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ABSTRACT

The yeast zinc cluster protein HAP1, a member of the
GAL4 family, is a transcriptional activator that binds as

a homodimer to target DNA sequences. These targets
include the upstream activating sequences of the
CYC1 and CYC7 genes, which have no obvious
sequence similarity. Even though both sites have the
same affinity for HAP1, activation differs at these two
sites, even when the sequences are placed in an
identical promoter context. In addition, mutants of
HAP1 that can bind to both sites but are specifically
transcriptionally inactive at  CYC7 have been previous-
ly isolated. In order to identify nucleotides that are
responsible for this differential activity, we have
performed random and site-directed mutagenesis of
these target sites and assayed their binding to HAP1 in
vitro and their activity in vivo inreporter plasmids. Our
results show that HAP1 binding sites are degenerate
forms of the direct repeat CGG N 3 TA N CGG N3 TA.
Moreover, we show that activity of HAP1 mutants
defective for activation ofthe  CYC7gene is restored by
specific mutations in the CYC7 binding site.
Conversely, other mutations of the target sites prevent
activation by HAPL, without interfering with DNA
binding. The results suggest that the sequence of the
target sites influences the conformation and, hence,
the activity of DNA-bound HAPL1.

INTRODUCTION

triplets is 11 base pairs (bp) for GAL4, other zinc cluster proteins
also recognize the same palindromic triplets, but with a different
spacing. For example, the PUT3 and PPR1 activators bind CGG
triplets spaced by 10 and 6 bp respectivehg). Moreover, the
geometry of the zinc cluster controls binding specificity, as
changing the spacing of the GAL4 site from 11 to 10 bp greatly
reduces GAL4 bindini vitro (4). Construction of GAL4, PUT3

and PPR1 chimeric proteins has shown that the linker region is
responsible for binding to a site of a given spacing)(

HAP1, another member of this family of zinc cluster proteins
(8-10), possesses an acidic activation domain at its C-terminus
(residues 1307-1483) and an N-terminal DNA binding domain
(residues 1-174)10,11). The zinc cluster of HAP1 (residues
64—-93) is homologous to that of GAL4 (43% identity) and the
coiled coil sequence of the dimerization domain is similar to the
domain identified in GAL411). The middle region of HAPL1 is
required for regulation of DNA binding through interaction with
heme. Inthe absence of heme HAP1 is present in a high molecular
weight complex 12,13). Binding of heme to HAP1 apparently
stimulates dissociation of HAP1 from the complex and subse-
guent homodimerization, which is a prerequisite for specific
DNA binding.

Upstream activating sequences (UASs) for HAP1 (se€Fig.
for DNA sequences) have been identified inGN&€1andCYC7
genes, which encode isoforms of cytochromel4-16). In
addition, other binding sites for HAP1 have been identified in the
CTT1 (catalase T), th€YB2 (cytochrome § and theCYT1
(cytochrome @ genes17-19). These sites share little homology.
This is particularly evident when comparing the UAESIC1
with that of CYCT which has led to the suggestion that HAP1
binds to unrelated DNA sequencésg)(

Many fungal transcriptional regulators contain a zinc finger Dissimilarity between these sites results in different levels of
known as a binuclear zinc cluster. The consensus sequence oftidd®1-dependent activation. Activity at tlyC1promoter is
cluster is C¥CXgCX5_dCX2CXg_gC, Where the cysteines bind higher than aCYC7 even if the UASs are placed in a similar
two zinc atoms which coordinate folding of the domain. Apromoter context. This different transcriptional activity is not a
well-characterized member of this family is GAL4, which bindgesult of different affinity of HAP1 fo€YC1land CYC7(20).

as a homodimer to palindromic DNA sequences (CG@ N Furthermore, a single amino acid change in HAP1 of Ser63 to
CCQG), with each zinc cluster recognizing a CGG triplet, as showArg, immediately N-terminal of the first cysteine of the zinc
by X-ray crystallographyl(and references therein). The zinccluster, prevents binding to the UAS ©%C1and results in
cluster domain is followed by a short linker region and agreatly increased activation (10- to 100-fold)CGXC7 even
dimerization domain. While the spacing between the CG@®&ough the affinity of the mutant HAP1-18 for the UASHC7
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is similar to wild-type HAP140). Other HAP1 mutants, termed 213 185 -184 -178

positive control (PC) mutants, with mutations that flank the zinc _ | o _I':

cluster show wild-type binding and activationCatC1but are S Kni-Hhor POl RO lacZ
transcriptionally inactive aCYCY even though they show z m\l

wild-type or increased binding at that sit&)(

We wished to learn more about the nucleotides responsible for ' _ ' _
this differential activity of HAP1 (and its mutants)GCland Eigsurs(atuldfcsﬁ?;ﬁgcsrﬁgéeﬁ)?:r:?etéozgttrr:;ﬂagpf ;ﬁﬁﬁ;‘:{ EB}Z é‘g\i’éﬁsed in
CYCT We first performed Satl.jratlo.n mutagenesis OK,IM@]' promoter ére shown. The arrow indicates the major transcriptional initiation site
andCYC7UASs (as ‘_’Ve” as site-directed ‘mutagenesis at Oth€k the promoter. Single copies of UASs were inserted upstream of the minimal
UASs of HAP1) to identify key nucleotides responsible forcycCipromoter using thBglll and Munl restriction sites (see Materials and
binding of HAP1. Our results show that all UASs of HAP1 areMethods).
imperfect versions of the direct repeat CG&ETA N CGG N
TA. Moreover, at a similar position ti& C7site has two CGC e

triplets instead of the two CGGs. Changing these triplets to CGG oo S e e e
restores the activity of HAP1 PC mutants, while the activity of crod CONT CEC TATIAT CS83 TATIAGE
MATERIALS AND METHODS e Coe CoB ARNDAC CUG COGECA

CYTl{raveras } CHREC CGF TRITIC O DHECCAR
Strain and media

Strain THI(Mata ura3-52 his4-519 ade1-100 leuABapZ:hisG)
is a derivative _Of LPYZZC!')' M(_)St of the HAP1 codlng_reglon has Figure 2. Alignment of the known UASs of HAP1 (14-19). Two possible
been deleted in that strain. Rich (YPD) and synthetic (SD) medigientations for the UAS aEYT1are shown. Brackets show the nucleotides

were prepared as describeéd)( protected from DNase | by HAP1. Bold characters indicate nucleotides that
match the CGG triplets of the ‘optimal’ sequence. Underlined characters
indicate nucleotides that match the TA repeats of the ‘optimal’ sequence.

*OFTIMAL® CGG MNWTZRE GGG ENNTA

Plasmids

compatible sites withMunl andBglll. A similar strategy, or PCR,

was used to introduce specific nucleotide alterations, except that the
oligonucleotides contained Eglll site instead of dBanHl site.
Mutations were identified by sequencing the double-stranded DNA
using a kit from Pharmacia. UASS@T T1andCYB2(and mutants)

were generated as described above with oligonucleotides having the
DNA sequences shown in Figite

HAP1 expression vectorf. HIS4 version of SD5-HAP120)
was constructed by deleting tbd&RA3 gene of SD5-HAP1 by
cutting withStu, addingNot linkers and ligating &lotl fragment
(containing theHIS4 gene) from CYC7-5lacZ-HIS42().
SD5-HAP1-PC1-HIS, SD5-HAP1-PC2-HIS and SD5-HAP1-18
HIS were constructed by introduciBgalll fragments (contain-
ing the HAP1 mutations) froddRA3marked expression vectors
(22) into Dralll-cut SD5-HAP1-HIS4. HAP1 expression vector ,
deleted of its activation domain (SD5-HARKp-HIS) was P-Galactosidase assays

constructed by linearizing SD5-HAP1-HIS4 withnl, treating  Cells were grown to saturation in YEP containing 2% raffinose.
with T4 DNA polymerase and insertingXbd linker (New  They were then diluted into minimal medium containing 1%
England Biolabs) containing nonsense codons in the thre@icose and 1% galactose and grown f2-18 h (ORgg
reading frames. 0.6-1.0) before assaying fBrgalactosidase activitg-Galac-

Reporter plasmicPlasmid pLG178-M was constructed by destroyl0Sidase assays were performed with permeabilized Z8)ls (

ing the uniqueMunl site in the P origin of replication of ) o

PSLRA178K (26) by cutting withMunl, filing in with Klenow ~ Preparation of extracts and DNA binding assays

fragment and ligating. pLG178-M was linearized viétid and an  Extracts were prepared and DNA binding assays were carried out
oligonucleotide  (STCGAGAGATCTAAAAAACAATTGC-3') = 44 described?(,28) using a HAP1 expression vector under the
and its complement were mserted_ at that site to give p178MB. TRISNtrol of U ASsaL (SD5-HAP1:20). Probes were generated by
plasmid has uniquelunl andBglll sites (flanked bhd sites) in - pcR amplification using the reporter plasmids as templates and
front of a minimalCYC1promoter drivindacZ transcription (see  nrified with G50 spin columns. Quantitative data were obtained
Fig. 1). by measuring the amount of radioactivity present in the retarded

HAP1 UAS mutantSpiked oligonucleotides (level of contamina-Pands using a phosphorimager (Fuji).
tion 3% for each of the three other nucleotides) containing the UAS

of CYC1(5-CGCGGATCCTCATCGTCCGTAAACCCCGGCC- RESULTS
ACTGTAGGAATTCGGA-3) or the UAS ofCYC7(5-CGCGG-
ATCCGCTAATAGCGATAATAGCGAGGGCTGTAGGAATTC
GGA-3) were synthesized. They were then made double-strand
by hybridizing them with a second oligonucleotideTBCGAAT-  Reporter plasmids with mutat€&lyC1land CYC7UASs were
TCCTACAG-3) and filling in with Klenow fragment. The DNA generated using ‘spiked’ oligonucleotides (level of contamina-
was then cut withEcdRl and BanHI, gel purified on a 4% tion 3% of each of the three other nucleotides), flanked by
polyacrylamide gel and subcloned into p178MB cut at thappropriate restriction sites (see Materials and Methods).

Strategy used to generate and characterize HAP1 UAS
tants
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Table 1.In vitro binding andn vivo activity of the UAS ofCYC7and results suggest that two CGG triplets are important for binding of
mutants HAP1 to the UAS oCYC1
e yr—— gy Interestingly, another class of mutants was isolated with
[P — R mutations outside the CGG triplets. In the case of mutant 1-3,
[f-GAL IITE) (% WILD TYFE) which carries five mutations, binding was not affected, but
1WT  TEGC GG GGETTA 066 MOGATGA E 100 activation was 15 times lower than wild-ty@'C1 Similar
1-1  TEG) OG0 GOETTR TG ACGATGA L results were seen with mutant 1-26. The properties observed at
1=2: N G (NEVEL CHE-AONGTHR: 2 this UAS are analogous to those seen for HAP1 positive control
1ad:.  AEAR CKE GRS U043 DogEAn g mutants at the wild-type UAS @YC7 i.e. wild-typein vitro

1-5 AGEC 000 GOTTIA CO0 RACOATTA
1-6 TOGD COf COTRTR CGG ACCATEA
1-7 TGGE CGG GETETA CRT ACGATAA

b1
5
5

binding but no transcriptional activatiohlj.
Other mutants (1-10, 1-32, 1-40 and 1-43) with changes outside

L T T O - -
= s a a =&

1-0 TGS GBG GOTTIR 0GG ACRAAGA L L35 the triplets showed wild-type binding properties, as well as
1-0  T5EC OGA GETTTA GG ACGATGA 10 significant3-galactosidase activity, suggesting that many nucleo-
1-10 TEAC ©O0 GUTTTA {00 ACGATGR 115 tides outside the CGG triplets are not important for binding of
1=14  TGGE GG GETTTA CIG ACGATGA 14 HAP1.

1-16 TEAT CO0 ROTTTA {00 ACCAQCH 15

1=18 TGEA CIF GETATA C00 TAGAACA 1 . ..

137 WGOC 000 GUTATA €U0 ACEATEA By Mutations that enhance activity of HAP1 atCYC1

TEAl R TR CRIETR. M AT 55 Two mutants (1-8 and 1-16; Talileof the UAS ofCYC1showed

i A e TR R i increased transcriptional activity (3-fold). Mutant 1-8 carries a single

1=37 BGGC OGG GETTTA CGG ACGGTTA Fo

nucleotide change 5 nt downstream of the second CGG triplet and

-
BO SR WS o3 -

o4 F-d b B.@.f 4 & 5 B8 ® B

S B =i DD WO W =D N W N e o

t::ul E E m: :2 EE i:: mutant 1-16 has 4 nt alterations, including that found in 1-8. In order
1-42 TEIC COG GETTTA NGO AMGATGA - to rule out the possibility that these UASs could be bound by an
181 TGET CGG GETTTA COG ACEATGA 134 activator other than HAP1 we measured their activity with a HAP1

mutant that is transcriptionally inactive (SD5-HARD-HIS; see
Materials and Methods). Activity of the mutants was reduced to
Nucleotide changes are underlined and in bold characters. Binding of HAPjoackground levels (0.2 Rrgalactosidase activity; data not shown)
to mutant UASs is given relative to the wild-type UASCfC1(100%). indicating that their activity was dependent on HAPL.

Mutagenized UASs were then subcloned into a reporter plasnMiJtatlons atthe UAS ofCYC7

containing a minimaCYC1promoter drivindacZ transcription  The UAS ofCYC7has two CGC triplets instead of the two CGGs
(Fig. 1). Mutations in the UASs were sequenced and the activitgund at a similar position i@YC1 Deletion of one G in one triplet
of the reporters was determinidvivo by transforming them, (mutant 7-25) had drastic effects on HAP1 activity (8-fold reduction
along with a HAP1 expression vector, into a fagain. In the  in activity; Table2). Some other mutants with changes in these
presence of HAP1, activity @yClandCYC7was 6 and 2.7 U  triplets also had decreased bindingitro and activatioin viva For
respectively (Tables and2). Moreover, when a HAP1 mutant example, mutant 7-20, with a change of the first CGC triplet to CTC,
deleted of its activation domain was used (HAIRY) only  had 6-fold lesg-galactosidase activity (Tab®. Similarly, 7-30,
background activity was measured (0.1-0.8-ghlactosidase which had reduced activity, carries a mutation in the second CGC
activity; data not shown), even though this HAP1 mutant showafiplet (along with two other changes). Interestingly, changing one
wild-type DNA bindingin vitro (21). This indicates that activity CGC to CGG (7-24) increased thevivo activity [4-fold. A single
of these reporters was dependent on the activation domainricleotide change between the two CGC triplets (7-5) reduced
HAP1. Mutants were also tested for thirivitro DNA binding  vitro binding [10-fold. Many mutations only minimally affected
by the electrophoretic mobility shift assay (EMSA) using aminding and activation &YC7 For instance, mutant 7-1 with 3 nt
extract prepared from a strain that contained a HAP1 overexpresganges before the first CGC triplet, had wild-type activity. Similar
sion vector under the control of U&& 4. results were obtained with mutants 7-2, 7-3, 7-8 and 7-34. All of
these alterations fall outside the CGC repeats.

Mutations that disrupt activity of HAP1 at CYC1

Many mutants generated by random mutagenesis & Y@l Affinity of mutants for HAP1

UAS displayed reduced binding amdvivo activity, like the We then tested the affinity of various key mutants by competition
single point mutants 1-9 and 1-14 (TabléActivation from these  assays, as shown in Figu:eAs expected from previous results
sites is 10- to 20-fold lower than from the wild-type UAS of(20), the UASs ofCYClandCYC7had a similar affinity for
CYCL1 Sstrikingly, these mutations are located in CGG tripletsdAP1. Higherin vivo activity of mutants 1-8 and 7-24 was
motifs recognized by the GAL4, PUT3 and PPR1 activatorgorrelated with an increased affinity of HAP1 for 7-24 and, to a
Moreover, all other mutants with alterations in either tripletesser extent, for 1-8, as compared with the UAYEC1
showed reduceth vitro binding andin vivo activation. For Conversely, 1-9, which had reduciedvitro binding, did not
example, mutant 1-2, with the first CGG triplet changed to CAGompete with the wild-type pro@YC1 even at a 200 molar
and mutant 1-28, with a change to GGG, showed redugétb  excess (Fig3). Similarly, 7-5 showed reduced activity and
binding andn vivoactivation. Similar results were observed withaffinity. On the other hand, mutants 1-3, 1-26 and 71 (Table
mutants 1-1, 1-2, 1-6, 1-7, 1-18, 1-22, 1-41 and 1-42, containisfpowed increased affinity for HAP1 as compared with the
nucleotide alterations in either CGG triplet (Tati)e These wild-type UAS ofCYC1 but were transcriptionally inactive.
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A Table 2.In vitro binding andn vivo activity of the UAS of CYC7 and
CYCl  TEGT COGG GETTTA G ADGHTGA mutants
Y En e o v
1-4  TGLD OGG GGTTTA OGG ACHRNGH mul.-:ru?m HINDIHG
1-36 TR G0 GSFTTA O3 Aodnmin T-WT  COCT GG TRATTAT CoT TATIRGD AP—GHL VHITE| (} wiLD TIFE)

W7 o0
45
50
70
in
B5
55

3
7-1 AT COC TATTAT OGO TRTTAGS
:’-an ﬁﬁmﬁ‘w 7-1 AT CGO TATTAT 0G0 GNTTROS
e mmmmﬂm: 7-1  OOET CEC TRTTAT OGO TATTAIS
T CECT GO TATEAT 0GC TATAZGD Tt CERERITIC. KA DO FUPERLD
7-§  DOCT OO OINTIAT CGC TRTTAGE
1-9  OOCT (RO TATTAT CGC TATTAES

T=llx HOCT @EC TATTAT OO0 QTATTAGC £ LT

=19 COCT AGC TRTGAT AGC TATTAIC il , i1

1-20 COCT CIC TATTAT OOC TANTRGC 35

B =21 ZCCT Cialk TATTAT OG0 TATRMGC 0
CoumTIGA N oooT

e - e : ""r':'ﬂ-l TR T=24 T CHC TATTHT O3 TATTAGC 130

'53‘1 ] il il | T=25 COCT C_C TATTAT CGC TATTAGRD %

P y T=25 @000 CGE TATTAT GGC AANTTRGC 18

=27 COCT COY TATTAT CGC TATTAGC

+m«--i~-~ N i AT o TNEAT co AT

T=29 QOCT CGR TOOTAT BOC TANTAGC
T=30 COCT CEC TATORT AGC TAATRGC

7-31  COOT QG0 GNTTAT COC BETTAGE

711 COCT COQ TATTAT BGC TATTAGD
il T-14 0T CGC TATINT CGC CFTRAGE
T=kd CO0F T TRTTAR COd Ef‘m
T=45 COCT OO0 TATTAR CGH ACGAGGL

5
50

41
=

30
o
aw
1%
a9

il

=
MOMOW DD DD D DD W DS Wk o R B L R
T T T e T T T B B e e - VR om
O @ ek O e WD WD e L LN e b= WO D RD @ ol R

R - e B

= bl m.liﬂrl

Nucleotide changes are underlined and in bold characters. Binding of HAP1
to mutant UASs is given to relative to wild type UAS of CYC7 (100%)

other alterations using site-directed mutagenesis, as shown in Table
3. First, we changed either (or both) CGG triplet($}¥C1to the

2 _“i"lirl""‘ sequence found at similar position€MC7 CGC. This resulted in
g e a reduction in binding and activation (10-fold) (mutants 1A, 1B and
RS 1C; Table3). Conversely, changing CGC to CGGOMC7resulted

in increased activity (mutants 7D, 7E and 7F; Tablen addition,
Figure 3. Affinity of HAP1 for selected UAS mutant#y Nucleotide sequence a”Y alt_erat'on of the TA nUCqut'deS@YC7reduced binding a“‘?'
of the UASs used for competition assaf). Eletrophoretic mobility shit ~ activation. For example, changing 1 nt between the two CGC triplets
assay. HAP1 extract and t@&/C1 probes were prepared as described in (mutant 7K; Tabl&) had drastic effects on binding of HARVitro
Il\r/]lgtsgglﬁ aggngﬂeitt?ggshsLﬁ?ioncg;r;air;fitgg Eoszgit]ltt?]re ;ria;%iss(r;presefand activation. Similar results were obtained with mutants 7H, 71
and 20& ?nolar excess over the Iabe@tF;Clprobe. The arrowsisndicéltes the and 7J. At similar positions &/ Clsite h.as TTand AT.S.e quences
HAP1-DNA complex. Competition with 1-3 and 1-26 was performed on a (T@ble3). Mutant 1G (TT-TA) showed increased activity, as did
separate gel. 1F (AT AA). However, an AT TT change had a negative effect
(mutant 1E). Finally, mutating th@YC1site to match the CGC
triplets and the TA repeats founddi C7(mutant 1D; Tabl&) gave
Overall, data from random mutagenesis indicate that either CG€vels of activation that were 30% of the UASCMCY indicating
or CGC are important nucleotides for binding of HAP1. Changes secondary role for flanking sequences. From these data it appears
at these triplets often resulted in lowered binding as exemplified byat HAP1 can recognize a CGG repeat and also a CGC repeat,
mutants 1-9, 1-14, 7-20 and 7-25. In addition, changing the secaaithough less efficiently. In addition, TA repeats are also important
CGC triplet in CYC7to CGG resulted in increased activity, for HAP1 binding. Their presence (and probably that of some other
suggesting that a CGG triplet is more favorable for binding afucleotides, as suggested by mutant 1D) seems to be more importan
HAPL1. Other key nucleotides are located 4 bp downstream of thien HAP1 is bound to the weaker CGC motifGfC7 We
first CGG/C) triplet and 5 bp downstream of the second CG(G/@yopose that the ‘optimal’ UAS for HAP1 is the direct repeat CGG
triplet, as shown by the single point mutants 7-5 and 1-8. Finallz TA N CGG N; TA.
many mutants (1-3, 1-10, 1-26, 1-32, 1-40, 1-43, 7-1, 7-2, 7-3 and
7-8) that carry mutations outside these above-mentioned nuclegtivity of HAP1 mutants
tides still showed strong binding to HAP1.
Since a major difference between@¥C1landCYC7sites is the
i ; sequence of the two triplets, we tested the possibility that they are
Site-directed mutagenesis of the UASs @YCland CYCY be responsible for the hyperactivity of HAP1-18 and the PC
Based on the above results and comparison with other UASspifenotype of HAP1 mutants, i.e. a defect in activation but not
HAPL1 (see Fig2), we concentrated on specific bases within théinding atCYC7 As expectedAl), HAP1-PC1 had wild-type
CGG/C motifs, as well as the downstream TA motifs, and madetivity atCYCland gave background activity@Y C7(Table3),
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Table 3.In vitro binding andn vivo activity of UASs ofCYC], Table 4.In vivo activity of UASs ofCTT1, CYB2
CYC7and mutants using expression vectors for HAP1 and mutants and mutants

IWT HArL])
s SRR P L FTL EAFL-10

£7] =00 =TT miGh =Rt = 4+ §.0 8,1 4.4

LA =g —TT —0GE ——RAT = .6 HD (=) .

L =0 ===TT =[0G —NT — - [ T I T | &9 CIBY =eG m=TA = OG5 m—l - T.1

1c =LAy men T = OO ——HT — + [ | H B CFBl=f —NaG —TA = LU =Lk = 15.7
Lo =OEE m—TR =0 =k = + 7 o4 ¥.1 ETElal — kil ——Th =008 ———Th = 1E.%

LE =C1HF e TT = O e T = v 1.4 HD [+ CEEl=0 —hGE —TA —OGa — 0 = 14.3

1P =C0) e TT = OO e i = 44 3.7 w -] CT#=[ —gac —Th —0Gc — Lo = i1.%
14 =00 ==Th =03 —KF— &K  17.8 HD L]

gm* % TR OGO e TR = ++ 3.8 @.3 FT ] Only the targeted areas for site-directed mutagenesis
o ot TN e TR, = 55T Lhi = ++ | L %-] 4.9 7.8

TE —CGE—— A — 008 —Th=  ++ 4.5 15.8 a9 are §hown. Forcomplete sequence of the UASS refer
r =OET Tk —CG8——Th—  +4+ 2.8 §9.5 &.5 to Figure 2. Nucleotide changes are underlined and
H o N e Ty e 138 e Uy + #.4 HG o] in bold

71 OO0 ——Th = ] e {T = ek 4.3 HG o] :

M -0 —— T — 088 ——=Th= &/= 4.4 HOG )

TE = CEC R = LG Tl = #fm .3 BB o]

when nucleotides were mutated at a position equivalent to the
Only the targeted areas for site-directed mutagenesis of the UASs aresecond TA oCYC7 However, these changes resulted in a more
SEOWH' For Comglelt.e qu”‘zn.ceb"flghe ;JAsgé‘(f/fel;.m d'.:ig”rel 2t: N“tc'eo_ﬂjde modest increase (2-fold) in activity (Tald)e Comparison of the
changes are underlined and In bola. +/—, < © bInding relative to wild- . . . .
type HAPL: +, >30% and <50%; ++, >50%. ND, not determined, UAS of CYT1with the optimal sequence shows that this site has

the consensus sequence except for the second TA, which is CC.
The second TA appears to be less important if other nucleotides
match the ‘optimal sequence’. Taken together the data show that
all HAP1 binding sites are related sequences, i.e. they are
%mperfect versions of an ‘optimal site’ that is a direct repeat.

while HAP1-18 shows the opposite pattern of activity (Taple
Changing either CGC triplet (or both)@¥C7to CGG resulted

in increased activity of HAP1-PC1 and reduced activity o
HAP1-18 (mutants 7D, 7E and 7F; TaBJeSimilar results were
observed with another PC mutant, HAP1-PC2 (data not show®!SCUSSION
In addition, activation by HAP1-PC1l was greater when th A
second CGC triplet was changed to CGG as compared with the
first one. The opposite pattern was seen with HAP1-18, whege have performed random mutagenesis of the HAP1 binding
some activity was retained with a mutation in the first CGC triplegites found in th€YClandCYC7genes. The results show that
(mutant 7D), while HAP1-18 was transcriptionally inactive withHAP1 binds to a direct repeat with the ‘optimal’ sequence CGG
a mutation in the second CGG triplet (7F). The increased activily; TA N CGG N; TA. This is in contrast to other zinc binuclear
(>50-fold) of HAP1-PC1 at 7E and 7F (relative to wild-typecluster proteins, such as GAL4, PPR1 and PUT3, which
CYC7 cannot be explained by greater binding, since only gecognize palindromic sequences containing inverted CGG
modest increase in binding (<2-fold) was observed witkiplets @,3,29). HAP1 can accommodate some changes at these
HAP1-PC1 tested with 7E and 7F probes in EMSA (data natiplets. For instance, the UASs®TT1and that oCYB2have
shown). These results show that the effect of HAP1 PC mutatiofte sequence TGGgNCGG and AGG B CGG, respectively

can be suppressed by mutating 1 or 2 nt of GN&E7 site.  (Fig. 2). However, activation at these sites is increased 5- to 7-fold
Conversely, activity of HAP1-PC1 was abolished when the CG@hen TGG or AGG is mutated to CGG. Variation of the CGG
triplets of CYClwere mutated to CGC (mutants 1B and 1D). ltriplets is also seen for other zinc cluster proteins. For instance,
is possible that mutants of HAP1 adopt a different conformatiofhe UAS;a14 has an AGG triplet instead of CG&)).

according to the site they are bound to; this would result in Divergence from the ‘optimal’ site is even greate€MC7

P1 DNA targets are related imperfect direct repeats

different transcriptional activity (see Discussion). where two CGC triplets are found instead of the two CGGs.
Again, mutating these triplets to CGG results in greater activa-
Site-directed mutagenesis at other UASs of HAP1 tion. This is in agreement with studies performed on the native

CYC7promoter 81). In addition, our mutational analysis shows
Comparisons with other known UASs of HAP1 are shown ithat the 2 nt (TA) located 4 bp downstream of the two CGG/C
Figure2 (see also Tablé). All these sites have, in the middle of triplets are important for binding of HAP1. Increased activity at
the UAS, the sequence ‘TAN CGG’, which matches the ‘optimathe UAS of CYClwas observed when some nucleotides were
sequence. However, instead of CGG as the first triplet, theutated at positions equivalent to the first or the second TA of
sequences TGG and AGG are foundGiT1l and CYB2 CY(C7 (Table3). However, similar changes resulted in a more
respectively. In addition, the sequences TT and GC are fountbdest increase in activity a€YB2 and CTT1 (Table 4).
downstream of the second CGG triplet @fT1 andCYB2 Comparison of the UAS @3YT1(Fig.2) shows that this site has
respectively, as compared with TA for the ‘optimal’ sequence. the consensus sequence except for the second TA, which is CC.
HAP1 binds similarly to these sites, then changes that woulthe second TA appears to be less critical if other nucleotides
allow a better fit with the ‘optimal’ sequence should result iTmatch the ‘optimal’ sequence. More drastic effects are seen when
higher activity. Mutating the first triplet of the UAS@TT1from  mutating the second TA ©YC7 Since two CGC triplets instead
TGG to CGG resulted in 7-fold higher activity (Table  of CGG are present at that site, it is likely that the second TA
Similarly, changing AGG o€YB2to CGG also increased the sequence helps to stabilize interaction of HAP1 with that UAS.
B-galactosidase activity >5-fold. Increases were also observitbreover, theCYC7site, as opposed to other HAP1 UASS, is an
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almost perfect direct repeat, but is the only site that does not haxmmpetition assay (Fid). Similar results were observed for
at least one CGG triplet. Other nucleotides must also be importamiclear receptors, where a heterodimer formed of LXR/RXR
for binding of HAP1 to that site, as suggested by a mutant of thénds to various sites but activates only a certain suBSkgt. (
UAS of CYC1(mutant 1D; Tabl&). This mutant has the repeat In addition, the properties observed at these UASs are
CGC N3 TA N CGC N; TA found inCYCTY but shows reduced analogous to those seen for HAP1 PC mutants (which carry
binding and activation as compared with the wild-type UAS oédmino acid changes in the DNA binding domain), i.e. wild-type
CYCT Therefore, the presence of two unfavorable CGC tripleis vitro binding but no transcriptional activaticti( Table3). For
in CYC7is compensated for by other nucleotides that form aimstance, HAP1-PC1 shows background activiQ¥€7 while
almost perfect direct repeat. Moreover, mutant 7E, whichinding of HAP1-PC1 t€YC7was shown to be stronger than to
matches the ‘optimal’ sequence, shows a lower activity thamild-type CYC7 (21). However, when either CGC triplet is
mutant CTT1A, in agreement with a secondary role for othaethanged to CGG increased activity was observed (T3ble
nucleotides located outside the ‘optimal’ sequence. Binding of HAP1-PC1 t&CYC7was shown to be stronger than
Taken together these results show that HAP1 binds to relatedld-type CYC7(21). In contrast to PC mutants, HAP1-18 shows
DNA sequences. Our mutational analysis is in agreement withdramatic increase in activation at the UASWC7([1L6 times
recently published experimeng?f where random site selection more than wild-type HAP1), even though it has a similar affinity
was used to identify HAP1 binding sites. However, in that studipr the UAS ofCYC7as compared with wild-type HAP2G).
the second TA repeat was not identified as being important fontroduction of CGG triplets decreases the activity of HAP1-18
HAP1 binding. Our results show that this second repeat & opposed to the effect seen for PC mutants, as suggested fron
important for increased activity @vC1 CTT1landCYB2 and studies with the intac®YC7promoter 81).

essential for activity afYC7 We proposed?l) that the phenotype of the PC mutants could
be explained by the fact that these mutants would prevent

Discrimination between palindromic and directly interaction of the DNA binding domain of HAP1 with a cofactor

repeated sequences protein that would normally act in synergy with the activation

) domain of HAP1. The model was based on genetic evidence that
All of the known target sites for GAL4 or t@uyveromyces g,ggested that a mutant of GAL11, GAL11P, increases the activity
lactis homolog LACO are palindromic (se€2933 for a = of 3 GAL4 mutant by interacting with its DNA binding domain
compilation of the UASs). Conversely, all the known binding0), which contains a zinc finger homologous to that of HAP1.
sites for HAP1 are imperfect direct repeats{(9). In addition,  However, more recent data showed that wild-type GAL11, unlike
no binding of HAP1 could be detected with various palindromigsa| 11p, does not interact with GAL4 and is, rather, a component
sequences derived from the consensusdM$with spacing  of the RNA polymerase Il holoenzymé1{42). Therefore,
between the two triplets varying from 1 to 14 bp (unpublishefiap1-pC mutants may simply have an altered conformation that
results). This is in agreement with the random site selectiopyay inhibit the activation domain. Changing the CGC triplets to
where only sequences with direct repeats were recoieth(  cGG would alter the conformation of PC mutants, enabling them
addition, changing the orientation of the second CGG triplet i pe active, as seen when bound taf€1site, which contains
generate a palindromic sequence prevents binding of 1 ( o CGG triplets. Conversely, HAP1-18 could have an alternate
These observations suggest that there are constraints that preyghtormation that would allow very efficient interaction with some
HAP1 from binding to a palindromic sequence and GAL4 fromgomponents of the basic transcriptional machinery. A similar
binding to a direct repeat. It has been suggested that HAP1 bipd§qe| has been suggested to explain the phenotype of PC mutants
to a direct repeat through swiveling of one DNA binding domaigs e glucocorticoid receptof ), where it is proposed that DNA
relative to the dimerization domaig2). However, if the DNA 51 act as an allosteric effector.
binding domain of HAP1 shows such flexibility, HAP1 should |, conclusion, two different types of mutations modulate the
also be able to bind to a palindromic sequence. One possibilityjgtiyity of HAP1 without changing its affinity for target sites.
that the relatively long N-terminal segment of HAPL thafjrsty mutations in the DNA binding domain of HAP1 can lead
precedes its zinc finger (63 amino acids as compared with 10 {gf jncreased (HAP1-18) or decreased (PC mutants) activity at
GAL4) prevents HAP1 from binding to a palindromic sequencesyc7 Secondly, mutations in the target sites for HAP1 also affect
Orientation and spacing of the CGG triplets appear to be majggtivation of HAPL (or mutants). It will be interesting to

determinants for the binding specificity of a given zinc clustefjetermine if these two types of mutations have an allosteric effect
protein. This contrasts with nuclear receptors, which show mogg, the activation domain of HAP1.

flexibility for their binding sites34-38). Thus our results show
that all HAP1 sites are related and are imperfect direct repeats
with the optimal sequence CGG WA N CGG N; TA. ACKNOWLEDGEMENTS
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