
Article
ZNF598 Is a Quality Contr
ol Sensor of Collided
Ribosomes
Graphical Abstract
Highlights
d ZNF598 is a direct sensor of ribosome collisions incurred by

many unrelated causes

d The minimal target recognized and ubiquitinated by ZNF598

is a collided di-ribosome

d Collided di-ribosome structure shows that ZNF598 ubiquitin

sites are near the interface

d Collisions are required to terminally arrest translation in

ZNF598-dependent manner
Juszkiewicz et al., 2018, Molecular Cell 72, 1–13
November 1, 2018 ª 2018 MRC Laboratory of Molecular Biology
Published by Elsevier Inc.
https://doi.org/10.1016/j.molcel.2018.08.037
Authors

Szymon Juszkiewicz,

Viswanathan Chandrasekaran,

Zhewang Lin, Sebastian Kraatz,

V. Ramakrishnan, Ramanujan S. Hegde

Correspondence
vish@mrc-lmb.cam.ac.uk (V.C.),
rhegde@mrc-lmb.cam.ac.uk (R.S.H.)

In Brief

Cells contain millions of ribosomes that

need to translate mRNAs accurately to

maintain homeostasis. Ribosomes that

slow excessively during translation must

be promptly resolved to avoid disease.

Juszkiewicz et al. show that ribosome

collisions, a sign of aberrant translation,

are detected by the ubiquitin ligase

ZNF598 to initiate quality control.
.

mailto:vish@mrc-lmb.cam.ac.�uk
mailto:rhegde@mrc-lmb.cam.ac.�uk
https://doi.org/10.1016/j.molcel.2018.08.037


Please cite this article in press as: Juszkiewicz et al., ZNF598 Is a Quality Control Sensor of Collided Ribosomes, Molecular Cell (2018), https://doi.org/
10.1016/j.molcel.2018.08.037
Molecular Cell

Article
ZNF598 Is a Quality Control Sensor
of Collided Ribosomes
Szymon Juszkiewicz,1,2 Viswanathan Chandrasekaran,1,2,* Zhewang Lin,1 Sebastian Kraatz,1 V. Ramakrishnan,1

and Ramanujan S. Hegde1,3,*
1MRC Laboratory of Molecular Biology, Cambridge CB2 0QH, UK
2These authors contributed equally
3Lead Contact

*Correspondence: vish@mrc-lmb.cam.ac.uk (V.C.), rhegde@mrc-lmb.cam.ac.uk (R.S.H.)

https://doi.org/10.1016/j.molcel.2018.08.037
SUMMARY

Aberrantly slow translation elicits quality control
pathways initiated by the ubiquitin ligase ZNF598.
How ZNF598 discriminates physiologic from patho-
logic translation complexes and ubiquitinates stalled
ribosomes selectively is unclear. Here, we find that
the minimal unit engaged by ZNF598 is the collided
di-ribosome, a molecular species that arises when
a trailing ribosome encounters a slower leading ribo-
some. The collided di-ribosome structure reveals
an extensive 40S-40S interface in which the ubiquiti-
nation targets of ZNF598 reside. The paucity of 60S
interactions allows for different ribosome rotation
states, explaining why ZNF598 recognition is indif-
ferent to how the leading ribosome has stalled. The
use of ribosome collisions as a proxy for stalling
allows the degree of tolerable slowdown to be tuned
by the initiation rate on that mRNA; hence, the
threshold for triggering quality control is substrate
specific. These findings illustrate how higher-order
ribosome architecture can be exploited by cellular
factors to monitor translation status.

INTRODUCTION

The ribosome has emerged as a major hub for both mRNA and

protein quality control (Brandman and Hegde, 2016; Shoemaker

and Green, 2012). Inability to complete the translation cycle

successfully can be an indicator of many potential problems,

including a damaged or improperly processed mRNA, insuffi-

ciency of a cognate acylated-tRNA, a faulty ribosome, or mutant

translation factors. In each case, elongation slows or halts

completely to activate pathways of ribosome recycling (Pisareva

et al., 2011; Shoemaker et al., 2010), mRNA decay (Frischmeyer

et al., 2002; van Hoof et al., 2002), nascent protein degradation

(Ito-Harashima et al., 2007), stress responses (Brandman et al.,

2012), and nutrient starvation (Marton et al., 1997). Prompt

recognition and resolution of aberrant translation is crucial for

maintaining cellular protein homeostasis (Choe et al., 2016;

Izawa et al., 2017; Yonashiro et al., 2016) and avoiding disease
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(Chu et al., 2009; Ishimura et al., 2014). How aberrant translation

is initially recognized by the cell to initiate downstream quality

control and homeostatic responses is not well understood.

The challenge faced by the cell is to identify a relatively rare

pathologic slowdown of translation amid widely heterogeneous

normal translation speeds. Some types of translation stalls are

straightforward to discriminate. For example, a ribosome that

reads to the end of a truncated mRNA will contain an empty A

site that cannot engage either elongation or termination com-

plexes. Instead, ribosome rescue factors (Pelota-Hbs1 in mam-

mals, Dom34-Hbs1 in yeast) bind effectively to anmRNA-lacking

A site to initiate subunit separation (Becker et al., 2011; Pisareva

et al., 2011; Shao et al., 2016; Shoemaker et al., 2010), which

is required for subsequent degradation of mRNA (Tsuboi

et al., 2012) and nascent chains (Shao et al., 2013). However,

this type of stall is probably rare (Guydosh and Green, 2014),

with most translation stalls occurring when the A site still con-

tains mRNA.

The most frequent type of stall is probably the translation

of poly(A). This scenario would arise when a nascent transcript

is inappropriately polyadenylated within the coding region at

a near-cognate poly(A) signal, resulting in a ‘‘non-stop’’ mRNA

that lacks an in-frame stop codon (Frischmeyer et al., 2002;

van Hoof et al., 2002; Kaida et al., 2010). Non-stop mRNAs are

aberrant and are typically degraded by the cell (Frischmeyer

et al., 2002; van Hoof et al., 2002). Recognition of a non-stop

mRNA by quality control depends on its translation (Shoemaker

and Green, 2012). It is thought that slowing of the ribosome

during poly(A) translation (Koutmou et al., 2015; Lu and Deutsch,

2008) is a critical cue to initiating downstream mRNA and

nascent protein degradation (Bengtson and Joazeiro, 2010;

Dimitrova et al., 2009).

Recent experiments using reporters of poly(A)-mediated stall-

ing in mammalian cells indicate a key role for site-specific ribo-

some ubiquitination in communicating aberrant translation to

downstream quality control pathways (Garzia et al., 2017; Jusz-

kiewicz and Hegde, 2017; Sundaramoorthy et al., 2017). The

ubiquitin ligase ZNF598 and its target lysines on the 40S protein

eS10 (and, to a lesser extent, uS10) are required to initiate quality

control from poly(A) sequences. Hel2, the yeast homolog of

ZNF598, and its target site on uS10 are similarly required to

initiate quality control from poly-basic sequences and the diffi-

cult-to-decode CGA codons (Brandman et al., 2012; Letzring

et al., 2013; Matsuo et al., 2017; Saito et al., 2015; Sitron et al.,
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2017). Ubiquitination has been assumed to occur selectively on

stalled ribosomes, but the basis of this presumed selectivity is

unclear.

At least three models have been proposed for how cells might

discriminate slow or stalled ribosomes from normal translation

complexes. In the first model, a ribosome in the rotated state

with hybrid-state tRNAs is the species that signals aberrant

translation (Matsuo et al., 2017). This idea was supported by

the stall site showing increased 22-nt ribosome-protected foot-

prints (Matsuo et al., 2017) thought to reflect a rotated ribosome

(Lareau et al., 2014). Furthermore, cryoelectron microscopy

(cryo-EM) of ribosomes recovered with Hel2 showed enrichment

for the rotated state (Matsuo et al., 2017). However, this model is

difficult to reconcile with the fact that translating ribosomes

spend roughly 25% of their time in a rotated state (Behrmann

et al., 2015). This sub-population of normal ribosomes, which

would exceed comparatively rare stalled ribosomes, should

somehow need to avoid triggering quality control.

A second model posits that the decisive cue might be ribo-

somes containing multiple Lys(UUU) tRNAs and adjacent to a

poly(A) sequence (Garzia et al., 2017). This idea was supported

by the enrichment of both RNA species UV-crosslinked to

ZNF598 in cultured cells. Although this model might explain

poly(A)-mediated stalls, it would not be a general sensing mech-

anism that could explain other types of stalls known to depend

on Hel2 for recognition. Furthermore, the observation of rRNA

crosslinks that are spatially distant on the ribosome is difficult

to rationalize with physical models of ZNF598 binding.

A thirdmodel proposed that ribosomecollision behind a stalled

ribosome is the decisive cue for triggering endonucleolytic cleav-

age of the stall-containingmRNA (Simmset al., 2017). Thismodel

was derived from the finding that severalmanipulations designed

to reducecollisions led to reduceddetection of the cleavage frag-

ment. Whether the absence of a clear cleavage fragment under

low-collision conditions reflected a failure of ribosomes to stall,

a failure of cells to recognize the stall, or greater heterogeneity

of cleavage sites was not investigated. Ribosome collisions

were also correlated to Hel2-dependent ubiquitination of uS3

(Simms et al., 2017), but its relevance was ambiguous given

that ribosome-associated quality control does not require uS3

ubiquitination (Matsuoet al., 2017). BecauseHel2 seems toasso-

ciate constitutively with both 80S monosomes and polysomes

(Matsuo et al., 2017), its role in recognizing ribosome collisions

versus acting at a later step has been unclear.

Despite these uncertainties, it is clear from genetic studies that

ZNF598/Hel2 acts early during ribosome-associated quality

control. The ability of ZNF598/Hel2 to modify and associate

with ribosomes suggests it has a role in detecting translation

stalling, but the molecular cues it might use for selective recog-

nition have been a matter of speculation. We therefore investi-

gated whether and how aberrantly slow translation through

poly(A) sequences is selectively recognized by ZNF598. Our re-

sults show that ZNF598 specifically and directly detects collided

ribosomes for site-specific 40S ubiquitination. The structure of

the collided di-ribosome demonstrates how its recognition by

ZNF598 can be universal to multiple types of stalls and suggests

a general principle for how higher-order poly-ribosome architec-

ture can convey translation status to quality control pathways.
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RESULTS

ZNF598 Engages a Sub-population of Poly(A)-stalled
Ribosomes In Vitro

To understand what ZNF598 might recognize as aberrant, we re-

constituted its recruitment to poly(A)-stalled translation com-

plexes in an in vitro system. Our preliminary characterization of

the rabbit reticulocyte lysate (RRL) translation system showed

extremely low levels of ZNF598 compared to cytosol from

HEK293 cells (Figure S1A). A naturally ZNF598-deficient transla-

tion lysate provided a ‘‘blank slate’’ to which recombinant

ZNF598 can be added to investigate its function. Thus, RRL

was reconstitutedwith FLAG-tagged ZNF598 in the low nanomo-

lar range, similar to the concentration in cultured HEK293 cells.

We translated an epitope-tagged poly(A)-containing transcript

in the ZNF598-supplemented RRL system and affinity-purified

translation complexes via the nascent protein (Figure 1A). Sepa-

ration of the recovered complexes by sucrose gradient sedimen-

tation revealed that �70%–80% of ZNF598 co-fractionated with

ribosomes (Figure 1B). The remainder was at the top of the

gradient and had presumably dissociated during the size frac-

tionation step that followed affinity enrichment. ZNF598, nascent

chains, and ribosomeswere not recovered fromcontrol reactions

in which the nascent chains lacked the tag (data not shown).

The majority of poly(A)-stalled nascent chains were in the 80S

monosome fractions, consistent with primarily a single round of

initiation in the in vitro system. Very little ZNF598 was seen in

these fractions, suggesting that it does not effectively engage

these stalled 80S nascent chain complexes. This indicates that

proximity to neither poly(A) nor Lys(UUU) tRNAs in the ribosome

are sufficient for ZNF598 recognition as speculated previously

(Garzia et al., 2017). Instead, ZNF598 co-fractionated primarily

with a minor population of nascent chains that migrated deeper

into the gradient, corresponding to di-ribosomes. Minimizing

multiple rounds of translationwith the initiation inhibitor pactamy-

cin reduced both the di-ribosomepopulation andZNF598 recruit-

ment to ribosomes (Figure S1C). Thus, ZNF598 engages di-ribo-

some complexes more effectively than stalled 80S ribosomes.

Affinity purification of a poly(A)-stalled translation reaction via

ZNF598 led to the same conclusion. ZNF598 co-precipitated

stalled nascent chains of two predominant sizes (Figure 1C).

The shorter nascent chains were a relatively minor species in

the total translation reaction but reached comparable abun-

dance to the primary stalled nascent chain population in the

ZNF598-purified sample. Fractionation of the input and affinity-

purified samples by sucrose gradient sedimentation showed

that the shorter nascent chains migrate in the di-ribosome frac-

tions. Thus, these nascent chains apparently represent the prod-

ucts of ribosomes queued behind the primary stalled ribosome.

This di-ribosome population was selectively recovered with

ZNF598, explaining the strong enrichment of shorter nascent

chain products. Quantification showed that the nascent

chain products recovered via ZNF598 had the same migration

profile as di-ribosome-specific truncated nascent chains. These

results indicate that a single ribosome stalled on poly(A) is insuf-

ficient for stable recruitment of ZNF598; instead, ZNF598 prefer-

entially engages the minor population of di-ribosome translation

complexes.
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Figure 1. ZNF598 Engages a Sub-population of Poly(A)-Stalled Ribosomes In Vitro
(A) Strategy to analyze poly(A)-stalled ribosome-nascent chain complexes produced by in vitro translation (IVT). VHP is a small autonomously folding three-helix

bundle from the villin head piece.

(B) Poly(A)-stalled translation complexes were affinity purified via the nascent chain and separated by sucrose gradient sedimentation. The affinity-purified

products (input) and each gradient fractionwere analyzed by autoradiography (to detect nascent chains) or immunoblotting for recombinant ZNF598 or ribosomal

proteins uL2 and eS24. Mono- and di-ribosome fractions are indicated.

(C) Poly(A)-stalled translation complexes from reactions lacking or containing 5 nMFLAG-tagged ZNF598were immunopurified via the FLAG tag, and the nascent

chains were detected by autoradiography. 1� and 2� indicate the position of nascent chains from the first and second ribosome of the stalled complexes (see

diagram).

(D) The input and affinity-purified samples prepared as in (C) were separated by sucrose gradient and the nascent chains detected by autoradiography. The graph

below the autoradiograms depicts the distribution of nascent chains corresponding tomono-ribosomes (1�, black) or di-ribosomes (2�, red) in the input sample or

the nascent chains recovered by affinity purification (’’IP ZNF598’’ - blue).

See also Figure S1.
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Site-Specific Stalling of Native Polysomes Triggers
ZNF598 Engagement
The low yield of higher-order ribosome complexes on exogenous

transcripts limited the utility of this system for biochemical and
structural studies. We therefore developed a strategy to cause

site-specific translation stalling on the abundant globin-trans-

lating native poly-ribosomes in RRL. We exploited eRF1AAQ, a

dominant-negative mutant release factor (Brown et al., 2015a;
Molecular Cell 72, 1–13, November 1, 2018 3
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Figure 2. Site-Specific Stalling of Native Polysomes Triggers ZNF598 Engagement

(A) Strategy to site-specifically stall ribosomes at the stop codon on native polysomes translating globin mRNA using the mutant release factor eRF1AAQ.

(B) The polysomes in native reticulocyte lysate (RRL) were allowed to elongate in a translation reaction supplemented with 1 mM eRF1AAQ, 5 nM FLAG-tagged

ZNF598, and 10 mM His-tagged ubiquitin. After fractionation on a sucrose gradient, translated globin polypeptides were detected by autoradiography and the

other products by immunoblotting. Ubiquitinated eS10 was detected with anti-eS10 after pull-down via the His-tag on ubiquitin. FL indicates full-length nascent

chains; ‘‘trunc. NCs’’ are truncated nascent chains.

(C) Native RRL polysomes elongated in the absence or presence of 1 mM eRF1AAQ were incubated without or with micrococcal nuclease, ubiquitinated with

ZNF598, and analyzed for eS10 by immunoblotting.

(D) Native RRL polysomes stalled with eRF1AAQ were fractionated by a high resolution sucrose gradient (see Figure S2B). Fractions enriched in mono-, di-, tri-,

tetra-, and penta-ribosomes were normalized to contain an equal number of ribosomes, ubiquitinated with 10 nM ZNF598, and analyzed by immunoblotting for

eS10. The stained blot verifies equal input ribosomes in each reaction.

(E) Reactions corresponding to the third and fourth lanes of (C) were fractionated on a sucrose gradient and analyzed by Coomassie staining or immunoblotting.

The positions of mono- and poly-ribosomes are indicated. The primary bands seen in the stained gel are ribosomal proteins.

See also Figure S2.
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Shao et al., 2016), to induce a local translation arrest at the stop

codon (Figure 2A). The primary nascent chains produced in the

eRF1AAQ-containing translation reaction comprised full-length
4 Molecular Cell 72, 1–13, November 1, 2018
globin (Figure 2B). Approximately half of these nascent chains

co-sedimented with ribosomes while the remainder of full-length

products migrated in ribosome-free fractions and represent
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polypeptides terminated by endogenous eRF1. The ribosome-

associated nascent chains migrated mostly in the di-, tri-, and

larger poly-ribosome fractions, consistent with the presence of

multiple ribosomes on thesemRNAs. The lowermolecularweight

nascent chains in these fractions (Figure 2B) are the products of

ribosomes queued 50 of the trapped termination complex and

were not seen when eRF1AAQ was omitted (Figure S2A).

ZNF598 that was included in the eRF1AAQ-stalled reaction co-

migrated predominantly with polysomes, in which ubiquitinated

eS10was observed. Some apparent dissociation during sucrose

gradient separation probably accounts for the small amount of

ZNF598 seen in the lower molecular weight fractions. Impor-

tantly, ZNF598 was detected primarily in the non-ribosomal frac-

tions when translation was allowed to run off (Figure S2A). Thus,

localized stalling of endogenous polysomes at the termination

codon by eRF1AAQ produces higher-order ribosome complexes

that are targets for ZNF598 engagement and eS10 ubiquitination.

A Nuclease-Resistant Di-ribosome Is the Minimal
ZNF598 Target
Post-translational addition of ZNF598 after eRF1AAQ-mediated

stalling led to eS10 ubiquitination (Figure 2C) similar to the

reaction when ZNF598 was included co-translationally (Fig-

ure 2B). Importantly, eS10 ubiquitination was not observed in

the absence of eRF1AAQ, demonstrating that stalling was needed

for engagement by ZNF598. Ubiquitination reactions of ribo-

some complexes containing from one to five ribosomes (Fig-

ure S2B) showed that di- to penta-ribosome complexes were

ubiquitinated on eS10 while monosomes were not (Figure 2D).

Of note, the proportion of eS10 that was ubiquitinated increased

for complexes containing more ribosomes. For example, penta-

ribosomes were more effectively ubiquitinated on a per-ribo-

some basis than di-ribosomes. This observation is consistent

with a model in which each trailing ribosome in the queue can

be ubiquitinated by ZNF598.

To further establish that higher-order ribosome complexes are

the preferred target for ZNF598, we digested the stalled com-

plexes with nuclease to disassemble polysomes before addition

of ZNF598. Unexpectedly, ubiquitination was essentially unaf-

fected by nuclease pre-treatment (Figure 2C). Sucrose gradient

fractionation verified that nearly all polysomes had been effec-

tively converted to monosomes by nuclease digestion (Figures

2E and S2C). However, a minor population of polysomes proved

resistant to nuclease treatment, and this population preferen-

tially engaged ZNF598 (as judged by co-sedimentation) and

was ubiquitinated on eS10. Remarkably, almost all of the eS10

in this minor nuclease-resistant polysome fraction wasmodified,

while essentially nomodification was observed in themonosome

population (Figure S2C). This result suggested that tightly

packed (and hence, nuclease-resistant) poly-ribosomes, but

not individual stalled ribosomes or polysomes that are loosely

packed, are the preferred target for ZNF598 ubiquitination.

The Consensus Structure of a Native Stalled
Di-ribosome
The tetra-ribosome peak of queued ribosomes stalled with

eRF1AAQ (but lacking ZNF598) was analyzed by single-particle

cryo-EM. Although this specimen did not contain monosomes
when analyzed by repeat sucrose gradient fractionation, the

EM images showed isolated ribosomes in addition to polysomes

(Figure S3A). This suggested that polysomes disassembled to

some degree during vitrification, necessitating an in silico classi-

fication strategy to identify intact collided ribosome complexes

(Figure S3B). Using focused classification with partial signal sub-

traction, we identified the subset of ribosomes that contained

eRF1AAQ and ABCE1. From this subset of ‘‘stalled’’ ribosomes,

we identified the population that contained an adjacent collided

ribosome, re-extracted and re-centered these particles, and

used them to construct an initial map of a collided di-ribosome.

Although the map reveals a defined configuration of the two ri-

bosomes, flexibility at the inter-ribosomal interface was evident:

masking the stalled ribosome worsened the resolution of the

collided ribosome (e.g., Figure S4C) and vice versa (data not

shown). We therefore used multi-body refinement (Nakane

et al., 2018) to treat the stalled and collided ribosomes as sepa-

rate rigid bodies. This approach produced an improved collided

di-ribosomemapwith the stalled and collided ribosomes at 6.8 Å

and 6.5 Å resolution, respectively (Figure S4D).

Using all the ribosome particles from this same dataset as a

starting point, we generated higher resolution maps from the

two major classes of particles: those containing eRF1AAQ and

ABCE1 (at 3.9 Å resolution) and those in a rotated state with

hybrid tRNAs (at 3.8 Å resolution). These two maps proved to

be higher-resolution versions of the stalled and collided ribo-

somes in the collided di-ribosome map, consistent with their

origin from a collided complex that disassembled partially during

vitrification. Thus, the higher-resolution versions were used to

build atomic models that were then docked into the appropriate

positions of the collided di-ribosome map (Figure 3A).

Thestalled ribosome isobserved in thecanonical statewithpep-

tidyl-tRNA in the P site. As expected, accommodated eRF1AAQ is

observed in the A site, and ABCE1 is observed at the factor-bind-

ing site (Figure 3A). Unlike the earlier 80S,eRF1AAQ,ABCE1mono-

some structure (Brown et al., 2015a), the same complex in the

collided di-ribosome lacks E-site tRNA and displays an ‘‘open’’

conformation of the L1 stalk. The adjacent collided ribosome is

observed in the rotated state with A/P and P/E hybrid tRNAs and

an empty factor-binding site. Although this conformation should

be competent for eEF2 binding, no density was observed even af-

ter focused classification with signal subtraction, suggesting that

the adjacent stalled ribosomemay sterically hinder eEF2 accessi-

bility. The inter-ribosomal interface is formed by small subunit in-

teractions involving both the head and the body (Figure 3A). Two

regions of close juxtaposition between the 40S subunits are

observed,whichwe refer to as interface 1 (Figure3B) and interface

2 (Figure 3C). Both interfaces are at noteworthy regions and help

explain earlier biochemical, genetic, and functional data on ribo-

some stalling.

Interface 1 involves eS1, uS11, eS26, and eS28 of the stalled

ribosome. These four proteins are observed surrounding the

mRNA at the mouth of the mRNA channel exit (Figure 3B).

They contact elements near the mRNA channel entrance on

the collided ribosome. Helix 16 from the18S rRNA of the collided

ribosome contacts uS11, eS26, and eS28, while uS4 from the

collided ribosome contacts eS1. In addition, uS3, another pro-

tein at the collided ribosome’s mRNA channel entrance, is part
Molecular Cell 72, 1–13, November 1, 2018 5
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Figure 3. Structure and Interfaces of the

Collided Di-ribosome

(A) Overview of the collided di-ribosome structure.

The two primary interfaces between the 40S sub-

units of the stalled and collided ribosomes are

indicated. Red and cyan balls indicate the approx-

imate sites of ubiquitination on eS10 and uS10,

respectively. The ubiquitinated residues are not

modeled, so the most proximal visible residues are

indicated.

(B) Close-up view of interface 1. Proteins eS1, uS11,

eS26, and eS28 are from the stalled ribosome and

make contact with uS4 and h16 of the 18S rRNA of

the collided ribosome. The mRNA in the stalled

ribosome channel is shown.

(C) Close-up of interface 2 showing the approximate

sites of eS10 and uS10 ubiquitination as in (A).

RACK1 is from the stalled ribosome, while uS3,

eS10, and uS10 are from the collided ribosome.

See also Figures S3 and S4 and Table S1.
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of interface 2 (Figure 3C) as discussed below. Thus, not only are

themRNA channels of the stalled and collided ribosomes closely

juxtaposed, but this region is also stabilized by interactions

across the inter-ribosomal interface. This architecture explains

the observed nuclease resistance of collided di-ribosomes in

biochemical assays. Furthermore, the 9 codon distance be-

tween the two ribosomal P sites imposed by the di-ribosome

structure, together with translocation in 3-nt steps, may trap

the collided ribosome in a rotated state. This feature, together

with partial polysome dissociation during vitrification, could

explain the earlier observation that Hel2 affinity purification

from yeast lysate was enriched for rotated ribosomes (Matsuo

et al., 2017).

Interface 2 is formed by RACK1 of the stalled ribosome and

uS3, uS10, and eS10 of the collided ribosome. All four of these

proteins have been biochemically or functionally implicated in

ribosome stalling and quality control. RACK1 is an integral part

of interface 2, and it is likely that the stability of a collided di-ribo-

some would be compromised in its absence. This consequence

could explain why RACK1 depletion impairs detection of ribo-

some stalling in both yeast and mammals (Brandman et al.,

2012; Matsuo et al., 2017; Sitron et al., 2017; Sundaramoorthy

et al., 2017).

In mammals, the flexible C-terminal tail of eS10 is the primary

target for ZNF598 ubiquitination (Garzia et al., 2017; Juszkiewicz

and Hegde, 2017; Sundaramoorthy et al., 2017), while the N-ter-
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minal tail of uS10 is the primary target

for Hel2 in yeast (Matsuo et al., 2017).

Although the residues that get ubiquiti-

nated are not visible in our structure, the

closest visible residues from both proteins

in the collided ribosome are near inter-

face 2 (Figure 3C). By contrast, the same

sites on the stalled ribosome are >50 Å

from the interface (Figure 3A).

Ubiquitination of lysine 212 of uS3 ap-

pears to be dependent on uS10 ubiquiti-
nation by Hel2 (Matsuo et al., 2017). While the role of uS3 in

quality control is not clear, its ubiquitination is affected by

organelle and translation stress (Higgins et al., 2015). Lysine

212 of uS3 from the stalled ribosome is located at the interface.

Thus, all the 40S ubiquitination sites implicated directly or indi-

rectly in quality control are at interface 2. The selectivity of

ZNF598 for multi-ribosome complexes over stalled monosomes

argues that the interface region is recognized. We favor a

model in which ubiquitination occurs on eS10 or uS10 of the

collided ribosome and, perhaps in second step, uS3 of the

stalled ribosome.

Tolerance and Flexibility of the Di-ribosome Interface
Although the eRF1AAQ-stalled ribosome is in the canonical state,

other impediments to elongationmay stall ribosomes in a rotated

state. A general system for detecting stalling would thus need to

recognize both situations. When we computationally replaced

the stalled ribosome in the di-ribosome structure with a rotated

state ribosome, no obvious clashes are observed between the

60S subunits (Figure 4A). The 40S subunit changes very little

(RMSD of only 1.4 Å), thereby maintaining a similar 40S-40S

interface that could be effectively recognized by ZNF598. In

support of this conclusion, a stalled tri-ribosome appears to be

ubiquitinated more effectively than the stalled di-ribosome (Fig-

ure 2E). Given that the second ribosome of the tri-ribosome is

rotated (Figure 3A), its interface with the third must necessarily



Figure 4. Tolerance and Flexibility of the

Collided Di-ribosome

(A) Maps of canonical-state (pale cyan/yellow) and

rotated-state (blue/orange) ribosomes are super-

imposed in the ‘‘stalled’’ position of the collided

di-ribosome structure using the 40S subunits for

alignment. The 40S interfaces are relatively invariant

to rotation state and the 60S subunits do not clash

with the collided ribosome (gray).

(B) Multi-body refinement and principal component

analysis (Figures S4E and S4F) were used to quan-

tify the nature and extent of heterogeneity in the

relative positions of the stalled and collided ribo-

somes in di-ribosome particles. Maximal variance

of the 40S subunit of the collided ribosome relative

to a fixed stalled ribosome (dark gray) is displayed

as a heatmap in sausage (left) or surface (right)

representation. The interfaces and areas around the

mRNA channel show the least variance.

See also Figures S4 and S5.
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be different than its interface with the first, canonical-state ribo-

some. The observation that this two-interface complex is ubiqui-

tinated more effectively than the di-ribosome with only one inter-

face suggests that both types of interface are recognized by

ZNF598.

The consensus di-ribosome structure represents an average

configuration of an ensemble of conformations. Principal-

component analysis was used to identify and rank the major

movement modes that best explained the variance in orienta-

tions (Figures S4E and S4F). The largest contribution (42%) to

the variance corresponded to a pivoting of the two monosomes

about an axis roughly parallel to the length of the 40S subunits

(Figure 4B). The mRNA connecting the two ribosomes remains

buried throughout the range of movement, and the vicinity of

eS10 and uS10 moves the least. Thus, the interface in which

ZNF598 is likely to act has a limited range of motion. This di-ribo-

some flexibility probably explains why mRNA density between

the two ribosomes is not visible in our structure. Biologically,

the flexibility may facilitate accommodation of different transla-

tion states of the stalled ribosome, permit longer helical queues

of ribosomes (Myasnikov et al., 2014), or help tolerate mem-

brane-bound ribosome collisions (Figure S5).
M

Detection of ZNF598-Dependent
Collided Di-ribosomes In Vivo

Based on the biochemical and structural

analyses, the collision event that correlates

with ZNF598 recognition is not simply

proximity, but a defined conformation that

fully shields the inter-ribosomal mRNA.

We used this property to determine

whether the same conformation is likely to

be generated in vivo by ribosome collision.

To induce collisions in cells, we used sub-

inhibitory concentrations of emetine, an

elongation inhibitor that is effectively irre-

versible (Grollman, 1968). These conditions

should stochastically inhibit a subset of
ribosomes and allow non-inhibited ribosomes to catch up to

inhibited ones (Figure 5A). At fully inhibitory concentrations,

emetine would stall all ribosomes before collisions could occur.

As expected, the distribution of polysomes in untreated or fully

inhibited cells collapsed almost entirely to monosomes upon

digestion with micrococcal nuclease (Figure 5B). By contrast,

inhibition at low emetine concentrations resulted in nuclease-

resistant populations of di-, tri-, and other higher-order ribo-

somal complexes, consistent with the tight packing seen in the

collided di-ribosome structure. These nuclease-resistant poly-

somes could be partially resolved in a ZNF598-dependent

manner (Figure S6) and accumulated to higher levels in cells

lacking ZNF598 (Figure 5B). Thus, nuclease-resistant collided ri-

bosomes are resolved by a ZNF598-dependent pathway in vivo.

ZNF598 Detects Collided Ribosomes Induced by
Multiple Types of Stalls In Vivo

Amajor implication of the in vitro and structural analysis of stalled

translation complexes is that recognition by ZNF598 should be

impervious to the basis of stalling and configuration of the stalled

ribosome (Figure 4A). To test this model in cells, we used sub-

inhibitory concentrations of different translation inhibitors that
olecular Cell 72, 1–13, November 1, 2018 7
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Figure 5. ZNF598 Detects Collided Ribosomes Induced by Multiple Types of Stalls In Vivo

(A) Strategy to induce complete versus stochastic ribosome stalling in cells treated with translation elongation inhibitors.

(B) Wild-type (WT) or ZNF598-knockout (DZNF598) HEK293 cells were pre-treated for 15 min with low (1.8 mM) or high (360 mM) emetine, lysed, digested

with micrococcal nuclease, and separated by sucrose gradient centrifugation. The 260 nm absorbance profiles across the gradient are normalized to the 80S

mono-ribosome peak.

(C) HEK293 cells pre-treated for 15 min with low or high concentrations of the indicated elongation inhibitors were analyzed by immunoblotting. Ubiquitinated

eS10 (Ub-eS10) was detected using more sensitive reagents than unmodified eS10. For reference, �10% of total eS10 is ubiquitinated in low-dose inhibitor-

treated samples and �1%–2% in untreated samples.

(D) Cytosol from HEK293 cells pre-treated for 15 min with nothing (top), high (middle), or low (bottom) concentrations of emetine were separated by sucrose

gradient fractionation and immunoblotted for ZNF598 and uL2.

See also Figure S6.
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stall ribosomes at different steps of elongation. In untreated

HEK293 cells at steady state, eS10 ubiquitination levels are

very low (Figure 5C) and little or no endogenous ZNF598 is ribo-

some associated (Figure 5D). Acute stalling of all ribosomes with

fully inhibitory concentrations of three different elongation inhib-
8 Molecular Cell 72, 1–13, November 1, 2018
itors (anisomycin, emetine, and didemnin B) resulted in very little

increase in eS10 ubiquitination. By contrast, eS10 ubiquitination

was markedly elevated at sub-inhibitory concentrations (Fig-

ure 5C). As shown for one of the inhibitors, ZNF598 recruitment to

ribosomesmirrored the ubiquitination status of eS10 (Figure 5D).
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Figure 6. Detection of Ribosome Stalling Is Context Dependent

(A) Reporter construct and expected protein products in the absence or

presence of terminal stalling. FLAG-SR-X is a ‘‘stalling reporter’’ in which

X represents either a stalling sequence (poly(A), coding for 21 Lysine codons,

termed (KAAA)21) or no insert (termed (K)0). The RFP:GFP ratio is a quantitative

measure of terminal stalling.

(B) Histograms of the RFP:GFP ratios quantified by flow cytometry of WT or

DZNF598 HEK293 cells expressing the (KAAA)21 containing reporter. The cells

were induced to express the reporter for 22 hr in the presence (red traces) or

absence (gray traces) of 10 nM pactamycin, an inhibitor of translation initiation.

(C) HEK293 cells expressing the (KAAA)21 stalling reporter (left) or control (K)0
construct (right) were cultured for 22 hr in the absence (shaded gray trace) or

presence of varying concentrations of pactamycin (colored traces). Staggered

histograms of the RFP:GFP ratio measured by flow cytometry are plotted.

See also Figure S7.
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Most of the ribosome-associated ZNF598 was observed in

polysome fractions, consistent with the ZNF598 interaction

with higher order ribosome complexes in vitro.

Anisomycin inhibits peptidyl transfer (Barbacid et al., 1975),

emetine inhibits translocation (Jiménez et al., 1977), and didem-

nin B inhibits eEF1 dissociation from the ribosome (Shao et al.,

2016). Thus, the ribosome would be stalled in three different
states with respect to intersubunit rotation, position of tRNAs,

and occupancy of the A site and GTPase center. Yet, none of

these acutely stalled ribosomes is able to recruit ZNF598 for

eS10 ubiquitination, supporting our conclusion that the stall itself

is not recognized. Instead, a shared consequence of each type

of stall appears to be recognized. Given our biochemical results

and the observation that ZNF598 recruitment and eS10 ubiq-

uitination require incomplete translation inhibition, this shared

consequence is ribosome collisions.

Detection of Ribosome Stalling Is Context Dependent
A major implication of collisions being used to detect stalling

is that translation dynamics will influence whether or not a given

stall is recognized as aberrant by the cell (Simms et al., 2017). For

example, an mRNA that is translated frequently will have an

average inter-ribosomal distance that is shorter than an mRNA

that is translated infrequently. Thus, the extent of slowdown

that is tolerated by these two messages before a ribosome

collision occurs will be different. Conversely, it should be

possible to allow increased read-through of a transient stall sim-

ply by reducing the frequency of initiation.

To test this prediction, we analyzed a dual-fluorescence trans-

lation reporter containing a poly(A) stalling sequence (Juszkie-

wicz and Hegde, 2017). Under normal conditions, the upstream

fluorescent protein (GFP) is translated, but stalling at the poly(A)

sequence and ZNF598-dependent engagement of quality con-

trol precludes translation of the downstream fluorescent protein

(RFP) (Figure 6A). Thus, the RFP:GFP ratio is markedly lower

than for a matched reporter lacking the poly(A) stretch. Partial in-

hibition of translation initiationwith pactamycin resulted in a clear

increase in poly(A) read-through as judged by an increase in

the RFP:GFP ratio (Figure 6B) attributable to an increase in

RFP (Figure S7). Importantly, this effect was not seen in cells

lacking ZNF598 (Figure 6B). Titration of pactamycin caused a

dose-dependent increase in read-through of poly(A) but had a

minimal effect on the non-stalling control (Figure 6C). Thus, the

efficacy with which ZNF598-mediated quality control is induced

from a poly(A) stall is influenced by the frequency of initiation,

consistent with the collision-sensing model for ZNF598 function.

DISCUSSION

This study shows that the ubiquitin ligase ZNF598 is a direct

sensor of ribosome collisions that occurs when a trailing ribo-

some ‘‘catches up’’ to an aberrantly slow leading ribosome.

The collided di-ribosome recognized by ZNF598 is not simply

two ribosomes tethered on a shared mRNA, but a well-defined

structural unit. The higher-order complex formed by two juxta-

posed ribosomes generates a distinctive but sufficiently flexible

40S-40S interface compatible with different translation states of

the stalled ribosome. Thus, many types of aberrant translation

can be detected by the same unifying mechanism.

The two primary targets of ZNF598 (eS10 and uS10) on the

40S subunit are observed at the di-ribosome interface. Consid-

ering that the interface is the least mobile and most distinctive

feature of the di-ribosome, it is very likely to contain the

ZNF598-binding site. A collided di-ribosome structure contain-

ing ZNF598 will be needed to define its interaction in molecular
Molecular Cell 72, 1–13, November 1, 2018 9
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terms. More importantly, the mechanism by which the ubiquitin

mark(s) added by ZNF598 prevent further elongation and initiate

downstream pathways of quality control and ribosome recycling

remains to be investigated. Although the ASCC3 helicase (Slh1 in

yeast) and associated factors have been functionally implicated

in these steps (Matsuo et al., 2017; Sitron et al., 2017), their role is

not known. The ability to now generate a defined ubiquitinated

di-ribosome should provide a starting point for dissecting how

this complex is subsequently disassembled, a critical step for

both ribosome recycling and quality control.

Ribosome collisions on stall-containing mRNAs were recently

shown to be required for endonucleolytic cleavage of those

mRNAs in yeast (Simms et al., 2017). This suggests that both

mRNA decay and nascent protein quality control rely on colli-

sions. Whether both processes utilize the same sensor and ef-

fectors downstream of collisions remains to be established.

The simplest model is that collisions recruit Hel2 and ubiquitinate

key 40S residues. The ubiquitin would serve as amark for factors

that carry out mRNA cleavage, just as it is used to induce trans-

lation arrest, ribosome recycling, and nascent protein degrada-

tion (Garzia et al., 2017; Juszkiewicz and Hegde, 2017; Matsuo

et al., 2017; Sundaramoorthy et al., 2017). Alternatively, the

collided di-ribosome might recruit factors independently of
10 Molecular Cell 72, 1–13, November 1, 2018
Hel2 to initiate mRNA decay. In this light, it is noteworthy that en-

donucleolytic cleavage occurs at a position relative to the stalled

ribosome (Guydosh and Green, 2017) that would correspond to

interface 1. It will be important to determine whether Hel2 or 40S

ubiquitination is a prerequisite for endonucleolytic cleavage and

mRNA decay, and if not, what other collision-specific factor(s)

are needed to execute these events.

Interaction of Hel2 with ribosomes in yeast may occur some-

what differently than ZNF598 in mammals. Hel2’s seemingly

constitutive ribosome association and ability to interact with

monosomes (Matsuo et al., 2017) might indicate relatively stable

binding near Asc1 (the RACK1 homolog), from where it could

ubiquitinate uS10 only when a trailing ribosome collides. This

model would reconcile constitutive Hel2-ribosome association

with data suggesting that uS3 ubiquitination (which is near

uS10) is enhanced by manipulations expected to cause ribo-

some collisions (Simms et al., 2017).

Because aberrant translation is detected via collisions, a cell’s

definition of ‘‘aberrant’’ is necessarily context and substrate spe-

cific. The P sites in a collided di-ribosome are separated by

�10 codons. Under normal conditions, the average inter-ribo-

somal distance between P sites is �66 codons (Ingolia et al.,

2011). At an elongation rate of �5.6 codons per second (Ingolia
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et al., 2011), a trailing ribosome will reach the position of the

leading ribosome in 11.6 s. To avoid a collision, the leading ribo-

some must elongate at least 11 codons in this time. Thus, using

transcriptome-wide averages, aberrant translation can now be

defined as any 10-codon stretch where average elongation is

slower than�1 codon/s or roughly 5–6 times slower than normal.

Stated more generally, collisions occur whenever a ribosome

cannot elongate more than 10 codons before the trailing ribo-

some elongates the inter-ribosomal distance (Figure 7A).

Initiation frequency, inter-ribosomal distance, and speed of

translation are influenced by mRNA properties, environmental

stress, differentiation, and different physiologic states. Thus,

the degree of slowdown needed to incur a ribosomal collision

will differ for different mRNAs and be modulated by cellular con-

ditions. For example, an infrequently translatedmRNA can afford

to pause for an extended period before a collision is incurred. By

contrast, an extremely highly translated mRNAwith a short inter-

ribosomal distance would incur collisions with even transient

elongation pauses (Figure 7B). A lower threshold for detecting

stalls on highly translated mRNAs may benefit the cell because

even a few aberrant copies of such mRNAs would generate

aberrant proteins at a very high rate. Avoiding this risk may be

more important than occasionally flagging normal stochastic

collisions.

Among the most highly translated mRNAs in mammals are the

globins in reticulocytes. Their �140-codon open reading frames

with 4–6 ribosomes (Figure S2B) will have inter-ribosomal dis-

tances of 20–40 codons, markedly increasing the risk of colli-

sions during even transient slowdowns (Figure 7B). This appears

to be tolerated by essentially eliminating ZNF598 in this cell type

(Figure S1A), thereby forsaking quality control in favor of the

massive translation rates needed to populate the cell with over

200 g/L hemoglobin. Thus, native polysomes in reticulocytes

naturally have some stochastically collided di-ribosomes, a

very fortuitous feature that in hindsight explains why nuclease-

digested ribosomes from this source could be used to identify

ZNF598 targets (Juszkiewicz and Hegde, 2017).

Earlier studies have shown that in vivo and in vitro polysomes

can acquire a wide range of ribosome arrangements including

beads-on-a-string, circles, spirals, and various closely packed

configurations of uncertain biological relevance (Afonina et al.,

2014; Brandt et al., 2009, 2010; Christensen and Bourne, 1999;

Myasnikov et al., 2014). The collided ribosome characterized

here matches one such configuration in which ribosomes form

a helix (Myasnikov et al., 2014). Although this earlier structure

was ascribed as actively translating polysomes, we can now infer

that the super-helical polyribosome complex probably repre-

sents a stalled ribosome with a series of collided ribosomes

behind it. Consistent with this interpretation, helical poly-ribo-

somes show reduced translation activity and are preferentially

observed at later translation times (Afonina et al., 2015) when

mRNAdamagemight induce stalling or the disassembly pathway

has lost activity. Other ribosome configurations observed previ-

ously (Afonina et al., 2014; Brandt et al., 2009, 2010; Christensen

and Bourne, 1999) might recruit (or be induced by) different fac-

tors and have functions other than quality control.

Ribosome collisions are also incurred in E. coli where they

have been suggested to stimulate abortive termination of the
leading ribosome by an unknown mechanism (Ferrin and Subra-

maniam, 2017). It will therefore be interesting to determine

whether the prokaryotic collided ribosome has a distinctive

architecture as hinted in earlier EM studies (Brandt et al.,

2009). If so, factorsmight have evolved to recognize such a com-

plex and induce abortive termination or signal other downstream

events.

Linking specific polysome architectures with defined functions

will afford the opportunity to use template matching (Mahamid

et al., 2016) to directly visualize where in a cell specific transla-

tion-related events are occurring. Thus, the map of a collided

di-ribosome presented here now provides a means to determine

when, where, and how frequently ribosome-associated quality

control is initiated in cells. More broadly, our findings reveal the

general concept that differences in higher-order polysome

structure can contain information that cellular factors exploit to

modulate translation.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-ZNF598 Abcam Cat. #ab80458; RRID: AB_2221273

Rabbit monoclonal anti-eS10 Abcam Cat. #ab151550; RRID: AB_2714147

Rabbit polyclonal anti-uS5 Bethyl Labs Cat. #A303-794A; RRID: AB_11218192

Rabbit monoclonal anti-uL2 Abcam Cat. #ab169538; RRID: AB_2714187

Rabbit monoclonal anti-eS24 Abcam Cat. #ab196652: RRID: AB_2714188

Mouse monoclonal anti-Flag Sigma-Aldrich Cat. #F3165; RRID: AB_259529

Rabbit polyclonal anti-GFP Chakrabarti and Hegde, 2009 N/A

Rabbit polyclonal anti-RFP Chakrabarti and Hegde, 2009 N/A

HRP conjugated mouse monoclonal anti-beta-Actin Sigma-Aldrich Cat. #A3854; RRID: AB_262011

HRP conjugated goat anti-rabbit Jackson ImmunoResearch Cat. #111-035-003 RRID: AB_2313567

HRP conjugated goat anti-mouse Jackson ImmunoResearch Cat. #115-035-003; RRID: AB_10015289

Chemicals, Peptides, and Recombinant Proteins

3xFlag peptide Sigma-Aldrich Cat. #F4799

D-Biotin Sigma-Aldrich Cat. #47868

CAS: 58-85-5

Anti-Flag M2 affinity resin Sigma-Aldrich Cat. #A2220

Ni-NTA agarose QIAGEN Cat. #30210

Strep-Tactin Sepharose High-Performance GE Healthcare Cat. #28-9355-99

S7 Micrococcal Nuclease Roche Cat. #10107921001

Complete EDTA-free protease inhibitor cocktail Roche Cat. #11873580001

Pactamycin Gift from E. Steinbrecher,

Pharmacia Corp.

N/A

Cycloheximide Sigma-Aldrich Cat. #C4859;

CAS: 66-81-9

Hygromycin B Millipore Cat. #400051-100KU CAS: 31282-04-9

Blasticidin S Santa Cruz Biotechnology Cat. #sc204655 CAS: 3513-03-9

Didemnin B Shao et al., 2016 N/A

Emetine Calbiochem Cat #324693; CAS #316-42-7

Anisomycin Sigma-Aldrich Cat. #A9789; CAS #22862-76-6

Doxycycline Sigma-Aldrich Cat. #D9891; CAS: 24390-14-5

EasyTag L-[35S]-Methionine Perkin Elmer Cat. #NEG709A005MC

CAP (diguanosine triphosphate cap) New England Biolabs Cat. #S1404L

RNasin Promega Cat. #N251

Amino acid kit Sigma-Aldrich Cat. #09416

SP6 Polymerase New England Biolabs Cat. #M0207L

Creatine phosphate Roche Cat. #621714

Creatine kinase Roche Cat. #127566

His-Ubiquitin Boston Biochem Cat. # U-530

HA-Ubiquitin Boston Biochem Cat. # U-110

ZNF598-TEV-3xFlag (human) Juszkiewicz and Hegde, 2017 N/A

eRF1-AAQ (human) Brown et al., 2015a N/A

UbcH5a Boston Biochem Cat. # E2-616

GST-UBE1 (human) Boston Biochem Cat. # E-306

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental Models: Cell Lines

HEK293T ATCC CRL-3216

ZNF598 KO Flp-In T-REx 293 dox inducible

GFP-P2A-(KAAA)21-P2A-RFP

Juszkiewicz and Hegde, 2017 N/A

WT Flp-In T-REx 293 dox inducible

GFP-P2A-(KAAA)21-P2A-RFP

Juszkiewicz and Hegde, 2017 N/A

WT Flp-In T-REx 293 dox inducible

GFP-P2A-(K)0-P2A-RFP

Juszkiewicz and Hegde, 2017 N/A

E. coli BL21(DE3) pLysS Thermo Fisher Scientific C606003

Recombinant DNA

pSP64-Twin-Strep-VHPb-K(AAA)20-3F4 This study N/A

pcDNA3.1 ZNF598-TEV-3xFlag Juszkiewicz and Hegde, 2017 N/A

pRSETA 6xHIS-TEV-eRF1(AAQ) Brown et al., 2015a N/A

Primer: SP64 50 Fwd: TCATACACATACGATTTAGG Sharma et al., 2010 N/A

Primer: SP64 Rev: CAATACGCAAACCGCCTC Sharma et al., 2010 N/A

Primer: SP64 STOP-truncation Rev: CTATGACATG

ATTACGAATTCCTATCCGGTTTTGAG CCCAGG

This study N/A

Software and Algorithms

FlowJo FlowJo https://www.flowjo.com/

GraphPad Prism GraphPad Software https://graphpad.com/

RELION 2 MRC-LMB https://www2.mrc-lmb.cam.ac.uk/relion/

index.php?title=Main_Page

UCSF Chimera UCSF https://www.cgl.ucsf.edu/chimera/

Pymol Schrödinger https://pymol.org/2/

Coot MRC-LMB https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot/

Adobe Illustrator Adobe https://www.adobe.com/uk/creativecloud.html

Other

SuperSignal West Pico Chemiluminescent substrate Thermo Fisher Scientific Cat. #34080

Rabbit Reticulocyte Lysate Mix Sharma et al., 2010 N/A

DMEM, high glucose, GlutaMAX Supplement, pyruvate Thermo Fisher Cat. #10569010

Tetracycline-free Fetal Calf Serum (FCS) BioSera Cat. #FB-1001T/500

PonceauS Solution Sigma-Aldrich Cat. P-7170-1L; CAS: 6226-79-5

Qubit RNA HS Assay Kit Thermo Fisher Cat. #Q32852
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact Rama-

nujan S. Hegde (rhegde@mrc-lmb.cam.ac.uk).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines
All cell lines were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% fetal calf serum (FCS). In cases where the cells

contained a doxycycline-inducible reporter, tetracycline-free FCS was used. 15 mg/ml blasticidin and 100 mg/ml hygromycin were

included for culturing HEK293 TRex Flp-in cells stably expressing reporter constructs. All cell lines used in this study (listed in the

Key Resources Table) have been described and characterized previously (Juszkiewicz and Hegde, 2017).
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METHOD DETAILS

Constructs
Constructs for in vitro translation in rabbit reticulocyte lysate (RRL) were sub-cloned into a pSP64-based vector. The constructs con-

tained an epitope tag at the N terminus (either Twin-Strep or FLAG), the cytosolic domain of Sec61b containing the autonomously

folding villin headpiece (VHP) domain inserted between residues 14 and 15 (Shao et al., 2013), twenty AAA codons, and a C-terminal

3F4 tag. The FLAG-tagged ZNF598 construct (pcDNA3.1-ZNF598-TEV-3xFLAG) for recombinant protein production in mammalian

cells has been described (Juszkiewicz and Hegde, 2017). The construct for E. coli expression and purification of human eRF1AAQ

(pRSETA-6XHIS-TEV-eRF1AAQ) has been described (Brown et al., 2015a).

Cell Cultures
Induction of reporter expression for stalling assays was for 24 h with 1 mg/ml of doxycycline. Treatment with pactamycin was for

22 h at between 4 to 40 nM as indicated in the figure legends. Where indicated, treatment with elongation inhibitors was for

15 min with the following concentrations: anisomycin low dose 0.19 mM or high dose 76 mM; emetine low dose 1.8 mM or high

dose 360 mM; Didemnin B low dose 0.5 mM or high dose 100 mM.

Flow Cytometry Analysis
Analysis of stalling using flow cytometry was essentially as described previously (Juszkiewicz and Hegde, 2017). In brief, cells were

trypsinized, sedimented (1000 rpm for 5 min), resuspended in 10% FCS in PBS and analyzed using a Beckton Dickinson LSR II

instrument. Approximately 20,000 GFP positive events were collected for each sample. Data analysis was performed using FlowJo

software.

In Vitro Transcription and Translation
In vitro transcription was performed with SP6 polymerase as described previously, and utilized PCR products as the template

(Sharma et al., 2010). The transcription reactions were conducted with 5-20 ng/ml PCR product in 40 mM HEPES pH 7.4, 6 mM

MgCl2, 20 mM spermidine, 10 mM reduced glutathione, 0.5 mM ATP, 0.5 mM UTP, 0.5 mM CTP, 0.1 mM GTP, 0.5 mM CAP,

0.4-0.8 U/ml RNasin and 0.4 U/ml SP6 polymerase at 37�C. In vitro translation in RRL was as described previously in detail (Sharma

et al., 2010). TwoRRL systemswere employed: native, non-nucleased RRLwas used tomanipulate translation complexes on endog-

enous mRNA (predominantly a and b globin). For translation of exogenously added transcripts, the RRL was pre-treated with micro-

coccal nuclease to digest endogenous mRNAs as described before. Translation reactions typically contained 33% by volume crude

RRL, 0.5 mCi/ml 35S-methionine, 20mMHEPES, 10mMKOH, 40 mg/ml creatine kinase, 20 mg/ml pig liver tRNA, 12mMcreatine phos-

phate, 1 mM ATP, 1 mMGTP, 50 mM KOAc, 2 mMMgCl2, 1 mM reduced glutathione, 0.3 mM spermidine and 40 mM of each amino

acid except methionine. In cases where an exogenous transcript was used, the transcription reaction was added to 5% by volume

to the translation reaction without further purification. Translations were for 20-45 min at 32�C unless indicated otherwise in the

individual figure legends.

Affinity Purification from RRL Translation Reactions
200 ml or 400 mL translation reactions supplemented with between 2.5 to 10 nM recombinant ZNF598-3XFLAG were carried out for

25 min at 32�C before transferring to ice for the remainder of the experiment. 15 mL of StrepTactin High-Performance Sepharose or

15 mL of packed anti-FLAG affinity resin was added directly to the reaction and incubated for 1.5 h with constant gentle mixing at 4�C.
The resin was washed 5 times on ice with Ribosome Nascent Chain (RNC) buffer (50 mM HEPES pH 7.6, 100 mM KOAc, 5 mM

Mg(OAc)2). Elution was for 30minwith RNCbuffer containing 50mMD-biotin on ice (for the StrepTactin resin) or 0.2mg/ml of 3xFLAG

peptide at 22�C (for FLAG resin). The eluate was separated from the resin for further analysis by autoradiography, and/or

immunoblotting.

Denaturing His-Ub Pull-downs
In experiments where affinity purification of ubiquitinated products was desired, the translation reaction was supplemented with

His6-Ubiquitin to 10 mM. For the pull-down, the reaction was adjusted to 100 mM Tris pH 8.0 and 1% SDS in a final volume of

100 ml. The samples were boiled for 5 min at 95�C, cooled to room temperature, then diluted with 900 mL of pull-down buffer

(PBS, 0.5% Triton X-100, 250 mM NaCl, 20 mM imidazole). 10 ml of packed Ni-NTA (QIAGEN) resin was added to the samples.

Pul-ldowns were for 1.5 h at 4�C with end-over-end mixing. The resin was washed four times with 1 mL each of pull-down buffer

before elution with SDS-PAGE sample buffer supplemented with 50 mM EDTA.

Analytical Sucrose Gradient Fractionation
Analytical sucrose gradient fractionations were performed as described with minor modifications (Juszkiewicz and Hegde, 2017).

In brief, 20 mL of the sample was layered atop 200 mL of manually prepared 10%–50% or 20%–50% sucrose gradients in RNC

buffer. Centrifugation was for 20 min at 55,000 rpm at 4�C using a TLS-55 rotor (Beckman) with the slowest acceleration and

deceleration settings. Eleven 20 mL fractions were successively collected from the top and used directly for western blot analysis.
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For autoradiography of the translated nascent chains, the samples were first digested with 0.15 mg/ml RNase A for 30 min on ice to

remove the associated tRNA.

Western Blot Analysis
WesternBlottingwasperformedaspreviously described (Juszkiewicz andHegde, 2017). In brief, cellswerewashed twicewith ice cold

PBS and lysed with 100mMTris pH 8.0 with 1%SDS followed by boiling and vortexing to shear genomic DNA. Tris-tricine SDS-PAGE

was followedby tank transfer to 0.2mmnitrocellulosemembrane.Primary antibodieswere incubated for 1 h at room temperature or 4�C
for 12 to 16 h. Detection used HRP-conjugated secondary antibodies and SuperSignal West Pico Chemiluminescent substrate.

Analysis of Ribosome-ZNF598 Interaction in Cells
Two 10 cm plates of cells at 80% confluency were used for each condition. Cells were treated with low or high dose of emetine

(or DMSO as a vehicle control) for 15 min and transferred to ice. After 2 washes with ice cold PBS, cells were scraped from the

dish, pelleted for 5 min at 1000 rpm, and resuspended in 200 mL of RNC buffer with 40 U/ml of RNAsin inhibitor (Promega),

0.01% digitonin, 1x EDTA-free protease inhibitor cocktail and 1 mM DTT. After incubation on ice for 15 min, the cells were disrupted

mechanically by passage through a pre-chilled 26G needle using a 1 mL syringe. Cellular debris was removed by centrifugation for

15min at 15,000 x g in a table-topmicrocentrifuge. 150 mg of protein in the lysate was adjusted to 20 mL with RNC buffer, fractionated

on a sucrose gradient, and analyzed by western blotting analysis as described above.

Recombinant ZNF598 Purification
ZNF598 was expressed and purified as described previously (Juszkiewicz and Hegde, 2017). HEK293T cells were transfected with

the ZNF598-TEV-3xFLAG construct using TransIt 293 (Mirus) and cultured for 48-72 h. The cells were washed twice with ice cold

PBS, collected by scraping, sedimented, and lysed in RNC buffer with 100 mg/ml digitonin, 1 mM DTT and 1x EDTA-free cOmplete

protease inhibitor cocktail (Roche) for 20 min on ice. The lysate was clarified in a table-top microcentrifuge at 4�C for 10 min at

16,100 x g and incubated with anti-FLAG affinity resin (Sigma) for 1.5 h at 4�C with constant mixing. The resin was washed thrice

with 1 mL of lysis buffer, thrice with 50 mM HEPES pH 7.6, 400 mM KOAc, 5 mM Mg(OAc)2, 100 mg/ml digitonin and 1 mM DTT

and three times with RNC buffer. Elutions were carried out with one resin volume of 0.2 mg/ml 3xFLAG peptide in RNC buffer at

25�C for 30 min. Two sequential elutions were combined.

Recombinant eRF1AAQ Purification
eRF1AAQ was purified as before (Brown et al., 2015a) with slight modifications. All steps were performed at 4�C unless otherwise

specified. Briefly, E. coli BL21 (DE3) pLysS was transformed with pRSETA/His6-TEV-eRF1
AAQ and cultured in 2 L of LB with antibi-

otics at 37�C until an OD of 0.6 was reached. The cells were then induced with 0.25 mM IPTG and harvested after 2 hr. The cell pellet

was lysed by sonicating in 50 mL of binding buffer (50 mM TRIS, 300 mM NaCl, 1 mM EDTA, 5 mM imidazole, 5% glycerol, 1 mM

TCEP, pH 8.0) supplemented with 1% Triton X-100, 0.25% Na deoxycholate, 1 mM PMSF, 1 tablet cOmplete EDTA-free protease

inhibitor, 5 mM MgSO4, 5 mM CaCl2 and 10 mg DNase I. The lysate was clarified by centrifugation for 20 min at 43,150 x g and the

supernatant was filtered using 0.45 mm syringe filters and incubated with 5 mL of equilibrated cOmplete Ni resin (Roche) for 1 hr with

rocking. The beads were washed with 50 mL binding buffer, 250 mL binding buffer supplemented with an additional 300 mM NaCl,

again with 300 mL of binding buffer and eluted into 5 3 10 mL fractions of binding buffer supplemented with 250 mM imidazole

pH 8.0. The His6 tag was cleaved using 1 mg of home-made SuperTEV protease during overnight dialysis of the eluate against

1 L of 50 mM HEPES, 150 mM KOAc, 5 mM Mg(OAc)2, 0.5 mM EDTA, 1 mM TCEP, pH 7.4. The dialysate was incubated with

5 mL of equilibrated Ni resin for 45 min with rocking and the flowthrough containing >95% pure eRF1AAQ was concentrated to

9.1 mM, flash-frozen and stored at �80�C. Typical yield was �9 mg of pure protein per L of culture.

Ribosome Purification and Ubiquitination Analysis
Analytical purification of collided ribosomes for subsequent ubiquitination reactionswas performed using 500 mL of in vitro translation

reaction using non-nucleased RRL supplemented with eRF1AAQ to 1 mM. The reaction proceeded for 20 min at 32�C. Where indi-

cated, the sample was then subjected to nuclease digestion (or mock treatment without nuclease) as follows: CaCl2 was added

to 0.5 mM and S7 nuclease to 150 U/ml; after 10 min at 25�C, the reaction was quenched by addition of EGTA to 1 mM. Reactions

mixtures were spun through 250 mL of 20% sucrose cushion in RNC buffer for 1 h at 100,000 rpm at 4�C in the TLA-120.2 rotor. Ribo-

some pellets were washed once with 200 mL and resuspended with 50 mL of RNC buffer. In vitro ubiquitination of ribosomes was as

described previously (Juszkiewicz and Hegde, 2017). Reactions contained an energy regeneration system (1 mM ATP, 40 ng/ml

Creatine Kinase, 10mMCreatine phosphate), 100 nM rhGST-UBE1, 200 nMUbcH5a, 100 nM ribosomes and 2.5-10 nM recombinant

ZNF598 in RNC buffer. Reaction mixtures without ZNF598 and ribosomes were pre-incubated for 15min at 22�C to precharge the E2

with ubiquitin. ZNF598 and ribosomes were added and incubated for 1 h at 32�C.

Analysis of Nuclease-Resistant Polysomes in Cells
One 10 cm plate of cells at 80% confluency was used per condition. Cells were treated for 15 min with low or high dose of emetine

(or an equivalent volume of DMSO as a vehicle control). To analyze recovery from emetine, cells treated with low dose emetine were
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washed twice with emetine-free media, harvested immediately (no recovery) or incubated with media lacking emetine for 1 hr and

transferred to ice. After 2 washes with ice cold PBS, cells were collected and spun for 5min at 1200 rpm. Lysis was in 300 mL of buffer

containing 20 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) for 15 min on ice. The lysate was clarified by centrifugation for 10 min at 15,000 x g at 4�C in a tabletop

microcentrifuge. Total RNA in the lysate was quantified using the Qubit RNA HS Assay Kit (Thermo Fisher). Lysate containing

90 mg of total RNAwas adjusted to 1mMCaCl2 and 0.5 U of S7 nuclease per mg of RNA in a total reaction volume of 300 mL. Digestion

proceeded for 40 min at 25�C before the reaction was terminated by adding 1.2 ml of 500 mM EGTA. The sample was layered onto

a 12 ml 10%–50% sucrose gradient and subjected to ultracentrifugation at 40,000 rpm for 2 h at 4�C in an SW40 rotor (Beckman).

A piston gradient fractionator system (Biocomp) was used to monitor UV absorbance at 254 nm across the gradient.

Purification of Stalled Poly-ribosomes for Cryo-EM
4 3 1 mL of non-nucleased RRL supplemented with 500 nM eRF1AAQ was allowed to translate at 32�C for 25 min. Ribosomes from

each reaction were pelleted through a 2 mL cushion of 15% (w/v) sucrose in PS buffer (50 mM HEPES, 100 mM KOAc, 2 mM

Mg(OAc)2, 0.5 mM TCEP, pH 7.4) by centrifugation at 424,480 x g for 1 hr at 4�C in a TLA-100.3 rotor (Beckman). The pellets

were resuspended by soaking and repeated pipetting in 800 mL PS buffer supplemented with 1 U/ml RNasin inhibitor and carefully

loaded onto two 14 mL sucrose gradients (10%–50%) in PS buffer supplemented with 20 U/ml RNasin inhibitor (Promega). The

gradients were centrifuged at 202,048 x g for 2 hr at 4�C in an SW 40 Ti rotor (Beckman) and fractionated at 30 s per fraction

(�0.65 mL each) using a peristaltic pump setup connected to a UV aborbance reader at 260 nm (Gilson). Fractions corresponding

to tetra-ribosomes were pooled, diluted to 3 mL in PS buffer and the ribosomes pelleted by centrifugation at 424,480 x g for 1 hr

at 4�C in a TLA-100.3 rotor. The pellets were resuspended in 25 mL of PS buffer supplemented with 1 U/ml RNasin inhibitor, quantified

by UV260 nm absorbance and used immediately for cryo-EM or flash-frozen and stored at�80�C. Analysis of a specimen prepared in

this way by a repeat sucrose gradient verified that it contained little or no monosomes.

Cryo-EM Grid Preparation
Freshly-purified eRF1AAQ-stalled poly-ribosomes were diluted to an absorbance at 260 nm of 7 (�140 nM) in PS buffer and 3 mL

of the sample was applied at 4�C at 100% relative humidity to glow-discharged Quantifoil R2/2 grids coated with a �60 Å layer of

amorphous carbon prepared in-house. After incubation for 30 s and blotting for 4 s, the grid was plunge-frozen into liquid ethane

using a Vitrobot Mk III (FEI) and stored in liquid N2.

Data Collection
Refer to Table S1 for data statistics. All micrograph movies were recorded on an FEI Falcon III camera in integration mode using a

300 kV Titan Krios microscope equipped with an X-FEG source and using EPU software (FEI). Two datasets containing 2624 movies

(43 frames; 2.03 e� frame�1 Å�2) and 2520movies (47 frames; 1.55 e� frame�1 Å�2) were collected with total exposures of 1.6 s, each

at a magnification of 75,000, resulting in a pixel size of 1.07 Å.

Data Processing
Data processing (Figure S3B) was performed in RELION-2.1 unless specified (Scheres, 2012). Movies were aligned using

5 3 5 patches using MotionCorr2 (Zheng et al., 2017) with dose-weighting. Contrast transfer function (CTF) was estimated using

Gctf (Zhang, 2016) with equiphase averaging enabled and micrographs with good CTF (and corresponding to a CTF figure of

merit > 0.19) were selected for further processing. Micrographs from both datasets were combined at this point. 364,776 particles

were picked usingGautomatch (Kai Zhang,MRC-LMB) and extracted in a 450 pixel box, whichwas then downscaled three-fold into a

150 pixel box (3.21 Å/pixel). Two rounds of two-dimensional classification were performed to yield 257,331 ribosome particles. Initial

three-dimensional refinement was carried out using a 70 Å lowpass-filtered referencemap of a rabbit ribosome (EMDB 3039) as initial

model and generated a starting ribosome map.

Collided Di-ribosome
We first identified the subset of ribosomes stalled at the stop codon using focused classification with partial signal subtraction

(FCwSS) as described previously (Brown et al., 2015a). Briefly, PDB 5LZV (Shao et al., 2016) was docked into the density of our start-

ing ribosome map using UCSF Chimera and all ribosome signal outside a generous mask around eRF1 and ABCE1 was subtracted.

Masked 3D classification into 4 classes was performed without image alignment for 25 iterations and a regularisation parameter (T)

of 10. The procedure yielded a 28% class with unambiguous density for eRF1AAQ-ABCE1. Visual inspection of the selected stalled

ribosomes on rawmicrographs revealed that some, but not all particles were part of closely packed poly-ribosomes. As monosomes

were not present in appreciable amounts in the sample, we can infer that some degree of polysome dissociation occurred during

vitrification. We therefore used a second FCwSS procedure to separate isolated stalled ribosomes from those that were part of

higher-order di- and poly-ribosomes. Stalled ribosome particles were re-extracted and re-refined in a 1870 pixel box that was

down-scaled to 374 pixels (5.35 Å/pixel). The resulting map had clear but poorly aligned density for a neighboring collided ribosome

on the E-site side of the stalled ribosome. Importantly, no density was observed on the A-site side, providing an independent

validation that these were indeed the leading stalled ribosome. Signal from the stalled ribosome was subtracted and the particles
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were classified into 4 classes without image alignment inside a generousmask around the collided ribosome for 25 iterations (T = 10).

Two classes containing density for the collided ribosome and together comprising 25% of the input data (14,634 particles) were

selected, the subtracted signal was reverted and the data refined to a final angular accuracy of 1.3� and reached Nyquist resolution

(10.8 Å).

Re-centering the di-ribosome to its approximate center of mass was necessary in order to minimize the box size, pixel size, and

computational costs needed to reach a higher resolution. To this end, the center of the di-ribosome was manually repositioned in

UCSF Chimera to coincide with the center of the box and a translation only search was performed in the same dataset over a range

of 50 pixels in initial steps of 5 pixels. Finally, the re-centered di-ribosome particles were re-extracted in a 1000 pixel box, downscaled

two-fold to 500 pixel (2.14 Å/pixel) and re-refined to an angular accuracy of 0.6�. The resultingmap of the collided di-ribosome had an

overall resolution of 6.1 Å.

The stated resolution of this initial di-ribosome map did not truly represent the observed map quality, which clearly suffered due

to continuous structural heterogeneity in the relative orientations between the two ribosomes. Accurate alignment of the stalled

ribosome smeared the density of the collided ribosome (Figure S4C), and vice versa. The recently described multi-body refinement

(Nakane et al., 2018) was therefore performed to account for changes in the relative orientations of the two ribosomes. Using a pre-

release version of RELION-3.0, each ribosome was treated as an independently moving rigid body and signal from each body was in

turn subtracted on the fly and the partial signal subtraction itself was improved during each iteration of the focused refinement until

convergence. Standard deviations of the rotation priors were 10� and 20�, respectively for the stalled and collided ribosomes, the

corresponding standard deviations for the translation priors were 2 and 4 pixels, the initial angular sampling rate was 3.7� and the

translation sampling rate was 0.75 pixel. The resulting collided di-ribosome map (Figure S4D) shows solvent-corrected resolution

estimates for the stalled and collided ribosomes to be 6.8 Å and 6.5 Å, respectively. Regions of the collided ribosome farthest

away from the center of mass of the di-ribosome, such as the L1 stalk became readily interpretable and helped to infer that the

collided ribosome was in the rotated state with a ‘closed’ L1 stalk (compare Figure S4C versus Figure S4D).

The resulting collided di-ribosome map from the multi-body refinement contained each body at its refined center of mass and

was used for docking of models derived from higher resolution maps of the stalled and collided ribosomes obtained from the

same dataset as described below.

Stalled Ribosome
The 28% class of all ribosomal particles with unambiguous density for eRF1AAQ-ABCE1 was subjected to 3D refinement to a final

angular accuracy of 0.5�, movie refinement, particle polishing, another round of 3D refinement and post-processing using a generous

solvent mask. This yielded a 3.9 Å map of the stalled ribosome (Figure S4A). The ribosomes that comprise this map were all part of

polysomes in the sample, but only a subset remained in polysome complexes after vitrification. Nevertheless, comparison of thismap

to the stalled ribosome in the collided di-ribosomemap above showed them to be the samewith respect to rotation state, presence of

factors, and positions of all key features. This suggests that the individual stalled ribosomes resulting from dissociated polysomes

largely retained their conformation, allowing us to use this higher resolution map for building atomic models (see below), which could

then be docked into the di-ribosome map.

Collided Ribosome
Three-dimensional classification of all ribosomal particles without alignments separated the particles broadly into canonical and

rotated states (Figure S3B, top right), producing two major classes. The first major class contained canonical ribosomes with partial

occupancy in the A- and F-sites for eRF1AAQ and ABCE1, respectively (44%). This class presumably contains within it the subset of

particles that produced the stalled ribosomemap above, plus others fromwhich the factors may have dissociated. The secondmajor

class contained rotated ribosomes with strong density for A/P and P/E hybrid tRNAs (38%). Particles in this class are necessarily not

the lead stalled ribosome. Particles from this class were re-extracted in a 356 pixel box (1.52 Å/pixel; corresponding to a Nyquist

resolution of 3.04 Å) and refined against their resampled, 70 Å lowpass-filtered map as initial reference to a final angular accuracy

of 0.5�. The particles were then subjected tomovie refinement, particle polishing, 3D refinement, and automated B-factor sharpening

and masked FSC calculation (post-processing) using a featureless solvent mask to yield a 3.8 Å map (Figure S4B). The ribosomes

that comprise thismapwere all part of polysomes in the sample, but only a subset remained in polysome complexes after vitrification.

However, comparison of this map to the collided ribosome in the collided di-ribosome map above showed them to be the same with

respect to rotation state, presence, and states of the tRNAs, and positions of all key features. This suggests that the individual

collided ribosomes resulting from dissociated polysomes largely retained their conformation, allowing us to use this higher resolution

map for building atomic models (see below), which could then be docked into the di-ribosome map.

Principal Component Analysis
The flex analyzermodule of RELION-3.0 (pre-release) was used to quantify the inter-ribosomal motions seen in individual di-ribosome

particles using principal component analysis. Briefly, motions in the data were described as linear combinations of principal compo-

nents to account for variations in the data along independent degrees of freedom. The eigenvectors corresponding to each linear

combination were rank-ordered by importance (Figure S4E) and the particles were distinguished based on the associated eigenvalue

(Figure S4F). The particles were binned by eigenvalue into 10 bins, and maps representing the median orientations in each bin were
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generated for each eigenvector. Eigenvector 1, which accounted for 42% of variance in the data, and which described pivoting of the

collided ribosome about an axis along the length of the 40S was used to produce the heatmap of variance shown in Figure 4B. To

produce this heatmap, the upper and lower 10% of eigenvector 1 particles (Figure S4F) from multi-body refinement and principal

component analysis were used to produce two maps that represent the extremes in variation. Collided ribosome models were

docked into these two maps, and the distance between equivalent atoms was computed and encoded as atomic B-factors in the

PDB file for display of relative variance.

Model Building
Stalled Ribosome

PDB 5LZV (Shao et al., 2016) was docked into the sharpened density for the stalled ribosome and the E-site tRNA chain was deleted.

The L1 and P stalk RNA and protein coordinates were taken from PDB 4V6X (Anger et al., 2013). The model was adjusted manually in

Coot to conform with the density using suitably blurred maps (with B-factors between�50 and�150), real space-refined to improve

the fit and 50 cycles of local refinement with a radius of 6 Å and a weight of 0.00001 was performed in Refmac v 5.8 (Murshudov et al.,

2011) in the presence of ProSMART self-restraints (Nicholls et al., 2012) and LIBG base pairing and stacking restraints (Brown et al.,

2015b). Poly-alanine wasmodeled into the nascent chain. The stop codons in rabbit a- and b-hemoglobin are UAA and UGA, respec-

tively, and the latter was built into the density. The P-site tRNA model from 5LZV was retained. The P-site codons are CGU (a) and

CAC (b), which code for Arg and His residues, respectively, at the protein C-termini. The wobble position was chosen to be cytosine

and the corresponding tRNA base changed to guanine, themiddle position was set to adenine (in lieu of the purines A/G) and the first

position was set to cytosine (in lieu of the pyrimidines C/U). The mRNA from 5LZV was manually adjusted into a map blurred with an

overall B-factor of�200. Finally, the three bundles comprising the model were combined using phenix.combine_models and refined

for 12 macro-cycles using phenix.real_space_refine. Refer to Table S1 for statistics.

Collided Ribosome

The large and small subunits of PDB 5LZV were individually docked into sharpened density for the collided ribosome. The P and L1

stalks and associated proteins were adjusted manually to fit the density in the open and closed conformations, respectively. The A/P

and P/E tRNAswere taken from the porcine rotated ribosome structure [PDB 3J7R (Voorhees et al., 2014)] and poly-alanine was used

tomodel the nascent chain. ThemRNA from3J7Rwas extended from as described for the stalled ribosome and the P-site codonwas

tentatively set to Val138 of b-hemoglobin. Real and reciprocal space refinement was performed using Coot, REFMAC and phenix

as above.

Collided Di-ribosome

The generated stalled and collided ribosome models were rigid body fitted into the collided di-ribosome map without any further

adjustments. The structure of the interface (Figure 3) must therefore be interpreted as the median conformation of the interacting

elements and the plasticity of the interface allows other related geometries described by the principal component analysis.

Model Refinement and Validation
Models were refined with REFMAC v5.8 utilizing external restraints generated by ProSMART and LIBG (Murshudov et al., 2011;

Nicholls et al., 2012). Model statistics (Table S1) were obtained using MolProbity (Chen et al., 2010).

Molecular Graphics

Structural figures were generated using Pymol (Schrödinger, LLC; Figures 3 and 4B) or UCSF Chimera (Pettersen et al., 2004)

(Figures 4A, S3, and S4). The FSC curves in Figures S4A, S4B, and S4D were generated by RELION 2.1 and and redrawn in Adobe

Illustrator. The graphs in Figures S4E and S4F were generated by RELION 3.0 (pre-release) and redrawn in Adobe Illustrator.

QUANTIFICATION AND STATISTICAL ANALYSIS

All reported resolutions are based on the Fourier shell correlation (FSC) 0.143 criterion (Rosenthal and Henderson, 2003).

DATA AND SOFTWARE AVAILABILITY

Four maps have been deposited with the EMDBwith accession codes EMD-0192 (stalled ribosome), EMD-0194 (collided ribosome),

EMD-0195 (collided di-ribosome – stalled) and EMD-0197 (collided di-ribosome - collided). Atomic coordinates have been deposited

with the Protein Data Bank under accession codes PDB 6HCF (stalled ribosome), 6HCJ (collided ribosome), 6HCM (collided di-ribo-

some - stalled) and 6HCQ (collided di-ribosome - collided).
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Fig. S5. Compatibility of the collided di-ribosome with membrane binding (related to Fig. 4).
A large proportion of total cellular translation occurs on ribosomes bound to the ER membrane. To deter-
mine whether the collided di-ribosome strucutre is compatible with membrane bound ribosomes, the Sec61 
translocon (red) was docked into its binding site on each ribosome of the collided di-ribosome. The shaded 
bar depicts a hypothetical membrane bilayer, illustrating that it is compatible with the positions of Sec61 with 
some bending. This degree of membrane bending is easily within the range that is observed for ER mem-
brane in electron micrographs. Furthermore, the flexibility of the di-ribosome at its interface (Fig. 4) may 
further facilitate collisions at the membrane surface.
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Fig. S6. Resolution of collided ribosomes relies on ZNF598 (related to Figure 5)
WT (top panel) or ∆ZNF598 HEK293 cells were treated with 1.8 µM emetine for 15 minutes. One aliquot 
was harvested immediately, while another was allowed to recover for 1 hour in emetine-free medium 
before harvesting. Cytosol from each of the samples was digested with micrococcal nuclease and separat-
ed by sucrose gradient sedimentation. The absorbance at 260 nm across the gradient was plotted, normal-
ized to the peak 80S absorbance. Note that the nuclease-resistant di-, tri-, and poly-ribosome peaks are 
partially resolved during the one hour recovery in WT cells, but persist in ∆ZNF598 cells. In fact, the 
proportion of tetra-ribosomes and larger polysomes increases in ∆ZNF598 cells, consistent with additional 
ribosome loading onto already stalled complexes. 
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an increase in read-through of the poly(A) stalling sequence. 

untreated
pactamycin

untreated
pactamycin

untreated
pactamycin



	
Table	S1.	Data	collection,	processing,	refinement	and	model	statistics	(related	to	Figure	3).	
	
	

Stalled	
ribosome	

Collided	
ribosome	

Di-ribosome	

Data	Collection	 	 	 	
			Voltage	(kV)	 300	

1.07	
-1.5	to	-3.0	

-2.25	

-	
			Pixel	size	(Å)	 -	
			Defocus	range	(μm)	 -	
			Defocus	mean	(μm)	 -	
			Electron	dose	(e-	frame-1	Å-2)	 																					2.03,	1.55	 	
Data	Processing	 	 	 	
			Independent	data	collections	 2	 -	
			Useable	micrographs	 4815	 -	
			Particle	picking	software	 Gautomatch	 -	
			Particles	picked	 364,776	 -	
			Particles	after	2D	classification	 257,331	 -	
			Final	particles	 71,954	 98,611	 14,634	
			Map	sharpening	B-factor	(Å2)	 -101.6	 -86.3	 -90.8(stalled)	

-77.8(collided)	
			Resolution	(Å)	 3.9	 3.8	 6.8	(stalled)	

6.5	(collided)	
			PDB	accession	code	 6HCF	 6HCJ	 6HCM	(stalled)	

6HCQ	(collided)	
			EMDB	accession	code	 EMD-0192	 EMD-0194	 EMD-0195	(stalled)	

EMD-0197	(collided)	
Refinement	 	 	 	
			Resolution	(Å)	 3.9	 3.8	 	
			Average	B	factor	(Å2)	 75.4	 96.7	 	
			FSCaverage	 0.75	 0.80	 -	
R.M.S	deviations	 	 	 	
			Bond	lengths	(Å)	 0.019	 0.013	 -	
			Bond	angles	(°)	 1.188	 1.11	 -	
Validation	 	 	 	
			Molprobity	score	 1.83	 1.81	 	
			Clashscore,	all	atoms	(percentile)	 5.27	(93rd)	 4.53	(95th)	 -	
			Favored	rotamers	(%)	 94.9	 95.0	 -	
			Poor	rotamers	(%)	 0.37	 0.33	 -	
Ramachandran	plot	 	 	 	
			Favored	(%)	 90.0	 88.9	 -	
			Outliers	(%)	 0.2	 0.34	 -	
Validation	(RNA)	 	 	 	
			Correct	sugar	puckers	(%)	 98.8	 98.8	 -	
			Good	backbone	conformations	(%)	 70	 67	 -	
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