDB-15885)
	#13
Ribosome-Sec61-TRAP-Multipass
(EMDB-15886)
	#14
Ribosome-Sec61-Multipass

(EMDB-15887)
	#15
Ribosome-EBP1


(EMDB-15888)

	Data collection and processing
	
	
	
	
	

	Magnification   
	79000
	79000
	79000
	79000
	79000

	Voltage (kV)
	200
	200
	200
	200
	200

	Electron exposure (e–/Å2)
	<80
	<80
	<80
	<80
	<80

	Defocus range (μm)
	3
	3
	3
	3
	3

	Pixel size (Å)
	1.724
	1.724
	1.724
	1.724
	1.724

	Symmetry imposed
	-
	-
	-
	-
	-

	Initial particle images (no.)
	134350
	134350
	134350
	134350
	134350

	Final  particle images (no.)
	42215
	6725
	6194
	8477
	24577

	Map resolution (Å)
    FSC threshold
	4.5
0.143
	6.5
0.143
	7.5
0.143
	6.7
0.143
	5.0
0.143

	Map resolution range (Å)
	3.6-51.7
	4.1-51.7
	4.5-51.7
	4.3-51.7
	3.8-51.7

	
	
	
	
	
	

	Refinement
	
	
	
	
	

	Initial model used (PDB code)
	
	
	
	
	

	Model resolution (Å)
    FSC threshold
	
	
	
	
	

	Model resolution range (Å)
	
	
	
	
	

	Map sharpening B factor (Å2)
	
	
	
	
	

	Model composition
    Non-hydrogen atoms
    Protein residues
    Ligands
	
	
	
	
	

	B factors (Å2)
    Protein
    Ligand
	
	
	
	
	

	R.m.s. deviations
    Bond lengths (Å)
    Bond angles (°)
	
	
	
	
	

	 Validation
    MolProbity score
    Clashscore
    Poor rotamers (%)   
	
	
	
	
	

	 Ramachandran plot
    Favored (%)
    Allowed (%)
    Disallowed (%)
	
	
	
	
	





	
	#16
Idle Ribosome-Sec61-TRAP-OSTA
(EMDB-15889)

	#17
Sec61-TRAP-OSTA- Translocon (all)
(EMDB-15870)
(PDB 8B6L)
	#18
Sec61-TRAP-OSTA- Translocon

(EMDB-15890)

	#19
Sec61-TRAP-OSTA-L1-Translocon

(EMDB-15891)
	#20
Sec61-TRAP-OSTA-L2-Translocon

(EMDB-15892)

	Data collection and processing
	
	
	
	
	

	Magnification   
	79000
	79000
	79000
	79000
	79000

	Voltage (kV)
	200
	200
	200
	200
	200

	Electron exposure (e–/Å2)
	<80
	<80
	<80
	<80
	<80

	Defocus range (μm)
	3
	3
	3
	3
	3

	Pixel size (Å)
	1.724
	1.724
	1.724
	1.724
	1.724

	Symmetry imposed
	-
	-
	-
	-
	-

	Initial particle images (no.)
	134350
	134350
	134350
	134350
	134350

	Final  particle images (no.)
	9163
	42215
	4555
	14541
	14991

	Map resolution (Å)
    FSC threshold
	6.4
0.143
	7.6
0.143
	9.3
0.143
	8.2
0.143
	8.3
0.143

	Map resolution range (Å)
	4.3-51.7
	5.4-51.7
	6.5-51.7
	5.4-51.7
	5.7-51.7

	
	
	
	
	
	

	Refinement
	
	
	
	
	

	Initial model used (PDB code)
	
	AF and Colab models 
	
	
	

	Model resolution (Å)
    FSC threshold
	
	6.0
0.5
	
	
	

	Model resolution range (Å)
	
	
	
	
	

	Map sharpening B factor (Å2)
	
	
	
	
	

	Model composition
    Non-hydrogen atoms
    Protein residues
    Ligands (RNA)
	
	
29611
3798
0
	
	
	

	B factors (Å2)
    Protein
    Ligand (RNA)
	
	
328.57
-
	
	
	

	R.m.s. deviations
    Bond lengths (Å)
    Bond angles (°)
	
	
0.003
0.594
	
	
	

	 Validation
    MolProbity score
    Clashscore
    Poor rotamers (%)   
	
	
1.26
2.19
0%
	
	
	

	 Ramachandran plot
    Favored (%)
    Allowed (%)
    Disallowed (%)
	
	
96.11%
3.81%
0.08%
	
	
	

	
	
	
	
	
	




	
	#21
SPA reconstruction Classical Pre+ State


(EMDB-15893)
(PDB 8B6Z)

	Data collection and processing
	

	Magnification   
	

	Voltage (kV)
	300

	Electron exposure (e–/Å2)
	40

	Defocus range (μm)
	

	Pixel size (Å)
	0.729

	Symmetry imposed
	-

	Initial particle images (no.)
	66041

	Final  particle images (no.)
	19046

	Map resolution (Å)
    FSC threshold
	2.9
0.143

	Map resolution range (Å)
	2.3-22.7

	
	

	Refinement
	

	Initial model used (PDB code)
	4C0S

	Model resolution (Å)
    FSC threshold
	3.2
0.5

	Model resolution range (Å)
	-

	Map sharpening B factor (Å2)
	0

	Model composition
    Non-hydrogen atoms
    Protein residues
    Ligands (RNA)
	
3581
442
8

	B factors (Å2)
    Protein
    Ligand (RNA)
	
47.78
51.17

	R.m.s. deviations
    Bond lengths (Å)
    Bond angles (°)
	
0.002
0.505

	 Validation
    MolProbity score
    Clashscore
    Poor rotamers (%)   
	
0.70
0.59
0.27%

	 Ramachandran plot
    Favored (%)
    Allowed (%)
    Disallowed (%)
	
98.64%
1.36%
0%

	
	




Supplementary Table 2: Most abundant proteins determined by mass-spectrometry analysis of ER-derived microsomes and its supernatant from HEK293 cells (full dataset deposited on PRIDE database with identifier PXD035475). 

	Protein IDs
	Gene names
	iBAQ supernatent
	iBAQ microsomes

	P63261
	ACTG1
	4.8E+09
	8.39E+09

	A0A0G2JIW1
	HSPA1B
	7.3E+09
	3.46E+09

	P68104
	EEF1A1
	3.5E+09
	2.47E+09

	P10809
	HSPD1
	1.2E+07
	4.96E+09

	P62937
	PPIA
	3.2E+09
	1.36E+09

	Q8N257
	HIST3H2BB
	1.3E+08
	4.57E+09

	P06733
	ENO1
	3.6E+09
	6.19E+08

	P61604
	HSPE1
	1.3E+07
	4.26E+09

	K7ERI7
	RPL22
	6.4E+08
	9.87E+08

	P68363
	TUBA1B
	2.7E+09
	5.48E+08

	A0A5F9ZHM4
	LDHB
	2.6E+09
	4.39E+08

	P46781
	RPS9
	4.8E+08
	9.25E+08

	P07900
	HSP90AA1
	2.5E+09
	4.31E+08

	Q5JR95
	RPS8
	5.8E+08
	7.9E+08

	Q06830
	PRDX1
	1.9E+09
	5.66E+08

	P62263
	RPS14
	5.8E+08
	9.9E+08

	P68371
	TUBB4B
	2.2E+09
	4.16E+08

	P04406
	GAPDH
	1.7E+09
	3.83E+08

	P62424
	RPL7A
	3.7E+08
	9.85E+08

	P14625
	HSP90B1
	2.6E+08
	2.17E+09

	P23396
	RPS3
	4.7E+08
	6.28E+08

	Q71DI3
	HIST2H3A
	0
	2.35E+09

	G3V203
	RPL18
	2.1E+08
	7.91E+08

	C9J9K3
	RPSA
	4.2E+08
	5.48E+08

	P62701
	RPS4X
	4.8E+08
	6.59E+08

	Q71UI9
	H2AFV
	4.2E+07
	2.1E+09

	P05388
	RPLP0
	4.2E+08
	7.3E+08

	P18124
	RPL7
	2.7E+08
	6.76E+08

	P26641
	EEF1G
	1.2E+09
	6.97E+08

	Q02878
	RPL6
	3.6E+08
	6.08E+08

	P62857
	RPS28
	3.6E+08
	8.35E+08

	P08670
	VIM
	1.2E+09
	7.93E+08

	M0QZC5
	RPS11
	5E+08
	5.15E+08

	P07737
	PFN1
	1.6E+09
	2.8E+08

	P62899
	RPL31
	2.5E+08
	5.4E+08

	P62269
	RPS18
	2.4E+08
	7.19E+08

	Q16777
	HIST2H2AC
	1.5E+07
	1.73E+09

	P62753
	RPS6
	2.8E+08
	5.76E+08

	P11021
	HSPA5
	5.5E+07
	1.65E+09

	Q5VVC8
	RPL11
	2.8E+08
	4.79E+08

	P62081
	RPS7
	3.5E+08
	6.06E+08

	Q07021
	C1QBP
	1950200
	1.68E+09

	P62244
	RPS15A
	3.1E+08
	3.23E+08

	P36578
	RPL4
	2.8E+08
	5.39E+08

	C9JXB8
	RPL24
	2.3E+08
	4.48E+08

	P62851
	RPS25
	1.1E+08
	8.96E+08

	P12277
	CKB
	1.4E+09
	2.15E+08

	P16403
	HIST1H1C
	4E+07
	1.46E+09

	Q04837
	SSBP1
	0
	1.6E+09

	P46776
	RPL27A
	2.6E+08
	4.4E+08

	B5MDF5
	RAN
	1.1E+09
	3.54E+08

	P23284
	PPIB
	3.3E+07
	1.44E+09

	Q15084
	PDIA6
	4.7E+07
	1.45E+09

	E7ETK0
	RPS24
	2.6E+08
	3.25E+08

	P62249
	RPS16
	2.7E+08
	4.26E+08

	P25705
	ATP5A1
	0
	1.49E+09

	P62277
	RPS13
	2.4E+08
	4.8E+08

	P06576
	ATP5B
	0
	1.44E+09

	P26373
	RPL13
	1.6E+08
	7E+08

	E9PK54
	HSPA8
	8.7E+08
	4.36E+08

	Q59GN2
	RPL39P5
	1.7E+08
	8.66E+08

	P21796
	VDAC1
	0
	1.42E+09

	B8ZZQ6
	PTMA
	1.2E+09
	1.33E+08

	P35232
	PHB
	0
	1.42E+09

	A0A2R8Y6J3
	RPL5
	2.7E+08
	3.93E+08

	P12236
	SLC25A6
	0
	1.39E+09

	P40429
	RPL13A
	2.3E+08
	4.81E+08

	P08238
	HSP90AB1
	1.1E+09
	1.97E+08

	P27797
	CALR
	7.8E+07
	1.24E+09

	P61956
	SUMO2
	6.3E+08
	6.46E+08

	P46778
	RPL21
	2.7E+08
	2.97E+08

	P63244
	GNB2L1
	2.6E+08
	3.6E+08

	F8VZJ2
	NACA
	7.1E+08
	3.43E+08

	P13639
	EEF2
	8.3E+08
	2.39E+08

	P05387
	RPLP2
	2.5E+08
	4.79E+08

	P42677
	RPS27
	2.4E+08
	4.66E+08

	P25398
	RPS12
	2.2E+08
	4.28E+08

	P0CG48
	UBC
	5.7E+08
	5.31E+08

	P62805
	HIST1H4A
	0
	1.23E+09

	J3KPX7
	PHB2
	0
	1.24E+09

	P60174
	TPI1
	1E+09
	1.57E+08

	P60842
	EIF4A1
	6.6E+08
	3.27E+08

	D6RAN4
	RPL9
	2.8E+08
	3.77E+08

	P23528
	CFL1
	7.1E+08
	5.13E+08

	H0Y8D1
	PRSS1
	0
	2.51E+08

	J3QRI7
	RPL26
	1.2E+08
	5.81E+08

	P62829
	RPL23
	2.1E+08
	4.45E+08

	P07437
	TUBB
	9.9E+08
	1.99E+08

	P38646
	HSPA9
	0
	1.21E+09

	E7EQV9
	RPL15
	1.3E+08
	2.81E+08

	E7EPB3
	RPL14
	1.1E+08
	3.38E+08

	P15880
	RPS2
	2E+08
	4.11E+08

	A0A3B3ITT5
	RPL29
	1.7E+08
	4.78E+08

	P61353
	RPL27
	1.4E+08
	3.31E+08

	P10599
	TXN
	9.5E+08
	1.51E+08

	P13667
	PDIA4
	3.2E+07
	1.1E+09

	H7BY10
	RPL23A
	8.6E+07
	6.92E+08

	P30050
	RPL12
	1.5E+08
	3.63E+08

	P00338
	LDHA
	9.6E+08
	1.53E+08

	P39023
	RPL3
	2E+08
	3.11E+08

	P61247
	RPS3A
	1.8E+08
	3.51E+08

	P62917
	RPL8
	1.3E+08
	2.79E+08

	P40926
	MDH2
	1282100
	1.09E+09

	Q8WVC2
	RPS21
	2.3E+08
	3.8E+08

	P18077
	RPL35A
	1.9E+08
	3.56E+08

	P84098
	RPL19
	1.1E+08
	5.22E+08

	P53999
	SUB1
	5.3E+08
	4.42E+08

	P07237
	P4HB
	2.9E+07
	9.45E+08

	P30101
	PDIA3
	1.7E+07
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[bookmark: _Toc120287874]Supplementary Video Captions

Supplementary Video 1. The elongation cycle. Experimentally observed elongation intermediates are arranged in the model of the human elongation cycle.

Supplementary Video 2. Conformational changes of eEF1a on ribosomes. Morph illustrating the conformational change of eEF1a from the compact conformation (decoding-recognition state, 5LZS) to the extended conformation (classical-pre+ state).
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