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RSC is an essential chromatin remodeling complex in Saccharomyces cerevisiae that performs central roles
in transcriptional regulation and cell cycle progression. Here we identify Htl1 as a novel factor that associates
with the RSC complex both physically and functionally. We isolated HTL1 through a genetic screen for mutants
that displayed additive growth defects with a conditional mutation in the protein kinase C gene (PKCI), which
has been suggested through genetic connections to interact functionally with RSC. Several lines of evidence
connect HTL1 to RSC function. First, an #¢/1 A mutant displayed temperature-sensitive growth and a G,/M cell
cycle arrest at restrictive temperatures, a phenotype similar to that of strains with conditional mutations in
essential RSC components. Second, we isolated RSC3, which encodes a component of the RSC complex, as a
dosage suppressor of the htfl1IA growth arrest. Third, an htl1A mutant displayed additive growth defects with
conditional rsc3 alleles. Fourth, overexpression of HTLI suppressed the growth defect of a strain with a
conditional mutation in another RSC component, RSCS. Finally, we demonstrate that Htl1 is a nuclear protein
that can associate in vivo with a fraction of the RSC complex. We propose that an RSC-Htl1 complex acts

coordinately with protein kinase C to regulate the G,/M transition.

Changes in chromatin structure play an important and dy-
namic role in gene regulation (19, 23). Chromatin remodelers
are multiprotein complexes comprising an ATPase “engine”
required for nucleosome repositioning (4, 24, 48) and various
additional components thought to be important for the regu-
lation and targeting of such complexes to genomic loci (38).
Chromatin remodeling complexes are thought to activate or
repress gene expression by exposing or concealing regulatory
sequences. Two such complexes in Saccharomyces cerevisiae
include the SWI/SNF complex and the RSC complex (named
RSC for remodels the structure of chromatin). RSC is an
abundant complex of at least 16 subunits, which was purified
on the basis of homology of several of its subunits to those of
the SWI/SNF complex (5). Of the two, only RSC is essential
for viability, serving an important function in cell cycle pro-
gression from G, to M (1, 5, 7, 45).

The RSC complex exists in distinct forms, containing either
Rscl or Rsc2, and with or without Rsc3 and Rsc30 (1, 5, 6).
Moreover, the RSC subunit Sfhl is phosphorylated during the
G, phase of the cell cycle (7), suggesting that chromatin re-
modeling by RSC is regulated at multiple levels. Additionally,
rsc mutations affect expression of genes involved in cell wall
biogenesis, ribosome biogenesis, the nitrogen discrimination
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pathway (NDP), carbon source utilization, and the TOR path-
way. Recently, whole-genome occupancy studies have revealed
the occupancy of RSC at hundreds of yeast genes, including
those involved in NDP, carbon source utilization, the TOR
pathway, histone genes, and tRNA genes (9, 34).

Genetic observations have revealed a functional link be-
tween RSC components and the cell wall integrity signaling
pathway controlled by the Rhol GTPase and Pkel (1, 7a, 14).
This pathway monitors and regulates cell wall biogenesis dur-
ing vegetative growth and in response to pheromone-induced
morphogenesis (31). The master switch for cell wall signaling is
Rhol, which is activated by several members of a family of cell
surface sensors (12, 17, 22, 36, 39, 46).

Active Rho-GTP binds to and activates protein kinase C (21,
35), which is encoded by PKC1 (32). Loss of PKCI function, or
any of the components of the mitogen-activated protein
(MAP) kinase cascade under its control (31), results in a cell
lysis defect that is attributable to a deficiency in cell wall con-
struction (29, 30, 37). The MAP kinase cascade is a linear
pathway comprised of a MEKK (Bckl [8, 27]), a pair of re-
dundant MEKs (Mkk1/2 [15]), and a MAP kinase (Mpk1/S1t2
[26, 33]). One consequence of signaling through the MAP
kinase cascade is the activation of the Rlm1 transcription fac-
tor (10, 47). Signaling through RIm1 regulates the expression
of at least 25 genes, most of which have been implicated in cell
wall biogenesis (18).

Because the growth defect of a pkcl null mutant is more
severe than that of any of the pathway components that func-
tion downstream of this protein kinase, we have proposed that
Pkel regulates a bifurcated pathway (30). To elucidate the
nature of the second pathway branch and to identify novel
targets of Pkcl, we conducted a screen for mutations that
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TABLE 1. S. cerevisiae strains used in this study

Strain Relevant genotype Source or reference
1783 MATa“ I. Herskowitz
1788 MATa/MATo" I. Herskowitz
DL376 MATa pkclA:LEU2¢ 29
DL1248 MATa stt1-1 pRS315[PKCI1 ADE3)’ This study
DL2312 MATa beklA::HIS4* This study
DL2315 MATa/MATo beklA::HIS4/BCKI1* This study
DL2745 MATa beklA::HIS4 htllA::TRP1¢ This study
DL2749 MATa htll A::TRPI¢ This study
DL2751 MATo htllIA::TRPI¢ This study
DL2754 MATa/MATo htll A::TRP1/htl1 A::TRP1* This study
DL2822 MATa “pet18” isolate of DL1248#1° This study
DL2823 MATa “pet18” isolate of DL1248#2° This study
MCY3890 MATa swh3-ts16 (rsc8”)° 44
YBC628 MATa rsc3A:HIS3 pRS316[RSC3]¢ 1
YBC840 MATa rsc3A::HIS3 pRS315[rsc3-1]" 1
YBC842 MATa rsc3A:HIS3 pRS315[rsc3-2]* 1
YBC843 MATa rsc3A:HIS3 pRS315[RSC3]¢ 1
YBC906 MATa rsc3A:HIS3 pRS315[rsc3-3]* 1
YBC928 MATa his3AI leu2A0 lys2A0 ura3A0 trpl A63 pep4A::Kanmx This study
YBC1334 MATa rsc3A:HIS3 htl1A::TRPI pRS316[HTLI1] pRS315[RSC3]" This study
YBC1336 MATa rsc3A:HIS3 htl1A::TRPI pRS316[HTL1] pRS315[rsc3-1]“ This study
YBC1338 MATa rsc3A:HIS3 htl1 A::TRPI pRS316[HTL1] pRS315[rsc3-2]“ This study
YBC1340 MATa rsc3A:HIS3 htl1A::TRPI pRS316[HTL1] pRS315[rsc3-3]“ This study

“ EG123 background (leu2-3,112 trp1-1 ura3-52 his4 canl).

b ade2 ade3 ura3 leu2 trpl his3.

€ W303-1A background (trpI-1 leu2-3,112 his3-11,15 ura3-1 ade2-1 canl-100).
4 his3A200 leu2Al lys2-128A trpl A63 ura3-52.

displayed additive growth defects with a pkc1” mutation. Here
we report the isolation of HTL1, a gene previously reported to
be required for genomic stability and for growth at elevated
temperatures (25). We demonstrate that HTL is important
for cell cycle progression. Loss of function of HTL1 results in
a G,/M arrest at restrictive temperatures that is similar to that
observed in strains with conditional mutations of essential RSC
subunits. Finally, we show that Htll interacts with the RSC
complex both physically and functionally.

MATERIALS AND METHODS

Strains, growth conditions, and transformations. The S. cerevisiae strains used
in this study are listed in Table 1. Yeast cultures were grown in YEPD (1% Bacto
yeast extract, 2% Bacto Peptone, 2% glucose) with or without 10% sorbitol.
Synthetic minimal (SD) medium (40) supplemented with the appropriate nutri-
ents was used to select for plasmid maintenance and gene replacement. Synthetic
complete (SC) medium with or without 5-fluoroorotic acid (5-FOA) (0.1% [3])
was used to assess the viability of rsc3 htllA mutants. Yeast cells were trans-
formed by the lithium acetate method (16). Escherichia coli DH5« was used to
propagate all plasmids. E. coli cells were cultured in Luria broth medium (1%
Bacto Tryptone, 0.5% Bacto yeast extract, 1% NaCl) and transformed by stan-
dard methods.

Synthetic lethal screen and isolation of HTLI. S. cerevisiae strain DL1248 was
grown in SD medium to an A, of 0.5, washed, and resuspended in 0.9% KClI to
a density of 3 X 107 cells/ml. The cells were then irradiated for 60 s with a
254-nm-wavelength UV lamp (0.5 J m~2 s~'), which resulted in an approxi-
mately 25% loss in plating efficiency. The irradiated cells were harvested, resus-
pended in YEPD, and grown overnight in the dark at 23°C. They were then
plated onto YEPD (approximately 150 colonies/plate) and allowed to grow at
23°C for 3 to 4 days. Colonies that appeared entirely red with no white sectors
were picked, patched onto YEPD, and grown at 37°C for 2 to 3 days. Five
temperature-sensitive isolates were transformed with a centromeric library (in
pRS314), plated on SD medium lacking tryptophan, and incubated at 23°C
overnight. Plates were then shifted to 37°C for two additional days to select for
complementing clones. Plasmids were rescued from colonies arising at 37°C. Of
the five original temperature-sensitive synthetic lethal isolates, two (DL2822 and
DL2823) were complemented by single plasmids with overlapping sequences

from the right arm of chromosome III. The plasmid (designated A3) rescued
from DL2822 possessed a 6.6-kb insert that contained five complete open read-
ing frames (ORFs) (PET18, MAK31, HTL1, HSP30, and YCR022C), 1,092 bp of
the 3’ end of MAK32, and 924 bp of the 3’ end of YCR023C. The plasmid rescued
from DL2823 (designated A4) possessed an insert of approximately 5.4 kb that
contained five complete ORFs (MAK32, PETIS, MAK31, HTL1, and HSP30), a
partial Ty element, and 296 bp of the 3’ end of YCR022C. A 527-bp EcoRV-
HindIII fragment containing only HTLI/YCR0O20W-B was the smallest segment
that allowed sectoring of strains DL2822 and DL2823 at 23°C and growth at
37°C. This fragment was subcloned into a 2pum plasmid, YEp352 (13), and a
centromeric plasmid, pRS316 (42).

Southern blotting for HTL1. The 666-bp HindIIl fragment containing HTL1
was 2P labeled using the Multiprime random priming kit (Invitrogen Life Tech-
nologies). This labeled fragment was used to probe HindIlI-digested genomic
DNA (5 pg) from strains DL1248 or DL2822 separated on an agarose gel and
transferred to a nitrocellulose membrane.

Genomic deletion of HTLI. To disrupt the genomic copy of HTL1, 795 bp of
sequence 5’ to the HTLI start codon and 1,030 bp of sequence 3’ of the HTLI
stop codon were amplified in separate PCRs from genomic DNA of strain 1783.
The 5’ fragment was amplified with primers that placed a NotI site at the end
adjacent to the HTLI coding sequence and a BamHI site at the opposite end.
The 3’ fragment was amplified with primers that placed a Kpnl site adjacent to
the HTL1 coding sequence and a BamHI site at the opposite end. These frag-
ments were ligated in a three-molecule reaction to the NotI and Kpnl sites of the
integrative plasmid pRS304 (42) to create a unique BamHI site between the
fragments. The resulting plasmid, pRS304[ht/IA::TRPI], was linearized with
BamHI and used to transform the yeast strain to tryptophan prototrophy. De-
letion of HTLI in Trp™ transformants was confirmed by PCR. All primers were
obtained from Invitrogen Life Technologies.

Isolation of RSC3 as a dosage suppressor of the htl1A growth defect. A diploid
yeast strain (DL2754 [htlIA/htl1A]) was used to avoid isolation of recessive
suppressor mutations. This strain was cultured at 23°C in 50 ml of YEPD to an
Agop of 0.8. Cells were transformed with a 2um URA3-marked library (in
pRS202; gift of F. Spencer) and plated on SD medium lacking uracil. Plates were
incubated at 23°C for 1 day and shifted to 34°C for 2 to 3 days to select directly
for suppressors. The smallest insert identified that was capable of suppressing the
growth defect was a 4.3-kb fragment with one complete ORF (RSC3), 264 bp of
the 3’ end of CPRS, and 551 bp of the 3’ end of GPII1. A 3.4-kb Pvull/Mscl
fragment containing RSC3 was subcloned into the Smal site of the 2um vector
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pRS426. This clone was capable of suppressing the temperature sensitivity of
strain DL2754.

FACS analysis. Cultures of strains 1788 and DL2754, grown in YEPD plus
10% sorbitol at 23°C, were diluted to A4, of 0.2 with an equal volume of YEPD
plus 10% sorbitol prewarmed to 54°C and cultured at 38°C for either 5 or 10 h
(DL2754 loses viability upon longer maintenance at restrictive temperatures).
The wild-type culture (strain 1788) was periodically diluted with prewarmed
medium to maintain the cells in the logarithmic growth phase. Aliquots of 1 ml
were drawn after 5 and 10 h at restrictive temperatures and prepared for fluo-
rescence-activated cell sorting (FACS) analysis by a wash with phosphate-buff-
ered saline (PBS) followed by overnight fixation in 70% ethanol at 4°C. Cells
were washed with PBS, treated extensively with RNase A (1 mg/ml for 5 h at
37°C), washed again, and stained with 50 pg of propidium iodide per ml. Cells
were sonicated briefly and diluted to a final concentration of 10° cells/ml for
FACS analysis, which was performed with a Becton Dickinson FACSCalibur
cytometer at the Johns Hopkins Flow Cytometry Core Facility. Another 1-ml
aliquot of each culture was drawn at each time point for microscopy, washed with
PBS, and resuspended in VectaShield with 4',6’-diamidino-2-phenylindole
(DAPI) (1 pg/ml) for microscopic analysis.

Construction of HA- and FLAG-tagged HTLI. To create HTL1-3xHA, HTL1
was PCR amplified from an HTL1 plasmid using primers that introduced a Sacl
site 794 bp 5’ to the HTLI translational start site and omitted the stop codon
from the HTLI coding sequence. This fragment was introduced into
YEp352[3xHA] (39), creating an in-frame fusion at the 3" end of HTLI, with a
glycyl codon between the HTL1 and hemagglutinin (HA)-coding sequences. This
epitope-tagged form of Htll (Htl1**H4) was fully functional, as judged by its
ability to complement the Af/IA growth defect when expressed from a centro-
meric plasmid. This construction was used for indirect immunofluorescence
microscopy with a Zeiss Axioskop microscope, as described previously (20). To
create ““SHTLI, HTLI was PCR amplified with a forward primer designed to
contain a BamHI site immediately upstream of the Flag coding sequence (8
amino acids preceded by an ATG) followed by 24 bp of HTLI sequence (omit-
ting the endogenous start codon). The reverse primer was designed to place an
EcoRI site downstream of the HTLI stop codon. The PCR product was intro-
duced into pRS426 containing the methionine-repressible MET25 promoter and
the CYCI transcriptional terminator (p426[MET25]) to yield pMET-Flag-HTL]I.
This plasmid complemented the ht/IA growth defect even when expression of
Flagt]1 was repressed with methionine.

Association of Flag-tagged Htl1 with RSC complex. Yeast strain YBC928 was
transformed to uracil prototrophy with either pMET-Flag-HTL I or empty vector.
Transformants were cultured at 28°C in YEPD; extracts were prepared as de-
scribed previously (6). For immunoprecipitation of ¥1*¢Htl1, anti-Flag M2 affinity
gel or control beads (Sigma) were incubated for 2 h with 300 pg of protein extract
in immunoprecipitation (IP) buffer A (50 mM Tris-Cl [pH 7.5], 10% glycerol, 100
mM NaCl, 2 mM EDTA, B-mercaptoethanol). Precipitates were recovered and
washed in IP buffer A containing 250 mM NaCl and 0.05% Tween 20 and eluted
with 0.2 mg of Flag peptide (Sigma) per ml in IP buffer A. Proteins from crude
extracts, Flag-Htl1-depleted supernatant fractions, and eluates were separated
on a gradient sodium dodecyl sulfate (SDS)-10 to 20% (acrylamide) polyacryl-
amide gel (Bio-Rad), and transferred to polyvinylidene difluoride membranes
for immunoblot detection of F'“Htl1 with anti-Flag antibodies (Sigma) and of
Sth1 with anti-Sth1 antibodies (1). The extracts described above were also used
for immunoprecipitation of Sthl. Anti-Sth1 antibodies were conjugated to pro-
tein A-Sepharose beads (Sigma) at a concentration of 0.5 mg/ml in IP buffer A;
the beads and antibodies h were then incubated for 2 h with 300 pg of protein
extract and treated as described above, except that immunoprecipitates were
eluted with SDS sample buffer.

RESULTS

Mutation of HTL1is synthetically lethal with pkcl. To iden-
tify genes whose loss of function results in an additive growth
defect with pkcl, we constructed a strain (DL1248) that har-
bors a genomic pkcl® allele (stt1-1 [49]), ade2 and ade3 muta-
tions, and a plasmid bearing wild-type copies of both PKCI and
ADES3. This strain can survive loss of the PKC1-ADE3 plasmid
at 23°C (but not at 37°C), yielding white sectors within red
colonies. Mutants of this strain that cannot survive loss of the
plasmid-borne PKCI, and therefore fail to form sectors, were
isolated after UV mutagenesis. Of 150 nonsectoring colonies
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isolated, five were identified as temperature sensitive for
growth at 37°C, indicating the presence of a new temperature-
sensitive mutation. This secondary phenotype facilitated isola-
tion of the affected gene. These mutants were transformed
with a centromeric library of genomic yeast DNA (27) to iso-
late genes capable of complementing their temperature-sensi-
tive growth defects. Of these mutants, one was complemented
by MPK1, one was complemented by PKC1, and one was com-
plemented by a previously uncharacterized nonannotated
ORF (designated RINI [A. K. Sobering, M. J. Romeo, H. A.
Vay, and D. E. Levin, submitted for publication]). The remain-
ing two mutants (DL2822 and DL2823) were both rescued by
plasmids (designated A3 and A4, respectively) containing
overlapping fragments from the right arm of chromosome 3,
with PET18, MAK31, HTL1, and HSP30 in common. Deletion
analysis of these plasmids revealed that the smallest segment
allowing sectoring of strains DL2822 and DL2823 at 23°C
and growth at 37°C was a 527-bp EcoRV-HindIII fragment
containing only HTLI/YCRO20W-B (named HTL for high
temperature lethal [25]) (Fig. 1A). The HTL1 gene encodes
a recently identified 78-amino-acid protein with no known ho-
mologs.

To determine if strains DL2822 and DL2823 bear mutations
in HTL1, we attempted to PCR amplify from these strains the
genomic regions containing HTL1. However, we were not able
to isolate PCR products from either mutant even when using
primers up to 3 kb flanking either side of HTL1, suggesting
that HTLI had been deleted from their genomes. Previously
described PET18 mutants (28) resulted from spontaneous de-
letions of greater than 10 kb from the right arm of chromo-
some 3 (43). Such mutants are temperature sensitive due to
loss of HTLI (25) and unable to grow on nonfermentable
carbon sources. The latter phenotype is known to result from
loss of function of another, as yet unidentified gene within the
deleted region (25). We found that like the previously de-
scribed mutants, strains DL.2822 and DL2823 were unable to
grow on rich medium containing glycerol as the sole carbon
source (Fig. 1A). This defect was not complemented by either
plasmid A3 (bearing PETIS, MAK31, HTLI1, HSP30, and
YCR022C), or plasmid A4 (bearing MAK32, PET18, MAK31,
HTL1, and HSP30), indicating that this strain had suffered a
genomic deletion that extends beyond the region from MAK32-
YCRO022C. A Southern blot of genomic DNA verified the ab-
sence of HTLI in DL2822 (Fig. 1B). Taken together, these
results suggest that loss of HTL1 function is synthetically lethal
with stt1-1.

To examine the behavior of a null mutation in HTL1 alone,
we constructed a genomic deletion of HTL1 in wild-type strain
1788. Heterozygous ht/lIA::TRPI diploids were induced to
sporulate, and haploid segregants were dissected. Tryptophan
prototrophy cosegregated with temperature sensitivity for
growth at or above 34°C, consistent with the previous report by
Lanzuolo et al. (25). As anticipated, the AtlIA mutants were
capable of growth on glycerol-containing medium (Fig. 1A).

We next tested for additive growth defects caused by com-
bining null mutations in H7TL! and either PKCI or BCKI.
Doubly heterozygous diploids were generated by crossing an
htlIA::TRP1 strain (DL2751) with a pkclIA:LEU2 strain
(DL376). A total of 56 tetrads were dissected and allowed to
germinate at 23°C on medium containing 10% sorbitol for
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FIG. 1. A deletion through HTLI confers an additive growth defect with pkcI”. (A) The mutation in strain DL2822 results in separable growth
defects at 34°C and on medium with glycerol as the sole carbon source. Strain DL2822, transformed with centromeric plasmids bearing HTLI
alone, plasmid A3 (PET18, MAK31, HTL1, HSP30, and YCR022C), plasmid A4 (MAK32, PET18, MAK31, HTL1, and HSP30), or vector (pRS314),
was streaked onto YEP plus glucose or YEP plus glycerol and incubated at the indicated temperatures for 3 days. The parental strain, DL1248,
and an Atl1A strain (DL2751) are included. (B) HTL1 has been lost from the genome of DL2822. Genomic DNA (5 wg) from strain DL2822 and
parental strain DL.1248 was digested with HindlIIl, separated on an agarose gel, and subjected to Southern blot analysis using the 666-bp HindIII
fragment bearing HTLI as a probe (top blot). The bottom blot shows an ethidium bromide (EtBr)-stained ribosomal repeat fragment from the

same gel as a quantitation control.

osmotic support. Although both single mutants and wild-type
segregants were recovered at the expected frequencies, no
viable Leu® Trp™ spores were recovered, indicating that the
combined loss of PKCI and HTL1 functions is lethal. HTLI
was also deleted in a heterozygous bcklIA/BCKI diploid
(DL2315). The resultant transformants were induced to sporu-
late, and haploid segregants germinated at 23°C. Although the

bck1A htllA segregants were able to grow on YEPD at 23°C,
they failed to grow at or above 30°C (Fig. 2). This restrictive
temperature was 4°C lower than that of the A#/IA mutant,
which grew poorly at 30°C. This result indicates only mild
additivity of the A#lIA and bckIA growth defects. Additionally,
the double mutant displayed a cell lysis defect, as judged by the
presence of nonrefractile ghosts (not shown) that was similar

23°C

30°C

FIG. 2. Null mutations in BCKI and HTLI result in mildly additive growth defects. Wild-type (WT) (1783), bckIA (DL2312), htl1A (DL2749),
and bckIA htll1A (DL2745) yeast strains were streaked onto YEPD, plated, and incubated at the indicated temperatures for 3 days.
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to that of bck1A mutants at restrictive temperatures. However,
we were not able to detect a cell wall deficiency in AflIA
mutants using tests for hypersensitivity to the cell wall lytic
enzyme zymolyase or the cell wall antagonist caffeine (data not
shown).

A null HTL1 mutant undergoes a cell cycle-specific growth
arrest at nonpermissive temperatures. Microscopic examina-
tion of Atl1A cells at restrictive temperatures revealed that this
mutant arrested growth with a nearly uniform morphology. For
all mating types, 80 to 90% of cells arrested with single, me-
dium- to large-sized buds, single nuclei, and no evidence of cell
lysis (Fig. 3A). To determine whether AtlIA cells arrest in the
cell division cycle before or after DNA replication, we assessed
the DNA content of this mutant cultivated at either low or high
temperatures. Log-phase cultures of diploid wild-type (1788)
or htl1A cells (DL2754) were shifted from 23 to 38°C for 5 or
10 h to measure DNA content by FACS analysis. The AflIA
mutant displayed an enriched population of 4N cells at low
temperatures compared to the wild-type population, suggest-
ing a delay at the G,/M boundary (Fig. 3B). Moreover, at
restrictive temperatures, 90% of the AtlIA cells accumulated
4N nuclei, indicating a postreplicative arrest at G,/M. Similar
results were obtained with haploid AtlIA cells (data not
shown).

RSC3 is a dosage suppressor of htflIA. To gain an under-
standing of the htlIA growth defect, we isolated multicopy
suppressors of an AtllA/htl] A mutant (DL2754). Suppressors
were selected directly at 34°C on SD plates lacking uracil after
transformation with a 2um URA3-marked genomic library. Of
~80,000 transformants selected, 8 colonies arose at the restric-
tive temperature. Among the plasmids rescued from these
colonies, four contained wild-type HTLI, and four possessed
overlapping DNA fragments from the right arm of chromo-
some IV. The only complete gene common to all four plasmids
was RSC3 (named RSC for remodels the structure of chroma-
tin) (data not shown). Deletion analysis revealed that RSC3
alone, when expressed from a 2pm plasmid, was sufficient to
allow an htlIA/htlIA mutant to grow at 34°C (Fig. 4A). The
RSC3 gene encodes an essential component of the RSC com-
plex, which alters gene expression by remodeling of chromatin
(1). Rsc3 is highly similar to well-characterized fungal DNA-
binding proteins (such as Gal4), as it contains an essential
binuclear zinc cluster followed by a leucine zipper. Some genes
involved in the maintenance of cell wall integrity are among
those regulated by RSC (1). Interestingly, conditional muta-
tions in RSC3 and other essential genes encoding RSC mem-
bers arrest growth at the G,/M boundary (1, 7, 9, 45), with a
terminal morphology that is very similar to that observed for
htlIA cells. However, overexpression of HTLI failed to sup-

FIG. 3. Deletion of HTLI results in a cell cycle-specific growth
arrest at restrictive temperatures. (A) Phase-contrast microscopy and
fluorescence microscopy (DAPI staining) of log-phase cultures of
DL2754 (htl1A/htl1A) growing at 23°C or arrested for 10 h at 38°C. The
fractions of cells that appear to have single buds (S), no buds (unbud-
ded [U]), or multiple buds (MB) were determined from counts of at
least 100 cells. (B) Flow cytometric analysis of cultures of either strain
1788 (wild type [WT]) or DL2754 incubated at 23°C or shifted to 38°C
for the indicated times.
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FIG. 4. Genetic connections between HTLI and RSC. (A) Overexpression of RSC3 suppresses the growth defect of an A#//A mutant. Strain
DL2754 (htl1A/htl1A) harboring 2pm plasmid pRS426 [RSC3], centromeric plasmid pRS316 [HTLI], or vector (pRS426) were streaked onto
YEPD and incubated at 34°C for 3 days. (B) Deletion of HTLI results in additive growth defects with conditional rsc3 mutations. Yeast strains
(from top to bottom, YBC628, YBC843, YBC1334, YBC840, YBC1336, YBC842, YBC1338, YBC906, and YBC1340) were grown in selective
medium at room temperature overnight. The saturated cultures and a series of 10-fold dilutions were spotted onto SC plates or SC plates
containing 5-FOA and incubated at 28°C for 3 days. (C) Overexpression of HTL1 suppresses the growth defect of an rs¢8” mutant. Yeast strain
MCY3890 (swh3-ts16), transformed with the 2um plasmid YEp352 [HTL1], or YEp352 alone, was streaked with the isogenic wild-type strain

W303-1A (RSCS8) onto YEPD and incubated at 37°C for 3 days.

press the growth defects of any of the three conditional rsc3
alleles.

Rsc30 is an RSC subunit that is almost identical to Rsc3 in
the binuclear zinc cluster region. Several lines of evidence
suggest that Rsc3/30 operate as a heterodimer within the RSC
complex but perform different functions (1). In contrast to
RSC3, overexpression of RSC30 from a 2pm plasmid did not
suppress the growth defect of ArlIA/htlIA mutants (data not
shown), consistent with the different roles these components
serve in RSC function.

Deletion of HTL1 results in additive growth defects with rsc3
mutations. Because RSC3 is an essential gene, we tested a set
of conditional rsc3 mutations for additive growth defects with
htlIA. The htlIA mutation was introduced into strains bearing
one of three temperature-sensitive alleles of RSC3 (rsc3-1, -2,
and -3 [1]) and a centromeric URA3-based plasmid with HTLI.
These strains were tested for the ability to survive loss of the
plasmid-borne HTLI at 23°C by plating on 5-FOA-containing
medium to evict the plasmid. Figure 4B shows that both the
rsc3-2 htll1 A and rsc3-3 htll A mutants were unable to grow on
5-FOA-containing medium, indicating that loss of HTLI is
lethal in these mutants. Together with the observation that
RSC3 is a dosage suppressor of afl1 A, these results suggest that
HTLI and RSC3 function within the same pathway.

HTLI is a dosage suppressor of an rsc8“mutant. The RSC8
gene encodes a component of the RSC complex, and homologs
of Rsc8 are present in all SWI/SNF family remodeling com-
plexes (5, 44). Though the precise role of Rsc8 is not known,
studies on its human homolog, BAF155/170, suggest that this
subunit interacts with the ATPase subunit Brgl and also with
gene-specific transcriptional activators such as EKLF (2).
Treich et al. (44) reported previously that a DNA fragment
bearing the MAK31 and HTL]I loci could suppress the growth
defect of an rsc8” mutant (swh3-ts16) when maintained at high
copy number. To test whether this suppression was the result
of HTLI overexpression, a 2um plasmid bearing only HTL!
was introduced to the swh3-ts16 mutant (MCY3890 [44]). This
clone was able to suppress the growth defect of swh3-ts16 (Fig.
4C), demonstrating that HTL1, not MAK31, is the multicopy
suppressor of swh3-ts16 obtained by Treich et al. (44), and
further supporting the notion that Htl1 functions in the same
pathway as the RSC complex.

Htl1>*™ resides in the nucleus. The RSC complex resides in
the nucleus (9, 45). As an initial step toward establishing a
physical connection between Htll and RSC, we determined the
intracellular location of Htll. Htll was fused at its C terminus
to a triple-HA epitope (3xHA). Htl1**?* expressed from a
2pum plasmid colocalized with DAPI, indicating nuclear local-
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FIG. 5. Htl1*"A resides in the nucleus. Wild-type diploid cells
(strain 1788), harboring HTLI**** on a 2um plasmid were grown to
mid-log phase in YEPD, fixed, and subjected to indirect immunoflu-
orescence microscopy with mouse monoclonal anti-HA antibody
(12CAS) (a-HA) and fluorescein isothiocyanate (FITC)-conjugated
secondary antibody. Nuclear DNA was visualized with DAPI. The
no-antibody (—Ab) control cells (bottom) were treated with secondary
antibody only.

ization (Fig. 5). Similar results were obtained when Htl1¥H4

was expressed from a centromeric plasmid but with a less
intense signal (data not shown).

Htl1 can associate with the RSC complex. The genetic con-
nections between HTL1 and components of the RSC complex
established above, combined with the nuclear localization of
Htl1, suggested that this protein might physically associate with
the RSC complex. To explore this possibility, we tested for in
vivo association of Htll with the Sth1 ATPase subunit of RSC
(11). For this purpose, Htll was fused at its N terminus to a
Flag epitope (F™HTLI) and overexpressed in yeast cells
(YBC928) from the MET25 promoter. Immunoprecipitation of
FlagHt]1 from extracts coprecipitated a small proportion of the
Sth1 (Fig. 6A, top blot). The observed coprecipitation reflects
a true association of #€Htl1 with RSC, because Sth1 was not
detected in the absence of either F*¢Htl1 or anti-Flag antibod-
ies. Interestingly, Sth1l was also detected in the supernatant
fraction (Fig. 6A, top blot) that had been immunodepleted of
overexpressed F*¢Htl1 (Fig. 6A, bottom blot), suggesting that
Htl1 is associated with only a subset of RSC complexes. In a
similar immunoprecipitation of "'“¢Htl1, either Rsc3 or its mu-
tant form Rsc3-3 was detected with the coprecipitated Sthl
(Fig. 6B), indicating that Htll can associate with the form of
RSC that contains Rsc3. In reciprocal immunoprecipitations,
overexpressed F'2Htl1 was weakly detected in Sthl immune
complexes (Fig. 6C), supporting the conclusion that Htll can
associate with a fraction of the RSC complex in vivo. We could
not detect Htl1**"'4 expressed at endogenous levels from its
own promoter in complex with Sth1, suggesting that the RSC-
associated fraction may be small.

DISCUSSION

The RSC chromatin remodeling complex has emerged as an
important transcriptional regulator of many genes, including
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FIG. 6. MHtl1 associates with the RSC complex in vivo. (A and C)
Extracts were prepared from yeast strain YBC928 bearing either
PMET-Flag-HTLI or vector. Immunoprecipitations were conducted by
incubating 300 pg of extract with either anti-Flag M2 affinity gel
(aFlag) (A) or anti-Sth1 («Sth1) conjugated to protein A beads (C).
Control beads with no antibodies were included for both. Samples
were eluted either with Flag peptide (A) or with SDS sample buffer
(C), separated by SDS-polyacrylamide gel electrophoresis, and sub-
jected to immunoblot analysis with either anti-Sth1 or anti-Flag M2
antisera. Load (L) (60 wg), immunodepleted supernatant (S) (18%),
and eluate (E) (50%) samples are shown. (B) Extracts were prepared
from yeast strains YBC843 (RSC3) and YBC906 (rsc3-3) bearing
PMET-Flag-HTL1, and ¥*¢Htl1 was immunoprecipitated and eluted as
described above for panel A. Samples were separated by SDS-poly-
acrylamide gel electrophoresis and subjected to immunoblot analysis
with both anti-Sth1 and anti-Rsc3 antisera. Load (L) (60 ng) and
eluate (E) (50%) samples are shown. The positions of molecular size
standards (in kilodaltons) are shown to the left of the blots.

those important for cell wall biogenesis, NDP, ribosome bio-
genesis, and carbohydrate metabolism (1, 9, 34). Additionally,
RSC is essential for progression of the cell cycle through G,/M.
Here, we report the association of Htll with RSC complex and
functional links between RSC/Htl1 and Pkel signaling. HTL1
is a 78-amino-acid protein required for growth at 37°C and for
maintenance of fertility and ploidy at permissive temperatures
(25). Here, we isolated HTL! in a genetic screen for additive
growth defects with a conditional mutation in PKCI (stt1-1).
We now demonstrate that HTLI is required for cell cycle
progression through the G,/M transition at temperatures
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above 33°C and that the Htll protein can associate with the
RSC complex. We propose that Pkcl and RSC are coregula-
tors of the G,/M transition.

Htl1 can associate with the RSC complex. We present four
lines of evidence supporting the conclusion that Htll interacts
physically and functionally with the RSC complex. First, at
restrictive temperatures, A#/I null mutants exhibit a uniform
cell cycle arrest in G,/M that is similar to that of strains with
conditional mutations in some essential components of the
RSC complex (e.g., alleles of STHI, SFHI, RSC3, and RSC9Y [1,
7,9, 45]). For reasons that are not clear, the cell cycle-specific
arrest of an A/l null mutant was not observed in a previous
study (25). Strain background differences may explain this dis-
parity, as may the possible acquisition of suppressor mutations.
Second, conditional rsc3 haploid strains accumulate cells with
4N DNA content (1), as was shown for A#lIA haploids (25).
Third, multicopy suppression experiments revealed a genetic
interaction between HTL1 and RSC components. Specifically,
overexpression of RSC3, an essential DNA-binding component
of the RSC complex, suppressed the growth defect of an Atl]
null mutant. Additionally, overexpression of HTLI suppressed
the growth defect of a conditional rsc§ mutant. The observa-
tion that an increased dose of HTLI could not suppress the
growth defect of any of three conditional rsc3 mutations sug-
gests that its overexpression can compensate for some RSC
defects, but not others. Fourth, Htll is a nuclear protein that
when overexpressed was found to associate in vivo with known
RSC complex components Rsc3 and Sthl.

A recent quantitative study of proteins associated with the
general transcription factor TFIID (41), which is a multisub-
unit complex comprised of the TATA-binding protein (TBP)
and 14 TBP-associated factors (TAFs), revealed that all known
RSC components were among the constellation of proteins
that displayed preferential association with TBP (compared
with TAFs). Htll was among the other, non-RSC proteins
identified in this population. Our results, which indicate that
Htl1 can associate with RSC, provide an explanation for the
reported association of Htll with TBP.

Why was Htl1 not identified in previous characterizations of
RSC components? The most likely explanation is that Htll
appears to exist in substoichiometric amounts within the RSC
complex. We found that cell extracts that were immunode-
pleted of overexpressed "€Htl1 still possessed some of the
Sth1 subunit. Moreover, it was possible to detect "'*¢Htl1 as-
sociated with immunoprecipitates of Sthl only when the
former was greatly overproduced. This may be significant in
light of the observation that RSC exists in forms that either
possess or are devoid of Rsc3/30 (5). The genetic interaction
we observed between HTLI and RSC3 may reflect a specific
association of Htll with the form of RSC that contains Rsc3/
30. The Rsc3/30 proteins exist as a heterodimeric complex that
can form outside of the RSC complex (1). Interestingly, al-
though these closely related components serve overlapping
roles, they may act antagonistically for certain functions. Our
finding that the Afll null growth defect was suppressed by
overexpression of RSC3, but not RSC30, underscores the func-
tional differences between these components.

Interactions between the RSC complex and Pkcl. Recent
studies have raised the possibility that RSC function is regu-
lated by Pkcel. First, a genetic screen for multicopy suppressors
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of the growth defect of a temperature-sensitive mutation in
STHI/NPS1, which encodes the DNA-dependent ATPase of
the RSC complex, yielded upstream components of the cell
wall integrity pathway, including PKC! (14). Overexpression or
mutational activation of elements of the MAP kinase cascade
controlled by Pkcl failed to suppress sthl, prompting these
investigators to suggest that the observed effect of Pkcl is not
mediated by the MAP kinase pathway. Additive growth defects
between conditional alleles of STHI (npsi-105) and PKCI
(s2¢1-1) also support a functional connection to RSC (14). A
recent study by Chai et al. (7a) confirmed these findings using
another allele of STH1 (sth1-3) and also demonstrated additive
growth defects between sthl-3 and a null mutation in the cell
surface sensor for Pkcl activation encoded by WSCI. Second,
mutation of either RSC3 or RSC30 alters the expression of
several genes implicated in cell wall biogenesis, and the sensi-
tivity to caffeine and formamide displayed by conditional RSC3
mutants is suppressed by overexpression of PKCI (1). More-
over, rsc3 mutations are lethal in combination with a pkc! null
allele (even in the presence of osmotic support), but not a bek!
null allele. Collectively, these observations strongly suggest a
functional link between Pkcl and RSC.

Loss of Pkcl function results in cell lysis resulting from a
deficit in cell wall construction (29, 30). However, loss of func-
tion in the MAP kinase cascade regulated by Pkcl results in
cell lysis only at elevated temperatures (30), indicating that
Pkel regulates at least one other pathway that contributes to
cell wall integrity. We found that loss of HTLI function was
lethal in the presence of pkcl mutations but resulted in only
mild defect additivity with a bckl null allele, similar to the
behavior of other rsc mutants. Although the observed defect
additivity suggests that 4#/] mutants may suffer a deficiency in
cell wall biogenesis, we observed no evidence of cell lysis at
restrictive temperatures and were unable to detect a cell wall
defect through tests for hypersensitivity to cell wall stresses.

An interesting alternative explanation for the observed de-
fect additivity between pkc! and htl] invokes a role for Pkcl in
passage through G,/M. Depletion of Pkcl results in cell lysis at
the bud tip during a distinct period in the cell cycle, previously
interpreted to reflect the point at which the cell is most sensi-
tive to cell wall stress (30). Such cells die uniformly with single,
postreplication nuclei and small buds (32). This is also the case
for conditional alleles of pkcl (29). Hosotani et al. (14) re-
cently extended these observations, finding that a conditional
pkcl mutant (stt/-1) undergoes a G,/M delay at permissive
temperatures. These investigators suggested that Pkcl might
have a cell cycle function that is independent of cell wall
metabolism. Because we isolated an Af// mutant in a synthetic
lethal screen with stt1-1, our finding that an A/l null mutant
also displays a G,/M delay at permissive temperatures suggests
that a double pkcl htll mutant may succumb to a G,/M block.
A cell cycle block could explain our inability to rescue this
double mutant by osmotic support.

Models for RSC/Ht11 function and Pkcl cooperativity in cell
wall biogenesis and cell cycle progression. The striking defect
additivity observed between pkclA and either rsc3 alleles (1) or
htllA suggests that cell viability requires either intact Pkcl
function or intact RSC function. However, this relationship
(and other data) does not establish whether these factors func-
tion together in a single pathway or coordinately in parallel
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FIG. 7. Models for the interaction of Pkcl with RSC in the regulation of cell wall biogenesis and G,/M.

pathways (Fig. 7). In considering a single pathway, Pkcl could
phosphorylate RSC components and alter RSC function at loci
important for cell wall biogenesis and G,/M progression.
Clearly, Pkcl regulation of RSC would have to be limited to a
subset of RSC functions, because null mutations in most RSC
components are lethal even in the presence of osmotic support
(pkc1A mutants are viable under these conditions). Moreover,
RSC occupies hundreds of genes not related to Pkel function.
However, to date, we have been unable to detect phosphory-
lation of purified RSC by Pkcl in vitro (unpublished observa-
tions), though we have not ruled out the possibility that RSC is
a Pkcl target in vivo. A second model equally consistent with
our data are that Pkcl and RSC act coordinately in parallel
pathways to regulate cell wall biogenesis and passage through
G,/M. In this case, RSC components are not direct targets of
Pkcl. Instead, the functions of both of these factors are re-
quired for proper expression of genes involved in cell wall
biogenesis and passage through the G,/M transition. In either
case, our data strongly suggest that Htl1 assists RSC primarily
for proper passage through G,/M phase (Fig. 7), as A#ll null
mutants phenotypically copy the G,/M cell cycle block ob-
served in certain rsc mutants but lack the cell wall phenotypes
associated with rsc3 mutations.
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