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Adrlp is a regulatory protein in the yeast Saccharomyces cerevisiae that binds to and activates transcription
from two sites in a perfect 22-bp inverted repeat, UAS1, in theADH2 promoter. Binding requires two C2H2 zinc
fingers and a region amino terminal to the fingers. The importance for DNA binding of each position within
UAS1 was deduced from two types of assays. Both methods led to an identical consensus sequence containing
only four essential base pairs: GG(AIG)G. The preferred sequence, TTGG(AIG)GA, is found in both halves of
the inverted repeat. The region of Adrlp amino terminal to the fingers is important for phosphate contacts in
the central region of UAS1. However, no base-specific contacts in this portion of UAS1 are important for DNA
binding or for ADRI-dependent transcription in vivo. When the central 6 bp were deleted, only a single
monomer of Adrlp was able to bind in vitro and activation in vivo was severely reduced. On the basis of these
results and previous knowledge about the DNA binding site requirements, including constraints on the spacing
and orientation of sites that affect activation in vivo, a consensus binding site for Adrlp was derived. By using
this consensus site, potential Adrlp binding sites were located in the promoters of genes known to show
ADRI-dependent expression. In addition, this consensus allowed the identification of new potential target
genes for Adrlp.

One of the most common protein motifs in eukaryotic
DNA-binding proteins is a zinc finger. The first of these motifs
to be discovered, and the most common type, is the Cys2-
His2(C2H2) prototype found in TFIIIA (9, 29, 35, 42). Physical
evidence indicates that each finger interacts primarily with a
3-bp subsite on one strand of DNA, and adjacent fingers
interact with contiguous 3-bp subsites on the same strand (50).
Variations on this theme, however, are beginning to appear
(51). Although more than 600 zinc fingers have been identified,
the binding sites for relatively few are known, and the impor-
tance of each nucleotide within these sites is known for fewer
still. Even for closely related fingers, such as those found in
Zif268 and Spl, there are major differences in the tolerance for
changes in the binding site that are apparently related to
differences in the finger structure (4, 37). Determining the
binding sites, and the permissiveness for alterations within
these sites, could help identify potential targets for zinc finger
proteins.
One well-characterized zinc finger protein is the yeast

transcription factor Adrlp (14, 30). Adrlp activates transcrip-
tion of the ADH2 gene, which encodes a glucose-repressible
alcohol dehydrogenase in Saccharomyces cerevisiae (16). Adrlp
is also important for derepression of some peroxisomal en-
zymes, for peroxisome biogenesis (63), and for growth on
glycerol (3). Adrlp is inactive as a transcription factor in the
presence of glucose (7, 17), although the intact protein is
present and DNA binding appears normal (68). Several mech-
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anisms have been proposed to account for the inactivity of
Adrlp during glucose repression (12, 20, 73).
Adrlp contains two zinc fingers and a region amino terminal

to the fingers, which together are essential for DNA binding (6,
10), and functions through UAS1, a perfect 22-bp repeat in the
ADH2 promoter (21, 61). Each half of the inverted repeat is an
independent, functional binding site for one monomer of
Adrlp. However, both halves of UAS1 must be present in
inverted orientation for transcriptional activation to occur (71,
76).
The binding subsites within UAS1 for fingers 1 and 2 of

Adrlp were identified by genetic means (71). The subsites are
two adjacent triplets of bases, and the fingers interact with
them in an antiparallel fashion; i.e., the amino-terminal finger
binds to the 3' triplet, analogous to the alignment of Zif268
fingers on DNA in the crystal structure (50). The subsite for
finger 2 is apparently unusual. Interaction between a single
arginine in the finger and the corresponding base in UAS1
makes the major contribution to specific DNA binding affinity
by that finger (70). The function, if any, of the remaining 10 bp
in UAS1 is unknown. These base pairs constitute part of the
perfect inverted repeat, suggesting that there is some selection
acting to conserve their identity. They could contact the
amino-terminal arm of Adrlp, which is an essential element in
binding DNA, or be the binding site for another protein that
participates in transactivation in vivo.

Detailed characterization of UAS1 allowed a consensus
binding site to be derived and, consequently, the identification
of yeast genes which are putative targets for Adrlp transacti-
vation. In addition, identification of the apparent phosphate
contacts by ethylation interference revealed the role played by
nonspecific contacts between Adrlp and UAS1. Such contacts
occur throughout UAS1, including the central region where no
base-specific contacts are important. A functional UAS for
Adrlp transactivation consists of a pair of binding sites in
inverted orientation, with appropriate spacing between them.
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Thus, specificity of Adrlp function requires sequence-, orien-
tation-, and spacing-dependent information in the binding
sites.

MATERUILS AND METHODS

Yeast and bacterial strains. The yeast strains used were
SSH35 (10) and KDY10 (A Tao adhlA adh3 adrl::LEU2 leu2
trpl ura3). The bacterial strain used to express the DNA
binding domain of Adrlp was Eschenchia coli MC1061 (40).
Cells were transformed and grown and extracts were prepared
as described previously (69).
DNA binding and enzyme assay. DNA binding and enzyme

assays were performed as described previously (21, 69). Bind-
ing site selection and amplification assays (5) used an oligonu-
cleotide with the sequence CTAGATATCCCTGGATCCTA
ANNNNNNNNGAATTCAGGCTCAAAGCTCAC (RAN).
The two RAN primers used were RAN1 (CTAGATATCCCT
GGATCCTAA) and RAN2 (GTGAGCTTT7GAGCCTGAAT
TC). BamHI and EcoRI sites are underlined. For the first
round of selection, a radioactive oligonucleotide probe was
made with RAN as the template and RAN2 as a primer. A gel
shift assay was used to isolate the protein-bound DNA. The
bound DNA was eluted from the gel and amplified by PCR
using RAN1 and RAN2 as primers. The PCR product was
labeled and used as the template for the next round of
selection. The PCR conditions consisted of 35 cycles of 1 min
at 94°C, 1 min at 52°C, and 1 min at 72°C. PCR-amplified DNA
was then digested with BamHI and EcoRI and cloned into
pUC18 for sequencing. After four rounds of selection, all of
the DNA in the binding reaction could be bound by Adrlp.

Synthesis of mutant Adrlp binding sites. The double-
stranded DNA probes used to determine the binding site
preferences for Adrlp were synthesized from a template
containing 53 nucleotides (SK-wild) and a primer (SK-primer)
containing 18 nucleotides that is complementary to the 3' end
of the longer oligonucleotide, with a 4-bp overhang for cloning
purposes. Their sequences are 5'-GTTCTCCAACl lATAA
GTTGGAGATGCCCGGTGTTCCGGCAGAGGAGA
GGTAC-3' and 5'-CTCTCCTCTGCCGGAACA-3'. UAS1 is
underlined. Manipulation of these oligonucleotides has been
described previously (71). The mutant binding sites contained
symmetric changes at the 11 positions in each half of UAS1 to
the other three possible bases. They are referred to by the
wild-type (WT) base, its position in the 3' binding site (top
strand), followed by the new base. The first base 3' of the
center of dyad symmetry, which is a T, is referred to as position
one; the first base 5' of the center of dyad symmetry, which is
an A, is referred to as 1'. Mutant oligonucleotide SK36
(TAA123CGG) contains changes of the central 6 bp from
TTATAA to CCGCGG. UAS1A2, UAS1A4, and UAS1A6 are
oligonucleotides in which the central 2, 4, and 6 bp, respec-
tively, have been deleted from SK-wild. The sequence of
UAS1-half (SK-half), top strand, is 5'-GTCATGACTCAGG
TAAGTTGGAGATGCCCGGTGTTCCGGCAGAGGAG
AGGTAC-3' (the 3' half of UAS1 is underlined).These oligo-
nucleotides were cloned in the expression vector pLG669Z(K)
as described previously (72).

Ethylation interference. The oligonucleotides used for ethy-
lation interference studies had either a full UAS1 (Sush-9;
UAS1-centered [UAS1-c]) or one half of UAS1 (SK-half; see
above). The sequence of the top strand of UAS1-c is 5'-AA
ATTCTCTTATTTCTCCAACTTATAAGTTGGAGAATG
CCCGTCTGACCC-3'. Oligonucleotides were labeled with
[-y-32P]ATP and T4 polynucleotide kinase, annealed to the

appropriate unlabeled strand, and purified on a 12% polyacryl-
amide gel (38:2 acrylamide/bisacrylamide).

Ethylation interference experiments were performed by
using a modification of procedures described previously (62).
Labeled double-stranded oligonucleotides in 100 ,ul of sodium
cacodylate (pH 8.0) were mixed with an equal volume of
freshly prepared ethanol saturated with ethylnitrosourea. The
samples were incubated for 30 min at 51°C. DNA was precip-
itated in sodium acetate and ethanol, rinsed with 70% ethanol,
dried in vacuo, and then used for binding reactions. Binding
reactions and gel electrophoresis were performed as described
above. Bound and free DNA fragments were eluted from the
gel and purified by chromatography on a Schleicher & Schuell
Elutip. The DNA was cleaved in 100 ,ul of 0.3M KOH-10 mM
EDTA and incubated at 90°C for 30 min. The reaction was
neutralized by addition of 80 ,ul of 0.3 N HCl and 20 ,ul of 3 M
sodium acetate (pH 5.2). The DNA was precipitated by adding
tRNA and ethanol, rinsed with 70% ethanol, dried, and
resuspended in sequencing gel buffer. Cleaved fragments were
separated on a 8 M urea-8% polyacrylamide sequencing gel.

Analysis of GenBank sequences for potential Adrlp binding
sites. The yeast DNA sequences of GenBank 77 were searched
by using Quest (release 5.4) from the IntelliGenetics Suite of
programs (IntelliGenetics, Inc., Mountain View, Calif.) with
the following key: NC(T/C)CC(A/G)(AT/G)N2_18N2_18(T/A/
C)(T/C)GG(A/G)GN. This key was derived from previously
reported Adrlp-UAS1 binding data (71) and the data pre-
sented in Fig. 3 and Table 1.

RESULTS

Critical UAS1 determinants for WT ADR1 binding. A
binding site selection-amplification assay (5) was used to
identify binding sites for Adrlp. To enhance the efficiency of
binding, a truncated version of Adrlp containing the complete
DNA binding domain, amino acids 17 to 229, was expressed in
E. coli and used in the reactions. An oligonucleotide whose
central 8 bp were degenerate was used as the binding substrate
(Fig. 1A). Eight base pairs were chosen for degeneracy because
preliminary results indicated that the Adrlp binding site was
no larger than 8 bp. After four rounds of binding and ampli-
fication, the selected oligonucleotides could be detected by gel
mobility shift assay (data not shown). The amplified products
were cloned into pUC18, and 16 individual clones were
sequenced (Fig. 1B). From these 16 clones, a consensus
sequence was derived (Fig. 1C). The essential requirements for
binding are contained within the 4-bp sequence 5'-GG(A/
G)G-3'. The flanking nucleotides on the 5' and 3' sides were
essentially random, although there did appear to be a bias
toward T at the 3' side. Finding a 4-bp consensus sequence
appears to justify using an oligonucleotide with an 8-bp
degeneracy rather than a larger one. The sequence GGAG is
present in each half of UAS1. Moreover, purines at these
positions were shown to be involved in Adrlp binding by
methylation interference studies (69).
Another type of assay was used to investigate the binding

site in more detail. All possible paired, symmetric mutations
were made at each of the 22 positions in palindromic UAS1.
The ability of Adrlp to bind to a 53-bp oligonucleotide
containing these potential binding sites was tested by gel
retardation analysis using extracts made from E. coli expressing
the same DNA binding domain of Adrlp that was used in the
previous study. A nonsaturating amount of Adrlp was used to
ensure that differences in affinity between the different probes
could be detected. Some of these UAS1 elements were used in
a previous study to identify altered specificity mutants in finger
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UASI(3'half): 5'-TAAGTTGGAGA-3'
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FIG. 3. Binding of Adrlp to UAS1 mutated at positions 5, 6, and
11. Positions in boldface indicate the positions at which alterations
were tested. A binding curve was generated for each probe by using
various amounts of extract protein containing WI Adrlp. The binding
reactions were analyzed by gel electrophoretic mobility shift assays and
were quantitated by densitometry. A* is the inverse of the amount of
protein necessary to bind 30% of the DNA, normalized to the amount
needed to bind 30% of the WI probe. Values of 0.01 are very
approximate.

FIG. 1. Selection and amplification of the binding sites for Adrlp.
(A) Sequence of the degenerate oligonucleotide RAN. The residues at
the randomized positions are shown in capital letters. (B) Binding of
the randomized oligonucleotide was carried out as described in
Materials and Methods. After four rounds of binding and selection, the
bound oligonucleotides were eluted from the gel, amplified, digested
with EcoRI and BamHl, and cloned into pUC18 digested with the
same two restriction enzymes. The sequences of the G-rich strands for
16 cloned fragments are shown. Residues at the originally randomized
position are shown in capital letters. The 5' lowercase nucleotide is
either a c or an a, depending on which degenerate strand was G rich.
(C) Consensus of the 16 sequences. The frequency shows the number
of occurrence of that residue in the 16 sequences.

1 of Adrlp (71). In that study, saturating amounts of Adrlp
were used to detect binding by different mutant proteins.
The results of this directed binding-site mutagenesis con-

firmed the results of the binding-site selection experiments.
High-affinity binding required only four specific base pairs
within each half of UAS1 (Fig. 2). Changing guanines 7, 8, and
10 to any other base resulted in loss of all detectable binding.
Position 9 was equally important, but either purine was accept-
able at this position. Reduced but significant binding was

detected with all changes at positions 5, 6, and 11. At positions
1 to 4, there appeared to be no nucleotide preference, suggest-
ing that base-specific contacts are not important at these
positions.

Positions 5 and 6 are normally occupied by T residues in the
primary, G-rich strand. Since reduced but detectable DNA
binding was observed with all changes at these positions, the
binding affinity for these mutant sites was determined more
quantitatively. For the same reason, the binding affinities for
mutant sites containing changes at position 11 were quantified.
These data are summarized in Fig. 3. The apparent binding
affinity of Adrlp for the mutant sites was 3- to 100-fold lower
than its affinity for the WT site.
These results vindicate the use of the binding site selection

assay. The sequence GG(A/G)G was present in all binding
sites selected from the degenerate oligonucleotide pool. This
sequence was also contained within the best binding sequence,
TTGG(A/G)GA, deduced from the collection of mutant sites
in which one base pair was changed at a time. Additionally,
comparison of these two approaches suggests that it would be
important to use a low concentration of binding protein in the

JAS1

5'TCTCCAACTTA TAAGTTGGAGA3
11109'8'7'6' S'4' 3'2'1' 1 2 3 4 56 7 891011

IJT 2A 3A 4G 5T 6T 7G 8G 9A 10G 11A

WT C G A T C G T C G C A C G A G A T C A T C A T C G -r c A T C GWT

ci aC5apl

Cl 4ploU U ; 4 FSCl

FIG. 2. Binding site specificity ofADRJ. Gel retardation assays using mutant UAS1 probes (based on SK-wild) and an extract ofE. coli MC1061
carrying plasmid pCQ-ADR1(17-229) were carried out as described in Materials and Methods. F, free probe; CI, monomer Adrlp-DNA complex;
CII, two monomers of Adrlp bound to DNA.

A. Degenerate oligonucleotide:

5'---tcctaaNNNNNNNNgaattc----3'
3'---aggattNNNNNNNNcttaag ----5'
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FIG. 4. Effect of deletions and mutations in the center of UAS1 on the binding of two monomers of Adrl(17-229)p. Gel retardation assays

using different UAS1 probes (based on UAS1-wild [see Materials and Methods]) and extracts of E. coli MC1061 expressing Adrl(17-229)p were
performed as described in Materials and Methods. (A) The percentage of complex CII was determined from Phosphorlmager analysis of a gel
retardation analysis similar to that shown in panel B. (B) Lanes from left to right correspond to increasing amounts of E. coli extract (0.05, 0.1,
0.2, 0.4, 0.8, 1, 2, 4, and 8 jig of total protein). Positions of the probe with one and two molecules of Adrl(17-229)p bound are indicated by I and
II, respectively.

selection procedure to obtain an array of binding sites that
faithfully reflects the affinity between the protein and the sites
selected.

Role of the central base pairs in UAS1. The specific nucle-
otide sequence of the central 8 bp separating the two Adrlp
binding sites in UAS1 did not appear to contribute significantly
to Adrlp-DNA binding specificity (Fig. 1 and 2). To provide
further support for this interpretation, the central 6 bp were
changed en bloc from TTATAA to CCGCGG. Adrlp bound
to this altered sequence with high affinity. Both complex I (CI)
and complex II (CII), representing binding of one and two
Adrlp monomers (69), respectively, were observed at the same
protein concentrations as when WT UAS1 was used (33) (Fig.
4). This result confirms that the specific nucleotide sequence of
the central 6 bp does not make a major contribution to Adrlp
binding specificity.
Although the nucleotide sequence of the central positions in

UAS1 appears to be unimportant, the spacing between the
individual Adrlp binding sites might be important for allowing
two monomers of Adrlp to simultaneously occupy UAS1. To
test this possibility, mutant UAS1 sites in which 2, 4, and 6 bp
were deleted from the middle of UAS1 were made. When
these binding sites were tested in gel retardation assays, the
apparent binding affinity, determined as total DNA bound, was
not detectably altered (33). However, the ability to form CII
was significantly affected by deletions of the central base pairs.
The relative abilities of Adrlp to form CII with WT and
mutant UAS1 probes are shown in Fig. 4. The amount of CII
was decreased when UAS1A2 and UAS1A4, which contain
deletions of the central 2 and 4 bp of UAS1, respectively, were
used as probes. No CII was detected when UAS1L6, in which
6 bp were deleted from the center of UAS1, was used as the
probe. This finding indicates that more than 2 bp separating
the two Adrlp binding sites are required for the simultaneous
occupation of each site. Additionally, the formation of CI was
not inhibited by substitution of positions 1 to 6 of UAS1 (Fig.
4). This finding further supports the view that the central base
pairs of UAS1 do not play a role in sequence-specific contacts
between Adrlp and DNA.

Phosphate contacts between Adrlp and UAS1. These results
can be explained in at least two, non-mutually exclusive ways.
The central base pairs could serve a spacing function, prevent-
ing steric interference between the two monomers of Adrlp
but not making direct contact with the protein. Alternatively,

or perhaps in addition, the central base pairs could contribute
nonspecifically to DNA binding affinity through phosphate
backbone contacts with Adrlp. Ethylation interference analy-
sis of Adrlp-UAS1 binding was used to test the latter possi-
bility. Analysis of Adrlp binding to a complete UAS1 element
is shown in Fig. 5. Since UAS1 can be bound by either one or
two molecules of Adrlp, forming two complexes, CI and CII,
respectively, CII was isolated after gel electrophoresis. Analy-
sis of CII yields clearer information about interference because
CI consists of a mixture of DNA-protein complexes containing
one molecule of Adrlp bound to either the left or right half of
the UAS1 palindrome. Thus, if the left half is unable to bind
Adrlp, the right half can be bound, and vice versa, leading to
at most a twofold reduction in signal at positions where
ethylation interferes with binding. Ethylation of phosphates at
positions 10, 9, 8, 5, 10', 9', 8', 3', and 2', on both the top and
bottom strands (see Fig. 8), interfered with binding, suggesting
that Adrlp makes important contacts with about 18 phos-
phates in UAS1.

cpm

B(CII)
T,Y VT v TVY

5' TCTCCAACTTATAAGTTGGAGA3'
3'AGAGGTTGAATATTCAACCTCT 5'

UAS1
FIG. 5. Ethylation interference of two molecules of Adrlp binding

to UAS1. The 50-bp oligonucleotide UAS1-c, 32p labeled on either the
upper or lower strand (data not shown), was modified with ethylnitro-
sourea. Samples were cleaved with KOH and analyzed on a sequencing
gel. The gel was analyzed on a PhosphorImager, and the data were
converted into counts per minute and plotted as shown. Arrowheads
show positions in the sequence where modification interfered with
binding. The UAS1 sequence is aligned approximately with the tracing
of the autoradiogram shown at the top. F, free probe; B(CII), bound
probe.

VOL. 14, 1994



3846 CHENG ET AL.

B

F-

0

0

C)
C)O

A

cpm #v
5' Upper strand 3'

cpm

5'TCTCCAACTTA 3
3'A G A G G T T G A A T 5'

AAA Ak

FIG. 6. Ethylation interference of one molecule of Adrlp binding
to a single site. (A) The 53-bp oligonucleotide UAS1-half with a single
Adrlp binding site, 32p labeled on either the top or bottom strand, was
modified with ethylnitrosourea. Samples were cleaved with KOH and
analyzed on a sequencing gel. G, Maxam-Gilbert DNA sequence
ladder for G residues; F, free probe; B, bound probe. (B) Summary of
the data. The positions at which modification interfered with binding
are indicated with arrowheads.

B

0--4.
04

in

5' TCT CCAAC TTA3'
3'AGAG u T TG AAT5'

JILLkA

ADR1/75-229
1r ADR1/17-229

FIG. 7. Ethylation interference of an Adrlp amino-terminal dele-
tion mutant binding to a single site. (A) The 53-bp oligonucleotide
UAS1-half with a single Adrlp binding site, 32p labeled on either the
top or bottom strand, was modified with ethylnitrosourea and then
used for gel retardation assay with Adrl(17-229)p and the amino-
terminal deletion mutant Adrl(75-229)p. Samples were eluted from
the gel, cleaved with KOH, and analyzed on a sequencing gel. G,
Maxam-Gilbert DNA sequence ladder for G residues; F, free probe.
(B) Summary of the data. The positions at which ethylnitrosourea
modification interfered with binding are indicated by arrowheads for
Adrl(17-229)p and with circles for Adrl(75-229)p.

To determine which phosphate contacts are made by a single
monomer of Adrlp, ethylation interference was carried out on
a single Adrlp binding site. A probe containing one binding
site forms only complex CI, indicating that Adrlp binds to it as
a monomer (69). The results of this analysis were similar to
those obtained when the complete UAS1 element was used.
Ethylation of four phosphates on the upper strand, at positions
10, 9, 8, and 5, and five on the lower strand, at positions 10', 9',
8', 3', and 2', interfered with binding (Fig. 6). Ethylation of one
or two other phosphates may interfere weakly with binding.
Comparison of the apparent phosphate contacts made with the
complete UAS1 and the single Adrlp binding site (Fig. 5 and
6) indicates that the phosphate contacts made by one mono-
mer of Adrlp are confined to one half of UAS1.

It has previously been shown that amino acid residues amino
terminal to the zinc fingers of Adrlp influence DNA binding
(10, 72). Therefore, it is possible that the contacts on the C-rich
strand of the binding site could be due to nonfinger contacts.
To test this possibility, the DNA binding of an Adrl polypep-
tide lacking part of the amino-terminal region, Adrl(75-229)p,
was analyzed by ethylation interference. The interference
pattern for this polypeptide was slightly different than for
Adrl(17-229)p. Specifically, ethylation of phosphates 2' and 3'
no longer interfered with binding (Fig. 7A). To test whether
amino acids carboxy terminal to the zinc fingers make addi-
tional phosphate contacts, another deletion mutant was made.
This mutant contains Adrlp amino acids 75 to 175 and is thus
lacking amino acids 176 to 229 that were included in the
mutant studied above. The interference pattern for Adrl(75-
175)p was the same as that for Adrl(75-229)p (33). Thus, the
amino-terminal region of Adrlp is important for phosphate
contacts made with the C-rich strand of the binding site in the
center of UAS1, while residues carboxy terminal to the fingers
do not contribute additional contacts. Whether the amino-
terminal region contacts DNA directly or is acting through the
finger region is unknown.

Figure 8 summarizes the expected phosphate contacts with
the mutant UAS1 elements containing deletions of the central
base pairs. It is possible for two monomers of Adrlp to bind

simultaneously to a UAS1A2, UAS1A4, or WT UAS1 element
without competition for the same phosphate residues. How-
ever, such competition would be expected to occur with
UAS1A6. Thus, loss of a phosphate contact might be a

sufficient explanation for the loss of CII formation in UAS1A6.
Steric interference might also play a role in preventing joint
occupancy of UAS1A6 by two monomers of Adrlp.

Transactivation from mutant UAS1 elements. In addition to
participating in Adrlp binding, the central region of UAS1
might also serve as a binding site for another protein involved
inADH2 expression. Such a hypothetical binding protein might
either repress transcription or facilitate transactivation. A

UAS1 position
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FIG. 8. Phosphate contacts expected in mutant UAS1 elements.
The positions of phosphate contacts which interfere with two mole-
cules of Adrl(17-229)p bound to WT UAS1 (based on ethylation
interference data) are shown on the first line. Lines A2, A4, and A6
summarize predicted phosphate contacts for mutated UAS1 with 2, 4,
and 6 bp deleted from its center.
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TABLE 1. Mutant UAS1 elements and transactivationa

,B-Galactosidase activityc
UAS1 adrl::Al ADRI (CEN) ADRlc ADRI

element" (CEN) AR

R DR R DR R (2ixm), R

None 0.2 0.4 0.1 0.8 0.1 NM
WT 0.5 0.5 2.1 20 40 170
SK36 0.9 9.9 2.9 28 NM 77
A2 0.5 0.8 2.1 21 37 140
A4 0.6 1.1 3.0 16 87 280
A6 0.4 1.4 1.0 5.0 9.2 11
Half 0.5 2.0 1.0 1.8 1.1 9.0
a The ADRI genotype of SSH35 and KDY1O (both are adrlAl::LEU2) was

manipulated by introducing a plasmid containing TRPI and either wild-type
ADRI, ADRlC (Ser-230-to-Ala change), or the same plasmid lacking ADRI.
Cultures of cells were grown overnight in synthetic medium lacking uracil and
tryptophan for plasmid selection and containing ethanol, glycerol, and lactate
(2% each) and 0.1% glucose (derepressing conditions [DR] were used for the
CEN plasmid-containing cell cultures) or containing 2% glucose (repressing
conditions [R] were used for the 2,um plasmid- and ADRIc-containing cell
cultures), harvested, and assayed.

b UAS1 elements were present in single copy in the CYC-lacZ reporter gene in
plasmid pLG669Z(K), a URA3, 2,um-based plasmid (71, 76). The sequences of
the UAS1 oligonucleotides are given in Materials and Methods.

c Measured for several transformants of SSH35 (CEN plasmid) or KDY10
(2p.m plasmid) and reported in Miller units (43). Average values, which generally
had an error of ±25%, are reported. NM, not measured.

precedent for the former possibility exists in the interaction
between the yeast transcriptional repressor ct2 and its palin-
dromic operator site. The central part of the operator site for
a2 is the binding site for Mcmlp/PRTF/GRF (34, 58), whose
participation is necessary for repression of genes under mat-
ing-type control. To address this possibility, mutant UAS1
elements containing changes in the central base pairs were
tested in vivo for the ability to activate and regulate expression
of a CYCl-lacZ reporter gene. A protein whose binding site
included the central 6 bp of UAS1 would presumably not bind
to UAS1-SK36, UAS1A2, UAS1A&4, or UAS1A&6, in which
some or all of the central 6 bp have been mutated or deleted.
If the central base pairs play a role in repression, then a
reporter gene containing one of these mutant UAS1 elements
should be active during growth under repressing conditions. To
the contrary, however, the activities of the reporters containing
the mutant UAS1 elements were as low as that of the WT
reporter (Table 1, ADR1 [centromeric {CEN}]). This finding
suggests that the central base pairs of UAS1 play at most a very
minor role in repression.

If the central base pairs are the binding site for a protein
required for transactivation, then the reporter genes contain-
ing mutant UAS1 elements should not be active during growth
in derepressing medium. Activation of the reporter genes was
tested in several different contexts: no Adrlp, normal levels of
WT Adrlp or Adrlcp, and high levels of WT Adrlp. Adrlcp
was tested because it is a particularly potent activator of
transcription (17, 20) and thus might allow the detection of
weak binding. The results of this experiment are presented in
Table 1. All three UAS1 deletion mutants, as well as the 6-bp
substitution mutant, were active, and their activities were
ADR1 dependent. Deletion of 2 or 4 bp from the center of
UAS1 had no significant effect on transactivation, but deletion
of 6 bp reduced transactivation from 6- to 30-fold, depending
on the source of Adrlp. However, the reporter containing
UASA6 still activated to levels significantly above background
in each case. Even though some of the activity of the SK36
substitution mutant wasADRI independent, it also exhibited a

substantialADRI dependence. The results obtained with these
mutant UAS1 elements suggest that the central base pairs do
not constitute an important part of a binding site for a protein
other than Adrl that is required for transactivation. The
reduced transactivation from the reporter containing UAS1A6
is consistent with the reduced ability of Adrlp to form a
dimeric complex with this binding site (Fig. 4).
The residual activity of UASA6 was surprising since no

complex CII was detected with UAS1A6 in vitro. In previous
experiments, mutant UAS1 elements able to bind only an
Adrlp monomer or single Adrlp binding sites, even when
repeated in tandem arrays, were unable to activate transcrip-
tion (76). This finding suggests that CII may be able to form on
the mutant UAS1A6 element in vivo, or that Adrlp may be
able to activate transcription from a single binding site, which
is contrary to previous results (76). The latter interpretation
appears not to be the correct explanation for Adrlp expressed
at low levels since a reporter with UAS1-half was inactive with
either WT Adrlp or Adrlcp (Table 1). Thus, it seems likely
that two molecules of Adrlp can weakly bind to UASA6 and
that joint occupancy was not detected in the gel shift assay.

Activation of the UAS-half reporter gene was observed,
however, when Adrlp was overexpressed. The failure to ob-
serve activation when Adrlp is expressed at its normal level
was not due to lack of sensitivity of the reporter gene assay
since Adrlcp, which is significantly more active that WT Adrlp
with all of the other UAS1 elements, did not show any activity
with UAS1-half. The implication of this result is that a single
monomer of Adrlp is competent to activate transcription. The
failure of Adrlp expressed at normal levels to activate from
UAS1-half may be due to failure to bind efficiently in vivo, a
defect that may potentially be overcome by a higher concen-
tration of Adrlp. Although no cooperativity of Adrlp binding
in vitro has been demonstrated (69), this finding suggests that
it may occur in vivo.

Identification of other potential Adrlp target genes in S.
cerevisiae. A computer-aided search for potential Adrlp target
genes in S. cerevisiae was made by using the consensus Adrlp
binding site (T/G/A)(T/C)GG(A/G)G as described in Materi-
als and Methods. The search protocol was designed to locate
two binding sites in inverted orientation spaced at least 4 bp
apart. This arrangement of sites allows optimal ADRJ-depen-
dent transcriptional activation (76) and is thus more likely than
other arrangements to yield binding sites with enhancer activ-
ity. The search examined 2,582 sequences and yielded 455
matches. This number of matches is not significantly different
from the number predicted on the basis of the nucleotide
composition of the yeast genome. Sequences identified by the
search were then screened for UAS1 homology in the 5'
noncoding region of genes transcribed by RNA polymerase II.
Because the maximum distance that UAS1 can be located
upstream from the transcriptional start site and still retain
enhancer activity is not known, any match within approxi-
mately 1,000 nucleotides 5' to the translational start site and
not in a known upstream open reading frame was considered.
These criteria further narrowed the number of matches to 53
and the number of genes with matches to 43. The potential
binding sites located in this search will be referred to as UAS1
homologs and are listed in Table 2.
The nucleotide sequences of the UAS1 homologs are con-

sistent with our observation that the central spacer DNA of
UAS1 appears to provide no base-specific contacts for Adrlp.
Except for the minimum requirement of 4 nucleotides, which
was suggested by the data presented in Table 1, and a
maximum allowance of 36 nucleotides, which was set arbi-
trarily because the maximum size of the spacer DNA allowable
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TABLE 2. Yeast genes with 5' noncoding sequence homology to UAS1

Function Gene Location' 5' site No. of bp of 3' site Referencespacer DNA

Utilization of nonfermentable carbon sources

Carbohydrate metabolism

Nitrogen metabolism and protein synthesis

Cell cycle and differentiation

Miscellaneous

9SF
ADH2
CITI
CTAI
CTA1
CYB2
FOX2
GUT2
MRPL31
POX]
PPA2
RPM2
CDC68
GAL2
MAL61
RAG]
RAG1
SUCI
Suci

Suci

SUC2
SUC3
SUC4
SUCS
SUC7
AR03
DPH2
GDH]
GDHI
GDH1
L12EIIB
L12EIIB
PUT]
PUT3
RPL2A
RPL37A
RPL44
UBI]
UBI3
UBI3
CLB4
CMP2
IMEI
ISC2
RAD52
SIR2
SP07
SPX18
SNQ2
SNQ2
TTR

-206
-271
-285
-158
-158
-114
-163
-333
-135
-246
-108
-473
-587
-276
-193
-442
-442
-418
-418
-418
-378
-423
-423
-423
-423
-427
-279
-699
-603
-474
-1013
-939
-892
-165
-254
-247
-137
-290
-420
-565
-256
-587
-395
-165
-682
-914
-412
-153
-656
-656
-96

CCCCAC
CTCCAA
CCCCGC
CTCCGA
CCCCAC
CTCCAA
CTCCAA
CCCCAC
CTCCGT
CTCCGA
CTCCGC
CTCCGA
CCCCAA
CTCCGA
CTCCAC
CCCCAT
CCCCGC
CTCCGC
CTCCGC
CTCCGC
CCCCAC
CTCCGC
CTCCGC
CTCCGC
CTCCGC
CCCCAC
CTCCAT
CTCCGC
CTCCAT
CTCCAT
CTCCGA
CCCCAC
CCCCGC
CTCCGC
CTCCAA
CTCCGC
CTCCAA
CTCCGT
CCCCAT
CCCCAT
CCCCAT
CTCCGC
CCCCAA
CCCCAC
CTCCAT
CTCCAC
CTCCAA
CTCCAA
CTCCAC
CCCCAT
CTCCAA

14 ACGGAG
8 TTGGAG

26 TTGGAG
20 TTGGAG
10 TTGGAG
8 TTGGAG

33 ATGGGG
19 ACGGGG
14 TCGGAG
36 TTGGGG
8 ACGGAG

27 TCGGGG
12 TTGGAG
32 ATGGGG
9 GTGGGG

22 TTGGGG
12 TTGGGG
34 GTGGAG
22 GTGGAG
10 GTGGAG
15 ATGGAG
10 GTGGAG
10 GTGGAG
10 GTGGAG
11 GTGGAG
34 TCGGAG
9 TCGGAG

33 GTGGGG
23 ATGGGG
4 ACGGGG

34 ACGGGG
14 ACGGAG
32 TTGGAG
19 TTGGAG
21 TCGGAG
12 ACGGAG
36 GCGGAG
11 GTGGAG
28 TTGGGG
4 GTGGAG

20 TCGGAG
28 TTGGAG
33 TTGGGG
7 GTGGAG

32 GTGGGG
4 ATGGAG
10 TCGGAG
5 ACGGAG

22 ACGGAG
11 ACGGAG
20 ATGGAG

Number of nucleotides 5' to the ATG codon at the translational start site.

for UAS activity has yet to be determined experimentally, no

other constraints were placed on the composition of the spacer
DNA. Therefore, biases in the length or composition of this
DNA should reflect Adrlp binding requirements. The spacing
between the binding sites of each match varied randomly, with
three new matches being detected for every two-nucleotide
increase in spacer DNA length. Thus, the spacer DNA of the
UAS1 homologs showed no bias for length. In addition, the
nucleotide composition of the spacer DNA, on average, re-
flected the average composition of the yeast genome. This
finding suggests that the spacer DNA also shows no bias in
nucleotide composition. The genes whose promoter region
contains a UAS1 homolog are discussed below.

DISCUSSION

UAS1 is a 22-bp inverted repeat that is the binding site for
two monomers of Adrip in theADH2 promoter. Activation of
transcription by Adrlp requires two binding sites in inverted
orientation and hence is presumed to require binding of two
monomers. Two monomers bind independently of one another
in vitro to the two identical halves of the palindrome. The
positions and orientations of the two zinc fingers of Adrlp on
their binding sites in UAS1 were determined by analyzing
change-of-specificity mutants ofADRI (71). Two monomers of
Adrlp bind to UAS1 in a tail-to-tail orientation, with each
monomer of Adrlp interacting with bp 7 to 10 in each identical

2
56
67
15
15
28
31
64
26
18
39
44
55
8
47
25
25
32
32
32
32
32
32
32
32
49
11
45
45
45
46
46
74
41
53
57
54
48
48
48
23
38
65
36
1
60
75
25
59
59
24

MOL. CELL. BIOL.



CONSENSUS BINDING SITE FOR Adrlp 3849

half of UAS1. The present studies extend our understanding of
the role of the remaining 7 bp in each Adrlp binding site.
From the crystal structure of Zif268 bound to DNA (50),

positions 5, 6, and 7 in UAS1 were expected to be contact sites
for residues R-149, L-146, and R-143, respectively, of finger 2.
As discussed elsewhere (71), only position 7 appears to be
involved in a strong, base-specific contact. This contact occurs
with R-143 of finger 2. The other residues of finger 2 expected
to contact DNA, Leu-146 and Arg-149, can be changed to Ala
with little loss in DNA binding affinity (70). This finding
suggests that Leu-146 and Arg-149 do not make base-specific
contacts at positions 6 and 5, respectively, in UAS1 and is
consistent with the observed tolerance for base pair substitu-
tions at positions 5 and 6.
A comparison of the crystal structures of protein-DNA

complexes for three different C2H2 class zinc finger proteins
reveals different arrangements of protein-DNA phosphate
contacts. Zif268 makes phosphate contacts with the same
DNA strand on which base-specific contacts were made (50).
The zinc fingers of Gli and TTK, however, contact the phos-
phate backbone and specific bases on both strands (22, 51).
Adrlp-DNA contacts appear to be different from any one of
these three. Base-specific contacts with UAS1 are presumed to
be made on the G-rich strand of the binding site, but extensive
phosphate contacts are made on both strands of the DNA.
Several of the phosphate contacts are in the central region of
UAS1 where no base-specific contacts are important. The
amino-terminal region of Adrlp is important in establishing at
least two of these phosphate contacts. Thus, the central region
of UAS1 has at least one important function, to provide
non-base-specific contacts for Adrlp. Another function may be
to prevent steric interference between two molecules of Adrlp
bound in close proximity to one another. The central base pairs
do not seem to play an important role in gene expression other
than in allowing simultaneous occupancy of UAS1 by two
monomers of Adrlp. That is, it does not appear to be the
binding site for another protein involved in ADH2 gene
expression.

It is difficult to reconcile the conservation of the perfectness
of the palindromic nature of UAS1 with the fact that the
central base pairs do not appear to play an important role in
binding or transactivation. Perhaps our method of analysis is
too crude. For example, maybe these base pairs play a role in
gene expression during some particular growth regimen or only
when the gene is present at its normal chromosomal location.
The circular nature of the plasmid DNA on which these
mutant UAS1 elements were tested might obviate the need for
a particular DNA sequence that facilitated DNA binding and
transcription.

Alternatively, perhaps the palindromic nature of the central
base pairs is fortuitous. This explanation is consistent with the
fact that UAS1 homologs in other ADRJ-dependent genes do
not have a palindromic nature except within the core sequence
which interacts with Adrlp in a base-specific manner.
ADR1 was discovered by Ciriacy (13) because it was an

activator of ADH2 expression. Recently, several other genes
whose expression is ADRI dependent have been discovered
serendipitously (63). Of the genes known to exhibit ADR1-
dependent expression, three were detected by the homology
search conducted with data from the characterization of UAS1
reported here. These genes were ADH2, as expected, FOX2,
which codes for the peroxisomal multifunctional (3-oxidation
protein (31), and CTAI, which codes for the peroxisomal
isozyme of catalase (63). ADRI is required for maximal
expression of CTAI and FOX2 during growth with ethanol as
the sole carbon source (63). In addition, Adrlp binds in vitro

with relatively high affinity to CTAI promoter sequence con-
taining a UAS1 homolog. This finding suggests that the UAS1
homolog in the 5' noncoding sequence of the CTAJ gene may
be functioning as an enhancer element. Two of the genes not
detected by the homology search but which show ADRI-
dependent expression were POT] (FOX3), which codes for
peroxisomal 3-oxoacyl coenzyme A thiolase, and PAS1, which
is essential for peroxisomal assembly (63). The 5' noncoding
sequences of these genes each contain a weak match with the
UAS1 consensus. These matches were considered weak be-
cause one of the binding sites in each UAS1 homolog deviates
from the experimentally derived consensus by one nucleotide.
This deviation should reduce binding of one Adrlp monomer
to the nonconsensus binding site by 100-fold (Fig. 3). Since
activation ofADH2 expression from UAS1 normally requires
the binding of two Adrlp monomers (69), it is possible that
binding in vivo to the WT site of these weak homologs
increases the stability of binding to the nonconsensus site.
Alternatively, the promoter context of these genes might be
such that Adrlp activates expression when bound as a mono-
mer since overexpression of ADRJ does allow a low level of
activation from a single Adrlp binding site. If either is true,
then this suggests that the UAS1 consensus sequence may not
have detected all of the functional UAS1 homologs in the data
base. Currently, however, it also cannot be ruled out that the
imperfect UAS1 homologs may not be functional and the effect
of adrl mutations on expression of these genes is indirect.
Other genes whose promoter sequences contain UAS1

homologs that have been shown to bind Adrlp in vitro are
CYB2, which codes for glucose-repressible cytochrome b2 (27,
28), and SUC2, which codes for invertase (19, 32). The
expression of these genes, however, does not show a clear
dependence on ADRJ (19, 27). The UAS1 homolog in the
CYB2 promoter is located only 8 bp 5' to the TATA element
(28), while the SUC2 homolog is much further removed at 245
nucleotides 5' to the TATA element (32). In comparison,
UAS1 in the ADH2 promoter is located 110 nucleotides 5' to
the TATA element (56), while the UAS1 homologs of CTAJ
and FOX2 are located from 30 to 120 bp 5' to TATA elements
(15, 31). These findings suggest that the positioning of a UAS1
homolog relative to the TATA element may be important for
determining whether the homolog has enhancer activity. Be-
cause of this possible positioning requirement, a number of the
UAS1 homologs detected in our search may not have enhancer
activity.

Previously, it had been demonstrated that Adrlp is required
for optimal growth with glycerol as the sole carbon source (3).
Also required for growth on glycerol are the GUT1 gene, which
codes for glycerol kinase, and the GUT2 gene, which codes for
glycerol phosphate dehydrogenase (66). A UAS1 homolog was
located at -332 in the 5' noncoding sequence of the GUT2
gene. Although the binding of Adrlp to this sequence and the
requirement of ADRI for GUT2 expression have not been
tested, these observations suggest that the UAS1 homolog in
the GUT2 promoter may be functional in vivo. Recently, Pavlik
et al. (52) reported that expression of the GUT] gene is ADRJ
dependent. The 5' noncoding sequence of this gene contains
two Adrlp binding sites. However, they are oriented in tandem
and therefore were not identified by our homology search. It
cannot be ruled out that these single Adrlp binding sites
function as enhancer elements in the context of the GUT]
promoter. An alternative possibility is that a UAS1 homolog
exists upstream of the sequenced 5' noncoding region. How-
ever, this would place the homolog more than 270 nucleotides
5' to the TATA elements, a distance farther upstream than the
UAS1 homolog of SUC2, which does not appear to exhibit
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enhancer activity. It seems more likely that the ADR1 depen-
dence of GUT] is indirect, perhaps reflecting coordinate
regulation with GUT2 expression.

Given the specific classes of genes identified in this UAS1
homology search, Adrlp may play an even broader role in
yeast cell physiology and growth than had been previously
suspected. In general, the genes containing UAS1 homologs
could be grouped into four main categories: those involved in
the utilization of nonfermentable carbon sources, those in-
volved in carbohydrate metabolism, those involved in nitrogen
metabolism and protein synthesis, and those involved in cell
cycle and differentiation. Most of the UAS1 homologs were

located in the promoters of nonessential genes, which is
consistent with the observation that ADR1 is not an essential
gene. The genes involved in carbohydrate metabolism included
three that code for sugar transporters: RAG1, which codes for
the S. cerevisiae homolog of the Kluyveromyces lactis low-
affinity glucose transporter; GAL2, which codes for the galac-
tose permease (8); and MAL61, which codes for the maltose
permease (47). The UAS1 homologs in the 5' flanking se-

quence of the GAL2 and MAL61 genes partially overlap
previously defined upstream activation sequences. It was also
particularly interesting to note that six of the identified genes

code for protein subunits of ribosomes; five are subunits of the
60S subunit, and one is a subunit of the 40S subunit. In
addition, GDHI, which codes for a key enzyme involved in
ammonia utilization (45), and IME], which is required for
activating the expression of genes required for sporulation and
the initiation of meiosis (60), were also identified in the search.
If the expression of these and other key genes containing
UAS1 homologs is altered by Adrlp binding, then Adrlp may

be involved in coordinating the control of carbon source

utilization, growth rate, and differentiation with carbon and
nitrogen source availability.

ACKNOWLEDGMENTS

We thank M. Carlson and J. New, who generously provided the
SUC2 promoter; B. Guiard for sharing his results with us; M.
Schmiedeskamp and R. Klevit for providing Adrl(75-175)p; and other
members of our laboratory for their support.

This research was supported by grants GM26079 and GM33779
from the National Institutes of Health.

REFERENCES
1. Adzuma, K., T. Ogawa, and H. Ogawa. 1984. Primary structure of

the RAD52 gene in Saccharomyces cerevisiae. Mol. Cell. Biol.
4:2735-2744.

2. Akashi, A., Y. Yoshida, H. Nakagoshi, K. Kuroki, T. Hashimoto,
K. Tagawa, and F. Imamoto. 1988. Molecular cloning and expres-

sion of a gene for a factor which stabilizes formation of inhibitor-
mitochondrial ATPase complex from Saccharomyces cerevisiae. J.
Biochem. 104:526-530.

3. Bemis, L. T., and C. L. Denis. 1988. Identification of functional
regions in the yeast transcriptional activator ADR1. Mol. Cell.
Biol. 8:2125-2131.

4. Berg, J. M. 1992. SP1 and the subfamily of zinc finger proteins with
guanine-rich binding sites. Proc. Natl. Acad. Sci. USA 89:11109-
11110.

5. Blackwell, T. K., and H. Weintraub. 1990. Differences and simi-
larities in DNA binding preferences of MyoD and E2A protein
complexes revealed by binding site selection. Science 250:1104-1110.

6. Blumberg, H., A. Eisen, A. Sledziewski, D. Bader, and E. T. Young.
1987. Two zinc fingers of a yeast regulatory protein shown by
genetic evidence to be essential for its function. Nature (London)
328:443-445.

7. Blumberg, H., T. A. Hartshorne, and E. T. Young. 1988. Regula-
tion of expression and activity of the yeast transcription factor
ADR1. Mol. Cell. Biol. 8:1868-1876.

8. Bram, R. J., N. F. Lue, and R. D. Kornberg. 1986. A GAL family
of upstream activating sequences in yeast: roles in both induction
and repression of transcription. EMBO J. 5:603-608.

9. Brown, R., C. Sanders, and P. Argos. 1985. The primary structure
of transcription factor TFIIIA has twelve consecutive repeats.
FEBS Lett. 186:271-274.

10. Camier, S., N. Kacherovsky, and E. T. Young. 1992. A mutation
outside the two zinc fingers of ADR1 can suppress defects in
either finger. Mol. Cell. Biol. 12:5758-5767.

11. Cheret, G., L. C. Mattheakis, and F. Sor. 1993. DNA sequence
analysis of the YCN2 region of chromosome XI in Saccharomyces
cerevisiae. Yeast 9:661-667.

12. Cherry, J. R., T. R. Johnson, C. Dollard, J. R. Shuster, and C. L.
Denis. 1989. Cyclic AMP-dependent protein kinase phosphory-
lates and inactivates the yeast transcriptional activator ADR1. Cell
56:409-419.

13. Ciriacy, M. 1975. Genetics of alcohol dehydrogenase in Saccharo-
myces cerevisiae. II. Two loci controlling synthesis of the glucose-
repressible ADH II. Mol. Gen. Genet. 138:157-64.

14. Ciriacy, M. 1979. Isolation and characterization of further cis- and
trans-acting regulatory elements involved in the synthesis of
glucose-repressible alcohol dehydrogenase (ADHII). Mol. Gen.
Genet. 176:427-431.

15. Cohen, G., W. Rapatz, and H. Ruis. 1988. Sequence of the
Saccharomyces cerevisiae CTAI gene and amino acid sequence of
catalase A derived from it. Eur. J. Biochem. 176:159-163.

16. Denis, C. L., M. Ciriacy, and E. T. Young. 1981. A positive
regulatory gene is required for accumulation of the functional
messenger RNA for the glucose-repressible alcohol dehydroge-
nase from Saccharomyces cerevisiae. J. Mol. Biol. 148:355-368.

17. Denis, C. L., and C. Gallo. 1986. Constitutive RNA synthesis for
the yeast activator ADR1 and identification of the ADR1-Sc
mutation: implications in posttranslational control of ADR1. Mol.
Cell. Biol. 6:4026-4030.

18. Dmochowska, A., D. Dignard, R. Maleszka, and D. Y. Thomas.
1990. Structure and transcriptional control of the Saccharomyces
cerevisiae POX1 gene encoding acyl-coenzyme A oxidase. Gene
88:247-252.

19. Dombek, K. M. Unpublished data.
20. Dombek, K. M., S. Camier, and E. T. Young. 1993. ADH2

expression is repressed by REG1 independently of mutations that
alter the phosphorylation of the yeast transcription factor ADR1.
Mol. Cell. Biol. 13:4391-4399.

21. Eisen, A., W. E. Taylor, H. Blumberg, and E. T. Young. 1988. The
yeast regulatory protein ADR1 binds in a zinc-dependent manner
to the upstream activating sequence of ADH2. Mol. Cell. Biol.
8:4552-4556.

22. Fairall, L., J. W. R. Schwabe, L. Chapman, J. T. Finch, and D.
Rhodes. 1993. The crystal structure of a two zinc finger peptide
reveals an extension to the rules for zinc finger-DNA interactions.
Nature (London) 366:483-487.

23. Fitch, I., C. Dahmann, U. Surana, A. Amon, K. Nasmyth, L.
Goetsch, B. Byers, and B. Futcher. 1992. Characterization of four
b-type cyclin genes of the budding yeast Saccharomyces cerevisiae.
Mol. Biol. Cell 3:805-818.

24. Gan, Z.-R. 1992. Cloning and sequencing of a gene encoding yeast
thioltransferase. Biochem. Biophys. Res. Commun. 187:949-955.

25. GenBank. Release no. 77. (Accompanying annotations.)
26. Grohmann, L., H.-R. Graack, and M. Kitakawa. 1989. Molecular

cloning of the nuclear gene for mitochondrial ribosomal protein
YmL31 from Saccharomyces cerevisiae. Eur. J. Biochem. 183:155-
160.

27. Guiard, B. Personal communication.
28. Guiard, B. 1985. Structure, expression and regulation of a nuclear

gene encoding a mitochondrial protein: the yeast L(+)-lactate
cytochrome c oxidoreductase (cytochrome b2). EMBO J. 4:3265-
3272.

29. Harrison, S. C. 1991. A structural taxonomy of DNA-binding
domains. Nature (London) 353:715-719.

30. Hartshorne, T. A., H. Blumberg, and E. T. Young. 1986. Sequence
homology of the yeast regulatory protein ADR1 with Xenopus
transcription factor TFIIIA. Nature (London) 320:283-287.

31. Hiltunen, J. K., B. Wenzel, A. Beyer, R. Erdmann, A. Fossa, and

MOL. CELL. BIOL.



CONSENSUS BINDING SITE FOR Adrlp 3851

W.-H. Kunau. 1992. Peroxisomal multifunctional ,-oxidation pro-
tein of Saccharomyces cerevisiae: molecular analysis of the FOX2
gene and gene product. J. Biol. Chem. 267:6646-6653.

32. Hohmann, S., and D. Gozalbo. 1988. Structural analysis of the 5'
regions of yeast SUC genes revealed analogous palindromes in
SUC, MAL, and GAL. Mol. Gen. Genet. 211:446-454.

33. Kacherovsky, N. Unpublished data.
34. Keleher, C. A., C. Goutte, and A. D. Johnson. 1988. The yeast

cell-type-specific repressor a2 acts cooperatively with a non-cell-
type-specific protein. Cell 53:927-936.

35. Klug, A., and D. Rhodes. 1987. Zinc fingers: a novel protein motif
for DNA recognition. Trends Biochem. Sci. 1:464-469.

36. Kobayashi, T., Y. Hotta, and S. Tabata. 1993. Isolation and
characterization of a yeast gene that is homologous with a
meiosis-specific cDNA from a plant. Mol. Gen. Genet. 237:225-
232.

37. Kriwacki, R. W., S. C. Schultz, T. A. Steitz, and J. P. Caradonna.
1992. Sequence-specific recognition of DNA by zinc-finger pep-
tides derived from transcription factor SP1. Proc. Natl. Acad. Sci.
USA 89:9759-9763.

38. Liu, Y., S. Ishii, M. Tokai, H. Tsutsumi, 0. Ohki, R. Akada, K.
Tanaka, E. Tsuchiya, S. Fukui, and T. Miyakawa. 1991. The
Saccharomyces cerevisiae genes (CMP1 and CMP2) encoding cal-
modulin-binding proteins homologous to the catalytic subunit of
mammalian protein phosphatase 2B. Mol. Gen. Genet. 227:52-
59.

39. Lundin, M., H. Baltscheffsky, and H. Ronne. 1991. Yeast PPA2
gene encodes a mitochondrial inorganic pyrophosphatase that is
essential for mitochondrial function. J. Biol. Chem. 266:12168-
12172.

40. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

41. Marczak, J. E., and M. C. Brandriss. 1991. Analysis of constitutive
and noninducible mutations of the PUT3 transcriptional activator.
Mol. Cell. Biol. 11:2609-2619.

42. Miller, J., A. D. Mclachlan, and A. Klug. 1985. Repetitive zinc
binding domains in the protein transcription factor TFIIIA from
Xenopus oocytes. EMBO J. 4:1609-1614.

43. Miller, J. H. 1972. Experiments in molecular genetics. Cold Spring
Harbor Laboratory, Cold Spring Harbor, N.Y.

44. Morales, M. J., Y. L. Dang, Y. C. Lou, P. Sulo, and N. C. Martin.
1992. A 105-kDa protein is required for yeast mitochondrial
RNAse P activity. Proc. Natl. Acad. Sci. USA 89:9875-9879.

45. Nagasu, T., and B. D. Hall. 1985. Nucleotide sequence of the GDH
gene coding for the NADP-specific glutamate dehydrogenase of
Saccharomyces cerevisiae. Gene 37:247-253.

46. Newton, C. H., L. C. Shimmin, J. Yee, and P. P. Dennis. 1990. A
family of genes encode the multiple forms of the Saccharomyces
cerevisiae ribosomal proteins equivalent to the Escherichia coli L12
protein and a single form of the L10-equivalent ribosomal protein.
J. Bacteriol. 172:579-588.

47. Ni, B., and R. B. Needleman. 1990. Identification of the upstream
activating sequence of MAL and the binding sites for the MAL63
activator of Saccharomyces cerevisiae. Mol. Cell. Biol. 10:3797-
3800.

48. Ozkaynak, E., D. Finley, M. J. Solomon, and A. Varshavsky. 1987.
The yeast ubiquitin genes: a family of natural gene fusions. EMBO
J. 6:1429-1439.

49. Paravicini, G., G. Braus, and R. Hutter. 1988. Structure of the
AR03 gene of Saccharomyces cerevisiae. Mol. Gen. Genet. 214:
165-169.

50. Pavletich, N. P., and C. 0. Pabo. 1991. Zinc finger-DNA recogni-
tion: crystal structure of a Zif268-DNA complex at 2.1A. Science
252:809-817.

51. Pavletich, N. P., and C. 0. Pabo. 1993. Crystal structure of a
five-finger GLI-DNA complex: new perspectives on zinc fingers.
Science 261:1701-1707.

52. Pavlik, P., M. Simon, T. Schuster, and H. Ruis. 1993. The glycerol
kinase (GUTJ) gene of Saccharomyces cerevisiae: cloning and
characterization. Curr. Genet. 24:21-25.

53. Presutti, C., A. Lucioli, and L. Bozzoni. 1988. Ribosomal protein
L2 in Saccharomyces cerevisiae is homologous to ribosomal protein

Li in Xenopus laevis: isolation and characterization of the genes. J.
Biol. Chem. 263:6188-6192.

54. Remacha, M., M. T. Saenz-Robles, M. D. Vilella, and J. P. G.
Ballesta. 1988. Independent genes coding for three acidic proteins
of the large ribosomal subunit from Saccharomyces cerevisiae. J.
Biol. Chem. 263:9094-9101.

55. Rowley, A., R. A. Singer, and G. C. Johnston. 1991. CDC68, a yeast
gene that affects regulation of cell proliferation and transcription,
encodes a protein with a highly acidic carboxyl terminus. Mol.
Cell. Biol. 11:5718-5726.

56. Russell, D. W., M. Smith, V. M. Williamson, and E. T. Young.
1983. Nucleotide sequence of the yeast alcohol dehydrogenase II
gene. J. Biol. Chem. 258:2674-2682.

57. Santangelo, G. M., J. Tornow, C. S. McLaughlin, and K. Moldave.
1991. Screening a yeast promoter library leads to the isolation of
the RP29/L32 and SNR17B/RPL37A divergent promoters and the
discovery of a gene encoding ribosomal protein L37. Gene 105:
137-138.

58. Sauer, R. T., D. L. Smith, and A. D. Johnson. 1988. Flexibility of
the yeast a2 repressor enables it to occupy the ends of its operator,
leaving the center free. Genes Dev. 2:807-816.

59. Servos, J., E. Haase, and M. Brendel. 1993. Gene SNQ2 of
Saccharomyces cerevisiae, which confers resistance to 4-nitroquino-
line-N-oxide and other chemicals, encodes a 169 kDa protein
homologous to ATP-dependent permeases. Mol. Gen. Genet.
236:214-218.

60. Shore, D., M. Squire, and K. A. Nasmyth. 1984. Characterization
of two genes required for the position-effect control of yeast
mating-type genes. EMBO J. 3:2817-2823.

61. Shuster, J., J. Yu, D. Cox, R. V. L. Chan, M. Smith, and E. T.
Young. 1986. ADRJ-mediated regulation of ADH2 requires an
inverted repeat sequence. Mol. Cell. Biol. 6:1894-1902.

62. Siebenlist, U., and W. Gilbert. 1980. Contacts between Escherichia
coli RNA polymerase and an early promoter of phage T7. Proc.
Natl. Acad. Sci. USA 77:122-126.

63. Simon, M., G. Adam, W. Rapatz, W. Spevak, and H. Ruis. 1991.
The Saccharomyces cerevisiaeADRI gene is a positive regulator of
transcription of genes encoding peroxisomal enzymes. Mol. Cell.
Biol. 11:699-704.

64. Sleep, D., J. E. Ogden, N. A. Roberts, and A. R. Goodey. 1991.
Cloning and characterisation of the Saccharomyces cerevisiae
glycerol-3-phosphate dehydrogenase (GUT2) promoter. Gene
101:89-96.

65. Smith, H. E., S. S. Y. Su, L. Neigeborn, S. E. Driscoll, and A. P.
Mitchell. 1990. Role of IMEI expression in regulation of meiosis
in Saccharomyces cerevisiae. Mol. Cell. Biol. 10:6103-6113.

66. Sprague, G. F., Jr., and J. E. Cronan Jr. 1977. Isolation and
characterization of Saccharomyces cerevisiae mutants defective in
glycerol catabolism. J. Bacteriol. 129:1335-1342.

67. Suissa, M., K. Suda, and G. Schatz. 1984. Isolation of nuclear
yeast genes for citrate synthase and fifteen other mitochondrial
proteins by a new screening method. EMBO J. 3:1773-1781.

68. Taylor, W. E., and E. T. Young. 1990. cAMP-dependent phosphor-
ylation and inactivation of yeast transcription factor ADRI does
not affect DNA binding. Proc. Natl. Acad. Sci. USA 87:4098-4102.

69. Thukral, S. K., A. Eisen, and E. T. Young. 1991. Two monomers of
yeast transcription factor ADR1 bind a palindromic sequence
symmetrically to activate ADH2 expression. Mol. Cell. Biol. 11:
1566-1577.

70. Thukral, S. K., M. Morrison, and E. T. Young. 1991. Alanine
scanning site-directed mutagenesis of the zinc fingers of transcrip-
tion factor ADR1: residues that contact DNA and that transacti-
vate. Proc. Natl. Acad. Sci. USA 88:9188-9192.

71. Thukral, S. K., M. Morrison, and E. T. Young. 1992. Mutations in
the zinc fingers of ADR1 that change the specificity of DNA
binding and transactivation. Mol. Cell. Biol. 12:2784-2792.

72. Thukral, S. K., M. A. Tavianini, H. Blumberg, and E. T. Young.
1989. Localization of a minimal binding domain and activation
regions in yeast protein ADRI. Mol. Cell. Biol. 9:2360-2369.

73. Vallari, R. C., W. J. Cook, D. C. Audino, M. J. Morgan, D. E.
Jensen, A. P. Laudano, and C. L. Denis. 1992. Glucose repression
of the yeast ADH2 gene occurs through multiple mechanisms,
including control of the protein synthesis of its transcriptional

VOL. 14, 1994



3852 CHENG ET AL. MOL. CELL. BIOL.

activator, ADR1. Mol. Cell. Biol. 12:1663-1673.
74. Wang, S.-S., and M. C. Brandriss. 1987. Proline utilization in

Saccharomyces cerevisiae: sequence, regulation, and mitochondrial
localization of the PUT] gene product. Mol. Cell. Biol. 7:4431-
4440.

75. Whyte, W., L. H. Keopp, J. Lamb, J. C. Crowley, and D. B. Kaback.

1990. Molecular cloning of chromosome I DNA from Saccharo-
myces cerevisiae: isolation, characterization and regulation of the
SP07 sporulation gene. Gene 95:65-72.

76. Yu, J., M. S. Donoviel, and E. T. Young. 1989. Adjacent upstream
activation sequence elements synergistically regulate transcription
ofADH2 in Saccharomyces cerevisiae. Mol. Cell. Biol. 9:34-42.


