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To explore the regulatory elements that maintain the balanced synthesis of the components of the ribosome,
we isolated a temperature-sensitive (¢s) mutant of Saccharomyces cerevisiae in which transcription both of rRNA
and of ribosomal protein genes is defective at the nonpermissive temperature. Temperature sensitivity for
growth is recessive and segregates 2:2. A gene that complements the #s phenotype was cloned from a genomic
DNA library. Sequence analysis revealed that this gene is SLYI, encoding a protein essential for protein and
vesicle transport between the endoplasmic reticulum and the Golgi apparatus. In the strain carrying our fs
allele of SLYI, accumulation of the carboxypeptidase Y precursor was detected at the nonpermissive
temperature, indicating that the secretory pathway is defective. To ask whether the effect of the ¢s allele on
ribosome synthesis was specific for slyl or was a general result of the inactivation of the secretion pathway, we
assayed the levels of mRNA for several ribosomal proteins in cells carrying ts alleles of secl, sec7, secl1, secl4,
secl8, sec53, or sec63, representing all stages of secretion. In each case, the mRNA levels were severely
depressed, suggesting that this is a common feature in mutants of protein secretion. For the mutants tested,
transcription of rRNA was also substantially reduced. Furthermore, treatment of a sensitive strain with
brefeldin A at a concentration sufficient to block the secretion pathway also led to a decrease of the level of
ribosomal protein mRNA, with kinetics suggesting that the effect of a secretion defect is manifest within 15 to
30 min. We conclude that the continued function of the entire secretion pathway is essential for the maintenance
of ribosome synthesis. The apparent coupling of membrane synthesis and ribosome synthesis suggests the
existence of a regulatory network that connects the production of the various structural elements of the cell.

Cell growth requires regulation on several levels. On the one
hand there is the regulation of the DNA cycle, the entry into S
phase, the doubling of the genetic material, and its equal
distribution into two daughter cells. On the other hand there is
also doubling of the other components of the cell, including
soluble proteins, membranes of various sorts, and ribosomes.
While this is generally not coupled rigidly to the cell cycle, the
cell must maintain some balance between the levels of these
various components in order to ensure optimal growth. Certain
components, €.g., the ribosomes, are also subject to regulation
in response to environmental conditions.

Indeed, some of the earliest work on the biochemistry of
growth regulation showed that in Escherichia coli ribosome
synthesis is intimately associated with growth rate (reviewed in
reference 20). In Saccharomyces cerevisiae, the ribosome con-
tent of the cell is dependent on the growth rate (42). Upon a
shift from a poor to a good carbon source, there is an
immediate increase in the transcription of rRNA and riboso-
mal protein mRNA that precedes the increase in growth rate
(15). During a growth cycle, ribosome synthesis occurs at a
high level during early log phase but declines rapidly once the
cells have reached about 30% of their final density and ceases
almost entirely by the time the cells have reached 50% of their
final density (14). In each of these systems, the ribosome
synthesis has proved to be a sensitive barometer of the future
behavior of the cell.
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Ribosome synthesis depends on three types of transcription,
by three different RNA polymerases (Pols): transcription of
TRNA genes by Poll, transcription of 5S RNA genes by PollII,
and transcription of ribosomal protein genes by PolIl. What
are the signals to which the cell responds in order to regulate
ribosome synthesis? Is ribosome synthesis affected by aspects
of cell growth other than the metabolism of small molecules?
Is there regulation of a primary component that in turn
controls the others, or is there a parallel regulation of the
transcription of the components of the ribosome? To approach
these questions we have searched for temperature-sensitive
(ts) mutants deficient in the transcription of ribosomal protein
mRNA with the goal of detecting genes involved in the
fundamental regulation of ribosome synthesis. Unexpectedly,
we found that a mutation in the SLYI gene, whose product
plays a role in the transfer of membrane material from the
endoplasmic reticulum (ER) to the Golgi apparatus (4, 28),
had a drastic effect on transcription of both rRNA and
ribosomal protein genes. Further experiments revealed that
the functioning of the entire secretory pathway is necessary for
the continued synthesis of ribosomes. The apparent coupling
of membrane synthesis and ribosome synthesis suggests the
existence of a regulatory network that connects the synthesis of
the various structural elements of the cell.

MATERIALS AND METHODS

Strains, plasmids, and growth conditions. The S. cerevisiae
strains used in this study are listed in Table 1. Yeast cells were
grown in either yeast extract-peptone-dextrose (YPD) or min-
imal medium supplemented with 2% glucose as a carbon
source. A library consisting of partial Sau3A fragments of S.
cerevisiae genomic DNA inserted into the vector YCp50 was
generously provided by M. D. Rose (33).
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TABLE 1. Yeast strains used in this study

Strain Genotype Source

J1003.1D MATa trpl ade2-1 ura3-1 leu2-3,112 This study
canl-100

J1003.1E  MATa his3-111 ade2-1 ura3-1 leu2-3,112  This study
canl-100

312 MATo trpl ade2-1 ura3-1 leu2-3,112 This study
canl-100 slyl

J250 MATo ural tyrl his7 pep4 B. Jones

NY3 MATa ura3-52 secl-1 P. Novick

NY430 MATa ura3-52 secl4-3 P. Novick

NY431 MATa ura3-52 secl18-1 P. Novick

NY760 MATo ura3-52 sec7-1 P. Novick

RSY12 MATo ura3-52 leu2-3,112 sec53-6 R. Schekman

RSY151 MATa ura3-52 leu2-3,112 pep4-3 sec63-1  R. Schekman

R757 MATo ura3-52 his4-15 lys9 R. F. Gaber

MD59 MATo ura3-52 his4-15 lys9 erg6A R. F. Gaber

Northern blot analysis. Northern (RNA) blot analysis was
carried out with 1.5% agarose gels in formaldehyde and Nytran
membranes as described previously (7). ?P-labeled antisense
RNAs were used as probes for TCM1 (encoding ribosomal
protein L3), RPL32, RPS10, ACTI, and PYKI. **P-labeled
DNA probes specific for YL8, RPAO, RPL44, and TEFI were
prepared by the method of random primer extension of a
fragment comprising the coding region of the gene. >?P-labeled
oligonucleotide probes for TCM1, CYH2 (encoding ribosomal
protein L29), RPL32, ACTI, ENOI, and U3 RNA were
prepared by using polynucleotide kinase. U3 RNA is a conve-
nient marker to correct for unequal loading. It is abundant and
stable and therefore little affected by metabolic changes in the
cell. It is small enough (335 nucleotides) to migrate ahead of
most mRNAs.

Construction of plasmids. An isolated clone that comple-
ments the temperature sensitivity of mutant 312 was digested
with BamHI or Hindlll, and the fragments were subcloned
into YCp50. Deletions within the 7-kb HindIII fragment were
constructed by digestion with exonuclease III and mung bean

nuclease or by digestion with Spel and religation (see Fig. 4).

For the integration of SLY! into the mutant cells, a Sacl-
HindIII fragment containing SLY! was inserted into plasmid
pRS305 in which the Apal site had been deleted. The linear
Apal fragment was used for the integrative transformation at
the SLY1 locus.

Run-on transcription. Run-on transcription was carried out
as described elsewhere (6, 43). Briefly, cells are permeabilized
with the detergent N-lauroyl sarcosine (Sigma catalog number
L-5125) and incubated briefly with a transcription mix contain-
ing [«->?PJUTP. Transcription occurs at a rapid rate but ceases
after 3 to 5 min. This appears to represent the addition of
nucleotides to previously initiated transcripts, since the size of
the labeled product is heterogeneous, ranging from <200 to
>5,000 nucleotides. The RNA was prepared and hybridized to
slot blots containing the indicated genes cloned into the
single-stranded f1 phage R229.

Transcription and processing of rRNA. A culture was grown
at 23°C in a medium lacking methionine, moved to a water
bath at 37°C, and incubated for 90 min. The transcription of
rRNA was detected by means of the posttranscriptional incor-
poration of methyl groups (40). The cells were pulse-labeled
with [C*H;]methionine (60 wCi/ml) and chased by the addition
of cold methionine (500 pg/ml) (43). The reaction was termi-
nated by addition of sterile crushed ice. Total RNA was
prepared from harvested cells by the hot phenol method (5).
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RNA samples were applied on a 1.5% agarose gel in formal-
dehyde. The agarose gel was soaked with En*Hance (NEN-
Dupont), washed in cold water, dried, and visualized by
fluorography at —70°C.

Analysis of posttranslational modification of CPY. Cells
were grown at 23°C in a medium minus methionine to an
optical density at 600 nm of 0.3 to 0.5. Cells were divided into
two portions; one was incubated at 23°C and the other was
incubated at 37°C for 90 min. Cells (2.5 X 107) were pelleted
and resuspended in 1.0 ml of prewarmed fresh medium
containing 150 p.Ci of Expre**S$*>S (NEN-Dupont) label. After
60 min of radiolabeling, the cells were chased for 30 min by the
addition of 10 ul of a solution containing 0.1% cysteine, 0.4%
methionine, and 100 mM (NH,),SO,. Cells were maintained at
23 or 37°C during the pulse and chase as specified. Incubation
was terminated by addition of cycloheximide to 100 pwg/ml and
NaNj; to 10 mM and then by a chilling on ice. Cell extracts were
prepared as described by Rose et al. (32) and immunoprecipi-
tated with anti-carboxypeptidase Y (CPY) serum (2.5 pl)
(provided through P. Walter) at 4°C overnight followed by
addition of protein A-Sepharose 4B. Immunoabsorbed protein
was fractionated on a sodium dodecyl sulfate (SDS)-7.5%
polyacrylamide gel.

RESULTS

Isolation of a ts mutant deficient in ribosomal protein gene
transcription. A collection of ts mutants of S. cerevisiae (38)
was screened for those defective in the accumulation of mnRNA
for ribosomal proteins at the restrictive temperature. Most of
the mutants had normal levels of ribosomal protein mRNA. A
few had the characteristics of a splicing defect (31). However,
Northern analysis of RNA prepared from mutant 312 showed
that at the restrictive temperature this strain had almost no
mRNA for ribosomal proteins L3, L29, 132, YLS8, and S10
(Fig. 1). In contrast, the levels of actin and pyruvate kinase
mRNA were normal, whereas the mRNA for Enolp, previ-
ously identified as a heat shock protein (13), was increased.
Elongation factor 1 mRNA was decreased, although not as
severely as ribosomal protein mRNAs. Splicing appears nor-
mal in mutant 312. No accumulation of unspliced transcript
from the intron-containing genes ACTI, CYH2, RPL32, YLS,
or RPS10 was observed (not shown). At the permissive tem-
perature, the doubling time of mutant 312 is 25% greater than
that of wild-type cells.

Pulse-label analysis with [>**S]methionine showed that after
90 min at the nonpermissive temperature, there was only a 20
to 30% decrease in total protein synthesis. Nevertheless,
analysis of the proteins synthesized, by a two-dimensional gel
method that displays most of the ribosomal proteins (9),
showed that synthesis of essentially all ribosomal proteins was
barely detectable (not shown). At that time, cell viability is 70
to 80%. Thus, the effect of temperature on the transcription of
ribosomal protein genes is not the result of nonspecific damage
of the cells.

In an effort to demonstrate that the effect observed in
mutant 312 was directly on transcription, rather than on the
processing or half-life of the transcripts, we carried out a
version of run-on transcription that we have developed for S.
cerevisiae (6, 43). The results (Fig. 2) show that at the
nonpermissive temperature, the transcription of genes for
three ribosomal proteins, L3, L29, and L32, is essentially
abolished, while the transcription of genes for two nonriboso-
mal proteins, EF1 and PYK, is relatively unaffected.

Mutant 312 is also deficient in rRNA synthesis. In mutant
312, [*H]uracil incorporation into macromolecules was de-
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FIG. 1. Northern analysis of s mutant 312. After overnight culture in YPD medium at 23°C, mutant 312 and wild-type (J1003.1E) cells were
transferred to 36°C and incubated for 90 min. Total RNAs (5 pg) isolated from the cells were separated by gel electrophoresis, transferred to a
nylon filter, and hybridized with radiolabeled RNA probes for RPL3, RPL32, RPS10, ACT1, and PYKI or DNA probes for RPL29, YL8, ENOI,

and TEF]I as described in Materials and Methods.

pressed to less than 10% after 90 min at the restrictive
temperature (data not shown). As TRNA represents about
60% of total RNA, this result suggests that rRNA synthesis has
essentially stopped. A [C*H;]methionine pulse-chase permits
us to follow the synthesis and processing of rRNA, since newly
synthesized precursor rRNA is methylated immediately (40).
The results are shown in Fig. 3; note that seven times as much
RNA from the mutant strain was loaded in the three right-
hand lanes. It is apparent that the formation of rRNA is
reduced by approximately 90% in the mutant at the restrictive
temperature. Furthermore, what little 35S precursor RNA that
is transcribed is not processed to the intermediate and mature
molecules, as expected in a cell synthesizing no ribosomal
proteins (44). The presence of almost equal amounts of labeled
35S RNA in the 0- and 3-min chase points indicates that the
unprocessed 35S RNA is not rapidly degraded. It eventually
declines (10-min chase), with a half-life of 5 to 10 min,
consistent with that previously reported (44). Thus, the data
represent a real inhibition of transcription and not an ultra-
rapid turnover of the transcripts.

We conclude that the £s mutation in strain 312 has a drastic
effect on the transcription of ribosomal genes, both IRNA
genes and ribosomal protein genes. Perhaps this mutation
affects a fundamental aspect of ribosome synthesis.

Cloning of the gene that complements the temperature
sensitivity of mutant 312. When mutant strain 312 was crossed
to the wild-type strain J1003.1E, the heterozygous diploid was
not ts, showing that the mutation is recessive. On sporulation
and dissection of asci, temperature sensitivity for growth
segregated 2:2, indicating that this phenotype is due to a single
mutation in a nuclear gene. The phenotype for the absence of
ribosomal protein mRNA at 36°C segregated together with
temperature sensitivity.

A gene that complements the temperature sensitivity of the
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FIG. 2. Run-on transcription analysis of the mutant phenotype.
Mutant 312 and wild-type (J1003.1D) cells were cultured at 23°C
overnight, and an aliquot of each was shifted to 37°C for 90 min.
Portions of each of the four cultures were harvested on ice, washed,
permeabilized, and provided with a transcription mix containing
[«->?P]UTP (see Materials and Methods) (6, 43). After 10 min at 25°C,
the cells were harvested. RNA was prepared from each sample and
subsequently hybridized to nitrocellulose filters on which had been
immobilized single-stranded phage genomes carrying the genes for the
proteins indicated in the template below. R229 is the phage vector. For
each filter, hybridization was carried out with the transcription prod-
ucts of equal numbers of cells. Note that for the mutant at the
nonpermissive temperature the total incorporation in the run-on
transcription reaction was substantially reduced because the bulk of
the transcription is rRNA, which itself is greatly reduced (see Fig. 3).
(A and B) Samples from mutant 312 at 23 and 37°C, respectively; (C
and D) samples from J1003.1D at 23 and 37°C, respectively.
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FIG. 3. [C®H;]methionine pulse-chase analysis of rRNA in mutant
312. Mutant 312 and wild-type (J1003.1E) cells were cultured at 23°C
overnight, moved to 37°C, and incubated for 90 min. The cells were
pulse-labeled with [C*H;]methionine for 2.5 min and chased for 0, 3,
and 10 min as described in Materials and Methods. RNA was isolated
from these cells, and 5 X 10* cpm was applied on each lane. The
amounts loaded per lane were, from left to right, 9.1, 10, 11, 63, 70, and
86 pg. A fluorograph of the gel is shown. We believe that the band at
about 23S in the three mutant lanes (right) is an artifact being carried
at the front of the overloaded 25S rRNA.

mutant 312 was isolated from a library of yeast genomic DNA
cloned in YCp50 (33). Among 10* transformants, six colonies
were able to grow at 37°C. 5-Fluoroorotic acid selection
showed that in two of the six strains the complementing activity
was plasmid linked. Plasmid DNA was extracted from these
two transformants, and the plasmid was amplified in E. coli.
Upon retransformation, each plasmid restored the growth of
mutant 312 at 37°C. Restriction enzyme maps of the two
complementing plasmids demonstrated that the plasmids con-
tained an identical 12.5-kb insert (Fig. 4).

Mutant 312 contains a ¢s allele of SLY1. The complementing
gene was localized as shown in Fig. 4. The 7.0-kb HindIII
fragment, but not any of the three BamHI fragments, had
complementing activity, indicating that the complementing
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FIG. 4. Mapping of the complementing gene in a clone which
complements the temperature sensitivity of mutant 312. Mutant 312
cells were transformed with plasmids (YCp50) containing various
fragments of the isolated clone. The growth of transformants at 37°C
is expressed as + or —.
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FIG. 5. Accumulation of CPY precursor in mutant 312 at the
nonpermissive temperature. After overnight culture in minimum me-
dium without methionine at 23°C, mutant 312, secI8, pep4, and
wild-type (J1003.1E) cells were incubated at 37°C for 90 min. The cells
were then radiolabeled with Expre®*$33S for 60 min, chased for 30 min,
lysed, and immunoprecipitated with anti-CPY antiserum. The precip-
itated materials were subjected to an SDS-7.5% polyacrylamide gel.
The positions of the core-glycosylated form (p1), the fully glycosylated
form (p2), and the vacuolar mature form of CPY are indicated. The
lower band in the mutant cells at 37°C may be unprocessed prepro-
CPY, which is poorly resolved from mature CPY.

gene contains one or both of the two BamHI sites in this
plasmid. Sequence analysis from the appropriate BamHI site
revealed 300 nucleotides with perfect identity to the SLY7 gene
(4). The restriction map also agreed with that of SLYI. Another
open reading frame, not previously identified, includes the other
BamHI site. To establish that SLY] is the complementing gene,
two deletions were analyzed. The HindIIl fragment with a
deletion between the two Spel sites (Fig. 4) was unable to
complement, while a 4.2-kb portion of the HindIII fragment that
contains the entire SLY! gene retained complementing activity.
These results suggest that SLY! complements the temperature
sensitivity of the mutant 312.

Mutant 312 could have a ¢s allele of SLY1, or SLYI could be
a suppressor. To distinguish between these alternatives, SLY!
was integrated into the mutant strain as described in Materials
and Methods. Crossing with a wild-type haploid and dissection
of eight tetrads yielded 32 spores that grew at 37°C. This result
indicates that mutant 312 carries a s allele in SLY1.

Map position of SLY1. The SLYI clone was matched to a set
of bacteriophage \ clones that forms a contig map of the S.
cerevisiae genome (30). SLYI hybridizes to the overlapping
clones 4040 and 6708, placing it on the right arm of chromo-
some IV between ARO1 and RAD?Y. 1t is interesting that SECI,
SECS5, and SEC7 also map to that region (24).

The mutant 312 is defective in protein secretion at the
restrictive temperature. An allele of SLYI was originally
isolated as a single-copy suppressor of defects in Yptlp, a
protein which is essential for protein transport from the ER to
the Golgi apparatus (4). The essential SLY7 gene product also
acts at a similar step in secretion (28). To establish whether the
slyl ts mutant is defective in protein secretion at the restrictive
temperature, the processing of the vacuolar enzyme CPY was
examined (Fig. 5). In contrast to wild-type cells, the mutant
cells accumulated a significant amount of core-glycosylated ER
(form pl) at the nonpermissive temperature, just as occurs in
a sec18-1 mutant. Fully glycosylated CPY precursor (form p2),
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FIG. 6. The secretory pathway in S. cerevisiae. This model is adapted from reference 26.

which accumulates in the protease-deficient pep4 strain, was
not observed in slyl ts cells. This result indicates that, at the
nonpermissive temperature, this sly/ mutant is defective in
transport between the ER and the Golgi apparatus.

A defect in both elements of ribosome synthesis is a general
feature of sec mutants. Why is a sly! ts mutant defective in the
synthesis of ribosome components? One possibility is that
Slylp has some special role in ribosome synthesis. Another is
that the secretion pathway is required for ribosome synthesis.
To ask whether the effect of the s allele on ribosome synthesis
is specific for the slyl mutation or is a general result of the
inactivation of the secretory pathway, we assayed rRNA tran-
scription and the levels of ribosomal protein mRNA in cells
carrying ts alleles of secl, sec7, sec14, and sec18, representing
diverse steps in the secretory pathway (27) (Fig. 6). Figure 7
shows the rRNA transcription in these sec mutants. At 23°C,
transcription and processing of rRNA in each mutant is similar
to that in wild-type cells. At the restrictive temperature, both
the transcription and the processing of the 35S rRNA precur-
sor are reduced in each of the sec mutants, although not to as
great an extent as with the sly/ mutant. Although some of the
difference may be due to leaky alleles, especially secI4 and to
a lesser extent sec7 (39), the data suggest that sly! has an effect
beyond its role in the secretion pathway.

Figure 8A shows mRNA levels in these s sec mutants. After
90 min at 36°C, each mutant has a very low level of mRNA of
encoding ribosomal proteins L3, L.29, L32, YLS, S10, A0, and
LA4. In this analysis, the mutant carrying the sly! ts allele also
has the lowest level of mMRNA of ribosomal proteins. The level
of mRNA of ACT1 and PYK]I is maintained normally at 36°C,
while that of ENOI is increased, as expected. Figure 8B shows
that sec63 (35) and sec53 (1) mutants, in which the secretory
pathway is blocked either before or within the ER, respec-
tively, also affect the transcription of ribosomal protein genes.
A secl] mutant gave a similar result (not shown). These results
indicate that mutations throughout the secretory pathway have
a profound effect on the transcription of ribosomal protein
genes.

BFA leads to a decrease of ribosomal protein mRNA. The

shift from 23 to 36°C necessary to assay the effects of a ts allele
brings about a transient inhibition of the transcription of
ribosomal protein genes (9, 16). While it is apparent that the
wild-type cells have returned to a normal level of transcription
by the time the samples were taken in Fig. 1 and 8, we wished
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FIG. 7. [C®H;]methionine pulse-labeling of rRNA in sec mutants.
Wild-type (J1003.1E) cells and slyl, secl, sec7, secl4, and secl8
mutants grown in dropout medium without methionine at 23°C
overnight were shifted to 37°C, incubated for 90 min, and labeled with
[C®H;]methionine for 5 min. Total RNA was isolated from each
culture. RNA containing 4 X 10* cpm from each culture was analyzed
on a gel. Samples from the mutants at 37°C contained 3 to 10 times
more RNA than those at 23°C. A fluorograph of the gel is shown.
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FIG. 8. Northern analysis of sec mutants. Wild-type (J1003.1E) cells and sly/ (mutant 312), secl, sec7, sec14, and seci8 strains (A) or wild-type
(J1003.1E), sec63, and sec53 strains (B) grown in YPD medium at 23°C overnight were transferred to 36°C and incubated for 90 min. Total RNAs
(5 ng) isolated from the cells were separated by gel electrophoresis, transferred to a nylon filter, and hybridized with radiolabeled RNA probes

or DNA probes.

to find a condition under which one could block the secretory
pathway without a change in temperature. This would avoid
the complication of a potential synergy between the effects of
the temperature shift and the secretory mutants. In addition, it
would permit us to examine the time course of the effect of a
deficient secretory pathway on ribosome synthesis. In mamma-
lian cells, brefeldin A (BFA) inhibits protein transport from
the ER to the Golgi apparatus and causes a redistribution of
Golgi apparatus resident proteins into the ER (18, 21). Re-
cently, Vogel et al. (41) showed that treatment with BFA of a
S. cerevisiae strain carrying a deletion of the ERG6 gene causes
a block in secretion similar to that in mammalian cells (8). This

permits one to examine the effect on ribosome synthesis of a
block in the secretory pathway, without the complications of a
heat shock. After addition of BFA, the level of mRNA of
ribosomal protein genes in erg6A cells, but not in wild-type
cells, declined rapidly, with a half-life of less than 30 min (Fig.
9). Similar results were obtained after the cells were treated
with tunicamycin (25, 32), although the decline in mRNA for
ribosomal proteins was somewhat slower (data not shown).
These results demonstrate that the effect of the mutants is not
related to temperature shock and confirm our conclusion that
continued function of the secretory pathway is essential for
ribosome synthesis.
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FIG. 9. Effects of BFA on the level of ribosomal protein mRNA.
After overnight culture in minimal medium at 30°C, BFA (final
concentration, 50 pg/ml) was added to wild-type (R757) or erg6
deletion mutant (MD59) cells. After the indicated time intervals, cells
were collected. Total RNAs (5 ng) isolated from the cells were
separated by gel electrophoresis, transferred to a nylon filter, and
hybridized with radiolabeled oligonucleotide probes specific for RPL3,
RPL29, RPL32 ACTI, PYKI, and U3 RNA. The last is a convenient
control (see Materials and Methods).

Is a protein that passes through the secretion pathway
essential for ribosome synthesis? A simple explanation of the
results presented above is that a protein(s) that utilizes the
secretory pathway is essential for ribosome synthesis. If that
were the case, then partially blocking protein synthesis as well
as blocking secretion would have an additive effect on the
transcription of ribosomal protein genes. To test this possibil-
ity, cells were treated, shortly before the temperature shift,
with a low level of cycloheximide, sufficient to reduce protein
synthesis to about 10% of normal. The results (Fig. 10) show
that, rather than augmenting the effect of a defective secretory
pathway, the slowing of protein synthesis abolishes it. Al-
though such an experiment must be viewed with caution
because of the possibility of unexpected effects of cyclohexi-
mide, e.g., greatly extending the half-life of the mRNA, it
suggests that the effect of the secretion pathway is due not to
the deficiency of an essential protein but to a more global
aspect of the interaction between membrane synthesis and
ribosome synthesis.

A cis-acting element upstream of a ribosomal protein gene
responds to the secretion defect. In order to ask whether it is
the promoter region of ribosomal protein genes that is respon-
sive to the disruption of the secretory pathway, we constructed
plasmids carrying the RPL32 promoter driving lacZ or the
ADH1 promoter driving RPL32 cDNA. Northern analysis (Fig.
11) shows that at the nonpermissive temperature the RPL32
mRNA derived from the ADH1 promoter is slightly less in sly!
(lane 2) than in wild-type (lane 4) cells, perhaps because the
cells are growing more slowly. On the other hand, the RPL32-
lacZ transcript essentially disappears in sly! (lane 6) compared
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FIG. 10. Partial inhibition of protein synthesis blocks the effect of
the secretory pathway on ribosome synthesis. After overnight culture
in YPD medium at 23°C, wild-type (J1003.1E) and sly! cells were
shifted to 36°C with or without cycloheximide (1.5 wg/ml) and incu-
bated for the indicated time intervals. Total RNAs (5 pg) isolated from
the cells were separated by gel electrophoresis, transferred to a nylon
filter, and hybridized with radiolabeled RNA probes for RPL29,
RPL32, and ACTI.

with in wild-type cells (lane 8). (Note that the mRNA derived
from the genomic RPL32 is not visible at this exposure. A
longer exposure shows that it behaves as shown in Fig. 1.) This
result demonstrates that the upstream region of RPL32 has a
cis-acting element sensitive to a defect in the secretory pathway
and supports our conclusion that such a defect leads to a
reduction in the transcription of ribosomal protein genes.
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FIG. 11. Effects of promoter on transcription after temperature
shift-up. Mutant 312 (lanes 1, 2, 5, and 6) and J1003.1E (lanes 3, 4, 7,
and 8) cells were transformed with vector YEp351 containing the
ADH]1 promoter driving RPL32 cDNA (lanes 1 to 4) or the vector
YEp357 containing the RPL32 promoter driving the first exon of
RPL32 fused to lacZ (lanes 5 to 8) and cultured in selective medium at
23°C. The cells were shifted to 36°C and incubated for 90 min. Total
RNA (5 pg) isolated from each culture at 23°C (lanes 1, 3, 5, and 7)
and at 36°C (lanes 2, 4, 6, and 8) was separated by gel electrophoresis,
transferred to a nylon filter, and hybridized with radiolabeled oligonu-
cleotide probes for exon 1 of RPL32 and for U3 small nuclear RNA.
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DISCUSSION

In attempting to find a gene involved in the general regula-
tion of ribosome biosynthesis, we have identified SLY1, a gene
whose product plays an essential role in the secretion pathway.
A ts allele of this gene leads not only to an inhibition of the
passage of proteins from the ER to the Golgi apparatus but
also to the complete shutdown of ribosome synthesis. Further
experiments lead to the conclusion that a defect anywhere in
the secretion pathway, from a step prior to insertion of the
nascent peptide into the ER (SEC63) to a step involved in the
formation of the plasma membrane (SECI), prevents the
continued synthesis of the components of the ribosome.

Although there existed the possibility that the effect on
ribosome synthesis might be due to a synergy between mutants
in the secretory pathway and the heat shock effect that
transiently inhibits ribosome synthesis, we were able to repro-
duce the effect without a temperature shift, by using the
inhibitors of the secretory pathway, BFA and tunicamycin. In
the presence of BFA, the mRNA for ribosomal proteins
disappeared with a half-life of less than 30 min. Since the
normal half-life of mRNA for ribosomal proteins at 23°C is 10
to 15 min (17), disruption of the secretory pathway must
impact ribosome synthesis within 15 min, suggesting a rather
intimate relationship between the two.

Several possible mechanisms for this relationship suggest
themselves. One is that a protein transported through the
secretion pathway is essential for ribosome synthesis. Without
defining how such a protein could be necessary, the experiment
illustrated in Fig. 10 argues persuasively against its existence.
The presence of cycloheximide, rather than enhancing the
effect of the s allele of slyl, counteracts it. Possible explana-
tions for this result are discussed below. These data also
demonstrate that the effects of BFA and of the sec mutants are
not simply due to nonspecific disturbance of the cell.

A second possibility is that the inhibition of ribosome
synthesis could be a stress-related response to a defect in the
secretion pathway. Thus, the effect on the transcription of
ribosomal protein genes would be analogous to, but opposite
in sign from, the effect on the transcription of KAR2 (3, 19, 23,
25, 32). Mutations affecting the ER-to-Golgi apparatus trans-
port, as well as inhibitors such as tunicamycin, lead to in-
creased transcription of KAR2, presumably induced by the
presence of misfolded proteins in the ER. Cycloheximide
would reduce the level of newly made, unfolded proteins,
lessening the effect of the ts slyl allele, consistent with the
result in Fig. 10. However, other observations argue against the
direct correlation of the effects on KAR2 and the ribosomal
protein genes. For instance, mutations in sec7 or in secl, far
along the pathway toward secretion and membrane biogenesis,
do not induce KAR?2, yet have an effect on ribosome synthesis
that is similar to that of the genes whose products participate
in the ER, in the Golgi apparatus, and in the vesicles ex-
changed between them, where the folding is reputed to take
place.

It has recently been reported that Irelp, a transmembrane
protein kinase required for inositol prototrophy, is required for
the induction of K4AR2 transcription in response to defects in
the secretory pathway (3, 22). A test of its effects on the
inhibition of transcription of ribosomal protein genes is under
way.

A third possibility is that there is an interaction between the
synthesis of the plasma membrane and the synthesis of ribo-
somes. A defect anywhere in the secretory pathway will lead
rapidly to a failure to add to the plasma membrane. Continuing
protein synthesis will increase the concentration of macromol-
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ecules within the cell, exerting pressure on the plasma mem-
brane. This will be particularly apparent in cells with small
buds, in which the macromolecular products of the entire cell
are rapidly transferred to the bud. Thus, one can envision
substantial stress on the plasma membrane, which could be
amplified by the effects of membrane flow due to endocytosis
(29). Thus, it seems not unreasonable to expect that a feedback
response from the plasma membrane could attack the ultimate
source of its distress, namely, the synthesis of ribosomes. It is
interesting that the one mutant allele involved in the synthesis
of membranes that does not repress ribosomal protein genes is
that in inol, leading to the deprivation of inositol (data not
shown). Inositol deprivation also differs from the effects of the
sec mutants in that it leads to very rapid cell death (11).
Perhaps there is a connection between the lack of repression of
ribosome synthesis and rapid cell death.

Finally, we should not forget that the nuclear envelope is
formed from the ER. One could imagine a direct effect of the
depletion of the ER on the activity of genes within the nucleus.
However, the effect of the mutants late in the secretory
pathway makes this alternative less appealing.

We were led to the relationship between the secretion
pathway and ribosome synthesis by the slyl mutation. Yet, a
puzzling feature of our results is that this allele is significantly
more effective at inhibiting ribosome synthesis, especially
rRNA transcription, than are the #s alleles of the other mutants
in the secretory pathway. Slylp is an essential protein (28) that
is highly charged and lacks a signal sequence (4) but neverthe-
less is tightly membrane associated (36a). The distinctive
effects of the ts slyl allele (Fig. 7) suggest that it has functions
other than participating in vesicle trafficking between the ER
and the Golgi apparatus.

It is interesting that the transcription of the genes for the
acidic ribosomal proteins A0 and 144 are regulated in parallel
with the other ribosomal proteins (Fig. 8A). AQ and L44 are
not assembled onto the ribosome in the nucleolus but are
exchanged on and off the ribosome repeatedly in the cytoplasm
(36, 46). They are in molar excess over other ribosomal
proteins.

It is remarkable that the synthesis of roughly 80 ribosomal
proteins, encoded by more than 125 genes, can be coordinated
with the precision shown in Fig. 1, 8, and 9. This regulation,
responding to the failure of the secretory pathway, appears to
be mediated by sequences upstream of the transcription unit.
Most ribosomal protein genes have two sites for the DNA-
binding protein Raplp, which has been implicated in the
transcription of these genes and in its regulation (34, 37, 45). A
few of the ribosomal protein genes, e.g., TCM1, have no sites
for Raplp but have one for Abflp instead (10). However, in
the several experimental situations examined to date, the
transcription of all the ribosomal protein genes appears to be
coordinate (12, 15). On the other hand, many genes that have
Raplp sites are not regulated in parallel with the ribosomal
proteins. This is clearly apparent from Fig. 8A. While PYKI,
ENOI, and TEF1 each have one or more Raplp sites upstream
of the transcription unit (reviewed in reference 2), the secre-
tory mutants have a mild effect on transcription of TEF1, have
little if any effect on PYKI, and actually stimulate ENOI.

Are we approaching the ultimate signal for the regulation of
ribosome synthesis? A few points recommend caution. Prelim-
inary experiments suggest that the transcription of 5S RNA, as
measured by the SS/tRNA ratio, is not affected by the ts slyl
allele. While rRNA transcription is severely depressed by a
mutation in slyl, it is far less depressed by mutations in other
SEC genes (Fig. 7). Nevertheless, the failure of the secretion
pathway profoundly affects the transcription of roughly 125
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ribosomal protein genes, inhibits the transcription of rRNA,
and halts the synthesis of ribosomes. It seems likely that this
represents a signal that is fundamental to the balanced synthe-
sis of the components of the cell.
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