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Abstract

Faulty or damaged mRNAs are detected by the cell when translating ribosomes stall during
elongation and trigger pathways of mMRNA decay, nascent protein degradation, and ribosome
recycling. The most common mRNA defect in eukaryotes is probably inappropriate poly-
adenylation at near-cognate sites within the coding region. How ribosomes stall selectively when
they encounter poly(A) is unclear. Here, we use biochemical and structural approaches in
mammalian systems to show that poly-lysine, encoded by poly(A), favors a peptidyl-tRNA
conformation sub-optimal for peptide bond formation. This conformation partially slows
elongation, permitting poly(A) mRNA in the ribosome’s decoding center to adopt an rRNA-
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stabilized single-stranded helix. The reconfigured decoding center clashes with incoming
aminoacyl-tRNA, thereby precluding elongation. Thus, coincidence detection of poly-lysine in the
exit tunnel and poly(A) in the decoding center allows ribosomes to detect aberrant mRNAs
selectively, stall elongation, and trigger downstream quality control pathways essential for cellular
homeostasis.

The accumulation of aberrant proteins can disrupt intracellular homeostasis, cause protein
misfolding stress and is implicated in a wide range of diseases ranging from diabetes to
neurodegenerationl—3. To minimize aberrant protein production, cells have evolved
numerous quality control pathways to selectively identify misfolded or misprocessed
proteins and route them for degradation®-2. Although many of these quality control pathways
query the protein directly, others are aimed at detecting defective mMRNAs that are likely to
produce defective proteins*®. The critical decision point in all quality control pathways is
the initial recognition step that triggers the downstream degradation reactions.

Many of the pathways that recognize defective mMRNAs rely on their translation’9. One
important cue used by the cell is stalling of the ribosome during elongation. The stall can be
caused for many reasons including excessive mMRNA secondary structurel®, runs of rare or
difficult-to-decode codons!, mRNA truncation!2:13, and a poly(A) sequencel4-16, The
stalled ribosome triggers the ‘no-go’ or ‘non-stop’ pathways of mRNA decay 1013.17.18
nascent protein degradation via ribosome-associated quality control (RQC) 1219-23 and
ribosome recycling 122425 to maintain protein homeostasis26-30,

There are at least two mechanisms of detecting a stalled ribosome depending on the context.
Stalling at the end of a truncated mRNA results in an empty ribosomal A-site that is
efficiently recognized by the ribosome rescue factor Pelota (Dom34 in yeast) in complex
with the GTPase Hbs124.25:31.32_ A second mechanism involves detecting the indirect
consequences of a stalled ribosome: collision with the elongating ribosome behind it.
Experimental conditions predicted to incur collisions were correlated with markers of
downstream quality control including endonucleolytic mMRNA cleavage and ribosome
ubiquitination33. The collided di-ribosome complex was found to attain a distinctive
configuration34:3° that was shown in vitro and in cells to be recognized specifically by the
ubiquitin ligase ZNF598 (Hel2 in yeast)3 to initiate downstream quality control
pathways1415,34-38,

Although there are many ways to induce stalling experimentally, the most common reason in
cells is thought to be inappropriate poly-adenylation at near-cognate sites within the coding
region 17:39-43 The absence of an in-frame stop codon in these MRNAs allows ribosomes to
translate into the poly(A) tail. Estimates of premature polyadenylation range up to ~10-20%
of MRNAs?’, suggesting that this might be a major source of ribosome stalling in cells.
Consistent with this idea, crosslinking experiments show that ZNF598 is strongly enriched
on ribosomes specifically containing the lysyl-tRNA that decodes the AAA codon?!. Despite
the prevalence of this pathway, it remains unclear how ribosomes stall selectively on

poly(A).
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The two candidate contributors to poly(A)-mediated stalling are the nascent polypeptide and
the MRNA. Early studies observed that poly-basic sequences inside the ribosome exit tunnel
can slow translation in vitro**, and can initiate downstream quality control in yeast*®. Later
work indicated that at least some of the effects in yeast may be due to particularly inefficient
decoding of certain codons, most notably arginine-encoding CGA, as a major contributor to
stalling!146, In mammalian cells, poly-arginine and AAG-encoded poly-lysine do not induce
stalling as effectively as poly(A)-encoded poly-lysine, arguing for a strong contribution from
the mRNA sequencel4-16. Consistent with this idea, experiments in a reconstituted bacterial
translation system have shown that iterated AAA codons are very poorly decoded relative to
iterated AAG codons?*’.

These collected observations indicate that both the polypeptide and mRNA might contribute
to stalling, but the molecular mechanisms behind their effects on elongation are not
understood. Any proposed mechanism must necessarily explain how the cell ignores short
poly(A) sequences of 3 or 4 codons, which occur within normal coding regions, while
stalling selectively on longer poly(A) sequences characteristic of aberrantly processed
MRNAs. This is the problem we set out to address in this study using a combination of
biochemical, structural, and cellular assays.

Reconstitution of poly(A)-triggered stalling in vitro

We sought to reconstitute in vitro the two key physiologically relevant features of poly(A)-
mediated stalling: specificity for poly(A) over iterated AAG codons, and a length threshold
above the longest poly(A) sequences within normal coding regions. We designed a synthetic
mRNA containing a short open reading frame followed by in-frame iterated AAA or AAG
codons preceding stop codons in all three frames (Fig. 1a, diagram). The short polypeptide
facilitated single amino acid resolution on SDS-PAGE of the 3°S-labelled translation
products (Fig. 1a). Using translation extracts prepared from human cultured cells, we found
that the majority of ribosomes stall after translating between 5-9 AAA codons (Fig. 1a;
Extended Data Fig. 1a). Very little stalling was seen earlier than 5 AAA codons, and most
ribosomes had stalled within 10 AAA codons. By contrast, ribosomes elongate more
effectively through lysine-encoding AAG codons, with most ribosomes synthesising at least
10 lysine residues.

Similar codon- and length-dependence was observed in rabbit reticulocyte lysate translation
extracts (Fig. 1b). In these experiments, we directly monitored stalling by analyzing tRNA
attached versus the terminated product in constructs containing different numbers of AAA
versus AAG codons. As shown in Extended Data Fig. 1b and quantified in Fig. 1b, no
differences in read-through to the stop codon were seen for 4 or fewer iterated codons, with
6 codons showing the first reliable difference. Synchronised time courses of read-through
(Extended Data Fig. 1c) showed essentially identical kinetics and efficiency of (AAA)3
versus (AAG)s, but a detectable difference between (AAA)g versus (AAG)g. Thus, the in
vitro translation system displays specificity of stalling on poly(A) over AAG-encoded poly-
lysine and shows a length threshold beyond the longest poly(A) sequence found in any
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human open reading frame. These results suggest that the in vitro assembled poly(A)-stalled
ribosome-nascent chain (RNC) complex is a physiologically relevant intermediate.

Cryo-EM structure of a poly(A)-stalled ribosome

Using the rabbit reticulocyte lysate translation system and the construct shown in Fig. 2a, we
affinity-purified poly(A)-stalled RNCs (Fig. 2b) and used single particle electron
cryomicroscopy (cryo-EM) to analyze the ribosomal particles (Extended Data Fig. 2). Of the
translating ribosomes, the majority (~90%) were observed in the canonical (non-rotated)
state with P-site tRNA and the remainder were seen in the rotated state with hybrid tRNAs.
This latter population proved to be trailing ribosomes within collided di-ribosome complexes
as evidenced by additional EM density on the A-site side. Earlier experiments have shown
that only ~10% of mRNAs undergo two rounds of initiation in this in vitro system3?,
explaining this di-ribosome population. We therefore excluded the trailing ribosomes from
our analysis and reconstructed a structure from the majority population of poly(A)-stalled
non-rotated ribosomes at an overall resolution of 2.8 A (Fig. 2c; Extended Data Figs. 2, 3).

Based on biochemical analysis of stalling (Fig. 1), the particles used for reconstruction
should contain nascent chains of different lengths due to stalling at different positions along
the poly(A) sequence. Nevertheless, nearly all RNCs will contain at least five lysine residues
at the C-terminus of the nascent chain and poly(A) throughout the mRNA channel, thereby
improving homogeneity in these regions of the reconstruction. The structure shows P-site
tRNALYS:3 (which decodes the AAA codon) linked to a nascent chain (Fig. 2¢; Extended
Data Fig. 4). The A and E sites are unoccupied and weak density is seen for the recently
described ‘Z-site’ tRNA%8. Density for the nascent polypeptide is observed from the
peptidyl-transferase center (PTC) through most of the ribosome exit tunnel, and density for
the MRNA is seen through most of the mRNA channel (Extended Data Fig. 3). Local
resolution approached 2.4 A at the core, including at the PTC and the decoding center
(Extended Data Fig. 3). This permitted the building and interpretation of atomic models at
these key functional regions. As described in turn, the decoding center conformation
impedes tRNA delivery and the nascent peptide geometry at the PTC impedes peptidyl
transfer.

Decoding center rearrangement induced by poly(A)

Because poly-lysine encoded by poly(A) stalls ribosomes more potently than poly-lysine
encoded by AAG codons (Fig. 1a; Extended Data Fig. 1)14-16, we suspected that the mMRNA
might contribute to stalling. Inspection of the decoding center suggested a mechanism for
poly(A) specificity. Four adenosine bases of the mRNA (+1 to +4) stack to form a single-
stranded helix (Extended Data Fig. 5) that is stabilized by stacking interactions with the
universally conserved 18S rRNA bases A1825 and C1698 (Fig. 3a). A1825 ordinarily
occupies a ‘flipped-in’ position but flips ‘out’ and participates in the decoding of both sense
and stop codons3249, The flipped-out A1825 and C1698 nucleotides in the poly(A)-stalled
ribosome stack on the poly(A) helix and differ from the positions seen during decoding (Fig.
3b) or termination32.
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The rearranged decoding center in the poly(A)-stalled ribosome is incompatible with
delivery of the tRNA«eEF1AGTP ternary complex due to a clash between tRNA base 37
and A1825 (Fig. 3c). This clash would be particularly severe for Lys-tRNALYS3 due to a
bulky 2-methylthio-N6-(aminocarbonyl-L-threonyl) modification on A37 (Extended Data
Fig. 4). Notably, A1825 is disfavored from reverting to its “in’ position to relieve this clash
for two reasons. First, its stacking interaction with the poly(A) helix extends and stabilizes
this helix, favoring the “out’ position. Second, the universally conserved A3760 of 28S
rRNA has moved relative to its usual position and now occupies the “in’ position of A1825
(Fig. 3b). Thus, the poly(A)-stalled ribosome contains a rearranged decoding center that is
incompatible with Lys-tRNALYS3 delivery (Fig. 3c), providing one reason elongation is
strongly impeded. Importantly, iterated AAG codons, which are less effective than poly(A)
at triggering stalling (Fig. 1), are also less favorable for helix formation as measured by
circular dichroism of oligonucleotides (Extended Data Fig. 6).

Suboptimal geometry of the nascent polypeptide at the PTC

Although decoding center rearrangement explains how poly(A) mMRNA contributes to
stalling, it remained unclear why ribosomes do not stall at the first occurrence of AAAA in
the A-site. An important clue to resolving this conundrum came from inspection of the PTC,
which provided a second reason for impaired elongation. The most proximal lysine attached
to A76 of the P-site tRNA is oriented with its side chain pointing toward the PTC’s A-site
and its backbone carbonyl pointing in the opposite direction (Fig. 4a). This unusual
orientation, not observed in an elongation-competent RNC structure (Extended Data Fig. 7),
seems to be favored because the preceding lysine residue points in the opposite direction
where it interacts with the backbone oxygen of 28S rRNA base C4387.

The consequence of this altered geometry would be two-fold: First, the P-site lysine side
chain would form repulsive charge interactions with the lysine side chain of an incoming
lysyl-tRNA at the A-site (Fig. 4b), potentially reducing the efficiency of accommodation.
Second, the backbone carbon of the ester bond that is attacked by the a.-amine of aminoacyl-
tRNA is displaced further from the A-site relative to the position observed in mammalian
elongation-competent RNCs (Extended Data Fig. 7) and bacterial peptidyl-transfer
intermediates (Fig. 4c, compare to Fig. 4b). The altered backbone geometry and the ~5.4 A
distance between the a.-amine and the ester bond, ordinarily less than 4 A%9, are likely to
reduce the efficiency of peptide bond formation.

The PTC also contained two regions of unaccounted density that we have provisionally
assigned as spermidine molecules. This assignment is plausible because spermidine is an
abundant (~1-3 mM) cytosolic polyamine, fits the observed density, and is known to bind
ribosomes at hundreds of sites®0. Whether these putative spermidine molecules directly
contribute to ribosome stalling or represent incidental interactions captured in our structure
is currently unknown. The role of polyamines in any specific step of translation has been
challenging to investigate because changes in polyamine levels potently impact multiple
aspects of ribosome function in vitro and in cells®0-52,
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Poly-lysine in the exit tunnel impairs peptide bond formation

Our structural observations at the PTC suggested the possibility that peptide bond formation
may be impaired when poly-lysine resides inside the ribosomal exit tunnel. To test this idea
experimentally, we measured the puromycin reactivity of matched RNCs containing 1, 3 or 7
lysines (encoded by AAG codons) positioned in the proximal region of the exit tunnel (Fig.
5a). Puromycin mimics the 3’ end of an aminoacylated tRNA, binds to the A-site, and reacts
with the P-site peptidyl-tRNA in a reaction identical to peptidyl-transfer. If nascent chain
geometry is suboptimal for peptide bond formation, this should be reflected as reduced
reactivity to puromycin. Importantly, the puromycin reaction exclusively reports on
geometry at the PTC independent of any effects on elongation via changes at the decoding
center.

To prepare the RNCs for this experiment, we exploited the fact that rabbit reticulocyte lysate
has exceptionally low abundance of tRNAs for many codons that do not exist in
hemoglobins. Earlier studies had established that the ribosome can be induced to stop at two
sequential rare leucine codons (UUA) and re-started upon addition of total liver tRNAS3.
Because a single UUA does not stall ribosomes, we can deduce that the ribosome is stalled
in a reversible manner with the second UUA codon in an A-site, awaiting the appropriate
aminoacyl-tRNA. Importantly, any ribosomes that failed to stall would terminate, resulting
in a polypeptide without an attached tRNA. Thus, peptidyl-tRNA at the start of the
experiment is an indicator of a temporarily paused but functional elongation intermediate; its
conversion to free nascent polypeptide by puromycin is an indicator of peptidyl-transfer.

Using this strategy, we found that elongation intermediates containing 7 exit tunnel lysine
residues are substantially less reactive to puromycin than intermediates containing 1 or 3
lysine residues (Fig. 5b). A low concentration of puromycin (2 uM) was used to ensure that
the rate of peptide release was sufficiently slow to allow accurate measurements to be made.
Because all three samples contain leucyl-tRNA in the P-site and identical mMRNA in the A
site and beyond, the difference can be attributed to the preceding polypeptide sequence
inside the exit tunnel. We conclude that 7 lysine residues inside the exit tunnel, similar to the
sample analyzed by cryo-EM, is sufficient to impair peptide bond formation consistent with
the altered geometry seen in the structure. Even though only the final three lysines were
sufficiently static to be modelled accurately in the EM map, the preceding lysine residues are
nevertheless important for impairing peptidyl transfer, presumably by constraining the final
residues in a suboptimal geometry. We believe this explains earlier observations that basic
residues inside the exit tunnel slow translation*4,

Coincidence detection of poly-lysine and polyl(A) triggers stalling

Based on our structural and biochemical observations, we postulated that poly-lysine
mediated slowing via the PTC facilitates poly(A)-dependent rearrangement of the decoding
center to mediate stalling. Such a “coincidence detection’ model would explain why stalling
on poly(A) only occurs after several lysine residues have entered the ribosome exit tunnel,
thereby avoiding stalls on short poly(A) sequences. To test the model, we analyzed ribosome
stalling by poly-lysine encoded by (AAG)7(AAA)3, a sequence that would position seven
lysine residues in the exit tunnel before decoding of (AAA)3 begins. Stalling efficiency with
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(AAG)7(AAA)3 was ~60% [comparable to (AAA)1g] under conditions where (AAG)1g
shows only background levels of stalling (Fig. 6a). In contrast, the reversed (AAA)3(AAG);
sequence was ineffective at stalling, indicating that (AAA)3 cannot stall ribosomes in the
absence of preceding lysine residues. Furthermore, the final (AAG)3 codons in this
sequence, which are preceded by seven lysine residues already in the tunnel, does not trigger
stalling.

Stalling was also induced by (AAG)g(AAA),, with the reverse (AAA),(AAG)g having little
effect (Fig. 6a), illustrating that even two AAA (but not AAG) codons in the mMRNA channel
are sufficient to stall ribosomes when preceded by poly-lysine. Yet, (AAA), does not
detectably stall translation on its own (Fig. 1b), arguing that two lysine residues in the P-site
of the PTC combined with (AAA), at the decoding center are not sufficient for stalling even
though these are the minimal elements observed in the poly(A)-stalled structure. The
experiment systematically increasing the length of poly(A) (Fig. 1b) instead shows that
stalling efficacy of (AAA) codons in the mRNA channel increases progressively with the
number of lysine residues in the exit tunnel. This result further argues that the observed
configuration of the proximal two lysine residues (Fig. 4a) is progressively favored by weak
exit tunnel interactions of upstream lysine residues. Although these upstream interactions
are not sufficiently static to be seen in our structure, their effect on peptide bond formation
(Fig. 5b) and on mMRNA-mediated stalling (Fig. 6a) can be detected functionally.

Using a cell-based assay for ribosome stalling (Fig. 6b), we found that (AAA),4, which is
insufficient to cause stalling, does so when preceded by (AAG)11 (Fig. 6¢). The importance
of (AAA), in stalling by (AAG)11(AAA), is evidenced by the nearly complete read-through
of (AAG), or (AAG)15. Thus, synergy between lysine residues in the exit tunnel and
poly(A) in the mRNA channel is seen in cells, although the threshold lengths for stalling are
somewhat longer than the in vitro system (e.g., Fig. 6a). The different thresholds can be
rationalised by the ~5-fold faster translation rate in cells, which allows ~5-fold less time per
elongation cycle for decoding center rearrangement. Conversely, an artificially long time
spent in the non-rotated state would favor decoding center rearrangement when the A-site
contains (AAAA). Protracted waiting times would explain why decoding of even the second
and third AAA codons (but not AAG codons) is highly inefficient in a fully reconstituted in
vitro system*’. Presumably, relatively dilute translation factors in cell-free translation
reactions cause ribosomes to spend more time waiting for the next aminoacyl-tRNA,
favoring the intramolecular (and hence, dilution-independent) rearrangement of the decoding
center. Thus, our coincidence detection model in which stalling by (AAAA) in the decoding
center depends on slowed elongation now rationalises otherwise inconsistent observations
across experimental systems.

Discussion

Based on the findings in this study, we propose a model (Fig. 7) that explains why ribosomes
elongate through short poly(A) stretches found in normal open reading frames but stall on
long poly(A) stretches of an improperly processed mRNA. When poly(A) first enters the A-
site, it likely samples the helical state very rapidly. Because decoding of (AAA)(ANN) is
generally highly efficient, we infer that decoding center rearrangement is slower than
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tRNA<eEF1AGTP engagement under normal conditions. For this reason, the ribosome
elongates through the next few AAA codons until the lysine side chains of the nascent
polypeptide begin making interactions with the proximal part of the exit tunnel.

These interactions progressively stabilize the C-terminal region of the nascent polypeptide in
a geometry unfavorable for peptidyl-transfer. In this geometry, the lysine side chain of the
last amino acid points into the A site, causing steric and repulsive interactions with an
incoming lysyl-tRNA. Interestingly, charge repulsion by long side chains has been observed
to impede peptidyl-transfer in another context>*. Here, the lysine or arginine side chain in
the penultimate position of the nascent polypeptide can impede an incoming basic amino
acid, an effect exaggerated by macrolide antibiotic binding in the exit tunnel. Inefficient
peptidyl-transfer would increase the probability of tRNA dissociation from the A-site.

The additional time spent in the non-rotated, empty A-site configuration is permissive for
rRNA engagement of the poly(A) helix, the presumed rate-limiting step in stalling. Poly(A)
favors single-stranded helix formation due to stronger stacking interactions allowed by
favorable electrostatics relative to other bases®®. Furthermore, guanines disrupt poly(A)
helices (Extended Data Fig. 6)°5, explaining why iterated AAG codons are less effective stall
sequences. Thus, coincidence detection of poly-lysine in the exit tunnel of the large subunit
and poly(A) in the decoding center of the small subunit, over 90 A away, allows ribosomes
to selectively stall on poly(A) and avoid stalling within normal coding regions.

Once the decoding center has rearranged, the ribosome slows substantially. Even when a
tRNA displaces this state, it may base pair incorrectly with the +2 to +4 bases to cause
frameshifting as seen in functional assays'*. Furthermore, accommodation and peptidyI-
transfer are still impeded, providing opportunities for the rearranged state to form again.
Severe ribosome slowing on poly(A) allows time for a trailing ribosome to catch up and
collide. The collided ribosome is then recognised selectively by the ubiquitin ligase ZNF598
(Hel2 in yeast)34, which ubiquitinates the 40S subunit to initiate downstream recycling and
quality control pathways3*35, In the absence of ZNF598, these downstream steps are not
initiated, allowing the ribosome to elongate eventually through poly(A), albeit very slowly
and with reduced reading frame fidelityl4,

In addition to addressing the problem of ribosome stalling on poly(A), our study represents
the first example to our knowledge of stalling due to mRNA interactions at the decoding
center. All earlier ribosome stalling sequences operate only via PTC rearrangement induced
by nascent chain interactions with the ribosome exit tunnel®’. Our findings illustrate how the
plasticity of the decoding center has also been exploited to selectively recognize particular
mRNA sequences and trigger acute stalling. Because decoding center rearrangement takes
time, mRNA recognition can be made contingent on elongation being modulated by the
polypeptide chain. Thus, there may be other examples in which a modest slowing of
elongation by the nascent polypeptide colludes with decoding center rearrangement to
trigger stalling.

In addition to the nascent polypeptide®’, elongation kinetics can be modulated by cellular
stress®8:59, protein folding®%, and polypeptide-binding factors®1, raising the possibility that
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stalling and its downstream consequences can be regulated by these parameters. For
example, stalling at otherwise innocuous AAAA sequences within normal open reading
frames might be triggered selectively in the context of slow elongation during some but not
other situations. The human transcriptome contains a variety of short poly(A) sequences that
are candidates for stall-mediated regulation as has been speculated’. Such regulation might
be particularly prominent in the malaria parasite Plasmodium falciparum, which has
numerous transcripts with poly(A) in their coding regions2 and whose abundances change
markedly during its complex life cycle. More generally, the combination of the A site
MRNA element and a conformational hindrance in the PTC might be more broadly used to
modulate translation in other contexts®3. Thus, variants of the coincidence detection
mechanism described here could be used by cells as a novel mechanism to regulate
translation and mRNA stability in response to changing cellular conditions.

Methods

Constructs

Templates for /n vitro transcription and translation experiments in Fig 1a and Extended Data
Fig. 1a used a gene block encoding 1xXFLAG followed by 33 amino acids. Experiments in
Fig. 1b and Extended Data Fig. 1b,1c employed a longer gene block encoding 3xFLAG, 52
amino acids, and three rare TTA codons used for pausing the ribosome in synchronised time
courses (Extended Data Fig. 1¢). These templates were used for PCR with a forward primer
containing the SP6 promoter and reverse primer encoding the desired polybasic test
sequence followed by stop codons in all three reading frames. PCR employed Phusion high
fidelity polymerase, after which the PCR products were purified for use in transcription and
translation reactions as previously described®4. The /n vitro translation experiments in Fig.
6a used an SP64-based plasmid encoding an N-terminal 3XxFLAG tag, the autonomously
folding villin headpiece (VHP) domain, and the unstructured cytosolic fragment of
Sec61B5°. This base plasmid was used to insert a stretch of 10 lysine codons (AAG and/or
AAA as indicated in the figure) 30 codons downstream of the VHP domain and 30 codons
upstream of the stop codon. The resulting plasmids were used as templates for PCR and /n
vitro transcription as described previously®*. Experiments in Fig. 5 used the same base
plasmid, except that custom reverse primers were used to generate constructs encoding the
desired C-terminal test sequences. For cryo-EM sample preparation, we used an SP64-based
plasmid encoding the twin-strep-tag (TST), the VHP domain, and the cytosolic domain of
Sec61p followed by twenty AAA codons [K(AA%),50]. This plasmid was used as the template
for PCR and /n vitro transcription as described above. Constructs for /in vivo based
experiments presented in Fig. 6¢ were generated using previously described dual-fluorescent
reporters encoding GFP-P2A-FLAG-[test sequence]-P2A-RFP14, where the test sequences
are indicated in the figure.

Mammalian In vitro translations

Most /in vitrotranslation reactions were in a rabbit reticulocyte lysate (RRL) system for 20
min at 32°C as described previously®4. For the time course experiments in Extended Data
Fig. 1c, we used RRL containing only its endogenous tRNA (i.e., not supplemented with
liver tRNA). RRL is severely lacking in the tRNA used to decode the UUA codon®3,
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resulting in the ribosome stalling at the (UUA)3 sequence just preceding the test sequence.
Translation reactions were allowed to proceed for 10 minutes, then pactamycin was added to
0.2 uM final concentration to inhibit further initiation. At the same time, total pig liver tRNA
was added to 50 pg/ml final concentration to restart translation elongation. Samples were
collected at the indicated time points directly into SDS-PAGE sample buffer in order to
immediately quench the reactions. The experiment in Fig. 5 testing puromycin sensitivity of
various RNCs was also performed using RRL lacking liver tRNA. After a 20 min translation
reaction at 32°C, samples were moved to ice and KAc was added to a final concentration of
500 mM. This prevents engagement of ribosome splitting factors, allowing the assay of
puromycin reactivity without the confounding effects of ribosome splitting. Puromycin was
then added to 2 uM final concentration and samples were moved to 32°C. Aliquots were
removed at various time points and transferred directly into SDS-PAGE sample buffer for
analysis by gel electrophoresis. Experiments in Fig. 1a and Extended Data Fig. 1a were
performed in lysates generated from HEK 293T cells. In brief, translation-competent lysate
was generated from four 15 cm plates of cells at around ~80% confluency. After two washes
with ice cold PBS, cells were scraped and spun for 5 min at 1,000 rpm at 4°C. An additional
wash followed by a spin was performed and cells were resuspended in 1 ml of hypotonic
buffer (10 mM HEPES pH 7.6, 10 mM K(OAc), 1.5 mM Mg(OAc),, 2 mM DTT). After
swelling for 30 min on ice, cells were ruptured by passage through a pre-chilled 26G needle
attached to a 2 ml syringe. Nuclei, cellular debris, and large organelles were sedimented by
15 min centrifugation at 15,000 g at 4°C in a tabletop microcentrifuge. The supernatant was
collected and dialysed against 500 ml of dialysis buffer (L0 mM HEPES pH 7.6, 90 mM
K(OAc), 1.5 mM Mg(OAc),, 1 mM DTT) for 2h at 4°C using a 0.5-3 ml 10,000 MWCO
dialysis cassette. The dialysed lysate was spun for 15 min at 15,000 g at 4°C in a tabletop
microcentrifuge to remove any precipitates. The lysate was supplemented with one-tenth the
volume of 10x translation buffer [20 mM K(OAc), 15 mM MgCl,, 3 mM DTT, 130 mM
HEPES pH 7.6, 4 mM spermidine, 0.4 mg/ml creatine kinase, 1 mg/ml pig liver tRNA, 120
mM creatine phosphate, 10 mM ATP, 10 mM GTP, 400 M each of all amino acids except
methionine]. The sample was then mixed well and spun again for 15 min at 15,000 g at 4°C
to remove any aggregates. The resulting supernatant was aliquoted and flash frozen in liquid
nitrogen. A typical translation reaction contained 12 pl of HEK lysate as prepared above, 1
pl of 35S Methionine (500 puCi/ml), 1 pl (~100 ng) of MRNA generated as described above,
but further purified using RNeasy RNA isolation kit (Qiagen) and water to 20 pl.
Translations proceeded for 30 min at 37°C. To purify nascent polypeptides, reaction
mixtures were added to 450 ul of prechilled IP buffer [50 mM HEPES pH 7.6, 100 mM
NaCl, 10 mM Mg(OAc),, 0.5% Triton X-100] and 3.5 pl of anti-FLAG M2 affinity resin
(Sigma). I1Ps were incubated for 1.5 h at 4°C with end-over-end rolling. After 4 washes with
IP buffer, the resin was incubated with 10 pl of 1 x RNC buffer [50 mM HEPES ph 7.6, 100
mM K(OAc), 5 mM Mg(OAc),] containing 0.2 mg/ml of RNAse A for 15 min at 37°C to
digest the attached tRNA. All samples were analyzed directly by SDS-PAGE (except where
digestion with RNAse A was performed as indicated on the individual figures) using 18%
(Fig 1la and Extended Data Fig. 1a), 15% (Extended Data Fig. 1b, 1c), or 12% (Fig. 5b) Bis-
Tris pH 6.5 gels run in MES-SDS running buffer. This gel system preserves the aminoacyl-
tRNA species during electrophoresis. Quantification was performed by phosphorimaging
followed by densitometry of the bands using Fiji software. Graphs were produced using

Nat Struct Mol Biol. Author manuscript; available in PMC 2020 May 25.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Chandrasekaran et al.

Page 11

GraphPad Prism. In each case, an arithmetic mean obtained from two (time course
experiments) or three (remaining experiments) experiments was plotted with error bars
corresponding to standard error of the mean (SEM) calculated using the GraphPad software.

Analysis of stalling in cells by flow cytometry

HEK 293T and HEK TRex cells were from Invitrogen and cultured in DMEM (Gibco)
containing 10% Fetal Calf Serum (FCS). The cells were routinely tested for mycoplasma
and found to be negative. Cells were not authenticated. For the analysis of stalling on
polybasic sequences, cells were first plated on 24-well plate and transfected 24 h later with
dual-fluorescent reporter constructs using Translt 293 reagent (Mirus) according to
manufacturer’s protocol. After 20 h of expression, cells were washed with PBS and
trypsinised. After inhibiting trypsin, cells were collected into 1.5 ml tubes, spun at 5,000
rpm for 3 min at 4°C, washed with 1 ml of ice cold PBS, spun again and resuspended in 500
ul of ice cold PBS. Flow cytometry data was collected on LSRII instrument (Becton
Dickinson) and analyzed by Flow Jo software. In each case, around 20,000 GFP-positive
events were analyzed.

Circular dichroism (CD) measurements

CD measurements were performed as described before®®. Briefly, RNA oligonucleotides
(AAAAAA, AAGAAG and AAGGAA) were synthesized by Integrated DNA Technologies
and dissolved in RNAse-free water to a final concentration of 250 uM, diluted to 25 UM in
CD buffer (20 mM HEPES pH 8.0, 150 mM NaCl, 1 mM Mg(OAc),, 1 mM TCEP), and
analyzed in a J-815 (Jasco) instrument at 340-200 nm at 0.5-nm intervals. The spectra were
obtained at 50 nm min~1 with standard (100 mdeg) sensitivity. For each RNA, nine
individual spectra were measured and averaged. A baseline of CD buffer alone was
subtracted from RNA data. Plots were generated using Graphpad Prism.

Cryo-EM specimen and grid preparation

To prepare the poly(A)-stalled RNC, a 4 ml RRL-based translation reaction programmed
with TST-VHPB-K(AAA),0 mRNA was incubated for 30 min at 32°C. 40 pl of Strep-Tactin
High Performance Sepharose beads (GE Healthcare) were directly incubated with the
reaction mixture for 1.5 h at 4°C with end-over-end rolling. The resin was washed 5 times
with 1x Ribosome-Nascent Chain (RNC) buffer (50 mM HEPES ph 7.6, 100 mM K(OAc), 5
mM Mg(OAC),), then the RNCs were eluted with 80 pl of 1XxRNC buffer containing 50 mM
biotin for 1 h at 4°C. The eluate was adjusted to a ribosome concentration of ~100 nM
(absorbance at 260 nm of 4.3) and was applied at 4°C at 100% relative humidity to glow-
discharged UltrAuFoil R2/2 200 mesh grids coated with a 60 A layer of amorphous carbon
prepared in-house. After incubation for 30 s and blotting for 5 s, the grid was plunge-frozen
into liquid ethane using a Vitrobot MKk 111 (FEI) and stored in liquid N».

Data Collection

The poly(A)-stalled ribosome dataset was recorded on an FEI Falcon 11l camera in
integrated mode using the M06 300 kV Titan Krios G3 microscope at the UK national
electron bio-imaging center (eBIC) equipped with an X-FEG source and using EPU
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software (FEI). The dataset contained 8960 movies (19 frames; a dose of 2.2 e” frame? A2
0.47s exposure; 75,000X magnification), resulting in a pixel size of 1.085 A (refer to Table 1
for data statistics).

Data Processing

Data processing for the poly(A)-stalled ribosome (Extended Data Fig. 2) was performed in
RELION-3.086. Movies were aligned as 9 x 9 patches using MotionCorr287 with dose-
weighting. Contrast transfer function (CTF) was estimated using CTFFIND-4.158 and 8042
micrographs with good CTF (and corresponding to a CTF figure of merit > 0.2 and CTF
maximum resolution better than 6 A) were selected for further processing. 839,989 particles
were picked using an 80S ribosome 3D reference and extracted in a 512 pixel box, which
was then downscaled into a 128 pixel box (4.34 A/pixel). Particle sorting and two-
dimensional classification were performed to yield 673,452 ribosome particles. Initial three-
dimensional refinement was carried out using a 70 A lowpass-filtered map of a rabbit
ribosome as reference to yield a starting ribosome map with an estimated angular accuracy
of 0.71°. The data was 3D-classified without alignments to isolate active 80S ribosomes in
the canonical state with a P-site tRNA (38%, 254480 particles) and this subset was refined to
an angular accuracy of 0.59° and re-extracted in a 400 pixel box (1.39 A/pixel). To identify
the subset of poly(A)-stalled ribosomes accurately, we performed another round of masked
3D classification without alignments (which retained 210068 particles or 82% of particles)
and additionally performed focused classification with partial signal subtraction (FCwSS) on
this subset. Briefly, PDB 5LZS32 was docked into the density of our starting ribosome map
using UCSF Chimera and all ribosome signal outside a generous mask around the P/P tRNA
was subtracted. Masked 3D classification into 5 classes was performed without image
alignment for 25 iterations and a regularisation parameter (T) of 10. The procedure yielded a
70% class of 148615 particles with strong density for the P-site tRNA, mRNA and the most
proximal lysine of the nascent chain. Subtracted ribosome density was restored and these
particles were refined to a final angular accuracy of 0.35° to yield a 3.2 A map. These
particles were finally re-extracted again in a 512 pixel box (1.085 A/pixel) and the newly-
developed CTF refinement and bayesian polishing procedures were performed as
described®6. The final round of 3D refinement (angular accuracy of 0.24°) and post-
processing using a generous solvent mask and a user-provided sharpening B-factor of -20
yielded a 2.8 A map of the poly(A)-stalled ribosome (Extended Data Fig. 3).

Model Building

To build a model for the poly(A)-stalled ribosome, PDB 5LZS32 was first docked into the
sharpened density for the stalled ribosome and the A/T and E/E tRNA and eEF1 chains were
deleted. The mMRNA sequence was mutated to (A)1o. The P-site Lys-tRNALYS3 from a
previously published crystal structure® was rigid body-fitted into the P-site tRNA density as
well as into the ‘Z-site’ tRNA*8 density of a blurred map in Coot and real-space-refined. The
L1 stalk and uL1 protein models were also added. Density for the most proximal three lysine
residues of the nascent chain were sufficiently clear to allow placement of side chains. Poly-
Lys (with only CB stubs) was modelled in the other positions in an extended conformation
with Ramachandran restraints in Coot and had good geometry and torsion angles. The bond
between the 3’0 of A76 and the carbonyl C of the attached lysine was added as a custom
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bond geometric restraint via an additional parameter input file during refinement in
phenix.real_space_refine. Two regions of unaccounted density near the PTC were fitted with
spermidine molecules (ligand code SPD). We cannot be certain these densities represent
spermidine, but it seems plausible because spermidine is an abundant cytosolic polyamine
required for translation®1:52, fits the observed density, and is well established to bind
ribosomes in hundreds of sites®0. The overall model was adjusted manually in Coot to
conform with the density using suitably blurred maps (with B-factors between 0 and -200),
saved in mmCIF/PDBXx format and real space-refined using phenix.real_space_refine’®.
Model statistics (Table 1) were generated automatically using Molprobity via the Phenix
GUI"L. All reported resolutions are based on the Fourier shell correlation (FSC) 0.143
criterion’2,

Molecular Graphics

Structural figures were generated using Pymol (Schrodinger, LLC), UCSF Chimera’3 or
Coot’4. The FSC curve in Extended Data Fig. 2 was generated in Microsoft Excel and
annotated in Adobe Illustrator CC 20109.

Extended Data
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Extended Data Fig. 1. Additional characterization of ribosome stalling in vitro.
(A) A second example of nascent chain products resulting from in vitro translation of

iterated AAG or AAA lysine codons in human cell lysate, as in Fig. 1A. The positions of
nascent chain products containing 4, 9, or 12 lysines are indicated. (B) Analysis of iterated
AAG versus AAA codons for stalling in rabbit reticulocyte lysate. The translation reaction
was performed for 20 min after which the proportion of stalled products was assessed by the
relative amounts of peptidyl-tRNA versus full length polypeptide. The ‘background’ of
~20% peptidyl-tRNA even in the absence of stalling is due to failed termination at the stop
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codon, which is located within a few nucleotides of the 3’ end of the mRNA. Later in vitro
stalling experiments with a longer 3’UTR that protrudes outside the mRNA channel showed
improved termination efficiency (~95%). An overly short 3"UTR presumably makes the
mRNA more flexible in the mMRNA channel and less able to recruit eRF1. Multiple
experiments such as this one were quantified to produce the graph shown in Fig. 1B. (C)
Time course of the appearance of full length (FL) product for constructs containing the
indicated number of iterated AAG or AAA codons. Translation was synchronised by first
pausing the ribosome at a run of rare leucine codons just preceding the poly-basic encoding
sequence, then restarting translation at time 0 by addition of tRNA. The mean £ SEM for
each time point calculated from two experiments are plotted.
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Extended Data Fig. 2. Cryo-EM analysis of ribosomes stalled on poly(A).
(A) Representative micrograph of poly(A)-stalled ribosomes used for single particle

analysis. (B) Data processing scheme used for structure determination in Relion 3.0. 3D
classification reveals that ~90% of active ribosomes are in the canonical state with P/P tRNA
while ~10% are seen in the rotated state with A/P and P/E hybrid state tRNAs. The majority
of the rotated state ribosomes also contain density for a preceding ribosome and therefore
represent ribosomes that have collided with a poly(A)-stalled ribosome. (C) Fourier shell
correlation (FSC) curve of the final map illustrating an overall resolution of 2.8 A.
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Extended Data Fig. 3. Characterization of cryo-EM map.
(A) Local resolution of the poly(A)-stalled ribosome sliced through the centre. The positions

of key elements are indicated. PTC: peptidyl-transferase centre. Inset (right) highlights the
high local resolution at the PTC and decoding centre (B) Slices through the density map at
the plane of the polypeptide exit tunnel (left) and mMRNA channel (right). Continuous
nascent chain density corresponding to a mixture of poly-Lys lengths and Ca positions is
contoured at a different level to the rest of the map and is shown in magenta, and mRNA
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density is shown in red. The P site tRNA is green, 40S subunit in yellow, and 60S subunit in
light blue.
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5-(O-methylaceto)-2-thio-2-deoxy-uridine

tRNALYS: 3 37
2-methylthio-N6-(aminocarbonyl-L-threonyl)-adenosine

Extended Data Fig. 4. Experimental EM density for P-site Lys—tRNALVS3.
Map-to-model fits for the P-site Lys-tRNALYS:3 with the AAA codon of the mRNA in the P-

site and the first nascent chain side chain (Lysine). Base modifications at positions 34 and 37
of the tRNA are shown within the EM density.
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Extended Data Fig. 5. Views of the mRNA density in the EM map of the poly(A)-stalled
ribosome.

The density map is sliced through the ribosome in a plane that reveals the decoding centre
and shows the MRNA within the small subunit. The large and small subunits (blue and
yellow, respectively), P-site tRNA (green) and mRNA (red) are colored. The inset shows a
zoomed in region of the mRNA channel, illustrating that the poly(A) mRNA is ordered
through most of the channel. The bottom panel shows the mRNA density in the P- and A-
sites in the final refined and sharpened map. The mRNA is well ordered in the P-site due to
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base-pairing with the P-site tRNA, and ordered in the A-site due to stabilizing interactions
with rRNA as shown in Fig. 3.
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Extended Data Fig. 6. Guanosine interruptstheintrinsic helical propensity of poly(A).
Circular dichroism (CD) spectra of AAAAAA (red), AAGAAG (blue) and AAGGAA

(green) RNA oligonucleotides are plotted. These spectra are averaged from 9 independent
measurements performed on the same samples. The AAAAAA oligo displays a CD
signature characteristic for the helical conformation of poly(A), as described previously 52.
Introduction of guanosines significantly disrupts this helical structure.
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Extended Data Fig. 7. Comparison of peptidyl-tRNA geometry in different mammalian RNC

structures.

Shown are the EM density maps for the peptidyl-tRNA region at the PTC for the indicated
structures. The fitted models are shown for the poly(A)-stalled ribosome and the RNC
stalled at the stop codon with a dominant-negative eRF1AAQ mutant (PDB code 5LZV). The
5LZV RNC is in a geometry competent for peptidyl-transfer (or in this case, peptide release
by eRF1). The structure from the didemnin-B stalled RNCs contains a mixture of nascent
chains stalled at different positions. Thus, the nascent chain density represents an average of
a variety of peptidyl-tRNAs. Note that the nascent chain model from 5LZV fits well into the
density map, indicating that the majority of peptidyl-tRNAs assume this configuration
during active elongation. The geometry for the poly(A) peptidyl-tRNA is unambiguously
different from this optimal geometry. Lys and Val refer to the lysine and valine side chains of
modeled nascent chains. The asterisks indicate density for side chains that are not shown.
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Fig. 1. Reconstitution of ribosome stalling on poly(A) mRNA in vitro.
(A) Analysis of nascent chain products resulting from in vitro translation of iterated AAG or

AAA lysine codons in human cell lysate. Uncropped gel image is available online (Source
Data). (B) Analysis of iterated AAG versus AAA codons for stalling in rabbit reticulocyte
lysate. The translation reaction was performed for 20 min after which the proportion of
stalled products was assessed by the relative amounts of peptidyl-tRNA versus full length
polypeptide. The mean + SEM (n=3) is plotted together with individual data points from
independent experiments. The ‘background’ of ~20% peptidyl-tRNA even in the absence of
stalling is due to failed termination at the stop codon, which is located within a few
nucleotides of the 3” end of the mRNA. Later in vitro stalling experiments with a longer
3’UTR that protrudes outside the mRNA channel (e.g., Fig. 6a) showed improved
termination efficiency (~95%). An overly short 3’UTR presumably makes the mMRNA more
flexible in the mRNA channel and less able to recruit eRF1.
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Fig. 2. Structure of the ribosome stalled during poly(A) translation.
(A) Schematic of the construct and ribosome-nascent chain complex (RNC) used for

structure determination. (B) Characterization of the RNC purification strategy for structure
determination. Rabbit reticulocyte lysate translation reactions containing or lacking the
mMRNA depicted in panel A were subjected to affinity purification via the N-terminal Twin-
Strep-tag and eluted sequentially with biotin and SDS. Aliquots of the total translation
reaction (input) and 32-fold excess of each eluate were analyzed by SDS-PAGE and staining
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with Coomassie blue. The sample subjected to cryo-EM analysis is indicated in red. (C)
Overview of the poly(A)-stalled RNC structure with key elements indicated in the inset.
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Fig. 3. Poly(A)-induced decoding center rearrangement.
(A) The ribosome A-site containing the poly(A) single-stranded helix (pink), capped by

stacking interactions with 18S rRNA bases (yellow), is shown fitted within the EM density
map (mesh). (B) Comparison of the decoding center configurations in the poly(A)-stalled
ribosome (solid model) and the ribosome trapped during decoding (PDB 5LZS; transparent
model). The mRNA bases and tRNA (in the case of decoding) are omitted for clarity. (C)
Superimposed models of the poly(A)-stalled ribosome and the A/T tRNA (grey) positioned
as it would be during decoding (PDB 5LZS). Base 37 of the tRNA clashes with 18S rRNA
base A1825, which cannot move to its “flipped in’ position because A3760 of 28S rRNA
occupies this space. Base modifications would be present at position 37 (and 34) when the
incoming tRNA is the cognate Lys-tRNALYS3, but this is not shown for clarity.
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Fig. 4. Peptidyl-tRNA ismis-positioned in the poly(A) stalled ribosome.

(A) The P-site tRNA (green), attached nascent chain with the first three lysines (grey), and
28S rRNA residue C4387, which interacts with the penultimate Lys side chain, are shown
fitted within the EM density map (mesh). Putative spermidine molecules (orange), hundreds
of which are thought to bind ribosomes and facilitate translation®%-51, were modeled into
otherwise unaccounted density. (B) Superimposed models of the peptidyl-tRNA in the
poly(A)-stalled ribosome with the A-site tRNA positioned for peptidyl transfer (PDB
4V5D). The amino acid in this structure (phenylalanine) was replaced with lysine to model
the situation during poly(A) translation. The proximal lysine of the nascent chain faces the
lysine of the accommodating A-site tRNA, resulting in potential charge repulsion between
their respective epsilon amines. The backbone geometry of the nascent chain attachment to
A76 is suboptimal for peptidyl transfer, as highlighted by the 5.4 A distance between the a.-
amino group of the aminoacyl tRNA and the incorrectly oriented backbone carbonyl of the
peptidyl tRNA. (C) Shown are models depicting the P- and A-site amino acids attached to
the P- and A-site nucleotide (A76) for the indicated structures. Note that in both pre-attack
structures, the attacking atom is within 4 A of the P-site target bond, unlike the 5.4 A
distance in the poly(A)-stalled ribosome.
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Fig. 5. Analysis of PTC geometry by puromycin reactivity.

(A) Experimental strategy. A construct was designed to cause ribosome stalling at the
second of two rare UUA leucine codons (see Methods). This RNC is known to be functional
because translation resumes when liver tRNA is added®3. RNCs were produced using this
strategy in which one of three test sequences (7K, 3K, and 1K, as indicated) are positioned
inside the ribosome tunnel. The lysine residues were encoded with AAG codons to minimize
stalling before the desired UUA codon. After the translation reaction to synchronise
ribosomes at the rare codon stall, the sample was moved to ice and the salt concentration
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was increased to 500 mM to prevent splitting of ribosomal subunits by rescue factors.
Puromycin was then added to 2 uM final concentration and polypeptide release from tRNA
was judged by SDS-PAGE. (B) Stalled RNCs containing the 1K, 3K, and 7K test sequences
were evaluated for their reactivity to puromycin over a 60 min time course as a measure of
peptidyl-transfer capacity. A representative experiment out of three is shown in the top
panel, with the bottom panel showing a graph depicting the mean + SEM (n=3) and
individual data points from independent experiments. The positions of peptidyl-tRNA (PT)
and puromycin-released peptide (P) are indicated to the left of the gel. Uncropped gel image
is available online (Source Data).
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Fig. 6. Coincidence detection of the nascent chain and mRNA mediate stalling.
(A) Iterated combinations of AAG and AAA codons inserted near the end of an open

reading frame were analyzed for stalling by in vitro translation. The proportion of stalled
product was assessed by the relative amount of peptidyl-tRNA versus full length terminated
polypeptide and plotted as % peptidyl-tRNA. A construct lacking the AAG/AAA insert is
shown for comparison (‘backbone’). The mean £ SEM (n=3) together with individual data
points from independent experiments are plotted. (B) Schematic diagram of the dual-color
reporter construct for detection of terminal stalling by flow cytometry. “2A” indicates the
viral P2A sequence which causes skipping of peptide bond formation without interrupting
elongation. If a test sequence inserted downstream of the FLAG-SR region causes terminal
stalling, production of GFP is unaffected while RFP is not produced. Thus, the RFP:GFP
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ratio will be less than 1 and serves as a quantitative measure of terminal stalling. (C) Iterated
combinations of AAG and AAA codons were analyzed for stalling in HEK293T cells using
a dual color reporter in which the test sequence of interest (red text) is inserted between an
N-terminal GFP and C-terminal RFP. Shown are histograms from flow cytometry analysis of
the RFP:GFP ratio as a measure of ribosome read-through of the test sequence (red traces)
relative to that seen in the absence of an insert (grey trace). Gating strategy for the histogram
is shown in Source Data online.
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Fig. 7. Coincidence detection mode for ribosome stalling on poly(A).
Translation of the first few AAA codons progressively slows elongation due to lysine

interactions within the exit tunnel favoring a peptidyl-tRNA geometry that is suboptimal for
peptide bond formation. In the context of slow peptide bond formation, the decoding center
has greater opportunities for rearrangement, which further slows elongation and can cause
the ribosome to stall. PTC and DC refer to peptidyl-transferase center and decoding center,
respectively.
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Table 1
Cryo-EM data collection, refinement and validation statistics

Poly(A)-stalled ribosome
(EMD-10181, PDB 6SGC)

Data collection and processing

Magnification 75,000
\oltage (kV) 300
Electron exposure (e7/A2) 41.8
Defocus range (um) -1.5t0-2.7
Pixel size (A) 1.085
Symmetry imposed C1l
Initial particle images (no.) 673,452
Final particle images (no.) 148,615
Map resolution (A) 2.80
FSC threshold 0.143
Map resolution range (A) 2.4-35
Refinement
Initial model used (PDB code) 5LZS
Model resolution (A) 2.80
FSC threshold 0.143
Model resolution range (A) 2.4-35
Map sharpening B factor (A2) -20
Model composition
Nonhydrogen atoms 219,039
Protein residues 11,945
Nucleic acid residues 5,730
Metals (Mg2+/Zn2*) 275/8
Ligands 2

Bfactors (A2)

Protein 49.9
Nucleotide 64.5
Ligand 29.2
R.m.s. deviations
Bond lengths (A) 0.003
Bond angles (°) 0.500
Validation
MolProbity score 1.65
Clashscore 7.01
Poor rotamers (%) 0.01

Ramachandran plot
Favored (%) 96.15
Allowed (%) 3.78
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Poly(A)-stalled ribosome
(EMD-10181, PDB 6SGC)

Disallowed (%)

0.07
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