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Spt3 and Motl are two transcription factors of Saccharomyces cerevisiae that are thought to act in a related
fashion to control the function of TATA-binding protein (TBP). Current models suggest that while Spt3 and
Motl do not directly interact, they do function in a related fashion to stabilize the TBP-TATA interaction at
particular promoters. Consistent with this model, certain combinations of spt3 and mot! mutations are
inviable. To identify additional proteins related to Spt3 and Motl1 functions, we screened for high-copy-number
suppressors of the motI spt3 inviability. This screen identified a previously unstudied gene, MOT3, that encodes
a zinc finger protein. We show that Mot3 binds in vitro to three sites within the retrotransposon Ty long
terminal repeat (8) sequence. One of these sites is immediately 5’ of the & TATA region. Although a mot3 null
mutation causes no strong phenotypes, it does cause some mild phenotypes, including a very modest increase
in Ty mRNA levels, partial suppression of transcriptional defects caused by a motl mutation, and partial
suppression of an spf3 mutation. These results, in conjunction with those of an independent study of Mot3 (A.
Grishin, M. Rothenberg, M. A. Downs, and K. J. Blumer, Genetics, in press), suggest that this protein plays

a varied role in gene expression that may be largely redundant with other factors.

RNA polymerase II (pol II) transcription involves a balance
of positive and negative regulators to properly control gene
expression. The study of pol II transcription has identified
several general factors that are required to initiate and tran-
scribe mRNA from most promoters (77). Other studies have
focused on gene-specific activators, such as the Saccharomyces
cerevisiae activators Gal4 or Gend, or coactivators, such as the
TATA-binding protein (TBP)-associated factors, and the
mechanisms by which these two groups of proteins help the
general transcription apparatus (31, 34). Repression of tran-
scription, by both gene-specific repressors and general repres-
sors, is also important for the proper regulation of pol II
transcription. The mechanisms and targets of repression ap-
pear as varied as the mechanisms that lead to activation of
transcription (19, 63). One target of repression is TBP, whose
binding to the promoter TATA sequence represents one of the
early rate-limiting steps in the formation of a pol II preinitia-
tion complex (11, 12).

To understand the complex interplay of the many diverse
proteins and mechanisms of transcriptional regulation, we
have isolated and analyzed a number of mutations that affect
pol II transcription initiation in vivo. The mutations were iso-
lated as suppressors of insertion mutations caused by Ty ele-
ments or Ty long terminal repeats, & sequences (29, 71, 72).
This analysis has identified a number of genes, called SPT
genes, for suppressor of Ty (70). Although identified by this
specific selection, most SPT genes have now been shown to be
generally important or essential for growth and transcription in
vivo. One related group of SPT genes includes SPT3 (37, 74,
75), SPT7 (30), SPTS (24), SPT20/ADA5 (48, 59), and SPT15,
which encodes TBP (23, 25). These genes are related by com-
mon mutant phenotypes that include suppression of a common
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set of insertion mutations, mating defects, and sporulation
defects. Spt3, Spt7, Spt8, and Spt20/Ada5 have recently been
shown to be part of the large multifunctional complex, SAGA,
that may interact with both TBP and transcriptional activators
(8, 23, 32, 39, 58).

In a genetic screen for factors functionally related to Spt3, a
mutation in MOT] was isolated that is inviable in combination
with an spt3A mutation (47). MOT1I is an essential gene that
was originally identified by selections for mutations that in-
crease transcription from a number of pol II-dependent genes
(20, 54). Biochemical analysis has demonstrated that Motl
exists in a complex with TBP (55, 56) and that in vitro, Mot1
can disrupt the TBP-TATA interaction in an ATP-dependent
fashion (1, 4, 5). More recent work has demonstrated that
Motl also plays a positive role in transcription (18, 47, 50). Our
previous analysis showed that spt3 and motl mutants have
certain common phenotypes, including decreased levels of Ty
mRNA (47). It was proposed that Spt3 and Mot could both be
positive factors in transcription by helping TBP to bind to
functional TATA boxes, with Motl functioning by removing
TBP from nonfunctional TATA sequences and Spt3 function-
ing by stabilizing TBP on certain functional TATA sequences.
Neither Motl or Spt3 has been shown to bind to DNA, and
there is no evidence that Motl and Spt3 interact directly with
each other.

To understand better how Mot1 and Spt3 control TBP func-
tion, we have further investigated the synthetic lethal interac-
tion in the spt3A motl double mutant. We hypothesized that
motl-24, the motl allele that is synthetically lethal with spt3A,
may impair a protein-protein interaction with another Mot1-
or Spt3-related factor. Thus, overexpression of such a factor
might restore its functional interaction with Mot1 and suppress
the inviability of the spt3A motl-24 double mutant. We there-
fore isolated high-copy-number suppressors of the spt3A
motl-24 synthetic lethality and identified a single gene called
MOT3. This gene encodes a zinc-finger protein that binds to
three sites in the Ty 8 sequence in vitro. Analysis of a mot3A



1880 MADISON ET AL.

MoL. CELL. BIOL.

TABLE 1. S. cerevisiae strains used in this study

Strain

Genotype

MAT«o ura3-52

YCp50)

MATa his3A200 ura3-52 trpl A63

MATo his4-9128 lys2-1288 leu2Al ura3-52 trpl A63

MATa his4-9128 lys2-1288 leu2Al ura3-52 ade8 suc2AUAS

MATa spt3-202 ura3-52 leuAl lys2-173R2 his4-9178 trpl A63

MATo ura3-52 his3A200 leu2Al ade8

MATa his4-9173 lys2-173R2 leu2d1 ura3-52 trpl A63

MATo Ty912A44-lacZ lys2-173R2 ura3-52

MATo Ty912A44-lacZ lys2-173R2 ura3-52 trp1 A63

MATo Ty912A44-lacZ-15 lys2-173R2 ura3-52 trpl A63

MATo Ty912A44-lacZ-15 lys2-173R2 ura3-52 trpl A63

MATo Ty912A44-lacZ-16 lys2-173R2 ura3-52 trpl A63

MATo Ty912A44-lacZ-16 lys2-173R2 ura3-52 trpl A63

MATa Ty912A44-lacZ ura3-52 mot3A2::HIS3 lys2-173R2

MATa Ty9125M44-lacZ ura3-52 mot3A2::HIS3 lys2-173R2 trpl A63

MATo Ty912A44-lacZ-15 ura3-52 mot3A2::HIS3 lys2-173R2

MATo Ty912A44-lacZ-15 ura3-52 mot3A2::HIS3 trpl A63 his3A200

MATa Ty912A44-lacZ-16 ura3-52 mot3A2::HIS3 lys2-173R2

MATo Ty912A44-lacZ-16 ura3-52 mot3A2::HIS3 trpl A63

MATo mot1-24 toal-18 ade8 leu2Al ura3-52 his4-9125 pRS7.1Bglll (MOTI1 pRS316)
MATa motl-24 spt6-14 leu2Al ade8 his4-9128 or his4-9178 lys2-1285 pCC11 (SPT6

MATa toal-18 spt3-202 ura3-52 leu2Al pCC1 (SPT3 YCp50)

MATo mot3A2::HIS3 ura3-52 his3A200

MATo spt7A::LEU2 mot1-24 trpl A63 leu2Al ura3-52 pFW127 (SPT7 YCp50)
MATo mot1-24 mot3A2::HIS3 his3A200 ura3-52

MATa mot3A2::HIS3 his3A200 lys2-173R2 ura3-52

MATao spt3-202 mot3A2::HIS3 his3A200 lys2-173R2 ura3-52

.MATa motl1-24 his3A200 trpl1 A63 ade8 ura3-52

MATa motl-24 spt3A203::TRPI ura3-52 leu2Al trpl A63 pCC1 (SPT3 YCp50)

mutation showed that it causes a modest increase in Ty mRNA
levels, partially suppresses a transcription defect of mot! mu-
tants, and partially suppresses an spf3 mutant phenotype. Re-
sults of an independent study of Mot3 (33) demonstrate that
mot3A also has a wide variety of effects, both positive and
negative, at several promoters. Thus, we have identified a pre-
viously unstudied zinc finger protein, Mot3, that appears to
regulate some aspect of transcription, perhaps by controlling
TATA box function.

MATERIALS AND METHODS

Yeast strains and genetic methods. The yeast strains used in this study (Table
1), unless otherwise stated, were derived from an S288C GAL2" derivative (73)
and were constructed by standard methods (62). All spt, motl, and toal muta-
tions used in this study have been described previously (23, 36, 72). The
Ty912A44-lacZ fusion is integrated at HIS4 at the normal position of Ty912 (21).
This fusion contains 388 bp of Ty912 fused, in frame, with the Escherichia coli
lacZ gene (72). Yeast strains were transformed by a lithium acetate procedure
(26). Standard methods of mating, sporulation, and tetrad analysis were used
(62).

Media. Rich (YPD), minimal (SD), synthetic complete (SC), 5-fluoroorotic
acid (5-FOA), and sporulation media were prepared as described previously
(62). Suppression of insertion mutations was scored on SD medium supple-
mented with the required nutrients or on SC medium lacking appropriate nu-
trients. Yeast transformants were selected on the appropriate SC medium.

DNA preparation and analysis. E. coli HB101 and DH5« were used as hosts
for plasmids (64). The plasmids were constructed, maintained, and isolated by
standard methods (64). They were recovered from yeast as described previously
(60). Restriction enzymes and DNA-modifying enzymes were purchased from
New England Biolabs (Beverly, Mass.) and Boehringer Mannheim Biochemicals
(Indianapolis, Ind.) and used as recommended by the manufacturer.

RNA isolation and Northern blot analysis. Cells for RNA isolation were
grown at 30°C in supplemented SD medium to a density of 1 X 107 to 2 X 107
cells/ml. Total RNA was isolated by a hot-phenol method (7). Northern transfer
and hybridizations were performed as described previously (66). 3?P-labeled
probes were generated with a Boehringer Mannheim Biochemicals nick trans-
lation kit or by random hexamer labeling (7). The Northern blots were quanti-
tated on a Molecular Dynamics PhosphorImager.

Sequence analysis of MOT3. For sequencing MOT3, the appropriate restric-
tion fragments were subcloned into pRS425. Sequencing was performed with the
U.S. Biochemical Corp. Sequenase version 2.0 kit. Synthetic primers and m13
universal and reverse primers were used to determine the sequence on both
strands. The sequence was compared against known sequences and proteins in
the GenBank, EMBL, and PIR databases with the BLAST program (2).

Plasmids. The pRS series of vectors is described previously (17, 65). The
vector used to express Mot3 in E. coli, pET-His has been described previously
(16). pKA1 (3) and pFW32 (75) have been described previously. pJM162 is the
Xhol-NotI fragment containing MOT] from pRS7.1BgIII (20) subcloned into the
Xhol-Notl sites of pRS425.

The original plasmid isolate of MOT3 is pJM189 and is a Sau3A S. cerevisiae
genomic fragment in the BamHI site of Yepl3. pJM141 is a 6-kb BamHI
fragment from pJM189 subcloned into the BamHI site of pRS425. pJM142 is a
Xhol-BamHI fragment from pJM141 subcloned into the XhoI-BamHI sites of
pRS425. pJM187, which contains MOT3 cloned under the control of the MET25
promoter, was generated by digesting pJM182 with BamHI and Xhol, treating
the fragments with the Klenow fragment and deoxynucleotide triphosphates, gel
purifying the insert, and ligating into the Smal site of p42SMET?25. pJM188 is the
Xhol-BamHI fragment containing MOT3 from pJM142 subcloned into the Xhol-
BamHI sites of pRS315.

To generate mutant alleles of Ty912A44-lacZ, pAD1 was mutagenized by
oligonucleotide-directed mutagenesis as described previously (21, 43). Mu-
tagenized regions were sequenced on both strands and subcloned into an un-
mutagenized pAD1. The oligonucleotides used for mutagenesis of pAD1 were
LGO15 (GAAACGCAAGGAGGTACCTCGTAATAGGATC) and LGO16
(GGATTGATAATGTCTCGAGTACAATGAATATAAA). Plasmid pAD1 was
mutagenized with the above-described oligonucleotides to generate plasmids
pAD15 (LGO15) and pAD16 (LGO16).

The plasmids used for nick translation of Northern probes were pB161 (Tyl)
and pHBS59 (TPI1; generously provided by H. Baker).

A screen for high-copy-number suppressors of motI spt3A synthetic lethality.
Strain L641 (motl1-24 spt3A) with pCC1 (SPT3 CEN URA3) is temperature
sensitive because of motI-24 and 5-FOA sensitive because of the motI-24 spt3A
inviability. This strain was transformed with a YEp13 (2um LEU2) library (76),
and approximately 12,000 Leu™ colonies were screened for the ability to grow on
5-FOA and the ability to grow on SC—Leu at 37°C. No high-copy-number
suppressors of the temperature sensitivity (Ts™) phenotype were isolated. This
was not surprising, since the Ts™ phenotype is partially dominant, although the
other motl-24 phenotypes are recessive (46, 47). Plasmids were rescued from
5-FOA resistant strains as described previously and transformed into E. coli
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DHb5a. Ninety-seven plasmids that, when retransformed into L641, reconferred
the high-copy-number suppression of the 5-FOA sensitivity phenotype were
obtained.

Construction and analysis of a mot3A null mutation. A mot3A mutation that
deletes the entire MOT3 open reading frame was generated by PCR (9). Primers
JMH15 (ACTAATAGGCAACAGTAGGCAAATAGTAAAGGGACATATC
ATATTGGCCTCCTCTAGTACACC) and JMH16 (AAATGAGTGGGAAG
GGATATTTTGTGTGTCTATAAAGTCTATCTAGCGCGCCTCGTTCAGA
ATG) were used to PCR amplify the HIS3 gene from plasmid pRS313 under the
following conditions: 95°C for 3 min, 1 cycle; 95°C for 30 s, 50°C for 30 s, and
72°C for 2 min, 30 cycles; 72°C, for 5 min, 1 cycle. This PCR product replaces
nucleotides 117 to 1623 of the GenBank sequence with a functional HIS3 gene.
The resulting PCR product, which has 40 bp of homology to sequences flanking
the MOT3 open reading frame on either side, was transformed into a his3A200/
his3A200 diploid constructed from FY104 and FY252. His* transformants were
selected on SC—His, sporulated, and analyzed by tetrad dissection. Four-spore
tetrads were analyzed by Southern blotting to confirm the correct deletion of the
MOT3 open reading frame. This null is designated mot3A2::HIS3.

Affinity purification of Mot3. A 6-histidine-tagged Mot3 (6His-Mot3) was
generated by PCR amplifying (94°C for 3 min; 94°C for 30 s, 55°C for 1 min, and
72°C, for 2 min for 30 cycles; 72°C for 3 min) the MOT3 open reading frame with
Pfu polymerase and primers JMP30 (CCGCTCGAGATGAATGCGGACCA
TC) and JMP31 (CGGGATCCCTATTTGTTGTGAC). A BamHI site was in-
corporated into JMP30 and an Xhol site was incorporated into JMP31 for
subcloning. Following amplification, the PCR product was digested with BarmHI
and Xhol and subcloned into the BamHI-Xhol sites of the pET-His vector to
create pJM182. The pET-His vector contains a polylinker that has been modified
to express a protein in frame with six histidines. pJM182 was transformed into
strain BL21/De3. 6His-Mot3 was produced in E. coli by growing cells to an
optical density at 600 nm of 0.7 and inducing with 0.4 mM isopropyl-B-p-
thiogalactopyranoside (IPTG) for 4 h at 37°C. Following induction, the cells were
harvested by centrifugation at 4,000 rpm for 10 min, resuspended in buffer A (50
mM NaH,PO, [pH 8.0], 1 M NaCl, 10% glycerol, 0.2 mM phenylmethylsulfonyl
fluoride, and quick-frozen. The cells were thawed, refrozen, and disrupted by
sonication. Sonicated cells were centrifuged at 9,000 rpm for 20 min. The super-
natant was bound, for 2 h at 4°C with constant rocking, to Ni>-nitrotriacetic acid
(NTA) agarose (Qiagen) equilibrated in buffer A-25 mM imidazole. 6His-Mot3
bound to the Ni*"-NTA agarose was washed with 40 column volumes of buffer
A-25 mM imidazole, 10 column volumes of buffer A-50 mM imidazole, and 5
column volumes of buffer A-75 mM imidazole. 6His-Mot3 was found to elute in
the 75 mM imidazole eluate. The 75 mM imidazole Mot3 eluate was then
dialyzed against 25 mM HEPES (pH 8.0)-0.1 M KCI-25 pM ZnSO,-1 mM
dithiothreitol (DTT)-12.5 mM MgCl,-20% glycerol-1 mM phenylmethylsulfo-
nyl fluoride for 6 h with two changes of buffer. Mock extracts in which strain
BL21/DE3 contained the vector alone were prepared in the same manner as for
the 6His-Mot3 protein. Protein concentrations were determined by a Bradford
protein assay (Bio-Rad, Richmond, Calif.). Before aliquoting and freezing were
performed, insulin was added to 0.2 mg/ml to both 6His-Mot3 and the mock
protein preparation. The addition of insulin was required to preserve Mot3
activity upon freeze-thawing (46). The 6His-Mot3 protein was judged to be
greater than 90% pure by silver staining.

Mot3 mobility shift assay. Mot3 mobility shift assays were carried out in the
following DNA-binding buffer: 25 mM HEPES (pH 8.0)-5 mM MgCl,-0.1 mM
EDTA-50 mM KCI-10% glycerol. Reactions mixtures (10 to 20 wl) contained
1X binding buffer, 0.5 mM DTT, 500 pg of bovine serum albumin per ml,
6His-Mot3 protein, and 2,500 cpm of 3?P-labeled probe (approximately 0.1 to 1
ng of DNA). The probes were quantitated by an ethidium bromide spot test (7).
The reaction mixtures were incubated for 20 min at room temperature and
loaded directly onto a 4% polyacrylamide gel (40:1 cross-linking) during elec-
trophoresis. The gels contained 1X TGE (25 mM Tris, 190 mM glycine, 1 mM
EDTA [pH 8.3]) plus 0.5 mM DTT. Electrophoresis buffer consisted of 1X TGE.
The gels were preelectrophoresed for 30 min at 100 mV and electrophoresed at
room temperature for 1.5 h at 120 mV. Following electrophoresis, the gels were
vacuum dried onto Whatman filter paper and then exposed to Kodak XAR
X-OMAT autoradiographic film at —70°C overnight.

Gel shift experiments in which 1,10-0-phenanthroline was used were carried
out as described above with the following exceptions. A concentration of 10 mM
1,10-0-phenanthroline in 20% ethanol was added to the reaction mixtures to a
final concentration of 1 mM, and the mixtures were incubated for 20 min and
loaded onto the gel. Mot3 DNA binding was reconstituted by adding back
divalent cations at 2 mM to reaction mixtures in which 1,10 o-phenanthroline had
been added and then incubating the mixtures for 20 min at room temperature
before loading them onto the running gel.

his4-9125 gel shift probes. Wild-type probes, unless otherwise noted, were
generated by cutting pKA1 with Spel-Sspl and «-*?P-end labeling with the
Klenow fragment.

Mutant 7y9123 gel shift probes were generated by digesting mutant 7y912A44-
containing plasmids with Spel-SspI and «-*?P-end labeling with the Klenow
fragment. Mutant gel shift probes were isolated from the following plasmids
pAD15 (mutant 15) and pAD16 (mutant 16).

Mot3 DNase I footprint assays. To footprint the antisense strand of his4-9123,
plasmid pKA1 was cut with Spel and HaellI and end labeled with [«>*P]dATP by
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filling in the recessed Spel site with Klenow fragment. End-labeled probe was
separated on a native polyacrylamide gel, excised from the gel, and eluted either
by electroelution or by a crush-and-soak method that has been described previ-
ously (64). The probe was ethanol precipitated and quantitated by an ethidium
bromide spot test as described previously (7). DNase I (Sigma) was prepared in
DNase I buffer (50% glycerol, 20 mM Tris-HCI [pH 7.5], 1 mM MgCl,) to 1
mg/ml and stored at —20°C. A DNase I concentration at which 30 to 50% of the
probe remained uncut was chosen for the experiments and was determined for
each probe used. Footprinting reaction mixtures contained the following com-
ponents: 1X gel shift buffer, 1 pg of poly(dG-dC) (Pharmacia) per ml, 500 pg of
bovine serum albumin per ml, 0.5 mM DTT, 6His-Mot3, and 20,000 cpm of
end-labeled his4-9125 (approximately 4 to 5 ng of DNA) probe in a 25-pl
volume. The reactions were initiated by adding 5 pl of DNase I and incubating
for 1 min at room temperature. The reactions were then stopped by adding an
equal volume of stop solution containing 200 mM NaCl, 20 mM EDTA, 1%
sodium dodecyl sulfate, and 250 g of yeast tRNA per ml. The reaction products
were extracted with 25:24 phenol-chloroform, ethanol precipitated, and resus-
pended in 6 pl of formamide loading buffer consisting of deionized formamide
with 0.1 N NaOH (2:1, vol/vol), 0.25% bromophenol blue, and 0.25% xylene
cyanol. Chemical sequencing reactions were carried out with the same probe as
described previously (49). Footprints were run on 7% acrylamide-8.3 M urea
gels. The gels were preelectrophoresed for 1 h in 1X Tris-borate-EDTA (TBE).
Following the preelectrophoresis, the bottom buffer was brought to 1 M with
unbuffered sodium acetate to generate an electrolyte gradient (7). These gel
conditions allowed resolution of the complete his4-9128 probe on one gel. Sam-
ples were loaded onto the gel, and the gel was electrophoresed at 60 W until the
bromophenol blue reached the bottom. Following electrophoresis, the gels were
vacuum dried on Whatman filter paper and exposed to autoradiography film at
—70°C.

To footprint the sense strand of his4-9128, pKA1 was cut with AccI and Hpall
and [a-*?P]dATP end labeled with the Klenow fragment. Probe isolation, foot-
print assays, and gel electrophoresis were carried out exactly as described above
for the antisense strand.

B-Galactosidase assays. Cells were grown to 1 X 107 to 2 X 107 cells/ml in SD
medium supplemented with the appropriate amino acids. Crude extracts were
prepared and assayed as described previously (62). B-Galactosidase levels are
expressed in Miller units and were normalized to the total protein concentration
as determined by the Bradford protein assay (Bio-Rad).

Nucleotide sequence accession number. The accession number of the MOT3
nucleotide sequence is U25279.

RESULTS

Isolation of MOT3, a high-copy-number suppressor of the
motl-24 spt3A synthetic lethality. Previous analysis has shown
that Mot1 and Spt3 are functionally related and that the com-
bination of spf3A and motl-24 causes lethality (47). The
motl-24 mutation encodes a single amino acid change
(K1507R) in a residue conserved among members of the Snf2/
Swi2 family of putative helicases (20, 22). If this amino acid
impairs protein-protein interactions between Motl and an-
other factor, overexpression of such a factor might suppress
either the motl-24 Ts~ phenotype or the spt3A motl-24 syn-
thetic lethality. We screened for such suppressors as described
in Materials and Methods and identified 97 plasmids that sup-
press the spt3A motl-24 double-mutant lethality. Two of these
plasmids contained MOT]1, 3 plasmids contained SP73, and 80
other plasmids shared overlapping restriction fragments. Sup-
pression of the double-mutant lethality by a member of this
class is shown in Fig. 1. The remaining 12 plasmids were found
to suppress the motl-24 spt3A synthetic lethality only weakly
and were not studied further. In the following studies, we have
focused on the gene identified in the set of 80 plasmids. The
gene was named MOT3 for modulator of transcription.

Since this work was done before the completion of the S.
cerevisiae genome sequence, we took several steps to identify
and analyze MOT3. To determine the map position of MOT3,
a fragment of a MOT3 genomic clone was used to probe a filter
containing an ordered set of \ clones containing S. cerevisiae
genomic DNA. This analysis placed MOT3 on chromosome
XII near ILV2 (46). To identify the open reading frame re-
sponsible for the high-copy-number suppression of the
motl-24 spt3A synthetic lethality, subclones of the original
plasmid were constructed and tested for high-copy-number
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FIG. 1. MOT3 suppresses the synthetic lethality of the spt3A mot1-24 double
mutant. Strain L641 (motI-24 spt3A pCC1) was transformed with the following
plasmids: 2um MOT3 (pJM142), 2pum MOT3 expressed from the MET25 pro-
moter (pJM182), 2um SPT3 (pFW32), 2pum MOT! (pRS7.1Bglll), CEN MOT3
(pIM188), and the vector alone (p425MET25). Leu™ transformants were colony
purified on SC-Leu and replica plated to Sc-Leu-Met plates containing or lacking
5-FOA. This figure was produced with Adobe Photoshop and a Fujix Pictography
3000 printer.

suppression by observing growth on 5-FOA (Fig. 1). A single
open reading frame was identified and completely sequenced.
The sequence, described below, is identical to that subse-
quently determined by the S. cerevisiae genome project (10).
To verify that overexpression of this open reading frame sup-
pressed the spt3A-motl lethality, MOT3 was cloned and ex-
pressed under the control of the MET25 promoter. Expression
of MOT3 under conditions of MET?25 induction suppressed the
motl-24 spt3A synthetic lethality (Fig. 1).

The MOT3 open reading frame is predicted to encode a
novel protein of 490 amino acids (Fig. 2A). Mot3 has a striking
amino acid composition, consisting of several stretches of as-
paragine, glutamine, alanine, proline, and serine. These resi-
dues account for 60% of the Mot3 protein. The presence of
polyglutamine, polyalanine, and polyproline stretches is remi-
niscent of domains that have been found in several transcrip-
tional repressors and have been determined to be involved in
transcriptional repression (35). In addition to this striking
amino acid composition, two C,-H, zinc finger DNA-binding
motifs were identified in the C terminus. These zinc fingers are
homologous to other known zinc finger DNA-binding domains
(Fig. 2B). Taken together, these results show that overexpres-
sion of a newly identified zinc finger protein, Mot3, suppresses
motl-24 spt3A synthetic lethality.

Suppression by MOT3 overexpression is specific for spt3A
motl-24 lethality. One model for MOT3 high-copy-number
suppression of motI-24 spt3A synthetic lethality is that it sup-
presses either motl-24 or spt3A individually. We therefore
tested whether MOT3 overexpression would suppress any of
the mutant phenotypes caused by either motI-24 or spt3A sin-
gle mutations. mot1-24 has been shown previously to cause
several mutant phenotypes, including Spt—, slow growth, Ts™,
and a decreased level of Ty mRNA (20, 47, 54). We found that
MOT3 overexpression had no effect on any of these pheno-
types in a motl-24 mutant (46). spt3A mutations have been
shown previously to cause slow growth, an Spt™ phenotype,
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FIG. 2. The MOT3 protein is arginine, glutamine, proline, serine, and alanine
rich. (A) The predicted translation product of the MOT3 open reading frame.
Arginine (N), proline (P), serine (S), alanine (A), and glutamine (Q) residues are
shown in boldface and a larger font. The two Cys2-His2 zinc finger motifs are
underlined. (B) The Mot3 zinc fingers most closely related to the yeast proteins
Msn2, Msn4, and YPL230W. The consensus residues shown on the top line are
identical in all four yeast zinc finger regions. These proteins are primarily ho-
mologous over the zinc finger DNA-binding domain and overall have less than
15% identity. The shaded letters indicate residues that are found in at least two
of the four zinc finger sequences. The numbers to the right and the left of the
alignment are the amino acid numbers for the published sequence of each
protein. The alignment was performed with the MEGALIGN alignment pro-
gram of the DNASTAR sequence analysis programs.

and decreased levels of Ty mRNA (23, 72). As with motI-24,
MOTS3 overexpression did not suppress these spt3A phenotypes
(46). Consistent with these results, when high-copy-number
MOTS3 is present in a motl-24 spt3A mutant, it suppresses the
double-mutant lethality but not any of the other phenotypes
conferred by either motI-24 or spt3A. Finally, we also tested if
MOT3 overexpression would cause any mutant phenotypes in a
MOTI™" SPT3™ strain. We found that MOT3 overexpression
caused no detectable mutant phenotypes, including effects of
growth or the Spt phenotype (46).

In addition to spt3A motl-24 synthetic lethality, we previ-
ously observed synthetic lethality for other double-mutant
combinations among spt, motl-24, and toal mutations (47).
TOAI encodes the large subunit of the general transcription
factor TFIIA (57). To determine if MOT3 overexpression
could suppress any of these other double-mutant lethalities, we
overexpressed MOT3 in the different double-mutant combina-
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TABLE 2. High-copy-number suppression of double-mutant
inviability of toal-18, motl-24, and spt mutations

High-copy-number

suppression”

Strain genotype Plasmid genotype

Vector  2pm MOT3
toal-18 None —b —b
motl-24 None b b
spt3A motl-24 SPT3 URA3 (pCC1) - +
spt3A toal-18 SPT3 URA3 (pCCl1) - -
motl-24 toal-18 MOTI URA3 (pRS7.1BgllI) - -
motl-24 spt7A SPT7 URA3 (pFW127) - +
motl-24 spt6-14  SPT6 URA3 (pCC11) w *

“ High-copy-number suppression was determined by transforming the strains
containing the plasmid of the indicated genotype with pRS425 (LEU2 2pm) or
pIM142 (LEU2 2pm MOT3) and observing growth on plates containing and
lacking 5-FOA. +, strong growth; *, weak growth; W, very weak growth; —, no
growth.

® These strains were tested for temperature-sensitive growth at 37°C.

tions and tested them for viability (Table 2). As expected,
high-copy-number MOT3 strongly suppressed spt3A motl-24
inviability. The spt7A mot1-24 and spt6-14 motl-24 double-
mutant inviabilities were only weakly suppressed, and the
motl-24 toal-18 and spt3A toal-18 double-mutant lethalities
were not detectably suppressed. These results suggest that
high-copy-number suppression by MOT3 is relatively specific
for the spt3A motI-24 combinations.

A mot3A mutation causes some mild mutant phenotypes. To
analyze the mot3 null phenotype, we constructed a mot3A
mutation, mot3A2, that replaces the entire MOT3 open reading
frame with the HIS3 gene. This mutation was recombined into
an S. cerevisiae strain, replacing the wild-type MOT3 gene. The
null mutant was found to be viable and to have a wild-type
growth rate. mot3A2 mutants were examined for a number of
possible phenotypes. Of those tested, only one additional phe-
notype was discovered: mot3A mutants are approximately
twice as sensitive to UV light as are wild-type strains (38).
Those phenotypes unaffected by the mot3A mutation included
growth on sucrose, raffinose, glucose, and galactose as carbon
sources, the Spt™ phenotype; suppression of a SUC2 upstream
activation sequence deletion; temperature sensitivity; pseudo-
hyphal growth; and haploid invasive growth (46).

mot3A2 mutants were further analyzed in combination with
either mot1-24 or spt3A. The mot3A motl-24 and mot3A spt3A
double mutants were viable and could therefore be tested for
all known mot1-24 and spt3A mutant phenotypes. In the mot3A
motl-24 mutant, there was a detectable effect on one motl-24
phenotype, the Ty mRNA level (Fig. 3). In the mot3A2

TPI1

FIG. 3. Ty transcript levels are slightly elevated in a mot3A mutant. Ty
mRNA levels were examined in wild-type, mot3A2, motl-24, and motl-24
mot3A2 strains. The strains used from left to right are FY2, IMY519, IMY613,
and JMYS572. Ty mRNA levels were normalized to 7P/ mRNA levels. This
figure was produced with Adobe Photoshop and a Fujix Pictography 3000
printer.
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FIG. 4. mot3A2 weakly suppresses the Spt™ phenotype of spt3A. Strains
patched on a YPD plate were replica plated to plates containing (+) or lacking
(—) lysine. The strains used were IMY607, IMY612, FY630, and FY294. wt, wild
type. This figure was produced with Adobe Photoshop and a Fujix Pictography
3000 printer.

motl-24 double mutant, Ty mRNA levels were elevated com-
pared to the levels in the motI-24 single mutant (Fig. 3). Thus,
mot3A partially suppresses the motl-24 decrease in Ty mRNA
levels. In the mot3A spt3A double mutant, mot3A also weakly
suppressed one spt3A phenotype: the Spt™ phenotype with
respect to the lys2-173R2 insertion mutation (Fig. 4). However,
the slow growth of spt3A mutants was not suppressed and the
decrease in Ty mRNA levels was only weakly suppressed by
mot3A (46).

Since both motl-24 and spt3A are weakly suppressed by
mot3A2, it seemed possible that mot3A2 would weakly sup-
press the motl-24 spt3A synthetic lethality. To test this possi-
bility, we constructed a spt3A motl-24 mot3A2 triple mutant
containing a wild-type SPT3 plasmid. The viability of the triple
mutant in the absence of the SPT3 plasmid was determined by
its ability to grow on 5-FOA medium. The triple mutant was as
5-FOA sensitive as the spt3A motl-24 double mutant (46).
Thus, a mot3A2 mutation does not suppress the spt3A motl-24
double mutant lethality.

A number of other spt mutations, spt7A, spt15-21, and
spt20A, cause phenotypes similar to those due to spt3A, includ-
ing suppression of the insertion mutations lys2-173R2 and his4-
9178 (25, 30, 32, 58, 59, 72, 74). Therefore, to determine if
mot3A would suppress these spt mutations as it does spt3A, we
examined suppression of these insertion mutations in mot3A
spt7A, mot3A spt15-21, and mot3A spt20A double mutants. For
the lys2-173R2 insertion, mot3A2 was found to weakly suppress
spt15-21 but not spt7A or spt20A (46). The suppression of the
Spt™ phenotype of sptl15-21 is of similar strength to the sup-
pression observed for spt3A (46). The Spt™ phenotype with
respect to his4-9178 was unaffected by mot3A in combination
with any of these spt mutations (46).

Since a mot3A2 mutation was found to weakly suppress the
Ty transcriptional defect caused by motI-24, we analyzed Ty
mRNA levels in MOT3" and mot3A strains. As shown in Fig.
3, a reproducible 1.6-fold increase in Ty mRNA levels was
observed in mot3A mutants as compared to the level in a
MOT3™ strain. This very modest increase in transcription is
opposite to the effect observed for spt3 and mot! mutants,
which have greatly reduced Ty mRNA levels (74). Thus, a
modest increase in Ty transcript levels, suppression of the
decrease in transcription of a mot! mutation, and weak sup-
pression of an spf3A mutation suggest that Mot3 may play a
role in repressing Ty transcription.

Mot3 binds to the Ty9128 sequence. The two zinc finger
DNA-binding motifs of Mot3 strongly suggested that it is a
sequence-specific DNA-binding protein. To assay DNA bind-
ing, we first overexpressed and purified full-length Mot3 with a
6-histidine tag (6His-Mot3) from E. coli, using Ni** affinity
chromatography (see Materials and Methods). By this method,
the 6His-Mot3 was judged to be more than 90% pure by silver
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FIG. 5. Mot3 binds to the 7y9128 promoter in a zinc-dependent fashion. (A) Purification of Mot3 from an E. coli-overexpressing strain. 6His-Mot3 and mock
extracts were affinity purified by Ni**-NTA chromatography. Mot3 (150 ng) and an equivalent amount of mock extract were run on a sodium dodecyl sulfate-12.5%
polyacrylamide gel and silver stained. The positions of protein molecular mass markers are shown on the left. Mot3 is judged to be >90% pure. The approximately
37-kDa band in the Mot3 lane appears to be a proteolytic product of Mot3 that consistently copurifies with 6His-Mot3. (B) Mot3 binding to the 7y9128 promoter is
zinc dependent. Electrophoretic mobility shift assays were performed with an end-labeled 7y9128 DNA probe as described in Materials and Methods. The following
amounts of Mot3 were added to each lane: 1, no protein; 2 to 4, 0.5, 1.0, and 2.0 ng, respectively; 5 to 10, 1 ng; 11, 1 ng plus 20% ethanol; 12, mock extract was added.
Where used, either 2 mM indicated cation or 1 mM 1,10-0-phenanthroline was added. EtOH, ethanol. This figure was produced with Adobe Photoshop and a Fujix
Pictography 3000 printer.

staining (Fig. 5A). In addition, we performed the same purifi-
cation steps on a mock extract in which the expression vector
contained no insert. 6His-Mot3 migrates at a position corre-
sponding to a molecular mass of approximately 66 kDa, larger
than its predicted molecular mass of 49 kDa. Highly charged
proteins have previously been observed to migrate at positions
significantly greater than their predicted molecular masses (30,
67).

To assay DNA binding by Mot3, we performed gel mobility
shift assays with the 7y9128 promoter DNA. Ty9123 is the long
terminal repeat sequence from a Tyl element integrated at the
HIS4 promoter (61). The & promoter was chosen because
MOTS3 was isolated as a high-copy-number suppressor of spt3
motl lethality and both Spt3 and Motl are required for 8
promoter function (40, 72, 74). In addition, as described above,
mot3A slightly increases Ty mRNA levels in both MOTI and
motl-24 backgrounds. The results of these experiments (Fig.
5B, lanes 2 to 4) show that Mot3 causes a mobility shift of a
Ty9128 promoter fragment. The presence of two major gel-

shifted bands suggests that more than one Mot3 protein can
bind per probe.

To determine if these gel shifts were zinc dependent, we
added the zinc chelator, 1,10-o-phenanthroline to the gel shift
reaction mixtures. 1,10-o-Phenanthroline is a high-affinity zinc
chelator that can disrupt the DNA binding of zinc-dependent
DNA-binding proteins (41). As predicted, Mot3-dependent gel
shifts are sensitive to 1,10-o-phenathroline (Fig. 5B, lane 5),
and they can be reconstituted by adding back either zinc or
nickel to the gel shift reaction mixture (lanes 9 and 10). It is
unclear if nickel ions can replace zinc ions to reconstitute Mot3
binding or if the nickel sulfate is contaminated by zinc. Thus,
Mot3 binds to the 7Ty9128 promoter in a zinc-dependent fash-
ion.

To determine if Mot3 bound to the 7y9128 probe in a se-
quence-specific manner, we carried out DNase I footprint
analysis. Purified Mot3 protein was titrated onto two 7y9123
probes, *?P labeled to visualize binding to each strand. The
combination of these probes allowed us to examine binding

FIG. 6. Mot3 binds to four sites in his4-9128 DNase I footprint analysis of Mot3 binding to the his4-9128 5’ region was carried out as described in Materials and
Methods. (A) DNase I footprint analysis was performed with increasing amounts of purified Mot3 protein on the sense (gel on the right) and antisense (gel on the left)
strands of his4-9123. Reaction mixtures contained the following amounts of purified Mot3 protein: lanes 3 and 13, 0 ng; lanes 4 and 14, 5 ng; lanes 5, and 15, 10 ng;
lanes 6 and 16, 25 ng; lanes 7 and 17, 50 ng; lanes 8 and 18, 75 ng; lanes 9 and 19, 100 ng. Lanes 10 and 20 contained mock extract. Lanes 1 and 11 contained chemical
sequencing reactions for adenine and guanine (A+G), and lanes 2 and 12 contained chemical sequencing reactions for guanines (G). Lettered brackets indicate the
regions protected by Mot3. Asterisks indicate DNase I-hypersensitive sites. Lines drawn parallel to the gel indicate the positions of the two TATA elements of the
Ty9123 promoter. This figure was produced with Adobe Photoshop and a Fujix Pictography 3000 printer. (B) Schematic diagram of the his4-9128 region. The box
represents the 334-bp & sequence, and the thin lines represent HIS4 sequences. The restriction sites Hpall and Haelll indicate the 5’ and 3’ boundaries of the footprint
probes, respectively. Footprints for TBP described previously are indicated by horizontal lines and roman numerals above the 3. Site I is the HIS4 TATA. The tandem
TATA boxes are located in site IV. Footprints for Mot3 are indicated by horizontal lines and letters below the promoter. Arrows labeled & or HIS4 indicate the &
promoter and HIS4 transcription start sites, respectively, and transcription for both is from left to right. Relative to the HIS4 transcription start site at +1, the extents
of protection by Mot3 are as follows: site A, —423 to —442; site B, —278 to —293; site C, —186 to —223; site D, —132 to —173. The 3 is inserted at position —98 relative
to the HIS4 +1. (C) Sequences protected in panel A are shown. Sequences in boldface are potential binding sites. Due to resolution at the ends of the gels, the extent
of protection in sites A and D is approximate.
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FIG. 7. Ty912A44 promoter mutations. (A) Schematic diagram of 7y9123-
lacZ promoter mutations and their relationship to Mot3- and TBP-binding sites
in the Ty91238 promoter. The large box represents the 7y912A44 promoter region.
The small boxes numbered 15 and 16 are site-directed mutations whose mutant
sequences are shown in panel B. The horizontal bars above the large box rep-
resent previously described TBP-binding sites II to IV, and the horizontal bars
below the large box represent Mot3-binding sites. These site-directed mutants
Ty912A44-15 and Ty912A44-16 are integrated at the normal his4-9123 position
and are fused to the lacZ gene. The § transcription start site is indicated by an
arrow. (B) Mutant (mt) and wild-type (wt) sequences are indicated for the
his4-91285 promoter mutations 7y912A44-15 and Ty912A44-16. The mutation
number is indicated at the left, and the mutant and wild-type sequences for the
indicated mutations are indicated at the right. For each mutation, the mutant
sequence is indicated at the top and the wild-type sequence is indicated at the
bottom. Absence of a mutation is indicated by a dash, and mutations are indi-
cated by the nucleotide of the new mutation.

over the complete 799128 element. Between the two probes,
four footprints (A to D) are apparent (Fig. 6). Sites B, C, and
D are within the 8 sequences, while site A lies at the HIS4-3
junction. In addition, there are a number of DNase I-hyper-
sensitive cleavages at the boundaries of sites A, B and D. Site
C appears to be less well protected than sites A, B, and D, as
evidenced by the apparent cleavages that occur in this region
when other sites appear to be saturated for binding. The foot-
prints are summarized schematically in Fig. 6B and are com-
pared to previously described TBP footprints in this region (3).

Analysis of other zinc finger proteins suggests that each zinc
finger DNA-binding domain recognizes a 3-bp subsite (42,
51-53). Because Mot3 contains two zinc finger domains, a 6-bp
recognition sequence might be expected to be common to each
of these footprint regions. A comparison of these sequences
suggests that the sequence important for Mot3 DNA binding
contains a GGA sequence (Fig. 6C). Crystal structure analysis
of other zinc finger proteins suggests that arginine, histidine,
and lysine residues in conserved positions of the zinc finger are
involved in base pairing with guanines (53). Thus, a G-rich
sequence might be expected for the Mot3-binding site. The
exact composition of the binding sequence seems to be more
loosely determined at other positions, and further experiments
are necessary to address this issue.

Analysis of Ty9128 promoter mutations that mutate a Mot3-
binding site. One of the Mot3-binding sites identified in vitro
is immediately 5’ of the two TATA regions in the 7y912%
promoter. To determine if this site plays a Mot3-dependent
role in Ty9128 promoter function, we measured the expression
from both wild-type and mutant promoters, using a 7y9125-
lacZ fusion gene. For this analysis, the putative Mot3-binding
site B was disrupted by introducing two different sets of clus-
tered point mutations into the 7y9128-lacZ promoter (21)
(summarized in Fig. 7). The wild-type and mutant 7y9128-lacZ
fusions were then integrated at the HIS4 locus in both MOT3
and mot3A strains, and expression was measured by p-galac-
tosidase assays. The results (Table 3) show that for a wild-type
Ty9128 promoter, a mot3A2 mutation causes a modest increase
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TABLE 3. Effect of a mot3A mutation on 7y912A44::lacZ
fusion alleles

B-Galactosidase

. . PB-Galactosidase =~ Mutant/wt o mot3A/wt
Mutation activity of wt®  fold change actl::z;z) of  fold change
None (wt) 1,999 + 89 1.0 3,181 = 322 1.6
15 2,783 = 213 1.4 3,044 = 187 1.1
16 2,790 * 254 1.4 2,810 = 94 1.0

“ Ty912A44::lacZ promoter mutations are described in Materials and Methods
and in Results.

b B-Galactosidase values are presented as described in Materials and Methods.
Each value represents the average B-galactosidase units from two strains, each
assayed three times. A negative control lacking 7y912A44::lacZ fusion produced
1 U of B-galactosidase activity. wt, wild type.

(1.6-fold) in B-galactosidase activity, consistent with the ob-
served increase in Ty mRNA levels (Fig. 3). Similarly, analysis
of the two different mutations that overlap with Mot3 site B
(mutations 15 and 16) also caused a slight increase (1.4-fold) in
B-galactosidase activity compared to that of a wild-type
Ty9128-lacZ fusion. In a mot3A2 background, these two pro-
moter mutations did not cause a further increase in B-galac-
tosidase activity, suggesting that Mot3 confers weak repression
via this site. We also used this 7y9128-lacZ fusion to test if
increased levels of Mot3 affect Ty expression. We found that
there was no significant effect on 3-galactosidase levels, which
were 1,597 *= 33 U under overexpression conditions and
1,796 = 41 U under normal conditions.

To determine if the 7y9128 mutations that alter Mot3-bind-
ing site B actually disrupt Mot3 binding in vitro, we carried out
Mot3 gel shift assays with wild-type and mutant 7y9128 gel
shift probes. Our results (Fig. 8) show that the site 16 mutation
causes a drastic decrease in Mot3 binding. The site 15 mutation
also impairs binding, but less severely than the site 16 muta-
tion. The fact that mutations in sites 15 and 16 lead to slightly
increased levels of expression from a 7y9128-lacZ fusion and

9126 wt 14 15 16
Mot3d - ——M - ——I M - ——mM - —m
e TN S G .- e

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15

16 17 18 19 20

FIG. 8. Mutations in the 7y9128 promoter disrupt Mot3 DNA binding. Elec-
trophoretic mobility shift experiments were carried out with wild-type (wt) and
three mutant (panels 14, 15, and 16) end-labeled 7Ty9123 promoter fragments as
described in Materials and Methods. The promoter fragments are labeled on the
top line. Mutations 15 and 16 are site-directed mutants of the 7y9123 promoter
described in the legend to Fig. 7. Mutation 14 is a set of clustered base pair
changes immediately 5’ to mutation 15 but not affecting the putative Mot3
binding site (21). Each probe was incubated with increasing amounts of purified
Mot3 protein. The reaction mixtures contained the following amounts of Mot3:
lanes 1, 6, 11, and 16, 0 ng of protein; lanes 2, 7, 12, and 17, 0.5 ng; lanes 3, 8, 13,
and 18, 1.0 ng; lanes 4, 9, 14, and 19, 2.0 ng. Reaction mixtures in lanes 5, 10, 15,
and 20 were incubated with mock extract. Lanes 1 to 15 and 16 to 20 were run
on separate gels and were combined in Adobe Photoshop for the purpose of this
figure. The two gels were run in the same gel box, the Mot3 prep used for both
gels was the same, and the proteins had identical DNA-binding activities. This
figure was produced with Adobe Photoshop and a Fujix Pictography 3000
printer.
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that mot3A mutations lead to increased Ty mRNA levels sug-
gest that Mot3 binds to site B in vivo and plays a modest role
in repression of Ty transcription.

DISCUSSION

In this study, we sought to investigate further the functional
relationship between the transcription factors Motl and Spt3
by isolating high-copy-number suppressors of motl-24 spt3A
synthetic lethality. This analysis identified the MOT3 gene,
which encodes a previously unstudied zinc finger DNA-binding
protein. We have shown that purified Mot3 binds to multiple
sites in the 7y9128 sequence in a zinc-dependent manner. One
binding site is immediately 5’ of the two 8 TATA elements. A
mot3A mutant shows a modest (1.6-fold) increase in the level
of Ty transcripts and of a Ty9128-lacZ reporter. These data
suggest that Mot3 may contribute to repression of the 7y9123
promoter, possibly by controlling TATA box function. Mot3
has also been identified in two other studies. Results reported
by Grishin et al. (33) suggest that Mot3 can have both positive
and negative effects on transcription at many promoters. In a
third study, Mot3 was identified as a high-copy-number sup-
pressor of an mpkl A/slt2A mutation (44, 45). MPK]I is mitogen-
activated protein kinase important for cell integrity, and
mpklA mutants lyse at 37°C. Thus, Mot3 is a DNA-binding
protein that appears to affect the expression of many genes
both when it is missing and when it is overproduced.

Our analysis of mot3A mutants has demonstrated that
mot3A partially suppresses some of the phenotypes of mot1-24
and spt3A. In addition, mot3A causes a mild increase in sensi-
tivity to UV light (38). Overexpression of MOT3 suppresses
spt3A motl-24 synthetic lethality. Grishin et al. (33) have also
shown that both mot3A and MOT3 overexpression affect gene
expression. However, none of the phenotypes of a mot3A mu-
tant are especially strong, suggesting that Mot3 may be func-
tionally redundant with one or more additional factors. An
example of redundancy of zinc finger proteins has been ob-
served for the yeast proteins Msn2 and Msn4, which were both
isolated as high-copy-number suppressors of a snfl/ A mutation
(27). Snfl is a kinase involved in glucose repression of the
SUC?2 gene (13-15). Neither msn2A nor msn4A alone causes a
detectable phenotype, but msn2A msn4A double mutants have
modest defects in invertase expression and in growth on galac-
tose media (27). Msn2 and Msn4 have significant homology
outside of their predicted zinc finger domains (27). However,
Mot3 has no significant sequence homolog in the S. cerevisiae
genome (46). Thus, if proteins functionally redundant with
Mot3 exist in S. cerevisiae, they do not have significant se-
quence similarity. Alternatively, Mot3 may not be redundant
with other functions. Rather, it may play only minor roles in
transcription, or it may play a significant role in some aspect of
S. cerevisiae growth that has not yet been examined. Analysis of
additional phenotypes might lead to the identification of other
defects, and mutant screens for proteins that interact with
Mot3 could identify redundant factors.

Based on our in vitro results and those of Grishin et al. (33),
Mot3 appears capable of binding to many sites in the S. cer-
evisiae genome. Mot3 binds to three sites in the 7y9128 se-
quence and one site at the His4/Ty9125 5' boundary. The
significance of these Mot3-binding sites for regulation of the
Ty9123 promoter is unclear. Mutation of the 7y9125 Mot3-
binding site 5’ to the TATA sequences caused a small increase
in Ty9128-lacZ expression, similar to the effect seen in a mot3A
mutant with the wild-type 7y9123-lacZ fusion. Conceivably,
Mot3 binding to one or more sites in the 7y9128 sequence may
depend on cooperative binding to high- and low-affinity sites
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within this sequence. The Drosophila repressor eve has been
shown in vitro to have multiple high-affinity and low-affinity
sites within a promoter; the high-affinity sites are important for
cooperative binding of eve to its low-affinity sites and to its
ability to repress (6, 68). As yet, our experiments do not fully
address the issue of high- and low-affinity Mot3-binding sites.
From footprinting data in Fig. 6A, site B appears to be better
protected and to be protected at lower concentrations than the
other three sites (sites A, C, and D). Site B may therefore
represent a higher-affinity binding site than sites A, C, and D.
Further mutational analysis of the Mot3-binding sites will be
necessary to determine the affinity of Mot3 for different bind-
ing sites and to determine the contribution of these sites to &
promoter activity. In vivo binding analysis will be necessary to
determine if Mot3 actually binds to as many sites in vivo as
indicated by the in vitro data.

Crystallographic analysis of other zinc finger proteins has
resulted in a number of empirical rules for DNA recognition by
zinc finger DNA-binding domains. These rules suggest that
residues at three conserved positions (usually lysines, histi-
dines, and arginines) in the fingers (denoted in Fig. 9 as X, Y,
and Z) interact with guanines in the DNA-binding site while
asparagines and glutamines at these positions interact with
adenines (42, 52, 53). Application of these empirical rules to
Mot3 suggests that the Mot3 DNA-binding domain might rec-
ognize 3’ GNGGAA 5’ (where N indicates any nucleotide)
(Fig. 9B). The GGA sequence appears in the Mot3 footprinted
sites of the 7y9128 sequence. If this GGA site is used to anchor
the Ty9123-binding sites determined in vitro (Fig. 6), an align-
ment of these sequences predicts the following binding site: 3’
(A/T)AGG(A/T/G)(A/T) 5" (Fig. 9). However, analysis of
other zinc finger proteins suggests that there are exceptions to
these emperical rules. For example, in the case of the yeast
Adrl zinc finger protein, none of the predicted subsites are
found in the true binding site (69), and in the case of the
Drosophila Tramtrack protein, a nonconserved serine is ob-
served to make a base pair contact while a conserved histidine
is observed to make a phosphate contact (28). The presence of
a similar serine in the Mot3 zinc finger suggests that Mot3
might show side chain interactions similar to those of
Tramtrack (Fig. 9A). Future analyses of Mot3 DNA-binding
will help test these predictions.

Another interesting feature of the in vitro footprint experi-
ments is the presence of a number of hypersensitive sites. In all
sites except site D, these hypersensitive sites show a polarity
that suggests that Mot3 is inducing a conformational change in
DNA unidirectionally, making the DNA more susceptible to
cleavage. In site D, where hypersensitive sites appear to occur
on both sides, Mot3 might be recognizing sites on both strands,
which could explain the large region of protection. Conforma-
tional alterations of DNA might represent a mechanism by
which Mot3 regulates gene expression.

There are several possible mechanisms by which overexpres-
sion of MOT3 might suppress spt3A motl-24 inviability. We
proposed previously that both Mot1 and Spt3 help TBP to bind
to functional TATA boxes at particular promoters (47). When
Motl and Spt3 are both mutated, the cumulative defect in TBP
binding might be too severe to support viability. Alternatively,
the inviability could arise because one or more essential genes
are not adequately expressed in the spt3 motl-24 double mu-
tant. The suppression of this double-mutant defect by overex-
pression of MOT3 could occur by suppression of either the
motl-24 or spt3A mutation alone. The original rationale for
this high-copy-number screen was to find factors that might
interact with Motl. However, this possibility is unlikely, since
MOTS3 overexpression does not suppress any of the phenotypes
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FIG. 9. Analysis of the Mot3-binding site. (A) Schematic diagram of the zinc finger motifs of Mot3 are shown. Residues that are part of the zinc finger consensus
are circled, and residues that have been shown previously to participate in base contacts are boxed. The serine with the asterisk is referred to in the Discussion and
is predicted to make additional base pair contacts. (B) Predicted Mot3 site based on previous analysis of zinc fingers. Residues labeled X, Y, and Z are shown with
the nucleotides that are predicted to be contacted by those residues. The sites are read 3’ to 5'. (C) The sites predicted to be bound in sites A to D in Fig. 6C are lined

up, and a consensus is generated for the prefered base(s) at each position.

caused by either moti-24 or spt3A (46). In a second model,
Mot3 could be a positive regulator of an essential gene that is
underexpressed in the spt3A motl-24 double mutant; in this
model, MOT3 overexpression restores enough of the expres-
sion of this essential gene to allow viability. Consistent with this
idea, Grishin et al. (33) have shown that overexpression of
MOT3 causes overexpression of a number of genes in vivo.
Whatever the mechanism of MOT3 high-copy-number sup-
pression, its specificity for the spt3A motI-24 double mutant
strongly suggests that MOT3 overexpression is compensating
for a transcriptional defect found specifically in this double
mutant. Consistent with this model is the observation that even
though a mot3A mutation is capable of at least partially sup-
pressing phenotypes of both spt3A and mot1-24 single mutants,
it is unable to suppress the inviability of the double mutant.

In summary, we have discovered a previously unstudied zinc
finger protein as a high-copy-number suppressor of the spt3A
motl-24 synthetic lethality. We have shown that Mot3 binds to
the Ty9125 sequence in vitro. Our results, combined with those
of Grishin et al. (33), suggest that Mot3 may act as either a
repressor or an activator. Our analysis of 7y97123 shows that
Mot3 appears to be acting as a weak repressor. In light of the
weak phenotypes of a mot3A, further genetic experiments are
necessary to determine the in vivo relevance of Mot3 binding
to & sequences. Future studies of Mot3 function will help
illuminate the function of zinc finger-binding proteins in tran-
scription regulation and the possible role of Mot3 in the reg-
ulation of transcription in vivo.
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