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Abstract 

Ribosomal stalling induces the ribosome-associated quality control (RQC) pathw a y targeting aberrant polypeptides. RQC is initiated by K63- 
polyubiquitination of ribosomal protein uS10 located at the mRNA entrance of stalled ribosomes by the E3 ubiquitin ligase ZNF598 (Hel2 in 
yeast). Ubiquitinated ribosomes are dissociated by the ASC-1 complex (ASCC) (RQC-Trigger (RQT) complex in yeast). A cryo-EM str uct ure of the 
ribosome-bound RQT complex suggested the dissociation mechanism, in which the RNA helicase Slh1 subunit of RQT (ASCC3 in mammals) 
applies a pulling force on the mRNA, inducing destabilizing conformational changes in the 40S subunit, whereas the collided ribosome acts 
as a wedge, promoting subunit dissociation. Here, using an in vitro reconstitution approach, we found that ribosomal collision is not a strict 
prerequisite for ribosomal ubiquitination by ZNF598 or for ASCC-mediated ribosome release. Following ubiquitination by ZNF598, ASCC efficiently 
dissociated all polysomal ribosomes in a stalled queue, monosomes assembled in RRL, in vitro reconstituted 80S elongation complexes in pre- 
and post-translocated states, and 48S initiation comple x es, as long as such comple x es contained ≥ 30–35 3 ′ -terminal mRNA nt. downstream 

from the P site and sufficiently long ubiquitin chains. Dissociation of polysomes and monosomes both involved ribosomal splitting, enabling 
Listerin-mediated ubiquitination of 60S-associated nascent chains. 
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o ensure the accuracy of gene expression, eukaryotic cells
eveloped highly conserved mRNA and protein quality con-
rol systems that are induced by ribosomal stalling. Thus,
he No-Go decay (NGD) surveillance mechanism targets mR-
As on which ribosomal elongation complexes (ECs) are

talled by e.g. stable secondary structures, rare codons, polyA
tretches or damaged RNA bases ( 1–3 ), whereas correspond-
ng nascent chain (NC) polypeptides arising from interrupted
ranslation undergo degradation by the ribosome-associated
uality control (RQC) pathway ( 4 ,5 ). The RQC is initiated by
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K63-polyubiquitination of specific 40S ribosomal proteins lo-
cated in the vicinity of the mRNA entrance (uS10 and eS10
in mammals and uS10 in yeast) by the E3 ubiquitin ligase
ZNF598 (Hel2 in yeast) ( 6–11 ), which triggers dissociation
of stalled ribosomes by the ASC-1 (activating signal coin-
tegrator 1) complex (ASCC) (the R QC-Trigger (R QT) com-
plex in yeast) into 40S subunits and NC-tRNA / 60S ribosome-
nascent chain complexes (60S RNCs) ( 9 ,12–14 ). 60S RNCs
associate with NEMF (Rqc2 in yeast), which recruits the E3
ligase Listerin (Ltn1 in yeast) that ubiquitinates NCs ( 15–
17 ), after which ANKZF1 (Vms1 in yeast) induces specific
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cleavage in the tRNA acceptor arm, releasing proteasome-
degradable Ub-NCs linked to three 3 

′ -terminal tRNA nu-
cleotides ( 18–21 ). 

The first step in RQC is recognition of ribosomal stalling
by ZNF598 / Hel2. Although the exact ribosomal positions of
ZNF598 / Hel2 have not been determined, it is thought that
their binding is facilitated by direct recognition of the spe-
cific interface formed by the 40S subunits of collided ribo-
somes ( 8 , 11 , 22 ). Mammalian and yeast disomes have the over-
all conserved architecture, in which the leading ribosome is
stalled in the classical post-translocated state with the P / P
site tRNA and the colliding ribosome is locked in the pre-
translocated state with P / E and A / P tRNAs ( 8 , 11 , 22 , 23 ), with
the exception of polysomes stalled on a polyA tract, where a
large proportion of the first collided ribosomes were also in
post-translocated states due to less rigid arrest of the lead-
ing ribosome ( 24 ). However, the intersubunit interface and
contacts between the colliding ribosomes in mammals and
yeast differ significantly ( 22 ). Thus, in the main RQC signal-
ing 40S head-to-head contact area, mammalian RACK1 pro-
teins do not interact with each other in contrast to their yeast
Asc1 counterparts, and the position of yeast eS10 is rotated
away from the leading ribosome compared to mammalian
eS10 ( 11 ,22 ). It was suggested that this difference could be
responsible for the distinct specificities of ZNF598 and Hel2,
i.e. lack of eS10 ubiquitination by Hel2, and that the closer
contact between yeast ribosomes could potentially explain the
higher stability and smaller hinging movements in the yeast di-
some ( 22 ). Although mammalian ZNF598 additionally polyu-
biquitinates eS10 ( 22 ), the fact that polyubiquitinated uS10
rather than eS10 was detected in ASCC-dissociated 40S sub-
units led to the suggestion that, like in yeast, ribosomal disso-
ciation in mammals is also triggered by polyubiquitination of
uS10 ( 22 ). It was also reported that Hel2 mediates polyubiq-
uitination of uS3 following its mono-ubiquitination by Mag2,
the yeast homolog of mammalian the E3 ubiquitin ligase
RNF10 ( 25 ). 

K63-polyubiquitination of stalled ribosomes by
ZNF598 / Hel2 is followed by their disassembly by
ASCC / R QT complexes. The yeast R QT complex com-
prises the Ski2-like tandem-helicase cassette RNA helicase
Slh1, the ubiquitin-binding CUE domain containing protein
Cue3 and the zinc-finger containing protein Rqt4 ( 9 ,12 ). The
mammalian ASCC contains four subunits, three of which
are homologous to the subunits of the yeast RQT: ASCC3
(a homologue of Slh1), ASCC2 (a homologue of Cue3) and
TRIP4 / Asc-1 (a homologue of Rqt4) ( 26 ). The fourth sub-
unit, ASCC1, is essential for the nuclear function of ASCC in
DNA repair ( 27 ) but is dispensable for dissociation of stalled
ribosomes ( 13 ,28 ). The ATP-dependent helicase activity
of Slh1 / ASCC3 ( 29 ,30 ) is essential for ribosomal splitting
( 9 , 13 , 14 , 23 , 31 ). Although it was previously suggested that
ASCC2 ubiquitin-binding activity ( 32 ,33 ) is dispensable for
the ASCC function ( 14 ), more recent studies indicate that it is
also required for ASCC-mediated ribosomal splitting ( 13 ,22 ).
Interestingly, in yeast, both the CUE domain of Cue3 and
the N-terminal domain of Rqt4 bind independently to the
K63-linked Ub chains to promote recruitment of the RQT
complex to ubiquitinated ribosomes ( 34 ). The overhanging
3 

′ -terminal region of mRNA was shown to be also essential
for the RQT-mediated ribosomal splitting ( 23 ). Moreover,
efficient ribosomal splitting by RQT required at least one
collided neighboring ribosome ( 23 ). 
A recent cryo-EM structure of the ribosome-bound RQT 

complex shed light on the molecular mechanism of riboso- 
mal splitting ( 23 ). The RQT complex was located on the 40S 
subunit of the leading ribosome in proximity to the mRNA 

entry channel and uS10. On the collided ribosome, the RQT 

binding site was shielded by the leading ribosome, which is 
in line with the observed sequential nature of polysomal dis- 
assembly ( 14 ,31 ). Slh1 adopted the bi-lobed arch-like archi- 
tecture formed by two helicase cassettes, which was stabi- 
lized by Cue3 and Rqt4 positioned between the cassettes. The 
N-terminal cassette resided at the mRNA entrance, stretch- 
ing from helix 16 along eS10, uS3 and uS10, whereas the 
C-terminal cassette interacted with Asc1. Strikingly, the RQT 

complex associated with 80S ribosomes in two different con- 
formations: the pre-splitting classical post-translocation state 
with tRNA in the P / P site, and another state, in which the 
40S head was swiveled by 20 degrees relative to the 40S body 
resulting in the 80S conformation similar to that of a translo- 
cation intermediate with tRNA in the chimeric pe / E hybrid 

state ( 35 ). Since the transition from the pre-splitting post- 
translocation to head-swiveled states could be achieved by ap- 
plying force to the mRNA in the direction opposite to mRNA 

translocation, the pulling mechanism of ribosomal splitting 
was proposed. In this mechanism, Slh1 would apply a pulling 
force on the mRNA, inducing destabilizing conformational 
changes in the 40S subunit, whereas the collided ribosome 
would act as a wedge, enabling subunit dissociation. This 
mechanism poses a question of which Slh1 helicase cassette is 
executing mRNA pulling. Although no clear mRNA density 
was identified in either Slh1 cassette, the relative positions of 
the cassettes with respect to the mRNA path at the mRNA 

entrance led to the suggestion that the C-terminal cassette is 
more likely to bind mRNA and extract it from the 40S sub- 
unit. 

It was recently suggested that in addition to its role in RQC,
mammalian ASCC stimulates initiation by scanning riboso- 
mal complexes on a subset of cellular mRNAs containing sta- 
ble secondary structures in their 5 

′ UTRs ( 36 ). The reported 

activity of ASCC in initiation is difficult to reconcile with the 
pulling mechanism proposed for the RQT-mediated riboso- 
mal splitting. However, it is worth noting that according to the 
structure of the ribosome-bound RQT complex, direct thread- 
ing of mRNA at the mRNA entrance into the helicase core of 
the N-terminal cassette of Shl1 might result in 5 

′ -3 

′ feeding of 
mRNA into the 40S subunit rather than its extraction ( 23 ). 

Here, we applied an in vitro reconstitution approach to 

investigate the requirements for ASCC-mediated ribosomal 
splitting. Strikingly, we found that ribosomal collision is not 
a strict prerequisite for ribosomal ubiquitination by ZNF598 

or for ASCC-mediated ribosome release, and ASCC efficiently 
dissociated all polysomal ribosomes in a stalled queue, in- 
cluding the last one, monosomes and also 48S initiation com- 
plexes as long as all these complexes were polyubiquitinated 

by ZNF598 and contained sufficiently long overhanging 3 

′ - 
terminal mRNA regions. 

Materials and methods 

Elongation activity of ribosomal complexes stalled 

on the polyA tract 

Sucrose density gradient (SDG) purified [ 35 S]-labeled mono- 
somes or disomes assembled on β-VHP-A39 mRNA were 
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times. 
ncubated for 40 min at 32 

◦C with the indicated combina-
ions of 80 nM eEF1H, 80 nM eEF2, 500 nM Lys-tRNA 

Lys ,
ative �aa-tRNA (880 nM calculated on the basis of Met-
RNA i 

Met ) and 100 nM eRF1 •eRF3 •GTP in 20 μl buffer A
20 mM Tris pH 7.5, 100 mM KCl, 2 mM DTT, 0.25 mM
permidine) supplemented with 1 mM ATP, 1 mM GTP, 12
M creatine phosphate, 2 U / μl RiboLock RNase inhibitor

nd MgAc to achieve the indicated free [Mg 2+ ]. When indi-
ated, after translation, reaction mixtures were treated with 60
g / ml RNaseA for 10 min at 32 

◦C. Reactions were stopped
y adding loading buffer. Translation products were resolved
y 4–12% NuPAGE Bis-Tris electrophoresis and visualized by
hosphoimager. All experiments were repeated two to three
imes. 

n vitro ubiquitination of individual 40S subunits, 
acant 80S ribosomes and polysomes by ZNF598 

nd RNF10, and substrate-independent synthesis of
oly-ub chains by ZNF598 

or ubiquitination by ZNF598, 125 nM of 40S subunits or
acant 80S ribosomes or 75 nM of β-VHP-A39 polysomes
ere incubated for 30 min at 37 

◦C with 3 μM wt or indicated
utant Ub, 120 nM Ube1, 1.33 μM indicated Ube2 enzymes

R&D Systems, Minneapolis MN) and 300 nM ZNF598 in
0 μl buffer A supplemented with 2 mM ATP and MgCl 2
o achieve 2 mM free [Mg 2+ ]. To assay the specificity of Ub
inkage, we employed K63 only, K48 only and K63R Ub
utants. In the first two mutants, all other six lysines ex-

ept K63 or K48 were replaced by arginine, whereas in the
hird mutant, only K63 was replaced by arginine. For ubiq-
itination of SERBP1 / eEF2-bound ribosomes, vacant 80S ri-
osomes were first preincubated with 400 nM SERBP1 with
r without 400 nM eEF2 for 10 min in 37 

◦C, followed by
NF598-mediated ubiquitination as described above. To an-
lyze substrate-independent poly-Ub synthesis by ZNF598,
eaction conditions were as described above, except that
0S subunits or 80S ribosomes were omitted from reaction
ixtures. 
For ubiquitination with RNF10 and ZNF598, 62.5 nM va-

ant 80S ribosomes were preincubated with or without 190
M EDF1 for 10 min at 37 

◦C in 40 μl buffer A supplemented
ith 2 mM ATP and MgCl 2 to achieve 2 mM free [Mg 2+ ].
.1 μM wt Ub, 120 nM Ube1, 1.33 μM Ube2D3 and 350 nM
NF598 and / or RNF10 were then added to reaction mix-

ures, and incubation continued for another 20 min. 
In all cases, reactions were terminated by addition of load-

ng buffer. Ubiquitination products were resolved by 4–12%
uPAGE Bis-Tris electrophoresis and visualized by western
lotting. All experiments were repeated at least three times. 

nalysis of ASCC-mediated release of ribosomal 
omplexes by toeprinting 

o examine the activity of ASCC, 20–30 nM of indi-
ated SDG-purified ribosomal complexes (RRL-assembled
olysomes / monosomes or in vitro reconstituted 80S or 48S
omplexes) were first ubiquitinated for 30 min at 37 

◦C with
00 nM ZNF598, 120 nM Ube1, 1.2 μM Ube2D3 and 2.75
M wt or indicated mutant Ub in 80–120 μl buffer A supple-
ented with 1 mM ATP, 1 mM GTP, 12 mM creatine phos-
hate, 2 U / μl RiboLock RNase inhibitor, 30 μg / ml Creatine
inase and MgCl 2 to achieve 2 mM free [Mg 2+ ]. Where in-
dicated, 300 nM of RNF10 was added with ZNF598. Reac-
tion mixtures were then supplemented with 100 nM ASCC
(estimated by the amount of ASCC3), and incubation con-
tinued for 10 min except when ASCC was included at the
beginning with ZNF598. Where indicated, reaction mixtures
also contained combinations of 300 nM eEF2, 200 nM eRF1,
200 nM eRF3, 200 nM eRF1(AGQ), 100 nM ABCE1 and 100
nM Ligatin. Resulting ribosomal complexes were analyzed by
primer extension ( 37 ) using AMV reverse transcriptase (RT)
(Promega) and [ 32 P]-labeled primers. cDNA products were
resolved on 6% polyacrylamide sequencing gels and visual-
ized by Phosphoimager. All experiments were repeated at least
three times. 

T ime cour ses of ASCC-mediated release of 
monosomes and polysomes assayed by 

toe-printing 

20 nM of indicated ZNF598-polyubiquitinated SDG-purified
ribosomal complexes were incubated for the indicated times
at 37 

◦C with 200 nM ASCC (estimated by the amount of
ASCC3) in 100 μl buffer A supplemented with 1 mM ATP,
1 mM GTP, 12 mM creatine phosphate, 2 U / μl RiboLock
RNase inhibitor and MgCl 2 to achieve 2 mM free [Mg 2+ ]. 300
nM eEF2 was included where indicated. At indicated time-
points, the reaction was stopped by elevation of free [Mg 2+ ]
to 20 mM and placed on ice. For timepoint 0 

′ , free [Mg 2+ ] was
increased to 20 mM before adding ASCC and the sample was
incubated at 37 

◦C for 5 min and placed on ice when the final
time point was collected. The resulting ribosomal complexes
were analyzed by toe-printing ( 37 ). All experiments were re-
peated three times. 

Analysis of Listerin-mediated ubiquitination of NCs 

following ASCC-induced ribosome release 

20–30 nM of the indicated RRL-assembled SDG-purified ri-
bosomal complexes were incubated for 30 min at 37 

◦C with
indicated combinations of 300 nM ZNF598, 120 nM Ube1,
1.2 μM Ube2D3, 2.75 μM wt or mutant Ub, 100 nM NEMF,
100 nM Listerin and 100 nM ASCC in 40 μl buffer A supple-
mented with 2 mM ATP, 2 U / μl RiboLock RNase inhibitor
and MgCl 2 to achieve 2 mM free [Mg 2+ ]. In all cases, reac-
tions were terminated by adding loading buffer. Ubiquitina-
tion products were resolved by 4–12% NuPAGE Bis-Tris elec-
trophoresis and visualized by Phosphoimager. All experiments
were repeated at least three times. 

Analysis of ASCC-mediated ribosome release by 

SDG centrifugation 

SDG-purified pre-TCs reconstituted in vitro on [ 32 P]-labeled
β-MLLFF-Stop mRNAs containing 17nt- or 27nt-long
3 

′ UTRs were ubiquitinated by ZNF598 and then incubated
with ASCC in a 120 μl reaction volume as described above.
After incubation, reaction mixtures were subjected to cen-
trifugation in a Beckman SW55Ti rotor at 53 000 rpm for
80 min at 4 

◦C in 10–30% linear SDGs prepared in buffer B
(20 mM Tris pH 7.5, 100 mM KCl, 1.5 mM MgCl 2 , 2 mM
DTT and 0.25 mM spermidine). After fractionation, [ 32 P]-
labeled β-MLLFF-Stop mRNA was quantified by liquid scin-
tillation counting. All experiments were repeated at least three
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Analysis of ASCC-mediated dissociation of 
preubiquitinated ribosomal complexes 

SDG-purified poly- or oligoubiquitinated ribosomal com-
plexes were incubated with 100 nM ASCC with / without 300
nM of ZNF598 in 40 μl of buffer A supplemented with 1 mM
ATP , 1 mM GTP , 12 mM creatine phosphate, 2 U / μl RiboLock
RNase inhibitor, 30 μg / ml Creatine Kinase and MgCl 2 to
achieve 2 mM free [Mg 2+ ] for 30 min. Ribosomal complexes
were then analyzed by toe-printing ( 37 ). All experiments were
repeated at least three times. 

The influence of ASCC and the Ski complex on 48S 

initiation complexes 

To assay the influence of ASCC on 48S complex formation,
40 nM of (AUG at -6)-STEM mRNA was incubated in 40 μl
of buffer A supplemented with 1 mM ATP, 1 mM GTP, 12
mM creatine phosphate, 2 U / μl RiboLock RNase inhibitor,
30 μg / ml Creatine Kinase and MgCl 2 to achieve 2 mM free
[Mg 2+ ] with indicated combinations of 75 nM 40S, 150 nM
Met-tRNA i 

Met , 200 nM eIF2, 140 nM eIF3, 150 nM eIF4A,
600 nM eIF4A, 25 nM eIF4G 736-1600 , 500 nM eIF1 and 375
nM eIF1A, 300 nM ZNF598, 120 nM Ube1, 1.2 μM Ube2D3
and 2.75 μM wt Ub and 150 nM DHX29 for 15 min at 37 

◦C.
Where indicated, 150 nM ASCC was added with other com-
ponents or after 15 min, in which case incubation continued
for an additional 15 min. Ribosomal complexes were then an-
alyzed by toe-printing ( 37 ). 

To assay the influence of ASCC and the Ski complex on
preassembled 48S complexes, 20 nM SDG purified 48S com-
plexes in vitro reconstituted β-MF-Stop mRNA were incu-
bated with 100 nM Ski complex or with 300 nM ZNF598,
120 nM Ube1, 1.2 μM Ube2D3 and 2.75 μM wt Ub and 150
nM ASCC for 30 min at 37 

◦C in 40 μl buffer A supplemented
with 1 mM ATP, 1 mM GTP, 2 U / μl RiboLock RNase in-
hibitor and MgCl 2 to achieve 2 mM free [Mg 2+ ]. Ribosomal
complexes were then analyzed by toe-printing ( 37 ). 

All experiments were repeated at least three times. 

The effect of RNF10 on ribosomal complexes 

assayed by toe-printing 

The effect of RNF10 was analyzed using in vitro reconsti-
tuted 80S ICs and pre- or post-translocated collided ribosomes
formed in RRL. 20 nM SDG-purified 80S ICs assembled on
β-MF-Stop mRNA were incubated for 30 min at 37 

◦C with
the indicated combination of 300 nM RNF10, 120 nM Ube1,
1.2 μM Ube2D3 and 2.75 μM wt Ub in 80 μl buffer A supple-
mented with 1 mM ATP, 1 mM GTP, 12 mM creatine phos-
phate, 2 U / μl RiboLock RNase inhibitor, 30 μg / ml Creatine
Kinase and MgCl 2 to achieve 2 mM free [Mg 2+ ]. 20 nM SDG-
purified disomes stalled on the stop codon of β-VHP-Stop
mRNA were incubated with 200 nM eRF1, 200 nM eRF3,
100 nM ABCE1 and 100 nM Ligatin with / without 300 nM
eEF2 for 15 min at 37 

◦C in 80 μl buffer A supplemented
with 1 mM ATP, 1 mM GTP, 12 mM creatine phosphate, 2
U / μl RiboLock RNase inhibitor, 30 μg / ml Creatine Kinase
and MgCl 2 to achieve 2 mM free [Mg 2+ ]. Reaction mixtures
were then supplemented with 300 nM RNF10, 120 nM Ube1,
1.2 μM Ube2D3 and 2.75 μM wt Ub and incubated for an-
other 30 min. Ribosomal complexes were then analyzed by
toe-printing ( 37 ). All experiments were repeated two to three

times. 
Results 

Ubiquitination activity of ZNF598 

Before investigating ribosome release by ASCC, we charac- 
terized the ubiquitination activity of purified recombinant 
FLAG-tagged ZNF598 (Figure 1 A). ZNF598 was equally ac- 
tive on individual 40S subunits and vacant 80S ribosomes, and 

as reported ( 6 , 7 , 9 , 10 ), ubiquitinated eS10 and uS10 and ex-
hibited specificity for Ube2D family E2s (shown for 40S sub- 
units in Figure 1 B). Based on the relative availability of dif- 
ferent Ube2Ds in our laboratory at that time, Ube2D3 was 
chosen for all subsequent experiments. In line with the K63- 
specificity of its yeast homologue Hel2 ( 25 , 34 , 38 ) and con- 
sistent with a more recent report on ZNF598 ( 22 ), it pro- 
moted polyubiquitination of eS10 and uS10 with wt and K63 

single-Lys Ub (Figure 1 C). We note that throughout all exper- 
iments, antibodies against uS10 recognized the highly polyu- 
biquinated protein less efficiently than its non- and oligoubiq- 
uitinated forms. 

With K63R Ub, eS10 was di- and tri-ubiquitinated, whereas 
uS10 was mostly di-ubiquitinated, with small amounts being 
tri- and tetra-ubiquitinated (Figure 1 C). Since both proteins 
can be ubiquitinated at two closely situated sites: K138 and 

K139 in eS10, and K4 and K8 in uS10 ( 7 ,10 ), the appear- 
ance of tri- and tetra-ubiquitinated uS10 and eS10 suggested 

that ZNF598 promoted formation of short Ub chains with 

non-K63 linkage. To confirm this, 40S subunits were ubiqui- 
tinated with K48 single-Lys Ub, and ubiquitination was mon- 
itored by western blotting using antibodies specific either for 
ribosomal proteins or for the K48 linkage. Di-ubiquitinated 

uS10 was detected only by antibodies against uS10, indicat- 
ing concurrent mono-ubiquitination at K4 and K8 (Figure 1 D,
upper panel). However, tri- and tetra-ubiquitinated uS10 was 
detected by both antibodies, showing that ZNF598 could as- 
semble di-Ub chains with non-K63 linkage (Figure 1 D, upper 
panel). Di-ubiquitinated eS10 was also detected by both anti- 
bodies (Figure 1 D, lower panel), but it migrated very close to 

tetra-ubiquitinated uS10, so we could not determine with cer- 
tainty whether it had been mono-ubiquitinated at two sites 
or contained di-Ub chains. However, tri-ubiquitinated eS10 

was unambiguously detected by both antibodies, indicating 
that on this ribosomal protein, ZNF598 could also assemble 
at least di-Ub chains with non-K63 linkage. Strikingly, in the 
absence of a substrate, ZNF598 efficiently synthesized poly- 
Ub chains with K63 linkage (Figure 1 E), which suggests that 
it contains a binding site for the acceptor ubiquitin, orienting 
it such that K63 is positioned to attack the E2 ∼Ub conjugate.

Although ZNF598 did not strictly require ribosomal colli- 
sion and efficiently ubiquitinated individual 40S subunits and 

vacant 80S ribosomes in our experiments, we noticed that 
in rabbit reticulocyte lysate (RRL), ubiquitination of 80S ri- 
bosomes by ZNF598 was poor. Although this might be due 
to engagement of ZNF598 with other potential targets or 
high deubiquitinase activity in the cell-free extract, the as- 
sociation of non-programmed 80S ribosomes from RRL (as 
well as in human peripheral blood mononuclear cells, and 

in Drosophila melanogaster embryonic extracts) with SER- 
PINE1 mRNA binding protein 1 (SERBP1) and eEF2 ( 39–
41 ) could also influence ubiquitination. The ribosome preser- 
vation factor SERBP1 binds to the head of the 40S sub- 
unit and then enters the mRNA-binding channel and follows 
the mRNA-binding path until the A site where it interacts 
with domain IV of eEF2 ( 39 ,41 ). Indeed, preincubation of 
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purified vacant 80S ribosomes with SERBP1 with or without
eEF2 strongly reduced ubiquitination of uS10 and eS10 by
ZNF598 (Figure 1 F). 

Preparation and characterization of polysomes 

To investigate the activity of ASCC, we decided to employ
polysomes stalled at a stop codon, which mimic stalling on
a rare codon, and on a polyA tract, a natural staller that trig-
gers RQC in mammals ( 7 ). The choice of these polysomes was
based on differences in their structures: on the former, the
first collided ribosome next to the stalled ribosome is in the
pre-translocated state, whereas on the latter, this collided ri-
bosome is in the post-translocated state ( 24 ,31 ). 

Polysomes stalled at a stop codon were assembled on β-
VHP-Stop mRNA ( 18 ,42 ) comprising the β-globin 5 

′ UTR fol-
lowed by the coding region for the short structured villin
headpiece (VHP) and an unstructured region of Sec61 β, a
UAG stop codon, and a 94nt.-long 3 

′ UTR (Figure 2 A; ( 18 )).
Polysomes were obtained by translating β-VHP-Stop mRNA
in RRL in the presence of eRF1 

AGQ mutant (with a G183A
substitution in the essential GGQ motif), which can bind to
pre-TCs but cannot trigger peptide release and therefore ar-
rests ribosomal complexes at the pre-termination stage. Sub-
sequent SDG centrifugation dissociated eRF1 

AGQ ( 40 ), yield-
ing factor-free monosomes and polysomes (Figure 2 B, upper
left panel) with NC-tRNAs containing NCs of the expected
molecular weight (Figure 2 B, lower left panel), and toe-prints
consistent with arrest of the leading ribosome at the stop
codon (Figure 2 B, right panel). Interestingly, toe-prints corre-
sponding to monosomes and polysomes showed distinct rel-
ative intensities of individual bands (Figure 2 B, right panel,
compare lane 3 with lanes 1–2), which could indicate sub-
tle structural differences between individual post-translocated
80S ribosomes and the leading ribosomes in collided queues. 

Next, we investigated translation in RRL of mRNAs con-
taining polyA sequences of various lengths inserted at the 3 

′ -
terminal end of the coding region of β-VHP-Stop mRNA and
followed by an in-frame UAG stop codon and a 42nt-long 3 

′ -
UTR with two additional out-of-frame stop codons, UAG(+1)
and UGA( −1) (Figure 2 C, upper panel). mRNAs containing
up to 5 consecutive AAA Lys codons yielded completed prod-
ucts that were released at the stop codon, whereas extension
of the polyA tract up to 39 nucleotides resulted in progressive
stalling, and accumulation of NC-tRNAs (Figure 2 C, lower
left panel). Whereas 39 consecutive adenines (corresponding
to 13 AAA Lys codons) induced strong stalling, mRNA con-
taining 13 consecutive AAG Lys codons yielded a completed
released polypeptide (Figure 2 C, bottom right panel). The
length of polyA required for stalling and the observation that
stalling was dependent on the mRNA sequence rather than the
encoded oligopeptide are consistent with a prior report ( 43 ). 

Because 13 consecutive AAA Lys codons caused efficient
stalling, polysomes arrested on the polyA tract were formed
by translating in RRL of β-VHP-A39 mRNA. After transla-
tion, polysomes were purified by SDG centrifugation (Figure
2 D, top left panel). In monosomes and polysomes, the leading
ribosome yielded a wide set of toe-prints with the most in-
tense occurring at AAAA 18-21 (Figure 2 D, right panel), which
correspond to stalling at the second or third AAA codon in
the P site. Weaker toe-prints downstream of AAAA 18-21 indi-
cated that some ribosomes penetrated further into the polyA
tract. Accordingly, in addition to the NCs corresponding to
the main stall, NCs of higher molecular weight were observed 

(Figure 2 D, bottom left panel). 
Consistent with the detrimental effect of high [Mg 2+ ] on ini- 

tiation, elevation of [Mg 2+ ] in RRL above the optimum pro- 
gressively reduced translation of β-VHP-A39 mRNA, but at 
the same time it stimulated readthrough of polyA, resulting in 

accumulation of completed released NCs (Figure 2 E). At ele- 
vated [Mg 2+ ], purified monosomes were also able to resume 
translation of polyA upon addition of eEFs and Lys-tRNA 

Lys 

(Figure 2 F). In disomes, the leading ribosome, but not the col- 
lided one, elongated in the presence of eEFs and Lys-tRNA 

Lys 

(Figure 2 G, lanes 1 and 3), but eRFs did not release NCs from 

all slower migrating NC-tRNAs (Figure 2 G, lane 4), indicat- 
ing that a proportion of leading ribosomes underwent frame- 
shifting and did not contain the stop codon in the A site. In the 
presence of total aa-tRNAs, both leading and collided ribo- 
somes were able to elongate, but in addition to slower migrat- 
ing NC-tRNAs containing the Lys stretch, we observed even 

more slowly migrating NC-tRNAs corresponding to NCs that 
extended into the 3 

′ -UTR, which we concluded had reached 

the UAG ( −1 frame) codon because they could be released by 
eRFs (Figure 2 G, lanes 5–6). Thus, in polysomes stalled on the 
polyA tract, the P site of leading ribosomes was mostly occu- 
pied by the second or third Lys codon. However, a propor- 
tion of ribosomes penetrated further into the polyA tract and 

moreover, consistent with previous reports (e.g. ( 44 ), some 
leading ribosomes also underwent frameshifting. Such a re- 
laxed arrest of the leading ribosomes, which could allow the 
collided ribosome to undergo translocation, was proposed to 

be the reason for a large proportion of yeast disomes stalled 

on a polyA tract adopting a post-post translocated state ( 24 ).

ASCC-mediated ribosome release in polysomes 

and monosomes 

ASCC was purified from Expi293 cells transfected simultane- 
ously with expression vectors for all four FLAG-tagged sub- 
units. During anti-FLAG M2 affinity chromatography, par- 
tial complexes and individual subunits had the opportunity 
to associate, and subsequent FPLC on MonoS yielded frac- 
tions containing the complete ASC-1 complex (Figure 3 A).
Before investigating the activity of ASCC, we examined ubiq- 
uitination by ZNF598 of trisomes formed on β-VHP-Stop 

and β-VHP-A39 mRNAs (shown for the latter in Figure 
3 B). For eS10, complete polyubiquitination was observed 

with wt and K63 single-Lys Ub, and di- or tri-ubiquitination 

with K63R Ub (Figure 3 B, left panel). In the case of uS10,
∼90% of the protein was polyubiquitinated with wt and K63 

single-Lys Ub (again, note that antibodies against uS10 rec- 
ognized the polyubiquinated protein less efficiently), whereas 
with K63R Ub, ZNF598 attached 1–4 ubiquitins (Figure 
3 B, right panel). Complete polyubiquitination of eS10 and 

∼90% polyubiquitination of uS10 with wt Ub indicated that 
ZNF598 ubiquitinated all ribosomes irrespective of their po- 
sition in the collided queue. Ubiquitination with K63R Ub re- 
vealed that a substantial proportion of eS10 and uS10 were 
tri-ubiquitinated and therefore contained di-Ub chains with 

non-K63 linkage. 
To observe sequential ribosome release, polysomal dis- 

assembly was assayed by toe-printing. For dissociation of 
polysomes stalled on polyA, SDG-purified trisomes were ubiq- 
uitinated for 30 min by ZNF598 with wt , K63 single-Lys 
or K63R Ub, after which ASCC was added, and incubation 
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Figure 2. Induction of mammalian ribosomal stalling at the stop codon and at polyA tracts located in the coding region. ( A ) Str uct ural diagram of β-VHP 
mRNA. ( B ) Ribosomal stalling induced at the stop codon of β-VHP mRNA in RRL by eRF1 AGQ , assayed by SDG centrifugation (top left panel), SDS-PAGE 
to resolve nascent chains (NC) and NC-linked tRNAs (NC-tRNAs) (bottom left panel), and by toe-printing to determine the position of the leading ribosome 
(right panel). ( C ) Str uct ural diagram of β-VHP-An mRNAs (upper panel). Ribosomal stalling on β-VHP-An mRNAs in RRL as a function of the length of the 
(AAA) n and (AAG) n sequences, assa y ed b y SDS-PAGE to resolv e NCs and NC-tRNAs (bottom panels). ( D ) Ribosomal stalling on β-VHP-A39 mRNA in 
RRL, assa y ed b y SDG centrifugation (top left panel), b y SDS-PAGE to resolv e NCs and NC-tRNAs (bot tom lef t panel), and by toe-printing to determine 
the position of the leading ribosome (right panel). ( E ) [Mg 2+ ]-dependence of readthrough in RRL of the A39 sequence in β-VHP-A39 mRNA, assa y ed b y 
SDS-PAGE. ( F ) [Mg 2+ ]-dependence of readthrough of the A39 sequence by SDG-purified monosomes stalled on β-VHP-A39 mRNA in the presence of 
eEF1H, eEF2 and Lys-tRNA 

Lys , with / without subsequent RNase A treatment, assayed by SDS-PAGE. ( G ) Fidelity of elongation through A39 by 
SDG-purified disomes stalled on β-VHP-A39 mRNA in the presence of eEF1H, eEF2, Lys-tRNA 

Lys and �-aa-tRNA, as indicated, assayed by SDS-PAGE. 
Frame-shifting was inferred by the ability of ribosomes to translate the 3 ′ -UTR and the sensitivity of NC-tRNAs to eRF1 / eRF3-mediated NC release. 
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ontinued for 10 more min. Dissociation was arrested by the
levation of [Mg 2+ ] that was also required for reverse tran-
cription. When ubiquitination was done with wt or K63
ingle-Lys Ub, ASCC released the leading and both collided
ibosomes, yielding full-length mRNA (Figure 3 C, lanes 3–4).
urprisingly, when ubiquitination was done with K63R Ub,
SCC was still able to release ∼50% of leading ribosomes ex-
osing the first collided ones which also showed a wide set of
oe-prints ∼30 nucleotides upstream of the main stall (Figure
 C, lane 5). This indicates that ASCC could dissociate lead-
ng ribosomes with eS10 / uS10 tagged with di-Ub chains with
on-K63 linkage. ZNF598-mediated ubiquitination alone did
ot affect the integrity of polysomes, and no release occurred
n reaction mixtures containing ASCC and ZNF598 but lack-
ng Ub / E1 / E2 (Figure 3 C, lanes 6–7). ASCC also efficiently
issociated K63-ubiquitinated stalled monosomes (Figure 3 D,
anes 2–3). 

In contrast to wide toe-prints exhibited by polysomes
talled on the polyA tract, polysomes stalled on the stop codon
howed discrete toe-prints (Figure 2 B) which would allow the
nambiguous determination of the state of the collided ribo-
omes. The pre-translocated state of the first collided ribo-
ome was verified by recycling of the leading ribosome by
RFs / ABCE1 / Ligatin in the presence / absence of eEF2 (Figure
 E, compare lanes 8 and 9), whereas the absence of eRF1 

AGQ

n the leading ribosome was confirmed by the appearance of
he characteristic + 2nt toe-print shift after incubation of tri-
omes with eRF1 

AGQ / eRF3 (( 45 ); Figure 3 E, lane 10). Com-
lete recycling and the + 2nt toe-print shift of the leading ri-
osomes also suggested a lack of a + 1nt frameshift. 10-min-

ong incubation of K63-ubiquitinated trisomes with ASCC
eleased the leading ribosome and exposed toe-prints corre-
ponding to the first and the second collided ribosomes with
30 nucleotides between toe-prints of all neighboring ribo-

omes (Figure 3 E, lanes 3 and 5). Addition of eEF2 resulted
n a characteristic forward shift of toe-prints of both collided
ibosomes indicating that in polysomes they were in the pre-
ranslocated state, but it did not affect the efficiency of ri-
osome release (Figure 3 E, lanes 3–5). Thus, dissociation of
olysomes stalled at the stop codon seemed somewhat slower
han of those stalled on polyA, and no substantial release was
bserved when ubiquitination was done with K63R Ub (Fig-
re 3 E, lane 6). Addition of ASCC at the very beginning of
he reaction together with ZNF598 extended the dissociation
ime and resulted in nearly complete ribosome release and for-
ation of full-length cDNA, irrespective of the presence of

EF2 (Figure 3 F, lanes 4 and 5). As in the case of monosomes
talled on the polyA tract, ASCC induced efficient dissociation
f K63-ubiquitinated monosomes arrested at the stop codon
Figure 3 F, lane 8). 

It has been suggested that the collided ribosome could act as
 wedge during ASCC-mediated splitting ( 23 ), implying that
f dissociation of the last ribosome in the colliding queue oc-
urs at all, it would be inefficient. Thus, dissociation of mono-
omes and all (including the last) polysomal ribosomes ob-
erved in our experiments prompted us to compare the rate of
issociation of monosomes and the leading polysomal ribo-
omes. To follow ASCC-mediated dissociation per se and to
xclude any influence of potential differences in ubiquitina-
ion rates, we employed SDG-purified polyubiquinated tetra-
omes and monosomes. For this, polysomes were assembled in
RL on β-VHP-Stop mRNA and purified by SDG centrifuga-

ion. Ribosome-containing fractions were combined, polyu-
biquinated by ZNF598 and fractionated again by a second
round of SDG centrifugation. Purified ubiquitinated mono-
somes and tetrasomes were then incubated with ASCC, and
the reaction was stopped by elevation of [Mg 2+ ]. Even though
release of leading ribosomes in ubiquitinated tetrasomes was
faster than dissociation of monosomes, the difference was very
moderate (Figure 4 A, compare lanes 1–5 with lanes 6–9). 

In contrast to monosomes and leading ribosomes, collided
ribosomes are in pre-translocated states. In the cellular envi-
ronment, collided ribosomes could be translocated by eEF2
following ASCC-mediated release of the preceding neighbor-
ing ribosome. We therefore compared the rates of dissocia-
tion of ubiquitinated tetrasomes in the presence and absence
of eEF2. We did not observe any significant difference in re-
lease of either leading or collided ribosomes with and without
eEF2 (Figure 4 B). 

To confirm that dissociation of monosomes also involves
ribosomal splitting, we determined whether ASCC enables
Listerin-mediated ubiquitination of NC-tRNAs in both tri-
somes and monosomes stalled on the polyA tract of β-VHP-
A39 mRNA. Addition of Listerin and NEMF to reaction mix-
tures containing ZNF598 and ASCC resulted in nearly com-
plete ubiquitination of nascent chains in trisomes and mono-
somes (Figure 4 C, lanes 4 and 8), indicating that in both
cases, ASCC efficiently split ribosomes, yielding NC-tRNA-
associated 60S subunits. When the wt Ub was replaced by the
K63R mutant, moderate ubiquitination of NCs still occurred
in complexes stalled on polyA (Figure 4 D, lanes 3 and 6),
which is consistent with partial release of leading ribosomes
in these conditions (Figure 3 C, lane 5). 

In conclusion, ZNF598 mediates K63-polyubiquitination
of eS10 and uS10 in all stalled polysomal ribosomes irre-
spective of their position in the collided queue. ASCC, in
turn, efficiently releases monosomal and all polysomal ribo-
somes as long as they are polyubiquitinated by ZNF598.
In both polysomes and monosomes, ASCC splits ribosomes
into 40S subunits and NC-tRNA-associated 60S subunits, en-
abling Listerin-mediated ubiquitination of nascent chains. 

The activity of ASCC on the in vitro reconstituted 

80S ribosomal complexes 

Polysomes formed in RRL can potentially be associated with
factors affecting the activity of ASCC, which warranted test-
ing of ASCC on the in vitro reconstituted ribosomal com-
plexes. Thus, pre- and post-translocated 80S elongation com-
plexes (ECs) were assembled on β-MF-Stop mRNA (con-
taining the β-globin 5 

′ UTR, a Met-Phe coding region and a
UAA stop codon) from purified ribosomal subunits, eIFs, Met-
tRNA i 

Met , Phe-tRNA 

Phe and eEF1H in the presence / absence
of eEF2, and purified by SDG centrifugation. ASCC effi-
ciently dissociated post- (Figure 5 A, lanes 3 and 7), as well
as pre-translocated 80S ECs that mimic the last ribosome
in the stalled queue (Figure 5 B, lane 6) if they were K63-
polyubiquitinated by ZNF598, indicating that dissociation
did not require accessory factors. 

To determine the length of the overhanging 3 

′ -terminal
region of mRNA required for dissociation, we used 80S
pre-termination complexes (pre-TCs) reconstituted on β-
MLLFF-Stop mRNAs containing a MLLFF coding region,
a UAA stop codon and 3 

′ UTRs of different lengths. Disso-
ciation of pre-TCs containing 80 mRNA nts downstream
from the P site was assayed by toe-printing, whereas disso-
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ciation of complexes containing 20 or 30 mRNA nts was
monitored by SDG centrifugation. ASCC dissociated pre-TCs
containing 80 or 30, but not 20 overhanging mRNA nts
(Figure 5 C). Ubiquitination of NCs after incubation with
ZNF598 / ASCC / Listerin / NEMF of disomes stalled in RRL at
the stop codon of β-VHP-Stop mRNA also occurred when di-
somes contained 35, but not 21 or 26 overhanging 3 

′ -terminal
mRNA nts downstream from the P site (Figure 5 D). 

To determine the degree of K63 ubiquitination required for
dissociation, we reconstituted in vitro polyubiquitinated and
oligoubiquitinated 80S complexes on β-MF-Stop mRNA and
purified them by SDG centrifugation. Polyubiquitinated com-
plexes comprised a mixture of 80S initiation complexes (ICs)
and post-translocated ECs, whereas oligo-ubiquitinated com-
plexes were either pre- or post-translocated ECs. In oligoubiq-
uitinated complexes, the majority of uS10 was linked to 3–
5 ubiquitins and therefore contained di- and tri-Ub chains,
whereas eS10 was linked to 1–5 Ub residues and therefore 
also contained some di- and tri-Ub chains (Figure 5 E, left 
and center panels). Neither polyubiquitinated, nor oligoubiq- 
uitinated SDG-purified complexes contained ZNF598 (Figure 
5 E, right panel). ASCC alone was sufficient for dissociation 

of polyubiquitinated complexes, confirming that the physical 
presence of ZNF598 is not essential (Figure 5 F). In contrast,
oligo-ubiquitinated ECs were not dissociated (Figure 5 G). 

Thus, ASCC dissociated in vitro reconstituted 80S com- 
plexes irrespective of their state (pre- or post-translocated) if 
they contained ∼30 or more mRNA nts downstream from the 
P site and sufficiently long K63 Ub chains. The requirement for 
the number of overhanging mRNA nucleotides for disomes 
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assembled in RRL and for in vitro reconstituted 80S mono-
somes was similar. 

The influence of ASCC on 48S initiation complexes 

To investigate the suggested activity of ASCC in 48S com-
plex formation ( 36 ), we employed (AUG at −6)-STEM mRNA
containing a stable stem and three AUG codons: at posi-
tion −6 relative to the stem, in the loop of the stem, and
downstream of the stem (Figure 6 A). 48S complex formation
on this mRNA requires DHX29, the DExH protein that binds
directly to 40S subunits and promotes initiation on structured
mRNAs ( 46 ). In the absence of DHX29, 48S complexes form
on the first AUG without unwinding of the stem, which be-
comes accommodated in the A site leading to aberrant toe-
prints +11–12 nt downstream of the stem (Figure 6 B, lane 2;
( 47 )). DHX29 promotes unwinding of the stem and formation
of 48S complexes with canonical +15–17 nt toe-prints from
the first AUG, and also allows leaky scanning and 48S com-
plex formation on two downstream AUGs (Figure 6 B, lane 3;
( 47 )). 

ASCC alone did not substitute for DHX29 in 48S com-
plex formation on (AUG at −6)-STEM mRNA: 48S com-
plexes on the first AUG showed aberrant toe-prints +11–12
nt downstream of the stem, and no 48S complexes formed on
downstream AUGs (Figure 6 B, lane 4). Moreover, in condi-
tions of ZNF598-mediated ubiquitination, ASCC strongly re-
duced 48S complex formation irrespective of whether it was
added simultaneously with other translational components or
after 15 minutes of incubation (Figure 6 B, compare lane 2
with lanes 6 and 7). This suggested that ASCC was disso-
ciating preformed 48S complexes. To confirm this, we em-
ployed SDG-purified 48S complexes assembled on β-MF-Stop
mRNA. ASCC efficiently dissociated such complexes as long
as they were K63-ubiquitinated by ZNF598 (Figure 6 C, lanes
3 and 4). This activity of ASCC contrasted with the inability of
the Ski complex, which contains a DExH helicase (Ski2) and
disassembles 80S ribosomal complexes by extracting mRNA
in the 3 

′ → 5 

′ direction in a nucleotide-by-nucleotide manner
( 48 ), to dissociate ribosomal complexes that did not contain
60S subunits (Figure 6 D, lane 2; ( 48 )). 

The effects of RNF10-mediated ubiquitination of 
ribosomal protein uS3 

Ribosomal protein uS3 is located at the mRNA entrance
and is mono-ubiquitinated by the E3 ubiquitin ligase RNF10
( 25 , 49 , 50 ). Regarding the reported Hel2-mediated polyubiq-
uitination of uS3 following its mono-ubiquitination by Mag2
( 25 ) as well as the ribosomal position of uS3, we investi-
gated its ubiquitination by RNF10 / ZNF598 and the influ-
ence of such ubiquitination on ASCC-mediated dissociation
of polysomes. In vacant 80S ribosomes, recombinant RNF10
(Figure 7 A) mono-ubiquitinated uS3 and formed a small
amount of di-ubiquitinated product (Figure 7 B, left panel, lane
4). ZNF598 was able to add several Ub moieties to RNF10-
ubiquitinated uS3 yielding oligoubiquitinated protein, but it
also moderately decreased the overall proportion of ubiquiti-
nated uS3 (Figure 7 B, left panel, lane 6). Polyubiquitination
of uS10 and eS10 by ZNF598 was also slightly inhibited by
RNF10 (Figure 7 B, middle and right panels, compare lanes
2 and 6), suggesting that RNF10 and ZNF598 compete for
ribosomal binding. ZNF598-mediated polyubiquitination of
uS10 and eS10 in the presence of RNF10 was partially re-
stored by EDF1 (Figure 7 B, middle and right panels, compare 
lanes 6 and 7), a mammalian homologue of yeast Mbf1 which 

binds at the mRNA entrance and interacts with uS3 ( 51 ). In- 
terestingly, we also observed low-level RNF10-induced mono- 
ubiquitination of uS10 and eS10 (Figure 7 B, middle and right 
panels, lanes 4). 

To assay the influence of uS3 ubiquitination on the ac- 
tivity of ASCC, SDG-purified tetrasomes stalled in RRL on 

β-VHP-Stop mRNA were first ubiquitinated by RNF10 and 

ZHF598 individually or in combination, then incubated with 

ASCC, after which ribosomal complexes were analyzed by 
toe-printing. ASCC efficiently dissociated polysomes ubiquiti- 
nated by ZNF598 alone or in combination with RNF10, but 
not those ubiquitinated by RNF10 alone (Figure 7 C, lanes 3–
5). Thus, ubiquitination of uS3 alone did not support the ac- 
tivity of ASCC, but also did not influence it when ribosomes 
in addition were ubiquitinated on uS10 and eS10 by ZNF598.

However, we noticed a +1–2nt toe-print shift of the lead- 
ing ribosome in the presence of RNF10 (Figures 7 C, lanes 
4–6). In purified 80S initiation complexes formed on β-MF- 
Stop mRNA, RNF10 induced the shift only in the presence of 
the ubiquitination mixture, indicating that the shift required 

uS3 ubiquitination (Figure 7 D). To assay the influence of the 
ribosomal state on this shift, we employed pre- and post- 
translocated collided ribosomes obtained by incubation of di- 
somes formed on β-VHP-Stop mRNA with eRFs / ABCE1 in 

the absence or presence of eEF2. The RNF10-dependent shift 
was more pronounced in the case of the post-translocated ri- 
bosome (Figure 7 E). Although it cannot be excluded that ubiq- 
uitinated pre-translocated ribosomes simply did not exhibit 
the shift, it is also possible that RNF10 preferentially ubiqui- 
tinated non-rotated post-translocated ribosomal complexes. 

Discussion 

In vitro reconstitution revealed that ASCC efficiently disso- 
ciated stalled monosomes, all ribosomes in stalled polysomes 
irrespective of their position in a queue, in vitro reconstituted 

80S elongation complexes in both pre- and post-translocated 

states, as well as 48S initiation complexes. Dissociation strictly 
required ribosomal polyubiquitination by ZNF598 and oc- 
curred in complexes containing ≥ 30–35 overhanging 3 

′ - 
terminal mRNA nt. downstream from the P site. However,
ribosomal collision was not a prerequisite for either riboso- 
mal ubiquitination or release. ASCC-mediated dissociation of 
polysomes and monosomes both involved ribosomal splitting 
into 40S subunits and NC-tRNA-associated 60S subunits, en- 
abling the next step in the RQC pathway, namely nascent 
chain ubiquitination by Listerin. 

Ribosomal ubiquitination by ZNF598 

Early reports suggested that to initiate RQC in mam- 
mals, ZNF598 preferentially mono-ubiquitinates uS10 and 

eS10 ( 6 , 7 , 10 ). However, a more recent report showed that 
like its yeast homologue Hel2, ZNF598 functionally K63- 
polyubiquitinates uS10 in collided mammalian ribosomes,
priming them for disassembly by ASCC ( 22 ). In agreement 
with this report, we also found that ZNF598 mediates K63- 
specific polyubiquitination of uS10, and in addition, observed 

equally strong polyubiquitination of eS10. However, in con- 
trast to previous reports (e.g. ( 8 )), we found that ribosomal 
collision was not a prerequisite for ribosomal ubiquitination,
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nd that ZNF598 can efficiently K63-polyubiquitinate uS10
nd eS10 in stalled polysomes, 80S monosomes, vacant 80S
ibosomes, and individual 40S subunits. 

This promiscuous ability of ZNF598 to ubiquitinate a va-
iety of ribosomal complexes can be restricted by trans -acting
actors, as exemplified by the inhibition of ubiquitination of
acant 80S ribosomes by SERBP1 alone and in combination
ith eEF2. Such inhibition would spare translationally inac-

ive ribosomes associated with SERBP1 / eEF2 from futile cy-
les of ubiquitination and deubiquitination. Although the ex-
ct ribosomal position of ZNF598 / Hel2 has not been deter-
ined, cross-linking studies placed Hel2 in close proximity to

S3, eS10 and uS10 ( 52 ), and binding of SERBP1 and its yeast
omolog Stm1 to eS10 ( 41 ) may therefore impair binding of
NF598 to the 40S subunit or prevent it from gaining access

o target residues in eS10 and adjacent ribosomal proteins.
t remains to be determined whether other proteins that se-
uester ribosomes in an inactive state (e.g. ( 41 , 53 , 54 )) protect
hem from regulatory ubiquitination as well. 

ZNF598 also promoted robust synthesis of free K63-linked
olyubiquitin chains in the absence of ribosomal substrates.
This indicates that ZNF598 must contain a site for efficient
binding of acceptor ubiquitin that orients it such that K63 is
positioned to attack the E2-Ub conjugate. The functional im-
portance of this activity is not known, but unanchored ubiq-
uitin chains are involved in diverse processes, including stress
and innate immune responses ( 55–57 ). Synthesis of polyubiq-
uitin chains with K63 linkage in the absence of a substrate
was also reported for RNF216, a RING-between-RING E3
ligase, in which case the acceptor ubiquitin binds to a compos-
ite surface formed by the C-terminal region of the RING2 do-
main and its zinc finger insertion ( 58 ). The N-terminal RING
domain of ZNF598 is followed by five predicted C 2 H 2 -type
zinc finger motifs, the first four of which are conserved be-
tween ZNF598 and Hel2, whereas the region containing the
C-terminal zinc finger motif is not essential for ZNF598 func-
tion ( 6 ). One or more of the four N-terminal zinc finger motifs
of ZNF598 could be involved in an interaction with the ac-
ceptor ubiquitin. Our observation that ZNF598 can catalyze
formation of di- but not longer Ub chains with non-K63 link-
ages (Figure 1 E) could potentially reflect its higher affinity to
di- (or tri-) Ub chains than to single Ub moieties that would
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result in higher probability of the specific orientation of the
acceptor ubiquitin in Ub chains. 

ASCC-mediated dissociation of ribosomal 
complexes 

Contrary to previous reports ( 14 , 22 , 31 ), we found that in
stalled polysomes, ASCC released all ribosomes, including the
last collided one. ASCC also efficiently dissociated 80S mono-
somes assembled in RRL or reconstituted in vitro . The fact
that incubation of monosomes with ZNF598 and ASCC ren-
dered nascent chains susceptible to ubiquitination by Listerin
confirmed that ASCC induced bona fide ribosomal splitting.
Susceptibility to dissociation is thus not limited by the occur-
rence of collision or the position of ribosomes in polysomal
queues. Moreover, contrary to the reported stimulation of ini-
tiation by scanning ribosomal complexes on a subset of cel-
lular mRNAs containing stable secondary structures ( 36 ), we
observed efficient dissociation of 48S initiation complexes by
ASCC. 

Consistent with the reported activity of RQT ( 23 ), we found
that ASCC-mediated ribosomal splitting also depends on an
overhanging 3 

′ -terminal region of mRNA. The identified re-
quirements of ≥30–35 overhanging 3 

′ -terminal mRNA nt.
downstream from the P site for the ASCC function is in di-
rect contrast to the requirements of the Ski complex, which
could extract mRNA from complexes containing as few as
16 nt. downstream of the P site ( 48 ). This difference reflects 
the distinct ribosomal positions and orientations of Ski2 and 

Slh1 / ASCC3 helicase domains. Thus, whereas the single Ski2 

helicase domain is positioned and oriented to directly accept 
mRNA protruding from the entry site of the 40S subunit ( 59 ),
the N-terminal helicase domain of Slh1, although also posi- 
tioned at the mRNA entrance, is inappropriately oriented to 

accept the protruding mRNA directly, whereas its C-terminal 
helicase cassette is oriented such that it could bind mRNA 

and extract it from the 40S subunit but resides at some dis- 
tance from the mRNA entry site ( 23 ). In the structure of 
ribosome-bound Slh1 ( 23 ), a 30–35nt extension of mRNA 

from the P site should be sufficient for engagement with the 
C-terminal cassette. The model for RQT / ASCC function sug- 
gests that the force imposed during mRNA extraction from 

the stalled ribosome exploits the adjacent collided ribosome 
as a wedge to mediate dissociation ( 23 ). We found that ASCC- 
mediated dissociation of monosomal ribosomes was some- 
what slower than dissociation of the leading polysomal ribo- 
somes, which could reflect the proposed role of collided ribo- 
somes in the mechanism of dissociation. However, dissocia- 
tion of 80S monosomes reported here was nevertheless very 
efficient, which indicates that the suggested role for the col- 
lided ribosome is not essential for dissociation. 

Although our data confirmed the previously reported ab- 
solute dependence of ASCC function on ZNF598-mediated 

ubiquitination and general requirements for long Ub chains 
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 14 ,22 ), the level of ubiquitination sufficient for ribosomal re-
ease varied depending on the nature of stalling. Thus, ASCC
nduced moderate dissociation of monosomes and polysomes
talled on a polyA tract after their ubiquitination with K63R
b, in which case ZNF598 can synthesize only di-Ub chains
ith non-K63 linkage. Although the basis for the observed
issociation of ribosomes stalled on a polyA tract is ob-
cure, it is worth noting that in leading ribosomes stalled on
olyA, adenosines in the A site adopt a single-stranded he-
ical, decoding-incompetent conformation ( 24 ,43 ), and that
 large proportion of the first collided ribosomes are in
ost- rather than in pre-translocated states ( 24 ). Such struc-
ural changes could potentially influence susceptibility to dis-
ociation by ASCC. The polyA tract downstream of the P
ite was also sufficiently long to interact with ASCC3, and
f ASCC3 has specific affinity to polyA, it could also aid
ibosomal association of ASCC when Ub chains are very
hort. 

Our finding that collision is not required for riboso-
al ubiquitination and release raises the question of how

nd whether these activities are regulated. Association with
ERBP1 and eEF2 would spare transitionally inactive 80S ri-
osomes from ubiquitination. The ability of ZNF598 to ubiq-
itinate actively translating ribosomes is not known, and it
ould be substantially lower than for stalled polysomes. How-
ver, even if an actively translating ribosome is ubiquitinated,
t is unlikely that it will be dissociated because ASCC depends
n interaction with the 3 

′ -overhanging region of mRNA, but
inetically, ASCC-mediated dissociation is ∼40x slower than
ach elongation cycle ( 60 ,61 ). The cytoplasmic abundance of
SCC subunits is much lower than that of ZNF598, and both
re much less abundant than ribosomes ( https:// pax-db.org/ ),
o that a delay between ubiquitination and recruitment of
SCC is feasible. Since ubiquitination of ribosomal proteins

s dynamic and is reversed by specific deubiquitinases ( 62–
4 ) that have been reported to associate with polysomes ( 64 ),
he ubiquitination and thus the susceptibility of ribosomes to
SCC-mediated dissociation are also potentially regulatable

n this way. 
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