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The ribosome-associated molecular chaperone complexes RAC (Ssz1p/Zuo1p) and Ssb1p/Ssb2p expose a
link between protein folding and translation. Disruption of the conserved nascent peptide-associated complex
results in cell growth and translation fidelity defects. To better understand the consequences of deletion of
either RAC or Ssb1p/2p, experiments relating to cell growth and programmed ribosomal frameshifting (PRF)
were assayed. Genetic analyses revealed that deletion of Ssb1p/Ssb2p or of Ssz1p/Zuo1p resulted in specific
inhibition of �1 PRF and defects in Killer virus maintenance, while no effects were observed on �1 PRF. These
factors may provide a new set of targets to exploit against viruses that use �1 PRF. Quantitative measurements
of growth profiles of isogenic wild-type and mutant cells showed that translational inhibitors exacerbate
underlying growth defects in these mutants. Previous studies have identified �1 PRF signals in yeast chro-
mosomal genes and have demonstrated an inverse relationship between �1 PRF efficiency and mRNA stability.
Analysis of published DNA microarray experiments reveals conditions under which Ssb1, Ssb2, Ssz1, and Zuo1
transcript levels are regulated independently of those of genes encoding ribosomal proteins. Thus, the findings
presented here suggest that these trans-acting factors could be used by cells to posttranscriptionally regulate
gene expression through �1 PRF.

Programmed ribosomal frameshifting (PRF) is a posttran-
scriptional regulatory mechanism in which elongating ribo-
somes are directed to shift the reading frame in response to
specific cis-acting signals in mRNAs. Many viruses, including
human immunodeficiency virus type 1, use PRF to optimize
the stoichiometric ratios between their structural and enzy-
matic proteins (5, 11). Changes in PRF efficiency alter those
ratios, inhibiting virion morphogenesis (9). In particular, ret-
roviruses appear to be very susceptible to such changes (4, 21,
33, 37). Thus, elucidation of the molecular mechanisms under-
lying PRF can aid in the rational design of antiviral therapeu-
tics (reviewed in reference 8). Though first discovered in vi-
ruses, it is also becoming apparent that programmed �1
ribosomal frameshifting (�1 PRF) is also used to regulate
expression of cellular genes (reviewed in reference 34). Given
the widespread use of PRF, it is important to understand the
molecular mechanisms underlying PRF and to identify cellular
factors that might be used to regulate these processes.

Ribosomes can be directed to shift by one base in either the
5� or 3� direction depending on the cis-acting signal. Pro-
grammed �1 ribosomal frameshifting is the result of a net shift
of the translational reading frame by 1 base in the 5� direction.
The shift is typically directed by a tripartite cis-acting mRNA
element composed of a (from 5� to 3�) heptameric slippery site,
a spacer, and a thermodynamically stable structure, typically an
mRNA pseudoknot (reviewed in reference 5). It is generally
accepted that �1 PRF requires a change in the forward kinet-
ics of elongation, e.g., that the stable secondary structure

forces elongating ribosomes to pause with their A- and P-site
tRNAs paired with bases 2 through 7 of the slippery site. The
nature of the slippery sites tends to be such that slippage of
tRNAs by 1 base in the 5� direction results in codon-anticodon
pairing in the nonwobble positions.

Yeast cells commonly harbor a symbiotic double-stranded
RNA virus called Killer (reviewed in reference 54). Killer is
composed of the L-A helper virus, which uses �1 PRF to
produce the correct ratio of structural (Gag) to enzymatic
(Gag-Pol) proteins and a satellite called M1, which encodes a
secreted toxin and relies on L-A as a source of viral particles
and replicase function. The Killer� phenotype of cells harbor-
ing L-A and M1 is due to the action of the secreted toxin, which
kills nearby uninfected cells (a proteolytic intermediate of the
protoxin confers immunity to infected cells). While changes in
�1 PRF tend to have profound effects on the propagation of
M1, L-A is much more resistant to these effects. Though the
reasons for this remain unclear, one explanation could be that
the L-A plus strand, which is the substrate for packaging into
nascent viral particles, is also the mRNA from which the viral
proteins are translated. The potentially high local concentra-
tions of viral proteins may allow the L-A mRNA plus strand to
package itself in cis, perhaps buffering the effects of changes in
the ratios of Gag to Gag-Pol. Nonetheless, the extreme sensi-
tivity of M1 (which must be packaged in trans) to changes in �1
PRF efficiency makes the yeast Killer virus an excellent model
system for studies of �1 PRF.

Programmed �1 ribosomal frameshifting (�1 PRF) is the
result of a net shift of the translational reading frame by 1 base
in the 3� direction. In Saccharomyces cerevisiae, the Ty1 retro-
transposable element heptameric sequence CUU AGG C di-
rects a �1 PRF event that results in synthesis of a TYA-TYB
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fusion protein (reviewed in reference 11). This mechanism is
driven by a ribosomal pause at the “hungry” AGG-Arg codon
which corresponds to a very low abundance Arg-tRNACCU.
The low abundance of the cognate A-site tRNA is thought to
cause a translational pause during which the P-site Leu-
tRNAUAG, which typically decodes the CUU codon in the
0-frame P-site, slips into the UUA codon in the overlapping
�1 frame. This creates a new A-site codon, GGC, a commonly
used Gly codon that is decoded by an abundant cognate tRNA.
The establishment of this codon-anticodon pair establishes the
�1 frameshift. Changes in Ty1 �1 efficiency also have pro-
found negative effects on Ty1 propagation.

A recurring motif in the history of modern molecular biology
is that basic molecular mechanisms are first identified in viral
systems. It is becoming apparent that PRF is widely used to
regulate the expression of cellular as well as viral genes. Pro-
grammed �1 frameshifting is widely used to regulate expres-
sion of ornithine decarboxylase antizyme (reviewed in refer-
ence 23), and in yeast, two other genes are known to use �1
PRF (2, 26). In mice, �1 PRF is required for translation of the
3� portions of the edr mRNA (27, 46), and in humans the
paraneoplastic Ma3 gene also uses a �1 frameshift (55).

Computational approaches have also been used to identify
�1 PRF signals in genome databases. A recent search of the
yeast genome for fusion genes produced by a �1 PRF event
employing a two-step approach identified 189 candidate genes
(3). Of 58 mRNAs tested, almost half expressed full-length
mRNAs encompassing both open reading frames, and se-
quences derived from 11 of these promoted highly efficient �1
PRF. An earlier study designed to identify sequence and struc-
ture motifs resembling viral �1 PRF signals identified signifi-
cant numbers of putative �1 PRF signals in many genomes,
found evolutionarily conserved �1 PRF signals in homologous
genes, identified known human disease alleles that colocalized
with putative �1 PRF signals, and demonstrated efficient �1
PRF promoted by sequences in two yeast genes in vivo (16).

Notably, nearly all of the �1 PRF signals were predicted to
direct elongating ribosomes into premature termination
events, generating the hypothesis that �1 PRF could be used
to target mRNAs for rapid degradation via the nonsense-me-
diated mRNA decay pathway. Proof-of-principle experiments
using a viral �1 PRF signal inserted in the “genomic organi-
zation” into a cellular reporter mRNA confirmed this notion
(41). Additional experiments demonstrating an inverse rela-
tionship between �1 PRF efficiency and mRNA half-lives sug-
gested that regulation of �1 PRF could be employed to post-
transcriptionally regulate gene expression. More recent
investigations along these lines have identified a significant
number of functional �1 PRF signals that can act as mRNA
destabilizing elements (J. D. Dinman, unpublished). Thus,
trans-acting factors that affect �1 PRF efficiency could poten-
tially regulate gene expression.

Genetic, biochemical, pharmacological, and molecular mod-
eling studies suggest that �1 PRF occurs either during or after
accommodation of aminoacyl-tRNA (aa-tRNA) into the ribo-
somal A-site and prior to peptidyltransfer (reviewed in refer-
ence 19). Alterations in the kinetics of aa- or peptidyl-tRNA
binding or in peptidyltransfer can affect the frequency of �1
PRF (29–32, 39). In contrast, the Ty1 �1 PRF occurs while the
ribosomal A-site is unoccupied, i.e., after translocation but

prior to delivery of aa-tRNA to the A-site. Since the �1 and
�1 PRF mechanisms occur at different stages of the elongation
cycle, they can be used as foils in mechanistic studies of trans-
lation elongation (19).

A search of the literature suggested the ribosome-associated
chaperone complex as candidate trans-acting factors that might
be used to regulate PRF. During the process of protein syn-
thesis, unfolded peptides are inevitably produced. Cells have
evolved a ribosome-associated chaperone complex to ensure
that nascent peptides are correctly folded and cleared from the
ribosome peptide exit tunnel (reviewed in reference 44). In
yeast, the functional chaperone is a triad composed of a func-
tional interaction between the Zuo1p/Hsp40 J-protein and
Ssb1p/Ssb2p, coupled with the Ssz1p Hsp70 homolog (14), an
arrangement that is universally conserved from bacteria to
humans (20). The Ssz1p–Zuo1p–Ssb1/2p chaperone system is
not present in bacteria. Bacteria have trigger factor instead.
Ribosomes isolated from mammalian cells possess a zuotin
homolog called MPP11 (20). MPP11 forms a complex with a
specific Hsp70 homolog (Hsp70L1), and the combination of
MPP11 and Hsp70L1 (mammalian RAC) can complement the
lack of RAC in yeast (36). However, the issue of whether or
not Ssb1/2p is conserved from yeast to humans remains un-
clear.

The current study was motivated by the observation that
deletion of this complex has been shown to have functional
consequences. Specifically, ssb1� ssb2� and ssz1� zuo1� cells
grow slowly, are cold sensitive, are hypersensitive to high os-
molarity and to aminoglycoside antibiotics (13, 35, 56), and
promote increased rates of nonsense and missense suppression
under certain conditions in yeast (42). Here, data are pre-
sented showing that �1 PRF is specifically repressed in ssb1�
ssb2� and ssz1� zuo1� cells and that these cells are hypersen-
sitive to two translational inhibitors that were previously shown
to affect this process. The implications of these findings with
respect to their relevance to posttranscriptional regulation of
gene expression are discussed.

MATERIALS AND METHODS

Yeast strains, media, and genetic methods. The S. cerevisiae strains used in this
study are presented in Table 1. All experiments were carried out at 30°C unless
otherwise indicated. The ssz1� zuo1� (Rac�) and ssb1� ssb2� strains were
provided by Sabine Rospert. Escherichia coli DH5� was used to amplify plas-
mids, and transformations were performed by using standard calcium chloride
methods (45). Yeast strains were transformed by using the alkali cation method
(22), and yeast media were prepared as previously described (10). The L-A and
M1 viruses were transferred to [rho0] cells by cytoplasmic mixing (cytoduction)

TABLE 1. Yeast strains used in this study

Strain Description Source

5�47 Standard diploid killer tester J. D. Dinman
JD758 MATa kar1-1 arg1 [L-AHN M1] J. D. Dinman
MH272 3f� MAT� leu2 ura3 trp1 ade2 �his3

GAL� HMLa rme1
S. Rospert

IDA12 MAT� leu2 ura3 rme1 trp1 �his3
GAL� HMLa ade2 ssz1::LEU2
zuo1::TRP1

S. Rospert

IDA56A MAT� leu2 ura3 trp1 ade2 �his3
GAL� HMLa rme1 ssb1::KAN
ssb2::HIS3

S. Rospert

VOL. 5, 2006 RIBOSOME-ASSOCIATED CHAPERONES AND FRAMESHIFTING 763



using a kar1-1 donor strain, and killer assays were performed as described
previously (10). Total nucleic acids were isolated from the cytoductants as pre-
viously described (12) and treated with RNase A under high-salt conditions (500
mM NaCl) to degrade single-stranded RNA. Nucleic acids were extracted, sep-
arated through a 1% agarose-Tris-acetate-EDTA gel, and visualized with
ethidium bromide.

Plasmids and programmed ribosomal frameshifting assays. Reporter plas-
mids used to quantitatively monitor PRF in yeast cells are shown in Fig. 1.
pYDL-control, pYDL-LA, and pYDL-Ty1 have been described previously (18).
These are dual-luciferase reporter plasmids based on the pRS series of yeast
shuttle vectors (6, 47). From 5� to 3�, each reporter contains the ADH1 promoter,
a translational start site, the Renilla luciferase gene, a multiple cloning site, the
firefly luciferase gene, and the CYC1 transcription termination signal. In the
0-frame control pYDL-control, the firefly luciferase gene is in the 0 frame with
respect to the Renilla gene. In pYDL-LA, the firefly luciferase gene is in the �1
frame respective to the Renilla gene and is 3� of the L-A viral �1 PRF signal. In
pYDL-Ty1 the firefly luciferase gene is in the �1 frame relative to the Renilla
luciferase gene and is 3� of the Ty1 �1 PRF signal. Thus, in pYDL-LA and
pYDL-Ty1, firefly luciferase is expressed only consequent to a �1 or �1 PRF
event, respectively.

Another 0-frame control reporter was made to control for potential effects of
the L-A mRNA pseudoknot on ribosome processivity. Oligonucleotide site-
directed mutagenesis was performed to insert a cytosine 5� of the L-A �1 PRF
signal in pYDL-LA. The resulting construct, pYDL-LA0, maintains the se-
quence and mRNA pseudoknot structure of pYDL-LA, but the �1 PRF signal
is inactivated by placing the slippery site out of frame with respect to the
incoming ribosomes. The single base insertion moves the firefly luciferase gene

into the same reading frame as the Renilla luciferase gene, making the resulting
construct a 0-frame control for pYDL-LA.

Luciferase assays were performed as described previously (18). Frameshifting
data were analyzed using the statistical method described previously (24) to
ensure that all data sets were normally distributed and passed the 95% confi-
dence levels.

In vivo and in vitro DMS modification and RNA sequencing. rRNAs were
modified in vivo using dimethyl sulfate (DMS) as previously described (28).
Briefly, logarithmically growing wild-type and mutant cultures were collected and
treated with either 80 mM or 160 mM dimethyl sulfate (molecular biology grade;
Sigma, St. Louis, MO). Both untreated and stop controls were included. Treat-
ment with DMS proceeded for 3 min, �-mercaptoethanol was added to a final
concentration of 0.7 M, and samples were then treated with ice-cold water-
saturated isoamyl alcohol. Cells were washed with water and collected by cen-
trifugation, and nucleic acids were extracted with acid phenol and treated with
DNase, and RNAs were precipitated with ethanol.

For in vitro DMS protection studies, ribosomes were purified from logarith-
mically growing cells by glass bead lysis and purified by ultracentrifugation as
previously described (32). Purified ribosomes were treated with 1 mM puromycin
and 1 mM GTP for 30 minutes at 37°C to remove aa-tRNAs and elongation
factors. Treated ribosomes were then incubated with DMS as previously de-
scribed (25). RNAs isolated from DMS-treated and untreated cells and ribo-
somes were annealed with 32P-end-labeled primers (Table 2) by incubation at
70°C followed by slow cooling and holding for 5 min to 40°C followed by
immediate transfer to ice. These oligonucleotides were designed to provide full
coverage of the A-site finger (helix 38), the peptidyltransferase center, the A- and
P-loops, and the sarcin/ricin loop. Primer extension and RNA sequencing were

FIG. 1. Dual-luciferase reporters for in vivo determination of PRF efficiencies in yeast. In all reporters, transcription is initiated from the yeast
ADH1 promoter and terminated at sequence derived from the CYC1 3� untranslated region. The Renilla and firefly luciferase genes are cloned in
tandem and are separated by a multiple cloning site (MCS). In pYDL-control, the Renilla and firefly luciferase genes are in frame with one another and
produce a fusion of the two proteins. In pYDL-Ty1 and pYDL-LA, the Ty1 �1 and L-A �1 PRF signals are inserted in the MCS and the firefly luciferase
gene is in the �1 or �1 reading frame, respectively, relative to the Renilla luciferase gene. pYDL-LA0 is an alternative 0-frame control reporter in which
a cytosine residue was inserted upstream of the L-A �1 PRF signal to inactivate frameshifting while also bringing the firefly and Renilla luciferase
genes into frame with one another. PRF efficiencies were calculated by dividing the ratio of firefly to Renilla luciferase generated from cells
harboring the �1 or �1 test vector by the ratio of firefly to Renilla luciferase generated from cells harboring either of the 0-frame control plasmids.

764 MULDOON-JACOBS AND DINMAN EUKARYOT. CELL



performed using avian myeloblastosis virus reverse transcriptase and nucleoside
triphosphates (Roche, Mannheim, Germany) at 42°C for 30 min. Products were
separated through 10% urea–acrylamide gels followed by visualization on a
Kodak phosphorimager.

Growth curves and drug sensitivity assays. Growth and drug sensitivity assays
were performed in duplicate with constant high-intensity shaking at 30°C. Opti-
cal density (OD) measurements were recorded automatically using a Synergy HT
microplate reader (Bio-Tek Instruments, Inc., Winooski, VT) at 595 nm and
sampled every 17 min for 28 h. Cultures were inoculated from saturated over-
night cultures to a starting OD595 of 0.05 into prewarmed 500-�l wells with or
without drugs. Anisomycin and sparsomycin were obtained from Sigma Aldrich
(St. Louis, MO).

Data analysis was done as previously described (51, 52). Optical density data
were smoothed and log transformed. Estimation of lag phase was determined by
calculating the slope over eight time points, approximately 2.5 h. The intercept
of the highest calculated slope was designated the lag phase. Doubling times
were determined by calculating the slope between every third data point on the
growth curve. The lowest five of the seven highest slopes were averaged, giving
the mean doubling time (DT). Doubling time was calculated as (log10 2)/mean
DT. Stationary-phase OD was calculated by first determining the standard de-
viation of the final six OD measurements. A standard deviation of 	2% of the
final OD was used to designate the culture as being in stationary phase. The OD
change is determined by subtracting the initial OD from the final OD.

RESULTS

Specific repression of �1 but not �1 PRF. A previous study
demonstrated that mutants of the RAC-Ssb1p/2p chaperone
complex exhibited increased rates of both nonsense and mis-
sense suppression in the presence of paromomycin (42). Based
on these observations, we assayed the effects of these mutants
on a different aspect of translational fidelity, PRF. Isogenic
wild-type, ssz1� zuo1� (Rac�), and ssb1� ssb2� cells were
transformed with the reporter plasmids shown in Fig. 1 and
PRF efficiencies were determined as previously described (18,
24). The mutants had little effect on �1 PRF (1.1- and 0.9-fold
difference with respect to the wild type, respectively). In con-
trast, translational fidelity as monitored by �1 PRF was actu-
ally enhanced, i.e., deletion of either portion of the Rac-Ssb1/2
chaperone complex inhibited �1 PRF to approximately half of
the wild-type level (Table 3). Given the previous findings of de-
creased translational fidelity by these mutants, the results of these
analyses were not anticipated.

It is possible that a defect in ribosome processivity, e.g.,
decreased ability to resolve and transit through the mRNA
pseudoknot in the �1 PRF signal, could result in an apparent
but false inhibition of �1 PRF. pYDL-LA0 was designed and
utilized to address this possibility. This 0-frame control re-
porter is identical to pYDL-LA except for the addition of one
cytosine residue 5� of the L-A �1 PRF signal. This base inser-
tion inactivates the �1 PRF signal by moving the slippery site
out of frame with regard to incoming ribosomes while retaining
the mRNA pseudoknot structure. Isogenic wild-type and mu-

tant cells were transformed with pYDL-LA0 and pYDL-LA,
and �1 PRF efficiencies were determined. These results con-
firmed that the absence of the ribosome-tethered chaperone
complex resulted in repression of �1 PRF (Table 3).

Killer virus maintenance defects. The efficiency of �1 PRF
determines the ratio of structural to enzymatic proteins avail-
able for virus particle assembly, and altering �1 PRF efficiency
has a severe negative impact on the ability of yeast to propa-
gate the L-A and M1 Killer viruses (9). Thus, if inactivation of
the ribosome-tethered chaperone truly inhibited �1 PRF, then
such cells would not be able to propagate the Killer virus. The
L-A helper and M1 satellite viruses were introduced into iso-
genic [rho0] wild-type and mutant cells by cytoduction, and
cytoductants were then assayed for the killer phenotype. While
wild-type cells were Killer�, neither the ssz1� zuo1� nor the
ssb1� ssb2� strain was able to maintain the Killer phenotype
(Fig. 2A).

To determine whether the Killer� phenotype was due to virus

FIG. 2. Deletion of the Rac-Ssb1/2 chaperone complex results in
killer virus maintenance defects. The endogenous yeast L-A and M1
killer viruses were introduced into isogenic [rho0] wild-type and mutant
strains by cytoduction at the indicated temperatures. A. Killer virus
maintenance phenotypes. Cytoductants were replica plated onto a
lawn of diploid, Killer� 5X47 indicator cells and incubated at 20°C for
3 days. Killer activity is scored by the zone of growth inhibition around
colonies. B. Analysis to determine the presence of viral double-
stranded RNAs. Total nucleic acids were extracted from isogenic cells,
subjected to RNase A treatment in 500 mM NaCl, and separated
through a 1% Tris-acetate-EDTA-agarose gel. Genomic DNA
(gDNA) and the L-A and M1 double-stranded RNAs are indicated.

TABLE 2. Oligonucleotides used for primer extension

Primer Sequence (5�33�) 25S rRNA coverage

25-1 CTTACCAAAAATGGCCCGTC Expansion segment 12,
helix 38

25-4 TAGGCCACACTTTCATGGT Helix 86–80
25-6 AACCTGTCTCACGACGG Helix 93–89
25-7 CTTGATCAGACAGCCGC Helix 95–93
25-8 GACGCCTTATTCGTATCCA Helix 98–95
25-9 GGGACAGTGGAAATCTC Helix 61–75

TABLE 3. Inactivation of the RAC-Ssb1/2 chaperone complex
specifically inhibits �1 PRF a

Strain �1 PRF
(% of wt)

�1 PRF
(% of wt)

�1 PRFb

(% of wt)

MH272 3f�
(wild type)

7.6 
 0.1 9.0 
 0.3 7.3 
 0.3

IDA12
(ssz1� zuo1�)

8.1 
 0.3 (1.1) 4.5 
 0.2 (0.5) 4.3 
 0.1 (0.6)

IDA56A
(ssb1� ssb2�)

6.8 
 0.3 (0.9) 4.4 
 0.2 (0.5) 4.4 
 0.1 (0.6)

a Dual-luciferase reporter plasmids were used to measure PRF in the Rac�

(ssz1� zuo1�) and ssb1� ssb2� mutants. The �1 PRF and �1 PRF values were
determined using the Renilla-firefly readthrough cassette (pYDL-control) as a
0-frame control 
 standard errors determined as previously described (24). wt,
wild type.

b Determined using the out-of-frame L-A frameshift signal (pYDL-LA0) as a
0-frame control.
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maintenance defects, as opposed to, e.g., defects in the processing
or secretion of the killer toxin (reviewed in reference 53), total
nucleic acids were extracted from isogenic wild-type and mutant
cells, separated through an agarose-Tris-acetate-EDTA gel, and
visualized by ethidium bromide staining. Compared to those in
wild-type cells, M1 double-stranded RNA viral copy numbers
were significantly decreased in the mutant cells; in fact, trace
amounts of M1 double-stranded RNA could be visualized in the
mutants only by loading approximately five times more sample
than extracts of wild-type cells (Fig. 2B). The inability of the RAC
mutants to maintain M1 provides independent confirmation that
they confer a defect in �1 PRF.

Quantitative growth defect analyses. The ssb1� ssb2� and
Rac� mutants are characterized by slow growth, cold sensitiv-
ity, hypersensitivity to high osmolarity, and hypersensitivity to
aminoglycosides (13, 35, 56). To better understand the func-
tional significance of the ribosome-associated chaperone com-
plex, growth profiles of isogenic wild-type and mutant cells
were quantitatively determined and compared. As summarized
in Fig. 3 and Table 4, almost twice as much time was required
for mutant cells to exit lag phase, and doubling times were
similarly delayed in log phase. Mutant cells also reached sta-
tionary phase at significantly lower densities than did their
wild-type counterparts. These findings suggest that inefficient
utilization of energy resources consequent to defective protein
translation resulted in decreased rates of cell growth and pre-
mature medium depletion by the mutants.

Anisomycin and sparsomycin are small molecules that bind
to the peptidyltransferase center of ribosomes, interfering with
normal peptidyl transfer and tRNA binding (reviewed in ref-
erence 38). Sensitivity to these drugs is indicative of changes
within the functional center of the ribosomes that affect either
peptidyl transfer or tRNA binding. Quantitative analyses of
cell growth in the presence of these drugs were used to monitor

the effects of the RAC mutants on this region of the ribosome.
While the rate of increase in the doubling times in the mutants
increased, the wild-type doubling time was essentially unaf-
fected at the same drug concentrations. This indicates that the
mutants are sensitive to both anisomycin and sparsomycin,
consistent with a defect in translation. (Fig. 3A and B).

DMS protection assays. Empirical studies and modeling of
the mechanism of �1 PRF suggested that defects in the ability
to accommodate aa-tRNAs into the ribosomal A-site should
promote specific inhibition of �1 PRF (reviewed in reference
19). Potentially, if nascent peptides are not efficiently chaper-
oned upon exit from the ribosome, the ribosome exit tunnel
could become congested, backing up into the peptidyltrans-
ferase center. This could result in displacement of the 3� ends
of peptidyl-tRNAs toward the A-site, which in turn might in-
hibit the ability of new aa-tRNA to properly accommodate the
A-site. Alternatively, the absence of the ribosome-associated
chaperone complex could in some way affect ribosome assem-
bly and hence its final structure. In either event, changes in
tRNA positioning or overall ribosome structure could be re-
flected by changes in the accessibility of rRNA bases in this
region to small chemical probes.

In vivo and in vitro DMS probings of rRNA were employed
to test this hypothesis. While in vitro probing can identify
structural changes in the nontranslating ribosome population,
in vivo analysis provides a means to sample all of the ribosomes
in all states of translation (nontranslating ones as well), en-
abling a global view of ribosome status. This can potentially
allow detection of innate structural differences as well as iden-
tifying elusive differences that may occur during specific stages
of translation elongation.

Logarithmically growing cells were incubated with two dif-
ferent concentrations of DMS (or no-DMS controls), total
RNAs were extracted, and primer extension reactions using
32P-labeled oligonucleotides sufficient to probe the entire pep-
tidyltransferase center, the sarcin/ricin loop, and helix 38 were
employed as described in Materials and Methods. Puromycin-
treated purified ribosomes were also probed with DMS in
vitro.

Figure 4 shows a representative autoradiogram of in vivo
and in vitro DMS protection assays using primer 25-6. Al-
though these autoradiograms show DMS-specific changes in
base protection patterns, there were no detectable changes
between wild-type and mutant ribosomes probed either in vivo
or in vitro. The apparent ssb1� ssb2� mutant-specific changes
at positions 2932 and 2935 in the in vitro assay are artifacts of
this particular autoradiogram. The in vitro probing experi-
ments demonstrate that lack of the ribosome-associated chap-
erone complex does not affect overall ribosome structure. As
discussed below, however, the in vivo DMS protection assay
may not be sensitive enough to detect changes in protection

FIG. 3. Growth curves of isogenic cells in the presence and absence of translational inhibitors. Cultures were inoculated from saturated
overnight cultures into prewarmed 500-�l wells with or without the indicated drugs to an OD595 of 0.05. OD595 measurements were taken every
17 min for 28 h and recorded automatically using a Synergy HT microplate reader. Doubling times in the presence of anisomycin (A) or
sparsomycin (B) during log-phase growth were calculated for increasing drug concentrations. Inset graphs indicate the fold changes in doubling
times of the mutants in the presence of increasing drug concentrations normalized to that of wild-type cells under the same conditions.

TABLE 4. Quantitative analyses of growth characteristics of cells
lacking the RAC� Ssb1/2 chaperone complex a

Parameter Wild type
(MH272 3f�)

ssz1� zuo1�
mutant

(IDA12)

ssb1� ssb2�
mutant

(IDA56A)

Lag phase (h) 8.3 15.2 14.3
Doubling time

(log phase) (h)
1.5 2.2 2.0

Increase in OD (units) 5.0 3.8 2.9
Anisomycin lethal dose

(�g/ml)
25 9 9

Sparsomycin lethal dose
(�g/ml)

25 12 9

a Growth and drug sensitivity assays were performed in duplicate with constant
high-intensity shaking at 30°C in YPAD with or without drugs, and OD595
measurements were recorded automatically every 17 minutes for 28 hours. Data
were corrected for nonlinearity of readings at high densities, smoothed, and log
transformed. Estimation of lag phase and stationary-phase OD were calculated
as described in the text.
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patterns if a given defect affects only a small fraction of elon-
gating ribosomes.

DISCUSSION

The ribosome-associated molecular chaperones interact
with nascent polypeptide chains, and it is hypothesized that
they help them to fold properly and prevent their aggregation.
The data presented here indicate that these chaperones are not

only involved in nascent polypeptide binding and protein fold-
ing, but also affect innate ribosomal processes involved in
translational fidelity. It has been suggested that nascent polypep-
tides can signal backwards to the peptidyltransferase center (44).
The lack of effects of the mutants on �1 PRF, coupled with the
inhibition of �1 PRF, and stimulation of missense and nonsense
suppression can be used to infer the mechanistic consequences of
such signaling on ribosome function.

As discussed in the integrated model, programmed ribo-
somal frameshifting must be considered within the context of
the translation elongation cycle (19). In turn, the hybrid-states
model of the translation elongation cycle has been described in
terms of a series of nine discrete steps (reviewed in reference
15). �1 PRF occurs while the A- and P-sites of the large
ribosomal subunit are occupied by tRNAs. Viewed within
the context of the hybrid-states model and taking other
genetic and biochemical data into account, this event was
narrowed down to a window occurring after delivery of aa-tRNA
to the A-site by elongation factor 1A (eEF1A) and prior to pep-
tidyl transfer (19).

The 9-Å model, which examines the mechanism of �1 PRF,
further narrows this window, predicting that inhibition of the
accommodation step of the elongation cycle would decrease
the steady-state abundance of the substrate for �1 PRF, de-
creasing the frequency of this event (40). This prediction is
supported by the observation that anisomycin, which inhibits
accommodation by competing with the 3� end of the aa-tRNA
for the A-site of the peptidyltransferase center (17), specifically
inhibits �1 PRF (7, 24). Similarly, as accommodation is the
rate-limiting step of the elongation cycle (reviewed in refer-
ence 43), such defects would also be expected to result in
decreased fidelity of other events that rely on proper A-site
occupancy states, whether it be the ability to discriminate be-
tween cognate and near-cognate aa-tRNAs (missense suppres-
sion) or between release factors and near- or noncognate aa-
tRNAs (termination suppression). In contrast, since �1 PRF
occurs when the A-site of the small subunit is unoccupied (19),
it should not be affected by these mutants.

Figure 5 shows a set of cartoons describing how accommo-
dation may be inhibited by this class of mutants. In normal
circumstances (Fig. 5A, lower panel), the 3� end of the accep-
tor tRNA moves from the A- to the P-site of the large subunit
upon peptidyl transfer, occupying the A/P hybrid state, which is
then followed by translocation, moving the peptidyl-tRNA to
the P/P hybrid state. This in turn pushes the nascent peptide up
into the exit tunnel. The presumed role of the ribosome-asso-
ciated chaperone complex is to act at the other end of the exit
tunnel, helping to ensure smooth passage of the nascent pep-
tide out of the ribosome (Fig. 5A, upper panel).

Akin to the proposed activity of erythromycin, which binds
to the inside of the polypeptide exit tunnel, thus blocking
peptide synthesis (49), the absence of ribosome-tethered mo-
lecular chaperones could result in peptide aggregation, block-
ing the polypeptide exit tunnel and creating problems inside
the ribosome (Fig. 5B, upper panel). If movement of the nas-
cent peptide into the tunnel were inhibited, the 3� end of the
acceptor tRNA would also be prevented from fully occupying
the P-site (Fig. 5B, lower panel). Such misplacement of the
peptidyl-tRNA 3� end would in turn inhibit the accommoda-
tion of the 3� end of the incoming aa-tRNAs into the A-site.

FIG. 4. DMS protection experiments: representative autoradio-
grams probing the vicinity of the peptidyltransferase center using
primer 25-6. In vivo probing of intact cells and in vitro probing using
puromycin-treated purified ribosomes are indicated. Sequencing reac-
tions indicated by CTAG are located to the left of each set. W, wild
type; R�, ssz1� zuo1� mutant; and S�, ssb1� ssb2� mutant. Un-
treated samples are denoted by dashes, and DMS treatment in the in
vivo assays is denoted by a wedge (80 mM or 160 mM DMS) and in the
in vitro assays by � symbols. Representative bases of yeast 25S rRNA
are numbered.
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Although we had hoped that changes in the tRNA occu-
pancy status at the peptidyltransferase center might have been
detectable as alterations in the accessibility of rRNA residues
in this area, the in vivo DMS modification data were inconclu-
sive. This is not surprising given the fact that only approxi-
mately 5% to 10% of translating ribosomes participate in the
highly transient �1 PRF event. However, the absence of gross
changes in rRNA modification patterns in purified ribosomes
supports the model discussed above by arguing against the
notion that the observed effects were indirectly due to gross
changes in ribosome structure.

The quantitative analyses of the effects of the mutants on
cell growth point to the biological importance of the ribosome-
associated chaperone complex not only as cellular chaperones,
but also as direct effectors of translation elongation. In a log-
arithmically growing yeast cell, an overwhelming fraction of
resources is devoted to protein synthesis (reviewed in refer-
ence 50). In the growth conditions normally used in the labo-
ratory, i.e., unlimited nutritional resources, ideal temperatures,
osmolarity, and aeration, the absence of this complex inhibits
rates of cell growth and division. However, conditions in the
real world are less than ideal, and the ability to posttranscrip-
tionally regulate the translational machinery can significantly

extend valuable resources and/or activate new biosynthetic
pathways. Evidence that the RAC complex may be involved in
such regulation comes from DNA microarray experiments in
which mRNAs encoding components of the RAC complex are
specifically downregulated independently of those encoding
components of the translational apparatus under conditions
that affect chromatin remodeling and peroxisome assembly (1,
48). Thus, in addition to the obvious function of ensuring
proper folding of nascent peptides, another intriguing possi-
bility is that this complex may be used to regulate protein
translation by, e.g., regulating �1 PRF efficiency or rates of
nonsense and missense suppression. As such, it may also
present an attractive target for drugs directed against viruses
that utilize these mechanisms.
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