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ABSTRACT: Hap1 belongs to the Zn2Cys6 zinc binuclear cluster family of transcription factors that typically
bind as dimers to symmetric DNA sites containing two CGG triplets separated by spacer DNA. The
cluster domain binds CGG while an adjoining C-terminal linker and dimerization helix specifies the length
of spacer DNA recognized. Hap1 is unusual in binding a direct repeat of CGG triplets, in contacting a
TA in the spacer DNA, and in making direct dimer contacts between its cluster domains. Binding of
Hap1 fragments to different DNA sites was tested to determine how these interactions control Hap1-
DNA recognition. The spacer TA contacts were found to facilitate monomer binding of Hap1 to a single
CGG. When the spacer-binding residues were deleted, binding was still specific for the direct repeat but
was much weaker and appeared to require dimerization. When the dimerization helix and all subsequent
C-terminal residues were deleted, the remaining linker, cluster domain, and spacer-binding residues still
dimerized on DNA. The energy of this dimerization was comparable to that of the Hap1-spacer TA
interaction. Moving the TA from the spacer to a position following the second CGG maintained Hap1
monomer binding but greatly weakened dimerization. This suggested that binding a TA after the second
CGG triplet required a geometry that impaired dimerization with a Hap1 molecule on the first CGG. The
geometric restraints for optimal TA binding and dimerization thus drive Hap1 selectivity for CGG direct
repeat sites that contain an asymmetrically positioned spacer TA following the first CGG triplet.

The transcription factor Hap1 (heme activation protein 1)
mediates heme-induced transcription of genes in the yeast
Saccharomyces cereVisiae. Hap1 binds to DNA and activates
transcription in a heme-dependent fashion, coordinating the
expression of heme-containing proteins such as cytochromes
with the availability of their required heme cofactor (1). Hap1
belongs to a large family of fungal transcription factors
including GAL4, PPR1, and PUT3 that contain a Zn2Cys6

binuclear cluster within their DNA-binding domain. These
proteins can be delineated at the primary sequence level into
DNA-binding, dimerization, and transactivation regions. The
zinc cluster forms the core of an∼40 residue domain within
the DNA-binding region that recognizes CGG DNA se-
quences. The zinc cluster transcription factors typically bind
as dimers to sites containing two CGG triplets separated by
a specific length of spacer DNA. The sites are usually sym-
metric with the CGG triplets arranged as an inverted repeat
(CGG-Ni-CCG; N is any nucleotide) or an everted repeat
(CCG-Ni-CGG), although at least one member binds mono-
merically to single CGG sites (2-5). At least for those mem-
bers that bind to inverted repeats, the structure of linker and
dimerization domains immediately C-terminal to the zinc
cluster domain specifies which length of spacer DNA is
recognized (2).

Hap1 exhibits several unusual properties in DNA binding
compared with the other zinc binuclear cluster transcription
factors. Instead of binding to a symmetric repeat of CGG
triplets, Hap1 binds to a direct repeat of CGG triplets. Hap1

also has a strong TA sequence preference in the spacer DNA,
with a preferred binding site of 5′-CGG-N3TAN-CGG-3′ (6).
Domain-swapping experiments indicate that Hap1’s specific-
ity for the direct repeat sequence is controlled by its cluster
domain and preceding residues, rather than by its C-terminal
linker and dimerization helices (7). Hap1 is also unusual in
binding to sites containing a direct repeat of CGC triplets
separated by six base pairs with affinity similar to that of
binding to sites containing CGG triplets. Transcriptional
activation from the CGC sites is lower than from the CGG
sites, and this appears to be solely dependent on the differ-
ence in the triplet sequence. This suggests that the DNA may
allosterically regulate Hap1, a conclusion supported by
studies of Hap1 variants containing mutations in the DNA-
binding region (8-10).

Hap1’s unusual DNA-binding properties likely result from
a complex set of protein-protein and protein-DNA interac-
tions that are evident in the crystal structure of a Hap1
fragment bound to a direct repeat of CGC (not CGG) triplets
(11). Despite forming a nonsymmetric head-to-tail dimer on
the DNA, the Hap1 zinc cluster domains bound each CGC
triplet in a manner similar to that of the cluster domains of
other transcription factors binding to CGG. Also like other
zinc cluster transcription factors, dimer contacts were medi-
ated by Hap1 C-terminal helices (Figure 1). However, other
interactions were unique to Hap1. Residues N-terminal to
the “upstream” Hap1 molecule (bound to the more 5′ CGC
triplet) extended over the minor groove of the spacer DNA
and made base contacts to the preferred TA sequence and
electrostatic contacts to the phosphodiester backbone (Figure
1). Extensive dimer contacts also occurred among the two
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cluster domains with the linker (especially Trp100) and
N-terminal residue (Leu62) of the upstream Hap1 molecule
(Figure 1). Furthermore, the N-terminus of the dimer helix
of the upstream Hap1 molecule packed against the down-
stream cluster domain (Figure 1). While the sum of these
interactions must control Hap1-DNA recognition, the rela-
tive contribution of each interaction is not known.

Multiple intermolecular interactions are often evident in
the structures of transcription factor-DNA complexes (12).
In addition, the large multiprotein complexes that assemble
at gene promoters in vivo to regulate transcription are
themselves stabilized by multiple protein-protein and protein-
DNA contacts. Given its complexity in DNA-site recognition,
Hap1 provides a model for probing how the interplay of
multiple distinct interactions can control DNA recognition.
The basis for Hap1-DNA site recognition was investigated
by comparing the binding of different Hap1 fragments to
different DNA sites. This allowed for systematically testing
the effects of eliminating discrete interactions. The results
demonstrate that a simultaneous optimization of distinct
intermolecular interactions determines the DNA-binding
specificity of Hap1, and that perturbations to individual
interactions can modulate the Hap1 binding affinity and, very
likely, its binding geometry.

MATERIALS AND METHODS

Recombinant Expression and Purification of Hap1 Frag-
ments. Expression plasmids for the various Hap1 fragments

were generated by subcloning from a copy of the full-length
Hap1 gene in the plasmid pKP(SD5-Hap1) obtained from
the laboratory of Dr. Leonard Guarente (MIT). The Hap1-
(1-146) and Hap1(62-149) fragments were expressed from
pET-3b-derived plasmids. The expression plasmid for the
Hap1(1-146) fragment was generated by inserting the
portion of the Hap1 gene encoding residues 1-445 into
pET-3b (13), followed by restriction cutting, filling in, and
religation at theAVaI restriction site at the codon for residue
146. The resulting plasmid encoded Hap1 residues 1-146
followed by nine non-native residues, Asp-Arg-Glu-Gln-Gln-
Pro-Val-Tyr-Gly. An analogous expression plasmid for
Hap1(62-146) encoded the same nine non-native residues
at the C-terminus as well as an N-terminal Met. The Hap1-
(1-99) and Hap1(54-99) fragments were expressed as
fusions to the maltose-binding protein (MBP).1 DNA encod-
ing for the corresponding fragment of Hap1 was amplified
from the Hap1 gene by PCR (polymerase chain reaction)
and inserted into the pMAL-c2 plasmid (New England
Biolabs). The sequence of all recombinant expression plas-
mids was verified by DNA sequencing.

The Hap1(1-146) and Hap1(62-146) fragments were
expressed inEscherichia coliBL21-DE3 cells grown in
Luria-Bertani medium. Hap1(1-146) was induced for 4 h
at 37°C with 0.3 mM IPTG (isopropylâ-D-thiogalactopy-
ranoside) and 50µM ZnSO4, and Hap1(62-146) was
induced overnight at 25°C with 0.03 mM IPTG and 50µM
ZnSO4. Harvested cells were lysed by sonication in 20 mM
Tris, 200 mM KCl, 5 mMâME (â-mercaptoethanol), and 1
mM PMSF (phenylmethylsulfonyl fluoride) at pH 8 (lysis
buffer). The lysates were clarified by centrifugation and
applied to a hydroxylapatite column from which the proteins
were eluted with a potassium phosphate gradient at pH 6.
Pooled fractions were applied to a Q-Sepharose column
equilibrated with 20 mM Tris, 25 mM NaCl, and 5 mMâME
at pH 8 (buffer Q). The proteins eluted in the flow-through
and were loaded onto an S2 column on a BioRad Biologic
system equilibrated with 20 mM MOPS and 5 mMâME
at pH 6.5 from which the proteins were eluted by a
NaCl gradient. After purification, the Hap1(1-146) and
Hap1(62-146) appeared as single bands on Coomassie-
stained SDS-PAGE gels.

The Hap1(54-99) and Hap1(1-99) fragments were
expressed as MBP fusions inE. coli BL21 cells grown at
37 °C and induced with 0.3 mM IPTG and 50µM ZnSO4.
Harvested cells were lysed by sonication in lysis buffer, and
the lysates were clarified by centrifugation and applied either
to an SP-Sepharose column [MBP-Hap1(1-99)] or to a
Q-Sepharose column [MBP-Hap1(54-99)] equilibrated
with buffer Q and developed with a NaCl gradient. MBP-
Hap1-containing fractions were applied to an amylose
column equilibrated with buffer Q containing 150 mM NaCl
from which the fusions were eluted with 10 mM maltose.
The Hap1 fragments were cleaved from MBP by factor Xa

proteolysis. The MBP-Hap1(1-99) digest was passed over
a Mono Q column (Amersham-Pharmacia) equilibrated with
Q buffer from which Hap1(1-99) was collected in the flow-
through and further purified by chromatography on a Mono

1 Abbreviations: EDTA, ethylenediaminetetraacetic acid; MBP,
maltose-binding protein; SDS-PAGE, sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis.

FIGURE 1: Representation of the crystal structure of a Hap1
fragment dimerized on a DNA site containing a direct repeat of
CGC triplets (PDB code 1hwt) (11). The upstream Hap1 molecule
is shown in white and the downstream Hap1 molecule in dark gray
with distinct regions defined by stripes and residue numbers
(62-95 for the zinc cluster domains, 96-100 for the linkers, and
101-128 for the dimerization helices). Residues 71 and 87 mark
the ends of helices 1 and 2, respectively, within the cluster domains.
The zinc atoms in the cluster domains are shown as gray spheres,
and the CGC triplet bases are colored black. Side chains contacting
the spacer TA and two dimerization side chains (Leu62 and Trp100)
are shown for the upstream Hap1 molecule. The figure was rendered
with the molecular graphics program MolMol (21).

Basis for Hap1-DNA Binding Specificity Biochemistry, Vol. 43, No. 43, 200413817



S column equilibrated with buffer Q. The MBP-Hap1(54-
99) digest was chromatographed on a Mono S column to
purify Hap1(54-99).

Prior to DNA-binding experiments, the Hap1 fragments
were dialyzed into 10 mM Tris, 50 mM KCl, and 2µM
ZnCl2. Protein concentrations were determined by direct
measurement of absorbance at 280 nm using calculated
extinction coefficients (14) or by determining the Cys
concentration (six Cys/Hap1 molecules) by denaturing the
proteins in 6 M guanidine-HCl, 30 mM Tris, 10 mM NaCl,
10 mM EDTA, and 1 mM 5,5′-dithiobis(2-nitrobenzoic acid)
(DTNB) at pH 7.

DNA-Binding Experiments and Analysis. The binding of
Hap1 fragments to DNA was monitored using the polyacryl-
amide gel electrophoretic mobility shift assay. For the
binding reactions, purified Hap1 fragments were mixed with
1.5 nM 32P-end-labeled duplex DNA and 1µg of poly(dI‚
dC) -poly(dI‚dC) (Amersham-Pharmacia) as nonspecific
DNA in DNA-binding buffer containing 10 mM Tris, 50
mM KCl, 1 mM dithiotreitol (DTT), and 6% glycerol at pH
7.5 in a total volume of 20µL. All labeled duplexes
contained 24 base pairs based on the direct repeat site
sequence 5′-CACACGGACTTATCGGTCTGTCAG-3′. The
duplexes also contained four nucleotide overhangs at each
end of the complementary strand (GATC at the 5′ end and
AGCT at the 3′ end). The binding reactions were incubated
for 15 min prior to electrophoresis at a constant 250 V on
15% polyacrylamide gels (75:1 acrylamide/bisacrylamide).
The gel and running buffers were TB/2 (44.5 mM Tris, 44.5
mM boric acid). EDTA was omitted from the buffers to avoid
chelation of zinc from the Hap1 fragments. The binding
reactions and electrophoresis were performed at 22°C. The
labeled DNAs on the gels were detected by autoradiography
and phosphorimaging.

For analysis of the gel-shift binding data, phosphorimage
band intensities were quantified using the ImageQuant
software (Molecular Dynamics). The fraction of DNA shifted
in each band was calculated by dividing the integrated
intensity of the band by the sum of the integrated intensities
of all bands present in the same lane of the gel, including
the free DNA. The titrations to the direct repeat site were fit
using a model in which Hap1 bound to two sites on a single
DNA duplex with dissociation constantsKH for a higher
affinity site andKL for a lower affinity site. For the model,
Hap1 dimerized cooperatively on the DNA with dissociation
constantKC. The partition function for this model was 1+
[P]/KH + [P]/KL + [P]2/(KCKHKL), where [P] was the protein
concentration. The fitting was performed using the Mar-
quardt-Levenberg algorithm as implemented in SigmaPlot
3.0.

Light Scattering and NatiVe Gel Electrophoresis. Multi-
angle light scattering was measured on a DAWN EOS
multiangle light scattering detector in series with an Optilab
refractive index detector for determination of protein con-
centration (Wyatt Technology Corp.). Approximately 200
µg of Hap1(1-146) was chromatographed on a Superdex75
gel filtration column equilibrated with 20 mM Tris and 300
mM NaCl at pH 8, and the column elution was passed
directly through the light scattering instrument. The 300 mM
NaCl prevented interaction of Hap1 fragments with the
Superdex75 resin and did not affect the pattern of band shifts
when tested in the gel-shift assay. Molar masses were

calculated using the ASTRA software (Wyatt Technology).
Native gel electrophoresis was performed on a 15% poly-
acrylamide gel with gel and running buffers of 10 mM Tris
and 50 mM KCl. Protein samples were loaded in the DNA-
binding reaction buffer. The gel was run at 40 mA constant
current with opposite polarity of standard SDS-PAGE gels.
Methylene blue was used as a tracking dye in a separate
lane.

RESULTS

To compare the contributions of different intermolecular
interactions to Hap1-DNA recognition, DNA-binding ex-
periments were carried out using Hap1 fragments and DNA
sites illustrated in Figure 2A. The DNA sites were based on
an optimal Hap1 direct repeat sequence of CACACGGACT-
TATCGGTCTGTCAG identified by in vitro selection (6).
This site contained the preferred TA sequence in the spacer
DNA (underlined), positioned as N3TA after the upstream
CGG triplet, and had no similarly positioned TA following
the downstream CGG. The largest fragment, Hap1(1-146),
contained Hap1 residues 1-146, which included the
DNA-binding and dimerization elements identified in the
X-ray crystal structure of the Hap1(56-135)-DNA complex
(11). A shorter Hap1(62-146) fragment began two residues
before the first cluster domain Cys and eliminated all DNA-
binding residues N-terminal to the zinc cluster domain
(Figure 2A, an initiating Met substituted for residue 61).
Hap1(1-99) retained the N-terminal residues but elimi-
nated the dimerization helix and the only linker residue
(Trp100) that directly participates in dimerization (Figure
2A). Hap1(54-99) eliminated all residues preceding the
DNA-spacer-binding residues as well as the dimerization
helix (Figure 2A).

The Hap1 protein fragments were purified following
recombinant expression inE. coli. In a previous cross-linking
study, a Hap1(55-148) fragment showed only weak, if any,
dimerization in solution (7). Consistent with this, multiangle
light scattering showed Hap1(1-146) to be mostly mono-
meric. Hap1(1-146) eluted as a single major peak near 10
mL on a Superdex75 gel filtration column, monitored by
changes in the refractive index (Figure 2B). The calculated
molar mass across this peak, along with the 90° light
scattering and refractive index signals, is shown in Figure
2C. Across most of the peak the calculated molar mass was
near 20 kDa, consistent with the 17.4 kDa Hap1(1-146)
being primarily monomeric. The average molar mass ap-
proached 30 kDa near the leading edge of the peak, sug-
gesting some Hap1(1-146) could have been dimeric. How-
ever, in native gel electrophoresis at the lower concentrations
used for DNA-binding experiments, both Hap1(1-146) and
Hap1(1-99) (with the dimerization helix deleted) migrated
as single bands, suggesting essentially single oligomeric
states (Figure 2D).

Hap1 Residues N-Terminal to the Cluster Domain Stabilize
Monomeric Binding to DNA. Within the Hap1 dimer-DNA
complex, residues 55-59 preceding the upstream Zn2Cys6

cluster domain bound the spacer DNA between the pair of
CGC triplets, making base contacts to the spacer TA and
phosphodiester contacts (Figure 1). The importance of these
contacts was initially tested by comparing the ability of
Hap1(1-146) and Hap1(62-146) to discriminate between
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the canonical Hap1 direct repeat site with sites con-
taining either a symmetric “inverted repeat” of CGG triplets
(CGG-N6-CCG) or a symmetric “everted repeat” of CGG
triplets (CCG-N6-CGG) (listed in Figure 2A). Symmetric
repeats are typical of sites bound by other zinc cluster
transcription factors, with CGG-N6-CCG matching the
sequence recognized by PPR1.

Gel shifts of DNA binding by Hap1(1-146) were very
similar to those reported for Hap1(56-146) (7). As seen in
Figure 3A, a titration of Hap1(1-146) to the direct repeat
site caused DNA shifts consistent with DNA complexes
containing either one or two bound Hap1 molecules, while
a titration to the inverted repeat site showed only a shift for
a single bound Hap1 molecule. In the inverted repeat, the
orientation of the downstream CGG was reversed (Figure
2A). Reversing instead the upstream CGG to form the everted
repeat greatly weakened all Hap1(1-146)-DNA complexes,
both those containing a single Hap1 molecule and those
containing two (Figure 3B and below). Since the everted
repeat contained an unaltered downstream CGG, this CGG
must be bound by Hap1 much more weakly than the
upstream CGG that was followed by the N3TA sequence.
Consistent with this, Hap1(1-146) bound to a site containing
only the upstream CGG triplet (downstream CGG changed
to ACA) in a manner very similar to that of the inverted
repeat (Figure 3B), and it bound to a site containing only
the downstream CGG triplet in a manner very similar to
that of the everted repeat (below). Underscoring the impor-
tance of the N3TA sequence following the upstream CGG,
changing the spacer TA to CT resulted in much weaker
Hap1(1-146) binding (Figure 3C). A similar weakened

binding was reported for the HAP(56-148) fragment when
only the T in the spacer TA sequence was changed to C (7).

The binding titrations demonstrated that Hap1(1-146)
bound cooperatively to the direct repeat site. At 4µM, Hap1
formed complexes of both one and two bound Hap1 mole-
cules on the direct repeat site (Figure 3A), but only com-
plexes containing one Hap1 molecule on the site containing
a single upstream CGG, and no complexes on the everted
repeat site that contained an unaltered downstream CGG
(Figure 3B). Thus, at 4µM, Hap1 binding to the downstream
CGG required an appropriately oriented upstream CGG, as
found in the direct repeat. In all likelihood, binding of a Hap1
molecule to the upstream CGG stabilized the binding of a
second Hap1 molecule to the downstream CGG through
cooperative protein-protein interactions. This cooperativity
in Hap1-DNA binding had been previously reported (7) and
was likely mediated by the extensive dimer interface apparent
in the Hap1-DNA crystal structure (11). This interface
contained both coiled-coil and cluster domain-cluster do-
main contacts (Figure 1). However, the relative contribution
of each of these contacts to cooperative dimerization was
not known.

Compared with Hap1(1-146), the Hap1(62-146) frag-
ment with all N-terminal residues deleted bound much more
weakly to the direct repeat site (Figure 3A). For example,
only a small fraction of the direct repeat site duplex was
shifted by 4 µM Hap1(62-146) compared with>50%
shifted by 4µM Hap1(1-146) (Figure 3A). In addition,
Hap1(62-146) showed only a single shifted band compared
with the two bands apparent with Hap1(1-146). This single
band likely represented a dimer complex of Hap1(62-146)

FIGURE 2: (A) Schematic representation of the Hap1 constructs and many of the DNA sites used in this study. The Hap1 domains as found
in the crystal structure (11) are labeled “N” for the N-terminal residues that contact the spacer DNA, “zinc” for the zinc cluster domain,
“link” for the linker domain, and “coil-coiled” for the dimerization helix. (B, C) Multiangle light scattering of Hap1(1-146). Panel B
shows the refractive index difference signal for Hap1(1-146) eluting from a Superdex75 gel filtration column. Panel C shows the 90° light
scattering signal (L.S., solid line), the refractive index difference signal (R.I., dashed line), and the calculated molar mass (dots) across the
main refractive index peak at 10 mL in panel B. (D) Native electrophoretic gel of different concentrations of Hap1(1-99) (lanes 1-3) and
of Hap1(1-146) (lanes 5-7) stained with Coomassie dye.
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since its mobility was between those of the monomer and
dimer bands of the Hap1(1-146), as expected for its total
molecular weight (Figure 3A). The much weaker binding
of Hap1(62-146) indicated that the missing N-terminal
residues provided substantial affinity in Hap1-DNA binding
that was especially critical for monomeric binding. In
addition, while they might have contributed to dimerization
in Hap1(1-146), the N-terminal residues were not required
for dimerization in Hap1(62-146).

Despite the weaker binding to the direct repeat site, Hap1-
(62-146) still exhibited a preference for the direct repeat
site over the inverted repeat site, for which no band shift
was observed (Figure 3A). No shift of the inverted repeat
site was detected even when the Hap1(62-146) concentra-
tion was increased to 20µM (not shown). Hap1(62-146)
also did not bind to the everted repeat or to the single up-
stream CGG sites (Figure 3B). This suggested that dimer-
ization required a direct repeat orientation of CGG triplets.

Hap1 N-Terminal and Cluster Domain Residues Are
Sufficient for Dimerization. A previous study showed that a
chimeric protein containing the Hap1 cluster domain and six
N-terminal residues (Hap1 residues 56-95) fused to the
linker and dimerization helix of PPR1 maintained a DNA-
binding specificity for the Hap1 direct repeat site. This
indicated that the Hap1 cluster domain and N-terminal
residues were sufficient to specify binding to the Hap1 direct
repeat site, perhaps by contributing to dimerization (7).
Another study showed that Hap1 fragments missing dimer-
ization helix residues 105-135 still dimerized on DNA

although these fragments contained additional C-terminal
residues predicted to form dimer helices (15). To directly
test whether and by how much these residues alone (with-
out other dimerization elements) contribute to Hap1-DNA
site discrimination, we compared the binding of the
Hap1(1-146) fragment with that of Hap1(1-99), for which
the last linker residue (Trp100) and all additional C-terminal
residues were deleted. If Hap1 dimerized in the same manner
as other zinc cluster transcription factors, Hap1(1-99) was
expected to lose all cooperativity and show only monomer
binding to the direct repeat site.

Figure 4 shows titrations of Hap1(1-146) and
Hap1(1-99) binding to the direct repeat DNA-binding site.
Like Hap1(1-146), Hap1(1-99) caused two shifted DNA
bands, indicating two distinct protein-DNA complexes
(Figure 4). Consistent with these being complexes containing
one and two bound Hap1(1-99) molecules, each of the two
shifted bands migrated faster than the corresponding band
observed with the larger Hap1(1-146) as seen in the last
lane of Figure 4B (a comparison is also shown in Figure 4A
with Hap1(1-99) in the last lane).

Hap1(1-99) binding and Hap1(1-146) binding to the
inverted and everted repeat sites and to the single CGG sites
were also compared (Figure 5A,B). In all cases the pattern
of Hap1(1-99) binding was much more similar to that of
Hap1(1-146) than that of Hap1(62-146) seen in Figure 3.
Both Hap1(1-99) and Hap1(1-146) showed relatively high
affinity, monomer-only binding to the inverted repeat, and
much weaker binding to the everted repeat. Also like Hap1-

FIGURE 3: DNA gel shifts of Hap1(62-146) and Hap1(1-146) binding to different DNA duplexes. (A) DNA gel shifts of Hap1(62-146)
(lanes 1-8) and Hap1(1-146) (lanes 9-14) binding to the direct and inverted repeat site duplexes. (B) DNA gel shifts of Hap1(62-146)
(lanes 1-3 and 6-8) and Hap1(1-146) (lanes 4-5 and 9-10) binding to the everted repeat and single upstream CGG sites. (C) DNA gel
shifts for Hap1(1-146) binding to a direct repeat site with the spacer TA (CACACGGACTTATCGGTCTGTCAG) and without the spacer
TA (CACACGGACTCTTCGGTCTGTCAG).
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(1-146), Hap1(1-99) bound similarly well to the inverted
repeat and to the single upstream CGG (with N3TA) sites
(Figure 5A,C), and it bound weakly to the everted repeat
and to the single downstream CGG (no N3TA) sites (Figure
5B,D). Changing the spacer TA to CT greatly weakened
Hap1(1-99) binding as it did for Hap1(1-146), verifying
the importance of the Hap1-TA interaction (Figure 6). Only
a small amount of the CT-containing site was shifted by 7
µM Hap1(1-99), while>50% of the TA-containing site was
shifted by 5µM HAP(1-99) (lanes 1 and 6 in Figure 6).
Thus, both Hap1 fragments had greater affinity for the
upstream CGG followed by N3TA than for the downstream
CGG with no TA.

As with Hap1(1-146), Hap1(1-99) binding to the di-
rect repeat site was cooperative, with the binding of a
Hap1(1-99) molecule to the upstream CGGN3TA enhancing
the binding of a second Hap1(1-99) molecule to the
downstream CGG without the N3TA. For example, at 1µM,
Hap1(1-99) bound as a monomer to the upstream-only CGG
site but did not bind at all to the downstream-only CGG site
(Figure 5C,D). When the upstream and downstream CGGs
were combined in the direct repeat site, 1µM Hap1(1-99)
shifted much of the DNA as a complex with two bound Hap1
molecules, indicating that binding occurred to the down-
stream as well as to the upstream CGG (Figure 4). Thus,
despite the elimination of all C-terminal dimerization helices,
Hap1(1-99) retained the ability to bind cooperatively as a
dimer to the direct repeat site. The dimerization most likely
arose from within residues 1-95 (N-terminal residues and

cluster domain) since linker residues 96-99 did not directly
participate in the dimer interface in the Hap1-DNA crystal
structure.

Hap1(1-99) and Hap1(1-146) did show some differences
in DNA binding. While Hap1(1-146) bound to the direct
repeat over the same concentration range as Hap1(1-99), it
showed slightly greater cooperativity as evidenced by higher
ratios of dimer to monomer complex for similar amounts of
DNA shifted (Figure 4). This was verified by quantitating
the band intensities as described below. The greater coop-
erativity likely resulted from additional dimerization con-
tacts made by the C-terminal linker and helix residues
in Hap1(1-146). A second difference was that while
Hap1(1-146) and Hap1(1-99) bound to the direct re-
peat site over similar ranges of protein concentration,
Hap1(1-146) consistently bound more weakly to the single
CGG, the inverted repeat, and the everted repeat sites than
did Hap1(1-99) (Figure 5). Since Hap1(1-146) was pri-
marily monomeric in solution (Figure 2), the C-terminal
linker and helix residues of Hap1(1-146) may have been
unstructured in the monomeric state and impeded monomer
binding. Hap1(1-146) also differed from Hap1(1-99) in
showing very weak dimer formation on the everted repeat
and the single downstream sites, while Hap1(1-99) showed
only monomer binding to these sites (Figure 5B,D). This
could reflect weak nonspecific binding or weak dimerization
mediated by the C-terminal linker and helix domains.

Hap1 Residues 1-53 Do Not Significantly Contribute to
DNA Binding. In the crystal structure of the Hap1(56-135)-
DNA complex, residues 57-60 preceding the Zn2Cys6 cluster
domain were responsible for making the extensive con-
tacts to the spacer DNA. In addition to these residues, the
Hap1(1-146) and Hap1(1-99) fragments also contained the
preceding residues 1-55. To determine if residues 1-55
contributed to Hap1-DNA binding and/or dimerization, a
fragment containing Hap1 residues 54-99 was generated and
its binding was compared with that of Hap1(1-99). As seen
in Figure 7, Hap1(54-99) bound to the direct repeat, the
single upstream CGG, and the single downstream CGG du-
plexes in a manner very similar to that of Hap1(1-99) (com-
pare with Figures 4 and 5). The DNA shifts were consistent
with the formation of monomer and dimer complexes on the
direct repeat site but only monomer complexes on the single
CGG duplexes. As expected given the smaller size of Hap1-
(54-99), the monomer and dimer complexes showed greater
mobility than the monomer complex of HAP(1-99). Like
Hap1(1-99), Hap1(54-99) bound the upstream CGG duplex
with much greater affinity than the downstream CGG duplex
(Figure 7A). When both were tested at 2µM protein, Hap1-
(54-99) and Hap1(1-99) shifted similar proportions of
DNA into monomer and dimer complexes, indicating similar
binding affinities (Figure 7B; by phosphorimage quantitation,
33% of the total DNA was shifted as monomer complexes
by both proteins, while 54% [Hap1(54-99)] and 59% [Hap1-
(1-99)] were shifted into dimer complexes). Thus, Hap1
residues 1-53 did not contribute significantly to Hap1
monomer or dimer binding to DNA.

RelatiVe Strengths of Hap1 Intermolecular Interactions.
To estimate the relative strengths of the Hap1 dimerization
and the Hap1-DNA interactions, the gel-shift data were
quantified by phosphorimaging and analyzed by a simple
model in which Hap1 molecules bound a high-affinity CGG

FIGURE 4: DNA gel shifts for Hap1(1-146) (A) and Hap1(1-99)
(B) binding to the direct repeat binding site, CACACGGACT-
TATCGGTCTGTCAG. For reference, the last lane in the Hap1-
(1-146) titration gel in (A) shows binding by Hap1(1-99) and
the last lane in the Hap1(1-99) gel in (B) shows binding by Hap1-
(1-146). In lane 10 in (A) much of the DNA was trapped in the
well. This was periodically observed at the higher concentrations
of Hap1 fragments.
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(CGGN3TA) with dissociation constantKH and a low-affinity
CGG (CGG with no N3TA) with dissociation constantKL

and dimerized cooperatively on a direct repeat with dis-
sociation constantKC (see the Materials and Methods). Only
relative differences in dissociation constants could be
determined since the gel shifts do not represent true solution
equilibrium conditions, and since the weak binding to the
low-affinity CGG sites precluded accurate quantitation. All
analyses were based on experiments employing a constant
0.05 µg/µL nonspecific DNA (∼2000-fold excess in base
pairs compared to the labeled DNA). In the absence of
nonspecific DNA, 1µM Hap1(1-146) shifted essentially
all the direct repeat site duplex (not shown), consistent with
a 46 nMKD reported for Hap1(55-135) binding in solution

to a direct repeat in the absence of nonspecific DNA (10).
The 0.05µg/µL nonspecific DNA used in these experiments
was sufficient to block Hap1 shifts of an 18 base pair duplex
containing no CGG or CGC (sequence CTTGACTGACT-
GATCAAG, data not shown).

The monomeric binding of Hap1(1-99) to the single
upstream CGG and the inverted repeat sites in Figure 5A,C

FIGURE 5: Comparisons of Hap1(1-99) and Hap1(1-146) binding to different DNA sites. (A) Hap1(1-99) (lanes 1-7) and Hap1(1-146)
(lanes 8-13) binding to the inverted repeat site. Lanes 14 and 15 show binding of each Hap1 fragment to the direct repeat site for reference.
(B) Hap1(1-99) (lanes 1-5) and Hap1(1-146) (lanes 6-9) binding to the everted repeat site. Lanes 10 and 11 show binding of each Hap1
fragment to the direct repeat site for reference. (C) Hap1(1-99) (lanes 1-8) and Hap1(1-146) (lanes 9-15) binding to the single upstream
CGG site. (D) Hap1(1-99)and Hap1(1-146) binding to the single downstream CGG site, with binding to the direct repeat (D.R.) shown
in lanes 1 for reference.

FIGURE 6: Hap1(1-99) and Hap1(1-146) binding to the direct
repeat site containing no spacer TA. The spacer TA was changed
to CT (CACACGGACTCTTCGGTCTGTCAG). Lanes 1 and 2
show Hap1(1-99) and Hap1(1-146) binding to the direct repeat
site for reference. DNA retention in the well in lane 9 may have
resulted from sample precipitation.

FIGURE 7: Comparison of DNA binding by Hap1(54-99) and
Hap1(1-99). (A) DNA gel shifts for Hap1(54-99) binding to the
direct repeat (DR), the single upstream CGG (up), and the single
downstream CGG (dwn) sites. Lane 5 shows binding by Hap1-
(1-99) to the direct repeat site for reference. (B) DNA gel shifts
for 2 µM Hap1(54-99) and 2µM Hap1(1-99) binding to the direct
repeat.
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were fit by single-site binding isotherms withKH ) 1.1 (
0.1 and 0.51( 0.04µM, respectively (Figure 8A), suggesting
a dissociation constant of 0.5-1 µM. Formally, the inverted
repeat fit provided 1/K ) 1/KH + 1/KL since two CGGs were
present, butKL was.KH (below). The single downstream
CGG and the everted repeat site data (Figure 5B,D) were
too weak to accurately fitKL, so KL was estimated to be
∼50-100µM using the percent DNA shifted at the highest
Hap1(1-99) concentrations. Even with the uncertainty in
KL, the spacer TA clearly enhanced monomeric CGG binding
by Hap1(1-99) on the order of 100-200-fold, corresponding
to values of∆∆G° [) -RT ln(KL/KH)] of -2.7 to-3.1 kcal/
mol.

Hap1(1-99) binding to the direct repeat site in Figure 4B
was fit by the two-CGG model withKH ) 0.68 ( 0.0.05
µM and KC ) 0.023( 0.002 whenKL was constrained to
100 µM (Figure 8B). The data for the monomer and dimer
complexes were fit together to obtain the best overall fit.
KH was within the range of 0.5-1.1 µM determined from
the upstream single CGG and inverted repeat site data.
Although KL was less well determined, the productKCKL

was well determined since changes inKL were compensated
by opposite changes inKC in the fitting to generate identical
curves (this was becauseKL . KH). The best fit forKCKL

was 2.3µM, which was only∼3-fold greater thanKH )
0.68µM (KCKL/KH ) 3.4, Table 1), indicating that the energy
of Hap1(1-99) dimerization on the direct repeat largely
compensated for the absence of the TA in the downstream
CGG site.KCKL/KH only varied from 2.2 to 4.0 forKH

FIGURE 8: Fits of Hap1(1-99) and Hap1(1-146) DNA gel-shift data by binding models. (A) Fits of Hap1(1-99) binding to single CGG,
inverted repeat, and everted repeat sites. The upstream single CGG site data are from Figure 5C and were fit withKH ) 1.1 µM, the
inverted repeat data are from Figure 5A and were fit withKH/(1 + KH/KL) ) 0.51µM (the average dissociation constant for two CGGs),
the single downstream CGG site data are from Figure 5D and were fit withKL ) 100µM, and the everted repeat data are from Figure 5B
and were fit withKL ) 50 µM. Due to weak binding, only the last two points were used to determineKL for the single downstream CGG
and everted repeat sites. (B) Fit of Hap1(1-99) binding to the direct repeat site. The data are from Figure 4 and were fit withKH ) 0.68
µM and KC ) 0.023 withKL constrained to 100µM. (C) Fits of Hap1(1-146) binding to the single upstream CGG and inverted repeat
sites. The single upstream CGG site data are from Figure 5C and were fit withKH ) 5.3 µM, and the inverted repeat data are from Figure
5A and were fit withKH/(1 + KH/KL) ) 3.4 µM. (D) Fit of Hap1(1-146) binding to the direct repeat site. The data are from Figure 4 and
were fit with KH ) 0.54 µM and KC ) 0.0019 withKL constrained to 250µM.

Table 1: Dissociation Constants for HAP1 Fragment Binding to the
Direct Repeat Site

dissociation constantsa

fragment KH (µM) KL (µM) KC KCKL (µM)

Hap1(1-99) 0.68( 0.05 (100) 0.023( 0.002 2.3( 0.2
Hap1(1-146) 0.54( 0.15 (250) 0.0019( 0.0004 0.48( 0.12

a KH andKL are dissociation constants for Hap1 binding to a high-
affinity CGG-containing site and a low-affinity CGG-containing site,
respectively.KC is a dissociation constant for Hap1 cooperative di-
merization on the DNA.KL was constrained to the value in parentheses
on the basis of fits of the single downstream CGG and the everted
repeat binding data.

Basis for Hap1-DNA Binding Specificity Biochemistry, Vol. 43, No. 43, 200413823



constrained to 0.5-1.1 µM. In terms of free energy, the
dimerization of Hap1(1-99) provided a∆G° ) -RT ln(1/
KC) of approximately-2.2 kcal/mol of stabilization.

Fits of Hap1(1-146) DNA-binding data followed the same
trends as those of Hap1(1-99). Binding to the single
upstream CGG and that to the inverted repeat duplexes in
Figure 5A,C were fit withKH ) 3.4-5.3 µM (Figure 8C),
weaker than the 0.5-1.1µM for Hap1(1-99). An upper limit
of KL g 250µM, also weaker than the 50-100µM for Hap1-
(1-99), was estimated from the amount of monomer
complex on the everted repeat at 13µM Hap1(1-146)
(Figure 5D). WithKL constrained to 250µM, Hap1(1-146)
binding to the direct repeat in Figure 4 was best fit withKH

) 0.54( 0.15µM andKC ) 0.0019( 0.0004 (Figure 8D).
KCKL was a constant 0.48µM for different constrained values
of KL. Unlike for Hap1(1-99), theKH determined from the
Hap1(1-146) direct repeat data was not consistent with the
upstream single CGG and inverted repeat titrations (0.54µM
vs 3.4-5.3 µM), suggesting greater complexity in DNA
binding. Nonetheless, Hap1(1-146) appeared to exhibit
greater cooperativity than Hap1(1-99) as evidenced by
smallerKC andKCKL (Table 1). ForKL ) 250µM, the∆G°
[) -RT ln(1/KC)] for Hap1(1-146) dimerization was-3.7
kcal/mol compared with-2.2 kcal/mol for Hap1(1-99).

Asymmetry in Hap1 Dimer Formation on the Direct
Repeat. In the crystal structure of Hap1 bound to the CGC
direct repeat site, the two Hap1 fragments in the dimer do
not make identical DNA contacts. The upstream Hap1
fragment makes TA base contacts to the neighboring N3TA
sequence with its N-terminal residues, while the downstream
Hap1 fragment does not, despite the downstream presence
of an identical N3TA sequence (Figure 1). We wished to
determine if an N3TA sequence following the downstream
CGG in a direct repeat site could stabilize Hap1 dimer
formation if no N3TA were present in the upstream CGG.
As seen in Figure 9, removing the upstream spacer TA in
the direct repeat site greatly weakened Hap1(1-146) DNA
binding, as described above. Inserting the TA after the
downstream CGG almost fully restored binding to the direct
repeat (Figure 9A). Essentially identical results were obtained
with Hap1(1-99) (Figure 9B; compare with the original
upstream TA site in Figure 4 and with the no-TA site in
Figure 6). These results indicate that a Hap1 molecule can
make base contacts to an N3TA sequence following the
downstream CGG and cooperatively stabilize binding of
another Hap1 molecule to the upstream CGG. This is the
converse for Hap1 binding to the original direct repeat, where
binding of a Hap1 molecule to an upstream CGGN3TA
stabilized binding of a second Hap1 molecule to the
downstream CGG without the N3TA.

For both Hap1(1-146) and Hap1(1-99) the cooperativity
in dimer formation was not fully restored in binding to the
CGG-N6-CGG-N3TAN site compared with the original
CGG-N3TAN-CGG-N6 site. As seen in Figure 9A, the ratio
of dimer to monomer complexes at 0.9 and 4.3µM Hap1-
(1-146) was much lower for the downstream N3TA-
containing site than for the upstream N3TA-containing site.
A similar reduction in the ratio of dimer to monomer
complexes was observed with Hap1(1-99) (compare Figure
9B with Figure 4). The Hap1(1-99) titration to the site
containing the downstream N3TA sequence in Figure 9B was
best fit by the two-CGG-binding model withKH ) 1.0 µM

andKC ) 0.16 whenKL was constrained to 100µM (Figure
9C). The monomeric binding affinitiesKH and KL were
consistent with those for the direct repeat site although the
high-affinity site was now downstream and the low-affinity
site was upstream. However,KC ) 0.16 was much larger
(weaker dimerization) than theKC ) 0.022 determined for
the original direct repeat site. Thus, moving the N3TA
sequence from the upstream to the downstream CGG triplet
destabilized dimerization. This could occur if the TA
interaction stabilized the dimer interface of the Hap1(1-
99) molecule bound to the upstream CGG triplet or if it
forced the downstream Hap1(1-99) molecule to adopt an
altered position over the DNA that weakened its contacts
with the upstream-bound Hap1 molecule (see the Discus-
sion). In either case the contributions to DNA recognition

FIGURE 9: DNA gel shifts for Hap1(1-99) and Hap1(1-146)
binding to direct repeat sites containing different positions of the
N3TA sequence. (A) Gel shift for Hap1(1-146) binding to the direct
repeat containing an upstream TA only (in the spacer; lanes 1-4),
a downstream TA only (lanes 5-8), or no TA (lanes 9-12). (B)
Hap1(1-99) (lanes 1-7) and Hap1(1-146) (lanes 8-13) binding
to the direct repeat containing a downstream TA only. Lanes 14
and 15 show binding to the site containing the upstream TA only.
(C) Fit of the Hap1(1-99) titration to the downstream TA site (data
in (B)) with the direct repeat site binding model. The curve is for
KH ) 0.95µM, KC ) 0.16, andKL ) 100µM. The sequences for
the binding sites were CACACGGACTTATCGGTCTGTCAG for
the upstream TA, CACACGGACTCTTCGGTCTTACAG for the
downstream TA, and CACACGGACTCTTCGGTCTGTCAG for
the no-TA sites.
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made by the N3TA contacts and the dimer contacts are not
completely independent but show some interdependence.

DISCUSSION

The level of expression of genes in eukaryotes is largely
determined by the composition of large multiprotein com-
plexes formed at the genes’ promoters. These complexes
include transcription factors whose presence depends on
cellular conditions and signaling pathways extending beyond
the nucleus. The complexes are assembled through multiple
protein-protein and protein-DNA interactions so that the
overall level of transcription of a gene depends on the
summation of multiple distinct macromolecular interactions.
The binding of Hap1 to its DNA site provides a simple model
for quantifying how the multiple individual interactions
observed in complex protein-DNA assemblies contribute
to overall stability and DNA site specificity of multiprotein-
DNA complexes. Hap1 exhibits protein-base contacts in
both the major and the minor grooves of the DNA,
nonspecific base contacts to the phosphodiester backbone,
and protein-protein contacts in dimerization. Hap1 also
provides a model for understanding how the interplay of
multiple interactions can affect the geometry of the complex,
which in turn can further modulate the level of transcription.
By comparing the binding of different Hap1 fragments to
different DNA-binding sites, this study provides insight into
how individual macromolecular interactions contribute to
DNA sequence recognition and DNA-binding stability.

Hap1-Spacer DNA Contacts. The minor groove spacer
contacts by residues preceding a cluster domain are one of
the distinguishing features of the Hap1-DNA crystal
structure. This interaction is similar to that observed for
homeodomains in which major groove contacts by a helix-
turn-helix motif are augmented with minor groove contacts
by extended N-terminal residues (see, e.g., refs16 and17).
For Hap1, this minor groove interaction is especially critical
for stabilizing monomer binding. Deleting all residues
preceding the cluster domain in the Hap1(62-146) fragment
abolished all monomer binding. The only DNA shift
observed with Hap1(62-146) was consistent with a dimer
complex, suggesting that removing the N-terminal residues
effectively turned Hap1 into a conventional zinc cluster
protein that depended on dimerization for DNA association.
Furthermore, Hap1(62-146) bound DNA much more weakly
than Hap1(1-146), indicating that the spacer DNA contacts
contributed substantial energy for binding DNA of∼3 kcal/
mol. Much of this energy must come from base contacts (vs
phosphodiester contacts) since changing the spacer TA to
CT was sufficient to greatly weaken Hap1(1-146) and Hap1-
(1-99) DNA binding. Consistent with the crystal structure
of the Hap1-DNA complex, the critical N-terminal residues
must lie within residues 54-61 since deleting residues 1-53
in Hap1(54-99) did not significantly alter monomer and
dimer binding compared with that of Hap1(1-99).

Hap1-Hap1 Dimer Contacts. One surprise in the Hap1-
DNA binding analysis was finding that the cluster domain-
cluster domain interaction observed in the crystal structure
was sufficient to dimerize Hap1 on DNA. Although previous
studies suggested this interaction could contribute to dimer-
ization, the Hap1 fragments used either included a dimer-
ization domain from another zinc cluster protein (PPR1) or

had helix residues 105-135 deleted but contained residues
following 135 that were predicted to contain dimerization
helices (7, 15). In this study the Hap1(1-99) and Hap1-
(54-99) fragments contained only four linker residues
(residues 96-99) after the cluster domain but still dimerized
almost as well as the Hap1(1-146) that contained the
C-terminal dimerization helix. The fact that Hap1(62-146)
also dimerized despite having all residues preceding the
cluster domain deleted suggested that the N-terminal residues
preceding the cluster domain were not required for dimer-
ization. In the X-ray crystal structure, the interface formed
by Hap1 residues 62-99 comprised approximately 150 Å2

of largely nonpolar buried surface. The analysis of Hap1-
(1-99) binding to the direct repeat site indicated that this
interaction provided∼2.2 kcal/mol of stability, or about 2/3
the stability provided by the N-terminal residues interacting
with the spacer TA bases. The magnitude of the stability
was close to a predicted 3.75 kcal/mol assuming 25 cal/(mol‚
Å2) of buried nonpolar surface (18). The cluster domain
residues that participate in this interface are not conserved
within the family of Zn2Cys6 binuclear cluster proteins,
underscoring the importance of this interface in specifying
Hap1’s recognition for a direct repeat site with the six base
pair spacer.

In addition to the cluster domain-cluster domain interac-
tion, the crystal structure of Hap1 bound to the CGC direct
repeat site also showed dimer contacts mediated by linker
and helix residues C-terminal to the cluster domain (Figure
1). The linker and C-terminal helix in Hap1 did contribute
to dimerization as Hap1(1-146) exhibited greater cooper-
ativity than Hap1(1-99) in binding to the CGG direct repeat
site corresponding to an additional∼1.5 kcal/mol of dimer-
ization energy. This 1.5 kcal/mol represents a lower limit
for the linker-helix contribution to Hap1 binding since it
may include an unfavorable reduction in entropy from
structural ordering of the linker and C-terminal helix residues
upon Hap1(1-146) dimerization.

Interplay between Hap1-Spacer DNA and Hap1 Dimer
Contacts. The Hap1-spacer DNA and the Hap1-Hap1
dimer contacts were not completely independent of each
other but were energetically coupled. Moving the N3TA
sequence from the upstream CGG to the downstream CGG
maintained high-affinity monomer binding by Hap1(1-146)
and Hap1(1-99) but greatly reduced the cooperativity for
dimer formation (Figure 9). Optimal dimerization of Hap1
required an N3TA sequence that specifically followed the
upstream CGG triplet in the spacer DNA.

The coupling between spacer TA binding and dimerization
may have resulted from the TA interaction affecting the
cluster domain orientation on the DNA. In the crystal
structure of Hap1 bound to the CGC direct repeat, both CGCs
were followed by N3TA but only the upstream Hap1
molecule bound the TA (11). Compared with the downstream
cluster domain-CGC complex, the upstream domain tilted
by ∼20° from near the end of its first helix (residue 71 in
Figure 1) toward the spacer DNA. When overlaid by their
bound CGCs, the CR atoms of residues 75-91 of the two
domains differed by>3 Å (>5 Å for Lys86 and Thr87).
Many of these residues were in the dimer interface (Figure
1). For the downstream cluster domain, the more upright
orientation may have enhanced dimerization but prevented
optimal TA binding. The Hap1 variant Ser63Gly bound a
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CGC direct repeat with a geometry similar to that of wild-
type Hap1 and did contact the downstream TA (10).
However, it made only a single contact with a more
N-terminal Arg55 instead of the multiple spacer TA contacts
by wild-type Arg57 and Arg59.

When the N3TA sequence was shifted from the upstream
CGG (in the spacer DNA) to the downstream CGG, Hap1-
(1-146) and Hap1(1-99) both recognized the TA and bound
more strongly to the downstream CGG. This could have
caused the cluster domain to tilt further downstream and
away from an upstream Hap1 molecule. Simultaneously, an
upstream Hap1 molecule with no spacer TA to contact would
have been less stabilized in adopting the tilt toward the
downstream cluster domain. The affinity for monomeric
Hap1(1-146) and Hap1(1-99) binding would have been
unchanged, as observed, while the weaker cooperativity in
dimer formation would have resulted from reduced dimer
contacts or from strain introduced into the DNA to maintain
the dimer interface with a downstream TA contact.

In native Hap1-binding sites in yeast the N3TA is more
highly conserved in the spacer DNA than after the down-
stream CGG triplet. Among seven Hap1-binding sites from
the CYC1, CYC7, CTT1, CYB2, and CYT1 genes (including
two possible orientations for the CYT1 gene) (19, 20), the
spacer T and A are present six and five times, respectively,
in the spacer but only two and one time, respectively, after
the downstream CGG. In addition, in vitro selection iden-
tified a preferred consensus Hap1-binding sequence of
CGG-N3TAN-CGG, with little sequence preference exhibited
for nucleotides downstream of the second CGG triplet (6).
Thus, the role of the spacer TA in optimizing Hap1(1-146)
and Hap1(1-99) dimer formation may be fundamental to
Hap1 site recognition in vivo.

The optimal assembly of the Hap1 dimer depends on a
mutual reinforcement of distinct intermolecular interactions.
Since the N-terminal residue-TA interaction and the Hap1
dimer contacts are of comparable magnitudes, the overall
stability and geometry of the assembly are sensitive to
changes in either interaction, such as the location of the TA
interaction. Changes in geometry are likely as important as
changes in stability, as alternate geometries of Hap1-DNA
association have been implicated as causing different levels
of transcriptional activation (see, e.g., refs8-10). In the large
multi-transcription-factor complexes found at gene promoters
the complexity in the interplay of these intermolecular
interactions is vastly magnified. The results with Hap1
underscore how the large number of these interactions allows
for the broad ranges of transcriptional modulation needed
by living systems.
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