
MOLECULAR AND CELLULAR BIOLOGY, Oct. 1996, p. 5737–5743 Vol. 16, No. 10
0270-7306/96/$04.0010
Copyright q 1996, American Society for Microbiology

Adenovirus E1A Specifically Blocks SWI/SNF-Dependent
Transcriptional Activation

MARY E. MILLER,1 BRADLEY R. CAIRNS,2 RANDY S. LEVINSON,3 KEITH R. YAMAMOTO,3

DANIEL A. ENGEL,1 AND M. MITCHELL SMITH1*

Department of Microbiology and University of Virginia Cancer Center, School of Medicine, University of Virginia
Charlottesville, Virginia 229081; Department of Cell Biology, Stanford University School of Medicine, Stanford,

California 943052; and Department of Cellular and Molecular Pharmacology, University of California, San Francisco,
California 94143-04503

Received 9 May 1996/Returned for modification 20 June 1996/Accepted 11 July 1996

Expression of the adenovirus E1A243 oncoprotein in Saccharomyces cerevisiae produces a slow-growth phe-
notype with accumulation of cells in the G1 phase of the cell cycle. This effect is due to the N-terminal and CR1
domains of E1A243, which in rodent cells are involved in triggering cellular transformation and also in binding
to the cellular transcriptional coactivator p300. A genetic screen was undertaken to identify genes required for
the function of E1A243 in S. cerevisiae. This screen identified SNF12, a gene encoding the 73-kDa subunit of the
SWI/SNF transcriptional regulatory complex. Mutation of genes encoding known members of the SWI/SNF
complex also led to loss of E1A function, suggesting that the SWI/SNF complex is a target of E1A243. Moreover,
expression of E1A in wild-type cells specifically blocked transcriptional activation of the INO1 and SUC2 genes,
whose activation pathways are distinct but have a common requirement for the SWI/SNF complex. These data
demonstrate a specific functional interaction between E1A and the SWI/SNF complex and suggest that a
similar interaction takes place in rodent and human cells.

The adenovirus E1A gene encodes potent oncoproteins that
function as regulators of cellular and viral transcription. In the
context of a normal adenovirus replicative cycle in permissive
human hosts, the E1A proteins perform two main functions.
On one hand, they activate the transcription of viral genes
whose products play catalytic, regulatory, or structural roles
during infection. In addition, they activate or repress the tran-
scription of several cellular genes, some of which govern nor-
mal progress through the cell cycle. In doing so, the E1A
proteins stimulate cellular DNA synthesis and cell division,
thus creating a cellular environment that supports efficient
viral replication.
The E1A proteins modify several important cellular pro-

cesses that govern normal transcriptional regulation and cell
cycle control. Transcriptional regulatory proteins targeted by
E1A include the retinoblastoma (Rb) tumor suppressor pro-
tein and the transcriptional adaptor p300, which, like Rb, is
involved in E1A-induced cellular transformation of rodent
cells. E1A physically interacts with Rb, p300, and other key
regulatory proteins, thereby altering their function and disrupt-
ing the normal cellular transcriptional program (4, 13).
We have developed genetic evidence that one or more tar-

gets of E1A are conserved between higher eukaryotic cells and
the budding yeast Saccharomyces cerevisiae (41). Expression of
E1A in S. cerevisiae results in a pronounced slow-growth phe-
notype with accumulation of cells in the G1 phase of the cell
cycle (41, 56). We have reported that domains of E1A that are
necessary and sufficient for inhibition of yeast cell growth are
located within the N-terminal and conserved-region 1 (CR1)
domains of the protein (41). These regions are known to be
important in the transforming and transcriptional regulatory

functions of E1A and are also involved in binding to p300 (4,
13, 14, 57). The N-terminal domain alone (but not CR1) also
can interact with the mammalian transcription factors YY1
and Dr1 (31, 38, 51, 62). Therefore, the regions of E1A that
induce an abnormal growth phenotype in S. cerevisiae are sim-
ilar or identical to two domains required for cellular transfor-
mation and binding to cellular transcription factors.
Additionally, we have observed similar requirements for cy-

clic AMP (cAMP) signaling in E1A function in yeast and
mammalian cells (41). We and others previously identified a
link between the function of the N-terminal and CR1 domains
of E1A and the cAMP signaling system in mouse and human
cells (2, 15, 16, 18, 27, 39). Activation of proto-oncogene c-fos
transcription by E1A absolutely requires cAMP signaling, and
an E1A response element within the c-fos transcriptional con-
trol region contains a binding site for cAMP-responsive tran-
scription factors, including CREB. In addition, p300 and its
close relative the CREB-binding protein can bind to CREB
and mediate cAMP-dependent transcriptional activation. Con-
sistent with these observations, we have reported that cAMP
signaling is required for the growth-inhibitory activity of E1A
in S. cerevisiae, since mutations in either CDC35 (adenylate
cyclase) or CDC25 (GTP-GDP exchange factor for Ras pro-
teins) lead to a complete loss of sensitivity to E1A (41).
The requirements for cAMP signaling and for the N-termi-

nal and CR1 domains for E1A function in S. cerevisiae offer a
striking parallel to the mammalian system and suggested that a
genetic approach would be useful in the study of E1A function.
Here, we report the results of a mutational analysis of the
function of E1A in S. cerevisiae. These studies led to the iden-
tification and molecular cloning of a novel member of the yeast
SWI/SNF transcriptional regulatory complex, SNF12. We
demonstrate that disruption of normal growth by the N-termi-
nal and CR1 domains of E1A in S. cerevisiae requires the
function of the SWI/SNF complex. Moreover, expression of
E1A in wild-type cells leads to a specific loss of SWI/SNF-
dependent transcription. These results suggest that the SWI/
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SNF complex is a target of the N-terminal and CR1 domains in
mammalian cells and that the disruption of normal cell cycle
control by E1A may be due in part to altered activity of the
SWI/SNF complex.

MATERIALS AND METHODS

Strains and media. Plasmids were maintained in the bacterial host Escherichia
coli DH5a [supE44 DlacU169 (f80lacZDM15) hsdR17 recA1 endA1 gyrA96 thi-1
relA1] by standard procedures (49). The relevant genotypes of the yeast strains
used in this work are shown in Table 1. Strain MSY757 was derived from
MSY596 by disruption of SNF2 with a one-step disruption plasmid, pMSS14,
provided by M. S. Santisteban. Transformants unable to grow on plates contain-
ing raffinose as the sole carbon source were analyzed by Southern blot hybrid-
ization to confirm the disruption of SNF2. Yeast strains were transformed with
plasmid DNA by standard procedures (19).
YP, SC, and YNB media for yeast growth were prepared as described previ-

ously (48). YPD medium is YP medium with 2% glucose. SDC and SGC media
are SC medium with 2% glucose and 2% galactose, respectively. SGEC medium
is SC medium with 3% glycerol, 1% ethanol, and 0.05% glucose. Inositol star-
vation medium was prepared as described previously (36).
Selection of mutants. Mutagenesis of DBY747 was carried out essentially as

described previously (48) with the following modifications. Ethyl methanesulfon-
ate (Sigma) was added to 1.4% (vol/vol), resulting in 50% cell survival, and
quenched with an equal volume of 10% (wt/vol) sodium thiosulfonate. The cells
were washed twice with sterile water and resuspended in YPD medium. The
culture was shaken for 2 h at 288C and transformed with the E1A expression
vector pMA424.82T (41). Transformants were plated on medium selecting for
pMS424.82T, and mutants able to form colonies were isolated. A parallel trans-
formation with the parental vector pMA424 indicated that approximately 48,000
viable mutagenized cells were subjected to selection.
Protein analysis. Western blot (immunoblot) analysis was carried out by the

method of Harlow and Lane (21) with monoclonal antibody M29 (provided by E.
Harlow) specific for the N terminus of E1A (20). The amount of Gal4-E1A1–82
protein expressed in net1-1 mutant cells, which were insensitive to E1A, was
quantitatively the same as that produced in wild-type cells, showing strong
growth inhibition. Thus, the suppression of E1A sensitivity in net1 mutants is not
due to decreased expression.
RNA analysis. RNA isolations (28) and Northern (RNA) blot analyses (49)

were performed as described previously. A 772-bp SUC2 probe was generated by
PCR amplification of genomic DNA with primers P1 (59-TGTGGTACGATGA
AAAAGAT-39) and P2 (59-TAATGCACCGTAGGTTG-39). The INO1 probe
was the 462-bp PvuI-BglII fragment of pJH318 (23). The ACT1 probe was the
1,100-bp XhoI-HindIII fragment from pMSS8. pMSS8 contains the XhoI-HindIII
ACT1 fragment of pRB147 (50) in plasmid pRS305 (52). The PRC1 probe was
generated by PCR amplification of genomic DNA with primers P3 (59-ACTGT
CGCCGCTGGTAAG-39) and P4 (59-CTTCATCCAATCACCCGC-39). Rela-
tive mRNA levels were quantified with a PhosphorImager and ImageQuant
version 3.3 software (Molecular Dynamics).
Additional probes were as follows: SNF2, the 1.1-kb fragment of pMSS14;

SNF5, the 2.5-kb KpnI fragment of pLY22, which is identical to pLY14 except
that the BamHI site instead of the HindIII site was used for cloning SNF5 (35);
SNF6, the 700-bp NcoI-BamHI fragment of pEY111 (17); SWI3, the 2.6-kb PvuII
fragment of pLY23; and NET1, the 1.7-kb BamHI-XbaI fragment of pUCA-
SWP73.

RESULTS

Cellular mutants insensitive to E1A expression. To identify
cellular genes whose products are required for E1A function,
we selected mutant strains resistant to the growth-inhibitory
effects of the N-terminal and CR1 domains, expressed as a
Gal4-E1A fusion protein (Fig. 1A, Gal4-E1A1–82). Gal4-

E1A1–82 was shown previously to be sufficient for triggering
growth inhibition in S. cerevisiae. This effect is due solely to the
E1A sequences within the fusion protein and not to the pres-
ence of the Gal4 DNA-binding domain (41). The initial selec-
tion was carried out in DBY747, in which expression of Gal4-
E1A1–82 is lethal (41).
The E1A-resistant strains carry mutations in genes whose

normal function is to mediate the growth-inhibitory effect of
E1A. We adopted a genetic complementation approach to
identify the wild-type counterparts of such mutant alleles.
However, the complementation strategy was complicated by
the fact that introduction of the wild-type allele would restore
growth inhibition in the presence of E1A, thus preventing
recovery of a complementing clone. Therefore, to make
complementation cloning feasible, it was first necessary to
identify E1A-resistant mutants expressing a linked secondary
phenotype. Accordingly, 227 E1A-resistant strains were

FIG. 1. (A) Structure of full-length E1A243 and Gal4-E1A1–82. The locations
of three functional domains involved in mouse and human cellular transcrip-
tional regulation and transformation are shown. Of these, only the N-terminal
and CR1 domains are required for inhibition of yeast cell growth. The gray
region of Gal4-E1A1–82 represents amino acids 1 to 147 of yeast Gal4, which
contain the DNA-binding domain. We showed previously that fusion of this
region of Gal4 allows stable expression of the E1A1–82 polypeptide (41). (B)
Yeast strains MSY596 (NET1), MSY826 (net1-1), or MSY826 (net1-1) carrying
plasmid pUCA-SWP73 (NET1) were transformed with control vector pMA424
(Gal4) or pMA424.82T (Gal4-E1A1–82 [41]). Equal numbers of cells were seri-
ally diluted and assayed for growth at 288C for 3 days (NET1 and net1-1 1
pUCA-SWP73) or 5 days (net1-1). Because of these different incubation times,
relative growth rates can be compared only between cells with and without E1A
within a single strain in this figure.

TABLE 1. Genotypes of yeast strains used in this study

Strain Genotype Source or reference

DBY747 MATa his3-D1 leu2-3,112 trp1-289 ura3-52 D. Botstein
MSY596 MATa his3-D1 trp1-289 ura3-52 lys2 41
MSY826 MATa net1-1 his3-D1 trp1-289 ura3-52 lys2 41
MSY849 MATa net1-2 his3-D1 trp1-289 ura3-52 lys2 This work
MSY757 MATa snf2::URA3 his3-D1 trp1-289 ura3-52 lys2 This work
CY296 MATa gal4::LEU2 leu2-D1 his3-D200 trp1-D99 ura3-52 lys2 C. Peterson
CY298 MATa swi1D::LEU2 gal4::LEU2 leu2-D1 his3-D200 trp1-D99 ura3-52 lys2 C. Peterson
CY306 MATa sin1D::TRP1 swi1D::LEU2 gal4::LEU2 leu2-D1 his3-D200 trp1-D99 ura3-52 lys2 C. Peterson
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screened for those that were also temperature sensitive (Ts2)
for growth at the restrictive temperature of 378C. Twenty-
seven Ts2 Net2 mutants were confirmed after testing for re-
tention of the Ts2 phenotype in the absence of E1A and
checking for stability of the E1A-resistant phenotype by rein-
troduction of the Gal4-E1A1–82 plasmid. Of these, 17 ex-
pressed detectable levels of Gal4-E1A1–82 protein as deter-
mined by Western blot analysis with the anti-E1A monoclonal
antibody M29 (provided by E. Harlow [data not shown]). To
facilitate subsequent genetic manipulation, each isolate was
backcrossed to the wild-type strain MSY596. An advantage of
the MSY596 background is that despite being sensitive to the
growth-inhibitory properties of E1A, MSY596 cells expressing
E1A are able to grow well enough to provide material for RNA
and protein analysis. This was not possible for DBY747. Tetrad
analysis demonstrated that five of the mutants displayed tightly
linked Ts2 and E1A-resistant phenotypes, and crosses with the
wild type revealed that both of these phenotypes were reces-
sive. The genes of interest were termed NET genes (for N-
terminal E1A toxicity), on the basis of the function of the
wild-type alleles (i.e., they confer sensitivity to E1A). They
were placed in four complementation groups: twoNET1 alleles
were recovered (net1-1 and net1-2), as were one NET2, one
NET3, and one NET4 allele.
Cloning NET1. The NET1 gene was cloned by screening a

low-copy-number yeast genomic library (p366; provided by P.
Hieter) for plasmids able to revert the Ts2 phenotype of
net1-1. Of approximately 20,000 transformants, 6 grew well at
378C, and three independent overlapping plasmids were iden-
tified. Sequence analysis revealed that the overlapping region
of the plasmids included at least two genes: the SEC12 gene,
and a gene whose DNA sequence matched that of the Gen-
Bank locus SCPCPETIT (accession number X62430 [11a]).
Subcloning and disruption of the region showed that this sec-
ond gene was necessary for reversion of the Ts2 phenotype of
net1-1 (data not shown). This gene was independently identi-
fied in a parallel study involving a genetic screen based on
expression of the glucocorticoid receptor in S. cerevisiae (6).
Plasmid pUCA-SWP73, constructed for that study, which ex-
presses only the open reading frame predicted by the SCPC
PETIT GenBank locus, was found to be sufficient for reversion
of the Ts2 phenotype of net1-1 (data not shown).
We next tested whether the cloned gene would also cause

reversion of the Net2 phenotype, as predicted if it plays a role
in E1A function. Wild-type and net1-1 strains were trans-
formed with pUCA-SWP73, and transformants were assayed
for growth in the presence and absence of Gal4-E1A1–82 (Fig.
1). As expected, the wild type grew slowly in the presence of
Gal4-E1A1–82 compared with its growth in the presence of the
Gal4 DNA-binding domain alone. Also, growth of the net1-1
mutant was unaffected by expression of Gal4-E1A1–82. In con-
trast, net1-1 plus the test plasmid (pUCA-SWP73) grew very
slowly when Gal4-E1A1–82 was expressed, although it grew as
well as the wild type in the presence of the Gal4 DNA-binding
domain alone. Identical results were obtained with the net1-2
allele (data not shown). Thus, the cloned gene was able to
cause reversion of both the Ts2 and Net2 phenotypes of
net1-1. The physical linkage of this gene to SEC12 on the
isolated plasmids led to the prediction that net1-1 is genetically
linked to SEC12. A cross between net1-1 SEC12 and NET1
sec12-4 strains produced only parental ditype tetrads in 22 asci
analyzed, showing that the two genes are closely linked. There-
fore, we conclude that the cloned gene is allelic with NET1 and
is identical to the gene defined by the SCPCPETIT GenBank
sequence.
The SCPCPETIT DNA sequence was originally derived

from a recombinant plasmid clone that complemented a tpy1
mutant, which is unable to grow on medium with pyruvate as
the sole carbon source (58). Tetrad analysis confirmed that
tpy1 (provided by C. Wills) was tightly linked to SEC12, con-
sistent with TPY1 being allelic to NET1 and the SCPCPETIT
GenBank locus. On the basis of the petite-like phenotype of
tpy1 mutants, and the physiology of mutant cells, TPY1 was
proposed to encode a protein involved in mitochondrial pyru-
vate transport (58). However, the results of the experiments
described below suggest that the Tpy12 phenotype is more
likely to be an indirect consequence of aberrant nuclear gene
expression.
NET1 is a component of the SWI/SNF complex. The bio-

chemical identity of the NET1 gene product was provided
through a parallel investigation of the yeast SWI/SNF tran-
scriptional regulatory complex. The SWI/SNF complex func-
tions in the transcriptional activation of several genes including
INO1, SUC2, and HO (33, 35, 44, 61; for reviews, see refer-
ences 7, 34, and 60). Genetic and in vitro studies indicate that
it acts to reorganize chromatin to allow access of sequence-
specific DNA-binding proteins to nucleosomal DNA (9, 24; for
a review, see reference 46). Biochemically purified SWI/SNF
complex is composed of at least 11 polypeptides, 6 of which
have been previously identified as the products of the SWI1,
SWI3, SNF2, SNF5, SNF6, and SNF11 genes (5, 43, 54). Pep-
tide sequencing of Swp73, the 73-kDa subunit of the complex,
revealed that it was identical to the predicted gene product of
the GenBank SCPCPETIT DNA sequence (6). Thus, NET1 is
a new SWI/SNF complex gene encoding the Swp73 protein.
Since Swp73 was identified strictly through its physical asso-

ciation with the SWI/SNF complex, it was important to deter-
mine if it functions as a member of the complex. Accordingly,
we tested net1-1 and net1-2 strains for their ability to support
transcriptional activation of SUC2 and INO1, two genes whose
activation pathways are distinct but which have a common
requirement for SWI/SNF function (44). Induction of INO1 is
triggered by low levels of inositol in the medium, while SUC2
is induced by glucose starvation. Northern blot analysis was
performed with RNA isolated from net1-1 and net1-2, as well
as from the isogenic wild type, under noninducing and inducing
conditions (see Materials and Methods). As shown in Fig. 2,
the magnitude of the induction of both SUC2 and INO1
mRNAs was significantly reduced in net1 mutants compared
with that in the wild-type. Deletion of SNF2, which is known to
encode a functional component of the SWI/SNF complex (34),
produced an identical loss of activation. These genetic and
biochemical results demonstrate that Swp73 is a functional
component of the SWI/SNF complex. Consequently, we have
changed the name of the gene encoding Swp73 from NET1 to
SNF12 to reflect the known function of the gene more appro-
priately.
Other snf and swi mutants are Net2. The above results

suggested that E1A activity might require the function of the
SWI/SNF complex itself rather than a novel function of Swp73
distinct from its role in the SWI/SNF complex. To distinguish
between these possibilities, we examined mutants with muta-
tions in other SWI/SNF complex genes. If growth inhibition by
E1A requires SWI/SNF function, mutants with mutations in
other known SWI and SNF genes would be predicted to have
Net2 phenotypes. As shown in Fig. 3, a snf2D strain was clearly
Net2 when compared with the isogenic parent. Identical re-
sults were obtained with a strain carrying a null allele for
another SWI/SNF component, SWI1 (data not shown). Addi-
tionally, mutant alleles of SWI3 and SNF2 were identified from
the original genetic screen for Net2 mutants (data not shown).
Finally, several additional Net2mutants isolated in our genetic
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screen expressed a mutant Snf2 phenotype. Of 64 strains as-
sayed, 17 were unable to form colonies when raffinose was the
sole carbon source (in the presence of antimycin A) or when
inositol was absent from the medium. These data demonstrate
that the function of E1A requires more than one member of
the SWI/SNF complex and strongly suggest that SWI/SNF
complex function itself is the target of E1A.
E1A blocks SWI/SNF-dependent gene expression. From the

requirement for SNF12, SNF2, SWI1, and SWI3 in the activity
of E1A, we reasoned that E1A might act by either enhancing
or inhibiting SWI/SNF-dependent transcriptional activation,
contributing to the observed inhibition of cell growth. There-
fore, an analysis of SUC2 and INO1 mRNA levels was under-
taken to detect E1A-induced alterations in SWI/SNF-depen-

dent transcriptional regulation. Indeed, when the Gal4-
E1A1–82 fusion protein was expressed in wild-type cells, normal
induction of SUC2 and INO1 mRNAs was blocked (Fig. 4A
and B). There was no effect of the Gal4 DNA-binding domain
alone on either SUC2 or INO1mRNA levels, and there was no
effect of Gal4-E1A1–82 at the level of actin mRNA. Also,
longer exposures of the Northern blots revealed that there was
no effect of E1A on uninduced (i.e., basal) SUC2 or INO1
mRNA levels (data not shown). These data demonstrate a
specific effect of E1A on SWI/SNF-dependent transcriptional
activation. A similar experiment was performed with a plasmid
encoding full-length E1A243 lacking the Gal4 sequence. Here,
inducible expression of E1A243 was under the control of the
GAL1 promoter. Figure 4C shows that expression of E1A243 in
wild-type cells resulted in an identical inhibition of INO1
mRNA induction as was seen with Gal4-E1A1–82. The ability
of E1A243 to inhibit induced transcription of the INO1 gene
demonstrates that the activity of Gal4-E1A1–82 in blocking
transcriptional activation is in fact due to E1A sequences and
occurs independently of the Gal4 DNA-binding domain. These
data are consistent with our earlier report that the Gal4 DNA-
binding domain is not involved in growth inhibition by Gal4-
E1A1–82 (41).
E1A acts at the level of the SWI/SNF complex. Two types of

experiments were performed to examine the genetic level at
which E1A acts to interfere with SWI/SNF-dependent tran-
scription. First, Northern blot analysis of steady-state mRNAs
for five cloned SWI/SNF complex components (SNF2, SNF5,

FIG. 2. Swp73 is a functional component of the SWI/SNF complex. Total
cellular RNA from MSY596 (wild-type), MSY826 (net1-1), MSY849 (net1-2),
and MSY757 (snf2D) was assayed by Northern blot hybridization with probes
specific for SUC2 or INO1 (Materials and Methods). The filters were then
stripped and probed with an ACT1-specific probe. (A) Cells from exponentially
growing cultures were washed twice in sterile water and resuspended in YPD
medium containing 2% (1) or 0.05% (2) glucose. RNA was isolated after
incubation at 288C for 2.5 h. (B) Cells were grown exponentially in medium
containing 100 mM (1) or 10 mM (2) inositol and harvested for RNA isolation.

FIG. 3. Deletion of SNF2 causes a Net2 phenotype. Strains MSY596 (SNF2)
or MSY757 (snf2::URA3) were transformed with pMA424 (Gal4) or
pMA424.82T (Gal4-E1A1–82). Transformants were streaked on SDC-HIS plates
and assayed for growth.

FIG. 4. Expression of E1A blocks SWI/SNF-dependent transcription. (A and
B) MSY596 (wild-type) cells were transformed with the control Gal4 expression
vector pMA424 (2), or the Gal4-E1A1–82 expression vector pMA424.82T (1).
The cells were assayed for SUC2 (A) or INO1 (B) mRNAs as described in the
legend to Fig. 2. (C) MSY596 (wild-type) cells were transformed with a galac-
tose-inducible E1A243 expression vector or with the control vector pRS316.
Transformants were grown in YNB medium with 2% glycerol, 1% ethanol,
0.05% glucose, and either 100 mM (2) or 10 mM (2) inositol. During early log
phase, galactose was added to a final concentration of 2%, and the cultures were
allowed to continue to grow for two doublings. Total cellular RNA was isolated
and assayed by Northern blot hybridization with an INO1-specific probe. Fol-
lowing this, the filter was stripped and probed with a PRC1-specific probe, which
served as an internal control.
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SNF6, SWI3, and SNF12) was performed with RNA isolated
from control cells or cells expressing Gal4-E1A1–82 (see Ma-
terials and Methods). No differences were detected, demon-
strating that E1A does not act by altering the transcription of
SWI/SNF components (data not shown).
Second, the effect of E1A on the transcription of INO1 was

examined by using cells carrying a null allele of SIN1. Induc-
tion of INO1 is triggered by low levels of inositol in the me-
dium, and this induction normally requires the SWI/SNF com-
plex. Deletion of SIN1, which encodes a chromatin-associated
nonhistone protein, relieves this requirement such that effi-
cient induction can be triggered in cells lacking functional
SWI/SNF (37, 45). To determine if E1A is able to block SWI/
SNF-independent transcriptional activation of INO1, Gal4-
E1A1–82 was expressed in cells in which both the SIN1 and
SWI1 genes were deleted. Data in Fig. 5 show that a wild-type
level of induction occurred in the swi1Dsin1D strain, consistent
with an earlier report (45). Despite this high level of activation,
expression of Gal4-E1A1–82 had no effect on INO1 mRNA
levels. The single sin1D mutant was very sensitive to growth
inhibition by Gal4-E1A1–82 (data not shown), demonstrating
that deletion of SIN1 itself does not abrogate the effect of E1A.
Therefore, since the transcriptional activation pathway for
INO1 is intact in the double mutant, the target of E1A is
neither a specific component of this activation pathway nor a
specific component of the general transcription machinery.
This and the finding that E1A expression blocks the induction
of both INO1 and SUC2, whose activation pathways are dis-
tinct but have a common requirement for SWI/SNF, lead us to
conclude that E1A acts at the level of the SWI/SNF complex.

DISCUSSION

A remarkable number of biological functions are now known
to be conserved across evolutionary kingdoms. These include
mechanisms of transcription (10, 29, 30), cell division cycle
control (3, 22, 40), and signal transduction (47, 55). The ge-
netic analysis of mammalian and viral genes in S. cerevisiae has
been a valuable approach for understanding these functions,
often providing new insights into the molecular biology of both
mammalian and yeast cells. This strategy has recently been
initiated for the adenovirus E1A gene with interesting genetic
results (41, 56, 63). Starting with a Net2 strain background,
Zieler et al. (63) screened for yeast cellular mutants that be-
came dependent on continued E1A expression for viability.

This screen identified two genes, WEB1/SEC31, encoding a
protein involved in vesicular budding from the endoplasmic
reticulum, and WEB2, encoding a putative nucleic acid-depen-
dent ATPase. Although the functional significance of these
genetic interactions is not yet clear, both genes are essential
and clearly important for yeast cell physiology.
The genetic experiments reported here were designed to

investigate the function of E1A in S. cerevisiae and the basis of
the Net phenotype. This approach was based on our previous
findings that E1A inhibits yeast cell growth and that this inhi-
bition depends both on the N-terminal and CR1 domains of
E1A and on an intact cellular cAMP signaling pathway (41).
These features of E1A function in S. cerevisiae are strikingly
similar to those in mammalian cells, in which components of
the cAMP signaling pathway are required for transcriptional
activation and repression by the N-terminal and CR1 domains
(1, 2, 16, 18, 26, 27, 39). These parallels suggested that further
genetic analysis in the yeast system might lead to clues regard-
ing both gene regulation in yeast cells and E1A biology in
mammalian cells. As a result of these studies, we have identi-
fied a new genetic interaction between E1A and the SWI/SNF
transcriptional regulatory complex, an interaction of potential
importance for E1A function in mammalian cells, and we have
cloned the SNF12 gene, a novel component of the yeast SWI/
SNF complex.
The results of both biochemical and genetic experiments

show that SNF12 encodes a subunit of the SWI/SNF complex.
First,the Snf12 protein copurifies with the SWI/SNF complex,
demonstrating a physical association (6). Second, snf12 mu-
tants exhibit a defect in normal SWI/SNF-dependent transcrip-
tion, showing that Snf12p is also a functional member of the
complex. SNF12 is an unusual member of the SWI/SNF gene
family. Unlike most other known genes of the SWI/SNF com-
plex, the loss-of-function snf12 alleles reported here, as well as
the snf12 null allele (6), produce cells that are Ts2 lethal,
indicating that an otherwise normal cellular function becomes
defective at elevated temperature in the absence of Snf12p
function. This phenotype suggests that SNF12 participates in
an additional process distinct from its documented role in the
SWI/SNF complex, and it will be important to determine the
full spectrum of SNF12 functions. For E1A, we conclude that
the SWI/SNF activity of SNF12 is responsible for the sensitiv-
ity, since deletion of other SWI/SNF subunit genes, such as
SWI1, SNF2, and SWI3, yields mutants that are also E1A
resistant but are not Ts2.
The genetic relationship between E1A and the SWI/SNF

complex is illustrated in Fig. 6. In the absence of E1A expres-
sion, the SWI/SNF complex is required to overcome the re-
pressive effects of histones and other Sin and Spt chromatin
proteins and to facilitate the access of transcription factors to
the promoter (Fig. 6A) (59). In principal, E1A could inhibit
transcription either at the level of the SWI/SNF complex or by
blocking one or more downstream steps. However, the genetic
results place the function of E1A at the level of the SWI/SNF
complex (Fig. 6B), since a sin1Dmutation bypasses the effect of
E1A and restores transcriptional activation (Fig. 6C). Thus,
mutation or deletion of SWI/SNF genes eliminates both the
function of the SWI/SNF complex and the sensitivity to the
growth-inhibitory properties of E1A. Consistent with this, the
growth properties of the snf12-1 (net1-1) strain MSY826 are
similar to those of the wild-type congenic strain MSY596 ex-
pressing E1A. The identity of the SWI/SNF-dependent genes
required for normal cell growth on rich glucose medium is not
known, but it will be of interest to determine the identity of
those genes, and understand the mechanism of their activation.
We note that whereas the simple model of Fig. 6 is sufficient

FIG. 5. A sin1 mutation suppresses the Gal4-E1A1–82 block of SWI/SNF-
dependent transcription. Strain CY306 (swi1Dsin1D) was transformed with either
the control Gal4 expression vector pMA424 (lanes swi1Dsin1D, 2) or the Gal4-
E1A1–82 expression vector pMA424.82T (lanes swi1Dsin1D, 1). Transformants
were grown in medium containing 100 mM (1) or 0 mM (2) inositol and assayed
for INO1 and ACT1 mRNAs as described in the legend to Fig. 2. Also shown are
INO1 mRNA levels from isogenic wild-type cells (strain CY296) grown in the
presence and absence of inositol and lacking E1A. As expected, no induction of
INO1 mRNA was observed in swi1D single mutants (strain CY298 [not shown]).
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to explain the inhibition of SWI/SNF-dependent transcription
by E1A, it is not sufficient to explain the isolation of the net
mutants in the original selection with strain DBY747. In the
original selection, the swi/snf mutations did not just make cells
insensitive to E1A but, rather, caused growth rather than death
in the presence of E1A expression. This result suggests that the
active SWI/SNF complex and E1A act together in DBY747 to
cause a synthetic cell death. Mutations in SWI/SNF complex
genes then eliminate both the synthetic cell death and further
sensitivity to E1A expression. This is a recessive phenotype of
DBY747, since the diploid made by mating DBY747 and
MSY596 exhibits just the E1A-insensitive phenotype of
MSY596. We presume that the more complicated DBY747
phenotype was lost from the background during the multiple
backcrosses to MSY596 carried out to isolate the net alleles.
At present we do not know if E1A blocks SWI/SNF function

directly or indirectly. E1A might physically interact with the
complex directly, or, alternatively, it might interact with a path-
way that regulates SWI/SNF activity. Interestingly, E1A pro-
vides the first genetic link between SWI/SNF complex function
and the cAMP signaling pathway (41). Thus, we anticipate that
the cAMP signaling pathway either will be involved by control-
ling transcription of those SWI/SNF-regulated genes critical
for growth inhibition by E1A or else will serve to regulate
SWI/SNF complex function directly. Experiments are in
progress to investigate the interaction of these two regulatory
pathways more thoroughly.
Identification of the yeast SWI/SNF complex as a functional

target of E1A has clear implications for the activity of E1A in
mammalian cells, in which more than one type of SWI/SNF
complex may exist (11, 25, 32, 42). In S. cerevisiae, E1A ex-
pression results in a block to SWI/SNF-dependent transcrip-
tional activation in a manner that depends on sequences within
the N-terminal and CR1 domains (41). Interestingly, these
domains also mediate transcriptional regulation in mammalian
cells, including both activation and repression (4, 13). We
propose that some of these effects are due to an inhibition of
mammalian SWI/SNF function by E1A. Since the N-terminal
and CR1 domains are also known to bind to p300 (4, 13), we
speculate that p300 is involved in normal SWI/SNF-dependent

transcriptional regulation. Consistent with this, a p300-related
protein, p270, has recently been shown to exist in a complex
along with hBRG1, a human homolog of yeast SNF2 (8). A
connection between E1A and mammalian SWI/SNF is also
suggested by the fact that Rb, itself a target of E1A, can
physically interact with hBRG1 and hBRM, a second human
SNF2 homolog (12, 53). Therefore, E1A may have evolved to
alter mammalian SWI/SNF function in more than one way. In
S. cerevisiae, E1A may bind directly to a specific member of the
SWI/SNF complex, a homolog of p300, or a distinct protein.
Identification of the direct target of E1A in S. cerevisiae will
allow further genetic analysis of this system, which plays im-
portant regulatory roles in both yeast and mammalian cells.
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