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In brief

In cells, millions of ribosomes translate

mRNAs into functional proteins.

Ribosomes stalling during translation

generate collisions that trigger a wide

range of responses to avoid disease.

Fedry et al. visualized how key

constituents of these pathways change

with collision stress over time.
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SUMMARY
Aberrantly slow ribosomes incur collisions, a sentinel of stress that triggers quality control, signaling, and
translation attenuation. Although each collision response has been studied in isolation, the net conse-
quences of their collective actions in reshaping translation in cells is poorly understood. Here, we apply cry-
oelectron tomography to visualize the translation machinery in mammalian cells during persistent collision
stress.We find that polysomes are compressed, with up to 30%of ribosomes in helical polysomes or collided
disomes, some of which are bound to the stress effector GCN1. The native collision interface extends beyond
the in vitro-characterized 40S and includes the L1 stalk and eEF2, possibly contributing to translocation in-
hibition. The accumulation of unresolved tRNA-bound 80S and 60S and aberrant 40S configurations iden-
tifies potentially limiting steps in collision responses. Our work provides a global view of the translation ma-
chinery in response to persistent collisions and a framework for quantitative analysis of translation dynamics
in situ.
INTRODUCTION

Translation of mRNA into protein is the last and decisive step of

gene expression. It is one of the most energetically costly cellular

processes for most cells. Hence, translation is not only tightly

regulated but also carefully monitored for problems. A large class

of problems occur during translation elongation, causing the ribo-

some to slow excessively or to stall. Potential causes of ribosome

slowing include damaged or inappropriately processed mRNA,

amino acid insufficiency, rare codons, ribosome-nascent chain in-

teractions, damaged ribosomes, elongation factor dysfunction,

toxins, and others. An immediate consequence of an aberrantly

slow ribosome is collision of the trailing ribosome behind it (Fig-

ure 1A). Although occasional transient collisions might be normal

on highly translated mRNAs, persistent collisions are an indicator

of elongation stalling. Thus, cells use ribosome collisions as a key

sentinel of aberrant translation and have evolved several mecha-

nisms to resolve and respond to this situation.
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Key responses to ribosome collisions include inhibition of

further translation initiation on that mRNA, disassembly of colli-

sion complexes, degradation of the associated mRNA, degrada-

tion of the nascent proteins, recycling of ribosomal subunits, and

signaling of multiple stress responses. Each of these responses

has been characterized largely in isolation, resulting in consider-

able insights into the key required factors and their mechanisms

of action. Structural analyses of purified collided ribosomes

in vitro show a leading stalled ribosome in an unrotated state

containing a canonical P-site tRNA abutting a collided ribosome

trapped in the rotated-2 state.1–6 This distinctive collided di-ribo-

some (hereafter disome) architecture is thought to be recognized

by various collision-specific factors to initiate downstream

reactions.

EDF1 binds at the mRNA entry channel on the 40S subunit

near the collision interface and recruits the translation repression

factors GIGYF2 and eIF4E2 to prevent further initiation on the

problematic mRNA.7,8 GCN1 binds both the leading and trailing
boratory of Molecular Biology. Published by Elsevier Inc.
commons.org/licenses/by/4.0/).
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Figure 1. Biochemical analysis of low-dose ANS persistent collision stress in MEF cells

(A) Schematic representation of translational situation in untreated cells (polysomes and low amount of collisions) and under increasing intensities of collision

stress, with associated cellular stress responses and cell fate outcome.

(B) Western blot analysis of collision-stress-induced responses in MEF cells treated with 500 mM arsenite for 10 min, untreated, or treated with 200 nM ANS for

20 min to 10 h: total eIF2a, phosphorylated eIF2a, phosphorylated p38, and phosphorylated JNK.

(C) Corresponding relative intensity measurements, background substracted and normalized by total eIF2a intensity.

(D) 35S incorporation protein synthesis measurements in control cells and cells treated with high-dose cycloheximide (CHX, 100 mg/mL), and low-dose ANS

(200 nM) for 20 min (p = 0.049), 1 h (p = 0.03), and 4 h (p = 0.03). Error bars are standard deviations on n = 3 independent replicates.

(E) Polysome profiling on sucrose gradients for control cells and cells treated with 20 min, 1 h, and 4 h low-dose ANS.

See also Figure S1.
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ribosome of the collided disome and activates GCN2, a key

effector of the integrated stress response (ISR) that attenuates

global translation.6 The long isoform of ZAKa also recognizes

stalled ribosomes and initiates the ribotoxic stress response

(RSR),9,10 leading to cell cycle arrest and apoptosis.10,11 The

E3 ligase ZNF598 selectively binds collided disomes and ubiqui-

tinates RPS10,1,3,12,13 a signal for activation of the ASC-1 com-

plex (ASCC) helicase.14–16 ASCC is thought to pull on the

mRNA and split the stalled ribosome into 60S and 40S sub-

units.17 The peptidyl-tRNA-containing 60S complex is acted on

by the ribosome quality control (RQC) pathway that leads to pro-

teasomal degradation of the truncated nascent chain,18,19

whereas the 40S-mRNA complex engages mRNA degradation

factors.

These and yet other collision-specific pathways are unlikely to

be triggered in all circumstances or on all collisions. Instead, it is

speculated that the response is hierarchical, with relatively con-

servative responses preceding more global responses, such as

stress pathway activation (Figure 1A). At present, the amplitude

and kinetic barriers of these various responses, their spatial rela-

tionships, and their combined effects on the translation and qual-

ity control machinery in cells is unknown. To begin addressing

this problem, we have visualized and classified ribosome popu-

lations in mammalian cells experiencing collision stress using in

situ cryoelectron tomography (cryo-ET). This approach pre-

serves biochemically labile complexes, provides an unbiased

view of the native state of translation, and affords the potential

for extracting spatial information of parallel biochemical path-

ways. Among the many observations, our results reveal that

in vivo: (1) binding of a tRNA in the Z site is favored on slow or

stalled ribosomes; (2) collided disomes have a larger interface

than previously known; (3) a highly efficient ZNF598/ASCC

disassembly system limits collision accumulation and generates
80S monosomes containing a P-site tRNA; (4) clearance of 60S

complexes is limited by Listerin availability; and (5) accumulation

of 40S complexes in aberrant states indicative of impaired

initiation. This study provides a foundation and roadmap for

the in situ analysis of translation under a range of physiologic

and pathologic states.

RESULTS AND DISCUSSION

Low-dose ANS induces stress responses and affects
translation in MEF cells
To induce collision stress, we exposed mouse embryo fibroblast

(MEF) cells to sub-inhibitory concentrations of the elongation in-

hibitor anisomycin (200 nM ANS) for between 20 min and 10 h,

when cell death starts to occur (Figures 1B, 1C, and S1A–

S1D). Western blot analysis revealed an early RSR response,

with increased phosphorylation of the RSR markers p38

and JNK at 20 min of collision stress, gradually returning to

baseline levels (Figures 1B and 1C). In contrast, the ISR

marker phospho-eIF2a did not significantly increase during

acute collision stress, unlike a positive control (500 mM arsenite

for 10 min). Instead, eIF2a was progressively dephosphorylated

over time (Figures 1B and S1E), a result also seen in U2OS

cells (Figure S1F). Reduced eIF2a phosphorylation may be a

compensatory response to decreased protein synthesis in

the presence of ANS, which was about 2-fold lower than un-

treated cells, as measured by 35S-methionine incorporation

(Figure 1D).

Polysome profiling revealed increased 80S and 60S com-

plexes in stressed cells over time (Figure 1E). As we show later,

the 80S monosomes seem to be derived from dissociation of

ribosome collisions, with the 60S subunits presumably resulting

from subsequent 80S splitting. Western blot analysis of
Molecular Cell 84, 1078–1089, March 21, 2024 1079
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polysome fractions demonstrated an accumulation of EDF1 over

time (Figure S1H), consistent with the polysomes containing

collided ribosomes. Although we did not detect increased

ZNF598 on polysomes under our fractionation conditions

(Figures S1G–S1I), its collision-specific activity was evident by

increased RPS10 ubiquitination, as shown before.7,8 These re-

sults illustrate that MEF cells respond to low-dose ANS with a

time-dependent and multi-tiered response that includes the

RSR, reorganization of translation machinery and factors, and

collision detection by EDF1 and ZNF598. This provides an

experimental system for analyzing changes to the translation

machinery in situ by applying cryo-ET to MEF cells before and

after induction of ANS-triggered collision stress.

The Z-site tRNA is a feature of stalled ribosomes
Cryo-ET of untreatedMEF cells resulted in 28,644 ribosomal par-

ticles and an 80S subtomogram average at �6.7 Å resolution

(Figures 2A and 2B). To increase particle numbers and obtain a

resolution benchmark for our setup, we combined these control

particles with the 4 h ANS dataset (18,285 particles), achieving a

resolution of �4.5 Å in the best-resolved large subunit (LSU)

region (Figure S2). Using image classification (Figure S2), we

identified nine 80S ribosome states in untreated cells, largely

associated with polysomes. Seven of these states correspond

to well-established eukaryotic 80S elongating complexes20–22

(Figures 2C–2E and S2): a decoding E-state (16,035 particles,

8.8 Å resolution)20,23,24; a classical PRE state, with or without

elongation factor density (130–2,183 particles per class, resolu-

tion 26–9.2 Å)20,21,23,25,26; a rotated-2 state, without or with eEF2

(409 particles, 15.1 Å, rotated 2, and 2,184 particles, 9.8 Å,

rotated-2+)20–22,26; an unrotated translocation intermediate

(663 particles, 13.9 Å, POSTi)20,21; and a low-abundance unro-

tated POST state (178 particles, 19.7 Å).20,21 Two additional clas-

ses of 80S complexes on polysomes resemble decoding and

PRE states but with tRNA absent from the E site. Instead, a

tRNA was bound further out, in contact with the ribosome

head and L1 stalk, previously referred to as the Z site27 (1,722

particles, 10.3 Å, decoding Z, Figures 2B and 2F) and (382 parti-

cles, 15.4 Å, PRE+ Z, Figures S3A–S3F). The significance of

these Z-tRNA-containing classes became apparent when this

baseline dataset was compared with cells experiencing collision

stress.

To analyze the consequences of collision stress, we focused

primarily on the 4 h ANS time point, when cells have substantially

changed their translation state, initiated the RSR and RQC, but

are not undergoing cell death (Figures 1B, 1C, and 1E). We

compared this state of persistent collision stress to untreated

cells, earlier time points of collision stress, and cells treated

with high-dose ANS (for 3.5 h), which stalls all ribosomes before

they can collide.1 We found that all major ribosomal populations

observed in untreated cells were also present in stressed cells

but that their relative ratios changed over time (Figures 2E and

S3G–S3I). The rotated populations increased markedly, from

9% in untreated cells to 16%–21% in collision-stressed cells,

and were nearly absent in cells where ribosomes were fully

stalled with high-dose ANS. This observation is consistent with

in vitro studies showing that collided ribosomes display the

rotated-2 conformation.1–6
1080 Molecular Cell 84, 1078–1089, March 21, 2024
The decoding Z state seen in 6% of 80S ribosomes in un-

treated cells increased to �25% with collision stress, where

classical PRE+ states are also found with a Z-site-bound

tRNA. Neighbor analysis showed that in both untreated and colli-

sion stress conditions, the PRE+ Z classes have stronger density

for a downstream ribosome compared with an upstream one

(Figures S3A–S3F). This suggests that the PRE+ Z state corre-

sponds to a stalled ribosome, whichwould bemore likely to incur

a collision and hence have a close downstream neighbor. The

PRE+ class, displaying A- and P-site tRNAs, is strongly enriched

under stalling stress (72% of total 80S, Figures S3H and S3I),

which rationalizes previous ribosome profiling results where

ANS stalling caused the accumulation of a 28-nt footprint asso-

ciated with an occupied 40S A-site.28 In addition, these stalled

PRE+ ribosomes also display a Z site, indicating that a collision

is not a prerequisite for achieving a Z-site state. Although this

statemay have beenmissed in earlier reconstructions of isolated

ribosomes due to the biochemical lability of the Z-site tRNA, it

was also observed in situ in untreated HEK cells, but not on ribo-

somes stalled at the initiating AUGwith homoharringtonin.29 This

argues against Z-tRNA resulting from cytosolic deacylated tRNA

rebinding to ribosomes, as previously proposed.27 Instead, the

collective data so far suggests that Z-tRNA is favored on

transiently or fully stalled ribosomes, and the observed subset

of ribosomes in the PRE+ Z state in untreated MEFs, together

with an enriched downstream neighboring ribosome, under-

score the notion that ribosome stalling and collision occur at

an appreciable frequency, even under normal growth conditions.

Collision disassembly produces 80S monosome
complexes
The collision stress datasets revealed a previously undescribed

80S conformation comprising �5% of ribosomes after 1 h and

�20% at 4 h (3,573 particles, 9 Å, Figure 2G). This state features

a tRNA whose acceptor stem is located in the 60S P-site and

attached to nascent chain density visible in the 60S peptide tun-

nel. Although the associated 40S displays partial density for

mRNA, it is not base-paired with the anticodon loop of the

P-tRNA, which is �23 Å away (Figure 2H). These features sug-

gest that this state, which we term OFF P-tRNA, is not an active

translation intermediate, consistent with the absence of neigh-

boring polysome density. Yet, the peptidyl-tRNA andmRNA indi-

cate that it was derived from an elongating ribosome. The

simplest explanation is if the OFF P-tRNA state were derived

from ASCC-mediated splitting of collided disomes, which would

explain why collision stress leads to an increase in 80S

monosomes, as seen by polysome profiling. Consistent with

this interpretation, stalling stress induced with high-dose ANS

showed neither an increased monosome peak on polysome

profiles nor the OFF-P tRNA state in cryo-ET analysis (70 mM,

Figures S3G–S3I).

To directly test whether OFF P-tRNA ribosomes are a product

of collision splitting events, we compared U2OS cells containing

or lacking ZNF598,9 which is required for ASCC-mediated colli-

sion splitting.14–16 Polysome profiling and cryo-ET of wild-type

(WT) U2OS cells experiencing collision stress with low-dose

ANS revealed increased 80S monosomes and �37% of ribo-

somes in the OFF-P tRNA state, similar to observations in MEF



Figure 2. In situ visualization of 80S ribosome populations

(A) Slice through a representative denoised tomogram of control MEF cells, scale bars: 100 nm.

(B) Subtomogram average of 80S particles in the control condition. The small subunit is displayed in dark gray, the large subunit in light gray, the elongation factor

in cyan and the tRNAs in shades of orange to yellow.

(C) Observed active intermediates positioned in model of mammalian elongation cycle. The ribosome is clipped for visualization. A, P, and E indicate ribosomal

aminoacyl, peptidyl, and exit sites, respectively. The tRNAs are color coded with respect to a complete cycle. The color code is the same as in (B), with eEF1A in

cyan, eEF2 in purple, and the Z tRNA in green.

(D) Different ribosome elongation states mapped back in the original tomogram shown in (A). Segmented membranes and microtubules are displayed in white.

(E) Relative abundance of ribosomal elongation complexes in all datasets.

(F) Close-up view on the Z-site-bound tRNA of the decoding Z complex.

(G) Off-pathway ribosomal complex observed under prolonged low-dose ANS stress (1 and 4 h). The tRNA is displayed in dark red.

(H) Same complex as in (G), displaying a model fit for the tRNA, eEF2, and the mRNA density (dark cyan).

(I) Same complex as in (G) and (H), side view, clipped for the visualization of the peptide exit tunnel displaying a nascent chain (pink) bound to the tRNA.

See also Figure S3.
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Figure 3. In situ analysis of ribosome collisions

(A–D) (A) Distance to nearest-neighbor plot for the control dataset, (B) same at 20min low-dose ANS stress, (C) same at 1 h low-dose ANS stress, and (D) same at

4 h low-dose ANS stress. On each plot, n indicates the number of distances counted in the plot, i.e., all entry/exit distances < 12 nm.

(E) Rough quantification of ribosomeswith a defined close neighbor based onRELION 3D classification results. Patterned region indicates the proportion of these

ribosomes in collisions bound by GCN1 for each condition. Bar and whiskers are mean and SD across tomograms (untreated n = 87, 20 min ANS n = 68, 1 h ANS

n = 36, 4 h ANS n = 45).

(F) In situ subtomogram average of collided disome. Close-up view displays fitted models for the Z-site tRNA and eEF2.

(G–J) (G) In situ subtomogram average of GCN1-bound collided disomes and side views: (H) of the stalled ribosome, (I) on the collided ribosome.

(J) GCN1-bound collisions mapped back into a tomogram. Segmented membranes are displayed in light gray and all other 80S particles in transparent light

mauve. See also Figure S4.
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cells. By contrast, ZNF598 knockout (KO) cells in the same stress

conditions lacked both a monosomal peak in polysome profiles

and the OFF-P tRNA state in cryo-ET image classification

(Figures S3J–S3L). Together, these data demonstrate that the

OFF-P tRNA monosome species is downstream of collision

sensing by ZNF598, likely due to subsequent ASCC-mediated

disomedissociation. Reconstitution studies show thatASCCdis-

sociates the lead ribosome of a collision to generate substrates

for RQC, so the observed OFF-P tRNA 80Smonosome probably

represents the final trailing ribosome of a collision pair or queue.

This would be consistent with the presence of mRNA in the 40S

subunit. High-level accumulation of this product suggests that

its further splitting into subunits to allow access by RQC is rate-
1082 Molecular Cell 84, 1078–1089, March 21, 2024
limiting, presumably because mRNA in the 40S A site impedes

access by the Pelota-Hbs1L ribosome rescue complex.24

Collision complexes on compressed polysomes are
structurally diverse
To assess the effect of collision stress on the spatial relation-

ships between ribosomes, we conducted nearest-neighbor

analysis. For each 80S mRNA entry and exit site, we determined

the closest exit and entry sites, respectively, on another 80S

within 12 nm (compatible with neighbor particles on the same

polysome). In untreated cells, distances varied widely, peaking

at �7 nm (Figure 3A). However, collision stress led to a gradual

compression of these distances over time (Figures 3A–3D),
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with plots showing a sharp peak at �4.5 nm after 1 and 4 h of

stress. This distance matches the mRNA length between entry

and exit sites in cryoelectron microscopy (cryo-EM) reconstruc-

tions of isolated collided disomes.1–3

To visualize the ribosome populations with close neighbors, we

used imageclassificationwithamaskonneighboring40Ssubunits

(Figure S4A). We detected ribosomes with defined densities for

contacting neighbors in all datasets, including in non-stressed

cells, though at varying levels (Figures 3E and S4). In untreated

cells, �4.4% of 80S ribosomes had close neighbors, increasing

to �9.2% at 20 min of collision stress, peaking at �30% after 1

h, and then decreasing to �19% after 4 h. These counts are

approximate due to image classification limitations, explaining

why ribosomes from these classes plotted back into their original

tomograms occasionally show imperfect pairing in Figures S9

and S10. Nonetheless, the decrease in collisions at 4 h is genuine,

perhaps due to negative feedbackmechanisms that reduce initia-

tion on mRNAs containing collided ribosomes (Figure 1D).7,8

Conversely, U2OS cells lacking ZNF598 had approximately 61%

of ribosomes with close neighbors, highlighting the importance

of this pathway in limiting the accumulation of collisions in cells

(Figure S4B).

To assess ribosome elongation states in collided disomes, we

used image classification with a mask around tRNA sites and the

GTPase activation center (GAC). Our analysis reveals greater di-

versity in collisions than previously anticipated from studies on

purified disomes.2 We identified two lead ribosomes subpopula-

tions: a decoding-like state and a PRE+-like state (Figures S4A–

S4C). The density at the stalled ribosome GAC in the decoding

class differs from typical eEF1A and likely features a factor

involved in the recognition of stalled ribosomes, like DRG2

(Rbg2 in yeast).6 Interestingly, the proportion of lead ribosome

in the PRE+ conformation increases from �11% in untreated

cells to 36% at 4 h of collision stress. This suggests that the

lead ribosome in a collision is initially found in the decoding Z

conformation bound by detection factors and, if left unresolved,

may eventually transition to the PRE+ fully stalled state. Similarly,

the collided ribosome is also found in two states: a decoding-like

state and the rotated-2+ conformation. The rotated-2+ popula-

tion increases from 65% in untreated cells to 90% after 4 h, sug-

gesting that it too may undergo a conformational transition over

time if the collision is not resolved promptly (Figures S4A–S4C).

Despite this heterogeneity, themost abundant disome class in

our data displayed an overall geometry similar to purified XBP1u-

stalled human disomes (Figure 3F),2 but with key differences at

the inter-ribosome interface. Whereas the in vitro structure

shows an interface between only the 40S subunits, our in situ

structure contains an extra Z-site tRNA, with the L1 stalk in an

open conformation on the leading 60S subunit facing an addi-

tional eEF2 bound to the rotated-2 trailing ribosome (Figure 3F).

It is likely that both the Z-tRNA and eEF2 have detached in

previous sample preparation steps of mammalian collision

complexes.1,2 Finally, collisions between endoplasmic reticulum

(ER)-bound ribosomes adopt a similar arrangement as cytosolic

ribosomes, apparently relying on a local negative curvature of

the fluid ER membrane (Figures S4D–S4F), as had been specu-

lated in earlier work.1 These results collectively show that colli-

sions are not homogeneous entities, differ in several ways from
those analyzed in vitro, and seem to change conformation over

time if left unresolved. These findings raise the intriguing possi-

bility that the different conformations may signal different down-

stream consequences, an idea that remains to be explored.

GCN1 binding distinguishes collided disomes from
compact helical polysomes
To analyze collision detection factors in situ, we performed im-

age classification on stalled and collided ribosome populations,

using masks around weak densities. Our approach visualized

mammalian GCN1-bound collisions in situ resembling purified

GCN1-bound yeast disomes (Figures 3G–3J).6 A density at the

EDF1/Mbf1 binding site is also visible in these collisions

(Figures S4G and S4H), in line with collision-dependent EDF1

accumulation on polysomes (Figure S1H). The proportion of total

cellular ribosomes present in GCN1-bound collisions increases

from�2% in untreated cells to�6%at 1 and 4 h of ANS-induced

collision stress (Figure 3E, dashed regions of histogram). GCN1

is found on the early state of collided complexes containing

stalled decoding-like ribosomes rather than the later PRE-like

stalled state (Figure S4A). This observation provides in vivo sup-

port for the previous proposal that GCN1 is an early checkpoint

for ribosome collisions.6

Our analysis also revealed a class of ribosomeswith trailing and

leading neighbors at a similar distance, but less defined and with

an angle distinct from that observed in reconstructions of purified

collided disomes (Figures S4I and S4J). This class corresponds to

a compact helical polysomal arrangement, one of several arrange-

ments described in earlier cryo-ET analyses of untreated cells.30 In

our dataset, the helical polysomes mostly contain ribosomes in a

POSTi translocation intermediate step, indicating that they can

initiate translocation, as opposed to collided rotated-2 ribosomes.

The helical polysome class is found at all collision stress time

points (Figures S4A–S4C), but not in untreated MEF cells, sug-

gesting that it arises from acute collisions that have yet to be

resolved. Consistent with this idea, the helical configuration is

especially prominent in polysomes generated by in vitro transla-

tion on a truncated mRNA.31 It was also observed on non-trun-

cated mRNA in long-term in vitro translation reactions,32 a system

that is more prone to stalling than in cells.1

Extrapolation of the typical collided disomearrangement shows

a maximal polysome length of 4 ribosomes before clashes occur,

whereas the helical geometry is not limited in polysome length

(Figures S4K andS4L). This suggests that the helical configuration

might bemore prominent under conditionswhere collision resolu-

tion is slow or saturated. This difference in configuration probably

has functional consequences, given that the middle ribosomes

within a polysomal helix do not have appreciable GCN1 in any of

our cyro-ET datasets. Modeling suggests that the helical arrange-

ment is incompatible with GCN1 binding due to clashes with the

P-stalk of the trailing ribosome (Figures S4M–S4O). Together,

these results argue that GCN1 specifically recognizes early

collided disomes but cannot bind the compact helical polysomes

that probably form later downstream unresolved persistent colli-

sions. These observations provide a plausible structural explana-

tion for how different downstream consequences could be trig-

gered in a time-dependent manner in cells experiencing

unresolved collision stress.
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Figure 4. In situ subtomogram averages of 60S complexes

(A) Major 60S complex observed in control cells displaying densities corresponding to eIF6 (purple), EBP1 (blue), and a putative eFL1 (light green). PDB co-

ordinates for 60S, eIF6, and EBP1 were fitted independently (using the corresponding chains from PDB: 7OW7 for the 60S and eIF6, and PDB: 6LSR for EBP1).

(B) Second-most abundant 60S class, corresponding to previously describedmaturation state B, displaying densities corresponding to eIF6 (purple), LSG1 (light

blue), NMD3 (beige), and ZN622 (dark red). Fitted PDB coordinates (PDB: 6LSR).

(C) Relative abundances of the 60S complexes observed in the control dataset.

(D) Major 60S complex observed in the 4 h low-dose ANS stress dataset displaying densities for eIF6 (purple), partial P-site tRNA (gold), and nascent chain (hot

pink). PDB coordinates were fitted independently using the corresponding chains from 3J92 for 60S, eIF6, and tRNA, and 5AJ0 for the nascent chain.

(E) NEMF- and Listerin-bound 60S particles, as observed in stressed cells. Fitted PDB coordinates (PDB: 3J92).

(F) Relative abundances of the 60S complexes observed in 4 h low-dose ANS stress dataset.

See also Figure S5.
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Non-functional tRNA-bound 60S particles accumulate
under persistent collision stress
The steps downstream of ribosome collisions include the ASCC-

mediated splitting of the stalled lead ribosome into 40S and 60S

subunits, the latter of which engages RQC.We analyzed RQC by

comparing 60S particles in the untreated and 4 h collision stress
1084 Molecular Cell 84, 1078–1089, March 21, 2024
datasets (with�1,500 and�2,700 particles, respectively). In un-

treated cells, the major population (�64%) featured an idle 60S

particle with additional density at RPL23, the GAC, and the exit

tunnel (Figures 4A and 4C). Based on their shapes and positions,

the RPL23-bound density is probably eIF6, the exit tunnel den-

sity is probably EBP1, and theGACdensity could be EFL1, which
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is involved in the release of eIF6 at a late step of ribosome

maturation. The other major 60S population (�26%) strongly re-

sembles the earlier cytosolic maturation intermediate state B

(Figures 4B and 4C),33 with densities matching LSG1, NMD3,

eIF6, ZN622, and EBP1. These assignments suggest that most

60S particles in untreated cells are probably late 60S maturation

intermediates, although somemay also be 60S intermediates re-

cycled from canonical termination.

After 4 h of collision stress, idle 60S particles were absent and

the proportion of state B maturation intermediate decreased to

�10% (Figure 4F), potentially due to reduced ribosome biogen-

esis under conditions of reduced protein synthesis (Figure 1D).

Instead of these maturation intermediates, most 60S particles

(79%) contain densities for a P-site tRNA attached to a nascent

chain, eIF6 and EBP1 (Figures 4D, 4F, and S11). The peptidyl-

tRNA indicates that these 60S particles are derived from

previously translating ribosomes, presumably by disassembly

of collision complexes. Peptidyl-tRNA-60S complexes are

recognized by the RQC nuclear export mediator Factor (NEMF)

to facilitate recruitment of the E3-ligase Listerin for the ubiquiti-

nation of the truncated nascent chain.18,19 Subsequent classifi-

cation revealed densities typical for NEMF and Listerin19 on a

class comprising �10% of the total 60S in both the untreated

and 4 h ANS datasets. Additional tRNA-bound populations,

possibly bound by NEMF alone, were observed in the 4 h ANS

conditions (Figure S5). These findings suggest that untreated

cells continually access RQC (consistent with low-level colli-

sions), that only a modest amount of additional NEMF exists to

handle elevated collision stress, and that Listerin is the most

limiting factor in resolving post-splitting peptidyl-tRNA-60S

complexes. Our finding that peptidyl-tRNA-associated 60S sub-

units accumulate after collision stress is consistent with an early

study showing 60S subunit accumulation after similar low-dose

ANS treatment.34 At the time, this observation was ascribed to a

failure of 60S subunit joining, although the reason was unknown.

It now emerges that saturation of RQC during collision stress

leads to non-empty 60S subunits that cannot participate in

translation.

Collision stress induces progressive impairment of
translation initiation
Partial protein synthesis inhibition (by �2-fold) in MEF cells

exposed to 200 nm ANS is associated with reduced eIF2a phos-

phorylation, potentially to promote a compensatory increase in

translation initiation. These same conditions also lead to a range

of stalled, elongating, and collided states, multiple signaling

pathways downstream of collisions, and increased recycling of

stalled 80S ribosomes into 40S and 60S subunits. To understand

the consequences of this multi-tiered perturbation for translation

initiation, we analyzed the molecular compositions of initiation

complexes. Because these populations are less abundant than

80S populations, quantifications are less precise; therefore, we

focused our analysis only on the major differences between

normal and collision stress conditions, using cells with acute

arsenite-induced ISR as a control for inhibition of initiation.

All datasets contained 40S and 43S complexes (Figures 5A–

5F), both of which differed between untreated and collision

stress conditions, although they were not affected by stalling
stress. Untreated cells showed 40S subunits with densities

that match eIF1 and eIF1A (Figure 5A), consistent with a pre-

43S assembly state.35 This complex remained the most abun-

dant class, even after induction of the ISR with arsenite, consis-

tent with the ISR acting at a later step in initiation. In contrast to

these two control conditions, acute collision stress for 20 min led

to an abundant 40S complex with bound eIF1, eIF1A, eIF2, and

P-tRNA, but lacking eIF3 (Figure 5B). At 4 h of collision stress, we

find 2 other 40S populations (Figure 5C). The first contains eIF1

and eIF1A, with an additional tRNA, while the second carries

eIF1A, a differently positioned tRNA, and an extra factor. Based

on its shape and position, this factor is provisionally ascribed to

eIF5B and a de-acylated tRNA (Figure 5C).36,37 These collision-

specific aberrant populations may represent 40S complexes

that failed to accomplish subunit joining due to insufficient free

60S complexes. Consistent with this interpretation, most 60S

complexes in cells experiencing collision stress are occupied

with peptidyl-tRNA. Thus, a high rate of collision combined

with saturated RQC activity may lead to aberrant initiation com-

plexes arising from 60S insufficiency.

43S complexes represent the well-studied preinitiation com-

plex (PIC) featuring densities matching eIF1, eIF1A, eIF2a,

eIF2b, eIF2g, eIF3, eIF4A1, and a P-site t-RNA (Figure 5D).38–41

In untreated cells where translation is highly active, 44% of par-

ticles were 43S PICs. Arsenite-induced ISR activation led to a

marked reduction in PICs to 15% and the formation of 43S

PICs lacking eIF2 and P-tRNA, as expected for cells that have

high levels of eIF2a phosphorylation. By contrast, collision stress

showed relatively modest changes in the proportion of 43S com-

plexes, which matches the observation that eIF2a phosphoryla-

tion is unchanged or even reduced. A subclass in the 4 h collision

stress dataset (551 particles) and the stalling dataset (307 parti-

cles) displayed 43S complexes with an extra density compatible

with eIF4G and eIF4A in size and shape (Figure S6A).40 These are

subunits of the 4F complex necessary for scanning, so this class

may represent 43S particles that have not yet reached the start

codon. It is unclear why this complex seems to be more promi-

nent in cells experiencing persistent collision stress.

The other difference between 43S complexes from untreated

cells and cells experiencing collision stress was a strong but

ill-defined density at the mRNA entry channel in untreated cells

that progressively weakened with increasing time of collision

stress (Figures S6C–S6F). Flexible density in this position is

consistent with mRNA, which we postulated might be preferen-

tially stabilized in untreated or stalled cells by an adjacent 80S

complex that had just initiated elongation (Figures S6G–S6J).

This hypothesis was supported by nearest-neighbor analysis,

which showed an inverse correlation between the distance to

an 80S complex and strength of this density across our condi-

tions (Figures S6K–S6N). These results indicate that the fre-

quency of 43S complex arrival relative to 80S departure from

the start codon decreases under collision stress conditions.

The reason for this altered timingmight be due to reduced overall

efficiency of initiation during persistent collision stress.

Conclusions and perspective
The ability to directly visualize biochemical pathways and re-

actions in their native context affords an important
Molecular Cell 84, 1078–1089, March 21, 2024 1085



Figure 5. In situ subtomogram averages of 40S complexes

(A) 40S complex observed in control cells, densities corresponding to eIF1 and eIF1A are displayed in blue and purple, respectively. Fitted PDB coordinates

(PDB: 4KZY).

(B) Abundant 40S complex appearing at 20 min low-dose ANS stress, displaying extra densities corresponding to tRNA (gold) and eIF2 (red).

(C) Major 40S complexes observed at 4 h low-dose ANS stress displaying a P-site tRNA (gold) and a density depicted in light green, possibly fitting eIF5B (PDB

coordinates [PDB: 7TQL]).

(D) 43S complexes observed in all datasets, displaying eIF3 (pink) and an extra density shown in light cyan proposed to correspond to an mRNA. Fitted PDB

coordinates (PDB: 6ZMW).

(E) Subtomogram average of a 40S complex with eIF3 but lacking eIF2 and tRNA, in cells treated with 500 mM arsenite for 15 min. Fitted PDB coordinates

(PDB: 6ZMW).

(F) Relative abundances of the 40S complexes observed in untreated cells and under high-dose ANS stalling, arsenite, or low-dose ANS stress.

See also Figure S6.
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complement to their analyses in lysates or purified reconsti-

tuted systems. First, all the components are at their endoge-

nous concentrations and locations. Second, labile interactions

that might be lost in biochemical sample processing can be

preserved. Third, the spatial relationships between different

components and their positions relative to other cellular struc-

tures can be determined. Fourth, multiple biological pro-

cesses can be evaluated from the same sample and dataset

rather than devising separate bespoke assays for different re-

actions. Finally, the reactions occur at physiologic pH, salt,

metabolite, and crowding conditions that are difficult to reca-

pitulate in vitro. We have leveraged these advantages to

analyze mammalian translation and quality control in situ
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and determine how key constituents of these pathways

change with persistent collision stress.

A number of insights emerge from our work, generating hy-

potheses and directions for future work (Figure S18). First, we

visualized tRNA bound to the Z site of elongating ribosomes

that resemble the PRE and decoding states. The data suggest

that Z-site tRNA is favored by transient deceleration or persistent

stalling of a ribosome, possibly due to inefficient ejection of the

deacylated tRNA, and is therefore more common in cells under-

going collision stress.

Second, the interface between collided ribosomes

extends beyond small subunits and involves a Z-site tRNA and

open L1 stalk on the stalled ribosome and eEF2 on the collided
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rotated-2 neighbor. This larger and more constrained interface

would disfavor head swivel motion and eEF2 release on the

collided ribosome, which might explain why translocation is

impaired.

Third, the collided disome is not a homogeneous unit, as pre-

viously thought, but varies in its conformation and composition

over time. The important implication of this finding is that

different collided states may encode information about the

severity, time, or source of stalling, allowing the cell to respond

in different ways. Indeed, the ISR effector GCN1 associates

with early transient collisions, included in untreated cells, but

not with helical polysomes, which only accumulate under acute

collision situations. It is attractive to speculate that another

factor, such as ZAKa, could recognize static helical ribosomes

and initiate a different downstream signaling program.

Fourth, ASCC-mediated collision resolution leaves behind a

previously unappreciated OFF-P tRNA 80S monosome that

seems to be inefficiently recycled.

Fifth, saturation of the RQC during persistent collision stress

leads to the accumulation of peptidyl-tRNA-60S complexes at

the expense of free 60S available for subunit joining.

Sixth, a substantial proportion of initiation complexes in cells

experiencing persistent collision stress are aberrant, possibly

as a consequence of free 60S insufficiency.

Each of these insights highlights the value and power of cryo-

ET for integrating native conformational and spatial information

in cells to discriminate between previously proposed models

and generate hypotheses for future work. Our approach repre-

sents a blueprint for future cellular cryo-ET studies of the

translation machinery in various physiological and pathological

conditions.

Limitations of the study
This study does not address the functional relevance of all ob-

servations revealed by our approach. This is largely due to the

lack of methods thus far to target specific ribosomal conforma-

tions for isolation or in cell functional assays. For instance, the

exact functional implications of the Z-site tRNA remain to be

tested, but methods to do so must first be developed. It is

nearly impossible to manipulate essential components such

as the L1 stalk or eEF2, as numerous secondary consequences

would make any observations uninterpretable. Future molecu-

lar dynamics studies could be informative to compare the dy-

namics of a tRNA bound to the Z site or E site, as well as to

explore differences in the presence or absence of a collided

ribosome. Our results using ZNF598 KO cells suggest that

OFF-P tRNA ribosomes arise downstream of disome ubiquiti-

nation and splitting, but we cannot fully exclude the possibility

that they are generated via a different function of ZNF598. In

addition, our work does not address the potential impact of

these ribosomes on cells or their recycling mechanism(s). Our

data further indicate that initiation is impaired during persistent

collision stress, but functional assays that measure the exis-

tence and consequences of futile initiation events in cells

remain to be developed. Finally, the extent to which our conclu-

sions based on ANS-induced collision stress apply to other

triggers of ribosome collisions remains to be investigated

experimentally.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Total eIF2a Cell Signaling #9722; RRID: AB_2230924

phospho-eIF2a Cell Signaling #9721; RRID: AB_330951

phospho-p38 Cell Signaling #4511; RRID: AB_2139682

phospho-JNK1+2 Cell Signaling #4668; RRID: AB_823588

PARP-1 Cell Signaling #9542; RRID: AB_2160739

Caspase 3 Cell Signaling #9662; RRID: AB_331439

GCN1L1 Thermo Fisher Scientific A301-843A-M; RRID: AB_1264319

EDF1 Abcam #ab174651; RRID: AB_2893192

ZNF598 Thermo Fisher Scientific A305-108A-M; RRID: AB_2782415

RPL35 Thermo Fisher Scientific PA552245; RRID: AB_2646744

RPS10 Abcam #ab151550; RRID: AB_2714147

Chemicals, peptides, and recombinant proteins

Anisomycin Sigma-Aldrich A9789

Arsenite Supelco 1062771000

35S-methionine label Hartmann Analytic ARS0110

Cycloheximide Sigma-Aldrich C7698

RNAsin Ribonuclease inhibitor Promega N2515

Complete EDTA-free protease inhibitor Roche 5056489001

Phosphatase inhibitor cocktail 100x Cell Signaling #5870

Deposited data

In situ subtomogram average densities of

ribosomal complexes in collision stress and

control cells

This study EMDB: 19211, 19212, 19213, 19214,

19215, 19216, 19217, 19218, 19219, 19220,

19221, 19222, 19223, 19224, 19225, 19226,

19227, 19228, 19229, 19230, 19231, 19232,

19233, 19234, 19235, 19236, 19237, 19238,

19239, 19240, 19241

Code for ribosome nearest neighbor

distance analysis

This study https://www.doi.org/10.5281/zenodo.

10475883

Experimental models: Cell lines

Mouse MEF cells M. Molinari lab N/A

U2OS wt cells S. Bekker-Jensen lab N/A

U2OS ZNF598 KO S. Bekker-Jensen lab N/A

Software and algorithms

SerialEM Mastronarde et al.42 https://bio3d.colorado.edu/SerialEM/

Warp Tegunov and Cramer43 http://www.warpem.com/warp/?

page_id = 65

IMOD Mastronarde and Held44 http://bio3d.colorado.edu/imod/

pyTom Hrabe et al.45

Chaillet et al.46
https://github.com/SBC-Utrecht/pytom-

template-matching-gpu

Relion version 3.1 Scheres47 https://www3.mrc-lmb.cam.ac.uk/relion/

index.php/Main_Page

M Tegunov et al.48 http://www.warpem.com/warp/?

page_id = 65

Tomosegmemtv Martinez-Sanchez et al.49 https://sites.google.com/site/

3demimageprocessing/tomosegmemtv

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

UCSF ChimeraX Pettersen et al.50 https://www.cgl.ucsf.edu/chimerax/

ArtiaX plugin Ermel et al.51 https://github.com/FrangakisLab/ArtiaX
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Juliette

Fedry (jfedry@mrc-lmb.cam.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d Electron density maps are deposited in the Electron Microscopy Data Bank with the following accession numbers: 19211,

19212, 19213, 19214, 19215, 19216, 19217, 19218, 19219, 19220, 19221, 19222, 19223, 19224, 19225, 19226, 19227,

19228, 19229, 19230, 19231, 19232, 19233, 19234, 19235, 19236, 19237, 19238, 19239, 19240, 19241.

d The Python script used for nearest neighbor analysis is deposited at Github: https://github.com/mvanevic/polysome_mef and

the corresponding doi is: https://www.doi.org/10.5281/zenodo.10475883

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
wt MEF cells were a kind gift from M. Molinari. Wt and ZNF598 KO cells were a kind gift from S. Bekker-Jensen. Cells were grown in

DMEM with 10% Fetal Bovine Serum (FBS) at 37�C and 5% CO2. Prior to experiments cells were treated as indicated: with 200 nM

ANS (collisions stress) for 15min, 1h or 4h, or with 70 mM ANS for 3h30 (stalling stress), or with 500 mM arsenite for 10-15min.

METHOD DETAILS

Annexin V / PI staining
Cells were stained using an Annexin V / PI apoptosis detection kit (Biolegends) according to the manufacturer’s instructions and

analyzed by FACS.

Western blotting antibodies
The cell surface was briefly washed with PBS and the cells were harvested in trypsin (+ANS for stressed conditions). Cells were

washed once in ice cold PBS and pellets were snap frozen until further use. Cell lysates were prepared by solubilization of the

cell pellet in TEN Triton buffer (20mM Tris pH 7.5, 150mM NaCla, 1mM EDTA), supplemented with Protease Inhibitor (Roche) and

phosphatase inhibitor (Cell Signaling #5870), at 4�C for 30min. Cell lysates were centrifuged at 20 000g for 20min and the supernatant

was diluted in 2X sample DTT-loading buffer. Samples were heated to 95 degrees for 5min and stored at -20. For western blotting we

used following commercial antibodies: eIF2a (Cell Signaling Antibody #9722), phospho-eIF2a (Cell Signaling #9721), phospho-p38

(Cell Signaling #4511), phospho-JNK1+2 (Cell Signaling mAb #4668), caspase 3 (Cell Signaling #9542), PARP-1 (Cell Signaling

#9662), GCN1L1 (Thermo Fisher Scientific A301-843A-M), EDF1 (Abcam #ab174651), ZNF598 (Thermo Fisher Scientific A305-

108A-M), RPL35 (Life Technologies PA552245), RPS10 (Abcam #ab151550). Relative band intensity quantification was performed

in Fiji/ImageJ.

S35 protein synthesis
MEF cells were grown in DMEMFBS and treated with 100mg/mL CHX or 200nM ANS for 15min, 1h, or 4h prior to labelling. Cells were

then treated with DMEM methionine-free media (ThermoFisher Scientific #21013024) for 20 min and incubated with 30 mCi/ml 35S-

methionine label (Hartmann Analytic) for 1 h. After washing the samples with PBS, proteins were extracted with lysis buffer (50 mM

TrisHCl pH 7.5, 150mMNaCl, 1% Tween-20, 0.5%NP-40, 13 protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail

(Sigma Aldrich) and precipitated onto filter paper (Whatmann) with 25% trichloroacetic acid and washed twice with 70% ethanol and

twice with acetone. Scintillation was then read using a liquid scintillation counter (Perkin Elmer) and the activity was normalized by

total protein content. All experiments were done in technical triplicates for each biological unit.
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Polysome profiling
MEF cells were grown to about 50-70% confluency and harvested with trypsin (+ANS in the stress conditions). Cells were washed

once in ice cold PBS (+ANS) prior to lysis for 30min on ice (lysis buffer: 50mMHepes KOH pH7.4, 15mMMgOAc, 100mMKOAc, 5%

glycerol, 1% triton X-100, 0.5% sodium deoxycholate, 1mMDTT, 1mM PMSF, 6U/mL RNAsin, protease inhibitor tablet). Lysate was

cleared by centrifugation at 8000 g for 5 min and added on top of a 10-50% sucrose gradient (in buffer: 25mM Hepes-KOH, 100mM

KOAc, 5mMMgOAc, 1mMDTT, 500 mg/mL heparin, 1mMPMSF). Gradients were centrifuged for 3h30 at 32 000 rpm in a 32.1 Ti rotor

(Beckman). Gradients were sampled and OD was measured using a gradient station (Biocomp).

Grid preparation
MEFwere seeded on R2/2 holey carbon on gold grids (Quantifoil or Protochips) coatedwith fibronectin in a glass bottom dish (Mattek

or Ibidi) and incubated for �24 h. For stress conditions, cells were then incubated with 200 nM anisomycin in DMEM + 10% FBS for

20min, 1h or 4h. Grids were incubated for 5min in DMEM (+ 200 nM ANS for stressed conditions) with 10% dextran-40 used as non

cell permeable cryo-protectant.52 Grids were then immediately mounted to a manual plunger, blotted from the back for �10 s and

plunged into liquid ethane.

Lamella preparation
Lamellae were prepared using an Aquilos FIB-SEM system (Thermo Fisher Scientific) based on Rigort et al.53 and equipped with a

CERES Ice shield (Delmic). Grids were sputteredwith an initial platinum coat (10 s) followed by a 10 s gas injection system (GIS) to add

an extra protective layer of organometallic platinum. Samples were tilted to an angle of 15� to 22� and 10 mm wide lamellae were

prepared. The milling process was performed with an ion beam of 30 kV energy in 3 steps: 1) 500 pA, gap 3 mmwith expansion joints,

2) 300 pA, gap 1 mm, 3) 100 pA, gap 500 nm. Lamellae were finally polished at 30-50 pA with a gap of 200 nm.

Data collection for non-treated, 20min, 1h ANS, datasets
A total of respectively 93 (untreated), 74 (20min ANS), 45 (1h ANS), 199 (stalling), 148 (U2OS 4h ANS), 168 (U2OS ZNF598KO 4h ANS)

and 123 (arsenite) tilt series were acquired on a Talos Arctica (Thermo Fisher Scientific) operated at an acceleration voltage of 200 kV

and equipped with a K2 summit direct electron detector and 20eV slit energy filter (Gatan). Images were recorded in movies of 5-8

frames at a target defocus of 4 to 6 mm and an object pixel size of 2.17 Å. Tilt series were acquired in SerialEM using a grouped dose-

symmetric tilt scheme covering a range of ±54� with a pre tilt of ±10� and an angular increment of 3�. The cumulative dose of a series

did not exceed 80 e-/Å2.

Data collection for 4h ANS dataset
A total of 53 tilt series were acquired on a Titan Krios (Thermo Fisher Scientific) equipped with a K3 summit direct electron detector

and Bioquantum energy filter (Gatan). The microscope was operated at an acceleration voltage of 300 kV and 20eV slit. Images were

recorded in movies of 10 frames at a target defocus of 4 to 6 mm and an object pixel size of 2.17 Å. Tilt series were acquired in

SerialEM42 using a grouped dose-symmetric tilt scheme covering a range of ±54� with a pre tilt of ±10� and an angular increment

of 3�.54 The cumulative dose of a series did not exceed 80 e-/Å2.

Tomogram reconstruction
The cryoET data processing workflow is represented in Figure S2. Movie files of individual projection images were motion- and CTF-

corrected in Warp and combined into stacks of tilt series.43 The combined stacks were aligned using patch tracking in IMOD.44 CTF

estimation for entire tilt series was performed in Warp43 and full tomograms were reconstructed by weighted back projection at a

pixel size of 17.36 Å. Ice thickness was determined manually and was found to be <200nm for all lamellae.

Particle picking
Particle coordinates were determined using PyTom45,46 template matching against a reconstruction of amammalian 80S, 40S or 60S

ribosomes, filtered to 40 Å. The determined positions of ribosomes were used to extract subtomograms and corresponding CTF vol-

umes at a pixel size of 8.68 Å (43 binned) in Warp43 for the 80S ribosomes and 4.34 Å (23 binned) for the 40S and 60S particles.

Subtomogram analysis
The extracted subtomograms were used for 3D classification with image alignment against a low pass filtered 80S/60S/40S ribo-

some map as reference in RELION (3.1.4)47 to exclude false positives. The remaining ribosome subtomograms were refined in

RELION and good 80S particles were re-extracted inWarp at a pixel size of 4.34 Å (2x binned). Bin2 80S subtomograms were refined

in RELIONwith a mask on the LSU prior to a first round of 3D classification without image alignment with a mask on the SSU to sepa-

rate rotated from non-rotated ribosomes. A second round of classification was performed using a mask positioned on the tRNA and

elongation factors sites, optimizing the mask extension and class number to yield stable classes. The classes containing a high num-

ber of particles (decoding E) were further submitted to 3D classification without alignment with 6-10 classes to analyze the presence

of smaller sub-populations (like POST and POSTi). The different classes were finally subjected to an iterative refinement in M.48
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Bin2 40S and 60S subtomograms were submitted to 3D refinement in RELION followed by rounds of 3D classification without

image alignment, introducing masks on densities visible at low threshold, in order to separate the corresponding particles.

Spatial analysis
For each 80S ribosome particle, the position and angles from RELION star file was used to calculate the position of the mRNA entry

and exit sites and distances were calculated from its mRNA entry site to all other particles mRNA exit sites; the shortest distance was

retained. Conversely, the shortest distance of all other entry sites to a particle exit site was also computed. The distribution of these

shortest distances was plotted using matplotlib.

Visualization
Membranes were segmented using Tomosegmemtv.49 All figures were prepared in UCSF ChimeraX50 using the ArtiaX plugin51 for

mapping back subtomogram averages to their coordinates in the original tomogram.

Quantification and statistical analysis
Western blot relative band intensity quantification was performed in Fiji/ImageJ and plotted Figure 1C. Estimation of relative abun-

dances for the different ribosome populations (Figures 2, 3, 4, 5, and S2–S5) were obtained fromRelion 3.1 3D classification analysis.

Bar and whiskers on Figure 2E are mean and s.d. across tomograms.

All reported resolutions are based on the Fourier shell correlation (FSC) 0.143 criterion.55
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