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ABSTRACT target promoters5¢7). How glucose is sensed and affects the
o ) function of the Miglp/Ssn6p/Tuplp complex is not completely
Binding of the MIG1 repressor to the glucose-repressible understood, but some clues are available. A protein kinase composed
GAL1 and GAL4 promoters was analyzed in vivo by  of Snflp and Snf4p is required for derepression of Miglp repressed
cyclobutane dimer footprinting in two yeast strains promoters §) and a protein serine/threonine phosphatase, Glc7p,
that show different glucose repression responses. and a protein that associates with it, Reglp, are required for

Mig1p binding to the two promoters in both strains was glucose-induced repressidi).(The phosphorylation state of Mig1p
glucose-induced. In cells subject to rapid and stringent is glucose-dependens,(0) and it is probably a direct target of
glucose repression (S288c), long-term Miglp binding Snflp/Snf4p {1). Significantly, subcellular localization analysis
in glucose-grown cells was inhibited by the formation shows that transport of Miglp into and out of the nucleus is regulated
of a competing chromatin structure. Under conditions by glucose and the phosphorylation state of the protein correlates
where glucose repression was only partially effective closely with its cellular compartmentalizatiato).
(gal80~ or low glucose), the chromatin structure did not Among the best-studied glucose-repressible genes are those
form and long-term Mig1p binding was observed The responsible for galactose metabolisiyl®). Transcription of
same long-term binding of Mig1p was seen in cells of GAL4 which codes for the galactose-regulated transcriptional
a different strain (W303A) that shows only partial activator Galdp, is repressed 4- to 5-fold by glucdse1(5),
glucose repression of the ~ GALI promoter. We con- mediated by an upstream repression site (URS)t6 which
clude from these experiments that Miglp binding to Miglp bindsin vitro (3). In contrast, expression @BAL1
glucose-repressed promoters is glucose-dependent galactokinase, which catalyzes the first step in galactose metabolism,
but transient. We suggest that Mig1p functions at an is repressed as much as 1000-fold by glucose. Three factors
early step in repression, but is not required to maintain account for this high degree of repression: decreased Gal4p
the repressed state. synthesis and cooperative Gal4p binding to multiple binding sites
in the GAL1 promoter account for 40-fold repression; Miglp
INTRODUCTION binding to two sites in théSAL1 promoter causes 4-fold

repression and Gal80p, which binds to Galdp and inhibits its
Cells of the yeasbaccharomyces cerevisigeefer to ferment ability to activate transcription under non-inducing conditions,
glucose and rapidly alter patterns of gene expression in respor&eounts for the remaining 5- to 10-fold repressicil@). We
to carbon source availabilityl, Expression of many genes is and others have used various probes and footprinting procedures
repressed by glucose, including those involved in the metabolisim analyze protein—DNA interactions at {BAL1 promoterin
of other fermentable sugars like sucrose or galactose, or ko (17-24). These studies have shown that: (i) Gal4p can bind
non-fermentable carbon sources like ethanol or glycerol, as wéll the GAL1 promoter under both induced and uninduced
as genes required for gluconeogenesis and mitochondrial oxidativenditions (9,21); although glucose rapidly represses promoter
phosphorylation. Major questions that must be answered befdnction, Gal4p binding to the AL1 promoter is only lost when
the mechanism(s) of glucose repression will be understood acells are grown in glucose for extended times; (ii) repression of
(i) how does the cell sense glucose; (ii) what is the signalindpje GAL1 promoter is accompanied by the formation of a
system by which the sensor delivers a repression signal to thesitioned nucleosome that lies between the Gal4p binding sites
promoters of affected genes; (iii) how does delivery of this signand theGAL1 TATA element and includes the Miglp binding
result in decreased promoter activity? Genes whose functions aites £2,25). None of these analyses has revealed a Miglp
required for glucose sensing, signal transduction and promototprint under either inducing or repressing conditions. Our
repression have been identified. A major effector of repressionadbjective in this study was first to find a procedure for detecting
Miglp (2,3), a GH2 zinc-finger protein that binds to sites in Miglp binding to the&SAL1andGAL4promoters and then to use
several glucose-repressible promotéysNliglp is thought to act that procedure to investigdtevivothe role of Mig1p binding in
by recruiting the Tuplp/Ssn6p general repressor complex ghucose repression of these promoters.
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MATERIALS AND METHODS UV footprinting in vivo
Strains Cells were grown at 3@ to an Aygg=[2—-3 OD in an appropriate

_ medium. The culture (volume 25-30 ml) was harvested by
YM262 (MATa, ura3-52 ade2-101his3:A200, tyr1-501, lys2-80) centrifugation, resuspended in 3 ml SM with an appropriate sugar
YM654 (MATa, ura3-52 ade2-101his3A200, tyr1-501 lys2-801gal80A538  anq jrradiated as describeti7(26). After irradiation the cells
W303x (MAT a, ade2-1 ura3-1, his3-11,15trp1-1, leu2-3,112can1-100 were pelleted by centrifugation, resuspended in 1 ml of 1 M
BJ2168 (MAR, ura3-52 trp1-289 leu2-3,112prb1-1122rpc1-407 pepd-3 sorbitol, 1 mM EDTA and converted to spheroplasts &C30

using lyticase. DNA was purified by adsorption to a Qiagen G/20

column and cleaved at cyclobutane dimer modified sites with T4

endoV and photolyase as descritigd.(Ligation-mediated PCR
pwas carried out as describeéd) and gel analysis was carried out
'gs described above. Oligonucleotide primers used for LMPCR
Vyere the following:

Purification of Miglp

Bacterially expressed recombinant Miglp was a gift from
Devit. Miglp-enriched yeast cell extracts were made from
protease-deficient yeast strain, BJ2168, transformed with
multicopy MIG1 plasmid @). Cells were grown to log phase in
YPD medium, harvested and disrupted with glass beads inF#" theGAL1promoter:
blender. The resulting extract was cleared by centrifugatiof0ttom strand
DNA was removed by precipitation with 10% PolyminP and then ~ Primer 1 (G1-1), GAGCCCCATTATCTTAGCC, (=474 to —456);
protein was precipitated with ammonium sulfate (to 60%). The Primer 2 (G1-2), CTTAACTGCTCATTGCTATATTG, (419 to —397);
pellet from the ammonium sulfate precipitation was resuspended, Primer 3 (G1-3), TTCCTGAAACGCAGATGTGCC, (=312 to -292);
desalted on a Sephadex G-25 column and fractionated onl@p strand
heparin—agarose column. Miglp, detected by gel-shift assay with Primer 1 (G1-4), GAGATTTAGTCATTATAG, (+75 to +73);
aGAL1promoter fragment, was found in fractions eluting at 0.6 ~ Primer 2 (G1-5), CTCCTTGACGTTAAAGTATAGAGG, (+36 to +59);
and 0.7 M ammonium sulfate. Those fractions were dialyzed into  Primer 3 (G1-6), CAMACCGAAAATGTTGAA, (—44 to -27).
50 mM Tris—HCI, pH 7.6, 10 mM Mggl 10 mM KAc, 20uM
Zn(Ac),, 10% glycerol, 1 mM DTT, 1 mM PMSF and stored atFor theGAL4 promoter:
—70°C. Bottom strand

primer 1 (G4-1), ACCTTCTATAATTTCAAAGTATTT, (~210 to —187);

primer 2 (G4-2), GTATCAGTTTAATCACCATAATA, (~170 to —154);
DNase | protection assays and UV footprintingn vitro primer 3 (G4-3), AGTGCAATTAATTTTTCCTATTG, (-138 to —116);

Top strand

5'-End-labeled DNA fragments containing Miglp binding sites pprimer 1 (G4-4), GACACTTGGCGCACTTCGG, (+3 to +23);
were prepared by PCR of genomic DNA (YM262) using  primer 2 (G4-5), TTGTTCGATAGAAGACAG, (+33 to +50);
5'-32P-labeled primers (see below): G1-3 and G1-6 foGiAkL primer 3 (G4-6), CTTTCAGGAGGCTTGCTTCTC, (+98 to +117).
promoter (fragment extends from —312 to —27) or G4-3 and G4-4
for the GAL4 promoter (fragment extends from —138 to +23). Fqr each set, primer 1 was used for the first extension step,
Binding reactions were carried out in §0 final volume  imer 2 was used for the PCR amplification step and primer 3,
containing 50 mM Tris—HCI, pH 7.6, 5 MM KAc, 5mM MgCl  |apeled at the 'send with [y-32P]JATP and T4 polynucleotide
10% glycerol, 1 mM DTT, 1-{4g poly(dU-dI), 2-5ug poly(U-I),  Linase, was used for the final primer extension step. The ligation

[0.05 pmol of PPJDNA fragment and an appropriate amount ofgjigonucleotide was identical to that describe®).(
protein extract. The binding mixture without DNA fragment was

pre-incubated for 15 min at €. The whole binding reaction was
incubated for 30 min at°€.
For DNase footprinting, Jul DNase | (3 Upl; Boehringer RESULTS
Mannheim) was added to the binding reaction; digestion was
carried out for 1 min and stopped by addition ofib6f stop mix ~ We used ligation-mediated PCR (LMPCR) and UV photofoot-
(40 mM EDTA, 0.4 M NaCl, 1% SDS, fg of yeast tRNA) printing (17,19,27,29-31) to probe for Miglp binding to the
followed by extraction with phenol/chloroform (50/50, pH 8.0). GAL1 promoter under different growth conditions and in
For UV footprinting the binding mixture was irradiated for 2 mindifferent genetic backgrounds. UV irradiation of DNA induces
onice as describedl {,26). After extraction with phenol/chloroform formation of photoproducts, principally cyclobutane dimers and
(50/50, pH 8.0), samples were precipitated with ethanol, resus-4 products, which are formed at sites of adjacent pyrimidine
pended in 2@l of endoV cleavage mixtur@{), incubated for 1 h  bases. Photofootprinting takes advantage of the observation that
at 37C, extracted with phenol/chloroform (50/50, pH 8.0) andoroteins binding to DNA alter the extent to which these products
precipitated with ethanol. form. These effects probably result from protein-dependent
For electrophoresis each sample was dissolvegiitoading  changes in the structure or the conformational flexibility of the
solution (50% TE, 50% formamide, 0.1 mg/ml xylene cyanolDNA (19,27,30,31). Because DNA strands can be selectively
0.1 mg/ml bromophenol blue). The samples were analyzed orckeaved at modified sites (hot piperidine cleaves at 64 sites and
6% sequencing gel (8 M urea, 19:1 acrylamide:bisacrylamidephage T4 endoV cleaves at cyclobutane dimers), patterns of
After electrophoresis, fragments were transferred to 3MM filtephotoproduct formation along sequences and footprints that
paper which was dried and autoradiographed with Kodakesult from protein association to specific sites along those
Bio-Max film or with a phosphorimager screen. sequences are easily determined.
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UV footprinting of Miglp binding to the GAL1 promoter GAL1 promoter (YM262 strain)

N Vi tro GTAAAGAGCCCCATTATCTTAGCCTAAARAAACCTTCTCTTTGGAACTTTCAGTAATACGCTTAACTGCTCATTGCTAT  -401
CATTTCTCGGGGTAATAGAATCGGATTTTTTTGGARGAGARACCTTGAAAGTCATTATGCGART TGACGAGTAACGATA

GAL4 binding sites 1-3

For analysis of Miglp binding we chose to detect ONly acancrasoons e recorcercoTerrenc -321
cyclobutane dimers and we refer to the pattern of UV-induced™ =™ resee ) SeResnansaaeTe

GAL4 binding site4

cyclobutane dimers as the ‘UV pattern’, the ‘UV foOtprint’ Or the cosrcacorrecrearacccncazoroocrescassscacmormoosaacasmasseATICTACAATACTAGCTTTTATG | 241
‘phOtOfOOtprlnt’ TO |dent|fy a phOtOfOOtprlnt Of Mlglp at the GCCAGCGCAAGGACTTTGCGTCTACACGGAGCGCGGCGTGACGAGGCTICTTATTTCTAAGATGTTATGATCGAAAATAC

MIG1 binding site C

GALl promoter, We first analyzed Miglp bindii'gVitro USing GTTATGAAGAGGAAAAATTGGCAGTAACCTGGCCCCACARACCTTCAAATGAACGAATCAAATTAACAACCATAGGATGA -161

either a tru ncated fo rm Of M ig 1p mad eEBCheriCh ia Col br a CAATACTTCTCCTTTTTAACCG:Tz’:T;.P d‘" o TT GTTTACTTGCTTAGTTTAATTGTTGGTATCCTACT
X e inding site AT,
pal’tla”y purlfled extract made from yeast cells that OVerprOducedrumcc;A“ GITTTT T - T TTAATCAGCGAAGCGA’I‘GATTTTTGATCTATTAACAGATAI‘ATA -81

Mlglp (descrlbed |n Matel’la|S and MethOdS). Mlglp |n bOth A'I‘TACGCT}-\ATCAAAAA]:TCZGI\]\T;;\;\;;CCCCATTAATTAGTCGCT’JCGCTAC’I‘AAAAACTAGATAATTGTCTATATA
pl’eparatlons ShOWed SpeCIflc blndlng tom\l—l promOter ETGCAAAAACTGCATAACCACTTTAACTAATACTT'rum\CA'L”l”l'L'CUGT'!‘I'GTATTACTTCTIATTCAAATGTAATAA -1
frag ment II’] gel_sh |ﬂ experl ments (d ata nOt Shown) . '1"121;\:11 :"S:,:.‘ETAL TGGTGAAATTGATTAT GTTGTAAAAGCCARACATAATGARGAATARGT TTACATTATT
Flgurel ShOWS the Sequence Of @ALlandGAL4promOterS AAGTATCAACARAAAATTGTTAATATACCTCTATACTTTAACGTCAAGGAGAARAAACTATAATGACTAAATCTCATTCA  +80
Wlth Important |and markS . Flg u I% ShOWS D N ase | and UV TTCATAGTTGTTTTTTAACAATTATATGGAGATATGAAATTGCAGTTCCTCTTTTTTGATATTACTGATTTAGAGTAAGT

patterns for both strands of GAL1 promoter fragment (from

—312 to —27) in the presence or absence of recombinant Miglp. GAL4  promoter (YM262 strain)
To document Miglp binding by a traditional criterion, a DNase | UAS

. . CATTCGCCCAGTATTTTTTTTATTCTACARACCTTCTATAAT TTCAAAGTATTTACATAATTCTGTATCAGTTTAATCAC  -161
protection assay was also performed. This assay revealescauear AT GATOT T TGO GAT AT ARG T TCATARA TG TATTAAGACATACTCARATTACTG
(Fig. 2A, lanes 9-11) two Miglp sites (the URSA and URSC UES
elements of ref32). Miglp binding to the WO SItES WAS NOt  crrtmccaimncammcams ieaotmmmtammacermme A omocccsoms Ao cncomatn
equivalent: site A was protected from digestion by as littlquas 2 MIG] binding site 1 MIG1_binding site 2

TTTCCGTCATCCTT TTTCAGCTTCATC! T TCTACGTAATGCACGCCATCATTTTAAGAGAGGA -1

of recombinant Miglp; site C required U@ Of reCOMbDINANT  anscocacracenneacomeTAAACTCGARGTAGAGITCTARCACAGATCOA TTAC TOCGOTAG TAAAR FTOTORCCT
Miglp for partial protection and generation of a hypersensitive 2>
band. We conclude that Mig1p binds to site C with lower affinity ciorcormcooaseacrrorsrmesammnsimormeomoreomoceamncsoomammony
than to site A. In previous experiments no binding to site C was
detected). Figure2A also shows the effect of Miglp onthe UV
pattern. A protein-free UV pattern of site A shows three bands ofjgure 1. DNA sequences of th€AL1 and GAL4 promoters. Important

ing tot¥% T-133and Cl3z(Fi oA sequence elements are indicated. They include: f@mdpromoFer, Galdp
the top strand CorreSpondmg ’ a g ’ binding sites 1-4 (21) and Miglp binding sites A and C (3,32); foG#ist
lane 2), where the“F33band is the strongest, and three bands Of)romoter, UAS and UES activation sequences (14) and two Mig1p binding sites
about equal intensity on the bottom strand corresponding t(,14).
C128 c-129gnd ¢130(Fig.2A, lane 6). (Note: in our description
of these results, the base associated with each bandibése3 ) )
of a pyr|m|d|ne dimer Sequence_) M|glp b|nd|ng to site Ablndlng tO both sites (bases -58 tO. —66 for site 1 and baSG:S —38 to
significantly increased the intensity of €8 (circle in Fig.2C)  —46 for site 2) by DNase protection and by photofootprinting
and decreased the intensities ofl% and G130 (squares in (Fig. 3). The UV pattern of the top strand of protein-free DNA
Fig. 2C) on the bottom strand (Fi2A, lanes 7 and 8). On the top (Fig- 3A, lane 6) showed two well-defined bands at siteP¢C
strand the intensity of33decreased and a new band @8F  and T°7, and four weaker bands at site 2}€C44 T45and
became apparent (FigA, lanes 3 and 4, and C). There was nd"*°. Mig1p binding to site 1 resulted in a new band2P@nd
effect of Miglp binding on the UV pattern of the bottom strandeduced the intensity of €°(Fig. 3A, lanes 7 and 8, and B). The
of site C (Fig2A, lanes 7 and 8), but there was a weak Mig1gMiglp footprint at site 2 was more subtle and required more
footprint on the top strand (FigA, lanes 3 and 4); addition of Miglp; the intensities of @3and C*4were reduced and that of
10ug of recombinant Miglp decreased the reactivity 30& T-*°was increased (FigA, lanes 7 and 8, and B). The bottom
and increased the reactivity of287. Experiments using Miglp strand showed similar results (F8#, lanes 2-4). We conclude
partially purified from yeast extracts gave very similar result§at Miglp binds to both sites in t@AL4 promoter, but with
(Fig. 2B). Since the enhanced reactivity of!€8on the bottom higher affinity to site 1. Since the Miglp footprint on the top
strand was the best indicator of Miglp binding, we used it t8frand at site 1 was the clearest, we used cleavageatoC
monitor Miglp bindingin viva Figure 2B also shows that Monitor Miglp binding to th&AL4 promoterin viva
increasing amounts of Miglp strengthened the footprint on the
bottom strand of site A, showing that we could use the ratio of tieootprinting in vivo of the GAL1 promoter under induced
intensity of C128to that of T125(which is not affected by Miglp and repressed conditions
binding) as an approximate measure of Mig1p binding.

Our previous analysis of AL 1promoter by photofootprinting

in vivo provided no evidence for Mig1p binding to the promoter

Mig1p binding to the GAL4 promoter in vitro under repressed or derepressed conditions. We repeated thes:
experiments with strain YM262, in which expressioGal 1is

Two Miglp binding sites that contribute differently to glucose+apidly repressed by the addition of glucose to cells growing on

induced repression of promoter activityd) are also found in the galactose. In agreement with our previous observations, addition

GAL4promoter 8,13). Deletion or mutation of site 1 eliminates of glucose to galactose-grown cells had little if any effect on the

most repression while deletion or mutation of site 2 has only ghotofootprint (Fig4A, lanes 5 and 6).

small effect {3) and Miglp binding to site 1 but not to site 2 has To investigate this phenomenon further, we analyzed a second

been detected by DNase | footprintir®). \We detected Miglp yeast strain, W303, in which expressior#L1is only weakly
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Figure 2. Mig1p bindingin vitro to theGAL1 promoter. A) In vitro DNase | and UV footprints of Miglp protein (truncatedoli recombinant protein) bound to
aGAL1 promoter fragment (—312 to —27 relative to the transcription initiation site) labeled on either the top strand (lanéiselbdftan strand (lanes 5-11) as
described in Materials and Methods. The samples were digested with DNase | (lanes 9-11) or irradiated with UV lightidsBinsecmently cleaved at cyclobutane
dimer sites with T4 endoV (lanes 2—4 and 6-8). The samples were then separated on a 6% acrylamide gel under denaturind aoeslittoand 5 are
Maxam-Gilbert G sequence markers. Miglp binding sites are indidd}éd\ (footprints resulting from incubatidn vitro of partially purified extracts from Miglp
overproducing yeast cells with tAL1 promoter fragment (labeled on the bottom strand). Lane 1, Maxam—Gilbert G reaction; lane 2, UV footprint of protein-free
DNA,; lanes 3-5, UV footprints with increasing amounts of Miglp-enriched yeast extract; lane 6, UV footprinpgvith ttuncatede.coli recombinant Migl1p.

(C) Summary of UV footprinting and DNase | protection analyses of MigAb1 promoter interactions. Circled and boxed residues show sites of Miglp-dependent
enhanced and repressed endoV cleavage, respectively. Underlines indicate the DNase I-protected sequences and the aase/tshperdeNsitive sites. Miglp
binding sites A and C are overlined.

repressed by glucose. In contrast to the result with YM262, weetween the UASaL and theGAL1 TATA element whose
detected a clear photofootprint in W303 cells under repressiqgesence is associated with the formation of a positioned
conditions (Fig4A, lane 4). The photofootprint must be due tonucleosome between positions —258 and -B22(,22,25).
Miglp binding, since it did not appear in a W303 strain deleteBecause these sequences encompass the two Miglp binding sites
for MIG1 (data not shown). Northern blot analysis@®fAL1  we next asked whether the LMPCR UV footprint protocol would
MRNA revealedB-fold repression in W303 cells and >30-fold detect the same nucleosome-associated pattern after glucose
repression in YM262 cells, 30 min after adding glucose (data na¢pression of th&AL1 promoter in the two strains used in this
shown). We concluded from these experiments that there wasstndy. In the earlier experiments, we found that the clearest
unexpected inverse correlation between the Miglp footprint &ucleosome footprint’ was seen on the top strand betwe¥d T
site A and the extent of glucose repression. and T146(17). This footprint was not prominent in DNA from

For YM262 and related strains, we have shown that addition gfucose-treated W303 cells (Fi4B, lane 4), which showed a
glucose to galactose-induced yeast cells induces a UV footpripattern similar to that of protein-free DNA or DNA from
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Figure 3. Miglp bindingin vitro to theGAL4 promoter. A) In vitro DNase |
protection assays and UV footprints of Miglp (truncatembli recombinant
protein) bound to &AL4 promoter fragment labeled at tHeeBid of either the

top strand (lines 1-4) or the bottom strand (lines 5-11) as described in Materials
and Methods. Lane designations are identical to those in Figure 2A.
(B) Summary of UV footprinting and DNase | protection analyses @ #iet
promoter. Indicated are sites of Miglp-dependent enhanced (circled) and
repressed (boxed) endoV cleavage. DNase-protected sequences are underlined
and a DNase I-hypersensitive site is shown with an arrow. Mig1p binding sites

1 and 2 are overlined.

galactose-grown cells (FigB, lanes 2 and 3). The same was not
true for DNAs from the YM262 strain. Although the pattern for
induced cells was the same as that for protein-free DNA4Big.
lane 5), addition of glucose resulted in decreased intensity of
T-143 and increased intensities of 1 and T146 (Fig. 4B,

lane 6; see also FighB). This pattern accompanies and is
diagnostic for the packaging of those sequences into a positioned
nucleosomel(7,25). We conclude from these results that Miglp
probably binds only to nucleosome-free DNA and suggest that for
the YM262 strain, chromatin remodeling during glucose repression
prevents Miglp binding to th6&AL1 promoter under fully
repressed conditions.

=149

-130)

W303 YM262

1

G
C

MIGIH site A

[
nucleosome

& rﬁq:—g_

Figure 4. UV footprints of theGAL1 promoterin vivo. Cells of W303 and
YM262 strains were grown on YP galactose untiggd> 2 and 50 ml portions

were pelleted; the cells were resuspended in 3 ml of PBS buffer and irradiated
for 1 min. To a second 50 ml aliquot glucose was added to 2% and the cells were
allowed to grow for 30 min before they were pelleted and treated as described
above. Control DNA was purified from untreated cells and UV irradiated in
medium salt buffer. All DNAs were analyzed by LMPCR as described in
Materials and MethodsAj Bottom strand. Lane 1, G ladder; lane 2, UV
irradiated protein-free DNA; lanes 3 and 4, UV irradiated W303 cells grown

T under induced or repressed conditions; lanes 5 and 6, UV irradiated YM262
A cells. @) Top strand. Lane assignment as in (&) Summary of théSAL1

¢ promoter nucleosome UV footprint. Circled and boxed residues show sites of

MIG] site A

nuclecsome

Figure 5. UV footprints of the W30&AL1 promoterin vivo after long-term

To determine if th&AL1sequences between —258 and —92 Of?lrowth in glucose. W303 cells were grown on glucose (lane 3) or galactose

- . ane 4) until the mid-logarithmic stage. Aliquots of 50 ml were pelleted and
W303 cells can be incorporated into a nucleosome under anjsated as described in Figure A) Bottom strand. Lane assignments are

conditions, we examined the UV pattern of DNA isolated fromshown in the figure §) Top strand. Lane assignments as in (A).
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Figure 6. UV footprints of the top strand of ti@AL4 promoterin vivo. DNA g ey -149
used for LMPCR analysis was the same as in Figure 4. Primers are described - 3 . . .
in Materials and Methods. 3 ’
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W303 cells grown for an extended period of time in glucose.
Under these conditions the promoter is rendered completely T3 3 3 5
inactive, presumably a consequence of inhibition of Galdp

function by Gal80p and of decreased Galdp levels resulting from

glucose repression of teAL4promoter. Under these conditions  rigyre 7. uv footprints of theGAL1 promoterin vivo of agalgo- (YM654)

the UV pattern of th&AL1 promoter top strand showed that it strain during a transition from induced to repressed conditions. Cells were
was incorporated into the positioned nucleosome (Biy. grown on SM galactose until @gy= 2 and a 25 ml portion was irradiated for

. i footprint on the bottom strandt Min. Glucose to _2%‘was ad_ded to the remair_ling (;ells and 25 m_I portions were
lane 3). There was no Miglp P Cl]“;arvested at the indicated time points and irradiated for 1 min. DNA was

(Flg. 5A, lane 3)' consistent with the view that Mlg_lp bmdmg IS purified and treated as described in FigureAd.Bottom strand. Lane 5, G
prevented by the nucleosome. As was seen pre_V|0_U5|y4@E|g- ladder; lane 1, UV irradiated protein-free DNA; lane 2, cells grown in 2%
lane 3), LMPCR analysis of DNA from cells growing in galactosegalactose; lanes 3 and 4, cells grown for 40 s and 30 min, respectively, after
showed a faint Mig1lp footprint on the bottom strand (B, addition of glucose to 2%BJ Top Strand. Lane assignments as in (A).

lane 4) and no evidence for chromatin structure @Bglane 4).

determined if Miglp binding t&AL1 could be detected under
conditions of partial repression, resulting either from elimination
of Gal80p-dependent repressiof5)Y or by using glucose

To explore the basis of the difference between the two strains,doncentrations that are not fully repressing. A weak Miglp
particular the question of why we saw no Miglp binding to th@hotofootprint, which was visible with DNA isolated frgal80-
GAL1promoter in the YM262 background, we performed severalells growing on 2% galactose (Fid, lane 3), was significantly
experiments. First we looked at Miglp binding to a differenintensified 40 s after adding glucose to 2% (F#y.lane 4) and
promoter. For this we chose tl®@AL4 promoter, which is persisted for 30 min (lane 5). Even after 30 min there was no
repressed by glucose inMIG1-dependent manner, but never indication of a nucleosome footprint attf3and T146(Fig.7B).

fully inactivated. We analyzed by LMPCR the same DNAGAL1mMRNA was reduced only 3-fold after 30 min in glucose (by
samples that were used in the experiment presented in Bigurenorthern blot analysis; data not shown). This reduction is 10-fold
Figure6 showsn vivoUV photofootprints of the top strand of the less than was seen in YM263AL80) and similar to that seen
GAL4 promoter. The band at positiom® characteristic for in W303 cells.

Miglp binding (see above) was visible in the UV pattern of DNA In the experiments shown in Figutéewe used high glucose
from galactose-induced W303 cells (Féglane 3), but was not concentrations (2%) to induce rapid repression of the YM262
seen in DNA from equivalent YM262 cells (Fif,. lane 5), GAL1promoter (in just 1 min; data not shown) and equally rapid
similar to results for th&AL1promoter (FigdA, lanes 3 and 5). formation of the positioned nucleosome. To effect partial
UV footprints on DNA from glucose-repressed cells were theepression, we repeated this experiment using lower glucose
same for both strains and were similar to that generated by Migtpncentrations. YM262 cells were grown on 2% galactose until
binding to site In vitro (Fig. 6, lanes 4 and 6). (Binding to site ODggg [ 2, separated into aliquots and exposed to different
2 was not detected.) We conclude for both strains that Miglgiucose concentrations. After 30 min, samples from each aliquot
binding to theGAL4 promoter is increased after addition of were either irradiated with UV light and footprinted or used for
glucose to galactose-grown cells and that the extent of binding @ialysis ofSAL1andGAL4mRNA levels. Photofootprints from
least to theGAL4 promoter) is qualitatively similar. analysis of theGAL1 promoter are shown in FiguBA (top
strand) and B (bottom strand). The Mig1p footprint was induced
by 0.1 or 0.2% glucose, but higher glucose concentrations
resulted in a weaker Miglp footprint, with little or no footprint
detectable in cells grown in 2 or 3% glucose. At the same time the
We next tested the hypothesis that our failure to detect MigllgV pattern of the bottom strand showed the complementary
binding to the YM262Z5AL1 promoter was because of its rapid appearance of the nucleosome footprint &&). UV footprinting
transition to a repressed chromatin structure. To do this wa theGAL4 promoter using the same DNA preparations showed a

Footprinting in vivo of the GAL4 promoter under induced
and repressed conditions

Footprinting in vivo of the GAL1 promoter under partially
repressed conditions
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Figure 8. UV footprints of theGAL1 promoterin vivo of YM262 cells grown

in different glucose concentrations. Cells were grown on YP galactose until
ODgo= 2, pelleted and resuspended in SM with 2% galactose. A 25ml aliquot
was irradiated and appropriate amounts of glucose were added to 50 ml portion
and cells were grown for another 30 min. An aliquot of 25 ml from each of these
samples was irradiated and 25 ml was harvested for mRNA purification. After
irradiation DNA from each sample was treated as described in Figure 4.
(A) Bottom strand. Lane 1, G ladder; lane 2, UV irradiated protein-free DNA,;
lane 3, DNA from cells grown in 2% galactose; lanes 4—10, DNA from cells
grown in 2% galactose plus 0.1, 0.2, 0.5, 1, 1.5, 2 and 3% glucose, respectivel
(B) Top strand. Lane assignments as in (A).

Eigure 10. Effects of glucose concentration on mRNA levels and promoter
Structure. A) Quantitation of GAL1 (e) and GAL4 (O) mRNA for the
experiment described in Figure 8. The amount of MRNA was determined by
northern blot analysis. Northern blots were quantified by phosphorimager
analysis and normalized to the amounD&D1 mRNA (17). The amount of
mRNA is given as a fraction of the initial value at 0% glucdeQantitation

f Miglp binding @) and nucleosome formationa§ for the experiment
described in Figure 8. The intensity of the Miglp signal (bantf8Cwas
normalized to the intensity of the¥>band, which is not affected by Miglp
binding. Nucleosome formation was determined as the ratio of bafét®
band T143

=
G % oal D102 ﬁfsgl"fmfj =3 disappeared at high glucose. The nucleosome signal began to
appear at 0.1% glucose and increased with increasing glucose
_. - - - concentration. Thus, Miglp and the nucleosome apparently
. 3 compete for the Miglp binding site (URSA), with the nucleosome
| omEENe .| displacing Mig1p at high glucose concentratidddl 1 mRNA
61 - g levels decreased rapidly and were maximally repressed

1 2 3 4 5 6 7 8 9 10 (CR20-fold) at 1.5% glucos&ALAMRNA decreased more slowly
and was 2.5-fold repressed at 2% glucose. We caution that the

MRNA quantitation and DNA photofootprinting were carried out

at a single time point (30 min after adding glucose) and repression

Figure 9. UV footprints of theGAL4 promoterin vivo of YM262 cells grown Qy 0.1 or 0.2% glucose may be higher at later time points

in different glucose concentrations. DNA samples used in this experiment wer
the same as in Figure 8. Lane assignments are as in Figure 8.

DISCUSSION

parallel pattern of Miglp binding at low glucose concentratiorCyclobutane dimer UV photofootprinting was an effective way
(Fig. 9), but the footprint was retained at high glucose concene observe Miglp binding to sequences in@#.1 andGAL4
trations. promoters. Although photofootprinting has not been widely used
Figure10A and B shows quantitation of the glucose dependende investigate protein—DNA interactions, its application to analysis
for GAL1 mRNA, GAL4 mRNA and Miglp binding and of eukaryotic gene regulation is relatively straightforward and it
nucleosome positioning at tAL1promoter. [The intensities of allows one to ‘photograph’ promoter structures during transitions
the Miglp footprints (band @28 were normalized to those of between regulated statds419,27,33). By applying photofoot-
T-125 which is unaffected by Miglp binding (see above). Therinting here, we followed th@AL1promoter as it was repressed
nucleosome footprint intensity is expressed as the ratio of babg addition of glucose and found that binding of the glucose
T-145 to band T143] Miglp binding increased rapidly with repressor Miglp to the glucose-repressiBleL1 and GAL4
glucose concentration and reached a maximum between 0.2 gndmoters was glucose-inducilitevivo. Although the details of
0.5% glucose. The Miglp footprint then decreased slowly arttie interaction were strain and promoter dependent, we conclude
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that Mig1p association with the promoter plays an important earl@-terminal domain of the large subunit of PoBB). Although

role in this switch, but does not appear to be part of a stablige role of Srb10p and the mediator complex in repression is not

maintained repression complex. known, we saw in our experiments that under conditions of partial
Our first attempt at following the structure of t@AL1  repression, the increased Miglp footprint was accompanied by a

promoter during glucose repression confirmed previous resul¢eakened TATA footprint (unpublished observations), presumably

(17,22,25) showing that the switch is rapid and involves aeflecting decreased TBP/TFIID binding. The relative contributions

transition from an open chromatin state to one in which a specif@f changes in chromatin structure and changes in activator/general
chromatin structure is formed, with no evidence of Miglpfactor interactions to that altered footprint cannot be assessed.
binding under either condition. The strain we used was an S288d-inally, compléte repression of tBAL1 promoter obviously
derivative which is subject to stringent glucose represgipn ( F€quires not only the Miglp repressor complex, but also the
Analysis of a different strain whosBAL1 promoter is only ~inactivation of Gal4p by Gal80p. Only when Gal80p is fully

weakly glucose repressed showed strong MigLp binding undgPressing does the chromatin structure form and prevent Miglp
repressing conditions. Because parallel analysis ofGikb4 access to its binding sites, and presumably_ ggneral transcription
y factor access to the core promoter. Along this line, two points are

promoter suggested that glucose-repressing conditions result | ; : : ;

incrgased Miglp binding, we reasoned that our inability to dgte%ﬁ%”@i?? ' ézfﬁggt:tv?éy ilﬁévu%lg C,SI?SJ_%O%?ﬁgitrzgtlg?iéz\sl_lf was
a Miglp footpnnt'at theGA_Ll promoter of th? S288c strain o moter oiGAL8OCells in the S288¢ background. Because the
reflected the rapid formation of a chromatin structure thafgring at low glucose concentrations was similar to that seen
prevented Miglp binding. To test this hypothesis we performegith galgo- cells or with W303 cells at high glucose concentrations
the analysis under conditions where the promoter should be orjMd because it appeared in parallel with the Mig1p footprint at the
partially repressed, in an S288c strain lackifd 80and atlower  GAL4 promoter, we believe that relatively low glucose concen-
glucose concentrations. Under each of these conditions Wetions are sufficient to activate the Miglp-dependent glucose
observed a glucose-dependent Miglp footprint in &1 repression pathway. Those same low concentrations are apparently
promoter, allowing us to conclude that Miglp binding toinsufficient to cause inhibition by Gal80p, which may respond to
glucose-repressed promoters is, in fact, regulated by glucoseghicose through a pathway different from that of Miglp. Recent
similar conclusion was drawn from analysis of binding of Miglpstudies suggest that Gal80p is regulated by interactions with a
to theMALG62 promoterin vivo (34). Recent results show that a Gal3p/galactose/ATP compleX(42). Potential mechanisms
major source of this regulation comes from glucose-regulatear glucose regulation of this complex include inducer exclusion,
Mig1p nuclear import and/or export@). It is worth noting that where glucose directly or indirectly inhibits transport of the
glucose-regulated trafficking of Miglp is independent of itgnducer, galactos:e, into the cell or a direct effect of g_lucose ora
association with Ssnép and Tupl)( Consistent with this we glucose metabolite on the Gal3p/Gal80p complex. (i) Although
saw our strongest Miglp footprint issn@ cells, the only —Ourgoal wasto monitor Mig1p binding in response to glucose, we
conditions where the footprint approached that of saturatedso noted increased binding under other conditions, notably

binding in vitro (unpublished observations). Stronger bindingVhen cells were growing in minimal galactose medium compared
ith rich galactose medium (unpublished observations), suggesting

under these conditions could result from a direct effect o:jg he sianal dell q by Mial b
Ssn6p/Tuplp on Miglp binding, but we favor an indirect effect’at the signal delivered to promoters by Miglp may be more

: I mplex than simply the external glucose concentration. A likely
of SsnoprTupip repression on the competion between chomef e for this signal is th ntracelular AMPIATP rato or

How does Miglp binding regulate tHBAL1 and GALA energy charge. Activity of the the mammalian AMP-activated

e . i i rotein kinase, a possible ortholog of the yeast SNF1 kinase, is
promoters? Repression by Miglp requires both Ssn6p and Tu ponsive to the energy charg&)( Though AMP is probably
and Tuplp probably serves as the active repreSS)r Tuplp  not ' direct SNF1 kinase effector, the energy charge may be the
appears to interact with both chromatin components and W'major determinant of SNF1 kinase activityl).

general transcription factors. Specifically, T_uplp anchored to |, any case it is clear that rapid glucose repressidhAfl

DNA by a2 repressor promotes the formation of an orderegequires contributions from several repression systems. Although
chromatin structure in flanking sequenc85-37) and Tuplp the ability of theGALL promoter to transit between a fully
apparently binds directly to underacetylated H3 and H4 histongpressed and a highly active state makes it a good system for
molecules §8). These interactions are sensitive to mutations igtudying these states, a full description of the mechanisms by
the N-termini of the two molecules that also interfere with normalvhich these transitions are made will have to include analysis of
Tuplp-mediatedi2-dependent repression. For GAL1 promoter  interactions between all of the actors in the transcription arena,
the chromatin structure associated with the fully repressed stdad\A, general chromatin components, sequence-specific activators
is only seen under conditions where Miglp is not bound, a res@nd repressors and general transcription factors.

which superficially suggests a difference between repression by

Miglp and bya2 repressor. The mechanism of Miglp-dependent
repression of th&AL4 promoter also appears to differ from that
used bya?2 since there are no apparent repression-associal eg KNOWLEDGEMENTS
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