
T
P

T
H
*
8
S

R

p
i
b
a
d
c
(
s
B
d
y
c
c
i
m
a
q
©

a
a
c
t
d
m
n
s
c
q
i

d
U
p
u

Biochemical and Biophysical Research Communications 255, 157–163 (1999)

Article ID bbrc.1999.0157, available online at http://www.idealibrary.com on
ranscription Initiation Mediated by Initiator Binding
rotein in Saccharomyces cerevisiae

omoko Ohishi-Shofuda,* Yuriko Suzuki,* Ken-ichi Yano,†
iroshi Sakurai,‡,1 and Toshio Fukasawa†

Institute for Advanced Medical Research, Keio University School of Medicine, 35 Shinanomachi, Shinjuku-ku, Tokyo 160-
582, Japan; †Kazusa DNA Research Institute, 1532-3 Yana, Kisarazu, Chiba 292-0812, Japan; and ‡School of Health
ciences, Faculty of Medicine, Kanazawa University, 5-11-80 Kodatsuno, Kanazawa, Ishikawa 920-0942, Japan

eceived December 18, 1998
spective to the transcription initiation site at 11) by
m
i
a
i
I
p

o
(
s
w
G
t
e
m
b
g
W
i
t
c
s
w
t
i
i

M

B
r
a
p
c
p
f
p
i
s

Many instances of the initiator element in the core
romoter of protein-coding genes have been reported

n mammalian cells and their viruses, but only one has
een reported in the yeast Saccharomyces cerevisiae
t the GAL80 gene. The initiator element of GAL80
irects transcription by itself and interacts with a nu-
lear protein designated yeast initiator binding factor
yIF). Here we show that yIF in a partially purified
ample binds the sequence from 218 to 110 of GAL80 .
y employing a selected and amplified binding proce-
ure, we have determined the preferred sequence for
IF binding to be 22 CACTN 13 (N indicates any nu-
leotide). Binding affinity of selected sequences to yIF
orrelated with their initiator-directed transcription
n vivo, suggesting that the yIF–initiator interaction

ediates transcription from the initiator in yeast. We
lso suggest that sequences flanking the preferred se-
uence affect both yIF binding and initiator activity.
1999 Academic Press

Most eukaryotic genes transcribed by RNA polymer-
se II contain several cis-elements that assure the
ccurate initiation of transcription. Initiator is a dis-
rete element that functions alone or in concert with
he TATA box and upstream activating elements to
irect transcription initiation (1–3). The initiator ele-
ent was first reported in the murine terminal deoxy-
ucleotidyl transferase gene (4). Since then, many in-
tances of initiator have been found in mammalian
ells and their viruses (2, 3), and its consensus se-
uence has been determined as 22 YYANA/TYY 15 (Y
ndicates pyrimidine and nucleotide positions are re-

1 To whom correspondence and reprint requests should be ad-
ressed at School of Health Sciences, Faculty of Medicine, Kanazawa
niversity, 5-11-80 Kodatsuno, Kanazawa, Ishikawa 920-0942, Ja-
an. Fax: 81-762-34-4360. E-mail: sakurai@kenroku.ipc.kanazawa-
.ac.jp.
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utation analyses (5, 6). It has been shown that
nitiator-dependent transcription is mediated by inter-
ction between the initiator and various proteins (2, 3)
ncluding YY1 (7), TFII-I (8), USF (8), RNA polymerase
I (9), and/or components of the TATA box-binding
rotein associated factors (10).
In the yeast Saccharomyces cerevisiae, only one case

f initiator has so far been reported at the GAL80 gene
11), despite a large body of information on the tran-
cription mechanism as well as the completion of the
hole genome sequencing in this organism. The
AL80 gene encodes a negative regulatory protein for

he galactose-inducible genes (12, 13). The initiator
lement of GAL80 directs transcription by itself, thus
aintains the constitutive expression to a certain

asal level, and thereby represses expression of the
alactose-inducible genes in the absence of galactose.
e previously demonstrated that the GAL80 initiator

nteracts with a nuclear protein designated yeast ini-
iator binding factor (yIF) (11). The GAL80 gene also
ontains the TATA box that mediates inducible tran-
cription, and thus this gene has two alternative path-
ays in transcriptional initiation (11). Here we show

hat the yIF-initiator interaction is correlated to
nitiator-mediated transcription, and suggest that yIF
s required for transcription from the initiator in yeast.

ATERIALS AND METHODS

Plasmids. Plasmid pG80-47 was created by subcloning the AluI-
glII fragment of GAL80 (nucleotide positions from 247 to 184 with
espect to the transcription initiation site at 11) (14) into the SmaI
nd BglII sites of pSK142 (11). A GAL80-GAL7 hybrid fragment was
repared by replacing the sequence from 23 to 19 of GAL80 with the
orresponding sequence of GAL7 (23 AAAACAGTTGAA 19) in
G80Im-47 (11). Plasmid pSK250 contained the HIS3 open reading
rame (ORF) in a TRP1-marked centromeric plasmid (11). Plasmids
SK329 (IniG80-HIS3) and pSK333 (IniG7-HIS3) contained the GAL80
nitiator and the hybrid initiator described above, respectively, up-
tream of the HIS3 ORF of pSK250 (11). A BamHI site was intro-
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.



duced 95-base pairs upstream to the ARG5,6 ORF in pCB4 (15) by
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olymerase chain reaction (PCR) to create pCB4B. Plasmid IniARG-
IS3 bearing a fusion of ARG5,6 promoter region and HIS3 ORF
as constructed by subcloning the BamHI–BglII fragment (from
95 to 228) of pCB4B into the BamHI site of pSK250.

Gel retardation assay. Gel retardation assay was carried out as
escribed (11). Probe DNA and protein fraction used are indicated in
he figure legends.

Partial purification of yIF. Yeast nuclear extract was prepared
rom BJ2168 (MATa ura3-52 leu2 trp1 prb1-1122 pep4-3 prc1-407
al2) cells as described (11). Presence of yIF was monitored by gel
etardation assay using a 32P-labeled PstI–BglII fragment of
G80-47 that contained the region from 247 to 184 of GAL80. The
uclear extract (4 ml, 10 mg protein/ml) was loaded on a 5-ml
io-Rex 70 (Bio-Rad) column equilibrated with buffer A (20 mM
ris–acetate pH 7.9, 1 mM EDTA, 20% glycerol, 1 mM dithiothreitol,
nd protease inhibitors) containing 0.1 M potassium acetate. After
ashing the column with the same buffer, bound proteins were
luted step-wise with 0.3, 0.5, and 1.0 M potassium acetate in buffer
. The 1.0 M potassium acetate fraction containing yIF (5 mg pro-

ein) was dialyzed against buffer A plus 0.1 M potassium acetate and
oaded on a 2-ml Q Sepharose (Pharmacia) column equilibrated with
he same buffer. After washing the column, bulk of the yIF activity
luted with 0.3 M potassium acetate in buffer A (0.36 mg protein)
as dialyzed against buffer A plus 0.1 M potassium acetate.

DNase I footprint and methylation interference analyses. Either
he top or bottom strand of the BamHI–BglII fragment of pG80-47
as 59 end-labeled with 32P. Partially purified yIF fraction (1.5 mg of
rotein) was incubated with 0.5 ng of probe DNA in the presence of
00 ng of poly (dI-dC) for 20 min at room temperature (11). After
igestion with 10 ng DNase I for 1 min, DNA was purified and
ubjected to electrophoresis on a 6% polyacrylamide–7 M urea gel
11). For methylation interference analysis, the end-labeled DNA
ragment was partially methylated by dimethylsulphate (16). The
inding reaction was performed as gel retardation assay except that
he reaction mixture was scaled up 5-fold. The sample was applied on
native 4% polyacrylamide gel to separate yIF-bound and unbound
NA fragments. After autoradiography, DNA fragments recovered

rom the gel were cleaved with piperidine and electrophoresed on a
% polyacrylamide–7 M urea gel (11, 16).

Selected and amplified binding (SAAB) procedure. The SAAB
rocedure was performed as described by Purnell et al. (17). Two
ligonucleotides were synthesized; one corresponds to the top strand
f GAL80 from 214 to 27, to which restriction sites for BamHI and
coRV are introduced at the 59 end. The other corresponds to the
ottom strand from 214 to 114 and contains restriction sites for
coRI and EcoRV at the 59 and 39 ends, respectively. The latter

ontains randomized sequences at 5 nucleotides between 22 to 13.
wo oligonucleotides were annealed, and the single-stranded regions
ere filled up with Klenow fragment. The resultant DNA molecules

see Fig. 2A) were amplified by PCR with 59-GGATCCGA-
ATCTAC-39 and 59-GGGAATTCGCAAGGACC-39 as primers. Por-
ion of the amplified fragment (1.5 ng) was end-labeled and used for
el retardation assay. DNA fragments in the complex were recovered
rom the gel and amplified by PCR as above. After three cycles of
election and amplification, selected fragments were digested with
coRV and EcoRI, and cloned into the SmaI and EcoRI sites of
SK250 to create pGAL80-HIS3 derivatives. Cloned fragments were
equenced by using 7-DEAZA Sequencing Kit ver. 2 (TAKARA
huzo, Kyoto).

Assay of in vivo initiator activity. The HIS3 fusion derivatives
ere introduced into a his3 mutant strain NOY396 (MATa ade2-1
ra3-1 his3-11 trp1-1 leu2-3,112 can1-100) (11). The transformants
ere streaked on a plate of histidine-lacking medium containing 20
r 50 mM 3-aminotriazole (3-AT), and the cell growth was evaluated
158
f HIS3 as described (11).

ESULTS

Determination of yIF-binding region. Interaction
etween yIF and the initiator of GAL80 was analyzed
y DNase I footprint technique using a DNA fragment
ontaining the sequence from 247 to 184 of GAL80
nd the protein fraction enriched for yIF. As shown in
ig. 1A, protection against DNase I digestion was ob-
erved in the initiation region between 218 and 16 of
AL80 [from 217 to 16 of the top strand (compare

anes 1 and 2) and from 218 to 13 of the bottom strand
compare lanes 8 and 9)]. When a binding mixture
eceived an excess amount of unlabeled probe frag-
ent, the observed footprint was diminished (lanes 3

nd 10). By contrast, addition of the control fragment,
n which the sequence between 23 and 19 was re-
laced with the corresponding sequence of GAL7 (11),
id not affect the footprint pattern (lanes 4 and 11); the
ragment was previously shown not to inhibit forma-
ion of yIF–initiator complex in gel retardation assay
11). The observed protection against DNase I by this
rotein sample was therefore ascribed to specific bind-
ng of yIF to the sequence.

We also analyzed the yIF-initiator interaction by
ethylation interference method (18). As shown in Fig.

B, guanine residue at 24 on the top strand was un-
ermethylated in the yIF–DNA complex (compare
anes 2 and 3). On the bottom strand, guanine residues
t 212, 11, and 19 were undermethylated (compare
anes 5 and 6). Slight undermethylation was also ob-
erved at 17 (top strand) and 110 (bottom strand).
ased on the results of DNase I footprint and methyl-
tion interference analyses as summarized in Fig. 1C,
e conclude that yIF binds the sequence from 218 to
10 of the GAL80 initiator.

Isolation of preferred sequences for yIF binding. To
etermine the nucleotide sequence required for recog-
ition by yIF, we adopted a SAAB procedure (17, 18).
e generated a library of GAL80 initiator variants
ith randomized sequences in 5 bases around 11 (Fig.
A). By means of gel retardation assay with a yeast
uclear extract, yIF-bound DNA molecules were sepa-
ated from unbound DNA and amplified by PCR. After
hree cycles of selection and amplification, selected
ragments were cloned in an appropriate plasmid and
equenced. Nucleotide sequences of 18 clones are listed
n Fig. 2B. We identified 22 CACTN 13 sequence as
he preferred sequence for yIF-binding, which was also
ound in the authentic initiator of GAL80 (22 CACTG
3). Sequences of seven clones matched with the pre-

erred sequence (clones 1–7). The TCACT sequence
clone 8), in which the preferred sequence was located
ne base downstream from the authentic initiator, was
lso obtained. (From now on, nucleotides identical with
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he preferred sequence are underlined.) Note that this
lone was deleted of one of two G residues at 16 and
7. Selected sequences CTCTG (clone 9), CCCTC

clone 10), CAATT (clone 11), and GACTA (clone 13)
ontained one base-alterations from CACTN.

Relationship between yIF–DNA interaction and ini-
iator activity. The yIF-binding affinity of the selected
equences was evaluated by gel retardation assay (Fig.
A and summarized in Fig. 2B). A labeled fragment
ontaining the sequence TCACT (clone 8) was recog-
ized by yIF as efficient as the initiator fragment of

FIG. 1. Binding of yIF on GAL80 core promoter. (A) DNase I foot
–7) or bottom strand (lanes 8–14). Binding reaction was performed
f the partially purified yIF. Tenfold molar excess of the unlabeled p
anes 4 and 11) were also added to the binding mixtures. Products o
leavage reaction, lanes 6 and 13; C1T cleavage reaction, lanes 7 and
B) Methylation interference analysis. Probe DNA was labeled at 59 e
leaved fragments prepared from the yIF–DNA complex (C, lanes 2 a
) were electrophoresed. Undermethylated G residues are shown by
riangles. (C) Summary of yIF binding region in GAL80 core promote
egion protected from DNase I digestion. Guanine residues involved
slight interference) triangles.
159
AL80 (CACTG) (compare lanes 2 and 3). The CTCTG
clone 9) or CTCCG (clone 12) sequence also formed
IF–DNA complex with an efficiency of approximately
0% of that of the authentic sequence (lanes 4 and 5).
he CAATT sequence (clone 11), which contained an
lteration of the conserved C residue at 11 to A, was
fficiently recognized by yIF (lane 6). By contrast, yIF-
inding affinity was significantly reduced by C to G
hange at 22 [GACTA (clone 13), see lane 8]. These
esults suggest that the 22 CACTN 13 sequence is
referred for the binding of yIF, and that C at 22 is

t analysis. Probe DNA was labeled at 59 end of either the top (lanes
the absence (lanes 1, 5, 8, and 12) or presence (lanes 2–4 and 9–11)
e (G80, lanes 3 and 10) and the GAL80–GAL7 hybrid fragment (G7,
emical sequencing reaction were co-electrophoresed as markers (C

. Protected regions from DNase I digestion are indicated by brackets.
of either the top (lanes 1–3) or bottom strand (lanes 4–6). Piperidine
5), unbound DNA (F, lanes 3 and 6), and probe DNA (G, lanes 1 and
led (strong undermethylation) and open (slight undermethylation)
ranscription initiation site is shown by arrow. Brackets indicate the
the yIF-binding are shown by filled (strong interference) and open
prin
in
rob
f ch
14)
nd
nd

fil
r. T
in
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ritical for the yIF–DNA interaction. Somewhat less
fficient formation of yIF–DNA complex was observed
ith fragments containing TTCGT (clone 15), GTCTA

clone 16), or CCGTC (clone 18), presumably due to a
ow affinity to yIF (lanes 7, 9, and 10).

The initiator activity of the selected sequences was
ssayed in vivo by a gene fusion technique. Each of the

FIG. 2. Isolation of preferred sequences for yIF-binding. (A) The
robe fragment for SAAB analysis contained the GAL80 promoter
egion from 214 to 114 (boldface) with randomized sequences at 5
ucleotides between 22 and 13 (N), and restriction sites. (B) Nucle-
tide sequences of 18 isolated fragments, base frequencies, and pre-
erred sequence are shown. Selected and flanking sequences are
hown by uppercase and lowercase letters, respectively. Nucleotide
equences which match with the preferred sequence are indicated by
oldface. Note that clone 8 was deleted of one of two G residues at 16
nd 17. The yIF-binding ability of the selected fragments was ana-
yzed by gel retardation assay (Fig. 3A), and the binding affinity
elative to the GAL80 initiator (CACTG) was determined by densi-
ometric analysis of the autoradiogram. NT, not tested. The initiator
ctivity was analyzed as Fig. 3B and expressed as strong (11,
rowth on 50 mM 3-AT medium) or weak (1, growth on 20 mM 3-AT
edium). The GAL80–GAL7 hybrid fragment (GAL7, bottom of the

elected sequences) supported neither formation of the yIF–DNA
omplex (2%) nor growth of yeast on 20 mM 3-AT medium (shown by 2).
160
he HIS3 ORF in a centromeric-type plasmid, and the
lasmid was examined for the ability to complement
he growth defect of a his3 yeast on a histidine-lacking
late (11). The plate also contained 3-aminotriazole
3-AT), a competitive inhibitor of HIS3-encoded en-
yme, so that the growth behavior unequivocally cor-
elates with the expression of HIS3 (19). Transfor-
ants harboring initiator variant-HIS3 fusions

uccessfully grew on a histidine-lacking plate contain-
ng 20 mM 3-AT (Fig. 2B and data not shown). By
ontrast, transformants harboring HIS3 ORF alone or
AL7 initiation site-HIS3 fusions failed to grow on

hat plate (Figs. 3B and 4C). Thus, the selected yIF-
inding sequences directed transcription of HIS3 in
he cell. Plasmids containing sequences with a high
ffinity to yIF [CACTN, TCACT, CTCTG, CCCTC,
AATT, or CTCCG (clones 1-12)] supported the growth
f his3 yeast on the plate even if the concentration of
-AT was increased to 50 mM (Figs. 2B and 3B). That
he yIF-binding was closely correlated with the in vivo
nitiator activity suggested that the yIF–DNA interac-
ion was necessary for transcription in yeast.

Analysis of CACTN sequence in ARG5,6 gene. The
ntire sequence of the whole genome is now known in
. cerevisiae, and yet genome-wide search for the ini-
iator sequence has been hampered. This is partly be-
ause the transcription initiation site has been deter-
ined only in a minor fraction of the genes. We then

earched for the tentative consensus sequence of initi-
tor in some 20 genes whose initiation sites have been
etermined, which include those for galactose metabo-
ism, amino acid biosynthesis, cell division cycle, and
adiation sensitivity. We found that the ARG5,6 gene
15), which encodes acetylglutamyl-p reductase and
cetylglutamate kinase, contained a CACTA sequence
verlapping one of its initiation sites (Fig. 4A). To test
hether the initiation region of ARG5,6 interacts with
IF, we carried out gel retardation assay. As shown in
ig. 4B, a fragment containing the CACTA sequence of
RG5,6 failed to interfere with the formation of yIF–
AL80 initiator complex (lanes 4 and 5). When the
RG5,6 fragment was used as a probe, DNA–protein
omplex showing similar mobility with the yIF–
nitiator complex was not observed (lanes 6–10). Fur-
hermore, a plasmid bearing a fusion of the ARG5,6
ragment and HIS3 (IniARG-HIS3) could not comple-

ent the his3 strain for the histidine requirement
Fig. 4C).

ISCUSSION

Here we have shown that yIF binds the sequence
rom 218 to 110 of GAL80 and that the 22 CACTN 13
equence is preferred for the binding. Furthermore, the
IF-binding affinity of the initiator variants directly
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orrelated with their transcription-directing ability in
he cell judged by a gene fusion technique with HIS3
RF. We suggest that the yIF–DNA interaction medi-
tes transcription in yeast. However, the CACTA se-
uence isolated from the promoter region of ARG5,6,
hich overlaps one of the initiation sites, did not bind
IF. We assume that unknown sequence flanking the
roposed initiator sequence was also involved in the
IF-binding. This hypothesis is supported by the fact
hat CACT was localized at a fixed position from 22 to
2 in most of the initiator variants isolated by SAAB,
nd that clone 8 containing that sequence at positions
rom 21 to 13 was deleted of one of two G residues at
6 and 17. We also attempted the SAAB screening
ithin the nucleotides from 27 to 23 or from 14 to 18
f GAL80, but obtained no preferred sequence after
hree rounds of selection (data not shown). The CACTN
equence from ARG5,6 per se did not function as the
nitiator in our in vivo assay, suggesting that another
equence required for yIF binding as mentioned above
as also involved in the yIF-mediated transcription.
otwithstanding such an unknown sequence, it may
e safely concluded that the CACTN sequence pro-

FIG. 3. Characterization of initiator derivatives. (A) Interaction
ucleotide sequences was prepared from pGAL80-HIS3 derivatives b
ith the nuclear extract (lanes 2–10). The GAL80-GAL7 hybrid fragm
IF–DNA complex and probe DNA, respectively. (B) In vivo initiator
erivatives or IniG7-HIS3 (GAL7) was streaked on 50 mM 3-AT med
161
osed in the present work is important in the initiator-
irected transcription in yeast.
We previously demonstrated that constitutive and

nducible transcription of GAL80 is mediated by the
nitiator and the TATA box, respectively, and sug-
ested that each element provides a site for assembly
f different preinitiation complex (11). In support of
his idea, we also showed that global transcription
egulator Gal11, a component of RNA polymerase II
oloenzyme, is required for full expression of TATA-
ependent genes but not for initiator-dependent tran-
cription of GAL80 (20, 21). In addition, the general
ranscription factor TFIIE, which is required for tran-
cription of many genes in yeast, is partially dispens-
ble for transcription from the GAL80 initiator (22).
ecently, certain mutations of the general transcrip-

ion factor TFIIA have been reported to cause differen-
ial effects on transcription of various genes in yeast
epending on the core promoter element (23). Thus, in
he TFIIA mutants, the TATA-dependent transcription
f GAL80 decreases significantly, whereas its initiator-
ependent transcription increases several fold. Since
FIIA interacts with TBP to mediate transcription ac-

th yIF. Each of the end-labeled fragments containing the indicated
igestion with BamHI and EcoRI, and used for gel retardation assay
was used as a control (GAL7, lane 1). Arrow and arrowhead indicate
ivity. Each of transformants harboring the indicated pGAL80-HIS3
.
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ivation in vitro, these findings further strengthen the
dea that the yIF-initiator interaction is crucial for
nitiator-dependent transcription whose mechanism is
ifferent from that of TATA-dependent pathway.
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