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mof6-1 was originally isolated as a recessive mutation in Saccharomyces cerevisiae which promoted increased
efficiencies of programmed �1 ribosomal frameshifting and rendered cells unable to maintain the killer virus.
Here, we demonstrate that mof6-1 is a unique allele of the histone deacetylase RPD3, that the deacetylase
function of Rpd3p is required for controlling wild-type levels of frameshifting and virus maintenance, and that
the closest human homolog can fully complement these defects. Loss of the Rpd3p-associated histone deacety-
lase function, either by mutants of rpd3 or loss of the associated gene product Sin3p or Sap30p, results in a
delay in rRNA processing rather than in an rRNA transcriptional defect. This results in production of
ribosomes having lower affinities for aminoacyl-tRNA and diminished peptidyltransferase activities. We hy-
pothesize that decreased rates of peptidyl transfer allow ribosomes with both A and P sites occupied by tRNAs
to pause for longer periods of time at �1 frameshift signals, promoting increased programmed �1 ribosomal
frameshifting efficiencies and subsequent loss of the killer virus. The frameshifting defect is accentuated when
the demand for ribosomes is highest, suggesting that rRNA posttranscriptional modification is the bottleneck
in ribosome biogenesis.

A growing yeast cell must produce �2,000 ribosomes per
min, each of which must be able to translate mRNAs with
extremely high accuracy (reviewed in reference 80). In the
model organism Saccharomyces cerevisiae, the coordinate ex-
pression of 137 ribosomal protein (RP) genes and �150 rRNA
genes is required to synthesize the appropriate levels of the 78
proteins and four species of rRNAs that are used to form
mature small (40S) and large (60S) ribosomal subunits. Al-
though a premium has been placed on fidelity of the transla-
tional apparatus, a number of examples have been described
where translating ribosomes are directed to shift translational
reading frames in response to specific cis-acting mRNA sig-
nals. As exceptions to the general rule, such programmed ri-
bosomal frameshifting (PRF) events provide a convenient
means to probe the molecular mechanisms underlying ribo-
some structure and function relationships as well as a unique
window into the translation elongation cycle. In addition, PRF
has been shown to play a critical role in the morphogenesis of
RNA viruses (reviewed in reference 18). Given that human
immunodeficiency virus and many other animal and plant
pathogens utilize PRF, an understanding of the molecular
mechanisms that govern PRF can also provide insight into
rational antiviral therapeutic strategies.

The most common programmed ribosomal frameshifts in-
volve slippage of the translational complex by 1 nucleotide in
the 5� (�1) or 3� (�1) direction. A typical �1 PRF signal is

composed of two cis-acting elements, a heptameric “slippery
site” followed by a strong secondary mRNA structure such as
a pseudoknot (reviewed in references 4, 24, and 28). The
mRNA structure induces an elongating ribosome to pause,
positioning the A and P site tRNAs over the slippery site (47,
65, 72). At a given frequency (depending on the viral system),
the ribosome is directed to slip back a single base in the 5�
direction. After the slip, the nonwobble bases of the ribosome-
bound tRNAs can base pair with the �1 frame codons, and
translation continues in the �1 frame (37, 38). We have made
extensive use of the yeast killer virus system to probe the
genetics, molecular biology, and biochemistry of programmed
�1 ribosomal frameshifting (reviewed in references 12 and
18). The 4.6-kb double-stranded RNA (dsRNA) genome of the
L-A virus contains two open reading frames (ORFs), which are
organized 5� gag and 3� pol with respect to the translation start
codon. The gag gene encodes the major viral structural protein,
and pol encodes a multifunctional enzyme that has RNA-de-
pendent RNA polymerase (Pol) activity as well as a viral RNA
packaging domain (27, 35). Host cell ribosomes translate the
L-A mRNA, producing the 0 frame-encoded Gag and �1
PRF-encoded Gag-Pol fusion proteins (15, 74). The 1.8- to
1.6-kb dsRNA genome of the M1 satellite virus of L-A is both
replicated and encapsidated in L-A-encoded viral particles and
encodes a secreted toxin and an immunity factor that allows
virus-infected cells to kill uninfected cells (reviewed in refer-
ences 5 and 81). Generally, changing the frequency or effi-
ciency of �1 PRF at the L-A frameshift signal promotes loss of
the M1 virus (reviewed in references 12 and 18).

There are a number of parameters that can influence the
ability of ribosomes to maintain translational reading frame
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(reviewed in reference 31). These include changes in the res-
idence time of ribosomes at a particular PRF signal and the
precise step of the elongation cycle when such a kinetic change
might occur, changes in the stabilities of ribosome-bound
tRNAs due to alterations in intrinsic ribosomal components
such as RPs and rRNAs, and defects in the abilities of ribo-
somes to recognize and correct errors. In combination with the
current high-resolution structural understanding of ribosomes,
studies of PRF are leading to new insights into ribosome struc-
ture-function relationships and also have utility for the identi-
fication of new targets for antiviral agents.

In the course of this study, alleles of several yeast chromo-
somal genes that specifically increase �1 PRF efficiency were
characterized. Nine chromosomal mof (maintenance of frame)
mutants have been described previously (19–21), and alleles of
other translation-associated genes with Mof� phenotypes have
also been identified (3, 16, 50, 56, 59, 64). Concomitant loss of
the killer virus occurs in strains harboring the mof1-1, mof2-1,
mof4-1, mof5-1, and mof6-1 alleles (20). MOF2 and MOF4 are
allelic to SUI1 (11) and UPF1 (12), respectively. This work
focuses on the cloning and characterization of MOF6. We show
that mof6-1 is an allele of RPD3, the well-characterized histone
deacetylase that is involved in transcriptional activation and
silencing (67, 68). The defect is dependent on the histone
deacetylase activity of the gene product and can be rescued by
the human homolog, HDAC1. Expression of the mutant rpd3
alleles results in delayed exit from lag-phase growth and pre-
mature auxotrophic shift, suggestive of a defect in carbon
source mobilization and utilization. The frameshifting defect is
most pronounced in early log phase, when demand for newly
synthesized ribosomes is greatest. The demonstration that de-
letion of either the SIN3 or the SAP30 gene (69) also promoted
frameshifting and virus maintenance defects suggests a hetero-
chromatin-associated defect. Processing of the 35S precursor
rRNA was delayed in isogenic strains harboring mutant rpd3
alleles and in cells containing gene knockout alleles of SIN3
and SAP30. In actively growing cells, this delay in rRNA pro-
cessing appears to be the primary event that results in a 60S
ribosomal subunit biogenesis defect. The resulting unstable
ribosomes have specific aminoacyl (aa)-tRNA binding defects
that result in decreased peptidyltransferase activities. This in
turn results in decreased rates of peptidyl transfer, allowing
ribosomes stalled at the �1 PRF signal more time to slip. We

suggest that the heterochromatin-associated Rpd3p/Sin3p/
Sap30p complex (69) could be physically involved in helping to
coordinate a very early and critical step in the ribosome biogen-
esis program. Alternatively, elimination of the function of this
complex may result in repression of synthesis of the snoRNAs
responsible for modification of bases in the large-subunit rRNA
that are associated with the A site, resulting in the observed
phenotypic defects.

MATERIALS AND METHODS

Strains, oligonucleotides, sequencing, media, enzymes, and genetic methods.
The S. cerevisiae strains used in this study are presented in Table 1. Oligonucle-
otides were synthesized and purchased from IDT and are listed in Table 2. DNA
sequence analysis was performed by the Robert Wood Johnson Medical School
DNA Synthesis and Sequencing Laboratory. Escherichia coli strains DH5� and
MV1190 were used to amplify plasmids, and E. coli transformations were per-
formed by using the standard calcium chloride method as described previously
(60). Yeast were transformed by using the alkali cation method (36). YPAD,
YPG, SD, synthetic complete medium (H�), and 4.7MB plates for testing the
killer phenotype were used (82). Cytoduction of L-A and M1 viruses from strain
JD758 into rho-o strains was done as previously described (20). Restriction
enzymes were obtained from Promega, MBI Fermentas, and Roche. T4 DNA
ligase and T4 DNA Pol were obtained from Roche, and precision Taq Pol was
obtained from Qiagen. Radioactive nucleotides were obtained from NEN. Mi-
chael Hampsey generously provided the rpd3�, sin3�, and sap30� yeast strains,
and the transcription derepression-defective ume6 strains were a gift from An-
drew Vershon.

To monitor temperature sensitivity, cells were grown to saturation and equal
numbers, spotted on selective medium, and grown at either the permissive
temperature (30°C) or the restrictive temperature (37°C) for 3 days. Lack of
growth or severely reduced growth was indicative of temperature sensitivity.
Similarly, 10-fold serial dilutions of cells were spotted onto medium containing
sparsomycin (5 �g/ml), anisomycin (5 �g/ml), or paromomycin (800 �g/ml) for
monitoring of sensitivities to these drugs. To monitor sensitivity to cyclohexi-
mide, cells were grown to saturation at an optical density at 595 nm (OD595) of
0.1 and were spread on selective medium. A sterile filter disk containing 100 ng
of cycloheximide was placed in the center of each plate. Cells were grown for 3
days, and zones of growth inhibition were measured.

The killer virus assay was done by replica plating S. cerevisiae colonies onto
4.7MB plates (82) with a freshly seeded lawn of strain 5X47 (0.5 ml of a
suspension at 1 U of OD550 per ml per plate). After 2 to 3 days at 20°C, killer
activity was observed as a zone of growth inhibition around the killer colonies.
dsRNAs of L-A and M1 viruses were prepared as described previously (26, 46)
and separated by electrophoresis through 1.0% nondenaturing agarose gels and
visualized by ethidium bromide staining. RNA blotting was used as previously
described (20) to monitor the abundance of L-A and M1 dsRNAs.

Plasmid and strain constructs, PRF, and transcriptional derepression assays.
A YCp50-based S. cerevisiae genomic library was purchased from the American
Type Culture Collection (58). The genomic clone that complemented the mof6-1

TABLE 1. Yeast strains used in this study

Strain Description Source

5X47 Standard diploid killer tester J. D. Dinman
JD758 3164 MATa kar1-1 arg1 [L-AHN M1] J. D. Dinman
JD469-2D MAT� leu2-1::pJD85 ura3 his4 mof6-1 J. D. Dinman
JD932D MATa ade2-1 trp1-1 ura3-1 leu2-3,112 his3-11,15 can1-100 [L-AHN M1] J. D. Dinman
LNY95 MATa ura3-SK1 leu2-hisG trp1-hisG lys2-SK1 ho::LYS2 ade3-210S L. Neigeborn
JD972A MATa ura3-SK1 leu2-hisG trp1-hisG lys2-SK1 ho::LYS2 ade3-210SPEX6::URA3 This study
YMH171 MAT� ura3-52 leu2-3,112 his3 trp1� M. Hampsey
YMH265 MAT� ura3-52 leu2-3,112 his3 trp1� sin3::LEU2 M. Hampsey
YMH270 MAT� ura3-52 leu2-3,112 his3 trp1� rpd3::LEU2 M. Hampsey
YMH277 MAT� ura3-52 leu2-3,112 his3 trp1�sap30::LEU2 M. Hampsey
AJ82 MAT� trp1 leu2 ura3 his4 UME6 A. Vershon
AJ82 11-2 MAT� trp1 leu2 ura3 his4 ume6-11-2 A. Vershon
AJ82 66-2 MAT� trp1 leu2 ura3 his4 ume6-66-1
AJ82 77-2 MAT� trp1 leu2 ura3 his4 ume6-72-2
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ts� phenotype was given the name pJD155. Subclones of pJD155 were generated
by partial digestion with EcoRI and self ligated by using a Roche rapid ligation
kit. The pRS series of plasmids have been previously described (9, 63). Full-
length RPD3, PEX6, and AAD14 genes were amplified from genomic DNA from
JD932D by PCR using the oligonucleotide primers 1 and 2 (rpd3 alleles), 3 and
4 (PEX6), and 5 and 6 (AAD14) (Table 2) and cloned into pRS314 and pRS316
and were then designated pRPD3, pPEX6, and pAAD14, respectively. The
mof6-1 allele was amplified from genomic DNA obtained from strain JD469-2C
by using primers 1 and 2. PCRs using the oligonucleotide primers 1 and 2 were
carried out under the following conditions: denaturation of dsDNA for 30 s at
95°C, annealing at 48°C for 45 s, and elongation for 4 min. PCR products were
purified by using a Qiagen kit, digested with XhoI and PstI, and ligated into
pRS314 or pRS316 (63). PCRs using oligonucleotide primers 3 and 4 (PEX6) or
5 and 6 (AAD14) were carried out under the following conditions: denaturation
of dsDNA for 30 s at 95°C, annealing for 45 s at 48°C, and elongation for 6 min.
PCR products were purified by using a Qiagen kit, digested with KpnI and SalI
(PEX6) or XhoI and PstI (AAD14), and ligated into pRS314. To make pHDAC1,
the 1.5-kb BamHI fragment containing the HDAC1 cDNA (a generous gift from
S. L. Schreiber) was excised from pBJ5/HDAC1-F (70) and inserted into BamHI-
digested pG-1 (61), thus placing the human gene under control of the constitu-
tive yeast PGK1 promoter. The synthetic oligonucleotide H151A (Table 2) was
used to create pH151A by use of standard methods (43). Subcloning PEX6 into
pRS306 (63) generated plasmid pPEX6, which was used to integrate URA3 into
the PEX6 locus of yeast strain LNY95. pRPD3, pSIN3, and pSAP30 were gen-
erous gifts from M. Hampsey.

Plasmids p�1 and p0, which were used to monitor PRF, have been described
previously (73). Briefly, in these plasmids, transcription is driven from the yeast
PGK1 promoter into an AUG translational start site. The E. coli lacZ gene serves
as the enzymatic reporter, and transcription termination utilizes the yeast PGK1
transcriptional terminator. In the p0 plasmids, lacZ is in the 0 frame with respect
to the translational start site, and measurement of �-galactosidase activity gen-
erated from cells transformed with these plasmids serves to represent the
0-frame controls. In the p�1 series, lacZ is in the �1 frame with respect to the
translational start site and is 3� of the L-A programmed �1 ribosomal frameshift
signal such that �-galactosidase can only be produced as a consequence of a
programmed �1 ribosomal frameshift. The efficiency of PRF was calculated by
determining the ratio of �-galactosidase activity produced by cells harboring p�1
to the �-galactosidase activity produced by cells harboring p0 and multiplying
this ratio by 100. All assays were performed in triplicate.

Plasmids pAV73 and pAV138 were used to monitor transcriptional derepres-
sion in cells harboring alleles of RPD3 (76). pAV73 is a URA3 2�m CYC-LacZ
fusion reporter plasmid that is used as a control to establish a baseline. PAV138
contains a URS1 site from the HOP1 promoter cloned into the XhoI site of
pAV73. It represses lacZ expression in a Ume6p/Sin3p/Rpd3p-dependent man-
ner. The pAV73/pAV138 ratios of �-galactosidase activities were used to calcu-
late the ability of the RPD3 variants to derepress lacZ reporter gene transcription
as previously described (76). All assays were performed in triplicate.

In vivo [35S]methionine incorporation. Labeled methionine incorporation
assays were performed as previously described (7). Briefly, isogenic rpd3� strains
containing wild-type pRPD3 or pmof6-1 were grown in 30 ml of medium lacking
methionine and tryptophan at 30°C to an OD595 of 1.0. Unlabeled methionine
was added to a concentration of 50 �M, and [35S]methionine and [35S]cysteine
(Expre35S35S Label; NEN Life Science Products) were added to each culture to
final specific activities of 1.1 �Ci/ml. Samples were harvested at 0 min and at
15-min intervals for 60 min. Incorporation of the [35S] labels was monitored by
cold trichloroacetic acid (TCA) precipitation. For each time point, 1.2-ml ali-
quots were harvested, from which 0.2 ml was used to determine the OD595 of the
cultures. One milliliter of ice-cold 20% TCA was added to the remaining 1 ml of
each aliquot, incubated on ice for 10 min, heated to 70°C for 20 min, and filtered
through prewet Whatman GF/C filters. Filters were sequentially washed with 10
ml of ice-cold 5% TCA and 10 ml of 95% ethanol and dried, and the radioactivity
of samples was determined by scintillation counter. All time points were taken in
triplicate.

Pulse-chase labeling of rRNA. Pulse-chase labeling with L-[methyl-3H]methi-
onine was carried out on the isogenic wild-type, mof6-1, rpd3�, rpd3-H151A,
sin3�, and sap30� strains as previously described (23, 45). Twenty thousand
counts per minute per sample were resolved on a 1.2% formaldehyde-agarose
gel. Labeled RNAs were transferred to a zeta probe membrane (Bio-Rad),
sprayed with En3Hance (Dupont), and exposed to X-ray film.

Polysome and two-dimensional NEPHGE analyses. For polysome analyses,
cytoplasmic extracts, prepared as described by Baim et al. (2), were fractionated
on 7 to 47% sucrose gradients buffered with 50 mM Tris-acetate (pH 7.4), 50 mM
NH4Cl, 12 mM MgCl2, and 1 mM dithiothreitol (DTT). Gradients were centri-
fuged in an SW41 rotor at 40,000 rpm for 135 min at 4°C, fractionated, and
analyzed by continuous monitoring of A254 (55). For nonequilibrium pH gradient
gel electrophoresis (NEPHGE) analyses, 40S and 60S ribosomal subunits were
separated by ultracentrifugation through a 7 to 27% sucrose gradient in the
presence of 500 mM EDTA. Purified ribosomal subunits (	195 �g/sample) were
separated by NEPHGE (pH gradient of 3.5 to 11.5% in the first dimension and
12.5% polyacrylamide separating gel in the second dimension) and were visual-
ized by silver staining by the Kendrick Laboratories (Madison, Wis.).

Preparation of tRNAs and of donor and acceptor fragments. Yeast tRNAs
were charged with [14C]phenylalanine as previously described (32, 50). Briefly, a
400-�l reaction mix composed of 200 �g of yeast tRNA (Sigma), 25 mM Tris-
HCl (pH 7.5), 20 mM MgCl2, 10 mM ATP, 50 nmol of phenylalanine (313
mCi/mmol; NEN), and 50 �l of aa-tRNA synthetase (9 U/ml; Sigma) was incu-
bated for 25 min at 37°C. After addition of 40 ml of 3 M sodium acetate (pH 5.0),
the mixture was extracted twice with an equal volume of water-saturated phenol
and once with chloroform. It was then precipitated with 2.5 volumes of ethanol
at �20°C for 1 h. After centrifugation for 10 min, the pellet was resuspended in
50 ml of 2 mM potassium acetate (pH 5.0). [14C]Phe-tRNAPhe was separated
from uncharged tRNAs by using DEAE Sephadex as previously described (57).
Acetylation of charged tRNAs was performed as previously described (30).
Briefly, [14C]Phe-tRNAPhe was resuspended in 200 �l of 0.2 M sodium acetate

TABLE 2. Primers used in this study

Primer Sequence

Sequencing primers
Reverse primer...........................................................................................................5� TTCACACAGGAAACAG 3�
Universal primer ........................................................................................................5� GTAAAACGACGGCCAGT 3�
RPD3 sequencing oligonucleotide 1........................................................................5� GCCGCATAGAATAAGAATGG 3�
RPD3 sequencing oligonucleotide 2........................................................................5� GGTTCAAACACAGATCTATACG 3�
RPD3 sequencing oligonucleotide 3........................................................................5� GCTGTCGTGTTACAGTGTGG 3�

PCR primersa

1 (forward primer XhoI)...........................................................................................5� CCCCCTCGAGTGTCCCATATTTTGCCTTG 3�
2 (reverse primer PstI) ..............................................................................................5� CCCCCTGCAGTTGTCATGCTCAACATGTAGG 3�

3 (forward primer KpnI) ...........................................................................................5� CCCCGGTACCTCATGTAGCCAATTGCTACAC 3�
4 (reverse primer SalI)..............................................................................................5� CCCCGTCGACTCAAAATTAGCTCTCACCGC 3�

5 (forward primer XhoI)...........................................................................................5� CCCCCTCGAGTCAAATAAGTTGCATTGTTCG 3�
6 (reverse primer PstI) ..............................................................................................5� CCCCCTGCAGTCAAAAGCTATCCTGGCAGA 3�

Oligonucleotide H151Ab...............................................................................................5� GCTTCCGATTTTTTTGCAGCATGCAAACCACCCGC 3�

a Primers 1 and 2, 3 and 4, and 5 and 6 were used to clone rpd3, PEX6, and AAD14 alleles, respectively, from genomic DNA.
b Mutagenized bases are underlined.
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(pH 5.0), followed by addition of 2.5 �l of acetic anhydride. After a 1-h incuba-
tion on ice, another 2.5 �l of acetic anhydride was added, and incubation at 0°C
was done for an additional hour. The tRNA was precipitated by addition of 2.5
volumes of ethanol. The [14C]Phe-tRNAPhe and acetyl-[14C]Phe-tRNAPhe were
subsequently digested with 500 U of RNase T1 in 200 �l of 0.3 M sodium acetate
(pH 5.0) for 1 h at 37°C, and the reaction mixtures were purified by using DEAE
Sephadex as previously described (57). The resulting A site-specific [14C]Phe-
CACCA (acceptor) and P site-specific acetyl-[14C]Phe-CACCA (donor) frag-
ments were used as substrates for the tRNA fragment binding assays.

Purification of ribosomes and tRNA binding assays. Salt-washed ribosomes
were purified as previously described (48, 50). Briefly, yeast cells were grown in
0.5 liters of YPAD overnight, collected by centrifugation, and washed twice with
buffer A (20 mM Tris-HCl [pH 7.5], 10 mM MgCl2, 1 mM DTT, 0.1 mM EDTA,
0.25 M sucrose). The cell pellet was suspended in 20 ml of buffer A, 30 g of glass
beads (0.45-mm diameter) were added, and cells were disrupted by vortexing.
The yeast lysate was centrifuged twice for 15 min at 15,000 rpm in a Sorvall S34
rotor, and the supernatant was pelleted at 100,000 
 g for 3 h. The pellet was
suspended in 6 ml of buffer B (20 mM Tris-HCl [pH 7.5], 10 mM MgCl2, 1 mM
DTT, 0.1 mM EDTA, 0.25 M sucrose, 0.5 M KCl) and placed on a cushion of 3
ml of buffer C (20 mM Tris-HCl [pH 7.5], 10 mM MgCl2, 1 mM DTT, 0.1 mM
EDTA, 1 M sucrose, 0.5 M KCl). After centrifugation at 50,000 rpm for 4 h
(SW55 Ti), the pellet was dissolved in 1 ml of buffer A. After a clarifying spin for
1 min in a microcentrifuge, OD260 readings were taken (1 A260 unit � 19 pmol
of ribosomes [1]). The protein content of ribosomes was also estimated by using
protein assay reagent (Bio-Rad). Ribosomes were suspended in buffer A at a
concentration of 4 pmol/�l and stored at �70°C.

The whole-tRNA and tRNA fragment binding assays were performed by
following a modification of previously published protocols (32, 50). Briefly,
ribosomes (400 pmol) were incubated with 800 pmol of whole tRNAs or donor
or acceptor fragments in 500 �l of a buffer containing 70 mM Tris-acetate (pH
7.2), 40 mM magnesium acetate, 0.4 M potassium acetate, and 50 mM NH4Cl.
Ethanol was added to a final concentration of 30%, and 20-�l aliquots were
taken during the time course at 24°C. Samples were diluted to 1 ml with cold
buffer (50 mM Tris-HCl [pH 7.2], 0.4 M KCl, 40 mM MgCl2, 30% ethanol),
immediately precipitated onto a Millipore filter, washed with 1 ml of the dilution
buffer, and counted in a scintillation counter. The reaction mix without ribo-
somes was used as the control. All assays were performed in triplicate.

Puromycin reaction with tRNA fragments. Puromycin reactions were per-
formed as previously described (14), with slight modifications. Ribosomes (20
pmol) were incubated with 5 pmol of CACCA[14C]AcPhe (682 dpm/pmol) in 300
�l of PR buffer (25 mM HEPES-KOH [pH 7.4], 135 mM NH4Cl, 250 mM KCl,
20 mM MgCl2, 33% EtOH) at 0°C for 10 min. Puromycin was added to final
concentrations of 1 mM, and reaction mixes were incubated on ice. At indicated
time points, 50-�l aliquots were taken, and reactions were stopped by the addi-
tion of equal volumes of a 0.3 M sodium acetate solution saturated with MgSO4.
Puromycin was extracted with 1 ml of ethyl acetate, and the radioactivity was
determined by liquid scintillation counting. In all of the experiments, controls
were analyzed in the absence of puromycin to determine the nonspecific extrac-
tion of CACCA[14C]AcPhe. Control values (generally less than 2%) were sub-
tracted from the values obtained in the presence of puromycin.

RESULTS

mof6-1 is an allele of RPD3. The ts� phenotype of mof6-1
cells (20) provided a simple selective trait for the cloning of the
wild-type gene. mof6-1 cells (JD469-2D) transformed with a
YCp50-based genomic library (58) were replica plated to se-
lective medium and subsequently shifted to nonpermissive
temperature (37°C). Approximately 1.2 
 104 colonies were
screened (4.8 genome equivalents), and three colonies that
grew at the restrictive temperature were isolated. Positive plas-
mids were rescued from yeast into E. coli, and reintroduction
into mof6-1 cells confirmed their abilities to confer growth at
the nonpermissive temperature. The inserts in all of the
genomic clones were approximately 13 kb in length, and se-
quence analysis mapped them all to the same region of chro-
mosome XIV. One of the genomic clones, pJD155, was used
for the subsequent characterization of MOF6. Meiotic linkage
analysis was used to ascertain whether pJD155 harbored

MOF6 as opposed to a second site suppressor. The URA3 gene
was inserted into the PEX6 locus of a MOF6 ura3 strain
(JD972A) (Fig. 1A), providing a scorable phenotype for ge-
netic linkage analyses. Diploid cells (JD972A 
 JD469-2D)
were sporulated, and the genotypes of 26 tetrads were deter-
mined. All of the tetrads scored as parental ditypes, i.e., 2:2
segregation of Ura� ts�:Ura� ts�. The absence of crossover
events demonstrates tight genetic linkage between MOF6 and
the site of URA3 integration (PEX6), confirming that MOF6
was present in the yeast genomic DNA insert of pJD155.

Partial restriction analysis of pJD155 revealed four EcoRI
restriction fragments, which were designated A, B, C, and D
based on their relative electrophoretic mobilities (Fig. 1A). All
subclones generated from partial EcoRI digestion which did
not contain the B fragment were unable to complement the
temperature-sensitive phenotype (e.g., pJD155.CAD [Fig.
1A]). Sequence analysis revealed that the B fragment con-
tained RPD3. To determine whether MOF6 is RPD3 or
whether the B fragment contained other genetic information
required for transcription initiation or 3�-end formation of
flanking genes, clones of the individual ORFs that were
present on the genomic clone were generated by PCR as de-
scribed in Materials and Methods (Fig. 1A). mof6-1 cells har-
boring either pJD155 or pRPD3 but not pPEX6 or pAAD14
were able to grow at restrictive temperatures (Fig. 1). Further-
more, an RPD3 clone generated from mof6-1 genomic DNA,
pmof6-1, was not able to complement the ts� phenotype (Fig.
1), confirming that RPD3 is both necessary and sufficient to
complement the mof6-1 ts� phenotype.

PRF assays were used to examine whether pRPD3 could
complement the mof6-1 frameshifting defect. The frameshift
test plasmids p�1 and the 0-frame control p0 were introduced
into mof6-1 cells harboring pRPD3, pPEX6, pAAD14, or
pmof6-1, and the effects on �1 PRF were assayed. Whereas
introduction of the wild-type gene pRPD3 restored �1 PRF
efficiencies to wild-type levels (approximately 2.0%), frame-
shifting efficiencies remained elevated in cells harboring the
other clones (Fig. 1A). Sequence analysis of mof6-1 clones
isolated from three independent PCRs revealed the presence
of a single base transition, G1218A, corresponding to a change
at the amino acid level of aspartic acid to asparagine (GAT3
AAT) at position 407, approximately 30 residues from the C
terminus of the protein (data not shown). A ClustalW analysis
(71) revealed that that yeast has an acidic residue at this po-
sition while the RPD3 homologs from humans, mice, and Ar-
abdopsis contain the basic arginine, suggesting that there may
be a requirement for a charged residue in this environment.
Unfortunately, the lack of structural information pertaining to
this region of the protein precludes any further speculation on
the functional role of this amino acid residue.

Two additional plasmid-borne rpd3 alleles were constructed
for further study. Since the mof6-1 mutation did not occur in
the putative deacetylation motif (41), we constructed an allele
in this domain by changing the histidine at position 151 to an
alanine residue (pH151A), which has previously been shown to
nearly eliminate Rpd3p deacetylase activity (40). In addition,
since HDAC1 is the most homologous to RPD3 among the at
least seven different human histone deacetylases (70, 79), we
used a clone in which transcription of the human HDAC1
cDNA was driven from the yeast PGK1 promoter (pHDAC1).
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In order to further characterize mof6-1 independently of
strain-specific background effects, all subsequent experiments
were performed with plasmid-borne alleles in the rpd3::LEU2
gene disruption strain YMH270. The resulting isogenic strains
were subsequently transformed with the p�1 and p0 frameshift
test vectors, and �1 PRF efficiencies were determined. Frame-
shifting efficiencies were significantly elevated in cells harbor-
ing pmof6-1, pH151A, and vector alone, while addition of the
wild-type gene or the human homolog reduced �1 PRF effi-
ciencies to wild-type levels (Fig. 2A).

To examine the effects of the different rpd3 alleles on killer
virus maintenance, L-A and M1 viruses were first introduced by
cytoplasmic mixing into the rpd3� strain harboring the wild-
type RPD3 gene on a URA3-based CEN plasmid, and stable
Killer� colonies were identified. The resulting strain was then
transformed with low-copy TRP1 vectors harboring the differ-
ent RPD3 alleles or with a vector control. In parallel to the
frameshifting results, increased �1 frameshifting efficiencies
correlated with loss of the killer phenotype (Fig. 2B) and with
loss of the M1 satellite virus (Fig. 2C). The results of assays for
transcriptional repression (Fig. 2D) and cycloheximide hyper-
sensitivity (data not shown) also demonstrated correlations
between these classic rpd3-associated phenotypes and defects
in programmed �1 ribosomal frameshifting. In addition, in-
troduction of pmof6-1 into wild-type cells had no effect on �1

frameshifting efficiencies, demonstrating that this does not rep-
resent a gain-of-function allele (data not shown). Taken as a
whole, these data define mof6-1, rpd3-H151A, and rpd3� as
mof-specific alleles of RPD3.

Correlation of growth and frameshifting defects in the rpd3
mutants. It was observed that the initial appearance and sub-
sequent growth of colonies of rpd3� cells transformed with the
various plasmid-borne mutant alleles of rpd3 was delayed rel-
ative to that of cells containing the wild-type gene. Measure-
ment of growth rates revealed significant quantitative differ-
ences. In logarithmic growth, the doubling times of cells
harboring either vector alone or the pH151A allele were ap-
proximately 1.4-fold longer than that of wild-type controls
(doubling time of 3.5 h for cells harboring pRS314 or pH151A
versus 2.5 h for cells harboring pRPD3). The growth defect was
even greater in mof6-1 cells, where the doubling time was
increased approximately 1.6-fold compared with that of iso-
genic wild-type cells (4.0 versus 2.5 h). Shifting of cells from
stationary-phase growth to fresh medium and subsequent mon-
itoring of cell growth rates revealed that the mutants also
exhibited significantly different effects on the quality of growth
compared with those of isogenic wild-type controls. Particu-
larly striking was the observation that the mutants remained in
lag-phase growth for approximately 2 h longer than did wild-
type controls (Fig. 3A), suggestive of a defect in the ability of

FIG. 1. mof6-1 is an allele of RPD3. (A) Cloning of MOF6. At the top is the schematic representation of the 	13-kb insert isolated from the
YCp50 plasmid library (pJD155). Locations of all of the intact ORFs contained in this clone are represented as boxes. The URA3 gene is shown
with a shaded box and the location of its insertion into PEX6 in strain JD972A is indicated. The subclones of the plasmid pJD155 and of
PCR-generated clones of AAD14, RPD3, PEX6, and the mof6-1 allele of RPD3 are indicated at left, and their effects on growth and �1 ribosomal
frameshifting efficiency (�1 PRF) are shown at right. The molecular lesion in the mof6-1 allele, a G-to-A transition at position 1218 of the coding
sequence, is shown. This results in a change of aspartic acid to asparagine at amino acid 407. N.D, not determined; A, B, C, and D, the four EcoRI
restriction fragments revealed by partial restriction analysis of pJD155 (see Results). (B) Complementation of the temperature-sensitive phenotype
by RPD3. mof6-1 strains (JD469-2D) harboring the indicated clones were spotted onto selective medium and incubated at either the permissive
(30°C) or the nonpermissive temperature (37°C) for 4 days.
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the biosynthetic apparatus to respond to the presence of a rich
nutrient source. Similarly, the onset of diauxic shift occurred
approximately 2 h earlier for cells harboring pmof6-1 and 1 h
earlier for cells harboring pH151A and vector alone than for
cells expressing the wild-type gene (Fig. 3A). This result sug-
gests inefficient utilization of carbon source by the mutants.

Given the original translation-associated defect of mof6-1,
we examined whether these cells exhibited any gross defect in
protein synthesis. Rates of incorporation of [35S]-labeled me-
thionine and cysteine into newly synthesized protein in mid-
logarithmically growing cells were determined as described in
Materials and Methods. The results (Fig. 3B) demonstrate that
rates of protein synthesis in mof6-1 cells were approximately
75% of that in wild-type cells.

Previous experiments have demonstrated that programmed
�1 ribosomal frameshifting efficiencies remain stable through-
out the growth cycle in wild-type cells (15). In light of the
effects of the mutants on cell growth, �1 PRF efficiencies were
monitored during lag phase, log phase, and after diauxic shift
in isogenic rpd3� cells harboring vector alone, pRPD3,
pmof6-1, and pH151A. The results of these experiments show
that �1 PRF defects were maximized in the mutants in lag
phase, becoming less severe as cells progressed through the
growth curve (Fig. 3C). The effect was most notable in mof6-1
cells. The results suggest that the frameshifting defects were
maximized in the mutants when demand for newly synthesized
ribosomes was the greatest and that �1 frameshifting efficien-
cies decreased in parallel with the demand for new ribosomes.
That no such effect was observed in wild-type cells is in line
with the bioeconomic model of regulation of ribosome biosyn-
thesis (80) and suggests a defect in the regulation of ribosome
biosynthesis (see below).

Deletion of other genes linked to heterochromatin-associ-
ated functions also results in the Mof� phenotype. Deacety-
lation of histones by Rpd3p promotes local chromatin conden-
sation, resulting in transcriptional repression of nearby RNA
Pol II-transcribed genes (reviewed in reference 10). Although
Rpd3p is able to deacetylate histones in vitro, in vivo deacety-
lation of histones by Rpd3p requires the cofactors. Mutations
in any of the components of the Rpd3p/Sin3p/Ume6p repres-
sion complex lead to gene-specific derepression of RNA Pol
II-regulated genes and concomitant transcriptional activation
(33, 40). Conversely, mutations in any of the components of
the Rpd3p/Sin3p/Sap30p repression complex lead to the op-
posite effect, i.e., enhanced transcriptional silencing of RNA
Pol II-transcribed genes artificially inserted into heterochro-
matin contexts (69).

Given the model describing the histone deacetylase com-
plex, if mof6-1 is acting through either of these complexes, then
sin3 mutants would also exhibit Mof� phenotypes. Further-

FIG. 2. RPD3 allele-specific effects on programmed �1 ribosomal
frameshifting, killer virus maintenance, transcriptional repression, and
sensitivity to cycloheximide. Isogenic rpd3� cells (YMH270) were
transformed with vector alone (pRS314), clones expressing variations
of RPD3 (the wild-type, mof6-1, and H151A alleles of RPD3), or a
clone expressing the human homolog, HDAC1. Colonies were selected
on synthetic complete medium lacking tryptophan. (A) Functional
Rpd3p is required to maintain appropriate levels of programmed �1
ribosomal frameshifting. pRS426-based versions of the frameshift test
plasmids p0 and p�1 were introduced into cells, and transformants
were selected on medium lacking tryptophan and uracil. Programmed
�1 ribosomal frameshifting efficiencies were determined as described
in Materials and Methods. All assays were performed in triplicate, and
percent errors are indicated with error bars. (B and C) Functional
Rpd3p is required to maintain the killer phenotype and the M1 satellite
virus of L-A. The L-A and M1 viruses were introduced from JD758
into the isogenic strains harboring the various RPD3 variants by cyto-
plasmic mixing (20). The killer phenotypes are shown (B). Total nu-
cleic acids were extracted from these cells, separated through a 1.0%

nondenaturing agarose gel, denatured in the gel, transferred to a nylon
membrane, and hybridized with L-A- and M1-specific (�) strand
probes (C). Hybridizing bands were visualized by autoradiography.
The positions of L-A and M1 are shown. (D) The transcriptional
derepression phenotype of the mof6-1 allele is similar to those of the
other loss-of-RPD3-function alleles. Derepression phenotypes of the
RPD3 variants were determined as described in Materials and Meth-
ods.
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more, if the effect is on a heterochromatin-associated function,
e.g., transcription or maturation of rRNAs, then sap30 mutants
should also promote increased �1 PRF efficiencies. Con-
versely, ume6 mutants should promote increased �1 PRF ef-
ficiencies if the effect is on genes found in euchromatin, e.g.,
RP genes. Figure 4 shows that deletion of either SIN3 or
SAP30 resulted in increased �1 PRF efficiencies, while three
separate ume6 alleles did not. The sin3� and sap30� strains
also had significant killer virus maintenance defects, whereas
ume6 strains were able to stably maintain the killer virus (data
not shown). These results demonstrate that (i) the histone
deacetylation apparatus is involved in a process that results in
a specific translational fidelity defect and (ii) the effect is likely
to involve a process in the heterochromatin environment.

Mutation of genes involved in the histone deacetylation ap-
paratus results in 60S ribosomal subunit biogenesis defects.
That a defect involving heterochromatin should result in a
translational fidelity defect suggested a ribosome biogenesis
defect involving rRNA transcription or processing. Given the
involvement of the histone deacetylase complex in transcrip-
tion-associated processes, the effects of these alleles on rRNA
transcription and processing were examined by pulsing cells
with [3H]methylmethionine, which specifically labels the meth-
ylated RNAs, the most abundant of which are those tran-
scribed from the 35S operon. Though no differences were
observed with regard to either the rates of 35S pre-rRNA
synthesis or its eventual maturation to 18S and 25S rRNAs, the
amount of time required for the initial processing step of the
35S pre-rRNA in the mutant cells was delayed by approxi-
mately 3 min compared with that for wild-type controls (Fig.
5A). A steady-state analysis revealed that there was no accu-
mulation of any precursors in the mutant cells (data not
shown). Polysome analyses of ribosomes isolated from isogenic
wild-type, rpd3�, mof6-1, rpd3-H151A, sin3�, and sap30�
strains were suggestive of biogenesis defects in the 60S ribo-
some subunits, as evidenced by decreased levels of 60S ribo-
somal subunits, increased areas under the 80S peaks, and de-
creased polysome peaks (Fig. 5B).

Ribosome biogenesis defects are not due to global defects in
RP expression. It has previously been found that defects in
specific RPs result in increased PRF efficiencies (50, 56). Thus,
one possible explanation for the observed effects could be that
these alleles promote altered expression of RPs. To examine
this possibility, approximately 200-�g samples of 60S and 40S
ribosomal subunits isolated from isogenic wild-type and mu-

FIG. 3. Correlation of growth and frameshifting defects in the rpd3
mutants. (A) rpd3 mutants display delayed exit from lag phase and
early entry into diauxic shift. Stationary-phase cultures of isogenic
rpd3� strains harboring vector alone (pRS314) or the indicated plas-
mid-borne alleles of RPD3 were diluted into complete synthetic me-
dium lacking tryptophan to 0.3 U of OD550/ml and grown at 30°. At 1-h
time points thereafter, aliquots of cells were sampled and OD550 read-
ings were determined. Data shown represent the means of each time
point through three repetitions of the experiment. Standard deviations
were �5%. Solid arrows indicate the approximate point of exit from
lag phase, and dotted arrows indicate diauxic shift. (B) Decreased rates
of protein synthesis in cells expressing the Mof6-1p form of Rpd3p.

[35S]methionine and [35S]cysteine were added to mid-logarithmically
growing isogenic rpd3� strains containing wild-type pRPD3 or
pmof6-1, and samples were harvested at 0 min and at 15-min intervals
for 60 min. Incorporation of the [35S] labels was monitored by cold
TCA precipitation as described in Materials and Methods. The data
were plotted by using the formula y � mx � B, where m is the slope,
x is the sample, and B is the y intercept. Rates of protein synthesis
correspond to m. All time points were taken in triplicate. (C) Frame-
shifting defects in the rpd3 mutants are maximized when demand for
ribosomes is greatest. Programmed �1 ribosomal frameshifting effi-
ciencies were determined in isogenic rpd3� strains harboring vector
alone (pRS314) or the indicated plasmid-borne alleles of RPD3 during
the three different phases of cell growth. La, lag-phase growth; Lo,
log-phase growth; Dx, after diauxic shift. All assays were performed in
triplicate. Error bars denote percent error.
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tant cells were separated in two dimensions by NEPHGE, and
RPs were visualized by silver staining. No gross differences in
the staining patterns were observed between wild-type and
mutant samples (data not shown). These results demonstrate
that the effects of the rpd3 mutants on PRF and ribosome
biogenesis are not due to defects in the synthesis of RPs.

Mutants result in aa-tRNA binding defects. One previously
unexplained phenotype of rpd3 mutants has been their sensi-
tivity to cycloheximide, a translational inhibitor (78). In light of
our data showing that these classes of mutants promote a
ribosome biogenesis defect specific to 60S subunits, we em-
ployed a pharmacogenetic approach using well-characterized
antibiotics to investigate the specificity of the defects. Sparso-
mycin, which increases the affinity of ribosomes for the 3�
(donor) end of peptidyl-tRNAs (34, 39, 51) was used as a P
site-specific probe. Anisomycin, which decreases ribosomal af-
finities for the 3� (acceptor) ends of aa-tRNAs (6, 29, 62), and
paromomycin, which stabilizes binding of near-cognate tRNAs
in the decoding center of the small-subunit rRNA (8, 54, 77)
served as probes for A site-specific defects. Figure 6A shows
that although sparsomycin had no effect relative to the wild
type on cells harboring the various rpd3 alleles (rpd3�, mof6-1,
and rpd3-H151A) or the sin3� and sap30� mutants, all of the
mutants were hypersensitive to anisomycin and all but sap30�
were hypersensitive to paromomycin. These data indicate that
the translational defect caused by mutations in these genes is
specific to the ribosomal A site. To further investigate the
biochemical basis for these observations, tRNA binding exper-
iments were performed comparing isogenic wild-type and
mof6-1 ribosomes. Although no differences were observed in
the binding of the 3� ends of either donor or acceptor frag-
ments (data not shown), the binding profiles for intact aa-
tRNAs were significantly different (Fig. 6B). Specifically,
mof6-1 ribosomes had decreased initial rates of aa-tRNA bind-
ing and had lower overall affinities for aa-tRNAs. In addition,
precipitous drop-off in aa-tRNA binding at the 60-min time
point suggests that mof6-1 ribosomes are less stable than their
wild-type counterparts.

Ribosomes from mof6-1 cells have decreased peptidyltrans-
ferase activities. It has previously been demonstrated that pep-
tidyl transfer defects can specifically promote increased �1
PRF efficiencies (17, 49). It is possible that a defect in binding
of aa-tRNA could result in diminished peptidyltransferase ac-
tivities. This in turn might enable elongating ribosomes to
pause longer at the programmed �1 ribosomal frameshift sig-
nal, providing them with more time to shift. To test this hy-
pothesis, we compared the peptidyltransferase activities of ri-
bosomes isolated from isogenic wild-type and mof6-1 strains by
using the puromycin reaction. Figure 6C shows that ribosomes
purified from mof6-1 cells have significantly reduced peptidyl-
transferase activities compared with that of wild-type controls.
These findings illuminate the biochemical basis for the Mof�

phenotypes of these cells.

DISCUSSION

mof6-1 was originally isolated as a recessive mutation in S.
cerevisiae that promoted increased efficiencies of programmed
�1 ribosomal frameshifting and rendered cells unable to main-
tain the killer virus (20). In the present study, we show that

MOF6 is a unique allele of RPD3, that it does not represent a
gain-of-function allele, and that the deacetylase function of
Rpd3p is required for maintenance of wild-type levels of
frameshifting and maintenance of the yeast killer virus. The
role of RPD3 in the specific aspect of translational fidelity
described here explains the previously noted hypersensitivity to
cycloheximide in other alleles of this gene. Furthermore, the
ability of the closest human homolog to complement the trans-
lational fidelity and virus maintenance defect demonstrates
that, in addition to the conservation of its function in the
regulation of RNA Pol II transcription, its role in processes
involved in the biogenesis of the protein translational machin-
ery has also been preserved.

Specific interactions of the Rpd3p-Sin3p complex with other
factors, e.g., Ume6p or Sap30p, have been genetically shown to
have differential effects on RNA Pol II-transcribed genes in
either euchromatin or heterochromatin environments (69).
Our observation that mutants of RPD3, SIN3, and SAP30, but
not of UME6, affect programmed �1 ribosomal frameshifting
and virus maintenance suggests that these translation-associ-
ated defects are due to effects in the heterochromatin environ-
ment. Though previous work has shown that deletion of RPD3,
SIN3, or SAP30 promotes repression of RNA Pol II-tran-
scribed reporters that have been artificially inserted into the
RDN1 locus, the fact that there was no quantitative effect on
rates of 35S rRNA synthesis argues against the observed effects
on ribosome biogenesis and function being a consequence of a
simple rRNA transcriptional defect. Rather, we have shown
that the defect is a delay at the earliest stage in the 35S
pre-rRNA processing program. Since processing of the 35S
pre-rRNA is cotranscriptional (25) and since the histone
deacetylase complex is known to influence chromatin struc-
ture, one possible explanation for our observations could be
that a change (or the lack thereof) in the heterochromatin
topological environment is perturbing an early function of the
apparatus, e.g., the 60S processosome (22), that is required for
assembly of the large ribosomal subunit.

FIG. 4. Deletion of other genes linked to heterochromatin-associ-
ated functions also results in frameshifting defects. The frameshift
test vectors p0 and p�1 were introduced into isogenic wild-type
(YMH171), rpd3� (YMH270), sin3� (YMH265), and sap30� (YMH277)
strains, along with four strains harboring different alleles of UME6
(AJ82, AJ82 11-2, AJ82 66-2, and AJ82 77-2), and programmed �1
ribosomal frameshift efficiencies were determined. All assays were
performed in triplicate. Error bars denote percent error.
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In light of the well-defined steps involved in rRNA matura-
tion (for reviews, see references 42, 44, and 75), our data
suggest the possibility that the defect may be at the level of
rRNA base modification, e.g., 2�-O-ribose methylation and/or
pseudouridylation. These types of base modification have been
specifically shown to localize to functional regions of the ribo-
some (13). Of particular interest with regard to the ribosomal
A site-specific defect observed here are the large numbers of

modified bases clustered in regions of the large-subunit rRNA
that are associated with the A site–aa-tRNA interactions and
the peptidyltransferase center (reviewed in references 13 and
53). These include (i) the peptidyltransferase center core re-
gion; (ii) the region of helix 38 that forms an “A-minor motif”
with 5S rRNA (52); (iii) helix 69, which appears to form an
important bridge between the aa- and peptidyl-tRNAs (66);
and (iv) the A loop at the end of helix 92 (though the lack of

FIG. 5. Mutations of genes involved in histone deacetylation result in ribosome biogenesis defects. (A) Delayed 35S rRNA processing.
Pulse-chase labeling with L-[methyl-3H]methionine was carried out on the isogenic wild-type, mof6-1, rpd3�, rpd3-H151A, sin3�, and sap30� strains
as previously described (23, 45). Twenty thousand counts per minute per sample were resolved on a 1.2% formaldehyde-agarose gel. Labeled
RNAs were transferred to a zeta-probe membrane, sprayed with En3Hance, and exposed to X-ray film. (B) 60S ribosomal subunit biogenesis and
polysome defects. Cytoplasmic extracts from isogenic strains were fractionated though sucrose gradients as described in Materials and Methods.
Gradients were centrifuged in an SW41 rotor at 40,000 rpm for 135 min at 4°C, fractionated, and analyzed by continuous monitoring of A254 (55).
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effect of mof6-1 ribosomes on acceptor fragment binding ar-
gues against the defect affecting this particular structure).
Thus, an alternative to the altered heterochromatin topology
hypothesis could be that a deficiency in the histone deacetyla-
tion machinery could result in repression of the RNA Pol
II-transcribed box C�D and/or box H�ACA snoRNAs, which
act as essential guides for base-specific rRNA modification
(reviewed in references 13 and 53), resulting in the observed
delay in 35S rRNA processing. Future studies will investigate
this hypothesis directly, examining the base modification status
of rRNAs in mof6-1 mutants, the abundances of these
snoRNAs, and the frameshifting and virus maintenance phe-
notypes of mutants defective in these processes.

Whatever its origin, the early delay in rRNA maturation
affects a series of downstream processes involved in the bio-
genesis and functionality of ribosomes. These effects are spe-
cific to the formation and/or the function of the A site. The
resulting ribosomes are less accurate than their wild-type coun-
terparts and have decreased peptidyltransferase activities. The
presence of these specific, rather than global, effects on ribo-
some function also provides strong arguments against the hy-
pothesis that the observed frameshifting defects may be due to
global misregulation of RP biosynthesis or to derepression of
the lacZ frameshift reporter mRNAs. We hypothesize that the
decreased rates of peptidyl transfer allow ribosomes with both
A and P sites occupied by tRNAs to pause for longer periods
of time at �1 frameshift signals, promoting increased �1 PRF
efficiencies. Alternatively, decreased affinities of the mutant
ribosomes for aa-tRNAs may make this tRNA more inclined
to slip. Either of these mechanisms can account for the specific
effect of mof6-1 on programmed �1 ribosomal frameshifting
and virus maintenance (20, 31).

Our observations also suggest that a functional histone
deacetylase complex is essential for the proper timing and
extent of downstream rRNA processing events and ribosome
maturation. The delayed exit from lag-phase growth in the
mutant cells suggests that limiting the availability of this com-
plex is rate limiting with regard to these events. Corollary to
this is that under such rate-limiting conditions, as the demand
for new ribosomes outpaces the ability of the cell to supply

FIG. 6. The mutants promote ribosomal A site-specific and pepti-
dyl transfer defects. (A) Pharmacogenetic analyses show hypersensi-
tivity to A site-specific drugs. Tenfold dilutions (from 105 to 101 CFU)

of isogenic wild-type, rpd3�, mof6-1, rpd3-H151A, sin3�, and sap30�
strains were spotted onto selective (H�Trp) medium containing the
indicated concentrations of drugs or no-drug controls and incubated at
30°C for 3 days. (B) Ribosomes from mof6-1 cells have decreased
binding for aa-tRNA. Ribosomes purified from isogenic wild-type and
mof6-1 strains were incubated with molar excess amounts of purified
[14C]Phe-tRNA, and salt-washed ribosomes were diluted at the indi-
cated time points and quickly filtered through nitrocellulose filters.
After drying, the filters were counted by liquid scintillation. Assays
were performed in triplicate. Data points and error bars indicate
means and standard deviations. (C) Ribosomes from mof6-1 cells have
decreased peptidyltransferase activities. Time course of the formation
of [14C]phenylalanine-puromycin product in assays using ribosomes
isolated from isogenic rpd3� cells expressing wild-type or the mof6-1
forms of Rpd3p. Ethyl acetate soluble radioactivity was determined by
liquid scintillation counting. Control studies were performed in the
absence of puromycin to determine the nonspecific extraction of
CACCA[14C]AcPhe. Control values (generally less than 2%) were
subtracted from the values obtained in the presence of puromycin. All
experiments were performed in triplicate. Data points and error bars
indicate means and standard deviations.
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them, the cell would tend to produce a greater fraction of
defective ribosomes in an attempt to keep up with demand.
That the frameshifting defect is accentuated when the require-
ment for ribosomes is highest supports this bioeconomic hy-
pothesis. Furthermore, the early entry of the mutants into
diauxic shift shows that these cells are depleting the growth
medium of carbon source at an accelerated rate. We hypoth-
esize that functionally compromised ribosomes produce a large
amount of inaccurately translated, inactive protein products.
These dead-end protein products would be shunted to the
protein degradation pathway, imposing a nonproductive ener-
getic load on the mutant cells. By such a scenario, the bioen-
ergetic cost per functional protein product would be substan-
tially increased, which would account for the observation that
these cells deplete the growth medium of carbon source and
enter diauxic shift more rapidly than their wild-type counter-
parts.
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