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ABSTRACT. Hapl belongs to the 2@yss 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. Hap1l 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
Hapl fragments to different DNA sites was tested to determine how these interactions contrel Hapl
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-+Hggater TA
interaction. Moving the TA from the spacer to a position following the second CGG maintained Hapl
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 Hapl molecule on the first CGG. The
geometric restraints for optimal TA binding and dimerization thus drive Hap1l selectivity for CGG direct
repeat sites that contain an asymmetrically positioned spacer TA following the first CGG triplet.

The transcription factor Hapl (heme activation protein 1) also has a strong TA sequence preference in the spacer DNA,
mediates heme-induced transcription of genes in the yeastwith a preferred binding site of £GG-NsTAN-CGG-3 (6).
Saccharomyces carisiae Hapl binds to DNA and activates Domain-swapping experiments indicate that Hap1's specific-
transcription in a heme-dependent fashion, coordinating theity for the direct repeat sequence is controlled by its cluster
expression of heme-containing proteins such as cytochromesdomain and preceding residues, rather than by its C-terminal
with the availability of their required heme cofactdy.(Hapl linker and dimerization heliceg). Hapl is also unusual in
belongs to a large family of fungal transcription factors binding to sites containing a direct repeat of CGC triplets
including GAL4, PPR1, and PUTS3 that contain a,Zys separated by six base pairs with affinity similar to that of
binuclear cluster within their DNA-binding domain. These binding to sites containing CGG triplets. Transcriptional
proteins can be delineated at the primary sequence level intoactivation from the CGC sites is lower than from the CGG
DNA-binding, dimerization, and transactivation regions. The sites, and this appears to be solely dependent on the differ-
zinc cluster forms the core of an40 residue domain within ~ ence in the triplet sequence. This suggests that the DNA may
the DNA-binding region that recognizes CGG DNA se- allosterically regulate Hapl, a conclusion supported by
guences. The zinc cluster transcription factors typically bind studies of Hap1l variants containing mutations in the DNA-
as dimers to sites containing two CGG triplets separated bybinding region 8—10).

a specific length of spacer DNA. The sites are usually sym-  Hap1’s unusual DNA-binding properties likely result from
metric with the CGG triplets arranged as an inverted repeat a complex set of proteifprotein and proteir DNA interac-
(CGG-N-CCG; N is any nucleotide) or an everted repeat tions that are evident in the crystal structure of a Hapl
(CCG-N-CGGQG), although at least one member binds mono- fragment bound to a direct repeat of CGC (not CGG) triplets
merically to single CGG site®(-5). At least for those mem-  (11). Despite forming a nonsymmetric head-to-tail dimer on
bers that bind to inverted repeats, the structure of linker andthe DNA, the Hap1 zinc cluster domains bound each CGC
dimerization domains immediately C-terminal to the zinc triplet in a manner similar to that of the cluster domains of
cluster domain specifies which length of spacer DNA is other transcription factors binding to CGG. Also like other
recognized 2). zinc cluster transcription factors, dimer contacts were medi-

Hapl exhibits several unusual properties in DNA binding ated by Hapl C-terminal helices (Figure 1). However, other
compared with the other zinc binuclear cluster transcription interactions were unique to Hapl. Residues N-terminal to
factors. Instead of binding to a symmetric repeat of CGG the “upstream” Hap1l molecule (bound to the mor€&C
triplets, Hap1 binds to a direct repeat of CGG triplets. Hapl triplet) extended over the minor groove of the spacer DNA
and made base contacts to the preferred TA sequence and

* To whom correspondence should be addressed. Phone: (972) 883-€lectrostatic contacts to the phosphodiester backbone (Figure
2514. Fax: (972) 883-2409. E-mail: mjunker@utdallas.edu. 1). Extensive dimer contacts also occurred among the two
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were generated by subcloning from a copy of the full-length
Hapl gene in the plasmid pKP(SBblapl) obtained from
the laboratory of Dr. Leonard Guarente (MIT). The Hapl-
(1—146) and Hap1(62149) fragments were expressed from
pET-3b-derived plasmids. The expression plasmid for the
Hapl(t-146) fragment was generated by inserting the
portion of the Hapl gene encoding residues445 into
pET-3b (@3), followed by restriction cutting, filling in, and
religation at theAval restriction site at the codon for residue
146. The resulting plasmid encoded Hap1l residue$4b
followed by nine non-native residues, Asp-Arg-Glu-GIn-GIn-
Pro-Val-Tyr-Gly. An analogous expression plasmid for
Hapl(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 Hapl(5499) fragments were expressed as
fusions to the maltose-binding protein (MBPDNA encod-
ing for the corresponding fragment of Hapl was amplified
from the Hapl gene by PCR (polymerase chain reaction)
and inserted into the pMAL-c2 plasmid (New England
& , Biolabs). The sequence of all recombinant expression plas-
CGC---TA ; CGC mids was verified by DNA sequencing.

. . The Hapl(%146) and Hapl(62146) fragments were
Ficure 1: Representation of the crystal structure of a Hapl d irEscherichi iBL21-DE3 cell .
fragment dimerized on a DNA site containing a direct repeat of expressed Ire=scherichia coll - cells grown In

CGC triplets (PDB code 1hwt}l(l). The upstream Hapl molecule ~ Luria—Bertani medium. Hap1(2146) was induced for 4 h
is shown in white and the downstream Hap1 molecule in dark gray at 37 °C with 0.3 mM IPTG (isopropyfs-p-thiogalactopy-

with distinct regions defined by stripes and residue numbers ranoside) and 5uM ZnSQ, and Hapl(62146) was

(62—95 for the zinc cluster domains, 9800 for the linkers, and : - .
101-128 for the dimerization helices). Residues 71 and 87 mark induced overnight at 25C with 0.03 mM IPTG and 5g@M

the ends of helices 1 and 2, respectively, within the cluster domains. ZNSQ.. Harvested cells were lysed by sonication in 20 mM
The zinc atoms in the cluster domains are shown as gray spheres]Tis, 200 mM KCI, 5 mMBSME (5-mercaptoethanol), and 1
and the CGC triplet bases are colored black. Side chains contactingnM PMSF (phenylmethylsulfonyl fluoride) at pH 8 (lysis
the spacer TA and two dimerization side chains (Leu62 and Trp100) buffer). The lysates were clarified by centrifugation and
%fhsphog"gg?égﬁal:p;;%?]?gsHSPolg?;ﬂ]eﬁﬂuéleMg‘% _f'g“re was renderedy i to a hydroxylapatite column from which the proteins
were eluted with a potassium phosphate gradient at pH 6.

d Pooled fractions were applied to a Q-Sepharose column
equilibrated with 20 mM Tris, 25 mM NaCl, and 5 mSME
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 mBME
at pH 6.5 from which the proteins were eluted by a
NaCl gradient. After purification, the Hapl{1146) and
Hapl(62-146) appeared as single bands on Coomassie-
stained SDSPAGE gels.

The Hapl(5499) and Hapl(+99) fragments were
expressed as MBP fusions i coli BL21 cells grown at

cluster domains with the linker (especially Trp100) an
N-terminal residue (Leu62) of the upstream Hapl molecule
(Figure 1). Furthermore, the N-terminus of the dimer helix
of the upstream Hapl molecule packed against the down-
stream cluster domain (Figure 1). While the sum of these
interactions must control HapIDNA recognition, the rela-
tive contribution of each interaction is not known.

Multiple intermolecular interactions are often evident in
the structures of transcription facteDNA complexes {2).
In addition, the large multiprotein complexes that assemble
at gene promoters in vivo to regulate transcription are “”F _ )
themselves stabilized by multiple proteiprotein and protein 37°C and induced with 0.3 mM IPTG and M ZnSQ.
DNA contacts. Given its complexity in DNA-site recognition, arvested cells were lysed by sonication in lysis buffer, and
Hapl provides a model for probing how the interplay of the lysates were clarified by centrifugation and applied either
multiple distinct interactions can control DNA recognition. to an SP-Sepharose column [MBRap1(t-99)] ortoa
The basis for HaptDNA site recognition was investigated Q.-Sepharose column [MB—H—Ia}p1(54—99)] eqwhbrated
by comparing the binding of different Hap1 fragments to with buffer Q and developed with a NaCl gradient. MBP

different DNA sites. This allowed for systematically testing Hapl-containing fractions were applied to an amylose
the effects of eliminating discrete interactions. The results c0lumn equilibrated with buffer Q containing 150 mM NaCl

demonstrate that a simultaneous optimization of distinct frgm WhiChf the fusions werel eIutedfwith 10 mM rf’naltose.
intermolecular interactions determines the DNA-binding The Hapl fragments were cleaved from MBP by factar X

specificity of Hapl, and that perturbations to individual Proteolysis. The MBPHap1(}-99) digest was passed over

interactions can modulate the Hap1 binding affinity and, very & Mono Q column (Amersham-Pharmacia) equilibrated with
likely, its binding geometry. Q buffer from which Hap1(+99) was collected in the flow-

through and further purified by chromatography on a Mono
MATERIALS AND METHODS

. . L. 1 Abbreviations: EDTA, ethylenediaminetetraacetic acid; MBP,
Recomblnan_t EXPVGSS[On and Purlflqatlon of Hapl Frag- maitose-binding protein; SDSPAGE, sodium dodecy! sulfatepoly-
ments Expression plasmids for the various Hapl fragments acrylamide gel electrophoresis.
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S column equilibrated with buffer Q. The MBfHap1(54- calculated using the ASTRA software (Wyatt Technology).
99) digest was chromatographed on a Mono S column to Native gel electrophoresis was performed on a 15% poly-
purify Hap1(54-99). acrylamide gel with gel and running buffers of 10 mM Tris

Prior to DNA-binding experiments, the Hapl fragments and 50 mM KCI. Protein samples were loaded in the DNA-
were dialyzed into 10 mM Tris, 50 mM KCI, and 2V binding reaction buffer. The gel was run at 40 mA constant
ZnCl,. Protein concentrations were determined by direct current with opposite polarity of standard SBBAGE gels.
measurement of absorbance at 280 nm using calculatedMethylene blue was used as a tracking dye in a separate
extinction coefficients 14) or by determining the Cys lane.
concentration (six Cys/Hapl molecules) by denaturing the
proteins h 6 M guanidine-HCI, 30 mM Tris, 10 mM Nacl, RESULTS
10 mM EDTA, and 1 mM 5,5dithiobis(2-nitrobenzoic acid)
(DTNB) at pH 7.

DNA-Binding Experiments and Analysihe binding of
Hapl 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 %2P-end-labeled duplex DNA and g of poly(dl-
dC) —poly(dl-dC) (Amersham-Pharmacia) as nonspecific
DNA in DNA-binding buffer containing 10 mM Tris, 50
mM KCI, 1 mM dithiotreitol (DTT), and 6% glycerol at pH
75 in a total volume of (ZQuL? Al labeled duplexgs the downstream CGG. The largest fragment, Hap145),
contained 24 base pairs based on the direct repeat Sitecontamed_ Hap1l r<_aS|le_esjl46, which _mclgded .the
sequence’SCACACGGACTTATCGGTCTGTCAG-3 The DNA-binding and dimerization elements identified in the
duplexes also contained four nucleotide overhangs at eack 12y crystal structure of the Hap1(58.35)-DNA complex
end of the complementary strand (GATC at theeBd and (12). A shor.ter Hap1(62146)_ fragment be_ga_n two residues
AGCT at the 3end). The binding reactions were incubated b?fofe the f|rst cluster doma'” Cys and _ehmmated all DNA.'
for 15 min prior to electrophoresis at a constant 250 V on b|r_1d|ng reS|due_s .l.\l—t.ermmal to thg zine cIuste_r domain
15% polyacrylamide gels (75:1 acrylamide/bisacrylamide). (Figure 2A, an |n|t|at|ng Met SUb§t'tUted 'for residue 61)
The gel and running buffers were TB/2 (44.5 mM Tris, 44.5 Hapl(1-99) retained the N-terminal residues but elimi-

mM boric acid). EDTA was omitted from the buffers to avoid nated the dimerization helix and the only linker residue
chelation of zinc from the Hapl fragments. The binding (Trpl100) that directly participates in dimerization (Figure

reactions and electrophoresis were performed &@2Zhe  2A)- Hap1(54-99) eliminated all residues preceding the

labeled DNAs on the gels were detected by autoradiographyI:)'\l.A'Sp."’lcer'blndlng residues as well as the dimerization
and phosphorimaging. helix (Figure 2A).

For analysis of the gel-shift binding data, phosphorimage ~The Hapl protein fragments were purified following
band intensities were quantified using the ImageQuant rfecombinant expression t coli. In a previous cross-linking
software (Molecular Dynamics). The fraction of DNA shifted Study, a Hap1(55148) fragment showed only weak, if any,
in each band was calculated by dividing the integrated dimerization in solution¥). Consistent with this, multiangle
intensity of the band by the sum of the integrated intensities light scattering showed Hap1{1146) to be mostly mono-
of all bands present in the same lane of the gel, including Mmeric. Hap1(i-146) eluted as a single major peak near 10
the free DNA. The titrations to the direct repeat site were fit ML on a Superdex75 gel filtration column, monitored by
using a model in which Hap1 bound to two sites on a single Changes in the refractive index (Figure ZB) The calculated
DNA duplex with dissociation constanté, for a higher =~ molar mass across this peak, along with the® @ight
affinity site andK, for a lower affinity site. For the model, ~ scattering and refractive index signals, is shown in Figure
Hap1 dimerized cooperatively on the DNA with dissociation 2C. Across most of the peak the calculated molar mass was
constantKc. The partition function for this model was+ near 20 kDa, consistent with the 17.4 kDa Hapi{6)
[P)/Ky + [P/KL + [P]2/(KcKnKL), where [P] was the protein  being primarily monomeric. The average molar mass ap-
concentration. The fitting was performed using the Mar- Proached 30 kDa near the leading edge of the peak, sug-
quardt-Levenberg algorithm as implemented in SigmaPlot gesting some Hap1(1146) could have been dimeric. How-
3.0. ever, in native gel electrophoresis at the lower concentrations

Light Scattering and Nate Gel ElectrophoresisMulti- used for DNA-binding experiments, both Hap{146) and
angle light scattering was measured on a DAWN EOS Hap1(}99) (with the dimerization helix deleted) migrated
multiangle light scattering detector in series with an Optilab @s single bands, suggesting essentially single oligomeric
refractive index detector for determination of protein con- States (Figure 2D).
centration (Wyatt Technology Corp.). Approximately 200 Hapl Residues N-Terminal to the Cluster Domain Stabilize
ug of Hap1(1-146) was chromatographed on a Superdex75 Monomeric Binding to DNAWithin the Hapl dimer DNA
gel filtration column equilibrated with 20 mM Tris and 300 complex, residues 5559 preceding the upstream Uy
mM NaCl at pH 8, and the column elution was passed cluster domain bound the spacer DNA between the pair of
directly through the light scattering instrument. The 300 mM CGC triplets, making base contacts to the spacer TA and
NaCl prevented interaction of Hapl fragments with the phosphodiester contacts (Figure 1). The importance of these
Superdex75 resin and did not affect the pattern of band shiftscontacts was initially tested by comparing the ability of
when tested in the gel-shift assay. Molar masses wereHapl(1-146) and Hap1(62146) to discriminate between

To compare the contributions of different intermolecular
interactions to HaptDNA recognition, DNA-binding ex-
periments were carried out using Hapl 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 selectiorsy.

This site contained the preferred TA sequence in the spacer
DNA (underlined), positioned as4VA after the upstream
CGG triplet, and had no similarly positioned TA following
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A. Hap1 fragments and DNA sites used in this study

1 57 62 95 101 146 — —
Hap1(1-146) [ | NECEMIN coiled-coil | Direct Repeat ~ CACACGGACTTATCGGTCTGTCAG
—» <
Hap1(62-146) Inverted Repeat CACACGGACTTATCCGTCTGTCAG
Hap1(1-99) | | N T | Everted Repeat CACAC! GACTTATCGETCTGTCAG
—
Hap1(54-99) e Single upstream CACACGGACTTATACATCTGTCAG
CGG
B., C. Multi-angle light scattering of Hap1(1-146) D. Native gel electrophoresis of Hap1 fragments
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Ficure 2: (A) Schematic representation of the Hapl constructs and many of the DNA sites used in this study. The Hap1 domains as found
in the crystal structurel(l) 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(46). Panel B

shows the refractive index difference signal for Hap1{#6) eluting from a Superdex75 gel filtration column. Panel C shows théga

scattering signal (L.S., solid line), the refractive index difference signal (R.l., 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 Ha@)} (lanes +3) and

of Hap1(1-146) (lanes 57) stained with Coomassie dye.

the canonical Hapl direct repeat site with sites con- binding was reported for the HAP(5@.48) fragment when
taining either a symmetric “inverted repeat” of CGG triplets only the T in the spacer TA sequence was changed 0).C (
(CGG-Ns-CCG) or a symmetric “everted repeat” of CGG The binding titrations demonstrated that Hap1{#6)
triplets (CCG-N-CGG) (listed in Figure 2A). Symmetric  bound cooperatively to the direct repeat site. AtM, Hapl
repeats are typical of sites bound by other zinc cluster formed complexes of both one and two bound Hapl mole-
transcription factors, with CGG{NCCG matching the  cules on the direct repeat site (Figure 3A), but only com-
sequence recognized by PPR1. plexes containing one Hapl molecule on the site containing
Gel shifts of DNA binding by Hap1(3146) were very a single upstream CGG, and no complexes on the everted
similar to those reported for Hap1(56-146).(As seen in repeat site that contained an unaltered downstream CGG
Figure 3A, a titration of Hap1(2146) to the direct repeat  (Figure 3B). Thus, at 4M, Hap1 binding to the downstream
site caused DNA shifts consistent with DNA complexes CGG required an appropriately oriented upstream CGG, as
containing either one or two bound Hapl molecules, while found in the direct repeat. In all likelihood, binding of a Hap1l
a titration to the inverted repeat site showed only a shift for molecule to the upstream CGG stabilized the binding of a
a single bound Hapl molecule. In the inverted repeat, the second Hapl molecule to the downstream CGG through
orientation of the downstream CGG was reversed (Figure cooperative proteiaprotein interactions. This cooperativity
2A). Reversing instead the upstream CGG to form the evertedin Hapl—DNA binding had been previously reporteég énd
repeat greatly weakened all Hapt(146)—DNA complexes, was likely mediated by the extensive dimer interface apparent
both those containing a single Hapl molecule and thosein the HapX-DNA crystal structure 11). This interface
containing two (Figure 3B and below). Since the everted contained both coiled-coil and cluster domatiuster do-
repeat contained an unaltered downstream CGG, this CGGmain contacts (Figure 1). However, the relative contribution
must be bound by Hapl much more weakly than the of each of these contacts to cooperative dimerization was
upstream CGG that was followed by the ™ sequence. not known.
Consistent with this, Hap1{1146) bound to a site containing Compared with Hap1(2146), the Hap1(62146) frag-
only the upstream CGG triplet (downstream CGG changed ment with all N-terminal residues deleted bound much more
to ACA) in a manner very similar to that of the inverted weakly to the direct repeat site (Figure 3A). For example,
repeat (Figure 3B), and it bound to a site containing only only a small fraction of the direct repeat site duplex was
the downstream CGG triplet in a manner very similar to shifted by 4 uM Hapl(62-146) compared with>50%
that of the everted repeat (below). Underscoring the impor- shifted by 4uM Hapl(1-146) (Figure 3A). In addition,
tance of the NTA sequence following the upstream CGG, Hapl(62-146) showed only a single shifted band compared
changing the spacer TA to CT resulted in much weaker with the two bands apparent with Hap3(146). This single
Hap1(%:-146) binding (Figure 3C). A similar weakened band likely represented a dimer complex of Hap{&26)
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A. Hap1 fragments binding to the direct repeat and B. Hap1 fragments binding to the everted
inverted repeat sites repeat and single CGG sites
Hap1(62-146) Hap1(1-146) Everted Repeat Single CGG
Direct Inverted Direct Inverted Hap1 | Hap1 || Hap1 | Hap1
Repeat Repeat Repeat Repeat 62-146 | 1-146 || 62-146 | 1-146
0 04 2 410 04 2 4402 3 4 J02 3 4 uM protein 049102 40 4 9102 4 |pM protein
dimer
+(1-14S)

i ——

fi
M+ DNA +M

C. Hap1(1-146) binding to the direct repeat with and
without the spacer TA

CGG-N;-TA-N-CGG CGG-N,-CT-N-CGG
| 0 02 04 09 4 13' 0 04 2 4 9 | 1M protein

Ficure 3: DNA gel shifts of Hap1(62 146) and Hap1(2146) binding to different DNA duplexes. (A) DNA gel shifts of Hap1(6246)

(lanes 1-8) and Hap1(+146) (lanes 9-14) binding to the direct and inverted repeat site duplexes. (B) DNA gel shifts of Hap14&)

(lanes 3 and 6-8) and Hap1(+146) (lanes 45 and 9-10) binding to the everted repeat and single upstream CGG sites. (C) DNA gel
shifts for Hap1(+146) binding to a direct repeat site with the spacer TA (CACACGGACTTATCGGTCTGTCAG) and without the spacer
TA (CACACGGACTCTTCGGTCTGTCAG).

since its mobility was between those of the monomer and although these fragments contained additional C-terminal
dimer bands of the Hap1{1146), as expected for its total residues predicted to form dimer helicelb). To directly
molecular weight (Figure 3A). The much weaker binding test whether and by how much these residues alone (with-
of Hapl(62-146) indicated that the missing N-terminal out other dimerization elements) contribute to HajRINA
residues provided substantial affinity in HapNA binding site discrimination, we compared the binding of the
that was especially critical for monomeric binding. In Hapl(1-146) fragment with that of Hap1{199), for which
addition, while they might have contributed to dimerization the last linker residue (Trp100) and all additional C-terminal
in Hap1(1-146), the N-terminal residues were not required residues were deleted. If Hapl dimerized in the same manner
for dimerization in Hap1(62146). as other zinc cluster transcription factors, Hapi9®) was
Despite the weaker binding to the direct repeat site, Hapl- expected to lose all cooperativity and show only monomer
(62—146) still exhibited a preference for the direct repeat binding to the direct repeat site.
site over the inverted repeat site, for which no band shift Figure 4 shows titrations of Hapl{ll46) and
was observed (Figure 3A). No shift of the inverted repeat Hap1(1-99) binding to the direct repeat DNA-binding site.
site was detected even when the Hap3{626) concentra- Like Hap1(1-146), Hap1(+99) caused two shifted DNA
tion was increased to 260M (not shown). Hap1(62146) bands, indicating two distinct protetDNA complexes
also did not bind to the everted repeat or to the single up- (Figure 4). Consistent with these being complexes containing
stream CGG sites (Figure 3B). This suggested that dimer-one and two bound Hap1{09) molecules, each of the two
ization required a direct repeat orientation of CGG triplets. shifted bands migrated faster than the corresponding band
Hapl N-Terminal and Cluster Domain Residues Are observed with the larger HapH{146) as seen in the last
Sufficient for DimerizationA previous study showed thata lane of Figure 4B (a comparison is also shown in Figure 4A
chimeric protein containing the Hapl cluster domain and six with Hap1(1-99) in the last lane).
N-terminal residues (Hapl residues-3#b) fused to the Hap1(%-99) binding and Hapl(t146) binding to the
linker and dimerization helix of PPR1 maintained a DNA- inverted and everted repeat sites and to the single CGG sites
binding specificity for the Hapl direct repeat site. This were also compared (Figure 5A,B). In all cases the pattern
indicated that the Hapl cluster domain and N-terminal of Hap1(1-99) binding was much more similar to that of
residues were sufficient to specify binding to the Hapl direct Hap1(1-146) than that of Hap1(62146) seen in Figure 3.
repeat site, perhaps by contributing to dimerizatidf. (  Both Hap1(1-99) and Hap1(%146) showed relatively high
Another study showed that Hapl fragments missing dimer- affinity, monomer-only binding to the inverted repeat, and
ization helix residues 1065135 still dimerized on DNA much weaker binding to the everted repeat. Also like Hap1-
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A. Hap1(1-146) binding to direct repeat site

Hap1

Hap1(1-146) (1-99)
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B. Hap1(1-99) binding to direct repeat site
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Ficure 4: DNA gel shifts for Hap1(+146) (A) and Hap1(+99)

(B) binding to the direct repeat binding site, CACACGGACT-
TATCGGTCTGTCAG. For reference, the last lane in the Hapl-
(1—146) titration gel in (A) shows binding by HaptBP9) and

the last lane in the Hap1{199) 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 Hapl fragments.

(1—146), Hap1(199) bound similarly well to the inverted
repeat and to the single upstream CGG (witfT ) sites
(Figure 5A,C), and it bound weakly to the everted repeat
and to the single downstream CGG (nglR) sites (Figure
5B,D). Changing the spacer TA to CT greatly weakened
Hap1(1-99) binding as it did for Hap1(146), verifying
the importance of the HapaT A interaction (Figure 6). Only

a small amount of the CT-containing site was shifted by 7
uM Hap1(1-99), while>50% of the TA-containing site was
shifted by 5uM HAP(1—-99) (lanes 1 and 6 in Figure 6).
Thus, both Hapl fragments had greater affinity for the
upstream CGG followed by {YA than for the downstream
CGG with no TA.

As with Hapl(:-146), Hapl(3+99) binding to the di-
rect repeat site was cooperative, with the binding of a
Hapl1(1-99) molecule to the upstream CG@M enhancing
the binding of a second HapX{B9) molecule to the
downstream CGG without thesA. For example, at LM,
Hap1(:99) bound as a monomer to the upstream-only CGG
site but did not bind at all to the downstream-only CGG site
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cluster domain) since linker residues-989 did not directly
participate in the dimer interface in the HapNA crystal
structure.

Hapl(1-99) and Hap1(+146) did show some differences
in DNA binding. While Hap1(1146) bound to the direct
repeat over the same concentration range as Haf&q), 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 Hapl(1-146). A second difference was that while
Hapl(1-146) and Hapl(£99) bound to the direct re-
peat site over similar ranges of protein concentration,
Hapl1(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{1146) was pri-
marily monomeric in solution (Figure 2), the C-terminal
linker and helix residues of Hap1{146) may have been
unstructured in the monomeric state and impeded monomer
binding. Hap1(%+146) also differed from Hapl(99) in
showing very weak dimer formation on the everted repeat
and the single downstream sites, while Hap199) 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.

Hapl Residues-153 Do Not Significantly Contribute to
DNA Binding In the crystal structure of the Hap1(5635)—
DNA complex, residues 5760 preceding the Z&ys; cluster
domain were responsible for making the extensive con-
tacts to the spacer DNA. In addition to these residues, the
Hapl1(X-146) and Hap1(299) fragments also contained the
preceding residues-155. To determine if residues—b5
contributed to HaptDNA binding and/or dimerization, a
fragment containing Hap1 residues-30 was generated and
its binding was compared with that of Hap1(29). As seen
in Figure 7, Hap1(5499) bound to the direct repeat, the
single upstream CGG, and the single downstream CGG du-
plexes in a manner very similar to that of Hapt@9) (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{D9). Like
Hapl(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 ai®1 protein, Hap1-
(54—99) and Hapl1(%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

(Figure 5C,D). When the upstream and downstream CGGshy both proteins, while 54% [Hap1(599)] and 59% [Hap1-

were combined in the direct repeat sitey Hap1(1—99)
shifted much of the DNA as a complex with two bound Hapl
molecules, indicating that binding occurred to the down-

stream as well as to the upstream CGG (Figure 4). Thus,

(1—99)] were shifted into dimer complexes). Thus, Hapl
residues 153 did not contribute significantly to Hapl
monomer or dimer binding to DNA.

Relative Strengths of Hapl Intermolecular Interactions

despite the elimination of all C-terminal dimerization helices, To estimate the relative strengths of the Hapl dimerization
Hap1(1-99) retained the ability to bind cooperatively as a and the HaptDNA interactions, the gel-shift data were
dimer to the direct repeat site. The dimerization most likely quantified by phosphorimaging and analyzed by a simple
arose from within residues—195 (N-terminal residues and  model in which Hap1l molecules bound a high-affinity CGG
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A. Hap1 fragments binding to the inverted repeat B. Hap1 fragments binding to the everted repeat
Direct Direct
Inverted Repeat Repeat Everted Repeat Repeat
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C. Hap1 fragments binding to the single upstream CGG D. Hap1 fragments binding to the single downstream CGG
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Ficure 5: Comparisons of Hap1{199) and Hap1(%+146) binding to different DNA sites. (A) Hap1{299) (lanes +7) and Hap1(+146)

(lanes 8-13) binding to the inverted repeat site. Lanes 14 and 15 show binding of each Hapl1 fragment to the direct repeat site for reference.
(B) Hap1(1-99) (lanes +5) and Hap1(+146) (lanes 6-9) binding to the everted repeat site. Lanes 10 and 11 show binding of each Hapl
fragment to the direct repeat site for reference. (C) Hap9d) (lanes 18) and Hap1(%+146) (lanes 9-15) binding to the single upstream

CGG site. (D) Hap1(¥99)and Hapl1(%146) binding to the single downstream CGG site, with binding to the direct repeat (D.R.) shown

in lanes 1 for reference.

Direct i i i
Repeat Spacer TA > CT A. Binding to different sites B. Bindfl“ng to direct repeat
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FiGure 6: Hapl(+99) and Hapl(%146) binding to the direct L o et
o

repeat site containing no spacer TA. The spacer TA was changed b u
to CT (CACACGGACTCTTCGGTCTGTCAG). Lanes 1 and 2 e o
show Hap1(399) and Hapl(+146) binding to the direct repeat T et .

site for reference. DNA retention in the well in lane 9 may have 7 uggfre;‘fﬁ%"ee

resulted from sample precipitation. dwn= downstream CGG

(CGGNsTA) with dissociation constari€y and a low-affinity Ficure 7: Comparison of DNA binding by Hap1(599) and
CGG (CGG with no NTA) with dissociation constani, Hap1(1-99). (A) DNA gel shifts for Hap1(5499) binding to the

and dimerized cooperatively on a direct repeat with dis- direct repeat (DR), the single upstream CGG (up), and the single
.. . downstream CGG (dwn) sites. Lane 5 shows binding by Hapl-
sociation constar{c (see the Materials and Methods). Only (1—99) to the direct repeat site for reference. (B) DNA gel shifts

relative differences in dissociation constants could be for 2 uM Hap1(54-99) and 2«M Hap1(1-99) binding to the direct
determined since the gel shifts do not represent true solutionrepeat.

equilibrium conditions, and since the weak binding to the

low-affinity CGG sites precluded accurate quantitation. All to a direct repeat in the absence of nonspecific DNB).(
analyses were based on experiments employing a constanhe 0.05«g/uL nonspecific DNA used in these experiments
0.05 ugluL nonspecific DNA ¢2000-fold excess in base was sufficient to block Hap1 shifts of an 18 base pair duplex
pairs compared to the labeled DNA). In the absence of containing no CGG or CGC (sequence CTTGACTGACT-
nonspecific DNA, 1uM Hapl(1-146) shifted essentially =~ GATCAAG, data not shown).

all the direct repeat site duplex (not shown), consistent with  The monomeric binding of Hap1{199) to the single

a 46 nMKp reported for Hap1(55135) binding in solution upstream CGG and the inverted repeat sites in Figure 5A,C
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Ficure 8: Fits of Hap1(199) and Hap1(%146) DNA gel-shift data by binding models. (A) Fits of Hap#@9) binding to single CGG,
inverted repeat, and everted repeat sites. The upstream single CGG site data are from Figure 5C and wei¢,fitwiith «M, the
inverted repeat data are from Figure 5A and were fit WMithi(1 + Kp/K ) = 0.51uM (the average dissociation constant for two CGGs),
the single downstream CGG site data are from Figure 5D and were fitdyith 100u4M, and the everted repeat data are from Figure 5B
and were fit withK,_ = 50 uM. Due to weak binding, only the last two points were used to deteritin®r the single downstream CGG
and everted repeat sites. (B) Fit of Hapt@9) binding to the direct repeat site. The data are from Figure 4 and were fiyith 0.68

uM and K¢ = 0.023 withK| constrained to 10@M. (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 fiKwith5.3 uM, and the inverted repeat data are from Figure
5A and were fit withKy/(1 + Ky/KL) = 3.4uM. (D) Fit of Hap1(1-146) binding to the direct repeat site. The data are from Figure 4 and
were fit with Ky = 0.54 uM and K¢ = 0.0019 withK, constrained to 25@M.

were fit by single-site binding isotherms wity = 1.1 £+ Table 1: Dissociation Constants for HAP1 Fragment Binding to the
0.1 and 0.5 0.04uM, respectively (Figure 8A), suggesting  Direct Repeat Site

a dissociation constant of -8 uM. Formally, the inverted dissociation constarfts

repeat fit provided K = 1/Ky + 1/K, since two CGGs were fragment Ky (uM) K. (uM) Ke KKy (uM)

present, buK, was>K, (below). The single downstream

E3G and the everied repeat st data (Bgure 55, were Hebic S5 SS5E0%F 00 9900%8 2302

too weak to acgurately fiKL, S0 K, Was_ estimated t_o be aKy andK, are dissociation constants for Hapl binding to a high-
~50—100uM using the percent DNA shifted at the highest affinity CGG-containing site and a low-affinity CGG-containing site,
Hap1(:99) concentrations. Even with the uncertainty in respectively.Kc is a dissociation constant for Hapl cooperative di-
Ky, the spacer TA clearly enhanced monomeric CGG binding merization on the DNAK, was constrained to the value in parentheses
by Hap1(+99) on the order of 108200-fold, corresponding on the basis of fits of the single downstream CGG and the everted
to values oAAG® [= —RTIn(K./Ky)] of —2.7 to—3.1 kcal/ repeat binding data.

mol.

Hap1(1-99) binding to the direct repeat site in Figure 4B was well determined since changesdinwere compensated
was fit by the two-CGG model witliKy = 0.68 + 0.0.05 by opposite changes K¢ in the fitting to generate identical
uM and K¢ = 0.0234 0.002 whenK, was constrained to  curves (this was becausg > Ky). The best fit forKcKy
100uM (Figure 8B). The data for the monomer and dimer was 2.3uM, which was only~3-fold greater tharKy =
complexes were fit together to obtain the best overall fit. 0.68uM (KcK /Ky = 3.4, Table 1), indicating that the energy
Ku was within the range of 0:51.1 uM determined from of Hapl(1-99) dimerization on the direct repeat largely
the upstream single CGG and inverted repeat site data.compensated for the absence of the TA in the downstream
Although K was less well determined, the produ&K, CGG site.KcK /Ky only varied from 2.2 to 4.0 foKy
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constrained to 051.1 uM. In terms of free energy, the
dimerization of Hap1(%99) provided aAG°® = —RT In(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 HapX{P9). Binding to the single

upstream CGG and that to the inverted repeat duplexes in

Figure 5A,C were fit withKy = 3.4—5.3 uM (Figure 8C),
weaker than the 0-51.1uM for Hap1(1-99). An upper limit

of K. = 250uM, also weaker than the 5.00uM for Hap1-
(1—99), was estimated from the amount of monomer
complex on the everted repeat at A8 Hapl(1-146)
(Figure 5D). WithK constrained to 250M, Hap1(1-146)
binding to the direct repeat in Figure 4 was best fit viih

= 0.54+ 0.154M andKc = 0.0019+ 0.0004 (Figure 8D).
KcKL was a constant 0.48M for different constrained values
of K.. Unlike for Hap1(1-99), theKy determined from the

Hap1(1-146) direct repeat data was not consistent with the

upstream single CGG and inverted repeat titrations (034
vs 3.4-5.3 uM), suggesting greater complexity in DNA
binding. Nonetheless, Hapt{146) appeared to exhibit
greater cooperativity than HapX®99) as evidenced by
smallerKc andKcKy (Table 1). ForK, = 250uM, the AG®
[= —RTIn(1/K¢)] for Hapl(1—-146) dimerization was-3.7
kcal/mol compared with-2.2 kcal/mol for Hap1(%99).
Asymmetry in Hapl Dimer Formation on the Direct
RepeatIn the crystal structure of Hapl bound to the CGC

direct repeat site, the two Hapl fragments in the dimer do
not make identical DNA contacts. The upstream Hapl

fragment makes TA base contacts to the neighborigigAN

sequence with its N-terminal residues, while the downstream
Hapl fragment does not, despite the downstream presence [

of an identical NTA sequence (Figure 1). We wished to
determine if an NTA sequence following the downstream

CGG in a direct repeat site could stabilize Hapl dimer

formation if no N\TA were present in the upstream CGG.

Wang et al.
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Ficure 9: DNA gel shifts for Hap1(+99) and Hapl(+146)

As seen in Figure 9, removing the upstream spacer TA in binding to direct repeat sites containing different positions of the

the direct repeat site greatly weakened Hap1(46) DNA

binding, as described above. Inserting the TA after the

N3TA sequence. (A) Gel shift for Hap1{1146) binding to the direct
repeat containing an upstream TA only (in the spacer; laneb,1
a downstream TA only (lanes-8), or no TA (lanes 9-12). (B)

downstream CGG almost fully restored binding to the direct Hap1(1+99) (lanes +7) and Hap1(+146) (lanes 813) binding
repeat (Figure 9A). Essentially identical results were obtainedto the direct repeat containing a downstream TA only. Lanes 14

with Hapl1(:-99) (Figure 9B; compare with the original
upstream TA site in Figure 4 and with the no-TA site in

and 15 show binding to the site containing the upstream TA only.
(C) Fit of the Hap1(%99) titration to the downstream TA site (data
in (B)) with the direct repeat site binding model. The curve is for

Figure 6). These results indicate that a Hap1l molecule cang, =0.95,M, Kc = 0.16, andk, = 100xM. The sequences for

make base contacts to ansT sequence following the

the binding sites were CACACGGACTTATCGGTCTGTCAG for

downstream CGG and cooperatively stabilize binding of the upstream TA, CACACGGACTCTTCGGTCTTACAG for the

another Hapl molecule to the upstream CGG. This is the
converse for Hapl binding to the original direct repeat, where

binding of a Hapl molecule to an upstream CGGAN
stabilized binding of a second Hapl molecule to the
downstream CGG without theaWA.

For both Hap1(1+146) and Hap1(299) the cooperativity
in dimer formation was not fully restored in binding to the
CGG-Ns-CGG-NsTAN site compared with the original
CGG-NsTAN-CGG-Ng site. As seen in Figure 9A, the ratio
of dimer to monomer complexes at 0.9 and 4N Hap1l-
(1—146) was much lower for the downstreamzT-
containing site than for the upstream-containing site.
A similar reduction in the ratio of dimer to monomer
complexes was observed with Hap1@9) (compare Figure
9B with Figure 4). The Hapl(199) titration to the site
containing the downstreamgNA sequence in Figure 9B was
best fit by the two-CGG-binding model witky = 1.0 uM

downstream TA, and CACACGGACTCTTCGGTCTGTCAG for
the no-TA sites.

andKc = 0.16 wherK, was constrained to 10eM (Figure

9C). The monomeric binding affinitieKy and K. were
consistent with those for the direct repeat site although the
high-affinity site was now downstream and the low-affinity
site was upstream. Howevef: = 0.16 was much larger
(weaker dimerization) than th€: = 0.022 determined for
the original direct repeat site. Thus, moving theTHN
sequence from the upstream to the downstream CGG triplet
destabilized dimerization. This could occur if the TA
interaction stabilized the dimer interface of the Hapi(1
99) molecule bound to the upstream CGG triplet or if it
forced the downstream Hapk{®9) molecule to adopt an
altered position over the DNA that weakened its contacts
with the upstream-bound Hapl molecule (see the Discus-
sion). In either case the contributions to DNA recognition
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made by the NTA contacts and the dimer contacts are not
completely independent but show some interdependence.

DISCUSSION

The level of expression of genes in eukaryotes is largely

Biochemistry, Vol. 43, No. 43, 2004.3825

had helix residues 105135 deleted but contained residues
following 135 that were predicted to contain dimerization
helices {, 15). In this study the Hap1(299) and Hapl-
(54—99) fragments contained only four linker residues
(residues 96:99) after the cluster domain but still dimerized
almost as well as the Hap1{146) that contained the

determined by the composition of large multiprotein cOm- ¢ _tgrminal dimerization helix. The fact that Hap1(6246)
plexes formed at the genes’ promoters. These complexes, g dimerized despite having all residues preceding the
include transcription factors whose presence depends onster domain deleted suggested that the N-terminal residues

cellular conditions and signaling pathways extending beyond

preceding the cluster domain were not required for dimer-

the nucleus. The complexes are assembled through multipl€ization. n the X-ray crystal structure, the interface formed

protein—protein and proteinrDNA 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 proteDNA assemblies contribute
to overall stability and DNA site specificity of multiprotein
DNA complexes. Hapl exhibits proteibase contacts in
both the major and the minor grooves of the DNA,

by Hap1 residues 6299 comprised approximately 1507 A

of largely nonpolar buried surface. The analysis of Hap1l-
(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 calf(mol
A2 of buried nonpolar surfacel®). The cluster domain
residues that participate in this interface are not conserved

nonspecific base contacts to the phosphodiester backboneyiihin the family of ZnCys binuclear cluster proteins,

and protein-protein contacts in dimerization. Hapl 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 Hapl fragments to
different DNA-binding sites, this study provides insight into
how individual macromolecular interactions contribute to
DNA sequence recognition and DNA-binding stability.

Hapl—Spacer DNA ContactsThe minor groove spacer

underscoring the importance of this interface in specifying
Hapl'’s recognition for a direct repeat site with the six base
pair spacer.

In addition to the cluster domairtluster domain interac-
tion, the crystal structure of Hapl 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 Hapl did contribute
to dimerization as Hap1(1146) exhibited greater cooper-

contacts by residues preceding a cluster domain are one oftivity than Hap1(+99) in binding to the CGG direct repeat

the distinguishing features of the HapDNA 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., iéfand17).
For Hap1l, this minor groove interaction is especially critical
for stabilizing monomer binding. Deleting all residues
preceding the cluster domain in the Hap1{@26) fragment
abolished all monomer binding. The only DNA shift
observed with Hap1(62146) was consistent with a dimer

site corresponding to an additionall.5 kcal/mol of dimer-
ization energy. This 1.5 kcal/mol represents a lower limit
for the linker—helix contribution to Hapl binding since it
may include an unfavorable reduction in entropy from
structural ordering of the linker and C-terminal helix residues
upon Hapl(+146) dimerization.

Interplay between HapiSpacer DNA and Hapl Dimer
Contacts The Haptspacer DNA and the HapiHapl
dimer contacts were not completely independent of each
other but were energetically coupled. Moving thgTH

complex, suggesting that removing the N-terminal residues sequence from the upstream CGG to the downstream CGG

effectively turned Hapl into a conventional zinc cluster
protein that depended on dimerization for DNA association.
Furthermore, Hap1(62146) bound DNA much more weakly
than Hap1(+146), indicating that the spacer DNA contacts
contributed substantial energy for binding DNA-e8 kcal/

mol. Much of this energy must come from base contacts (vs

maintained high-affinity monomer binding by Hap(146)
and Hap1(+99) but greatly reduced the cooperativity for
dimer formation (Figure 9). Optimal dimerization of Hapl
required an NTA sequence that specifically followed the
upstream CGG triplet in the spacer DNA.

The coupling between spacer TA binding and dimerization

phosphodiester contacts) since changing the spacer TA tomay have resulted from the TA interaction affecting the

CT was sufficient to greatly weaken Hap1(146) and Hapl-
(1—99) DNA binding. Consistent with the crystal structure
of the HapX-DNA complex, the critical N-terminal residues
must lie within residues 5461 since deleting residues-53

in Hap1(54-99) did not significantly alter monomer and
dimer binding compared with that of Hap1{99).

Hapl—Hapl Dimer ContactsOne surprise in the Hapl
DNA binding analysis was finding that the cluster domain

cluster domain orientation on the DNA. In the crystal
structure of Hapl1 bound to the CGC direct repeat, both CGCs
were followed by NTA but only the upstream Hapl
molecule bound the TAL{). Compared with the downstream
cluster domairrCGC 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 &€ atoms of residues 791 of the two

cluster domain interaction observed in the crystal structure domains differed by>3 A (>5 A for Lys86 and Thr87).

was sufficient to dimerize Hapl on DNA. Although previous

studies suggested this interaction could contribute to dimer-
ization, the Hapl fragments used either included a dimer-

ization domain from another zinc cluster protein (PPR1) or

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 Hapl variant Ser63Gly bound a
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CGC direct repeat with a geometry similar to that of wild- REFERENCES

type Hapl and did contact the downstream T20)(
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. 2
When the NTA sequence was shifted from the upstream

CGG (in the spacer DNA) to the downstream CGG, Hapl- 3

(1—146) and Hap1(%£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 Hapl molecule. Simultaneously, an
upstream Hapl molecule with no spacer TA to contact would
have been less stabilized in adopting the tilt toward the g
downstream cluster domain. The affinity for monomeric
Hapl1(1-146) and Hapl(£99) binding would have been

unchanged, as observed, while the weaker cooperativity in 6

dimer formation would have resulted from reduced dimer
contacts or from strain introduced into the DNA to maintain 7
the dimer interface with a downstream TA contact.

In native Hap1-binding sites in yeast thgT is more 8.

highly conserved in the spacer DNA than after the down-
stream CGG triplet. Among seven Hapl-binding sites from ¢
the CYC1, CYC7,CTT1, CYB2, and CYT1 genes (including
two possible orientations for the CYT1 genép(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 Hapl-binding sequence of
CGG-NsTAN-CGG, with little sequence preference exhibited
for nucleotides downstream of the second CGG triphet (
Thus, the role of the spacer TA in optimizing Hap+(146)

and Hapl(+99) dimer formation may be fundamental to
Hap1l site recognition in vivo.

The optimal assembly of the Hapl dimer depends on a
mutual reinforcement of distinct intermolecular interactions.
Since the N-terminal residu€T A interaction and the Hapl
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 HdplA
association have been implicated as causing different levels
of transcriptional activation (see, e.g., r&fs10). 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 Hapl

underscore how the large number of these interactions allows 17

for the broad ranges of transcriptional modulation needed
by living systems.

18.
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