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A set of genome-wide screens for proteins whose absence exacerbates growth defects due to pseudo-
haploinsufficiency of ribosomal proteins in Saccharomyces cerevisiae identified Dom34 as being particularly
important for cell growth when there is a deficit of 40S ribosomal subunits. In contrast, strains with a deficit
of 60S ribosomal proteins were largely insensitive to the loss of Dom34. The slow growth of cells lacking Dom34
and haploinsufficient for a protein of the 40S subunit is caused by a severe shortage of 40S subunits available
for translation initiation due to a combination of three effects: (i) the natural deficiency of 40S subunits due
to defective synthesis, (ii) the sequestration of 40S subunits due to the large accumulation of free 60S subunits,
and (iii) the accumulation of ribosomes “stuck” in a distinct 80S form, insensitive to the Mg>* concentration,
and at least temporarily unavailable for further translation. Our data suggest that these stuck ribosomes have
neither mRNA nor tRNA. We postulate, based on our results and on previously published work, that the stuck
ribosomes arise because of the lack of Dom34, which normally resolves a ribosome stalled due to insufficient
tRNAs, to structural problems with its mRNA, or to a defect in the ribosome itself.

Efficient growth requires efficient ribosome biosynthesis,
since ribosome synthesis consumes a large proportion of the
cell’s resources (38). Efficient ribosome biosynthesis requires
the equimolar production of the many ribosomal proteins
(RPs) matched to the transcription of rRNA. While the cell
has evolved mechanisms to do this effectively, experimental
manipulations that bring about an imbalance in the compo-
nents reveal systems for the rapid degradation of excess RPs or
rRNAs (19, 35, 37, 39). The development of resources and
methods for the systematic genome-wide screening of Saccha-
romyces cerevisiae provides an opportunity to examine the sur-
veillance and degradation of ribosomal subunits in greater
detail. Such surveillance mechanisms should come into play
under conditions where a single ribosomal protein is limiting.
Our approach therefore was to identify gene products that
would exaggerate the growth defect in such a situation. We
anticipated identifying not only proteins potentially involved in
ribosome surveillance but also those involved in processes
downstream of ribosome synthesis, namely, translation.

To set up a screen in which the synthesis of one ribosomal
subunit was limiting, we made use of the fact that most RPs in
yeast are encoded by two genes with nearly identical gene
products. Strains with a deletion of one of those, while viable,
will generate substantial amounts of preribosomes that are
missing the protein in question. Predicting that a cell’s failure
to properly deal with such defective preribosomes, or their
consequences, could be deleterious for growth, we carried out
synthetic genetic array (SGA) analysis against an array of non-
essential gene deletion strains.

SGA screens using strains with a deletion of one of the genes
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encoding Rpll, Rpl4, or Rps6 identified a number of genes
whose products might be involved in the turnover of aberrant
ribosomes. The investigation of these genetic interactions is
ongoing. In this communication we focus on DOM34, a gene
whose deletion resulted in reduced fitness in combination with
rps6aA but not rplIbA or rpl4aA. Dom34 is an interesting pro-
tein, having been implicated circumstantially in a number of
aspects of translation. It is important for the growth of cells
deficient in Rps30 (4) and in instances where translation ini-
tiation is compromised by constitutively active Gen2 (1). Hav-
ing been implicated in the “no-go” decay of mRNA whose
translation has been halted, e.g., by a strong secondary struc-
ture (5), it has now been shown to release a ribosome, stuck at
a “hungry” codon, from both its peptidyl-tRNA and its mRNA
(32). Dom34 is involved in the elimination of 40S subunits that
carry nonfunctional mutations in the decoding site of 18S
rRNA, although in this case, 40S subunit turnover is exceed-
ingly slow (2). The lack of Dom34 suppresses the phenotype of
cells depleted of late-acting 40S assembly factors such as Nob1,
apparently by allowing more time for the final steps of 40S
maturation to occur and even for immature 40S particles to
become associated with functional polyribosomes (33). Our
results suggest that the lack of Dom34 leads to an unusual class
of 80S ribosomes that are resistant to dissociation even though
they appear to lack both mRNA and tRNAs. We suggest that
these “stuck” ribosomes represent incompletely resolved prod-
ucts of defective translation, likely related to no-go situations.
We conclude that the lack of Dom34 inhibits the growth of
cells pseudo-haploinsufficient for a RPS gene by exacerbating
the already short supply of 40S subunits.

MATERIALS AND METHODS

Strains. Strains used in this study are described in Table 1. The query strains
were constructed by the integrative transformation of a PCR product in which
the nourseothricin (clonNAT) resistance gene under the Ashbya gossypii TEFI1
promoter replaces the open reading frame (ORF) of the gene in question (34).
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TABLE 1. Strain list

Strain

Genotype

Reference or Source

Y7092 (wt)

ABY4 (rpl1bA)

ABY?2 (ura3A)

ABY7 (rps6al)

ABYS5 (rpl4al)

ABYS (dom34A)

ABY10 (rps6aA dom34A)
ABY9 (hbsIA)

ABY12 (dom34A rpl4aA)
ABY11 (rps6aA hbsIA)
ABY13 (hcrlA)

ABY14 (hcrlA dom34A)
KBM26 (funi2A)

ABY15 (funl2A dom34A)
ABY16 (rps6aA dom34A rpldal)
BY4741

ABY17 (bud2IA)

ABY20 (bud2IA dom34A)
ABY18 (tsr2A)

ABY21 (1sr2A dom34A)
ABY19 (yarlA)

ABY22 (yarIA dom34A)

mato canl A::STE2pr-Sp_his5 lyplA his3A1
leu2AOA ura3A0 met15A0 LYS2*

Y7092 rpllbA::natR

Y7092" ura3A::natR

Y7092% rps6aA::natR

Y7092* rpl4aA::natR

Y7092" dom34A::natR

Y7092* rps6aA::natR dom34A::G418R

Y7092" hbsiA::natR

Y7092* rpldalA::natR dom34A::G418R

Y7092" rps6aA::natR hbs1A::G418R

Y7092 herlA::natR

Y7092 herlA::natR dom34A::G418R

Y7092* funl2A::natR

Y7092 funi2A::natR

Y7092* rpldalA::natR dom34A::G418R rps6al::ura3

mata his3A1 leu2A0 lys2A0 met15A0 ura3A0

BY4741" bud21A::G418R

Y7092" dom34A::natR bud21A::G418R

BY47417" 1sr2A::G418R

Y7092" dom34A::natR tsr2A::G418R

BY47417" yarlA::G418R

Y7092" dom34A::natR yarl A::G418R

34

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
34

This study
This study
This study
This study
This study
This study

Buffers. LHB buffer contains 0.1 M NaCl, 0.01 M Tris-Cl (pH 7.4), and 30 mM
MgCl, (10). TMN buffer contains 0.05 M Tris-acetate (Ac) (pH 7.0), 0.05 M
NH,CI, and 12 mM MgCl,. AE buffer contains 50 mM NaAc (pH 5.3) and 1 mM
EDTA.

SGA methods. Duplicate SGA screens of strains ABY2 (ura3A), ABY4
(rpl1bA), ABYS (rpl4aA), and ABY7 (rps6aA) (Table 1) were performed against
the nonessential gene deletion array (~4,300 strains). Each screen was con-
ducted with duplicate copies of the array in a 1,536-colony-per-plate format
according to standard SGA protocols (34). Subsequently, other query strains
used to perform SGA screens were derived from the parental Y7092 strain.
Visual inspection and computer-based analysis of digital images were used to
identify double mutant strains exhibiting fitness (growth) defects. Interactions
were confirmed by random spore analysis and by growth rate determinations.

Growth curve analysis. Individual strains were streaked onto appropriate
selection plates at 30°C, and single colonies were inoculated after appropriate
dilution into 150 pl yeast extract-peptone-dextrose (YPD) in a 100-well plate for
the Bioscreen C instrument and grown at 30°C. Light scattering was determined
at 30-min intervals over 48 to 60 h, and the doubling time during log phase was
determined algebraically. The analyses were performed at least in triplicate with
a standard error of generally <5%. The fitness phenotypes of double mutant
strains were calculated according to methods described previously (20), using the
multiplicative model for genetic interactions.

Sucrose gradient analysis. Cycloheximide was added to a final concentration
of 100 pg/ml to a 50-ml culture in YPD at an optical density at 600 nm (ODj)
of 0.5 to 1.0. The culture was swirled rapidly and immediately poured over
crushed ice. The cells were collected by centrifugation and washed with LHB
buffer (except where indicated) containing 100 pg/ml cycloheximide and 200
wg/ml heparin. The washed cells were resuspended in 0.5 ml of the same solution
and disrupted by shaking with an equal volume of glass beads in a bead beater.
Next, 0.5 ml of buffer was added, and the sample was centrifuged at 10,000 rpm
for 5 min to remove debris. The supernatant was layered over a 10% to 50%
(wt/vol) sucrose gradient in TMN buffer (except where indicated) and centri-
fuged at 4°C for 150 min at 39,000 rpm in an SW41 rotor. The gradient was
analyzed by using a density gradient fractionator (ISCO model 640), recording
UV absorbance at 260 nm. Where indicated, the extracts were prepared in LHB
buffer containing 1.5 mM MgCl, and centrifuged in TMN buffer containing 1.5
mM MgCl,.

As an alternative approach to freezing polyribosomes on mRNA, we analyzed
sucrose gradients of extracts prepared with 1% formaldehyde (HCHO) instead
of cycloheximide (36), with the following modifications. HCHO was added to a
final concentration of 1% to a 50-ml culture in YPD, which was immediately
poured over crushed ice. After 1 h, HCHO cross-linking was terminated by the
addition of glycine to a final concentration of 0.1 M. Subsequent steps were

identical to those described above using LHB and TMN buffers containing 1.5
mM MgCl, but no cycloheximide.

RNA extraction, RNA slot blots, and Northern and qPCR analysis. RNA was
extracted from different populations of ribosomes using AE buffer-saturated
phenol and AE buffer-saturated phenol-chloroform-isoamyl alcohol (25:24:1).
For RNA slot blots, an equal volume of RNA from individual fractions was
loaded. 3?P-labeled antisense oligodeoxynucleotides were used to detect
mRNAs. For Northern analysis, the preparation of yeast total RNA and blotting
was performed as described previously (17a). The distribution of no-go PGKI
mRNAs in polysome gradients was determined as follows: wild-type (wt) and
dom34A strains were transformed with galactose-inducible plasmids (a kind gift
from Roy Parker) carrying the PGKI(sl) gene with a poly(G) tract in the 3’
untranslated region (UTR) (used in our case to distinguish these transcripts from
the endogenous PGKI transcripts) with a stem-loop structure inserted into its
OREF (5). These constructs were confirmed by sequencing. Polysome profiling
and RNA slot blotting for individual gradient fractions were monitored with
hybridization using specific oligonucleotide probes. (Oligonucleotide sequences
are available upon request.)

Quantitative PCR (qPCR) was carried out on RNA prepared from pooled
fractions of sucrose gradients run under low-Mg>" conditions (see Table 4). Two
micrograms of RNA isolated from polysome fractions and equivalent volumes
RNA from other gradient fractions were treated with RQ1 DNase (Promega),
and one-half of the resultant reaction mixture (5.5 pl) was used for reverse
transcription with SuperScript IIT (Invitrogen) using both oligo(dT) and random
hexamer primers. cDNA levels were analyzed by using an ABI Prism 7900HT
Fast real-time PCR system (Applied Biosystems). Reactions were prepared by
using Thermo Scientific ABsolute Blue QPCR SYBR green 6-carboxyl-X-chat-
amine (ROX) mix and run in triplicate on a 384-well plate. Primers were de-
signed by using NCBI Primer BLAST.

RESULTS

SGA screens using rplIbA, rpl4aA, and rps6aA strains. Syn-
thetic genetic array screens were set up by using “query”
strains missing one of a pair of genes encoding a particular RP.
The rationale was that cells missing a gene whose product plays
a role either in identifying and disposing of incomplete ribo-
somal subunits or in effecting efficient translation would have
substantially compromised growth. We constructed three
query strains, missing genes encoding the ribosomal protein
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FIG. 1. Genetic interactions between rps6aA and different nones-
sential gene deletions. Shown is a composite image taken from the
final plates of the SGA screen, comparing nine deletion strains (in
duplicate). (Top) The query strain is the ura3A strain. (Bottom) The
query strain is the rps6aA strain. The deletion strains are listed at the
top, with the His3A strain as a control.

L1, L4, or S6. These proteins occupy distinct regions of the
complete ribosomal particle. L1 is a peripheral protein, added
late in the assembly of the 60S subunit, and is involved in E-site
tRNA movement and exit (7). L4 associates with rRNA early
in the assembly of 60S subunits and is important for many
subsequent assembly steps (17). S6 has been localized by chem-
ical and UV cross-linking studies to a region of the 40S subunit
termed the “beak” (23) and lies at the interface between the
large subunits and small subunits (SSUs) (22), being one of the
few proteins of the 40S subunit to contact 25S rRNA.

In brief, the rplIbA, rpld4aA, or rps6aA strain was screened
against an ordered array of ~4,300 viable yeast gene deletion
strains, and the relative growth of the double mutants was
scored both visually and by computer-based image analysis
(34). A number of potential synthetic sick/synthetic lethal in-
teractions scored highly upon both visual inspection and com-
puter-based image analysis in the three individual screens. A
representative set from the 7ps6aA strain screen is shown in
Fig. 1. All interactions from the three screens subsequently
confirmed by random spore analysis are listed in Table 2.
Satisfyingly, since both S6 and L1 are essential proteins (16,
26), lethal interactions were observed for the rps6bA strain (in
the rps6aA strain screen) and rpllaA (in the rplIbA strain
screen). (The rpl4bA strain was not present on the array.) The
LSM1I and PATI genes, implicated in mRNA degradation (11),
were recovered in all three screens. Both S6 and L1 also shared
interactions with several genes involved in proteasome func-
tion, RPN4, PREY, and UBP6, suggesting an interesting rela-
tionship between the ribosome, the proteasome, and mRNA
degradation. L1 interacts with a large number of genes, espe-
cially in the proteasomal pathway. Studies of these relation-
ships are ongoing (K B. McIntosh, A. Bhattacharya, and J. R.
Warner, manuscript in preparation). A gene that was synthetic
sick uniquely with the rps6aA strain, DOM34, is the subject of
the remainder of this communication.

Note that a recent genome-wide comprehensive SGA anal-
ysis was published, identifying tens of thousands of positive and
negative genetic interactions (3). These were based strictly on
the size of robotically displayed colonies. While our data are in
rough agreement with the data of that study, we identified
fewer interactions from our screens because we counted only
strains that passed a series of additional tests, including ran-
dom spore analysis and growth rate determination in liquid
medium.

MoL. CELL. BIOL.

Deletion of DOM34 affects cells deficient in 40S but not 60S
synthesis. To ask whether the defective growth of strains that
combine dom34A with rps6aA is a general property of all ribo-
somal proteins, we constructed a miniarray of strains compris-
ing all of the RP gene deletions in our initial screens along with
additional RP gene deletions from the haploid yeast knockout
collection and his3A as a control (Fig. 2A) (8). A dom34A
strain and a ura3A control strain were then used as queries to
score synthetic sick interactions with the miniarray (Fig. 2).
While a few strains failed to grow in the control strain (ura3A)
(Fig. 2B), usually because of poor sporulation, the lack of
Dom34 along with a deficiency in a majority of the 40S subunit
RPs led to a clear slow-growth phenotype (Fig. 2C). Remark-
ably, this was rarely the case for deficiencies of 60S subunit
RPs. The synthetic phenotype between dom34A and 40S RP
genes was enhanced at 37°C (not shown) and was even more
severe at 16°C (Fig. 2D), beyond the cold-sensitive phenotype
of dom34A itself (top row) (4). Qualitative examination
showed that most genes encoding 40S RPs (the A and/or B
copy) were synthetic sick with DOM34.

The fitness defects in such double mutants were quantitated
by subjecting a number of individual RP-dom34 double-dele-
tion strains from the SGA screen to growth analysis in a Bio-
screen C instrument. While the dom34A strain grew at a wild-
type rate, the rps6aA strain grew more slowly, and the dom34A
rps6a strain was substantially slower (Fig. 3A and Table 3). A
quantitative analysis of the strength of genetic interactions (20)
of dom34A with a number of RP genes is presented as a “heat
map” (Fig. 3B), which reflects the greater-than-expected loss
of fitness when dom34A is combined with the deletion of any of
several RP genes. The quite striking result is that dom34A
interacted genetically with essentially all the tested genes en-
coding proteins of the 40S subunit but barely at all with those
of the 60S subunit. A similar identification of many RPS genes
but few RPL genes as synthetic sick with dom34A was made in
the comprehensive SGA analysis (3). We conclude that

TABLE 2. List of SS/SL interactions obtained from SGA

Interaction(s) for strain used as
a query for SGA

Function
rps6al rplIbA rpldaA
mRNA degradation LSM1 LSM1 LSM1
PATI PATI PATI
KEM1I KEM1
Translation HBS1 RPLIA
DOM34 ASCI
RPS6B
Proteasome, ubiquitin, RPN4 RPN4, UBC4
SUMO, and URM UBP6 UBP6, CUE3
PRE9 PREY9, DOAI
RPNI10, RUPI
SEM1, UBI4
UBP2, PRE9
UBPS8, UBA4
ULS1, URM1
Other categories RVS161, RVS167
EAF7, SRO1
SGF11, STBS
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FIG. 2. SGA screens using a miniarray of RP gene deletion strains.
A miniarray in quadruplicate of strains carrying G418-resistant dele-
tions of individual RP genes (A) was crossed to clon-NAT-resistant
ura3A (B) and dom34A (C and D) query strains. Genetic interactions
of haploid double-drug-resistant strains were scored according to stan-
dard SGA protocols (34). The figures show the final selection plates
incubated at either 30°C or 16°C. The narrow panels above show the
his3A controls on the same plates. The ura3A screen served as a
control. Strains lacking one of the two copies of an RP gene have a
relatively high probability of pseudoreversion through the duplication
of the remaining gene. This is evident for the rps6aA strain (B to D) as
well as from the occasional substantial variations in colony size among
the quadruplicates.

DOM34 shares the strongest synthetic sick interactions with
RPS genes. In general, the degree of synthetic sickness ob-
served was correlated with the relative contribution of that
RPS gene to the mRNA transcriptome (12); i.e., the more
highly expressed the gene copy, the more severe the synthetic
sickness with DOM34.

Genetic interactions of DOM34 with three genes implicated
in small ribosomal subunit biogenesis. To identify interactions
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FIG. 3. (A) Growth curves from the Bioscreen C analysis. The
growths of the wild-type (Y7092), dom34A, rps6aA, and dom34A
rps6a strains were determined from light-scattering measurements at
30-min intervals (see Materials and Methods). (B) Quantitation of
genetic interactions between the DOM34 and RP genes. Doubling
times of dom34A, rpxA, and dom34A rpxA mutants measured by Bio-
screen C analysis at 30°C were used to calculate strain fitness. The
fitness (W) of a strain deleted for a given gene, “x,” is defined as the
ratio of the doubling time (D) of the wild-type strain to the deletion
strain (W, = Dy,/D,). The value of € is the deviation in the fitness
phenotype of the double mutant (W,,) from W, X W,, as predicted for
noninteracting gene pairs by the multiplicative model (20). The values
of ¢ for strains representing double mutants of dom34A and 40 indi-
vidual RP deletion mutants are presented as a “heat map.” € values of
<0 indicate synthetic sick genetic interactions.

between DOM34 and additional genes, we screened the
dom34A strain against the full array of nonessential gene de-
letion strains. In addition to the genes encoding 40S ribosomal
proteins that we had previously identified, three additional
genes displayed synthetic sick interactions with DOM34,
namely, BUD2I, TSR2, and YARI. These interactions were
confirmed by random spore (not shown) and growth curve
(Table 3) analyses. All are involved in 40S assembly: Bud21 is
a component of the U3 snoRNA complex (SSU processome)
required for 18S rRNA biogenesis (6, 21), Tsr2 has a potential
role in 20S pre-rRNA processing (25), and Yarl is a cytoplas-
mic ankyrin repeat protein proposed previously to couple 40S
biogenesis to environmental stresses (18). These observations
provide independent confirmation that cells deficient for 40S
ribosomal subunits are particularly sensitive to the loss of
Dom34. Since most of the proteins involved in 40S subunit
assembly and maturation are essential, few are represented in
the SGA analysis.

Lack of Dom34 reduces polysome/monosome ratios. We
next asked whether the severity of growth phenotypes among
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TABLE 3. Doubling time values of key strains

Strains (ml\;[;)a[}: tls/lz),, e
ABY1 (wt) 89.7 +3.8 NA
ABY?2 (ura3A) 90.5 = 0.1 NA
ABYT7 (1ps6aA) 128.7 £ 5.3 NA
ABYS (rpl4aA) 1054 £ 1.5 NA
ABYS8 (dom34A) 92555 NA
ABY10 (rps6aA dom34A) 2023 = 4.0 -0.24
ABY12 (rpl4aA dom34A) 1054 = 1.1 —-0.03
ABY16 (rps6aA dom34A rpldal) 161.8 = 4.5 —0.04
ABY17 (bud21A) 1405 = 1.2 NA
ABY20 (bud2IA dom34A) 217.0 = 2.8 -0.21
ABY18 (tsr2A) 1124 = 49 NA
ABY?21 (tsr2A dom34A) 162.7 £ 3.1 -0.23
ABY19 (yarlA) 1350+ 1.4 NA
ABY22 (yarIA dom34A) 190.5 £ 0.7 -0.17
ABY13 (hcrlA) 1343 = 0.7 NA
ABY14 (herlA dom34A) 1452 €12 —-0.03

“t/,, doubling time.
b ¢ is a measure of the phenotypic interaction of two genes, as defined in the
legend to Fig. 3. NA, not applicable.

double mutants of DOM34 and genes encoding proteins of the
40S subunit was reflected in the translational apparatus of the
cells. Sucrose gradient analysis of the ribosome complement of
the dom34A strain shows that the loss of Dom34 has little effect
on the level of free 40S and 60S subunits but results in de-
creased levels of polysomes and a concomitant increase in
levels of the 80S monosomes, suggesting an impaired initiation
of translation (compare Fig. 4A and B), as was shown previ-
ously (4). Thus, a smaller proportion of the ribosome comple-
ment is engaged in translation. Nevertheless, the growth rate
of the dom34A strain is the same as that of the wild type (Table
3). Thus, an interesting conclusion is that the degree of im-
pairment in translation initiation caused by the absence of
Dom34 must not be limiting for growth in such cells.

The deletion of RPS6A leads to a substantial deficiency of
40S subunits, as shown by the lack of free 40S subunits in the
gradient as well as by the accumulation of a large peak of free
60S subunits (Fig. 4C). Indeed, by Northern analysis, the over-
all ratio of 18S to 25S rRNAs in these cells is only 73% of that
of the wild type. The polysome profile of the dom34A rps6aA
double mutant combines characteristics of each of the single
mutants (Fig. 4D). In this case, the 185/25S ratio is 84% of that
of wild-type cells. The paucity of free 40S subunits and the very
large peak of 60S subunits are combined with an exaggerated
80S monosome peak and substantially reduced polysomes.

Lack of Dom34 results in accumulation of stuck ribosomes.
What is the nature of the 80S ribosomes observed by gradient
analysis of wild-type cells, of dom34A cells, or of cells in which
the inhibition of initiation leads to a near-total conversion of
polysomes to 80S monosomes (9)? Sucrose gradients of yeast
extracts have conventionally been analyzed with solutions with a
high Mg*" concentration (9). However, it seems likely that this
Mg>" concentration drives the equilibrium of 40S + 60S = 80S
far to the right. Therefore, we reanalyzed the extracts of our
strains under conditions of 1.5 mM Mg>", which is close to the
apparent physiological level (29). Even this analysis may not
replicate the in vivo situation, since in a sucrose gradient, the
>100-fold dilution of the ribosomes relative to the cytoplasm

MoL. CELL. BIOL.

(31) will influence the equilibrium between the 80S and sepa-
rated subunits.

As expected, conditions of physiological Mg** concentra-
tions shift the equilibrium toward the free subunits. For wild-
type and rps6aA cells, most of the 80S peak dissociates into
subunits (Fig. SA and C). We suggest that the 80S peak seen at
high Mg®* concentrations is a mixture of ribosomes translating
short mRNAs, such as those encoding the 24-amino-acid
Rpl41 (40), together with a majority of inactive couples. In

A WT(Y7092) B dom34A

80S

S
polysomes polysomes

C rps6aA D

rps6aAdom34A
60S

60S{ | gos
80S

polysomes polysomes

40S
E rpldaA F rpl4aAdom34A
80S
40S 805
60S polysomes polysomes

G 80S  rps6aArpldaA

dom34A
40S

polysomes

FIG. 4. Polysome profiles of extracts of various strains. (A) Y7092;
(B) dom34A; (C) rps6al; (D) rpséaA dom34A; (E) rpldal; (F) rpl4aA
dom34A; (G) rps6aA rpldaA dom34A (in the presence of 12 mM
MgCl,). Cultures of the six strains were grown at 30°C to mid-log
phase. Cell extracts were prepared and polysome profiles were ana-
lyzed as described in Materials and Methods. Sedimentation is from
left to right.
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80S
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FIG. 5. Polysome profiles of extracts of various strains. (A and E)
Y7092; (B and F) dom34A; (C) rps6aA; (D) rps6aA dom34A (in the
presence of 1.5 mM MgCl,). A to D are as described in the legend of
Fig. 4 except that the extraction and the sucrose gradient buffers
contained 1.5 mM MgCl,. E and F were prepared using HCHO but
without cycloheximide (see Materials and Methods).
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contrast, in the dom34A and dom34A rps6aA strains, a substan-
tial amount of the 80S peak is resistant to dissociation (Fig. 5B
and D). Such stuck 80S monosomes are a characteristic feature
of cells missing Dom34. To exclude the possibility that stuck
ribosomes are caused by the cycloheximide used to freeze
polysomes, we employed 1% formaldehyde as an alternative
approach (36). Polysome gradients showed that stuck ribo-
somes are still evident in dom34A strains under such conditions
(Fig. SE and F). Thus, the 80S peak from a dom34A strain
analyzed at high Mg concentrations contains three classes of
ribosomes: ribosomes translating short mRNAs, 80S couples in
equilibrium with free 60S and 40S subunits, and stuck 80S
ribosomes.

We conclude that in cells lacking Dom34, a substantial
amount of ribosomes is tied up in stuck 80S monosomes. Anal-
ysis by Northern blotting of the increased fraction of total 18S
rRNA that is in monosomes of the dom34A strain showed that
stuck ribosomes represent about 10% of the total ribosomes
(Fig. 6). What is the origin of these stuck ribosomes?

Stuck ribosomes are not stalled at the start site of transla-
tion initiation. One possible origin of stuck ribosomes is that
they are stalled on mRNA at or near the translation initiation
site, due perhaps to a defect in the initiation process that
mimics no-go translation. If so, they should be enriched spe-
cifically for initiator tRNA-methionine (tRNAM®!) compared
to elongator tRNA-methionine (tRNAM¢) and tRNA-glu-
tamine (tRNAS™). RNA extracted from gradient fractions of
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FIG. 6. Distribution of several tRNAs in 80S and polysomes. Extracts of Y7092 (A) and dom34A (B) were analyzed on sucrose gradients in the
presence of 1.5 mM MgCl,. RNA was prepared from individual fractions and separated on a 1.5% agarose gel. Northern analysis was done with
#2P-end-labeled oligonucleotides complementary to sequences specific for tRNAM®, tRNAM' and tRNAS'™. (C) The ratio of tRNA/18S rRNA
present in a particular fraction was calculated as a percentage of the total in the entire gradient. The values shown represent the ratio of
tRNA/18SrRNA in 80S and polysome fractions of the dom34A strain normalized to that in the wild-type strain.
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wild-type and dom34A strains was measured by using probes
that anneal specifically to tRNAM<!, tRNAM<!, tRNAS!", as
well as 18S rRNA (Fig. 6A and B). The results show that
tRNAM<Y/18S rRNA levels were in fact lower in stuck ribo-
some fractions in strains lacking Dom34 (Fig. 6C). Indeed,
levels of tRNAY'and tRNAS"™ were also lower, suggesting
that stuck ribosomes in dom34A strains lack tRNAs, although
we cannot exclude the possibility that they are occupied by a
special class of tRNAs for which we did not probe. The lack of
tRNAs on a ribosome could occur after the release of the
peptidyl tRNA following translation termination or after trans-
lational stalling. On the other hand, in the polysomes of the
dom34A strain, tRNA/ribosome levels are actually 20% higher
than those in wild-type cells. This observation suggests that
tRNA on these ribosomes may be associated with the mRNA
for longer periods of time due to a nonresolution of transla-
tional stalling events. Hence, stuck ribosomes may be the con-
sequence of an incomplete resolution of translational stalling
events.

The 80S monosomes that accumulate in Dom34-deficient
strains are not associated with no-go mRNA. Since Dom34 has
been implicated in the resolution of no-go translation com-
plexes (5), we asked whether stuck ribosomes were attached to
no-go mRNA. The distribution of a stem-loop no-go PGKI(s!)
mRNA across a polysome gradient was determined by using
slot blotting so that we could identify fragmented, as well as
intact, no-go mRNAs, using the three oligonucleotides indi-
cated in Fig. 7A. Representative data are shown in Fig. 7B.
The analysis of three independent experiments, using the three
probes, is summarized in Fig. 7C. From the distribution of
stem-loop mRNAs between 80S monosomes and polysomes, it
is clear that there is no specific enrichment of the stem-loop
mRNA in the monosomes that accumulate in the absence of
Dom34 (Fig. 7B and C). Indeed, it is the wt strain that seems
to accumulate stem-loop RNA (or its 3" fragment) in mono-
somes, perhaps during the Dom34-catalyzed resolution of the
stem-loop obstruction. Subsequently, the slot blot was probed
with oligonucleotides complementary to the sequences within
(oligonucleotide C) or just upstream of (oligonucleotide B) the
stem-loop, regions that might be sequestered within the ribo-
some as a result of no-go decay. The monosomes of the
dom34A strain had substantially less signal from either probe
(Fig. 7C). Thus, neither intact PGKI(s/) mRNA nor fragments
in the vicinity of the no-go impediment accumulate in the 80S
monosomes when Dom34 is missing, leading us to conclude
that stuck ribosomes are not held together by a fragment of
mRNA.

To ask more generally whether stuck ribosomes are associ-
ated with mRNA, we asked whether there is an increased level
of mRNA in the 80S peak of extracts of the dom34A strain
analyzed in low-Mg>" gradients (Table 4). For the 10 mRNAs
analyzed, the amount of mRNA in the 80S peak rose only from
about 5% of the total in the wt to 7% in the dom34A strain.
This is far too little to furnish each stuck ribosome with an
mRNA (see Discussion).

A triple-null rpld4aA rps6aA dom34A mutant rescues the
slow-growth phenotype of the rps6aA dom34A strain. In con-
trast to the dom34A rps6aA strain, the polysome profile of the
dom34A rpl4aA strain (Fig. 4F) shows an availability of 40S
subunits, no accumulation of 60S subunits, and the presence of
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FIG. 7. Distribution of “no-go” mRNA in 80S and polysomes.
(A) The wild-type or dom34A strain was transformed with plasmids
containing the PGKI(s/) gene under the control of the GALI promoter
and tagged at the 3’ end with a string of G residues (gray box) and
containing a strong stem-loop within the ORF (5). The sites of oligo-
nucleotides A, B, and C are indicated. (B) RNA was prepared from
fractions of 1.5 mM Mg*" sucrose gradients of each strain and was
applied onto slot blots, which were probed with oligonucleotide A,
complementary to the tagged PGKI(sl) transcripts, and subsequently
with an oligonucleotide complementary to 18S rRNA as a measure of
ribosome content. The intensity of the individual bands was quanti-
tated with a phosphorimager, and the values for the 80S and polysomal
regions were individually totaled. (C) The proportion of PGKI(sl)
mRNA in 80S monosomes, normalized to 18S rRNA, is shown com-
pared to that present in the combined 80S and polysome fractions, with
values for the wild-type strain set to 1.0. The slot blot was also probed
with oligonucleotides complementary to the sequences within (oligo-
nucleotide C) and just upstream of (oligonucleotide B) the stem-loop.
Note that the latter will identify not only the no-go transcripts but also

those from the endogenous PGKI.

half-mer polysomes, with an initiated 40S subunit awaiting a
scarce 60S subunit (30). The lack of Dom34 does not influence
the level of half-mers in an rpl4aA strain (Fig. 4E and F). The
additional 60S subunits sequestered in the stuck ribosomes
appear to be balanced by the sequestered 40S subunits in the
stuck ribosomes of the double mutant. It is interesting that the
near-normal growth rate of the dom34A rpl4aA strain (Table 3)
suggests again that there is a substantial excess capacity in the
translation system during favorable growth conditions.

Is the slow growth of the dom34A rps6aA strain due to the
accumulation of 60S subunits that could sequester the scarce
40S subunits to form translationally inactive 80S couples? In-
deed, an rpl4aA rps6aA dom34A triple mutant (¢ = —0.04)
(Table 3) substantially rescues the synthetic growth defect of
the dom34A rps6aA strain (¢ = —0.24) (Table 3). This notion
was confirmed by comparing the polysome profiles of the dou-
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TABLE 4. Accumulation of mRNA in 80S ribosomes®

Avg % mRNA = SD

Gene 80S Polysome
wt dom34A wt dom34A

ACTI 33+05 45+ 1.8 90.2 £ 2.0 93.1+4.0
TUBI 4.8 0.0 7.0 £ 0.6 81.8 £34 859 5.0
TDH3 20=0.3 2.6 £0.8 935 £2.4 96.0 = 0.1
CPRI1 42+09 6.1 £ 1.0 90.3 =34 91.7*+33
ZEO1 6.9 = 0.8 9.1+19 80.8 = 6.4 86.8 5.2
RPLIB 8302 105 £ 0.4 75022 80.8 = 7.3
RPL3 43*07 57x08 86.2 = 0.1 91.8 3.5
RPL4B 4.6 = 0.1 6.1 =04 83.1 0.5 89.7 £24
RPL28 8.1*1.6 11205 80.3 = 3.9 844+ 4.1
RPS6B 6.5 =04 7.8 £0.6 839 3.0 88.6 3.4
Avg 53 7.1 84.5 88.9

@ Extracts of wild-type and Adom34 strains were analyzed in low-Mg?* sucrose gradients, which were divided into four fractions, representing the top, the 40 and
60S subunits, the 80S monosomes, and the polysomes. RNA was isolated from each fraction and subjected to qPCR analysis using oligonucleotides specific for the
indicated genes. The percentages of total mRNA found in the 80S peak and in the polysome fraction are shown. The data represent the averages of data from two

independent experiments.

ble and triple mutants (Fig. 4D and G). The triple mutant
showed an increase in the level of free 40S subunits at the
expense of 80S monosomes, thereby promoting higher rates of
translation initiation. Overall, it appears that the balance of
large and small subunits is important for maximal translational
efficiency, particularly under circumstances where the concen-
tration of free 40S subunits available for translation initiation
is limiting.

These results explain the apparent anomaly that Dom34 is
far more important for cells depleted of 40S subunits than for
cells depleted of 60S subunits. The accumulation of stuck 80S
subunits exacerbates a shortage of 40S subunits already de-
pleted by insufficient synthesis and by the sequestering of 40S
subunits in transient 80S monosomes due to the high concen-
tration of free 60S subunits.

DISCUSSION

Large-scale genetic screens such as SGA analysis have gen-
erally been used to reveal unexpected relationships between
genes, between pathways, or between biological processes.
Here we found a surprising genetic interaction between
DOM34 and the members of a single large complex, the 40S
small ribosomal subunit.

Dom34 and 40S subunits. The role of the ribosome in trans-
lation can be subdivided into four events: initiation, elonga-
tion, termination, and recycling (14, 15). Synthetic sickness
between DOM34 and RPS genes appears to be due primarily to
a deficiency in the rate of translation initiation, as evident from
the very low polysome-to-monosome ratio of double mutants
(Fig. 4). This conclusion is strengthened by the observation
that the synthetic sick phenotype is exacerbated by low tem-
peratures (Fig. 2D) at which the initiation/elongation balance
disfavors initiation.

The deficiency of translation initiation in the dom34A rps6aA
strain is caused by the combination of three factors. First, the
deletion of RPS6A reduces small-subunit biosynthesis, leading
to a substantial deficit of 40S subunits. This limits the avail-
ability of small subunits to initiate on mRNA, resulting in a

30% reduction in the growth rate (Table 3). Second, the ac-
cumulated free 60S subunits sequester the rare free 40S sub-
units in nonproductive 80S couples due to the natural equilib-
rium between free and paired subunits (see Fig. 4 versus Fig.
5). Thus, growth is partially restored by the reduction of 60S
subunits when an RPS deletion is combined with an RPL de-
letion (Table 3). Finally, the lack of Dom34 results in an
accumulation of monosomes (Fig. 4 and 5) (4). We have shown
above that these stuck ribosomes are resistant to dissociation
under conditions of low Mg>* concentrations and are basically
inactive, apparently with little tRNA (Fig. 6).

Stuck ribosomes. An important unresolved issue is whether
stuck 80S ribosomes have mRNA. On the one hand, the pres-
ence of mRNA, or a fragment of mRNA, would explain their
resistance to dissociation at low Mg** concentrations. Further-
more, in vitro analysis of recycling after normal (eRF1/eRF3)
termination suggests that both initiation factors and the
ATPase ABCEL (RIil in yeast) are necessary for separating
the subunits before mRNA is released (28). However, the
occurrence of 80S runoff ribosomes in the presence of a genetic
or thermal inhibition of translation initiation suggests that
there may be exceptions to the rule of stepwise dissociation
(13).

On the other hand, the mRNA in the 80S peak at low Mg>™*
concentrations, determined by qPCR analysis (Table 4), is
increased only from ~5% of the total in wt cells to 7% in
dom34A cells for the dozen or so mRNAs that we have mea-
sured. The cell contains about 200,000 ribosomes (38) and
50,000 mRNAs (41). If 10% of the ribosomes are stuck on an
mRNA, then 20,000 mRNAs, nearly 40% of the total, should
be in the 80S peak. It is clearly unlikely for each stuck ribosome
to be associated with an mRNA. Another possibility, since
Dom34 has been implicated in resolving no-go translation, is
that stuck ribosomes could retain fragments of mRNA. While
we cannot exclude that general possibility, we found no evi-
dence for no-go mRNA or for fragments near the no-go site in
the stuck ribosomes (Fig. 7C). Thus, the question remains
open.
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The origin of stuck ribosomes. What is the basis for the
accumulation of stuck ribosomes in cells lacking Dom34? We
considered the possibility that stuck ribosomes represent ab-
errant initiation complexes. If so, one would expect them to be
enriched in the initiator tRNA. On the contrary, they seem to
lack not only initiator tRNA but elongator tRNAs as well (Fig.
6), suggesting that aberrant initiation is not the source of stuck
ribosomes. Since we have tested only three tRNA species, it is
possible that stuck ribosomes could contain rare or specialized
tRNAs.

Stuck ribosomes could have defects in subunit separation
after the termination of translation during ribosome recycling.
Little is known about this process in vivo. In vitro, recycling
after the translation of a very short ORF appears to be cata-
lyzed by initiation factors, particularly eIF3, which is known to
bind to 40S subunits to prevent them from joining 60S subunits
prematurely (27). While in vitro analysis implicates eIF3j in
releasing 40S subunits from the mRNA (27), the yeast ho-
mologue of eIF3j, Herl, is not essential for growth, nor did we
find any genetic interaction between HCRI and DOM34 in a
double-deletion strain (Table 3). Thus, although the mecha-
nism for normal recycling remains somewhat unclear, there has
been no evidence that Dom34 is involved in this process.

Dom34 has been implicated in resolving no-go translation
(5, 24) as well as in the identification or the degradation of
defective 40S ribosomal subunits (2). Cryo-electron micros-
copy (EM) analysis finds that a portion of Dom34 itself fills the
A site of a ribosome whose progress has stalled because of a
strong stem-loop in the mRNA and that its presence seems to
loosen the mRNA-ribosome interaction (T. Becker and R.
Beckmann, personal communication). In vitro, for a translating
ribosome with a “hungry” codon, i.e., when there is no avail-
able amino-acyl tRNA, Dom34 can cause the release of its
peptidyl tRNA and the separation of the 40S and 60S subunits
(32).

Based on such considerations, we postulate that stuck ribo-
somes result from the failure of Dom34 to resolve a ribosome
that has become stalled during translation due to insufficient
tRNAs, to structural problems with its mRNA, or to a defect in
the ribosome itself. In the absence of Dom34, a ribosome
which has stalled for any of a number of reasons may have no
physiological release and may remain as a stuck monosome.
What is unclear is whether the 10% of the ribosomes that are
stuck as free 80S ribosomes represent only the tip of the ice-
berg; i.e., does the absence of Dom34 cause many stuck ribo-
somes to be present in polyribosomes, awaiting release?

Effects on cell growth. The absence of Dom34 in otherwise
wild-type cells has a relatively minor effect on overall growth.
Since in these cells, about 10% of the ribosomes are stuck, this
observation suggests that a log-phase cell has an excess of
ribosomes. Indeed, there is little understanding of the factors
that determine the level of ribosomes in a cell and the mRNA/
ribosome ratio.

Why does DOM34 display synthetic sick interactions with
RPS but not RPL genes? The situations are not parallel. With
a deficit of 60S subunits, most of the excess 40S subunits are
associated with mRNA in the form of “half-mers” (30) await-
ing the rare free 60S subunit. Thus, excess 40S subunits do not
sequester the scarce free 60S subunits. In contrast, the excess
free 60S subunits accumulate in a form that can sequester the
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rare free 40S subunits. We propose a role for Dom34 in the
resolution/separation of stalled ribosomes and provide physi-
ological evidence that the nonresolution of stalled translation
events, when accompanied by an insufficient production of 40S
ribosomal subunits and the formation of inactive couples, leads
to a severe limitation in translation initiation and, necessarily,
to reduced growth.

What are 80S ribosomes? While much attention has been
showered on polyribosomes hard at work translating mRNAs
and on 40S and 60S subunits, either as newly formed additions
to the cytoplasm or as recycled actors ready for the next stage,
the ever-present 80S monomers have usually been ignored.
While some are clearly translating very short mRNAs, most are
not (data not shown). Do such 80S couples actually exist in the
cell, with its apparently low concentration of Mg ions? Does
the >100-fold-higher concentration of ribosomes in the cyto-
plasm (versus a sucrose gradient) force the subunits into
union? Do these ribosomes indeed serve as a pool, ready to
release subunits on the demand of the initiation factors, par-
ticularly eIF3, one of whose jobs is to keep them apart? Do
these excess ribosomes permit normal growth when ribosome
numbers are reduced? Do the stuck ribosomes eventually re-
cycle to the free subunit pool? Attention should be paid!
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