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Ribosome stalling is an important incident enabling the cellular quality control machinery to detect aberrant mRNA. Saccharo-
myces cerevisiae Hbs1-Dom34 and Ski7 are homologs of the canonical release factor eRF3-eRF1, which recognize stalled ribo-
somes, promote ribosome release, and induce the decay of aberrant mRNA. Polyadenylated nonstop mRNA encodes aberrant
proteins containing C-terminal polylysine segments which cause ribosome stalling due to electrostatic interaction with the ribo-
somal exit tunnel. Here we describe a novel mechanism, termed premature translation termination, which releases C-terminally
truncated translation products from ribosomes stalled on polylysine segments. Premature termination during polylysine syn-
thesis was abolished when ribosome stalling was prevented due to the absence of the ribosomal protein Asc1. In contrast, prema-
ture termination was enhanced, when the general rate of translation elongation was lowered. The unconventional termination
event was independent of Hbs1-Dom34 and Ski7, but it was dependent on eRF3. Moreover, premature termination during poly-
lysine synthesis was strongly increased in the absence of the ribosome-bound chaperones ribosome-associated complex (RAC)
and Ssb (Ssb1 and Ssb2). On the basis of the data, we suggest a model in which eRF3-eRF1 can catalyze the release of nascent
polypeptides even though the ribosomal A-site contains a sense codon when the rate of translation is abnormally low.

In order to keep the expression of aberrant proteins low, cells
need to distinguish between transcripts suitable for translation

and transcripts that contain erroneous information. A large group
of aberrant transcripts is characterized by the lack of in-frame stop
codons. Such stop codon-free mRNAs (see Fig. 1A) can arise, for
example, when polyadenylation occurs prematurely or through
point mutations that disrupt the stop codon (1–3). It was esti-
mated that nonstop mRNA molecules represent approximately
1% of all polyadenylated transcripts in Saccharomyces cerevisiae (4,
5). In addition, endonucleolytic cleavage generates a pool of
mRNA molecules that not only are devoid of stop codons but also
lack the poly(A) tail (see Fig. 1A). In order to distinguish those
transcripts from polyadenylated nonstop mRNA, we refer to them
as stop codon-less mRNA (see Fig. 1A). Proteins encoded by non-
stop mRNA (nonstop proteins) as well as stop codon-less mRNA
(stop codon-less proteins) may be detrimental for the cell because
their C termini are significantly altered (see Fig. 1A). A specialized
mRNA decay pathway, termed nonstop mRNA decay (NSD), en-
sures exosome-mediated degradation of stop codon-free tran-
scripts from the 3= end (1–3). Stop codon-free mRNA that escapes
NSD is translationally repressed (6), and residual translation
products are subject to proteasomal degradation (2, 7).

Because the poly(A) tail encodes lysines, nonstop proteins
carry a positively charged C-terminal polylysine segment (see Fig.
1A) (8, 9). The polylysine segments interact with the negatively
charged wall of the ribosomal tunnel, and this leads to a reduced
rate of translation elongation, termed ribosomal stalling (9–11).
Ribosomal stalling can also be caused by specific ribosome arrest
peptides, as for example the arginine attenuator peptide, which
causes Arg-regulated stalling of eukaryotic ribosomes (12, 13).
Asc1, a nonessential WD protein of the small ribosomal subunit
(14), is required for ribosomal stalling on positively charged nas-
cent chain segments. The mechanism by which Asc1 affects the
rate of translation elongation, however, is not understood (11,
15). Polylysine-induced ribosomal stalling provides an important

signal for nonstop protein quality control. Ltn1, an E3 ligase re-
quired for the cotranslational polyubiquitination of nonstop pro-
teins, is recruited to stalled ribosomes carrying nascent polylysine
segments (11, 16–19). Moreover, polylysine segments connect
nonstop to stop codon-less mRNA quality control, because stall-
ing of ribosomes induces endonucleolytic cleavage of the mRNA
in proximity to the stalled ribosome (2, 20–22). The 5= fragment of
nonstop mRNA cleavage possesses the properties of a stop codon-
less mRNA (see Fig. 1A).

If a ribosome reaches an in-frame stop codon, the essential
translation termination factor eRF3-eRF1 (Sup35-Sup45 in yeast)
binds and induces hydrolytic cleavage of the peptidyl-tRNA at the
ribosomal P-site (23–25). If a ribosome reaches the very 3= end of
a stop codon-free mRNA, its P-site is occupied with a peptidyl-
tRNA; however, the A-site is empty. In this situation, Sup35-
Sup45 does not bind efficiently, but instead Hbs1-Dom34, a com-
plex homologous to Sup35-Sup45, interacts with ribosomes (2,
21, 26). Structural and functional data support the idea that Hbs1-
Dom34 performs a role similar to that of Sup35-Sup45 if ribo-
somes stall with an empty A-site or close to the 3= end of an mRNA
molecule (2, 27, 28). Ski7 is yet another eRF3 homolog, which
plays a role in the quality control of nonstop mRNA (29, 30). The
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current model indicates that Ski7, which interacts with the ribo-
some as well as with the exosome, recruits the exosome to stalled
ribosomes during NSD (29, 31). Consistently, nonstop mRNA is
stabilized in a �ski7 strain (29, 30, 32).

Yeast possesses a ribosome-bound chaperone triad consisting
of the Hsp70 homologs Ssb1 and Ssb2 (collectively termed Ssb),
Ssz1, and the J-domain protein Zuo1 (33). Zuo1 and Ssz1 form a
stable complex, termed the ribosome-associated complex (RAC)
(34). Ssb binds to ribosomes directly and interacts with nascent
chains (34–38). RAC also binds to ribosomes and is required for
the interaction of Ssb with nascent chains (39–41). RAC/Ssb is
connected to diverse cellular functions, including cotranslational
folding (38, 42, 43), translational fidelity (44, 45), and transcrip-
tional regulation (46–49). Recently, we found that RAC/Ssb also
plays a role in the quality control of nonstop proteins and of model
proteins that possess a bona fide stop codon but contain a C-ter-
minal polylysine segment (termed polylysine proteins) (32). C-
terminal polylysine extensions reduce the level of expression of
proteins in a wild-type strain (2, 7). Surprisingly, strains lacking
RAC/Ssb express higher levels of correctly folded polylysine pro-
teins than a wild-type strain does (32).

Here we have characterized the role of RAC/Ssb with respect to
the quality control network maintaining low expression of non-
stop and stop codon-less proteins. The results uncovered that the
translation termination factor Sup35-Sup45 can release nascent
polypeptides prematurely, even though the A-site contained a
sense codon. Premature translation termination occurred during
the translation of polylysine segments and was strongly enhanced
in the absence of RAC/Ssb. The mechanism allows ribosome re-
lease of nascent polypeptides stalled due to the interaction of C-
terminal polylysine segments with the ribosomal tunnel.

MATERIALS AND METHODS
Yeast strains and plasmids. MH272-3f a/� (ura3/ura3 leu2/leu2 his3/his3
trp1/trp1 ade2/ade2) (50) was the parental wild-type strain for all haploid
mutant strains used in this study. [PSI�] and [psi�] versions of the wild-
type and �zuo1 strains were previously described (44). Deletion strains
lacking ZUO1 (�zuo1), SKI7 (�ski7), HBS1 (�hbs1), LTN1 (�ltn1), and
the �zuo1 �ski7 and �zuo1 �ltn1 double deletion strains were described
previously (32, 34, 51). Ssb is encoded by two closely related genes (SSB1
and SSB2), which are functionally interchangeable. Strains lacking SSB1
and SSB2 (�ssb1 �ssb2 [ssb1::kanMX4 ssb2::HIS3] and �ssb1 �ssb2 [ssb1::
ADE2 ssb2::HIS3]) were previously described (36, 44). The �ssb1 �ssb2
strain (ssb1::kanMX4 ssb2::URA3) was constructed by replacing the ClaI/
AgeI fragment within the SSB2 coding region with the URA3 gene in the
�ssb1 (ssb1::kanMX4) (36) background. Different �ssb1 �ssb2 strains dis-
played the same phenotype and were used in the experiments according to
the requirements for selection markers. A diploid heterozygous �sup35
(sup35::ADE2/SUP35) strain was generated by replacing a DraIII/NsiI
fragment of the SUP35 coding region with the ADE2 gene. The diploid
strain was transformed with the pTET111-Sup35 plasmid and allowed to
sporulate, and tetrads were dissected to obtain the haploid �sup35 strain
carrying pTET111-Sup35 (wild-type-tet-SUP35). The �asc1 (asc1::HIS3)
strain was generated by inserting the HIS3 gene into the AgeI sites of
ASC1. This strain was used to generate the �asc1 �zuo1 and �asc1 �ski7
double deletion strains. To preserve the snR24 snoRNA which is encoded
in the intron of the ASC1 gene, the �asc1 (asc1::TRP1) strain was gener-
ated by replacing a StyI/MscI fragment in the first exon of ASC1 with the
TRP1 gene. This strain was used to generate a �asc1 �ssb1 �ssb2 triple
deletion strain. The presence (asc1::TRP1) or absence (asc1::HIS3) of the
ASC1 intron sequence did not affect expression of proteins encoding
polylysine segments (data not shown). An ADE2-expressing wild-type

strain (MH272-3f ADE2�) was generated by reintegration of the wild-
type ADE2 gene into the ade2 locus of the MH272-3f� strain. The �dom34
strain was constructed by replacing DOM34 with the dom34::kanMX4
deletion cassette amplified by PCR from strain Y05329 (Euroscarf). Mul-
tiple deletion strains, such as �zuo1 �asc1 (asc1::HIS3), �ski7 �asc1 (asc1::
HIS3), �ssb1 �ssb2 �asc1 (ssb1::kanMX4 ssb2::HIS3 asc1::TRP1), �hbs1
�ski7, �zuo1 �hbs1, �zuo1 �dom34, and �zuo1 �hbs1 �ski7 strains and
the �zuo1 �sup35 strain carrying pTET111-Sup35 (�zuo1-tet-SUP35),
were generated either by mating of the respective parental strains followed
by dissection and tetrad analysis, or by transformation of the parental
strains with the respective deletion cassettes amplified by PCR.

For constitutive expression of Zuo1, mutant versions of Zuo1, Ssb1,
and luciferase reporter constructs, the respective genes were cloned into
the low-copy-number plasmid pYCPlac33 (CEN URA3), the high-copy-
number plasmid pYEPlac195 (2� URA3), or the high-copy-number plas-
mid pYEPlac181 (2� LEU2) (52). The plasmids pYEPlac195-Zuo1,
pYCPlac33-Zuo1-QPD, and pYCPlac33-Zuo1-�282-311 were as de-
scribed previously (34, 36, 40). pYCPlac33-Ssb1 is a derivative of
pYEPlac195-Ssb1 (36), in which the SSB1 open reading frame (ORF) plus
300 bp of the 5=UTR and 3=UTR, respectively, was transferred into the
BamHI/PstI sites of pYCPlac33. pYEPlac195-Luc-stop (Luc stands for
luciferase), pYEPlac195-Luc-K12 (Luc-K12 stands for the luciferase re-
porter carrying 12 C-terminal lysines), pYEPlac195-Luc-K20 (Luc-K20
stands for the luciferase reporter carrying 20 C-terminal lysines), and
pYEPlac195-Luc-nonstop were as described previously (32). Luciferase
reporters were expressed from pYEPlac195 or pYEPlac181. Expression of
luciferase reporters was under the control of the 5= untranslated region
(5=UTR) (300 bp) of the ZUO1 gene and the 3=UTR (266 bp) of the HIS3
gene. pYEPlac195-Luc-K12-3HA is based on pYEPlac195-Luc-K12-HA.
Multimers of (AAG AAG AAA)4 followed by a PstI and XbaI restriction
site and a hemagglutinin (HA) epitope encoding sequence (TATCCGTA
TGACGTCCCGGACTATGCA) were introduced in frame between the
luciferase ORF and the HIS3 3=UTR in pYEPlac195-Luc-stop. To obtain
pYEPlac195-Luc-K12-3HA, annealed oligonucleotides encoding two ad-
ditional HA epitopes (separated by two codons) were inserted into the
PstI/XbaI sites of pYEPlac195-Luc-K12-HA (see Fig. S1 in the supplemen-
tal material). The coding region of green fluorescent protein (GFP) was
amplified by PCR and was inserted into the PstI/XbaI sites of pYEPlac195-
Luc-K12-HA to result in pYEPlac195-Luc-K12-GFP. To generate pY-
EPlac195-Luc-GFP lacking the polylysine segment, the GFP coding region
plus the HIS3 3=UTR was cut from pYEPlac195-Luc-K12-GFP and in-
serted into the PstI/HindIII sites of pYEPlac195-Luc-stop. For the con-
struction of pYEPlac195-Luc-RZ-3HA, a PCR fragment was generated
using a forward primer annealing 5= of the unique SphI site, in the middle
of the luciferase ORF, and a reverse primer fusing the hammerhead ri-
bozyme (RZ) sequence in frame to the 3= end of the luciferase orf ORF
(compare the sequence in Fig. S1 to oligonucleotide pAV40 in reference
53). This PCR product was used to replace a SphI/PstI fragment in pY-
EPlac195-Luc-K12-3HA. The ribozyme-inactive variant pYEPlac195-
Luc-RZ*-3HA was constructed according to a mutant of the hammerhead
ribozyme, which carries a 3-bp substitution (compare the sequence in Fig.
S1 to oligonucleotide pAV44 in reference 53). pYEPlac181-Luc-K12-3HA
was generated by insertion of the BamHI/HindIII fragment (Luc-K12-
3HA ORF plus the 5=UTR and 3=UTR) from pYEPlac195-Luc-K12-3HA
into pYEPlac181. For galactose-inducible expression, pESC-URA-Luc-
K12-3HA was constructed by replacing Luc-stop in pESC-URA-Luc-stop
(32) with the SphI/HindIII fragment (Luc-K12-3HA ORF plus the HIS3
3=UTR) from pYEPlac195-Luc-K12-3HA. For tetracycline-repressible ex-
pression (Tet-off) we constructed pTET111 (CEN LEU2), which is a hy-
brid of the EcoRI/HindIII vector fragment of pYCPlac111 (52) and the
tetracycline regulatory region of pCM190 (54). pTET111-Sup35 was gen-
erated by insertion of SUP35 plus 300 bp of the SUP35 3=UTR into the
BamHI/NotI sites of pTET111.

Culture conditions. Strains were grown at 30°C on selective minimal
medium (SD) (0.67% yeast nitrogen base without amino acids [Difco]
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but with 2% glucose and the appropriate supplements). For galactose
induction, cells were shifted to YPGal (2% peptone, 1% yeast extract, 2%
galactose). Liquid cultures were incubated at 30°C and 200 rpm. For in
vivo labeling of proteins with [35S]methionine, cells were grown in methi-
onine-free SCD medium (0.67% yeast nitrogen base without amino acids
[Difco], 2% glucose, 0.06% �Met/�Trp dropout [DO] supplement
[Clontech], 0.02 mg/ml tryptophan). To slow down translation elonga-
tion, cells were grown in the presence of 150 ng/ml cycloheximide (11).
Wild-type-tet-SUP35 and �zuo1-tet-SUP35 strains harboring the Tet-off
plasmid pTET111-Sup35 and the Gal-inducible plasmid pESC-URA-
Luc-K12-3HA were grown in SD medium containing 10 �g/ml tetracy-
cline to deplete Sup35 from cells. After the times indicated in the figures,
the cells were collected and were immediately resuspended to an optical
density at 600 nm (OD600) of �0.3 in YPGal medium containing 10
�g/ml tetracycline to induce Luc-K12-3HA expression.

RNA isolation and Northern blotting. RNA isolation and Northern
blot analysis were essentially performed as described previously (32). To-
tal RNA (10 to 25 �g) was separated on a 1.2% agarose gel and transferred
onto Hybond-N� nylon membranes (Amersham) using 10� SSC (1�
SSC is 0.15 M NaCl plus 0.015 M sodium citrate) as a transfer buffer.
Hybridization with radiolabeled probes was carried out in hybridization
solution (5� SSC, 5� Denhardt’s solution, 1% SDS, 0.1 mg/ml salmon
sperm DNA). Probes were radiolabeled with the Ready-to-Go DNA label-
ing bead kit (Amersham). The probe for ACT1 was prepared as described
previously (55). Luciferase mRNA was detected with a 550-bp probe cov-
ering positions 1100 to 1650 of the ORF (see Fig. S1 in the supplemental
material).

Preparation of lysates, total protein extraction, and immunoblot-
ting. To prepare glass bead lysates, cells were harvested and resuspended
(10 to 100 OD600 units/300 to 400 �l, depending on the experiment) in
glass bead lysis buffer (20 mM HEPES-KOH [pH 7.4], 2 mM Mg acetate,
100 �g/ml cycloheximide, 1 mM phenylmethylsulfonyl fluoride [PMSF],
and 1� protease inhibitor mix; plus potassium acetate [K acetate] and
dithiothreitol [DTT] as specified). Acid-washed glass beads (0.25 to 0.5
mm; Roth) corresponding to half of the volume of the cell suspension
were added, and cell disruption was performed by six 20-s cycles in a
Minilys homogenizer (Bertin Technologies) interrupted by 1-min inter-
vals on ice. Cell debris was removed by centrifugation for 5 min at 3,000 �
g. After a second 10-min clearing spin at 20,000 � g, glass bead lysates
(lysates) were directly used for experiments.

Total yeast extract for immunoblot analysis was prepared as described
previously (56). Briefly, cells (1 to 1.6 OD600 units) were collected by
centrifugation, resuspended in 200 �l of 0.1 M NaOH, and incubated for
5 min at room temperature. Cells were then collected by centrifugation,
and the pellet was resuspended in 1� SDS sample buffer (20 mM Tris-
HCl [pH 6.8], 1% SDS, 0.32 mM EDTA, 10% glycerol, 0.8% bromophe-
nol blue, 5% 	-mercaptoethanol), and were boiled for 5 min at 95°C.
Loading of extracts derived from �zuo1 and �ssb1 �ssb2 strains for SDS-
polyacrylamide gel electrophoresis was adjusted as described previously
(46). To avoid loss of samples, total extract of a wild-type strain, which did
not express luciferase, was employed if total extracts were diluted prior to
analysis. Enhanced chemiluminescence (ECL) detection of immunoblots
was performed as described previously (57). The relative amount of Luc-
K12-3HA and Luc-K12t (t stands for truncated) in different strain back-
grounds was determined on the same exposure of a single immunoblot
using AIDA Image Analyzer software (Raytest). To ensure that the inten-
sity of the bands was within the linear range, dilution series of each sample
were loaded and analyzed for each quantification.

Ribosome profiles and ribosome sedimentation assays. Ribosome
profiles and ribosome sedimentation assays were essentially performed as
described previously (32, 58). Briefly, 100 �g/ml cycloheximide was
added to early-log-phase cells prior to harvest. Cells (80 to 100 OD600

units) were resuspended in 400 �l glass bead lysis buffer complemented
with 100 mM K acetate and 0.5 mM DTT, and lysates were prepared as
described above. Samples corresponding to 10 A260 units were loaded

onto a 15 to 55% linear sucrose gradient, centrifuged for 2.5 h at
200,000 � g (TH641 rotor; Sorvall), and fractionated from top to bottom
with a density gradient fractionator monitoring A254 (Teledyne). Aliquots
of the fractions and a total corresponding to 5% of the material loaded
onto the gradient were separated on Tris-Tricine gels and subsequently
analyzed by immunoblotting. Lysates for ribosome sedimentation exper-
iments (20 to 30 OD600 units/300 �l buffer) were prepared in glass bead
lysis buffer containing 120 mM K acetate and 2 mM DTT. Aliquots cor-
responding to 0.5 A260 unit in a total volume of 60 �l were loaded onto a
90-�l high-salt sucrose cushion (glass bead lysis buffer containing 25%
sucrose, 800 mM K acetate, and 2 mM DTT). Ribosomal pellets were
collected by ultracentrifugation (30 min, 350,000 � g, 4°C in a TLA-100
rotor [Beckman]). Aliquots of the total, supernatant, and ribosomal pellet
were analyzed on Tris-Tricine gels followed by immunoblotting.

Determination of average ribosomal transit times. Ribosomal tran-
sit times were essentially determined as described previously (59, 60).
Briefly, cells were grown overnight in SCD (lacking methionine) medium
at 30°C to mid-log phase. After addition of 0.5 �Ci/ml [35S]Met, 10-ml
aliquots were removed and rapidly mixed with 200 �g/ml cycloheximide
at the time points indicated in the figures. After centrifugation, cell pellets
(6 to 10 OD600 units) were resuspended in 150 �l glass bead lysis buffer
containing 120 mM K acetate and 2 mM PMSF, and lysates were prepared
as described above. Sixty microliters of each cleared lysate was loaded onto
a 90-�l low-salt sucrose cushion (glass bead lysis buffer containing 25%
sucrose, 120 mM K acetate, and 2 mM PMSF). After centrifugation for 25
min at 350,000 � g at 4°C (TLA-100 rotor; Beckman), ribosome-free
supernatants (10 �l) and aliquots of the total lysates (4 �l) were spotted
onto pieces (2 by 2 cm) of 3MM Whatman filter paper (Hartenstein). The
filters were allowed to dry for 1 h, and after the hour of drying, 20 �l of 5%
trichloroacetic acid (TCA) at 65°C was spotted on top of the original spot.
Dried filters were then boiled in 5% TCA. The filters were then washed
three times with cold 5% TCA and once with 96% ethanol. Dried filters
were soaked in 500 �l Solvable solution (PerkinElmer) and incubated at
60°C for 1 h. The solution and filters were subjected to liquid scintillation
counting (Tri-Carb 2800TR; PerkinElmer).

Miscellaneous. Protease inhibitor mix (1�) contained 1.25 �g/ml
leupeptin, 0.75 �g/ml antipain, 0.25 �g/ml chymostatin, 0.25 �g/ml elas-
tinal, and 5 �g/ml pepstatin A. Polyclonal antibodies against Sse1, Rpl4,
Rpl24, Rps9, and Sup35 were raised in rabbits (Eurogentec). Polyclonal
rabbit antiluciferase antibody was purchased from Sigma (catalog no.
L0159). Monoclonal mouse anti-HA antibody (clone 12CA5) was pur-
chased from Roche. Total protein extracts, lysates, and ribosomal pellets
were separated on 10% Tris-Tricine gels (61) prior to immunoblot anal-
ysis. Luciferase activity assays were performed as described previously
(32). Sensitivity of strains toward cycloheximide was tested in liquid cul-
ture as previously described (44).

RESULTS
The absence of RAC/Ssb leads to enhanced expression of C-ter-
minally truncated polylysine proteins. We previously found that
the expression of polylysine proteins is increased in the absence of
ribosome-associated complex (RAC)/Ssb (32). We noticed that,
upon prolonged separation on SDS-polyacrylamide gels, lucifer-
ase reporters carrying 12 or 20 C-terminal lysines (Luc-K12 and
Luc-K20) (Fig. 1B) appeared fuzzy when expressed in the �zuo1
strain but not when expressed in the wild-type strain (Fig. 1C,
lanes 1 to 4). This suggested that C-terminally truncated luciferase
species were generated during translation of the polylysine report-
ers. To analyze this phenomenon in more detail, we constructed
Luc-K12-3HA (Fig. 1B; see Fig. S1 in the supplemental material).
As expected, Luc-K12-3HA migrated with a higher molecular
mass compared to Luc-K12 (Fig. 1C, lanes 1 and 5). However,
when expressed in the �zuo1 strain, an additional luciferase spe-
cies, approximately the size of Luc-K12 appeared (Fig. 1C, lane 6).
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The molecular mass shift of this band, termed Luc-K12t, was due
to a C-terminal truncation, because Luc-K12t was recognized with
an antibody directed against luciferase, but it was not recognized
with an antibody directed against the HA tag (Fig. 1D). Formation
of the Luc-K12t fragment was suppressed when plasmid-borne
ZUO1 was introduced into the �zuo1 strain (Fig. 1D). We also
constructed Luc-K12-GFP in which the 3HA tag was replaced
with GFP (Fig. 1B). Luc-K12-GFP migrated with the expected
molecular mass in wild-type and �zuo1 strains (Fig. 1E). A frag-

ment the size of Luc-K12t appeared in the �zuo1 strain but not in
the wild-type strain (Fig. 1E). Thus, neither the length nor the
amino acid sequence C terminal of the polylysine affected the
generation of Luc-K12t. Of note, the levels of expression of full-
length Luc-K12-3HA or Luc-K12-GFP were similar in the wild-
type and �zuo1 strains (Fig. 1E). The combined data strongly
suggested that the seemingly increased expression level of Luc-
K12 and Luc-K20 in the �zuo1 strain (32) was due to the comi-
gration of full-length Luc-K12 or Luc-K20 with various protein

FIG 1 RAC/Ssb prevents expression of C-terminally truncated polylysine proteins. (A) Schematic representation of stop codon-free mRNAs and the corre-
sponding translation products. Nonstop mRNA is characterized by the lack of in-frame stop codons between the AUG codon and poly(A) tail. If translation
proceeds to the 3= end of the nonstop mRNA, the translation product, which is termed nonstop protein, carries a polylysine tail (poly-K). Polylysine segments in
the ribosomal tunnel cause stalling, which in turn induces endonucleolytic cleavage of the mRNA. The resulting cleavage product, termed stop codon-less
mRNA, lacks a poly(A) tail, and accordingly, the corresponding stop codon-less protein lacks the polylysine segment. For details, see the introduction and
Discussion. (B) Schematic representation of luciferase reporters containing C-terminal or internal polylysine segments. (C) Expression of polylysine reporters in
a �zuo1 strain. Total extracts of wild-type and �zuo1 strains expressing luciferase reporters as indicated (compare to panel B) were analyzed via immunoblotting
using an antibody directed against luciferase (Luc). Loading was adjusted to facilitate direct comparison of the luciferase band in the different strains (%-loading).
Full-length Luc-K12-3HA (K12-3HA) and the luciferase fragment (K12t) are indicated (also in panels D to F). (D) Luc-K12t is a C-terminally truncated fragment
of Luc-K12-3HA. Total extracts of wild-type strain, �zuo1 strain, and �zuo1 strain complemented with ZUO1 expressing Luc-K12-3HA were analyzed via
immunoblotting using antibodies directed against luciferase (Luc), the HA epitope, and Sse1 as a loading control. (E) The amino acid sequence C terminal of the
polylysine does not affect Luc-K12t expression. The total extracts of wild-type and �zuo1 strains were separated on a single Tris-Tricine gel and subsequently
analyzed via immunoblotting using antibodies directed against luciferase (Luc) and Rpl4 as a loading control. The immunoblot was cut to improve the clarity of
the figure. (F) Luc-K12t is generated in strains with a nonfunctional RAC/Ssb system. The total extracts of the wild-type strain, �zuo1 strain, Zuo1-QPD strain
(J-domain inactive), Zuo1-� strain (ribosome binding deficient), and �ssb1 �ssb2 strain expressing Luc-K12-3HA were analyzed via immunoblotting using
antibodies directed against luciferase (Luc) and Sse1 as a loading control. Fivefold-diluted total extract (see Materials and Methods) of the wild type expressing
Luc-stop served as the size marker.
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species lacking only a few lysine residues at the C terminus (Fig. 1C
and E). Luc-K12-3HA was next expressed in strains carrying mu-
tant versions of Zuo1, which inactivate the function of Zuo1 in
vivo. Zuo1-QPD carries a mutation in the J-domain of Zuo1, re-
sulting in a failure to stimulate the ATPase activity of Ssb (36, 39).
Zuo1-� carries an internal deletion, resulting in a failure of RAC
to bind to the ribosome (40). Luc-K12t was detected in strains
expressing Zuo1-QPD or Zuo1-� and was also expressed in a
�ssb1 �ssb2 strain (Fig. 1F). Depending on loading and exposure
of the immunoblot, a small amount of Luc-K12t was also detected
in the wild-type strain (for example, Fig. 2A). However, the ex-
pression level of Luc-K12t was consistently higher in the absence
of RAC/Ssb. We conclude that an active RAC/Ssb system was re-
quired to prevent the expression of C-terminally truncated species
of proteins containing internal polylysine segments. Experiments
below were performed employing either the �zuo1 or �ssb1 �ssb2
mutations. The outcome was independent of which of the two
deletion mutants was employed in the experiments (data not
shown).

Polylysine and nonstop proteins are efficiently released from
ribosomes in the absence of RAC/Ssb. One possibility for this
observation was that ribosomes stalled on polylysine segments
were permanently trapped in the absence of RAC/Ssb. If this were
the case, we would expect Luc-K12t to be ribosome associated as a
peptidyl-tRNA. To test for this possibility, we separated lysates
derived from the wild-type or �zuo1 strain expressing Luc-K12-
3HA into a soluble supernatant and a ribosomal pellet under high-
salt conditions (Fig. 2A). The analysis revealed that the Luc-K12t
fragment was efficiently released from ribosomes (Fig. 2A). We
also tested ribosome release of the Luc-nonstop fragment, which
is encoded by a bona fide nonstop mRNA containing a poly(A) tail
(Fig. 1A) (32). Consistent with the formation of C-terminally
truncated protein fragments, Luc-nonstop runs as a fuzzy band
when lysates are separated via SDS-PAGE (Fig. 2B) (32). The ex-
pression level of Luc-nonstop is only moderately increased in the
absence of RAC/Ssb (Fig. 2B) (see Fig. S2A in the supplemental
material) (32) (see below). The bulk of Luc-nonstop fragments
was released from ribosomes under high-salt conditions; how-
ever, specifically, the fragments with the highest molecular mass
were released only partly (Fig. 2B). A direct comparison between

the wild-type and �zuo1 strains revealed that ribosome release of
Luc-nonstop was more efficient in the absence of RAC/Ssb
(Fig. 2B and C). Thus, the absence of RAC/Ssb did not prevent
high-salt ribosome release of proteins containing polylysine seg-
ments but rather enhanced ribosome release.

RAC/Ssb does not affect expression of stop codon-less pro-
teins. We speculated that Luc-K12t originated from translation of
a stop codon-less 5= fragment (termed 5=F-LUC-K12) derived
from endonucleolytic cleavage of LUC-K12-3HA (Fig. 1A). If this
model was correct, the �zuo1 mutation might either enhance en-
donucleolytic cleavage of LUC-K12-3HA or stability/translation
efficiency of 5=F-LUC-K12. We thus tried to detect 5=F-LUC-K12
in a �zuo1 strain. However, the level of a potential 5=F-LUC-K12
was below the detection limit of the Northern blot analysis (data
not shown).

We therefore constructed a reporter containing the self-cleav-
ing hammerhead ribozyme (RZ) sequence (Fig. 3A; see Fig. S1 in
the supplemental material). A catalytically inactive version,
termed RZ*, served as a control (21, 53, 62, 63). Autocatalytic
cleavage of RZ generates a stop codon-less 5= fragment (5=F-LUC-
RZ) (Fig. 3A; also see Fig. S1) comprised of the complete luciferase
ORF. This 5=F-LUC-RZ fragment resembles the potential 5=F-
LUC-K12 fragment, because both lack a stop codon, 3=UTR, and
poly(A) tail (Fig. 3A; also see Fig. S1). Northern blot analysis re-
vealed that autocatalytic cleavage of LUC-RZ-3HA was efficient
(Fig. 3B). However, cleavage was not complete (Fig. 3B), and a
small amount of full-length Luc-RZ-3HA protein was detected in
immunoblots (Fig. 3C). In comparison, LUC-RZ*-3HA mRNA
remained uncleaved and was efficiently translated (Fig. 3B and C).
Of note, stop codon-less 5=F-LUC-RZ mRNA was readily detected
via Northern blotting (Fig. 3B), while the corresponding stop
codon-less protein (Luc-RZt) was not (Fig. 3C). This is consistent
with a model in which low expression of stop codon-less mRNA is
maintained not only via nonstop mRNA decay (NSD) but also via
translational repression (6, 32).

We next analyzed the Luc-RZ-3HA reporter in strains carrying
mutations in �ski7 or �hbs1, because these mutations reportedly
affect expression of stop codon-less mRNA (21, 53). The levels of
expression of the residual uncleaved LUC-RZ-3HA mRNA were
similar in all strains (Fig. 3D, lanes 1 to 4, RZ-3HA). However,

FIG 2 Luc-K12t and Luc-nonstop fragments are efficiently released from ribosomes. (A) The Luc-K12t fragment is efficiently released from ribosomes. Lysates
(L) were separated into a cytosolic supernatant (C) and ribosomal pellet (R) by centrifugation through a high-salt sucrose cushion. The immunoblot was
decorated with antibodies directed against luciferase (Luc), Sse1 (cytosolic marker) and Rpl24 (ribosomal marker). (B) The Luc-nonstop fragment is efficiently
released from ribosomes. The experiment was performed as described above for panel A. (C) Quantification of 3 independent experiments as shown in panel B.
The intensities of the cytosolic (C) plus ribosomal (R) luciferase bands were set to a total of 100%; the ribosome-associated Luc-nonstop fragment is given as a
percentage of the total. Error bars represent the standard errors of the means. The P value was calculated via Student’s t test.
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FIG 3 Expression of stop codon-less proteins is independent of RAC/Ssb. (A) Luc-RZ-3HA reporter. Luciferase was fused in frame to the hammerhead ribozyme
(RZ) sequence, followed by a sequence encoding three consecutive HA tags (LUC-RZ-3HA). RZ undergoes autocatalytic cleavage, generating a stop codon-less
5= fragment (5=F-LUC-RZ). The position of the Northern probe employed in panel B is indicated (see Fig. S1 in the supplemental material). (B) The hammerhead
ribozyme sequence induces mRNA cleavage. Total RNA isolated from the wild-type strain expressing Luc-stop, Luc-RZ-3HA, or Luc-RZ*-3HA was analyzed via
Northern blotting using a probe recognizing luciferase (LUC). The wild type without a luciferase reporter served as a control for probe specificity. Actin (ACT1)
served as a loading control. The positions of LUC-RZ-3HA/LUC-RZ*-3HA and 5=F-LUC-RZ are indicated. The asterisk indicates a background band. (C) The
5=F-LUC-RZ fragment is not efficiently translated. Total extracts of the wild type expressing luciferase reporters as indicated were analyzed via immunoblotting
with antibodies recognizing luciferase (Luc), and as a loading control, Sse1. The product of LUC-RZ-3HA/LUC-RZ*-3HA translation (RZ-3HA) is indicated. (D)
The �hbs1 and �ski7 mutations, but not the �zuo1 mutation, affect expression of 5=F-LUC-RZ. The indicated strains harboring the Luc-RZ-3HA reporter were
analyzed as described above for panel C. The products of LUC-RZ-3HA translation (RZ-3HA) and of 5=F-LUC-RZ translation (RZt) are indicated. (E) Luc-RZt
is catalytically active. Luciferase activity was determined in lysates of the indicated strains expressing Luc-RZ-3HA. Luciferase activity in the wild-type strain was
set at 1. The averages of 4 independent experiments are shown; error bars represent the standard errors of the means. P values were calculated via Student’s t test.
n.s., not significant. (F) Ribosome release of Luc-RZt requires Hbs1. Lysates (L) derived from strains expressing Luc-RZ-3HA were separated into a cytosolic
supernatant (C) and ribosomal pellet (R). Analysis was performed as described in the legend to Fig. 2A. Because of the high level of expression of Luc-RZt (see
panel D also) in the �ski7 strain, only 25% of the aliquots was loaded. (G) Ribosome release of Luc-K12t does not require Hbs1. Lysate (L) derived from the
�zuo1�hbs1 strain expressing Luc-K12-3HA was separated into a cytosolic supernatant (C) and a ribosomal pellet (R). Analysis was performed as described in
the legend to Fig. 2A.

Premature Termination on Stalled Ribosomes

November 2014 Volume 34 Number 21 mcb.asm.org 4067

http://mcb.asm.org


expression of 5=F-LUC-RZ was strongly affected in the mutant
strains (Fig. 3D, lanes 1 to 4, RZt). The �ski7 mutation led to high
expression of Luc-RZt (Fig. 3D, lane 2), which was enzymatically
active (Fig. 3E), and was released from ribosomes (Fig. 3F). In the
�hbs1 strain, additional luciferase fragments of lower molecular
mass appeared (Fig. 3D, lane 3). The fragments of this Luc-RZ
ladder were ribosome associated, suggesting a “ribosome jam” at
the 3= end of the mRNA in the absence of Hbs1 (Fig. 3F) or Dom34
(Fig. 4A and B). Interestingly, the effect of the �hbs1 mutation was
dominant over the �ski7 mutation, because in the �hbs1 �ski7
double deletion strain, Luc-RZt expression was similar to Luc-RZt
expression in the �hbs1 strain (Fig. 3D, compare lanes 2 to 4), and
the Luc-RZ ladder remained ribosome associated (Fig. 3F). Thus,
Hbs1-Dom34 was sufficient for ribosome release of Luc-RZt in
the wild-type and �ski7 strains. These results are fully consistent
with the function of Hbs1-Dom34 in the dissociation of ribo-
somes stalled at the 3= end of stop codon-less mRNA (21, 64).
With respect to Ski7, the data are consistent with a role of Ski7 for
the efficient decay of stop codon-less mRNA (29, 53). However,
Ski7 was not required for efficient ribosome release of Luc-RZt.
Analysis in the �zuo1 background (Fig. 3D, lanes 5 to 8) revealed
that Luc-RZt expression and activity in the wild-type and �zuo1
strains were similar (Fig. 3D, lanes 1 and 5, and Fig. 3E). More-
over, expression of Luc-RZt and the Luc-RZ ladder in the �ski7,
�hbs1, or �hbs1 �ski7 strains was unaffected by the �zuo1 muta-
tion (Fig. 3D, compare lanes 1 to 4 to lanes 5 to 8). We also ana-
lyzed expression of Luc-nonstop and Luc-K12-3HA fragments in
strains lacking �zuo1, �ski7, �hbs1, or combinations of these mu-
tations (see Fig. S2B to D in the supplemental material). Upon
expression of these reporters, stop codon-less mRNA species are
produced by endonucleolytic cleavage (see introduction; also see
Fig. S2). Consistently, truncated luciferase species originated from
two independent processes. One was enhanced in the absence of
RAC/Ssb, and the other was enhanced in the absence of Ski7 and

was abolished in the absence of Hbs1-Dom34 (see Fig. S2B to S2D;
see below). The combined data strongly suggested that RAC/Ssb
did not affect expression of stop codon-less mRNA. To test this
possibility further, we expressed the Luc-K12-3HA reporter in a
�zuo1 �hbs1 strain (Fig. 3G). The analysis revealed that the �hbs1
mutation did not affect ribosome release of Luc-K12t (Fig. 3G).
Thus, the �hbs1 mutation prevented ribosome release of Luc-RZt
in the �hbs1 �ski7 strain (Fig. 3F) but did not prevent ribosome
release of Luc-K12t in the �zuo1 �hbs1 strain (Fig. 3G). The com-
bined data strongly suggested that enhanced production of trun-
cated protein species in the absence of RAC/Ssb was not connected
to translation of a stop codon-less mRNA fragments derived by
endonucleolytic cleavage.

Ltn1 affects expression of polylysine and stop codon-less
proteins. Consistent with earlier observations (11, 16), the ex-
pression level of Luc-K12t was increased in a �ltn1 strain (Fig.
5A). The effects of �ltn1 and �zuo1 on Luc-K12t expression were
additive (Fig. 5A and B). This is consistent with our previous data
indicating that RAC/Ssb and Ltn1 affect independent steps of
polylysine protein quality control (32). Even though Luc-RZt does
not contain a stretch of polybasic amino acids, Luc-RZt expres-
sion was strongly enhanced in the �ltn1 strain (Fig. 5C and D).
However, Luc-RZt expression was not further enhanced in the
�zuo1 �ltn1 double deletion strain (Fig. 5C and D). Thus, Ltn1
was involved not only in the efficient degradation of nascent pro-
teins containing polylysine segments but also in the degradation of
stop codon-less proteins. A similar observation was recently re-
ported for a different stop codon-less reporter protein (65). In
contrast to Ltn1, the role of RAC/Ssb was confined to the expres-
sion of the polylysine reporter.

Expression of C-terminally truncated proteins correlates
with a slowdown of translation. Cycloheximide (CHX) reduces
the overall elongation rate on eukaryotic ribosomes (66, 67). It
was previously shown that C-terminally truncated polybasic re-

FIG 4 Luc-RZt species generated in the absence of Hbs1-Dom34 are associated with ribosomes. (A and B) Ribosome profiles of �dom34 (A) and �zuo1 �dom34
(B) strains expressing Luc-RZ-3HA. Lysates were separated on 15 to 55% sucrose gradients and subsequently fractionated monitoring A254. Fractions were
analyzed via immunoblotting using antibodies directed against luciferase (Luc), Rps9 (40S subunit), and Rpl24 (60S subunit). The bulk of full-length Luc-RZ-
3HA was recovered in the cytosolic fractions, and Luc-RZt species with a higher molecular mass were recovered in the monosome fractions, while Luc-RZt species
with a lower molecular mass were recovered in the polysome fractions.
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porters are generated when yeast grows in the presence of sub-
lethal doses of CHX (11). We reasoned that a low rate of transla-
tion might also be responsible for the effect of RAC/Ssb on
polylysine protein expression. Consistent with previous data (35),
the �zuo1 and �ssb1 �ssb2 mutations did not affect CHX sensi-
tivity in our strain background (Fig. 6A and data not shown). This
allowed us to compare the effect of CHX on Luc-K12t expression
in the presence or absence of RAC/Ssb. The results revealed that
Luc-K12t expression was indeed enhanced in the wild-type and
�zuo1 strains in the presence of CHX (Fig. 6B). We further tested
the possibility that Luc-K12t expression was related to the rate of
translation employing the �asc1 mutation, which causes a defect
in ribosomal stalling (15) (see introduction). Indeed, the �asc1
mutation prevented CHX-induced expression of Luc-K12t in the
wild type as well as in the absence of RAC/Ssb (Fig. 6B and data not
shown). However, the �asc1 mutation did not influence Luc-RZt
expression (Fig. 6C). Thus, Asc1 affected expression of a protein
containing an internal stretch of polylysines but did not affect
expression of a stop codon-less protein.

On the basis of the above, we analyzed the effects of RAC/Ssb
and Asc1 on the average ribosomal transit times. The average tran-
sit time is defined as the time required for a ribosome, after initi-

ation, to decode an mRNA and release the completed polypeptide
chain, i.e., the time of elongation plus termination (59, 68, 69). In
the absence of RAC/Ssb, the average transit time was increased by
approximately 30% compared to that of the wild-type strain (Fig.
7A and B). In contrast, in the absence of Asc1, the average transit
time was reduced by approximately 30% (Fig. 7A and C). When
both RAC/Ssb and Asc1 were absent, the transit time was similar to
that of the wild type (Fig. 7A and D). Thus, RAC/Ssb and Asc1 exerted
opposing effects on ribosomal transit times, i.e., the combined rate of
translation elongation and termination (Fig. 7A to D).

Defects that enhance ribosomal transit times due to a reduced
rate of translation elongation result in a stabilization of polysomes
in the absence of CHX. This is not the case if ribosomal transit
times are enhanced due to defects in translation termination (59,
70, 71). We thus tested whether polysomes were stabilized in the
absence of RAC/Ssb. As previously reported (33, 35), the poly-
some content of the �ssb1 �ssb2 strain was lower than that of the
wild-type strain (Fig. 8A and B, left panels). In both strains, how-
ever, the polysome content dropped approximately 10-fold when
CHX was omitted from the preparation (Fig. 8A and B, right pan-
els). These data strongly suggested that translation elongation was
not significantly impaired in the �ssb1 �ssb2 strain and that ribo-

FIG 5 RAC/Ssb and the ribosome-bound E3-ligase Ltn1 affect expression of
Luc-K12t and Luc-RZt by distinct mechanisms. (A) The �zuo1 and �ltn1
mutations synergistically enhance expression of Luc-K12t. Total extracts of the
indicated strains expressing Luc-K12-3HA were analyzed via immunoblotting
using antibodies recognizing luciferase (Luc) and, as a loading control, Sse1.
The positions of Luc-K12-3HA (K12-3HA) and Luc-K12t (K12t) are indi-
cated. (B) The effects of the �zuo1 and �ltn1 mutations on Luc-K12t expres-
sion are additive. For each strain, the total intensity of the luciferase bands
(Luc-K12-3HA plus Luc-K12t) was set at 100%. The intensity of the Luc-K12t
band is given as a percentage of the total (see Materials and Methods). The
results of 3 independent experiments are shown; error bars represent the stan-
dard errors of the means. wt, wild type. (C) The �ltn1, but not the �zuo1,
mutation enhances expression of Luc-RZt. Total extracts of the indicated
strains expressing Luc-RZ-3HA were analyzed as described above for panel A.
The positions of Luc-RZ-3HA (RZ-3HA) and Luc-RZt (RZt) are indicated.
(D) The �zuo1 mutation does not affect Luc-RZt expression in a �ltn1 strain.
Analysis was performed as described above for panel B. The results of 3 inde-
pendent experiments are shown; error bars represent the standard errors of the
means.

FIG 6 The ribosomal protein Asc1 is involved in the expression of Luc-K12t.
(A) Cycloheximide sensitivity of yeast is not significantly altered in the absence
of Asc1 or RAC/Ssb. Strains were inoculated to the same OD600 into medium
containing the indicated concentrations of cycloheximide (CHX). Cultures
were then grown until the no-CHX control had reached an OD600 of 0.9
(100%). The OD600 of the cultures containing CHX is given in the no-CHX
control. (B) Luc-K12t expression depends on Asc1. Strains harboring the Luc-
K12-3HA reporter were grown in the absence (�) or presence (�) of sublethal
doses of CHX. Total extracts were analyzed on an immunoblot decorated with
luciferase antibody (Luc). The positions of Luc-K12-3HA (K12-3HA) and
Luc-K12t (K12t) are indicated. (C) Luc-RZt expression is independent of
Asc1. Total extracts of strains harboring the Luc-RZ-3HA reporter were ana-
lyzed via immunoblotting using antibodies recognizing luciferase (Luc) and
Sse1. The positions of Luc-RZ-3HA (RZ-3HA) and Luc-RZt (RZt) are
indicated.
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somal transit times were increased mainly due to a defect in trans-
lation termination (see Discussion). This is consistent with the
additive effect of the �ssb1 �ssb2 and �asc1 mutations in respect
to ribosomal transit times, caused by a translation elongation de-
fect in the absence of Asc1 (15) (Fig. 7) and a translation termina-
tion defect in the absence of RAC/Ssb (Fig. 7 and 8).

The translation termination factor Sup35 is required for pre-
mature translation termination. The combined data strongly
suggested that Luc-K12t was derived from premature termination
on ribosomes engaged in the translation of full-length LUC-K12-
3HA mRNA. Because ribosome release of Luc-K12t was indepen-
dent of Hbs1-Dom34 (Fig. 3G), we speculated that Sup35-Sup45
might execute release in this situation. If this was the case, we
reasoned that limiting the concentration of functional Sup35-
Sup45 would affect expression of Luc-K12t more severely than
expression of full-length Luc-K12-3HA, because Sup35-Sup45 is
expected to bind with only low affinity to ribosomes containing a
sense codon in the A-site (23, 72). Like many laboratory strains,
MH272-3f carries the [PSI�] element, which traps a fraction of
Sup35 in prion-like aggregates (23, 44). We initially tested
whether increasing the concentration of functional Sup35 by cur-
ing cells from [PSI�] would enhance the expression level of Luc-
K12t in the wild-type or �zuo1 strain (Fig. 9A). However, neither
Luc-K12-3HA expression nor Luc-K12t expression was affected
by the [PSI�] status (Fig. 9A). To test for the possibility that severe
reduction of Sup35 affects Luc-K12t expression, we constructed
wild-type-tet-SUP35 and �zuo1-tet-SUP35 strains, in which ex-
pression of Sup35 was regulated via a Tet-off promoter (Fig. 9B).
To determine the time interval during which Sup35 concentra-
tions were limiting but not lethal, the �zuo1-tet-SUP35 strain was

grown for increasing periods of time in the presence of tetracycline
(Fig. 9C). The doubling time of the �zuo1-tet-SUP35 strain started to
drop after 
20 h and ceased after 
40 h growth on tetracycline (Fig.
9C). Consistently, Sup35 levels were significantly reduced after 
28 h
on tetracycline (Fig. 9D). To analyze expression under Sup35-limit-
ing conditions, Luc-K12-3HA was expressed under the control of the
inducible GAL1 promoter in the �zuo1-tet-SUP35 strain. The GAL-
Luc-K12-3HA reporter allowed us to compare the effect of Sup35 on
canonical termination resulting in Luc-K12-3HA expression (stop
codon in the A-site) with the effect of Sup35 on premature termina-
tion resulting in Luc-K12t expression (sense codon in the A-site).
First, we analyzed expression of Luc-K12-3HA and Luc-K12t in the
presence of decreasing Sup35 concentrations, i.e., after different
lengths of time of growth on tetracycline (Fig. 9E). Luc-K12t was
severely reduced after only 20 h on tetracycline, while Luc-K12-3HA
was not (Fig. 9E). After 28 h on tetracycline, both Luc-K12t and Luc-
K12-3HA were no longer expressed (Fig. 9E). We then analyzed a
time course experiment of reporter induction after a short period of
Sup35 depletion, when growth of �zuo1-tet-SUP35 was still only
mildly affected (Fig. 9C, 20 h on tetracycline). Under these condi-
tions, Luc-K12-3HA expression was unaffected for up to 8 h, while
Luc-K12t expression was already severely reduced (Fig. 9F). The
combined data indicate that termination within the coding region of
Luc-K12-3HA was affected by low concentration of Sup35 more se-
verely compared to termination at a bona fide stop codon.

DISCUSSION

When translation comes to a halt, for example because polylysine
segments interact with the wall of the ribosomal tunnel, the
mRNA molecule is prone to endonucleolytic cleavage close to the

FIG 7 Ribosomal transit times depend on RAC/Ssb and Asc1. (A to D) Determination of average ribosomal transit times. [35S]Met incorporation into total
protein (nascent chains plus completed polypeptides [filled circles]) and completed polypeptides released from ribosomes (open circles) was determined as
described in Materials and Methods. Half average transit times (t1/2) were determined from the displacement in time between the two lines obtained by linear
regression analysis. The average transit time is calculated by doubling the difference in the x-axis intercepts of the two lines. For each strain, the experiment was
performed in triplicate. The standard error of the mean is given for each experiment. Student’s t test was used to calculate P values based on 3 independent
experiments: wild type versus �ssb1 �ssb2 strain, P � 0.0012; wild type versus �asc1 strain, P � 0.0052; �ssb1 �ssb2 strain versus �asc1 strain, P � 0.00052; �ssb1
�ssb2 strain versus �ssb1 �ssb2 �asc1 strain, P � 0.0019; �asc1 strain versus �ssb1 �ssb2 �asc1 strain, P � 0.0035. Ribosomal transit times in wild-type and �ssb1
�ssb2 �asc1 strains did not differ significantly.
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site where the ribosome stalls (11, 20, 21, 28). The mechanism of
endonucleolytic cleavage is not understood. The actual endonu-
cleolytic activity might be provided by the exosome, an unknown
nuclease recruited by Hbs1-Dom34, or possibly by the ribosome
itself (2, 22). In any case, the resulting stop codon-less 5= mRNA
fragment is rapidly degraded by the exosome, but it is translated in
�ski7 strains in which exosome-mediated degradation of mRNA
from the 3= end is defective (53). Efficient ribosome release of the
stop codon-less mRNA and the corresponding C-terminally trun-
cated translation product requires Hbs1-Dom34 (21). In the con-
text of this study, we confirm the roles of Ski7 and Hbs1-Dom34
for the expression and ribosome release of polypeptides encoded
by stop codon-less mRNA. In addition, we define a distinct mech-
anism that also leads to expression and ribosome release of C-ter-
minally truncated proteins. This mechanism does not involve en-
donucleolytic cleavage of the translated mRNA but is based on
premature translation termination on a full-length mRNA mole-
cule (Fig. 10). Premature termination (termed ribosome drop-
off) was previously suggested to occur in the mammalian system;
the mechanism, however, remained obscure (5, 73). Another ex-
ample for translation termination at sense codons is provided by a
group of viral proteins containing specific peptide sequences,
termed 2A peptides (72, 74).

Several lines of evidence indicate that the frequency of prema-
ture termination on polylysine segments was connected to a re-
duced rate of translation. First, polylysine segments are known to
slow down the rate of elongation (10). Second, premature termi-
nation was enhanced in the presence of CHX, which also slows

down elongation. Third, the �asc1 mutation suppressed prema-
ture termination, consistent with the enhanced rate of translation
in the �asc1 strain (75; this study) and with previous data indicat-
ing that Asc1 is required for ribosomal stalling (15). A straightfor-
ward explanation for these observations is that a slowdown of
translation elongation increases the time window for Sup35-
Sup45 to erroneously interact with the ribosome and terminate
translation. In vitro data indicate that, in principle, such an activity
can be executed by Sup35-Sup45, which slowly releases peptides
from the P-site-bound peptidyl-tRNA without a termination
codon at the A-site (64, 76). In vivo, eRF3-eRF1 was indeed found
to catalyze termination on ribosomes stalled on the 2A peptide
even though the ribosomal A site contained a proline-encoding
sense codon (77). Of note, the polylysine segment of the Luc-K12-
3HA reporter is encoded by alternating AAG and AAA, both of
which differ in only a single nucleotide from the universal stop
codons TAG and TAA. In combination with the polylysine-in-
duced stalling, this might result in a relatively high frequency of
premature termination. In the cell, premature termination via
Sup35-Sup45 may provide a mechanism to release ribosomes
stalled on the poly(A) tail of nonstop proteins and also upon read-
through through the stop codon and the 3=UTR.

A central finding of this study was that the ribosome-bound
chaperones RAC/Ssb strongly affect premature termination on
polylysine segments. We envisage that RAC/Ssb may impact on
this process either by controlling the rate of elongation or via a
more direct effect on the actual termination process. The first
possibility would be in agreement with the long standing hypoth-

FIG 8 Polysomes do not accumulate in the absence of RAC/Ssb. (A and B) Ribosome profiles of wild-type (A) and �ssb1 �ssb2 (B) strains in the absence
(�) or presence (�) of cycloheximide (CHX). Strains were grown at 30°C and then shifted to 20°C for 2.5 h prior to harvest. The temperature shift was
performed to enhance effects due to the absence of RAC/Ssb. The �ssb1 �ssb2 mutation causes severe cold sensitivity (33). Cells were then harvested in
the presence or absence of cycloheximide (CHX) as indicated. Lysates were separated on 15 to 55% sucrose gradients and subsequently fractionated
monitoring A254. The polysome/80S ratio represents the mean of 3 independent experiments, and the standard error of the mean is indicated. Quanti-
fications were performed using ImageJ software.
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esis that binding of nascent chains to Hsp70 homologs might fur-
ther their translocation through the tunnel in general (35), and in
the case of polylysine segments RAC/Ssb may thus help to over-
come stalling. The function of RAC/Ssb during translocation
through the ribosomal tunnel would then resemble the function
of other Hsp70 homologs during the translocation of polypeptides
across cellular membranes (78). Interestingly, it was recently
shown in the mammalian system that Hsp70 is depleted from the
vicinity of the exit tunnel during stress and that this depletion
correlates with translational pausing at an early stage of the elon-
gation process (79, 80). Moreover, a recent in vivo study in yeast
identified physiologically relevant cotranslational folding sub-
strates of RAC/Ssb. The analysis revealed that Ssb was preferen-

tially associated with nascent chains with a predicted low transla-
tion rate (38). Thus, a similar set of proteins might require the
RAC/Ssb system to facilitate translocation through the ribosomal
tunnel and subsequently fold. Alternatively, slow translation of
specific polypeptide segments in the absence of RAC/Ssb may also
hamper cotranslational folding, because polypeptides may not be
able to fold until a domain is fully synthesized (81). Of note, fold-
ing of the luciferase reporters, with or without a C-terminal poly-
lysine tail, was independent of RAC/Ssb (32; this study).

While we do not want to exclude an effect of RAC/Ssb on the
rate of elongation, our data suggest that RAC/Ssb significantly
impacts also on translation termination. Elongation factor mu-
tants cause polysome accumulation (59, 70), while translation ter-

FIG 9 Premature translation termination requires the translation termination factor Sup35. (A) Luc-K12-3HA was expressed in [PSI�] and [psi�] wild-type and
�zuo1 strains. Aliquots of total extracts were analyzed via immunoblotting using antibodies directed against luciferase (Luc) and Sse1. (B) Depletion of Sup35 is
lethal. �sup35 or �zuo1 �sup35 strains complemented with SUP35 on a Tet-off plasmid (wild-type-tet-SUP35 and �zuo1-tet-SUP35, respectively) fail to grow
in the presence of tetracycline (10 �g/ml). Tenfold serial dilutions of the indicated strains were spotted onto YPD plates with or without tetracycline. Growth was
assessed after 3 days at 30°C. (C) Depletion of Sup35 for short periods of time leads to slow growth. �zuo1-tet-SUP35 (see panel B) harboring GAL-Luc-K12-3HA
was grown in glucose-containing liquid medium with or without tetracycline for the indicated times. Luc-K12-3HA expression was then induced by shifting cells
to galactose-containing medium with tetracycline (� tet) or without tetracycline (� tet). Growth was monitored after the galactose shift. The doubling times (td)
are given. (D) Tetracycline treatment leads to Sup35 depletion. �zuo1-tet-SUP35 (see panels B and C) was grown in the presence of tetracycline for the time
periods indicated. The �zuo1 strain served as a control for normal Sup35 levels. Total extracts were analyzed via immunoblotting using antibodies recognizing
Sup35 and, as a loading control, Rpl24. (E) Sup35 is required for the expression of Luc-K12-3HA and Luc-K12t. The �zuo1-tet-SUP35 strain harboring
GAL-Luc-K12-3HA (see panel C) was grown on glucose-containing medium with or without tetracycline (tet) for the indicated periods of time and then shifted
to galactose-containing medium with or without tetracycline for 7 h to induce Luc-K12-3HA expression. Aliquots of total extracts were analyzed as described
above for panel D. (F) Sup35 depletion severely affects Luc-K12t expression. The �zuo1-tet-SUP35 strain harboring GAL-Luc-K12-3HA (see panel C) was grown
on glucose-containing medium with or without tetracycline for 20 h and then shifted to galactose-containing medium with or without tetracycline for the
indicated periods of time. Aliquots of total extracts were analyzed as described above for panel D.
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mination factor mutants do not (59, 71). We did not observe a
stabilization of polysomes in the absence of RAC/Ssb; thus, in this
respect, loss of RAC/Ssb more closely resembled a situation in
which termination does not occur properly. Also, it is difficult to
envisage how the stalling defect caused by the �asc1 mutation (see
above) could be overcome by the �ssb1 �ssb2 mutation. We rather
favor a model in which translation elongation is enhanced in the
�asc1 and �ssb1 �ssb2 �asc1 strains. However, due to mixed ef-
fects on elongation and termination, ribosomal transit time in the
�ssb1 �ssb2 �asc1 strain resembled that of the wild type. This
model is also consistent with the finding that �zuo1 and �ssb1
�ssb2 strains are highly sensitive to aminoglycosides, which affect
both elongation and termination, but do not display increased
sensitivity toward the elongation inhibitor CHX (23, 33, 35). Of
note, growth inhibition curves, as performed in this work, take
into account the fact that �zuo1 and �ssb1�ssb2 strains display
slow growth at 30°C. We found that, due to the underlying slow
growth phenotype of the mutant strains, CHX sensitivity on solid
media was difficult to assess. On the basis of these observations, we
speculate that RAC/Ssb might affect termination via modulating
the activity or specificity of the translation termination factors.
Indeed, the Sup35 subunit of the yeast termination factor is con-
nected to Ssb via multiple lines of evidence. Sup35 and Ssb phys-
ically interact (82). Also, RAC/Ssb is involved in the formation of
the [PSI�] factor, which is the prion version of Sup35 (44, 82–84).
Moreover, high levels of Ssb enhance the efficiency of translation
termination (45), while the absence of RAC/Ssb results in en-
hanced read-through at stop codons (23, 44). At first glance, it
seems puzzling that loss of RAC/Ssb enhances Sup35-Sup45-me-
diated polypeptide release at a sense codon, while at the same time
loss of RAC/Ssb enhances the frequency of read-through (23, 44).

However, this dual role of RAC/Ssb might simply indicate a gen-
eral decrease of Sup35-Sup45 performance in the absence of
RAC/Ssb.

A third possibility is that RAC/Ssb influences translation ter-
mination indirectly. In yeast cells lacking RAC/Ssb, the protein
kinase SNF1 is hyperactive, due to phosphorylation of a specific
threonine residue on the Snf1 subunit (46). SNF1 is the yeast
homolog of the mammalian AMP-activated protein kinase, which
regulates the activity of many proteins, including translation fac-
tors (85, 86), in response to glucose availability (87). Interestingly,
mutations within a specific threonine residue of Sup35, which can
be phosphorylated in vitro, severely affected the in vivo function
(88). The negative effect of the �asc1 mutation on premature ter-
mination of Luc-K12-3HA might also be connected to a deregu-
lation of signaling pathways. Asc1 and its mammalian homolog
RACK1 are not only part of the small ribosomal subunit but also
highly conserved adaptor proteins, which interact with compo-
nents of various signaling pathways and in this way affect the
activity of important kinases (14). It is thus possible that the effect
of the �asc1 mutation on ribosomal stalling involves modulation
of the activity of ribosomal proteins and/or of translation factors
via phosphorylation (2, 89–91).

In summary, Sup35-mediated premature termination at a
sense codon of a polylysine segment is a previously unrecognized
type of translational error. How exactly Sup35 induces hydrolytic
cleavage of a peptidyl tRNA in this situation is unclear. We also do
not know whether premature termination occurs, although with
lower frequency, independent of polylysine stalling. In fact, we
still lack substantial information on the communication between
stop codon decoding and peptide release, even when a canonical
stop codon is contained in the ribosomal A-site (23, 24). However,
our findings indicate that premature termination provides yet an-
other possibility for the cell to recycle ribosome-nascent chain
complexes.
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