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Abstract 

The efficiency of translation termination is determined by the nature of the stop codon as well as its context. In eukaryotes, recognition of 
the A-site stop codon and release of the polypeptide are mediated by release factors eRF1 and eRF3, respectively. Translation termination is 
modulated by other factors which either directly interact with release factors or bind to the E-site and modulate the activity of the peptidyl 
transferase center. P re vious studies suggested that the Saccharom y ces cere visiae ABCF ATPase Ne w1 is in v olv ed in translation termination 
and / or ribosome recy cling, ho w e v er, the e xact function remained unclear. Here, we have applied 5PSeq, single-particle cryo-EM and readthrough 
reporter assa y s to pro vide insight into the biological function of New1. We show that the lack of New1 results in ribosomal stalling at stop codons 
preceded by a lysine or arginine codon and that the stalling is not defined by the nature of the C-terminal amino acid but rather by the identity 
of the tRNA isoacceptor in the P-site. Collectively, our results suggest that translation termination is inefficient when ribosomes ha v e specific 
tRNA isoacceptors in the P-site and that the recruitment of New1 rescues ribosomes at these problematic termination contexts. 
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Introduction 

Translation termination and ribosome recycling are the two
last steps of the protein synthesis on the ribosome ( 1 ,2 ). In
eukaryotes, termination is governed by two release factors—
eRF1 and eRF3 ( 3 ,4 )—which in yeast Saccharomyces cere-
visiae are encoded by the SUP45 and SUP35 genes, respec-
tively ( 5 ,6 ). Acting as a structural mimic of tRNA, eRF1 recog-
nises the stop codon in the ribosomal A-site and catalyses the
release of the polypeptide ( 7 ,8 ). eRF3 is a translational GT-
Pase ( 9 ,10 ) that delivers eRF1 to the ribosome ( 11 ) and in-
creases the efficiency of eRF1-mediated termination ( 12 ,13 ).
Following GTP hydrolysis and the departure of eRF3, ABCE
ATPase ribosome recycling factor ABCE1 / Rli1 accommo-
dates in the ribosomal GTPase centre and establishes inter-
actions with eRF1 ( 7 ,14–16 ). ABCE1 / Rli1 then splits the 80S
ribosome into a free 60S subunit and a tRNA / mRNA-bound
40S subunit ( 17 ,18 ). Finally, the mRNA and deacylated tRNA
are disassociated from the 40S subunit by Tma64 (eIF2D) or
the Tma20 / Tma22 (MCT-1 / DENR) complex ( 19 ,20 ). 

The identity of the stop codon as well as the sequence con-
text surrounding it strongly influence the efficiency of trans-
lation termination ( 21 ,22 ). In eukaryotes, the fidelity of stop
codon recognition follows the ranking UAA > UAG > UGA
( 21 ,23 ). Termination at weak stop codons within a weak con-
text is more sensitive to perturbations that globally decrease
the termination efficiency, such as depletion of eRF1 ( 23 ). The
key stop codon context determinant is the +4 position, i.e.
the nucleotide 3 

′ of the stop codon, which together with the
stop codon itself forms the so-called the ‘extended stop codon’
( 23–31 ). The UGA stop codon followed by a 3 

′ cytosine is
the least efficient in promoting termination ( 21 , 22 , 31 ). Struc-
tures of eRF1 locked on ribosomal termination complexes re-
vealed that both the stop codon and the following nucleotide
occupy the A-site and are ‘read’ by the release factor, thus ex-
plaining the crucial role of the +4 position ( 7 ,14–16 ). The nu-
cleotide context 5 

′ of the stop codon also affects termination
efficiency. Experiments with a series of readthrough reporters
suggested that in S. cerevisiae the adenines in positions −1
and −2, such as in CAA (encoding glutamine) and GAA (en-
coding glutamic acid), could serve as determinant of high stop
codon readthrough, i.e. low fidelity of stop codon recognition
( 32 ). However, a recent S. cerevisiae transcriptome-wide ri-
bosome profiling (Ribo-Seq) study failed to corroborate this
result ( 29 ). Recent machine learning re-analysis of published
Ribo-Seq datasets provided further support for the notion that
the identity of the P-site codon influences the readthrough ef-
ficiency, with AUA (isoleucine), CUG (leucine) and GAC (as-
partate) as well as ACC and ACA (threonine) being associ-
ated with higher readthrough ( 30 ). In humans, the nature of
the P-site codon was also shown to modulate the efficiency of
readthrough, but the effect does not seem to be determined by
the nature of −1 and −2 nucleotides, nor the amino acid en-
coded by the penultimate codon, but rather the nature of the
P-site tRNA seems to be decisive ( 33 ). As the ribosome-bound
eRF1 interacts with the P-site tRNA, the nature of the P-site
tRNA can also affect the stability of the termination complex
( 34 ), which could explain some P-site tRNA-specific effects. 

In addition to the dedicated release factors eRF1 and eRF3,
several other factors are known to influence translation termi-
nation. ABCE1 / Rli1 not only promotes ribosome recycling,
but also eRF1-mediated peptide release ( 18 ). Further, elonga-
tion factor eIF5A has critical roles in both elongation and ter-
mination ( 35 ,36 ). Binding to the ribosomal E site, eIF5A ac-
cesses the peptidyl transferase center (PTC) to promote pep- 
tidyl transfer during elongation and eRF1-mediated peptide 
release during termination ( 35–39 ). Finally, the yeast elon- 
gation factor eEF3 prevents readthrough of premature stop 

codons by stimulating the esterase activity of the eRF1 ( 40 ).
Phylogenetically classified as a member of the ABCF ATPase 
protein family ( 41 ), eEF3 is an essential translation factor ( 42 ) 
that promotes the translocation step during protein synthesis 
by promoting the dissociation of deacylated tRNA from the 
ribosomal E site ( 43 ,44 ). 

We previously showed that S. cerevisiae ABCF ATPase 
New1 is involved in translation termination and / or ribosome 
recycling ( 45 ). Because the new1 Δ yeast strain is cold-sensitive 
and displays a ribosome assembly defect, New1 was originally 
suggested to play a role in ribosome assembly ( 46 ). Using ribo- 
some profiling, we demonstrated that the loss of New1 results 
in ribosomal queuing at stop codons and that this queuing 
is strongly associated with the presence of 3 

′ -terminal lysine 
and arginine, and, to a lower extent, asparagine, codons ( 45 ).
The effect was observed both at 20 

◦C and 30 

◦C, but it was 
stronger at 20 

◦C. However, our Ribo-Seq experiments lacked 

the signal for the stop codon, and we were, therefore, unable 
to determine the effects on ribosome occupancy at the actual 
stop codons. The technical reason for the lack of the stop 

codon signal was likely the omission of cycloheximide dur- 
ing Ribo-Seq library preparation, as this antibiotic is known 

to stabilise post-termination complexes ( 47 ), which are oth- 
erwise highly unstable ( 36 ). Therefore, while accumulation of 
ribosomes at stop codons was implied based on the observed 

ribosomal queuing in the 3 

′ ORF region preceding the stop 

codon, the direct evidence for ribosomal accumulation at stop 

codons is lacking. Moreover, the relatively shallow coverage 
of our Ribo-Seq datasets meant that we were unable to es- 
tablish if the inferred ribosomal stalling is a function of the 
C-terminal amino acid and / or if it required a specific mRNA 

codon. Finally, we also found that the overexpression of New1 

can compensate for the loss of the essential translation elonga- 
tion factor eEF3 ( 45 ), suggesting that New1 has a secondary 
function in elongation. 

In this study, we have revisited the question of New1’s bi- 
ological function using a combination of single-particle cryo- 
EM reconstructions, readthrough reporter assays, and 5PSeq.
Our results confirm that, indeed, New1 is involved in the res- 
olution of ribosomal stalling at stop codons preceded by an 

arginine or a lysine codon. Surprisingly, the stalling is exclusive 
to specific P-site tRNA isoacceptor species and is not defined 

solely by the nature of the C-terminal amino acid, as we have 
suggested earlier ( 45 ). Finally, we show that in addition to its 
role in translation termination, New1 samples the ribosome 
throughout its functional cycle, hinting at a more general role 
of New1 in translation. 

Materials and methods 

Yeast strains, plasmids, oligonucleotides, 
media and genetic procedures 

Yeast strains, plasmids and oligos used in this study are listed 

in Supplementary Table S1 . Details of plasmid constructions 
are described in the relevant sections below. Yeast media was 
prepared as described ( 48 ), with the difference that the com- 
position of the drop-out mix was as per Johansson ( 49 ). Difco 

Yeast Nitrogen base w / o amino acids was purchased from 

Becton Dickinson (291940), amino acids and other supple- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae748#supplementary-data
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ents from Sigma-Aldrich. YEPD medium supplemented with
00 μg / ml Geneticin (Gibco 11811–023) was used to select
or cells harbouring the kanMX6 marker ( 50 ). YEPD medium
upplemented with 100 μg / ml Nourseothricin clonNAT (Jena
ioscience AB102L) was used to select for cells containing the
atMX6 marker. 
S. cerevisiae expressing New1 C-terminally tagged with

 tandem affinity purification (TAP) tag (GRRIPGLINPWK
RWKKNFIAVSAANRFKKISSSGALDYDIPTTASENLYFQ 

EFGLAQHDEAVDNKFNKEQQNAFYEILHLPNLNEE 

RNAFIQSLKDDPSQSANLLAEAKKLNDAQAPKVDNKF 

KEQQNAFYEILHLPNLNEEQRNAFIQSLKDDPSQSAN 

LAEAKKLNDAQAPKVDANHQ*) is derived from strain
Y4741 ( MAT a his3 Δ1 leu2 Δ0 met15 Δ0 ura3 Δ0 ( 51 ))
as obtained from Horizon Discovery. Strain MJY1092

 MAT α ura3 Δ0 leu2 Δ0 his3 Δ1 new1 Δ::kanMX6 ) was
enerated by transforming the diploid strain UMY2836
ith a new1::kanMX6 DNA fragment harbouring appro-
riate homologies to the NEW1 locus. The new1::kanMX6
NA fragment was PCR amplified from pFA6a- kanMX6

 50 ) using primers oMJ489 and oMJ490. Following PCR
onfirmation, the generated heterozygous diploid was al-
owed to sporulate and MJY1092 was obtained from a
etrad. Strain VHY68, which is a new1 Δ::kanMX6 strain
xpressing the synthetic LexA-ER-haB112 transcription
actor ( 52 ), was generated from a cross between MJY1092
nd VHY61. A strain deleted for the tR(CCU)J gene was
onstructed by transforming a diploid strain, formed be-
ween MJY1170 ( MAT a ura3 Δ0 ) and MJY1171 ( MAT α

ra3 Δ0 ), with a tr(ccu)j Δ:: natMX6 DNA fragment. The
NA fragment was amplified from pAG25 ( 53 ) using
rimers VHKT207 and VHKT208. The generated heterozy-
ous strain was sporulated and strain VHY75 ( MAT a ura3 Δ0
r(ccu)j Δ::natMX6) was obtained from a tetrad. Strains
HY87 ( MAT α ura3 Δ0 tr(ccu)j Δ::natMX6 ) and VHY88

 MAT α ura3 Δ0 tr(ccu)j Δ::natMX6 new1 Δ::kanMX6 ) were
erived from a cross between VHY75 and MJY1173. 

olysome profile analyses 

olysome profile analyses were performed essentially as de-
cribed earlier ( 54 ). 

reparation of 5PSeq libraries 

ultures of wild type (MJY1171), new1 Δ (MJY1173),
r(ccu)j Δ (VHY87) and new1 Δ tr(ccu)j Δ (VHY88) strains
ere grown in biological triplicates overnight at 20 

◦C (or, al-
ernatively, at 30 

◦C), diluted to OD 600 ≈ 0.05 in 50 ml of SC
edium, and incubated in a shaking water bath (160 rpm) at
0 

◦C (or 30 

◦C) until OD 600 ≈ 0.8. Cells were harvested by
entrifugation for 2 min at 2000 rpm before freezing in liquid
itrogen. Total RNA was isolated from the frozen cell pellets
y hot-phenol extraction as previously described ( 49 ). 
To prepare 5PSeq samples from New1-associated ribo-

omes, plasmid VHp911 harbouring New1 with a his 6 -
EV-FLAG3 (HTF) tag under the control of a β-estriadiol

nducible promoter was constructed. Briefly, pRS316-insul-
lexA-box)4-PminCYC1 harbouring New1-TAP (VHp262)
 45 ) was linearised using primers KTVH14 and KTVH15 and
he HTF with homologous sequences to VHp262 was ampli-
ed with oligos KTVH16 and KTVH17 in order to replace
he TAP tag with the HTF tag. Both fragments were then lig-
ated using Gibson cloning to generate VHp911. 500 ml cul-
tures of S. cerevisiae strain VHY68 carrying VHp911 were
grown in SC-Ura medium in a baffled flask at 20 

◦C with shak-
ing at 160 rpm. Once the culture reached the OD 600 of 0.3,
the medium was supplemented with 2 μM β-estradiol to in-
duce New1-HTF and grown for 4 hours. At OD 600 ≈ 0.9,
cells were harvested via vacuum filtration, frozen in liquid
nitrogen and stored at –80 

◦C until further use. New1 asso-
ciated ribosomal complexes were then immunoprecipitated:
cryomilled samples were resuspended in 10 ml of 1 × Polymix
buffer (95 mM KCl, 5 mM NH 4 Cl, 20 mM HEPES pH 7.5,
1 mM DTT, 5 mM Mg(OAc) 2 , 0.5 mM CaCl 2 , 8 mM pu-
trescine, 1 mM spermidine supplemented with 0.5 mM ATP
and 0.5 mM EDTA ( 55 )). The lysate was cleared by centrifu-
gation – 2000g, 10 min and incubated with 100 μl of equi-
librated anti-FLAG M2 Affinity Gel for 2 h with end over
end mixing at 4 

◦C for binding before loading to a gravity
flow column. The column was then washed 10 times with
1 × Polymix buffer before elution in 200 μl of 1 × Polymix
supplemented with 0.1 mg / ml FLAG3 peptide (Sigma). 200
μl of the input lysate was saved and incubated at 4 

◦C to use
as a control for 5PSeq analysis of pulldown samples. RNA
from lysate and pull downs were extracted via extraction with
hot phenol ( 49 ). 5PSeq libraries were prepared as previously
described ( 56 ). 

NGS and data analysis 

Multiplexed 5Pseq libraries were sequenced for 51 cycles (sin-
gle read) on an Illumina NextSeq 550 platform. The quality of
Illumina reads was controlled using FastQC ( 57 ). The adap-
tor sequence (5 

′ -NNNNCTGTA GGCA CCA TCAA T-3 

′ ) was
removed using Cutadapt ( 58 ). After removing reads mapping
to non-coding RNA, reads were mapped to the S. cerevisiae
reference genome R64-1-1.85 using STAR ( 59 ) and UMI-tools
( 60 ) was used to exclude reads from PCR duplication. Bed-
Graph profiles were produced from SAM files with SAMtools
( 61 ) and Plastid ( 62 ). 

The analysis pipeline was implemented in Python3 and is
available at GitHub repository ( https:// github.com/ tmargus/
5pSeq ). Reads that mapped once to the genome were used for
final analysis, the mapping of the 5 

′ position of reads was com-
puted using fivePSeqMap.py. Mapped reads were normalised
as reads per million (RPM). The ribosome queuing metric was
computed using the Python compute_queuing_5PSeq_v3.py
using default cut-offs. Gene coverage was calculated using
HTSeq-count ( 63 ). 

In the metagene profile analysis, we took only genes meet-
ing the following conditions: (i) 3rd quartile of CDS cover-
age on the selected window codons > 0 (at least 75% of
codons are covered), (ii) total coverage of the CDS exceeded
that of the UTRs. Then, for each gene and profiles’ position,
counts were normalized relative to the coverage within a win-
dow spanning –100 to +100 nucleotides around the start and
stop codons. Metagene plots were generated by calculating the
median of these normalized values at each position. Polarity
scores (quantitative metrics of ribosome distribution along the
transcript length) were calculated using papolarity tool ( 64 ).
Coverage profiles were normalized using normalization factor
and library size estimates from differential expression analy-
sis separately for each bedGraph profile. Finally, we visualised
coverage tracks using svist4get ( 65 ). 
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Dual-luciferase stop codon readthrough assays 

In order to manipulate the sequence surrounding the stop
codon of the dual-luciferase readthrough (DLR) plasmid
pDB723 ( 66 ), the Bam HI site upstream of the Renilla lu-
ciferase gene was mutated, resulting in plasmid VHp893 al-
lowing easy insertion of sequences of interest into the Sal I
and Bam HI cloning site in between the Renilla and Firefly lu-
ciferase reporter genes. To introduce the desired reporter se-
quences, complimentary oligos, including offset sequences (to
generate sticky ends for ligation) were first phosphorylated
using polynucleotide kinase (thermo) and then annealed by
heating to 95 

◦C for 5 min and cooling to room temperature
over 2 h. Fragments were then ligated into VHp893 cut with
Fast digest Sal I and Bam HI enzymes (Thermo). All reporter
plasmid sequences and corresponding oligos are described in
Supplementary Table S1 . 

The relevant strains carrying reporter plasmids based on
VHp893, were grown overnight in SC-ura medium at 20 

◦C
or 30 

◦C, diluted to OD 600 ≈0.05 in the same medium, and
grown until OD 600 of ≈0.5 at the respective temperature. 5
μl aliquots (in technical triplicates) from the cultures were
assayed as previously described ( 67 ). Readthrough assays
were performed using the dual-luciferase reporter assay sys-
tem (E1910, Promega) and a GloMax 20 / 20 luminometer
(Promega). All experiments were performed at least three
times using independent transformants for each experiment. 

Ex vivo purification of New1p-80S ribosome 

complexes 

The New1p ex vivo pull-out was performed as described pre-
viously for eEF3 ( 43 ), but with a yeast strain (obtained from
Horizon Discovery) expressing New1 C-terminally tagged
with a tandem affinity purification (TAP) tag (derived from
strain BY4741, genotype: MAT a his3 Δ1 leu2 Δ0 met15 Δ0
ura3 Δ0 ) ( 51 ). Briefly, cultures were grown to exponential
phase and then harvested by centrifugation to pellet the cells.
Cells were then lysed by glass bead disruption and incubated
with IgG-coupled magnetic beads (Dynabeads M-270 Epoxy
from Invitrogen) with slow tilt rotation for 1 h at 4 

◦C in
Buffer 30 (20 mM HEPES (pH 7.4), 100 mM K O Ac, 10
mM Mg(O Ac) 2 , 1 mM D TT). The beads were pelleted and
washed three times using detergent containing Buffer 30 (sup-
plemented with 0.05% TritonX), followed by an additional
washing step in Buffer 30. The elution of the complex was
done via cleavage of the TAP-tag by incubation with the
AcTEV Protease (Invitrogen) for 3 h at 17 

◦C in Buffer 30. 

Sample and data collection 

The eluate of the ex vivo New1p-80S complexes was
crosslinked with 0.02% glutaraldehyde for 20 min on ice, and
the reaction was subsequently quenched with 25 mM Tris–
HCl (pH 7.5). The detergent n -dodecyl- β- d -maltoside (Sigma,
D5172) was added to the sample to a final concentration of
0.01% (v / v). For preparation of cryo-grids, 5 μl (8 A 260 / ml) of
the freshly prepared crosslinked ex vivo New1p-80S complex
was applied to precoated Quantifoil R3 / 3 holey carbon grids
coated with 2 nm carbon and vitrified on a Vitrobot Mark
IV (FEI, Netherlands), and stored in liquid nitrogen until use.
Data collection was performed on a FEI Titan TEM micro-
scope equipped with a Falcon2 detector. Data were collected
at 300 keV with a total dose of 25 e −/ Å2 fractionated over 10
frames with a pixel size of 1.084 Å/ pixel and a target defocus 
range of −1.3 to −2.8 μm using the EPU software (Thermo 

Fisher). 

Cryo-EM data processing 

Processing was performed using Relion 3.1 ( 68 ). The initial 
dataset consisted of 12 087 multi-frame movies. Movie frames 
were aligned with MotionCor2 using 5 × 5 patches ( 69 ) and 

the CTF of the resulting micrographs was estimated using Gctf 
( 70 ). Only micrographs with an estimated resolution of 3.5 

Å or better were retained (11798 micrographs). From these,
381 667 particles were picked using crYOLO with the gen- 
eral model ( 71 ,72 ). After 2D classification, 243 285 particles 
resembling ribosomes were selected and extracted with a box 

size of 140 pixels at a pixel size of 3.252 Å. These particles 
were aligned into an initial 3D volume using an empty 80S vol- 
ume in the non-rotated state as a reference (PDB: 4V88 ( 73 )).
From these aligned particles the following steps of 3D classi- 
fication were performed without further angular sampling. 

To select for New1-containing 80S ribosomes, a soft mask 

was designed around the known New1 binding site ( 45 ) and 

masked classification was performed into six classes. Only 
one class, consisting of 52 007 particles, contained density 
for New1 and was selected for further classification ( = 100% 

New1). The next round of classification was performed with- 
out a mask into three classes which resulted in class1 with high 

resolution (32 711 particles, 63% of New1-containing par- 
ticles, non-rotated), class2 with low resolution (11 889 par- 
ticles, 23% of New1-containing particles, non-rotated) and 

class3 with high resolution (7407 particles, 14% of New1- 
containing particles, rotated; designated ST A TE3). Class1 was 
selected for further classification without a mask and could be 
split up into two major states which showed density for either 
eIF5A or eRF1 (17 323 particles, 33% of New1-containing 
particles and 15 388 particles, 30% New1-containing parti- 
cles, respectively). 

For further analysis, partial signal subtraction was per- 
formed on these two classes using soft spherical masks around 

the peptidyl transferase center. The resulting particles were 
sorted using soft masks at the locations of eIF5A and eRF1,
respectively. Each of the two could be further sorted into 

three classes. The eIF5A-containing particles separated into 

class1 (8122 particles, 15% of New1-containing particles,
A-tRNA / P-tRNA / eIF5a, designated ST A TE1), class2 (4602 

particles, 9% of New1-containing particles, A-tRNA / P / E*- 
tRNA, designated ST A TE2) and class3 (4599 particles, 9% of 
New1-containing particles, A-tRNA / P-tRNA / E-tRNA, des- 
ignated ST A TE5). The eRF1-containing particles separated 

into class1 (5230 particles, 10% of New1-containing parti- 
cles, P-tRNA / E-tRNA, designated ST A TE4), class2 (4545 par- 
ticles, 9% of New1-containing particles, A-tRNA / P-tRNA / E- 
tRNA designated ST A TE6) and class3 (5613 particles, 11% 

of New1-containing particles, eRF1 / P-tRNA / E-tRNA, desig- 
nated ST A TE7). 

For high-resolution refinements, particles were re-extracted 

with a box size of 420 pixels at a pixel size of 1.084 Å. For 
CTF refinement only anisotropic magnification was refined.
The pixel size of the final maps was estimated by comparison 

to existing structures using UCSF ChimeraX ( 74 ,75 ). Local 
resolution estimation and subsequent filtering of volumes by 
local resolution were performed using Bsoft ( 76 ,77 ). 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae748#supplementary-data
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Figure 1. Cryo-EM str uct ures of ex vivo New1-ribosome complexes. ( A–F ) cryo-EM maps of New1p (blue) in complex with (A–E) elongating (states 1–6) 
and (F) termination (State 7) state ribosomes. The 40S and 60S subunits are colored yellow and grey, respectively and the uL1 protein (pink) of the L1 
stalk is indicated in the ‘in’, ‘out’ or intermediate (‘inter’) conformations. A-tRNA (red), P-tRNA (orange), E-tRNA (cyan), A / P-tRNA (dark blue), P / E-tRNA 

(green), P / E*-tRNA (dark blue), eIF-5A (lime) and eRF1 (magenta) are colored. The schematics below the maps indicate the conformation of the tRNAs in 
the (A–C) pre-translocational states (states 1–3) and (D–F) post-translocational states (states 4–7). As the ribosomes are shown in the same pose on 
panels A–F, the pictogram view provided on panel A is applicable to all of the panels. 

F

M  

d  

a  

c  

G  

p  

t  

(

Q
d

R  

i  

p  

p

 

 

 

 

 

 

 

 

 

 

 

 

 

igure preparation 

olecular graphics were prepared with UCSF ChimeraX,
eveloped by the Resource for Biocomputing, Visualization,
nd Informatics at the University of California, San Fran-
isco, with support from National Institutes of Health R01-
M129325 and the Office of Cyber Infrastructure and Com-
utational Biology, National Institute of Allergy and Infec-
ious Diseases ( 74 ,75 ). Figures were generated using ImageJ
 78 ), Adobe Photoshop, Adobe Illustrator and Inkscape. 

uantification and statistical analysis of cryo-EM 

ata 

elion uses a ‘molecular smoothness’ prior within a regular-
zed likelihood optimization framework when refining single-
article cryo-EM data ( 79 ,80 ). The ‘gold standard’ FSC ap-
roach is used to prevent overfitting ( 81 ,82 ). 
Results 

Cryo-EM structures of ex vivo New1-ribosome 

complexes 

To ascertain the ribosome functional states that New1 can
interact within the cell, we employed affinity chromatogra-
phy in combination with S. cerevisiae cells expressing a chro-
mosomally encoded TAP-tagged New1 protein (see Materi-
als and Methods), as we performed previously for obtain-
ing ex vivo eEF3- and Gcn-ribosome complexes ( 43 ,83 ). The
New1-TAP eluate was stabilised through mild crosslinking
with 0.02% glutaraldehyde treatment before being applied to
cryo-EM grids and subjected to single-particle cryo-EM anal-
ysis. Focussed 3D classification revealed that 52007 (21%)
of the total 243 285 particles contained additional density
within the New1 binding site ( Supplementary Figure S1 ). Pre-
sumably either New1 dissociated from the other ribosomal

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae748#supplementary-data
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particles during sample preparation and / or these ribosomes
co-purified with New1-ribosome complexes because they
were associated with the same mRNA in the polysomes. The
putative New1-ribosome complexes were subjected to exten-
sive 3D classification, yielding in total seven defined ribosome
functional states, which we term states 1–7 (Figure 1 A–F and
Supplementary Figure S1 ). The distribution of particles be-
tween the states was similar, ranging from 9–15%, meaning
that each substate was comprised of between 4545–8122 ri-
bosome particles ( Supplementary Figure S1 ). Despite the lim-
ited particle numbers, we were still able to obtain cryo-EM
reconstructions of each state with average resolutions rang-
ing from 5.1–6.0 Å ( Supplementary Figure S2 A-G). Although
this resolution precludes a molecular interpretation, it was
sufficient to assign the ligands and their positioning within
the ribosomal complexes (Figure 1 A–F). Six of the seven ri-
bosome complexes (States 1–6) contained two or three tR-
NAs and were therefore assigned as elongating state ribo-
somes (Figure 1 A–F), reminiscent of the many elongating com-
plexes observed in the eEF3 pull-downs ( 43 ). In all these states,
New1 spans the 40S head and central protuberance of the
60S subunit (Figure 1 A–F), analogous to that observed pre-
viously for New1 in the in vitro -formed New1-80S complex
( 45 ) as well as for in vitro and ex vivo eEF3-ribosome com-
plexes ( 43 , 44 , 83 ). The seventh ribosome complex (State 7)
contained A- and P-tRNAs as well as clear density within the
A-site for eRF1 and was therefore considered a termination
state ( Supplementary Figure S1 ). State 7 appeared to be similar
to the eRF1-eRF3-ribosome state observed in the Gcn20-pull
downs ( 83 ). 

Of the elongating states, we observed New1 bound to three
pre-translocation (PRE) and three post-translocation (POST)
state ribosomes (Figure 1 A–F). The canonical PRE state with
A- and P-tRNAs (State 1) was also observed previously in-
teracting with eEF3 (termed PRE-1; ( 43 )), however, unlike in
the case of eEF3, we observed additional density within the
E-site that could be unambiguously assigned to the elonga-
tion factor eIF5A (Figure 1 A). States 2 and 3 contained hy-
brid A / P- and P / E-tRNAs on partially- and fully-rotated ribo-
somes, respectively (Figure 1 B, C). New1 was poorly resolved
in these rotated state, suggesting that it only binds stably to
non-rotated ribosomes, as reported for eEF3 ( 43 ). State 4 rep-
resents a POST state with P- and E-site tRNAs, however, the
L1 stalk adopts an outward conformation and the density for
the E-site tRNA is poorly ordered (Figure 1 D). We did not ob-
serve a POST state containing P-site tRNA but lacking E-site
tRNA, as observed in the eEF3-pull downs ( 43 ). This would be
consistent with the previous idea that New1 cannot efficiently
complement eEF3 because of the shorter chromodomain that
is less efficient at mediating E-site tRNA release ( 45 ). In this
regard, it is interesting that tRNAs occupied all three tRNA
binding sites (A-, P- and E-sites) in States 5 and 6 (Figure 1 E,
F), since this can only arise if E-site tRNA release is slower
than A-site tRNA decoding and accommodation. States 5 and
6 appeared to differ from each other only with respect to the
position of the L1 stalk (Figure 1 E). Although three tRNAs on
the ribosome were not observed in the eEF3 pull-downs, such
functional states have been observed previously in ex vivo -
derived human polysome samples ( 84 ). Collectively, the en-
semble of New1-ribosome structures suggests that New1 can
interact with both elongating and terminating ribosomes and
may preferentially favour ribosomes that encounter obstacles
leading to recruitment of eIF5A or accumulation of three tR- 
NAs per ribosome. 

New1 samples the ribosome throughout the 

translation cycle 

Given that our Ribo-Seq analysis specifically implicated New1 

in translation termination and / or ribosome recycling ( 45 ), the 
cryo-EM results showing its association with elongating ribo- 
somes are surprising. Therefore, we next used 5PSeq to map 

the positions of immunopurified New1-associated ribosomes 
transcriptome-wise. 5PSeq is functional genomics method that 
is highly complementary to Ribo-Seq ( 85 ). To infer riboso- 
mal positions on mRNA, 5PSeq relies on specifically sequenc- 
ing 5 

′ -phosphorylated mRNA fragments that are generated 

during co-translational 5 

′ -3 

′ mRNA decay, and the resulting 
mRNA 5 

′ ends represent the borders of mRNA protected by 
the ribosome, thus allowing mapping of ribosomes under a 
given condition ( 85 ,86 ). Since the method relies on the 5 

′ -3 

′ 

exonucleases ‘catching up’ with stalled ribosomes, it is par- 
ticularly well-suited for studying defects in intrinsically slow 

translational events, such as termination ( 35 , 86 , 87 ). A HTF- 
tagged New1 was ectopically expressed for 2 hours in yeast 
cells grown at 20 

◦C followed by cell disruption and immunop- 
urification. The total mRNA for 5PSeq library preparation 

was extracted from both the pulldown samples as well as from 

the input lysate ( Supplementary Figure S3 ). The latter sam- 
ple served as a control representing the global cellular trans- 
lation. Note that, just as in the case of ex vivo New1-ribosome 
cryo-EM reconstructions, a possible caveat is that a fraction 

of the 5PSeq signal in the New1 pulldown samples could be 
coming from ribosomes that are not directly associated with 

the factor but, rather, co-purify via a shared mRNA. However,
regardless of this potential limitation, the pulldown sample is 
strongly enriched in New1-associated ribosomes, thus allow- 
ing a meaningful comparison with the lysate-derived 5PSeq 

dataset. 
The metagene analysis of our 5PSeq experiments revealed 

a striking similarity between the lysate (black) and New1 

pulldown (blue) libraries (Figure 2 A, B). Both samples dis- 
play excellent periodicity within the ORF body, as well as 
near-identical peaks at −14 nt relative to start codons (cor- 
responding to a start codon positioned in the ribosomal P- 
site) (Figure 2 A) and at −17 nt relative to stop codons (corre- 
sponding to stop codons positioned in the A-site) (Figure 2 B) 
( 85 ,86 ). We calculated the polarity score, a metric that quanti- 
fies the ribosomal distribution along the ORF ( 36 ), for the two 

datasets. Distributions of polarity scores for New1-pulldown 

and lysate-derived samples were near-identical (Figure 2 C),
indicative of New1 sampling the ribosomes throughout the 
translation cycle. Finally, we asked the question whether 
New1 is associated with terminating ribosomes preferentially 
stalled with arginine or lysine codons in the P-site. Note that 
as the experiments were performed with a yeast strain express- 
ing functional New1, we did not expect to observe a dramatic 
defect that we observed in the new1 Δ strain ( 45 ). To quantify 
the extent of ribosomal stalling for individual ORFs, we ap- 
plied the C-terminal queuing score (QS) metric that quantifies 
the extent of the ribosomal ‘pile-up’ in front of stop codons 
( 45 ). The QS was calculated as a ratio between the sum of the 
phased counts within the three ‘stalled’ peaks preceding the 
stop codon (marked with dashed lines on Figure 2 B) and the 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae748#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae748#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae748#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae748#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae748#supplementary-data
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Figure 2. New1 samples the ribosome throughout the translation cycle. ( A, B ) 5PSeq metagene analysis. The 5 ′ read ends for of pulldown (blue) and 
lysate (black) samples aligned to start (A) and stop codons (B). Stalls represent the 5 ′ boundary of the ribosome-protected 5 ′ -phosphorylated mRNA 

fragment. The 5 ′ position is offset by −14 nt from the fist nucleotide in the P site and −17 nt from the first nucleotide in the ribosomal A site. ( C ) 
Distributions of ribosome polarity scores across transcriptome for immunoprecipitated New1-HTF ribosome complexes (pulldown, blue) and the input 
lysate (black). Positive and negative scores reflect enrichment of reads towards either 3 ′ and 5 ′ end of CDS, respectively. ( D ) Ribosomal queuing scores 
(QS) calculated for ORFs parsed by the codon preceding the stop codon. The red dashed line is a guide for the expected position of data points in the 
absence of the systematic difference between in QS between the pulldown and lysate samples. All analyses were performed on pooled lysate and 
Ne w1 pulldo wn datasets from f our biological replicates each. 
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verage background coverage calculated for the 115 nt region
receding the stop codon. Both in the New1 pulldown and
ysate-derived libraries, arginine-encoding C-terminal codons
isplayed the highest QS, suggestive of relatively inefficient
ermination (Figure 2 D). However, the extent of stalling was
imilar for the lysate and in New1-pulldown samples, signi-
ying a lack of specific enrichment. Taken together, in good
greement with the cryo-EM results, our 5PSeq data suggest
hat New1 samples ribosomes throughout the translational
ycle. 

PSeq reveals that the lack of New1 is associated 

ith ribosomal stalling at stop codons preceded by 

n arginine, lysine or asparagine codon 

o uncover the effect of New1 loss on ribosomal stalling
enome-wide, we performed a 5PSeq analysis of wild-type
nd isogenic new1 Δ yeast strains, both grown at 20 

◦C as the
ibosomal ‘pile-up’ in front of the stop codon observed by
ibo-Seq was stronger at this temperature ( 45 ). The 5PSeq
overage for individual ORFs was strongly correlated for in-
ividual replicates ( R 

2 = 0.957 and 0.961 for wild-type and
ew1 Δ, respectively, Supplementary Figure S4 A,B), thus al-

owing us to use pooled data for the analysis. Metagene anal-
sis of the wild-type dataset readily detected a pronounced
eak at the position −17 from the stop codon, which corre-
ponds to terminating ribosomes ( 85 ) (see Figure 3 A, black
race, for pooled 5Pseq data for all three individual repli-
ates, and Supplementary Figure S4 C for individual repli-
ates analysed separately). In the new1 Δ 5PSeq metagene
lots, the corresponding peak is 1.7-fold higher, and is pre-
eded by additional peaks spaced at 30 nucleotide intervals
(Figure 3 A, red trace, and Supplementary Figure S4 D); note
that these additional peaks were also detected by Ribo-Seq
analysis ( 45 ). 

To quantify the extent of ribosomal stalling at the stop
codon for individual ORFs we next applied the QS metric
( Supplementary Table S2 ). In the case of individual ORFs
with high QS, up to seven peaks corresponding to ribosomes
stalled at the stop codon were clearly detectable, as exempli-
fied by a highly queued ORF of YGR195W that ends with
C-terminal AGG arginine codon and encodes SKI6, a 3 

′ -5 

′

RNase (Figure 3 B). In the case of the wild-type strain, we
detect no correlation between the QS of individual ORFs in
5PSeq and Ribo-Seq datasets ( Supplementary Figure S4 E),
which is likely due to the inability to detect the stop codon
peak in the Ribo-Seq dataset as well as with the lack of
queued ribosomes in the wild-type strain. Conversely, queu-
ing scores of individual ORFs of the new1 Δ 5PSeq dataset
are positively correlated ( R = 0.4668) with that for the
Ribo-Seq dataset ( Supplementary Figure S4 F). This demon-
strates that despite 5PSeq and Ribo-Seq relying on two differ-
ent approaches to detect ribosomal stalling (posttranslational
mRNA degradation and mRNA protection from RNA diges-
tion by the ribosomes, respectively), the two experiments de-
tect an overlapping set of ORF-specific signals. Importantly,
the fold change in QS between wild-type and new1 � strains
for each ORF is also correlated in both datasets ( R = 0.4336,
Supplementary Figure S4 G). However, QS tended to be higher
in the Ribo-Seq dataset, which is to be expected, since 5Pseq
produces a read corresponding to only the most 5 

′ ribosome
on the mRNA, and thus does not detect multiple ribosomes in
multi-ribosome ‘pile-ups’. Finally, we have computed QS for
the 5PSeq dataset sorted by the nature of C-terminal amino

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae748#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae748#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae748#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae748#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae748#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae748#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae748#supplementary-data
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A B C

Figure 3. New1 loss is associated with ribosomal queuing upstream of stop codons proceeded by C-terminal arginine, lysine and asparagine. ( A ) 
Metagene analysis of the 5 ′ read ends for the 5PSeq libraries generated from wild-type (WT MYJ1171, black trace) and New1-deficient ( new1 Δ
MYJ1173, red trace) yeast strains grown at 20 ◦C. Stalls represent the 5 ′ boundary of the ribosome-protected 5 ′ -phosphorylated mRNA fragment. The 5 ′ 

position is offset by -17 nt from the first nucleotide in the ribosomal A site. With an 80S ribosome covering 30 mRNA bases, the 30-nt periodicity of the 
in the new1 Δ metagene is indicative of multiple ribosomes queued at the stop codon. ( B ) An example of a heavily ‘queued’ ORF YGR195W encoding a 
C-terminal AGG arginine codon. Normalised read co v erage around the stop codon is shown. ( C ) Ribosomal queuing scores (QS) calculated for ORFs 
parsed by the codon preceding the stop codon. The red dashed line is a guide for the expected position of data points in the absence of the systematic 
difference between in QS between the wild-type and new1 Δ samples. All analyses were performed on pooled wild-type and new1 Δ 5PSeq datasets 
from three biological replicates each. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

acid. In excellent agreement with the Ribo-Seq analysis ( 45 ),
C-terminal arginine (R), lysine (K) and, to a lower extent, as-
paragine (N) are associated with a high degree of ribosomal
queuing at stop codons in the new1 Δ strain (Figure 3 C). 

The stop codon identity alone does not determine 

the extent of ribosomal queuing in new1 � cells 

Since the nature of the stop codon is the key determinant of
termination efficiency ( 21 ), we next plotted the distributions
of the queuing scores for individual ORFs with 5PSeq data
parsed by the stop codon identity. Distributions for wild-type
and new1 Δ datasets are similar, with the new1 Δ distribution
slightly shifted towards a higher queuing score (Figure 4 A–
C). The median queuing scores for all the three stop codons
were similar both in wild-type (U AA 0.71, U AG 0.72 and
UGA 0.76) and new1 Δ (U AA 0.90, U AG 0.93 and UGA 0.94)
datasets, displaying 1.52–1.62-fold increase upon New1 loss.
Next, focusing on the stop codon with lowest fidelity, UGA,
we analysed the effect of the 3 

′ +4 nucleotide of the extended
stop codon. Of the four possible extended stop codons, UGA
followed by a C has the lowest fidelity ( 21 ). While we observe
slightly higher queuing score in the case of this extended stop
codon, the effect is similar in both wild-type (UGA-G 0.77,
UGA-A 0.77, UGA-U 0.73 and UGA-C 0.83) and new1 Δ

(UGA-G 0.91, UGA-A 0.93, UGA-U 0.94 and UGA-C 1.10)
strains ( Supplementary Figure S5 A–E). Collectively, these re-
sults demonstrate that the nature of the stop codon alone has
a relatively weak effect on the extent of the ribosomal queuing
in the new1 Δ strain at the stop codon. 

New1 loss results in increased readthrough of 
weak extended stop codon UGA C preceded by the 

common AAA lysine codon 

Next, we further parsed our datasets by the nature of the C-
terminal amino acid and extracted the data for ORFs end-
ing with lysine (associated with a strong ribosomal queuing
in new1 Δ) or asparagine (associated with a weak riboso-
mal queuing in new1 Δ). For all the three stop codons pre-
ceded by lysine, we observed dramatically increased queuing
in new1 Δ (Figure 4 D–F, Supplementary Figure S6 A-C), while
in the case of asparagine, as expected, the queuing scores are
similar between the wild-type and new1 Δ datasets (Figure
4 G–H, Supplementary Figure S6 D–F). In both cases the QS 
distributions are largely insensitive to the nature of the stop 

codon. 
While we observed similar extents of ribosomal queuing in 

new1 Δ at the three stop codons, the effect of New1 loss on ef- 
ficiency of translation termination could still be sensitive to the 
nature of the stop codon, i.e. the same degree of queuing could 

have different mechanistic implications depending on the stop 

codon fidelity. Using dual-luciferase readthrough assays to 

probe the translation termination efficiency in yeast strains 
grown at 20 

◦C, we tested the effects of C-terminal lysine 
(AAA) and C-terminal aspartic acid (GAU, the non-queued 

control) on readthrough of U AA, U AG and UGA codons fol- 
lowed by a 3 

′ +4 C (Figure 4 J, K). In good agreement with 

previous reports ( 21 , 23 , 88 ), UGA is associated with the high- 
est degree of readthrough in both wild-type and new1 Δ cells.
In the presence of C-terminal lysine the UGA readthrough is 
2.3-fold higher in new1 Δ (Figure 4 J), while we detected a mere 
1.4-fold increase in the case of the non-queued C-terminal as- 
partate (Figure 4 K). We have also tested the effects of the +4 

nucleotide following AAA UGA (Figure 4 L). The loss of New1 

results in increased readthrough in all extended stop reporters,
with the effect ranging from 1.6- to 2.6-fold. In good agree- 
ment with ( 21 ), UGA C has the highest readthrough regardless 
of strain. 

Increased ribosomal queuing and stop codon 

readthrough in new1 � cells are associated with a 

subset of penultimate codons 

The high coverage of our 5PSeq dataset and strong 5PSeq 

signal at stop codons allowed further parsing of the dataset 
for individual codons encoding the C-terminal amino acid.
Since the queuing score is only very moderately affected by 
the nature of the stop codon (Figure 4 A–C), we next cal- 
culated the queuing scores for individual ORFs for data 
parsed by individual C-terminal codons, irrespective of the 
stop codon. Strikingly, individual P-site codons of the ter- 
mination complex that encode the same amino acid are as- 
sociated with dramatically different queuing scores (Figure 
5 A and Supplementary Table S3 ). While the penultimate 
AGG arginine codon is associated with increased ribosomal 
queuing in new1 Δ cells, AGA is not. Similarly, while the 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae748#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae748#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae748#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae748#supplementary-data
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Figure 4. The absence of New1 specifically increases ribosomal readthrough when the weak stop codon UGA is preceded by C-terminal lysine. ( A–C ) 
Binned distributions of ribosome queuing scores (QS) for ORFs terminating in either UAA (A), UAG (B) or UGA (C) stop codons. ( D–F ) Same as (A–C), but 
with for ORFs encoding C-terminal lysine residues. Geomeans of QS distributions for wild type is black and for new1 Δ is in red, the QS fold change is in 
green. Numbers of ORFs included in the analyses are shown on the figure, e.g. 1830 instances of ORFs with UAA stop codon. All analyses were 
performed on pooled datasets from three replicates collected at 20 ◦C. ( G, H ) Same as (D-F), but with for ORFs encoding C-terminal aspartic acid. ( J , K ) 
Stop codon readthrough efficiencies in wild-type and new1 Δ strains measured with dual-luciferase reporters harbouring UAA, UAG and UGA stop 
codons in combination with either a C-terminal AAA lysine codon (J) or GAU aspartic acid codon (K). ( L ) Readthrough efficiency of UAG G, UAG A, UAG U 

and UAG C extended stop codons in combination with a C-terminal AAA lysine codon in both wild-type and new1 � strains. Note that the same AAA 

UGA C results are shown on both panels (J) and (L) in order to make the data comparison easier. Error bars represent standard deviations. All 
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penultimate AAA lysine codon is queuing-prone, AAG is not.
Importantly, both AAA and AAG are common codons, sug-
gesting that codon rarity, as such, is not a decisive factor.
We plotted queuing score distributions for individual ORFs
grouped by the nature of the individual codons encoding C-
terminal amino acids: lysine (AAG and AAA, Figure 5 B, C)
and arginine (AGA and AGG, Figure 5 D, E). The results are
in agreement with the scatter plot of median queuing scores
(Figure 5 A). 

We then tested the functional significance of the codon-
specific ribosomal queuing in new1 Δ using readthrough as-
says (Figure 5 F). In agreement with the 5PSeq data, New1
loss results in increased readthrough in the case of AAA (but
not AAG) as well as AGG (but not AGA). No apparent ef-
fect on readthrough was observed for the non-queued control
GAU codon encoding aspartic acid (Figure 5 F, Supplementary 
Figure S6 ). Collectively, our results establish that the nature
of the codon preceding the stop codon, and not just the C-
terminal amino acid encoded by the said codon, is the crucial
determinant for the translation termination defect observed in
the absence of New1. 

Specific P-site tRNA isoacceptors are associated 

with increased readthrough of UGA stop codons in 

the new1 � strain 

In principle, the P-site codon-specific termination defect in
new1 Δ cells could be due to the nature of the mRNA codon
located in the P-site, the P-site tRNA itself or a combination
of both. A possible explanation could be that the rarity of the
codon plays the decisive role, however, the queuing-prone na-
ture of the common AAA lysine codon speaks against this hy-
pothesis. Alternatively, specific tRNA isoacceptors reading the 
P-site codon could be responsible for the effect. To investigate 
this hypothesis, we parsed the ribosomal queuing scores calcu- 
lated for 5PSeq data parsed on the basis of the individual P-site 
codons preceding the stop signal ( Supplementary Table S3 ),
correlated the parsed data with the S. cerevisiae isoaccep- 
tor tRNA species that decode the respective codons ( 89 ),
and identified the codons with increased ( > 2-fold) riboso- 
mal stalling (Figure 6 A, green boxes). These codons include 
the valine codon GUG (but not GUU, GUC or GUA), the 
Asn codons AAU and AAC, the lysine codon AAA (but not 
AAG), the serine codons AGU and AGC (but not the UCN 

codons) as well as the arginine codon AGA (but not AGG).
Genetic manipulations of the tRNA species decoding these 
codons are complicated by the fact that they are often en- 
coded by multiple genes, e.g. the cognate tRNA isoacceptor 
for the Lys AAA and AAG codons are encoded by 7 and 14 

genes, respectively. However, the distribution of genes for the 
tRNA species decoding the arginine AGG (queued) and AGA 

(non-queued) codons provides an experimentally amenable 
system. The AGG codon is decoded by two tRNA isoacceptor 
species: the cognate rare tRNA 

Arg 
CCU 

(encoded by a single gene,
tR(CCU)J ; decodes exclusively AGG codons) and the near- 
cognate, more abundant tRNA 

Arg 
UCU 

(which is encoded by 11 

genes; able to decode both the AGG and AGA codon) ( 89 ). In 

new1 Δ cells, a P-site AGG codon is associated with ribosomal 
stalling at the stop codon, whereas an AGA codon is not. A 

possible mechanistic explanation is that the presence of P-site 
tRNA 

Arg 
CCU 

in pre-termination complexes results in inefficient 
termination which is, in turn, compensated by the action of 
New1. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae748#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae748#supplementary-data


Nucleic Acids Research , 2024, Vol. 52, No. 19 12015 

(9)

U

C

A

G

(7)

(3)

(2)

(2) (7)

(14)

Phe

Leu

Ile

Leu

Met

Val

Ser Tyr

His

Gln

Asn

Lys

Asp

Glu

Cys

Trp

Arg

STOP

STOP

(10)

(5)

(4)

(3)

U
C
A
G
U
C
A
G
U
C
A
G
U
C
A
G

3

U
C
A
G
U
C
A
G
U
C
A
G
U
C
A
G

3rdU A2
1 C GU A2nd
1st C G

STOP

(1)

(1)

(10)

(13)

(14)

Pro

Thr

Ala

(10)

(4+5)

(2)

(1)

(11)

(2)

(11)

(11)

(8)

(7)

(10)

(15)

(4)

(6)

Ser

Arg

Gly

(11)

(3)

(1)

(14)

(2)

(4)

(16)

(6)

(1)

(1)

(2)

A

C-terminal codons with 
> 2 fold increase in QS 

tRNA     specifically
reading AGG codons 

Arg
CCU

D 0.8

0.6

0.4

0.2

0.0

R
ea

dt
hr

ou
gh

, %

10 2
log10(QS)

F
re

qu
en

cy

2.5

2.0

1.0

1.5

0.5

0.0

0.86 1.82 9.03

AGG
37

10 2
log10(QS)

F
re

qu
en

cy

2.5

2.0

1.0

1.5

0.5

0.0

0.88 0.89 1.03

AGG
37

WT new1∆ tr(ccu)j∆
new1∆ 
tr(ccu)j∆B C

W
T

ne
w

1∆

tr
(c

cu
)j∆

ne
w

1∆
tr

(c
cu

)j∆

AGG UGA C
STOP

20°C 20°C20°C

Figure 6. Termination defect in new1 Δ yeast is dependent on the nature of the tRNA isoacceptor species present in the P-site of the pre-termination 
complex. ( A ) Decoding abilities of tRNA isoacceptors, adapted from Johansson and colleagues ( 89 ). Codons read by individual tRNA species are 
indicated by circles connected by lines. The gene copy number for each tRNA species is indicated and the position of the number denotes the cognate 
codon. Empty circles indicate that the tRNA is less likely to read the codon. The empty dashed circles indicate that the tRNA does not efficiently read 
the codon. C-terminal codons that display increased QS in the new1 Δ strain are highlighted with green shading. ( B , C ) Queuing score distributions for 
NEW1 (solid outline) and new1 Δ (dashed) strains either expressing (B) or lacking (C) tRNA 

Arg 
CCU . ( D ) Penultimate AGG codons are not associated with 

readthrough in new1 Δ yeast when decoded by the near-cognate tRNA 

Arg 
UCU species. Readthrough efficiency for UGA stop codon preceded by 

penultimate AGG codon in strains either expressing or lacking tRNA 

Arg 
CCU . All experiments were performed at 20 ◦C. 

 

c  

o  

t  

t  

e  

d  

f  

t  

a  

(  

Q  

b  

t  

w  

t  

o  

 

 

 

 

 

 

 

 

 

 

 

 

Therefore, we decided to strictly allow only the near-
ognate tRNA 

Arg 
UCU 

to decode AGG codons in the absence
f competition with the cognate tRNA 

Arg 
CCU 

. If the termina-
ion defect in new1 Δ cells is induced by the P-site tRNA 

Arg 
CCU 

,
he phenotype should be suppressed by deleting the non-
ssential and single copy tR(CCU)J gene. To test this pre-
iction, we constructed wild-type and new1 Δ strains deleted
or the tR(CCU)J gene and performed 5PSeq. The lack of
RNA 

Arg 
CCU 

in new1 Δ cells reduced the ribosomal queuing
t stop codons proceeded by AGG to near wild-type levels
 new1 Δ = 1.83 and new1 Δ tr(ccu)j Δ = 0.89; note that the
S is calculated as log 10 ). At the same time, the levels of ri-
osomal queuing at these stop codons are similar in the wild-
ype (0.86) and tr(ccu)j Δ (0.89) strains (Figure 6 B, C). Finally,
e performed readthrough assays in the wild-type, new1 Δ,

r(ccu)j Δ and new1 Δ tr(ccu)j Δ strains. Directly supporting
ur hypothesis, the increased readthrough in new1 Δ cells was
lost upon deletion of tR(CCU)J , suggesting that the presence
of AGG-decoding tRNA 

Arg 
CCU 

in the P-site could, indeed, be
responsible for the termination defect (Figure 6 D). Collec-
tively, these results support a model where New1 is an acces-
sory termination factor that assists termination on weak stop
codons when specific isoacceptor tRNAs are present in the
P-site. 

Ribosomal queuing and termination defects of 
new1 � strain are uncoupled from the growth 

defect at low temperature 

While the new1 Δ strain grown at 20 

◦C displays both growth
and ribosome assembly defects ( 46 ), at 30 

◦C the growth de-
fect is negligible ( 45 ). Our analyses of polysome profiles con-
firm a reduction in the 40S:60S ratio in the new1 Δ strain at
20 

◦C, and, whilst this strength of the effect is reduced, the de-
fect is still present at 30 

◦C (Figure 7 A, B). Importantly, our
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Ribo-Seq experiments were performed both at 20 

◦C and
30 

◦C, and, while the effect was stronger at 20 

◦C, the riboso-
mal ‘pile-up’ in front of the stop codon was also observed at
30 

◦C ( 45 ). 
To test the causative connection between the translation

termination effect caused by the New1 and cold-sensitivity,
we have performed 5PSeq analysis of wild-type and new1 Δ

strains grown at 30 

◦C. In agreement with Ribo-Seq performed
at 30 

◦C ( 45 ), the metagene plots of 5PSeq datasets reveal
New1-dependant queuing at 30 

◦C is present, although re-
duced, when compared to the 20 

◦C datasets (Figure 7 C). Fur-
thermore, like the 20 

◦C datasets, this queuing is dependent
on the nature of the C-terminal codon, as illustrated by AAG
(non-queued) and AAA (queued) lysine codons which show a
1.2-fold and 3.9-fold increase in the new1 Δ strain respectively
(Figure 7 D, E). We have also performed a corresponding set of
readthrough assays at 30 

◦C. While the readthrough efficiency
is between two- and three-fold lower at 30 

◦C than at 20 

◦C,
the effect of the new1 Δ allele is essentially the same at 30 

◦C:
new1 Δ cells show increased readthrough when the UGA but
not the UAA or UAG stop codon is preceded by the AAA ly-
sine codon (Figure 7 F, G). Collectively, our results demonstrate
that, irrespective of the strength of the temperature-dependent
growth defect, increased ribosomal queuing at the stop codon
in New1-deficient yeast correlates with increased readthrough
of the low-fidelity UGA codon. 
Discussion 

Our 5PSeq and cryo-EM analyses of ex vivo New1-80S pull- 
down samples demonstrated that New1 interacts with both 

elongating and terminating ribosomes. As we have shown 

earlier, overexpression of New1 can compensate for the loss 
of otherwise essential elongation factor eEF3 ( 45 ), indica- 
tive of the functional overlap between the two ABCFs AT- 
Pases. However, eEF3 overexpression does not compensate 
for the loss of New1, consistent with a New1-specific func- 
tion in translation termination and / or ribosome recycling 
( 45 ). 

By comparing the wild-type and new1 Δ 5Pseq datasets, we 
identified the sequence determinants associated with transla- 
tion defects on specific mRNA that occur in the absence of 
New1. Using dual-luciferase readthrough assays, we then val- 
idated the stop codon- and context-specific defects of transla- 
tion termination in new1 Δ cells. We demonstrate that in the 
absence of New1, translation termination efficiency is affected 

by the nature of the P-site codon / P-site tRNA isoacceptor 
tRNA decoding C-terminal arginine and lysine amino acids.
While a AAA lysine codon 5 

′ of the stop codon is strongly 
associated with ribosome stalling and increased readthrough 

of the weak UGA stop codon, an AAG lysine codon is not.
A similar behaviour was observed for the A GG / A GA argi- 
nine codon pair. Our results explain why in our previous 
study we failed to detect any effect of New1 loss when 
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DR099W / BMH2 and YNL247 3 

′ ORF regions were tested
n readthrough assays ( 45 ): while the AAA lysine codon pre-
eding the stop codon in these reporters is, as we show here,
ssociated with strong ribosomal queuing, due to high-fidelity
 AA and U AG stop codons one would not expect increased

eadthrough in new1 Δ cells. Collectively, our results sug-
est that by fine-tuning the termination efficiency, New1 sup-
resses and efficiently masks codon / tRNA-specific variation
n termination efficiency in S. cerevisiae . 

A comparison of the sequences and modifications of the dif-
erent tRNA isoacceptors that cause ribosomal stalling in the
bsence of New1 did not reveal any obvious pattern to explain
he phenomenon. However, structures of eukaryotic termina-
ion complexes reveal that the peptidyl-tRNA bound in the
-site directly interacts with eRF1 bound in the A site ( 7 ,90 ).
pecifically, the N-domain of eRF1 (involved in stop codon
ecognition) can form direct hydrogen bond interactions with
he backbone of nucleotides located in the anticodon stem-
oop of the P-site tRNA ( Supplementary Figure S7 A, B). Thus,
ne can envisage that differences in the sequence and modifi-
ations of the tRNA isoacceptor located in the P site could di-
ectly influence the efficiency of the eRF1 functions during ter-
ination. Unfortunately, the only available structures of eu-
aryotic termination complexes are mammalian, nevertheless
hey are very consistent with our cryo-EM density for State
 of the New1-bound termination complex ( Supplementary 
igure S7 C). We note that these complexes do not have the
elevant tRNAs in the P site; for example, the highest resolu-
ion termination complex is from rabbit and has tRNA 

Val in
he P site rather than yeast tRNA 

Arg or tRNA 

Lys ( 90 ). More-
ver, while there are structures of ribosomes stalled with AAA-
ecoding tRNA 

Lys 
UUU 

in the P site ( 91 ,92 ), there are no structures
ith tRNA 

Lys 
CUU 

to which to compare them. In silico modelling
f AAA-decoding tRNA 

Lys 
UUU 

and AAG-decoding tRNA 

Lys 
CUU 

nto the mammalian termination complexes does not immedi-
tely suggest how these tRNAs could differentially influence
RF1 action ( Supplementary Figure S7 D, E). In fact, the con-
ormation of the tRNA 

Val in the termination complex appears
o be very similar to that of tRNA 

Lys and tRNA 

Arg observed
n stalled ribosomal complexes ( Supplementary Figure S7 F).
owever, such analysis does not consider differences in the

onformation of the tRNAs, nor their dynamics. Although the
ature of the stop codon does not play a role in the stalling
bserved in the absence of New1, we note that increased
eadthrough is observed at weak stop codon contexts, such
s UGAC, when the specific isoacceptors are present in the P
ite. We suggest that this arises because specific P-site isoac-
eptors prevent eRF1 functioning either by interfering with
table eRF1 binding and decoding and / or peptidyl-tRNA hy-
rolysis, and as a consequence, the stop codon can be misread
y a tRNA suppressor, leading to stop codon readthrough.
he peripheral binding site observed for New1 on the ribo-
ome suggest that it does not play a direct role in promoting
ermination at specific tRNA isoacceptors. Instead, we pro-
ose that New1 facilitates this reaction indirectly, by promot-
ng a conformation of the ribosome that is optimal for trans-
ation termination. Since New1 binds predominantly to the
ead of the 40S subunit and binds stably to non-rotated state
omplexes, we speculate that the ribosome may adopt non-
roductive conformations when specific tRNA isoacceptors
re present in the P site and that by stabilizing non-rotated ri-
osomes with non-swivelled heads, New1 may facilitate bind-
ing of eRF1 and peptidyl-tRNA hydrolysis during translation
termination. 

Data availability 

5PSeq sequencing data are available in NCBI Gene Ex-
pression Omnibus (GEO) repository under GEO accession
GSE229473. Cryo-EM maps have been deposited in the Elec-
tron Microscopy Data Bank (EMDB) with the following ac-
cession codes: State 1 - New1-80S ribosome with A-tRNA,
P-tRNA, eIF5a (EMD-19917); State 2 - New1-80S ribosome
with A-tRNA, P-E*-tRNA (EMD-19918); State 3 - New1-80S
ribosome with A-P-tRNA, P-E-tRNA (EMD-19925); State 4
- New1-80S ribosome with P-tRNA, E-tRNA (EMD-19923);
State 5 - New1-80S ribosome with A-tRNA, P-tRNA, E-tRNA
(EMD-19921); State 6 - New1-80S ribosome with A-tRNA, P-
tRNA, E-tRNA (EMD-19922); State 7 - New1-80S ribosome
with eRF1, P-tRNA, E-tRNA (EMD-19924). 
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Supplementary Data are available at NAR Online. 
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