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FIG. 7. Impaired growth on galactose for the msn2 msn4 double riu. n. Evidence that overexpression or zinc nnger regions
mutant. Strains are derivatives of W303-1A (a) and carry mutation inhibits growth. Wild-type strain MCY730 was transformed with
msn2-A3::HIS3 (b) ornzsn4-1::TRP1 (c) or both msn2-A3::HIS3 and vector pG-3 (a), pGPD32C, expressing the C terminus of MSN2 (b),
msn4-1::TRPI (d). Strains were streaked on rich medium (YEP) and pGPD45C, expressing the C terminus of MSN4 (c). Transfor-
containing 2% galactose and antimycin A (1 ,ug/ml). Plates were mants were streaked for single colonies on synthetic medium
incubated at 30°C. selective for the plasmid and containing 2% glucose (SD-Trp).

pGPD32C and pGPD45C similarly impaired growth on medium
containing 2% raffinose (not shown).

mants); 82 for pGPD32C (five transformants), and 42 for
pGPD45C (five transformants); standard errors were <15%.
Repressed values were <2 in all cases. Upon subsequent
plating, the cultures expressing zinc fingers were found to
yield not only slow-growing colonies but also some fast-
growing revertants; the latter may have elevated the inver-
tase activity in the cultures. Thus, overexpression of these
zinc finger sequences reduces SUC2 expression and is
generally deleterious to growth.

Zinc finger regions bind DNA. The presence of zinc finger
motifs in MSN2 and MSN4 strongly suggests that these
proteins bind DNA. To confirm that the zinc finger regions
confer DNA-binding activity, we synthesized in vitro, from
plasmid pIVT2, a polypeptide containing the C-terminal 209
amino acids of MSN2, which includes both zinc fingers.
Because our genetic data suggested a role for MSN2 and
MSN4 in activation of SUC2 transcription, we tested for
binding to the SUC2 regulatory region (45, 46). In a gel shift
assay, this polypeptide bound to a DNA fragment containing
SUC2 sequences -384 to -542 (Fig. 9A). This fragment
contains both of the sites known to be recognized by the
related zinc finger protein MIG1 (34). We also expressed in
bacteria, from pZfh45-GEX3X, a fusion protein containing
the C-terminal 140 residues of MSN4 fused to GST. Protein
extracts from cells expressing the GST-MSN4 fusion protein
showed DNA-binding activity, while no activity was de-
tected in extracts from cells carrying the vector (Fig. 9A).
We also carried out competition experiments to test the

specificity of binding (Fig. 9B). For these assays, affinity-
purified GST-MSN4 protein and a labeled DNA fragment
containing the SUC2 sequence -381 to -650 were used. The
unlabeled DNA fragment effectively competed for binding
(lanes 3 and 4). As nonspecific competitor, we used another
unlabeled fragment containing SUC2 nucleotides -29 to
-420. This fragment, which includes neither of the identified

MIG1 recognition sites (34), was not an effective competitor
(lanes 7 and 8). Similar results were obtained in competition
experiments using an affinity-purified GST fusion protein
containing the MSN2 zinc fingers (data not shown).
LexA-MSN2 and LexA-MSN4 fusion proteins activate tran-

scription. The preceding genetic and biochemical data sug-
gested that the MSN2 and MSN4 proteins might function as
transcriptional activators. To test this idea, we used the
LexA fusion system of Brent and Ptashne (2). Fusion
proteins with the LexA DNA-binding domain (residues 1 to
87) joined to MSN2 or MSN4 were expressed from the
ADHI promoter as described in Materials and Methods.
Each fusion protein was then tested for the ability to activate
expression of a GALl-lacZ target gene when bound to a lex,4
operator located 5' to the promoter; the UASG is deleted
from the target gene (21). Wild-type yeast cells were doubly
transformed with expression and target plasmids and as-
sayed for f-galactosidase activity (Table 4). Both LexA-
MSN2 and LexA-MSN4 were potent transcriptional activa-
tors. In control experiments, no activation was observed
when the target gene lacked a LexA binding site or when the
LexA DNA-binding domain alone was present. Thus, the
MSN2 and MSN4 proteins function as activators when
bound to DNA.

DISCUSSION
We have here identified two new genes, MSN2 and

MSN4, encoding Cys2His2 zinc finger proteins. These genes,
together with the previously identified MIGI and RGMJ
genes, encode a family of yeast proteins related to the
mammalian early growth response and Wilms' tumor locus
zinc finger proteins. The mammalian proteins are thought to
be involved in signal transduction in response to mitogenic
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FIG. 9. Autoradiograms of gel mobility shift assays. (A) Binding
reaction mixtures contained 34P-labeled SUC2 DNA (nucleotides
-384 to -542) and no added protein (lane 1); mock in vitro
translation products (lane 2); in vitro-translated polypeptide contain-
ing MSN2 zinc fingers, encoded by pIVT2 (lane 3); GST-MSN4
protein containing MSN4 zinc fingers, expressed in bacteria from
pZfh45-GEX3X (lane 4); or bacterially expressed GST from vector
(lane 5). (B) Competition experiment. Binding reaction mixtures
contained 32P-labeled SUC2 DNA (nucleotides -381 to -650) and
no protein (lanes 1 and 5) or affinity-purified GST-MSN4 protein (all
other lanes). Unlabeled fragment (nucleotides -381 to -650) was
added as specific competitor in 50-fold (lane 3) or 100-fold (lane 4)
molar excess. An unlabeled DNA fragment containing SUC2 nucle-
otides -29 to -420 was added as nonspecific competitor in 50-fold
(lane 7) or 100-fold (lane 8) molar excess. All reaction mixtures
contained poly(dI-dG). Experiments were performed as described in
Materials and Methods.

and differentiation-specific stimuli. The early growth re-
sponse genes are rapidly induced in response to growth
factors, serum, and other signals, and their products are
likely to act as DNA-binding transcriptional regulators in-
volved in modulating cell proliferation and differentiation
(10, 24, 27, 30, 54). The Wi[ms' tumor suppressor may act as
a transcriptional repressor (28).
The related yeast family also includes proteins with di-

verse functions. One member, the MIG1 protein, is involved
in the cellular response to glucose and is required for glucose
repression of SUC2, GAL1, and GAL4 gene expression (17,
19, 33, 34). It has been proposed that MIG1 has a role in
tethering the SSN6-TUP1 repressor complex to DNA (26).
The RGMI gene also appears to encode a transcriptional
repressor but does not affect SUC2 expression (13). In
contrast, MSN2 and MSN4 probably function as transcrip-
tional activators.
The MSN2 and MSN4 proteins are similar to one another

in several respects and overall share 41% identity. Their zinc
fingers are extremely similar and are identical at three key
residues likely to determine DNA sequence recognition (36),
strongly suggesting that the two proteins recognize the same
binding sites. In addition, these key residues are also iden-
tical in the two RGM1 zinc fingers and in the first finger of
MIG1. The binding sites for MIG1, Egr-1, and the Wilms'
tumor protein are related GC-rich sequences (9, 33, 38), and
MIG1 recognizes sites in the SUC2 upstream regulatory
region (34). At the SUC2 locus, a mutation (R15) adjacent to
the GC-rich motif in one of the MIG1 binding sites restores
SUC2 derepression when other UAS sequences are deleted

TABLE 4. Transcriptional activation by LexA-MSN2
and LexA-MSN4a

13-Galactosidase activity" for plas-
Expressed mids containing indicated no. of
protein lexd operators

0 1

LexA-MSN2 <1 1,420
LexA-MSN4 <1 1,170
LeXA1-.7 < 1 < 1

a Proteins were expressed from plasmids pLexA-MSN2 and pLexA-MSN4
and from the vector pSH2-1, which expresses the LexA DNA-binding domain
(21). Target plasmids were pLR1A1 (no lex4 operator) (57) and 1840 (one
operator) (21). Transformants of strain MCY730 were grown with selection for
both plasmids.

b Values are averages for three transformants (two transformants for
controls). ,B-Galactosidase was assayed in permeabilized cells (20), and
activity is expressed in Miller units (32).

(46); this result is consistent with the idea that a binding site
for an activator overlaps the MIG1 site.

Genetic evidence suggests that MSN2 and MSN4 are
related in function as well as sequence. Increased dosage of
either gene suppresses the invertase defect of snfl-ts and
snf4A mutants, and deletion of both genes together causes
phenotypes related to carbon utilization. Both genes play a
role in activation of SUC2 gene expression; however, the
physiological importance of this role remains unclear be-
cause the double mutant was not profoundly defective. One
possibility is that the MSN2 and MSN4 proteins contribute
modestly to activation of SUC2 expression, while other,
unrelated proteins are primarily responsible for activation.
Another possibility is that there is yet a third, functionally
redundant zinc finger protein in this family, and together the
three proteins play a major role in activation of SUC2.
Finally, these zinc finger proteins may affect SUC2 expres-
sion indirectly, for example, via effects on another activator.
MSN2 and MSN4 may recognize the same, or overlap-

ping, sequences in the SUC2 upstream region that are bound
by the MIG1 repressor. If so, these proteins might have
antagonistic effects to MIG1 on SUC2 expression. Studies of
the related mammalian zinc finger proteins have provided
precedents for such a regulatory mechanism. In the murine
adenosine deaminase gene promoter, Zif268 and Spl have
overlapping binding sites, and Zif268 may down-regulate the
promoter by competing with Spl for binding (1). The Wilms'
tumor protein was shown to bind to an Egr-1 site and
function as a transcriptional repressor, thereby antagonizing
activation mediated by the Egr-1 protein (28). It remains to
be determined whether similar antagonistic regulatory mech-
anisms operate at the SUC2 locus. In preliminary studies,
msn2 msn4 migl triple mutants resembled migl mutants
with respect to SUC2 regulation (35a), but as noted above,
other family members that are functionally redundant with
MSN2 and MSN4 may exist.
The primary role of the MSN2 and MSN4 zinc finger

proteins may be in controlling expression of genes other than
SUC2. Certainly, the galactose growth defect of double
mutants in the W303 genetic background suggests a role in
the galactose utilization pathway. Moreover, in S. cerevisiae
there are numerous examples of transcription factors that
are involved in various, apparently unrelated pathways with
different levels of participation in each pathway. A particu-
larly relevant example is provided by the ACE2 and SWIS
genes, which encode proteins with 37% overall identity and
very similar zinc finger domains (3). ACE2 and SWI5 are
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transcriptional activators of two different genes, CTS1 (en-
coding chitinase) and HO (encoding the endonuclease that
initiates mating-type switching), respectively. However,
overexpression of either ACE2 or SWI5 allows activation of
the target gene from the other pathway (12). Interestingly,
the ACE2 gene was originally identified by virtue of its
effects in multicopy on expression of a gene other than CTSJ
(3). Thus, by analogy, the primary targets of MSN2 and
MSN4 action may well be genes that we have not yet
identified.

Genetic evidence strongly suggests an important role for
this zinc finger protein family in controlling gene expression
in S. cerevisiae, as overexpression of the MSN2 or MSN4
DNA-binding region has deleterious effects on growth. Fur-
ther studies will be required to elucidate the regulatory roles
of each of these proteins and their interactions with one
another. It seems possible that these yeast proteins have
functional, as well as sequence, similarities to their mamma-
lian counterparts, which play critical roles in control of cell
proliferation and differentiation.
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