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The eukaryotic transcript elongation factor TFIIS enables RNA polymerase II to read through blocks to
elongation in vitro and interacts genetically with a variety of components of the transcription machinery in
vivo. In Saccharomyces cerevisiae, the gene encoding TFIIS (PPR2) is not essential, and disruption strains
exhibit only mild phenotypes and an increased sensitivity to 6-azauracil. The nonessential nature of TFIIS
encouraged the use of a synthetic lethal screen to elucidate the in vivo roles of TFIIS as well as provide more
information on other factors involved in the regulation of transcript elongation. Several genes were identified
that are necessary for either cell survival or robust growth when the gene encoding TFIIS has been disrupted.
These include UBP3, KEX2, STT4, and SWI2/SNF2. SWI1 and SNF5 disruptions were also synthetically lethal
with ppr2A, suggesting that the reduced ability to remodel chromatin confers the synthetic phenotype. The
synthetic phenotypes show marked osmosensitivity and cytoskeletal defects, including a terminal hyperelon-
gated bud phenotype with the Swi-Snf complex. These results suggest that genes important in osmoregulation,
cell membrane synthesis and integrity, and cell division may require the Swi-Snf complex and TFIIS for
efficient transcription. The detection of these genetic interactions provides another functional link between the

Swi-Snf complex and the elongation machinery.

TFIIS promotes the readthrough of blocks to elongation by
RNA polymerase II by first stimulating the polymerase to
cleave its nascent transcript and then to read through the block
(62). In addition to intrinsic blocks determined by the DNA
sequence, nucleic acid binding proteins can also stall the poly-
merase (15, 52). In the eukaryotic nucleus, the template DNA
is associated with many DNA binding proteins important in
both chromosome structure and regulation of gene expression.
Indeed, in vitro, chromatin severely inhibits transcript elonga-
tion, and factors that allow efficient transcription of nucleoso-
mal templates are just being identified. These include FACT,
Elongator, and HMG14, all identified in vitro (18, 55-57). In
addition, Spt4, Spt5, and Spt6 have been genetically associated
with chromatin and transcription (5, 31, 50, 68, 69, 77). In vitro,
DSIF, a human complex with Spt4 and Spt5 homologs, also can
alter transcription on pure DNA templates (73). Its activity in
vitro is affected by both pTEFb and a protein complex termed
NELF (79). However, TFIIS itself does not facilitate efficient
transcription on chromatin templates in vitro (38).

A genetic approach was taken to learn about factors re-
quired for efficient transcript elongation and the specific roles
and requirements for TFIIS in vivo. To do this, synthetic lethal
genetic interactions were investigated with a deletion of PPR2,
the gene encoding transcript elongation factor TFIIS from
Saccharomyces cerevisiae (14, 35, 40, 41). PPR2 is not an es-
sential gene, and the disruption of the gene confers only mild
phenotypes. Both the viability of the ppr2A strain and the
presence of a TFIIS gene family in the mouse (32, 37, 39) and
human (71, 72, 74) genomes suggested that TFIIS might have
more than one homolog in S. cerevisiae related by sequence or
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function. The complete sequencing of the yeast genome (24)
revealed that PPR2 is the only full TFIIS sequence homolog
present in S. cerevisiae. However, the possibility that PPR2
might have a functionally overlapping protein unrelated by
primary sequence was still reasonable. The possibility of a
functional homolog of PPR2 was also supported by the pres-
ence of two functionally similar bacterial proteins in Esche-
richia coli, GreA and GreB. GreA and GreB are functionally
similar to TFIIS but are unrelated to TFIIS by sequence or
structure (44, 54, 65).

Several distinct complexes capable of remodeling chromatin
have been identified (reviewed in reference 42). It might be
expected that such activities could participate in regulating
transcript elongation. However, only for the Swi-Snf complex is
there evidence that it plays a role subsequent to the establish-
ment of preinitiation complexes at the promoter (3, 6, 67). The
potential involvement of the Swi-Snf complex during elonga-
tion is supported further by results presented here demonstrat-
ing synthetic lethal genetic interactions between transcript
elongation factor TFIIS and several components of the Swi-Snf
complex.

MATERIALS AND METHODS

Strains, genetic methods, and media. The S. cerevisiae strains used in this study
are listed in Table 1. Strains were derived from CH1305 (45), YPH499 and
YPHS00 (64), W303 MATa and W303 MAT«, (70), and N222 and Z321 (78).
Both Escherichia coli calcium-manganese-based transformations and electropo-
ration transformations were used (29) with E. coli strain DH10B (recAI hsdRA
mcrA merBA mrrA deoR) (25). Yeast cells were transformed using lithium ace-
tate (23). Standard yeast methods and media were used (27).

For sporulation medium, the auxotrophic requirements of the diploids were
supplemented by adding the appropriate amino acids at 25% of the concentra-
tion used for synthetic complete (SC) medium. The 5-fluoroorotic acid plates
were made as previously described (4). Sucrose and raffinose plates included 2%
of the appropriate sugar added to SC medium without dextrose. YPGal was
made as described for YPD, with 2% galactose instead of dextrose. G418 (Gibco-
BRL) medium (YPD with 200 pg of G418 per ml) was made as previously
described (26). Sorbitol medium contained 1 M sorbitol in YPD.

Medium lacking inositol was made as described (63). 6-Azauracil (Aldrich)
was added to SC-Ura medium from a 5-mg/ml stock solution dissolved in water
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TABLE 1. S. cerevisiae strains used

. Source or
Strain Genotype reference
CH1305¢ MATa ade2 ade3 ura3 leu2 lys2 C. Holm
YPH499” MATa ade2-101°° ura3-52 leu2-Al his3-A200 trpI1-A63 lys2-801“™ P. Heiter
YPH500” MATo ade2-101°° ura3-52 leu2-Al his3-A200 trpl-A63 lys2-8014™ P. Heiter
W303-1a“ MATa ade2-1 ura3-1 leu2-3,112 his3-11 trpl-1 R. Rothstein
W303-1b° MATo ade2-1 ura3-1 leu2-3,112 his3-11 trpl-1 R. Rothstein
73214 MATa/MATo ade2/ade2 ura3-52/ura3-52 his3-A200/his3-A200 leu2-3/leu2-3 leu2-112/leu2-112 lys2A201/lys2A201 N. Woychik
DM228° MATa ade2-1 ura3-1 leu2-33,112 his3-11 trpl-1 ubp3A::HIS3 D. Moazed and
A. Johnson
FY31° MATo ura3-52 his3A200 snf2A1::HIS3 F. Winston
YBC28° MATa his4-9123 lys2-1288 leu2Al ura3-52 snf2A::LEU2 F. Winston
CMKyl1® MATa ade2-101°€ ura3-52 leu2-Al his3-A200 trp1-A63 lys2-801°™ ppr2A::hisG-URA3-hisG This work
CMKy2” MATa ade2-101°° ura3-52 leu2-Al his3-A200 trpI1-A63 lys2-801°™ ppr2A::hisG This work
CMKy3* MATa ade2 ade3 ura3 leu2 lys2 ppr2A::hisG-URA3-hisG This work
CMKy4* MATa ade2 ade3 ura3 leu2 lys2 ppr2A::hisG This work
CMKy5* MATa ade2 ade3 ura3 leu2 lys2 ppr2A::hisG trpl A::hisG-URA3-hisG This work
CMKy21¢ MATa ade2 ade3 ura3 leu2 lys2 ppr2A::hisG trpl::hisG This work
CMKy22¢ MATo ade2 ade3 ura3 leu2 lys2 ppr2A::hisG trpl::hisT This work
CMKy23* MATaMAT« ade2/ade? ade3/ade3 ura3jura3 leu2/leu2 lys2/lys2 TRPI1/trp1::hisG ppr2A::hisG/ ppr2::hisG/ppr2::hisG- This work
URA3-hisG
CMKy24“ MATa ade?2 ade3 ura3 leu2 lys2 trpl::hisG ppr2A::hisG-URA3-hisG This work
CMKy25¢ MATa ade2 ade3 ura3 leu2 lys2 trpl::hisG ppr2A::hisG-URA3-hisG This work
CMKy26* MATo ade2 ade3 ura3 leu2 lys2 ppr2A::hisG-URA3-hisG This work
CMKy31¢ MATa ade2 ade3 ura3 leu2 lys2 trp1::hisG-URA3-hisG This work
CMKy32* MATa ade2 ade3 ura3 leu2 lys2 trpl::hisG This work
CMKy80° MATo ade2-1 ura3-1 leu2-3,112 his3-11 trpI-1 ppr2A::hisG-URA3-hisG This work
CMKy81¢ MAT« ade2-1 ura3-1 leu2-3,112 his3-11 trpl-1 ppr2A::hisG This work
CMKy19¢ MATa/MAT« ade2-1/ade2-1 ura3-1/ura3-1 leu2-3,112/leu2-3,112 his3-11/his3-11 trp1-1/trpI1-1 PPR2/ppr2A::hisG-URA3- This work
hisG UBP3/ubp3A::HIS3
CMKy20? MATa ade2 ade3 ura3 leu2 lys2 ubp3A::LYS2 This work
CMKy27 MATa/MATo ade2/ade2 ade3/ade3 ura3/ura3 leu2/leu?2 lys2/lys2 PPR2/ppr2A::hisG-URA3-hisG UBP3/ubp3A::LYS2 This work
CMKy29* MATa ade2 ade3 ura3 leu2 lys2 ppr2A::hisG-URA3-hisG ubp3A::LYS2 This work
CMKy35¢ MATa/MATa ade2/ade? ade3/ade3 ura3jura3 leu2/leu2 lys2/lys2 TRPI/trp1::hisG PPR2/ppr2A::hisG-URA3-hisG This work
CMKy36“ MATa/MATo ade2/ade2 ade3/ade3 ura3fura3 leu2/leu2 lys2/lys2 TRP1/trp1::hisG PPR2/ppr2A::hisG-URA3-hisG STT4/ This work
stt4A::kan”
CMKy38* MATa/MATo ade2/ade2 ade3/ade3 ura3/ura3 leu2/leu? lys2/lys2 TRPI/trpl::hisG PPR2/ppr2A::hisG-URA3-hisG SNF2/ This work
snf2A::kan®
CMKy39* MATa/MATo ade2/ade2 ade3/ade3 ura3jura3 leu2/leu2 lys2/lys2 TRP1/trpl::hisG PPR2/ppr2A::hisG-URA3-hisG KEX2/ This work
kex2A::kan”
CMKy41¢ MATa ade2 ade3 ura3 leu2 lys2 snf2A::kan* This work
CMKy42* MATao ade2 ade3 ura3 leu2 lys2 snf2A::kan* This work
CMKy43* MATa ade2 ade3 ura3 leu2 lys2 trp1::hisG snf2A::kan® This work
CMKy44* MATa/MATo ade2/ade2 ade3/ade3 ura3jura3 leu2/leu2 lys2/lys2 TRP1/trp1::hisG PPR2/ppr2A::hisG-URA3-hisG SNF2/ This work
snf2AHind::kan®
CMKy45* MATa/MATw ade2/ade? ade3/ade3 ura3fura3 leu2/leu2 lys2/lys2 TRPI/trp1::hisG ppr2A::hisG/ppr2A::hisG-URA3-hisG This work
CMKy46* MATa/MATo ade2/ade2 ade3/ade3 ura3jura3 leu2/leu2 lys2/lys2 TRP1/trpl::hisG ppr2A::hisG/ppr2::hisG-URA3-hisG This work
SNF2/snf2A::kan®
CMKy47“ MATa/MAT« ade2/ade2 ura3-52/ura3-52 his3-A200/his3-A200 leu2-3/leu2-3 leu2-112/leu2-112 lys2A201/lys2A201 SNF2/ This work
snf2A::kan®
CMKy48* MATa/MATo ade2/ade2 ade3/ade3 ura3jura3 leu2/leu2 lys2/lys2 TRP1/trp1::hisG-URA3-hisG This work
CMKy49* MATa/MAT« ade2/ade2 ade3/ade3 ura3/ura3 leu2/leu2 lys2/lys2 TRPI/trpl::hisG -URA3-hisG SNF2/snf2A::kan® This work
CMKy60* MATa/MATa ade2/ade? ade3/ade3 ura3fura3 leu2/leu2 lys2/lys2 TRPI/trp1::hisG PPR2/ppr2A::hisG-URA3-hisG SWII/ This work
swilA::kan”
CMKy61¢ MATa ade2 ade3 ura3 leu2 lys2 swil A::kan" This work
CMKy62¢ MATa ade2 ade3 ura3 leu2 lys2 trp1::hisG swil A::kan" This work
CMKy63* MATa ade2 ade3 ura3 leu2 lys2 swil A::kan® This work
CMKy64* MATa/MATa ade2/ade2 ade3/ade3 ura3/ura3 leu2/leu? lys2/lys2 TRPI/trpl::hisG PPR2/ppr2A::hisG-URA3-hisG SNF5/ This work
snfSA::kan®
CMKy65¢ MATa ade2 ade3 ura3 leu2 lys2 snf5 A::kan* This work
CMKy66* MATo ade2 ade3 ura3 leu2 lys2 snf5 A::kan® This work
CMKy67¢ MATa ade2 ade3 ura3 leu2 lys2 trpl1::hisG snf5::kan® This work
CMKy73* MATa/MATo ade2/ade2 ade3/ade3 ura3jura3 leu2/leu2 lys2/lys2 TRP1/trpl::hisG SNF2/snf2A::kan” HTAI-HTBI1/(htal- This work
htb1)A:LEU2
CMKy76" MATa/MATo ade2-101°/ade2-101° ura3-52/ura3-53 leu2-Al/leu2-Al his3-A200/his3-A200 trp1-A63/trp1-A63 lys2-801°™/ This work
lys2-801"" PPR2/ppr2A::hisG-URA3-hisG
CMKy77" MATa/MAT« ade2-101°¢/ade2-101°° ura3-52/ura3-53 leu2-Al/leu2-Al his3-A200/his3-A200 trpl-A63/trpI-A63 lys2-8014™/ This work
lys2-801" PPR2/ppr2A::hisG-URA3-hisG SNF2/snf2A::kan"
CMKy78° MATa/MATo ade2-1/ade2-1 ura3-1/ura3-1 leu2-3,112/leu2-3,112 his3-11/his3-11 trpI-1/trp1-1 PPR2/ppr2A::hisG-URA3- This work
hisG
CMKYy79¢ MATa/MATo ade2-1/ade2-1 ura3-1/ura3-1 leu2-3,112/leu2-3,112 his3-11/his3-11 trpI-1/trpI1-1 PPR2/ppr2A::hisG-URA3- This work

hisG SNF2/snf2A::kan*

“ CH1305 background.
> YPH499 background.
€ W303 background.
47321 background.

¢ S288C background.
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TABLE 2. Plasmids used in this study

Plasmid Construction Reference(s)
pJD3 Xbal (blunted)-EcoRI hisG-URA3-hisG fragment from pUC19 inserted into Munl (blunted)- and EcoRI-digested pKC8 12
pJD4 BamHI genomic fragment of PPR2 inserted into BamHI site of pDS1 43
pJD5 Xhol-Nsil PPR2 fragment from pKC3 inserted into Xhol-PstI-digested pRS315 12,64
pLPUBP3 Complementing library plasmid for synthetic lethal mutant 70B
pLPKEX2 Complementing library plasmid for synthetic lethal mutant 44B
pLPSTT4 Complementing library plasmid for synthetic lethal mutant 56B
pLPSNF2 Complementing library plasmid for synthetic lethal mutant 28A
pJD7 4.2-kb HindIII fragment from pLPUBP3 inserted into HindIII site of pRS315
pJD8 3.7-kb HindIII fragment from pLPUBP3 inserted into HindIII site of pRS315
pID9 PCR-generated BamHI-Xbal fragment (using pLPUBP3 as template) inserted into BamHI-Xbal-digested pRS315
pJD10 PCR-generated BamHI-Pst1 fragment (using pLPUBP3 as template) inserted into BamHI-PstI-digested pRS315
pIDI11 PCR-generated Spel-PstI fragment (using pLPUBP3 as template) inserted into Spel-PstI-digested pRS315
pJD12 PCR-generated Spel-Sacll fragment (using pLPUBP3 as template) inserted into Spel-Sacll-digested pRS315
pID17 PCR-generated BamHI-Pst] fragment (using pLPSTT4 as template) inserted into BamHI-PstI-digested pRS315
pID19 Ncol digest and religation of pLPSNF2 (disrupts SNF2 open reading frame)
pID27 PPR2-containing Pvull fragment from pKC(1-309) inserted into Pvull-digested pRS315 12
pID28 PPR2-containing Pvull fragment from pKC(131-309) inserted into Pvull-digested pRS315 12

to final concentrations of 25, 50, 75, or 100 pg of 6-azauracil per ml. Mycophe-
nolic acid (Sigma) medium was made by adding an appropriate amount of a
5-mg/ml stock dissolved in methanol to 10, 25, 50, or 100 pwg/ml in SC medium.

Plasmids. All plasmids used and their cloning strategies are listed in Table 2.
The plasmid for the synthetic lethal screen was based on pDSl1, derived from
pDK221 (43) by replacement of the LEU2 gene with Amp®. Vent polymerase
(NEB) was used for all PCR-generated subclones.

Yeast whole-colony PCR. A procedure for direct whole-colony PCR was mod-
ified for this work (36). The reaction buffer contained 12.5 .l of 10 mM Tris-HCI
(pH 8.3)-50 mM KCI-2.5 mM MgCl,—-170 pg of bovine serum albumin (BSA)
per ml-200 pM each of the four deoxynucleoside triphosphates—1.0 uM each
primer-50 U of AmpliTaq (Perkin-Elmer) per ml. A yeast colony was added to
a 12.5-pl reaction, and the reaction mix was overlaid with mineral oil. The PCR
was initiated with a 5-min 92°C denaturation step, followed by 35 cycles of 92°C
for 1 min, primer annealing at the appropriate temperature for 2 min, and 72°C
for 2 min. All primer annealing temperatures were above 50°C.

Synthetic lethal screen. The red-white colony sectoring assay has been de-
scribed previously (43) and subsequently applied to a synthetic lethal approach
(45). An ADE3 plasmid (confers a red color when placed in an ade2 ade3
background) containing a nonessential gene is lost at a high frequency in the
absence of selective pressure due to a mutant ARS/CEN sequence, leading to the
appearance of sectored colonies. An ade2 ade3 ppr2A strain (CMKy4) was
transformed with this ADE3 plasmid also containing PPR2 and URA3 (pJD4).

Ten independent cultures were grown in SC-Ura medium overnight to an
optical density at 600 nm (ODyy) of approximately 1.0. Plating cell density was
10,000 per 150-mm 4% YPD plate, in which the 4% glucose enhanced the
appearance of sectors. The plates were irradiated with 65 J of UV light, providing
a viability after irradiation of ~15%. Plates were incubated for 5 days at 30°C.
The initial 24 h of incubation were in the absence of light to avoid light-induced
repair. Individual solid red colonies were selected and streaked on a new 4%
YPD plate. Only colonies that produced >95% nonsectored colonies on the
second plate were studied further.

Plasmid dependence of the nonsectoring phenotype was confirmed by growth
on SC-Ura medium. Dominant and recessive mutations were identified by mat-
ing each mutant to CMKy?22. If the mutation was recessive, the diploid regained
the ability to sector. Dominant mutations or integration of the ADE3 URA3
PPR?2 plasmid into the genome produced a nonsectoring phenotype in the dip-
loid. To determine if the synthetic lethality was due to PPR2 or one of the other
genes on the plasmid, a plasmid with PPR2 and LEU2, pJD5, was shuffled into
each mutant, replacing pJD4. A growth requirement for leucine and a sectoring
phenotype on YPD indicated that only PPR2 was required, as the ADE3-con-
taining plasmid could now be lost. To determine if a single mutation was re-
sponsible, 12 tetrads were dissected for each mutant following mating to
CMKy?22 to determine if the sectoring phenotype segregated as one gene. The
tetrads were also used to determine if any growth defect associated with the
synthetic lethal mutation segregated with the sectoring phenotype.

Subsequent to these procedures, 49 recessive mutations were recovered and
placed into 10 complementation groups. The rapid appearance of apparent
suppressors was noted for 28 of the mutants.

Cloning of synthetic lethal genes. A LEU2 CEN/ARS genomic library (22) was
used for the complementation screens. High-efficiency transformation conditions
were optimized for each mutant. Between 5,000 and 10,000 transformants were
screened for each mutant to ensure genomic coverage, and plasmids were re-
covered from transformants that sectored reproducibly. Each plasmid was used
to transform the original mutant to confirm that it restored sectoring. Sequencing
identified the genomic fragment responsible for restoring sectoring, and the
specific gene was isolated after subclones of each library plasmid were tested.

Gene disruptions. Disruptions of PPR2 were made by replacing codons 40 to
284 of PPR2 with the hisG-URA3-hisG cassette (2). The disruption was con-
firmed by Southern blot analysis on 6-azauracil-sensitive transformants. These
strains were plated onto 5-fluoroorotic acid medium to select for Ura™ recom-
binants (2).

The TRP1 disruption was made by inserting the hisG-URA3-hisG cassette into
the middle of the TRPI gene using pNKY1009 (2).

A PCR strategy was used to disrupt the UBP3 gene in haploid CH1305. PCR
primers were designed that contained 45 to 50 bp of UBP3 flanking sequence on
the 3’ end and an 18-bp sequence that amplified LYS2 on the 5’ end. Transfor-
mants were selected on SC-Lys medium and screened by PCR analysis to confirm
the disruption of UBP3.

The complete disruptions of stt4A, kex2A, snf2A, swil A, and snf5A were made
individually in a ppr2A/PPR2* diploid strain (CMKy35) by replacing one copy of
the entire target gene with the kan" gene (26). A snf2A mutation was also made
in CMKy48 (PPR2/PPR2). Transformants were selected on G418 plates and
replica plated to new G418 plates after 48 h. Correct integrants were identified
by PCR analysis. PCR primers containing ~45 bp of homology to the target gene
on the 3’ end and 18 bp to the kan" gene on the 5’ end generated a fragment
containing the kan" gene flanked by the upstream and downstream regions of the
target gene.

The snf2A mutation in CMKy45 (ppr2A::URA3/ppr2A::hisG) was constructed
by kan" cassette insertion and confirmed as described above. This heterozygous
snf2A mutation resulted in a strain with severe morphological defects noted after
several days. Thus, the transformants, once confirmed for the disruption, were
immediately stored at —80°C in 15% glycerol-1 M sorbitol-YPD medium. The
snf2A alleles were created in the heterozygous PPR2/ppr2A::URA3 diploid strains
CMKYy76 (YPH499) and CMKy78 (W303) by replacing the entire SNF2 gene
with the kan" gene as in CH1305.

The snf2AHind mutation was made by replacing only the 500-bp HindIII
fragment within SNF2 (1) with kan™ in CMKy35 and was confirmed by PCR
analysis.

The htal/htb]1A::LEU?2 allele was made as previously described (33). The locus
was disrupted in the diploid CMKy73, and upon sporulation, there was 2:2
survival. The viable spores were leucine auxotrophs. Several attempts to recover
disruptions in the haploid synthetic lethal mutant 28A were not successful.

Allele rescue. The synthetic mutant allele of SWI2-SNF2 was recovered by
PCR (Vent polymerase [NEB]). The promoter region (480 bp) and the termi-
nator region (360 bp) were also recovered. Due to the large size of SNF2 (5.1 kb),
the mutant allele was recovered in three PCR fragments, each of which was
subcloned into pRS314 and sequenced.

Linkage analysis for UBP3, KEX2, and STT4. Mutant 70B [MATa ura3 leu2
lys2 ppr2A::his G (pJD4)] and a MATo ura3 leu2 lys2 ubp3A::LYS2 strain (derived
from CMKy27) were mated, and Ura™ Lys* diploids were selected. The diploid
was sporulated, and 10 complete tetrads were examined. Growth on lysine was
used to identify the ubp3A segregants. As the ppr2A allele did not contain an
auxotrophic gene, the ppr2A allele was determined by PCR analysis on each
segregant. Red segregants carried pJD4. As we have observed previously, pJD4
segregated very poorly, presumably due to the mutant CEN/ARS.

The mutant 44B [MATa ura3 leu2 lys2 ppr2A::hisG(pJD4)] was mated to a
MATo ura3 leu2 lys2 kex2A::Kan"(pKEX2) strain (derived from CMKy39). Plas-
mid pKEX2 is a LEU2 library plasmid that contained KEX2. Ura™ Leu™ diploids
were selected. The presence of both PPR2 and KEX2 on plasmids would com-
plicate the analysis, so the diploid was grown in YPD for several generations and
plated. A Ura™ Leu  diploid was sporulated, and 10 complete tetrads were
analyzed. The ppr2A allele was determined by PCR analysis. Kan" was used to
identify the kex2A allele. The presence of pJD4 was indicated by a red color.
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TABLE 3. Genes that rescue the synthetic mutant phenotype

Synthetic lethal Gene(s) on recovered

mutant library plasmid Plasmid Rescue
70B SPTI15 pJD11 -
PEA2 pJDI12 -
SPI1 pJD7 -
UBP3 pJD10 +
YERI52 pJD8 -
PETI22 pJD9 -
44B KEX2 pLPKEX2 +
56B STT4 pLPSTT4“ +
UBCI2 pID17 -
28A SNF2 pLPSNF2¢ +
YOR289 pJD19 -

“In these cases, the library plasmid contained both genes listed, but the
alternate gene was unable to overcome the synthetic phenotype when tested
alone.

The mutant [S6B MATa ura3 leu2 lys2 ppr2A::hisG(pJD4)] was mated to
CMKYy22 (MAT« ura3 leu2 lys2 ppr2A::hisG trpl::hisG). Zygotes were selected,
and diploids were confirmed by the inability to mate to tester strains. A diploid
was transformed with a PCR-derived cassette designed to disrupt ST74 (same
strategy presented above). PCR analysis was used to identify five diploids het-
erozygous for the stt4A mutation. The diploids were sporulated, and 10 complete
tetrads were analyzed for each.

Recovery of swi-snf strains. The initial work with the snf2A mutation in
CH1305 showed poor growth and poor viability of spores. A modified method for
strain recovery was used in all the tetrad analyses of swi-snf strains in order to
unambiguously identify the genotype present at each spore position. Fresh, moist
YPD plates were used for tetrad dissection. Plates were warmed to room tem-
perature before use. After tetrads were dissected, each plate (plate A) was grown
for 7 days and microscopically examined to determine the approximate number
of cells at each spore position. Small colonies were streaked in patches on a fresh
YPD plate (plate B). Plate A was then replica plated to both SC-Ura and SC-Trp
media. Plate B was grown for 7 days. All viable patches were transferred to
separate G418, SC-Ura, and SC-Trp plates.

Microscopic characterization of phenotypes. Yeast cells were resuspended in
H,O0 to a concentration of approximately 7 X 107 cells/ml, and cellular morphol-
ogy was observed on a Zeiss photomicroscope equipped with Nomarski differ-
ential interference contrast optics (Carl Zeiss, Thornwood, N.Y.). To monitor
nuclear morphology, yeast cells were harvested from an overnight culture, rinsed
in cold methanol for 10 min to fix the cells, and resuspended in 1X phosphate-
buffered saline. Cells were stained with 30 ng of 4',6’-diamidine-2-phenylindole
dihydrochloride (DAPI) per ml for 5 min. Stained cells (5 pl) were applied to a
glass slide and examined using a Zeiss Axioskop fluorescence microscope and a
100X Neoflor objective (Carl Zeiss).

RESULTS

Rationale of screen. S. cerevisiae contains a single copy of the
gene encoding TFIIS (PPR2), and gene disruption strains have
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only modest phenotypes (76). Thus, to investigate the function
of TFIIS in vivo, a synthetic lethal screen was initiated. Syn-
thetic lethal interactions might uncover proteins whose func-
tion overlaps that of TFIIS or proteins that share regulatory or
functional roles with TFIIS.

Results of synthetic lethal screen. The synthetic lethal screen
utilized the color phenotypes associated with the adenine bio-
synthetic pathway (43, 45). Approximately 75,000 mutagenized
colonies were screened for a nonsectoring phenotype, and 187
mutants were identified that reproducibly produced nonsector-
ing colonies. Of these, 185 mutants were plasmid dependent.
Eighty-nine mutants were recessive, and the survival of 55 of
these depended upon the presence of PPR2. Of these, 49
mutants showed 2:2 segregation of the nonsectoring pheno-
type, indicating that each mutant resided in either one gene or
a set of closely linked genes. Ten complementation groups
were defined among these 49 mutants, and all were tested for
growth on sucrose, raffinose, 6-azauracil, and medium lacking
inositol and for growth at 37°C. The relevant phenotypes of the
mutants are presented below.

A CEN/ARS genomic library was used to identify the genes
that complemented the nonsectoring phenotype for each of the
10 complementation groups. Inserts from library plasmids that
restored sectoring were end sequenced and identified from the
genomic database. As the genomic library fragments were ap-
proximately 10 kb in length, subclones were used to define the
gene that restored sectoring (Table 3). Four of the 10 comple-
mentation groups were analyzed in this way. For one comple-
mentation group, SNF2 was identified (Table 3), and allele
rescue of the mutant locus allowed identification of the specific
sequence change that led to the synthetic lethal phenotype. For
the other three complementation groups (Table 4), phenotypic
analysis suggested complementation rather than suppres-
sion of a mutation in a separate locus. To confirm comple-
mentation, each synthetic lethal mutant strain was crossed to a
strain in which the suspected complementing gene had been
disrupted (as described in Materials and Methods). Allelism
was confirmed by the 2:2 segregation of synthetic lethal phe-
notypes following sporulation and tetrad dissection.

The synthetic lethal mutant 70B was rescued by UBP3, en-
coding a ubiquitin protease. The ubp3A strain has a mild
growth defect, and the ubp3A ppr2A strain, while viable, has a
more severe growth defect (Table 4). The synthetic lethal phe-
notype of 70B segregated 2:2 with the severe growth defect of
the ubp3A ppr2A strain. While confirming allelism or very tight
linkage with UBP3, this result also indicated that the synthetic
lethality of mutation 70B in UBP3 with ppr2A was allele spe-
cific.

The synthetic lethal mutant 44B was rescued by KEX2, en-

TABLE 4. Genes identified in synthetic lethal phenotype screen

Mutation

Phenotype(s)

UBP3

KEX2 STT4

Synthetic lethality” Slow growth

Gene disruption” Slow growth (ubp3A)

Double disruption Very slow growth

(ppr2A ubp3A)

a-Specific sterile; higher permissive tem-
perature than wild type

a-Specific sterile; higher permissive tem-
perature than wild type (kex2A)

Temperature sensitive at 37°C, partially
rescued by sorbitol; cannot grow on
raffinose, sucrose, or galactose; 6-aza-
uracil stimulates growth

Lethal (st4A); conditional st#4 mutants
are temperature sensitive and rescued
by sorbitol

Extremely sick (<18% viability”) in veg-
etatively growing cells (ppr2A kex2A)

“ Mutant characterized in a PPR2" background.

® Viability assessed by comparing cell count in liquid culture to the number of cells that could form colonies when plated.
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coding a prohormone protease located in the Golgi. Mutant
44B also exhibited phenotypes characteristic of kex2A strains:
slow growth, a-specific sterility, and altered temperature tol-
erance (51). As both the synthetic lethal mutant 44B and the
kex2A strain were « sterile, the MATa synthetic lethal mutant
was mated to a MATa kex2A strain transformed with a KEX2-
containing library plasmid. To simplify the analysis, a diploid
which had lost both the library plasmid (KEX2 LEU2) and
pJD4 (PPR2 ADE3 URA3) was used. Following sporulation
and tetrad dissection, no segregants showed wild-type growth
and all « segregants were sterile, as would be expected if the
synthetic lethal mutation and kex2A were allelic. Moreover,
both the kex2A (Kan") and synthetic lethal allele (Kan®) strains
that were ppr2A were extremely sick on YPD medium, an
observation consistent with the very low viability observed in
liquid culture with the kex2A ppr2A strain. These results indi-
cate an allelism or very tight linkage between the mutation in
44B and KEX?2 and further suggest that mutant 44B contains a
loss-of-function mutation in KEX2.

The synthetic lethal mutant 56B was rescued by STT4, en-
coding a phosphoinositol-4-kinase. A deletion of STT4 is lethal
in the CH1305 strain background, as disruptions of s#4A could
not be recovered in haploids under several conditions tested
(data not shown). Thus, mutant 56B could not have suffered a
total loss of function in ST74. However, mutant 56B does show
phenotypes expected for conditional alleles of st#4, including
temperature sensitivity and rescue by sorbitol (80) (Table
4). Synthetic lethal mutant 56B was mated to an STT4 ppr2A
strain, and the resulting diploid was disrupted for S774. Five
diploids heterozygous for the st##4A mutation were identified.
Each was sporulated, and tetrads were analyzed for each of the
five. In this analysis, the ST74 disruption could occur in the
diploid at either the wild-type or the mutant 56B locus (assum-
ing allelism) on the complementary chromosomes. Any stt4A
haploids themselves would be inviable. Of the five sporulation
plates, three showed the 2:2 segregation for viability expected
if the disruption had occurred in the S774 locus and had
replaced mutation 56B, leaving the wild-type copy of ST74.
The other two stt4A heterozygotes had significantly reduced
overall spore germination. In one case, only 4 of 40 spore
positions were viable, and only 6 of 40 were viable in the
second case. Each of these viable strains had a severe growth
defect and appeared red (nonsectoring). The low viability is
not surprising, as previous work with mutant 56B showed ex-
tremely poor spore viability associated with the synthetic lethal
allele. These combined patterns of segregation suggest that
mutant 56B represents a partial function allele of ST7T4.

Characterization of the interaction with SNF2. SWI2/SNF2
encodes a component of the Swi-Snf chromatin-remodeling
complex and is the founding member of a gene family associ-
ated with chromosome structure changes (42). SWI2/SNF2 is
not an essential gene (1), but the null mutant is characterized
by a number of phenotypes, all shared by the mutant allele
isolated in this screen (Fig. 1). For simplicity, SWI2/SNF2 will
be referred to as SNF2. The snf2A strain cannot grow on me-
dium containing raffinose, sucrose, and galactose under anaer-
obic conditions, and this mutant is also an inositol auxotroph.
The raffinose sensitivity of the synthetic lethal mutant was
complemented by cloned SNF2 (Fig. 1), strongly indicating
that the mutation lay in SNF2.

A disruption of SNF2 was made in a heterozygous ppr2A/
PPR2 diploid, CMKy35. The resulting snf2A/SNF2 ppr2A/PPR2
diploid, CMKy38, was sporulated, and 12 tetrads were dis-
sected. In each of the tetrads, two spores gave rise to healthy
colonies while the other two spores were either inviable or gave
rise to poorly growing colonies of variable size. As the viability
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of the snf2A strains was problematic in this strain background,
plating modifications were necessary to improve germination
and strain recovery following germination (see Materials and
Methods). Subsequently, over 175 tetrads were analyzed from
the CMKy38 diploid strain to permit a thorough analysis of the
genotypes of every spore position and the number of cells
resulting from each germination event. The results clearly
demonstrate that an snf2A mutation is synthetically lethal in
combination with a ppr2A mutation (Fig. 2).

Robust colonies occasionally arose in attempts to culture the
double-disruption haploid. These strains were both Ura™ and
G418, indicating that the strain still contained the URA3 and
kan™ genes that had replaced PPR2 and SNF2, respectively.
These double-deletion mutants that did grow were heteroge-
neous in size between the individual strains, but the large
majority were very healthy, much more so than the snf2A strain
itself. The low frequency with which they were identified
(107°) and the robust growth suggested that these were sup-
pressor mutants. Interestingly, these putative suppressors ob-
viate swi/snf mutant phenotypes, such as reduced growth on
raffinose- and inositol-free medium, but do not appear to sup-
press the 6-azauracil sensitivity of ppr2A strains.

The entire 5.1-kb allele of SNF2 was rescued from the syn-
thetic lethal mutant. Sequence analysis identified a nonsense
mutation at nucleotide position 3385 that would be expected to
produce a protein truncated in the ATPase domain. The ge-
netic connection between PPR2 and SNF2 was examined in
detail to explore the role of the Swi-Snf complex in transcript
elongation and the possible role of TFIIS on a nucleosomal
template. However, complex interactions with auxotrophic
markers were examined first.

Early work with SWI/SNF had suggested that leucine auxo-
trophy would contribute to the phenotypic severity detected in
swi/snf mutant strains (66). In that report, swi2/snf2 leu2 double
mutant strains were found to require 300 pg of leucine per
liter, 10 times the standard concentration (30 wg/ml). To allow
comparisons of the interactions between swi2/snf2 and ppr2A
directly, all characterizations were done in medium containing
300 pg of leucine per liter. Additionally, the observed effects
were essentially identical in leu2 and LEU2™" backgrounds.

The TRPI" genotype also contributed to the severity of
phenotypes observed with snf2A strains. This effect is further
described below, but the synthetic interactions between snf2
and trp1 initially complicated phenotypic interpretations with
ppr2A. To avoid this, the interactions between ppr2A and snf2A
were examined in TRPI ™" strains. In CH1305, snf2A strains are
much healthier in the presence of TRPI on both rich medium
(YPD) and minimal medium supplemented with tryptophan.

Indeed, suppressors of the double-deletion mutant only
appeared when the strain contained TRPI™". In a trp1 back-
ground, the terminal cell count of the double-deletion mutant
was between 20 and 100 cells after 1 week of incubation. In the
presence of TRPI, the double-deletion mutant forms a small
colony of approximately 100 to 1,000 cells after 1 week of
incubation (Table 5). The explanation of this effect is not
known, but it also extends to TRP5 (data not shown). As a
result of these observations, the interactions between SNF2
and PPR2 were examined in a TRP™" background.

Phenotypes of snf2A ppr2A cells. The haploid snf2A ppr2A
double disruption was inviable, but the phenotypes of the
SNF2/snf2A ppr2A/ppr2A heterozygous diploid CMKy46 were
informative. This diploid strain had several unusual pheno-
types, including a high frequency of lysis on rich (YPD) me-
dium and complete lysis in medium of higher osmotic strength,
such as sporulation medium. When the cells are examined
microscopically, approximately 45% of the cells are character-
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28A
28A + 28A +
PLPSNF2 pLPSNF2
wild type wild type
+Inositol -Inositol
C D
28A
28A + 28A +
PLPSNF2 pLPSNF2
wild type wild type

Dextrose (anaerobic)
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FIG. 1. Sensitive growth of synthetic lethal mutant 28A. (A) The synthetic lethal mutant 28A, a wild-type strain (CH1305), and mutant 28A transformed with the
SNF2-containing library plasmid pLPSNF2 were streaked onto medium with inositol added. (B) The three strains were streaked onto medium without inositol. The
plates were photographed after 4 days of growth at 30°C. (C) Wild-type (CH1305), mutant 28A, and mutant 28A transformed with the SNF2-containing library plasmid
pLPSNF2 were streaked on dextrose medium. The plate was photographed after 4 days of anaerobic growth at 30°C. (D) The same strains were streaked onto raffinose

medium and grown anaerobically for 4 days at 30°C prior to photography.

ized by highly elongated bud-like structures (Fig. 3). Intrigu-
ingly, highly elongated buds are also observed with some al-
leles of sth1, an essential SNF2-related component of the RSC
chromatin remodeling complex (19). DAPI staining of the
budded diploid CMKy46 demonstrated that the elongated bud
structure contained a single nucleus. This nucleus was not lo-
cated exclusively at the mother bud neck. A localization at the
mother bud neck would have suggested a delay in nuclear
division. The addition of 1 M sorbitol suppressed the hyper-
elongated bud phenotype and also reduced the doubling time

of the diploid. Curiously, this diploid sporulates after 2 days of
growth on YPD medium. Rich YPD medium contains both
nitrogen and glucose, each of which normally represses the
sporulation pathway. Thus, the SNF2/snf2A ppr2A/ppr2A dip-
loid is overcoming both of these repressive sporulation signals,
indicating a major deregulation within the cell.

Strain background affects the genetic interaction between
PPR2 and SNF2. The growth defect of the CH1305 snf2A strain
was more severe than that reported for either an S288C snf2A::
HIS3 strain (1) or an S288C snf2A::LEU?2 strain (9). Further-
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FIG. 2. Asnf2A allele is synthetically lethal in combination with a ppr2A allele. (A) Tetrad analysis following sporulation of an snf2A::kan"/SNF2 ppr2A::URA3/PPR2
diploid (CMKy38). The tetrads were dissected on YPD medium, and the YPD plate was photographed after 7 days of growth at 30°C. (B) The snf2A::kan* spores were
identified by their G418" phenotype, the ppr2A::URA3 spores were identified by their Ura™ phenotype, and TRP! spores were identified by their Trp™ phenotype. The
positions of inviable spores are shaded gray, the box containing the genotype deduced from the other segregants. The presence of the TRPI ™" gene and the #rp] mutation

indicated with a T and with a t, respectively.

more, the ppr2A and snf2A alleles show no genetic interaction
in S288C (G. Hartzog and F. Winston, personal communica-
tion). The disruptions of SNF2 that had been made in S288C
differed in both the size and content of the disruption com-
pared to those made in CH1305. The snf2A disruption in
S288C had replaced 500 bp of SNF2 with HIS3 (1). The dis-
ruption in CH1305 replaced the entire open reading frame of
SNF2 with the kan" gene. Thus, the difference between the
PPR2 and SNF2 genetic interaction in S288C and CH1305
could have been due to the nature of the disruptions. To test
this, the 500-bp region of SNF2 originally replaced in S288C
by HIS3 was replaced with the kan™ gene in CH1305. This
CH1305-derived disruption strain (snf2AHind) had the same
growth defects as the CH1305 strain with the complete kan”
replacement of SNF2 (data not shown). This disruption was
also synthetically lethal with ppr2A. These results suggest that
the strain background, and not the size or location of the
disruption, is the basis for the difference in both the growth
defects and the genetic interaction between the ppr2 and snf2
alleles in S288C and CH1305.

Next, snf2A disruptions were constructed in three additional
genetic backgrounds: Z321, a laboratory strain utilized by R.
Young and N. Woychik (78); W303, a laboratory strain from R.
Rothstein (70); and YPH499, a laboratory strain originally
derived from S288C (64). The complete genotypes of the

strains are listed in Table 1. In each case, a diploid strain was
used to make the heterozygous SNF2/snf2A::kan” disruption.
For 7321, the diploid was PPR2/PPR2. In both W303 and
YPH499, a heterozygous PPR2/ppr2A::URA3 diploid was used.
All three snf2A haploid strains derived from these diploids
grew very poorly, although there was subtle variation among
the three backgrounds in the severity of the growth defect. For
YPHA499, the strain originally derived from S288C, the snf2A
strains were the least healthy of all strains tested. Incubation
for 1 week was required to observe any visible growth. In Z321

TABLE 5. Comparison of the snf2A ppr2A interaction
in three genetic backgrounds

Growth of snf2A Terminal cell count of snf2A

Strain

strains® ppr2A segregants
CH1305
TRPI™* + 100-1,000
trpl + 10-100
W303 + 500-1,000
YPH499 =+ 2-5

“ 4+, 1-mm colonies or healthy growth in a lawn of cells after 7 days of incu-
bation; =, 0.1-mm colonies or light growth in a lawn of cells after 7 days of
incubation.
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FIG. 3. Hyperelongated bud phenotype. The snf2A/SNF2 ppr2A/ppr2A diploid (CMKy46) under 100X magnification. Cells were visualized by differential interfer-
ence contrast microscopy (see Materials and Methods). Approximately 45% of cells had this morphology.

and W303, the snf2A strain had a severe growth defect, but
each was much more robust than the YPH499 snf2A strain.

Strains W303 and YPH499/500 were used to examine the
genetic interaction between ppr2A and snf2A across strain back-
grounds. The tetrads derived from both W303 and YPH499/
500 SNF2/snf2A PPR2/ppr2A heterozygous diploids showed a
clear synthetic lethal interaction between ppr2A and snf2A (Fig. 4;
results summarized in Table 5). The severity of the growth
defect caused by an snf2A mutation alone affected the terminal
cell count of either double deletion mutant. That is, the growth
defect of a snf2A strain was similar in W303 and CH1305, and
the terminal cell counts of the snf2A ppr2A cells in each back-
ground were similar. The double-deletion mutants of W303
grew to approximately 500 to 1,000 cells after 1 week, and
suppressors could be recovered, as was observed with CH1305.
In contrast, the YPH499/500 background gave snf2A strains
that grew extremely slowly, and the terminal cell count of the
snf2A ppr2A segregants was only two to five cells.

In S288C, snf2A phenotypes can be suppressed by deletion
of one of the two gene pairs encoding H,A and H,B (HTA!
and HTBI) (33). Thus, it was of interest to test whether a sim-
ilar disruption could suppress the synthetic lethality between
snf2A and ppr2A in CH1305. However, in contrast to S288C,
HTAI-HTBI is apparently essential in segregants derived from

either a heterozygous snf2A/SNF2 ppr2A/PPR2 HTAI-HTBI1/
(htal-htb1)A diploid (CMKy73) or the synthetic lethal snf2
mutant itself, both in the CH1305 background. The essential
nature of the HTAI-HTBI allele has also been observed in the
W303 genetic background (P. Kaufman, personal communica-
tion).

To determine if the difference between the S288C snf2A
strain and the CH1305 snf2A strain was caused by one gene,
the two snf2A strains were mated. However, the homozygous
snf2A/snf2A diploid was unable to sporulate. This inability of
homozygous snf2A diploids to sporulate has been observed
previously (66). This strain difference is being further pursued
to understand if the differences can be revealing about tran-
scriptional control affected by chromosome structural changes.

Synthetic lethality with other components of the SWI/SNF
complex. To determine if the synthetic lethal effects could be
extended to additional SWI/SNF genes, SWII and SNF5 were
tested for genetic interactions with PPR2. These genes were
selected as two well-characterized components of the Swi-Snf
complex, each required for its activity. A total of 68 tetrads
were examined following sporulation of a heterozygous swilA/
SWII1 ppr2A/PPR2 diploid, CMKy60, and synthetic lethality
was clearly observed (Fig. 5). The results were very similar to
those obtained with an snf2A mutation. The TRPI locus affect-
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FIG. 4. A snf2A allele is synthetically lethal with a ppr2A allele in two unrelated genetic backgrounds. (A) Tetrad analysis following sporulation of a snf2A::
kan®/SNF2 ppr2A::URA3/PPR?2 diploid derived from YPH499/500 (CMKYy77). The tetrads were dissected on YPD medium, and the YPD plate was photographed after
7 days of growth at 30°C. (B) The snf2A:kan” spores were identified by their G418" phenotype, and ppr2A::URA3 spores were identified by their Ura™ phenotype.
Inviable spore positions are marked with a shaded box containing the genotype deduced from the other segregants. (C) Tetrad analysis following sporulation of an
snf2A::kan’/SNF2 ppr2A::URA3/PPR?2 diploid derived from W303 (CMKy?79). The tetrads were dissected on YPD medium, and the YPD plate was photographed after
7 days of growth at 30°C. (D) The snf2A::kan” spores were identified by their G418" phenotype, and ppr2A::URA3 spores were identified by their Ura™ phenotype.
Inviable spore positions are marked with a shaded box containing the genotype deduced from the other segregants.
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FIG. 5. Both swilA and snf5A alleles are synthetically lethal in combination with a ppr2A allele. (A) Tetrad analysis following sporulation of an swilA::kan®/SWI1
ppr2A::URA3/PPR?2 diploid (CMKy60). The tetrads were dissected on YPD medium, and the YPD plate was photographed after 7 days of growth at 30°C. (B) The
swilA::kan" spores were identified by their G418 phenotype, the ppr2A::URA3 spores were identified by their Ura™ phenotype, and TRPI spores were identified by their
Trp* phenotype. Inviable spore positions are marked with a shaded box containing the genotype deduced from the other segregants. The presence of the TRPI ™" gene
is indicated with a T, and that of the #pl mutation is indicated with a t. (C) Tetrad analysis following sporulation of an snf5A::kan"/SNF5 ppr2A::URA3/PPR2 diploid
(CMKy64). The tetrads were dissected on YPD medium, and the YPD plate was photographed after 8 days of growth at 30°C. (D) The snf5A::kan” spores were
identified by their G418" phenotype, the ppr2A::URA3 spores were identified by their Ura* phenotype, and TRPI spores were identified by their Trp* phenotype.
Inviable spore positions are marked with a shaded box containing the genotype deduced from the other segregants. The presence of the TRPI™ gene is indicated with
a T, and that of the #rp! allele is indicated with a t.
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ed both the growth of swilA strains and the terminal cell count
of the swil A ppr2A strains. However, the terminal cell count of
swil A ppr2A strains was higher than observed for the snf2A
ppr2A strains. The swilA ppr2A strains formed a small colony
of approximately 500 to 1,000 cells. Apparent suppressors of
the synthetic lethality again accumulated with a frequency es-
timated to be 10>,

Seventy-four tetrads were examined following sporulation of
an snfSA/SNF5 ppr2A/PPR2 diploid, CMKy64. Synthetic lethal-
ity was also observed between null alleles of SNF5 and PPR2
(Fig. 5). Again, TRPI affected the growth of the snf5A strain
and the terminal cell count of the snf5A ppr2A strain. With
TRPI, the snf5A ppr2A strain grew to 100 to 1,000 cells. Sup-
pressors appeared at approximately the same frequency as for
the snf2A ppr2A and swilA ppr2A strains.

The synthetic lethality for all three tested components of the
Swi-Snf complex was complemented by expression of PPR2 in
the double-disruption strain. The carboxy-terminal half of the
TFIIS protein was sufficient for functional complementation;
this portion of the protein is sufficient to complement both the
6-azauracil sensitivity of ppr2A strains and the in vitro activities
of TFIIS for cleavage and readthrough by RNA polymerase II
(12, 13, 53; N. Shimasaki and C. M. Kane, submitted for pub-
lication).

Lack of common phenotypes. To further investigate the syn-
thetic lethal interaction between null alleles of PPR2 and SW1/
SNF, ppr2A and swi/snfA strains were tested for common phe-
notypes that might indicate a gene or set of genes regulated by
both TFIIS and the Swi-Snf complex. As mentioned, swi/snf
mutants have several distinct phenotypes, including poor an-
aerobic growth on raffinose, sucrose, and galactose and inositol
auxotrophy (30, 46, 47, 58, 59). In contrast, the ppr2A strain
grew identically to wild-type cells on raffinose, sucrose, and
galactose in anaerobic conditions and was not an inositol auxo-
troph. Cells disrupted for PPR2 are sensitive to both 6-aza-
uracil and mycophenolic acid (20, 35), and this sensitivity was
detectably greater for ppr2A strains than for swilA, snf5A, or
snf2A strains (data not shown).

DISCUSSION

A major implication from these results is that the Swi-Snf
complex may be needed to promote efficient transcription
elongation. Previous work has focused primarily on the effects
of the Swi-Snf complex on preinitiation events, although a
connection with DNA replication (21) and possibly transcript
elongation (3, 6, 67) has also been suggested. The synthetic
lethal approach was undertaken to help understand the func-
tion of TFIIS in vivo, and the genes identified have suggested
potential functional interactions between TFIIS and chroma-
tin-remodeling machinery. Synthetic lethality was observed be-
tween a ppr2A mutation and swilA, snf2A, and snf5A muta-
tions. These results strongly suggest that the combined loss of
the function of the Swi-Snf complex and TFIIS forms the basis
of the synthetic lethality. The basic unit of chromatin consists
of DNA wrapped around nucleosomes, which is then com-
pacted into higher-order structures. Protein complexes which
are capable of altering the structure of chromatin have been
identified in S. cerevisiae, Drosophila melanogaster, and meta-
zoans (reviewed in references 7 and 42). The different chro-
matin-remodeling complexes have distinct biochemical activi-
ties but share a few basic features. Each complex contains a
subunit with homology to DNA-dependent ATPases (the SNF2
family), and all tested complexes show ATP-dependent chro-
matin remodeling of nucleosomal templates. The two identi-
fied chromatin-remodeling complexes in yeast cells are the

MoL. CELL. BIOL.

Swi-Snf complex (reviewed in references 60 and 77) and the
RSC complex (10). The Swi-Snf complex also associates with at
least one RNA polymerase II holoenzyme complex (75).

It is easy to rationalize overlapping functions between TFIIS
and the Swi-Snf complex. Certainly, the genetic interaction be-
tween swi/snfA and ppr2A alleles demonstrates only that the
Swi-Snf complex and TFIIS share some essential function,
whether through completely independent transcriptional con-
trol mechanisms on an essential gene (or genes) or through
overlapping transcription functions on at least some genes.
Recently, the need for a functional Swi-Snf complex through-
out transcription has been reported (3), and it is possible that
this requirement occurs during the elongation process. The
involvement of the Swi-Snf complex in elongation also was
suggested previously from the results of in vitro experiments
(6). Indeed, the NPH-I protein of vaccinia virus, shown to af-
fect elongation, is also an SNF2 homolog (16). In support of a
link between elongation and chromatin remodeling, swi/snf
strains are modestly sensitive to 6-azauracil and mycophenolic
acid, both of which reduce cellular nucleotide pools and pre-
sumably slow RNA polymerases (62). Indeed, the overall tran-
scription levels in the cell are lower in the presence of 6-aza-
uracil (48). Under reduced nucleotide concentrations, the
polymerase might stall and arrest more often, and in the ab-
sence of the Swi-Snf complex and TFIIS, it might not efficiently
recover from arrest.

The terminal phenotypes of swi/snfA ppr2A cells include loss
of osmoregulation and possibly cell cycle control. These phe-
notypes suggest a major loss of gene regulation in the cell as
opposed to the specific disruption of a pathway independently
regulated by the Swi-Snf complex and TFIIS. Transcription of
chromatin templates by RNA polymerase II likely relies on a
combination of chromosome-remodeling and elongation-stim-
ulatory factors for efficient movement along the template.
Eliminating TFIIS or the Swi-Snf complex individually might
impede the polymerase, but neither is essential. The pheno-
types of swi/snf mutants are more severe than those of ppr2
mutants, and this result emphasizes a role for the Swi-Snf
complex beyond that carried out by TFIIS. Thus, transcript
elongation is likely to be the overlapping function, and addi-
tional roles for the Swi-Snf complex in transcription (7) and
replication (21) have been documented. In addition, the inter-
action with PPR2 could result from a combination of transcrip-
tion effects, during initiation for the Swi-Snf complex and elon-
gation for TFIIS.

Subtle differences were observed in the genetic interactions
between ppr2A and each of swil A, snf2A, and snfSA alleles. The
combination of snf5A and ppr2A mutations was the most del-
eterious to the cell. The double-deletion mutants arrested at an
average of 50 cells. The interaction with an snf2A mutation was
slightly less severe, with the snf2A ppr2A strains arresting at an
average of 200 cells. The combination of swilA and ppr2A was
the least deleterious, as double mutant strains continued to
grow to an average of 500 cells. One simple explanation for the
differences may be that different null SWI/SNF mutations dis-
rupt the Swi-Snf complex to different degrees (C. Peterson,
personal communication). There may be residual Swi-Snf com-
plex activity in swilA strains, not present in snf5A strains, that
allows the swilA ppr2A cells to survive longer. As ppr2A strains
share none of the swi/snf mutant phenotypes, it does not ap-
pear that PPR2 has a selective role in the regulation of the
identified genes whose expression is impaired in swi/snf mu-
tants. In addition, preliminary results using microarray analysis
do not highlight genes known to be affected in swi/snf mutants
(C. Seidel and C. M. Kane, unpublished results).

The unusual phenotypes of an SNF2"/snf2A ppr2A/ppr2A
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diploid appear very relevant to the reduced viability of snf2A
ppr2A cells. The results suggest that genes important in osmo-
regulation and cell wall maintenance are especially sensitive to
the interaction between SWI/SNF and PPR?2. In this regard, it
is noteworthy that swi/snfA ppr2A double-disruption spores can
germinate and divide for several generations, but when these
cells are observed under higher magnification, the morphology
of the cells is extremely aberrant, including highly elongated
buds. A high degree of lysis is also evident. These phenotypes
were not observed for swilA, snf2A, or snf5A strains in a PPR2
background. Likewise, the ppr2A strain itself does not exhibit
these phenotypes. Taken together, the results from both the
diploid and haploid double-disruption mutants indicate that
defects in osmoregulation and cell wall maintenance may be
the primary cause of the lethality in swi/snfA ppr2A cells.

Curiously, mutations in ST74 also cause osmosensitivity and
cell wall defects that can be rescued by osmotic stabilizers. This
gene can complement one of the other recessive mutations that
is synthetically lethal with ppr2A (Table 4). Some conditional
mutants in the essential RSC chromatin-remodeling complex
also show highly elongated buds (11, 19). The mechanism that
results in such buds is not known in either the rsc or the swi/snf
ppr2 mutants. Additionally, temperature-sensitive alleles of
genes encoding members of the RSC complex arrest at the
G,/M boundary, another phenotype shared with conditional
alleles of szt4 (11, 80). Mutations in the CLN genes, essential
regulators of the cell cycle, also led to elongated buds (49).
Thus, the phenotypes of the snf2A/SNF2 ppr2A/ppr2A diploid
might result from either cell cycle defects or the loss of osmo-
regulation and cell wall integrity, but these two hypotheses
need not invoke alternate mechanisms. The cell cycle pheno-
types might also be related to the sporulation observed on rich
medium of the SNF2/snf2A ppr2A/ppr2A diploid. Mutations in
many genes lead to derepressed sporulation, and these include
cell cycle mutants. Since TFIIS is believed to be a general reg-
ulator of transcription elongation, it is certainly reasonable
that the sporulation phenotype of the snf2A/SNF2 ppr2A/ppr2A
diploid might result from a loss of regulation of several genes
important in the cell cycle.

The synthetic lethality between ppr2A and stt4 is worth fur-
ther comment. A synthetic lethal mutant which contains a
mutant allele of STT4 shares many swi/snf mutant phenotypes,
but it also grows better in the presence of 6-azauracil than
without the drug. Perhaps a reduction in transcription of
TFIIS-regulated genes coupled with mutations in this phos-
phoinositol 4-kinase cripple the cell, although a more direct
connection to chromatin remodeling is possible (81). In S. cer-
evisiae, Stt4 is a likely candidate to create the precursor to
phosphatidylinositol 4,5-biphosphate (17, 34) and in human
cells, phosphatidylinositol 4,5-biphosphate appears to target
the human BAF chromatin remodeling complex to chromatin
in vitro (81). The BAF complex contains BAF53, a human
homolog of Arp7 and Arp9, the two actin-related subunits of
the Swi-Snf complex in S. cerevisiae (8, 61). Mutations in either
of these genes in yeast cells also result in swi/snf mutant phe-
notypes.

As a final note from this analysis, the identification of KEX2
in this screen (Table 4) marks the second time it has shown
genetic interactions with the RNA polymerase II transcription
machinery (51). The genetic interaction between the kex2A and
ppr2A alleles resulted in severe sickness in the double-deletion
mutant, characterized by a dramatic reduction in viability. Kex2 is
a prohormone protease located in the Golgi. Null mutations in
KEX?2 also suppress mutations in the largest subunit of RNA
polymerase II, RPB1 (51). While the nature of this suppression
is unknown, Kex2 may process a protein that directly or indi-
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rectly modifies the biochemical properties of RNA polymerase
IT or the levels of its nucleotide substrates. The absence of this
protein caused by the loss of Kex2 may create an RNA poly-
merase II dependent on the activity of TFIIS. All these possi-
ble connections are provocative, but it is essential to note that
although the results might suggest a mechanistic linkage, mu-
tations in many types of genes confer overlapping phenotypes
(28). Further study is needed to test the interactions among the
genes identified in this screen.

Several complementation groups from this synthetic lethal
screen remain to be characterized, but as yet there is no evi-
dence for a functional homolog that shares a mechanistically
overlapping essential function with TFIIS. An additional com-
ponent of the Swi-Snf complex, Tfg3, also has strong genetic
interactions with TFIIS, and its genetic relationship to TFIIS is
very different from that between TFIIS and other members of
the Swi-Snf complex (J. Davie and C. Kane, unpublished data).
The results presented here also predict that loss of TFIIS
function might be compensated for by activities in addition to
the Swi-Snf complex that promote efficient elongation. With a
growing number of described proteins that impact elongation
by RNA polymerase II, additional interactions with chromatin-
remodeling components are likely to be found.
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