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ABSTRACT: The chromatin structure of sever8hccharomyces cerisiae ADR1dependent genes was
comparatively analyzed in vivo in order to evaluate the role of promoter architecture in transcriptional
control. In repressing conditions (high glucose) a nucleosome particle always obstructs the TATA box,
immediately adjacent to an upstream-located nucleosome-free region containing a cluster of Adrl binding
sites. Upon derepression the TATA box-containing nucleosome is destabilized according to a mechanism
shared by all of the genes studied. The transcription factor Adrl is always required for the observed
chromatin remodeling. mMRNA accumulation of all of the genes analyzed is strongly delayed in the absence
of the acetyltransferase Gen5 and is decreased in the presence of a temperature-sensitive Esal mutant.
The results suggest that a defined promoter chromatin structure, controlled by DNA conformational features,
is relevant for the activation of coregulated genes.

The recent development of genome-wide analyses allows While information on factor and cofactor requirements for
comparative studies aimed at deciphering the function of the the control of promoters is accumulating rapidly, a genome-
DNA sequences determined. The application of the chromatinwide analysis of nucleosome positioning on gene regulatory
immunoprecipitation methodologyl) to microarray-based  regions is lacking. This information is required for the
analysis (genome-wide location analysis;5) leads to the understanding of the rules governing the basic process
unraveling of complex regulatory networkd 7). In simple leading to the buildup of chromatin architecture and to factor
organisms such &accharomyces carisiae, the availability recruitment.
of mutants allows the integration of the information derived ~ We report the comparative analysis of the chromatin
from genome-wide location analyses with the genetically organization of a group of functionally heterogene@is
determined phenotypes)( cerevisiae genes which are normally repressed by glucose

Regulation of gene expression generally depends on theand requ'ire, to be derepressed qnder low g!ucose conditions,
presence of protein complexes acting as coactivators Orthe activity of the same transcriptional activator, the Adrl
corepressors that assist promoter-specific transcription fac-Protein. The results show that the analyzed genes are
tors. These protein complexes belong to one of two major characterlzed by a conserved promoter architecture, ‘.Nh'Ch
groups, depending on the enzymatic activity of their catalytic dnves_the repression state and., e\_/entually, chromatin re-

o . ; modeling and transcriptional activation.
subunit: ATP-dependent chromatin remodeling complexes
(9—12) and histone covalent modifiersl3—15). Some EXPERIMENTAL PROCEDURES
promoters are mainly dependent on the first group of protein
complexes and others on the second group. Certain promot- Yeast Strains and Media. S. ceisiae strains used in this
ers, as, for instance, those regulated by the cell cycle, requirestudy are as follows: CY26 (wild typeMATa, ura3-52,
the cooperation of both types of chromatin modification lys2801, ade210T’, trpl-Al, his3A200 leu2-Al; JSY112
complexes 16, 17). Therefore, it appears that each promoter (adrl), same as CY26 excepmdrl:LEUZ YDS2 (wild
has a specific chromatin organization that requires the yP€),MATa, trpl-1, his3-11,15, ade21, leu21, canX100

involvement of defined enzymatic activities capable of WJY139 @cnj, same as YDS2 excepgcnsS:URA3

regulating its transcriptional state. LPY3431 (wild type) MATa, his3A200, Ieu2—3,112, trplAL,
ura3-52;, and LPY3430 ¢saltemperature sensitive), same

as LPY3431 excemsal::HIS3esal-L327S::URAKindly
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Enzymes.All nucleases were purchased from Roche.
Zymolyase 100T was purchased from Seikagaku Corp.

Chromatin AnalysisThe analysis of nucleosome position-
ing was performed by micrococcal nuclease (MN) digestion
of spheroplasts coupled with the indirect end-labeling
procedure 18). Cells exponentially growingAso 0.3 OD/

mL) in repressing (3% glucose) or derepressing (0.05%
glucose) conditions were washed once with water and then
resuspended in zymolyase buffer (1 M sorbitol, 50 mM Tris-
HCI, pH 7.5, 10 mMg-mercaptoethanol). Incubation with
zymolyase (0.01 mg/OD) was for 20 min at room temper-
ature. The resulting spheroplasts were collected by centrifu-
gation and resuspended in nystatin buffer (1 M sorbitol, 20
mM Tris-HCI, pH 8.0, 1.5 mM CaG| 50 mM NacCl, 100
ug/mL nystatin) in order to permeabilize cell membranes
for the subsequent treatment with MIN9j. Incubation with

MN was for 15 min at 37C, and the reaction was stopped
with 5 mM EDTA and 1% SDS (final concentrations). The
samples were then treated with proteinase KZd at 56

°C and purified by pheneichloroform extraction and ethanol
precipitation.

After secondary digestion with the appropriate restriction
endonuclease the samples were run on 1.5% agarose gels i
TBE buffer and transferred to nitrocellulose filters. Southern
blot and hybridization were performed by standard proce-
dures. The DNA fragments to be utilized as probes for the
hybridization were obtained by PCR amplification starting
from a couple of converging oligonucleotides and purified
yeast genomic DNA as template. A 149 bp restriction
fragment BarmHI—Kpnl) from plasmid ER1-1 (pUC18

containing the catalase A gene) was used for the chromatin

analysis of theCTAlgene. For all of the other genes the
oligonucleotides used were as follows!GETAGGCT-
TGCTAGTTATATG3 and BCGAAGCTTTGTCTGGAT-
CATT3 for thePOX1gene (starting positions 249 and 336,
respectively); CCAACAAGATTAAGGTTGGGC3 and 3
AGCGAACTCGTCTTGATCCTT3 for the POT1 gene
(starting positions 406 and 623, respectivelyl> BACCAT-
GAAATCCACTGTTATGS and BCTGCATATGCGTTG-
TACCAAZ3' for the ADY2gene (starting positions 610 and
755, respectively).

RNA AnalysisAliquots containing the same number of
cells were collected by centrifugation, and total RNA was
prepared as previously describe2D), After spectrophoto-
metric determination of the RNA amount present in each
aliquot, 10ug of RNA was loaded onto 1.2% agarese
MOPS gels containing formaldehyde and ethidium bromide.

Northern blot analysis was performed by standard proce-
dures. The DNA fragments to be utilized as probes for the
hybridization were obtained by PCR amplification starting
from a couple of converging oligonucleotides and purified
yeast genomic DNA as template. A 1207 bp restriction
fragment BamHI—EcaoRI) from plasmid ER1-1 (pUC18
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Ficure 1: Northern analysis oADR1 dependence. mRNA ac-
cumulation for four genes, among those showing the highest
dependence on Adrl, was analyzed by Northern: two independent
filters were hybridized with the indicated genes. Cells were collected
in repressing conditions (3% glucose, R) or at different times after
the culture was shifted to derepressing conditions (0.05% glucose).
wt, CY26, andadrl, JSY112. 25S and 18S indicate the two major
yeast rRNA species.

R CTGCATATGCGTTGTACCAA3 for the ADY2 gene
(starting positions 610 and 755, respectively).

RESULTS

Northern Analysis of ADR1 Dependentée transcription
factor Adrl was originally shown to be required for the
activation of theADH2 gene, coding for the enzyme alcohol
dehydrogenase(), and was later found to be involved also
in the biogenesis and function of peroxisom2® (A recent
genome-wide expression profile analysis has revealed that
the transcription of many more genes than previously
expected depends on this protein, when the cells are grown
in low glucose medium2g).

We have performed a Northern analysis in order to confirm
the dependence oADRL1 of a group of genes shown by
microarrays to be strongly downregulated. The results of this
analysis for four genes belonging to two different functional
classesCTAL POX1, andPOT] involved in peroxisomes
biogenesis an@-oxidation, andADY?2 involved in nitrogen
utilization) are shown in Figure 1. A wild-type strain and
its isogenicadrl were analyzed in both repressing £R3%
glucose) and derepressing conditions (0.05% glucose) at
different times. For all of the genes tested, transcription is
clearly dependent on the presence of a functional Adrl
protein. Activation occurs during the first hour after the shift
to derepressing conditions; then mRNA accumulation drops
to increase again at later times. A similar biphasic pattern
has been described for the activation of the glucose-repressed
geneSUC2(24).

Chromatin Analysis of ADR1-Dependent Promotdrs.
compare the chromatin organization of the selected genes,

containing the catalase A gene) was used for the CTAL genewe performed a micrococcal nuclease (MN) treatment of
For all of the other genes the oligonucleotides used were asnystatin-permeabilized spheroplasts from wild-type adid

follows: 5GCTAGGCTTGCTAGTTATATG3and BCGA-
AGCTTTGTCTGGATCATT3 for thePOX1gene (starting
positions 249 and 336, respectively)CEAACAAGAT-
TAAGGTTGGGC3 and BAGCGAACTCGTCTTGATC-
CTT3 for the POT1gene (starting positions 406 and 623,
respectively); S5TACCATGAAATCCACTGTTATG3 and

cells in both repressing and derepressing conditions. This
analysis was previously used to map the position of relevant
nucleosomes on thADH2 gene 25). Figure 2 shows the
results for theCTAL POX1 POT] and ADY2 genes.
According to standard definitions, protected regions of-140
200 bp are assumed to represent the footprint of a histone
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Ficure 2: Chromatin analysis oADRL-dependent promoters. MN treatment of nystatin permeabilized spheroplasts was performed with
the following amounts of MN: 0.2, 0.4, and 0.8 units/0.25 mL for each condition. N, purified yeast genomic DNA treated in vitro with
MN. After purification the samples were treated with restriction endonucleases as folRand:l for CTAL, EcoRl for POT1andADY?2

andHindlIll for POX1 The DNA probes used for the hybridization are described in Experimental Procedures. Nucleosomes are represented
by ovals. Nfr, nucleosome-free region; R, repressing conditions (3% glucose); D, derepressing conditions (0.05% glucose, 1 h); M, molecular

weight marker: 1 kb DNA ladder fo€TAland ADY2and 123 bp DNA ladder foPOX1and POT1 The black arrow points to the
nucleosome where the major chromatin remodeling event occurs. wt, CY2&dahdISY112.

Table 1: Length of Nucleosome-Protected Areas and Nuclesome- independent chromatin reorganization is observed (Figure

Free Regions As Determined by the Low-Resolution Analysis 2, asterisks in the two bottom panels), suggesting the
Shown in Figure 2 involvement in the remodeling event of additional proteins,
length (bp) possibly specific for each promoter. In the case ofRIGET 1
nucl—3  nucl—2 nfr nucl—1  nucl+1 gene, arole for the Isw2 complex in nucleosome positioning

CTAL 200 140 80 195 170 has been reportedZQ. We te;ted Whethgr the Isw? or the
POX1 165 140 140* 160 175 Iswl complexes are involved in chromatin remodeling at the
POT1 195 150 115 180 180 POT1promoter by analyzing a set of isogenic strains (wild
ADY2 150 160 100 150 190

type, iswl, isw2 iswl-iswl. We found that in repressing
2By using semilogarithmic plots the length of the relevant areas of conditions (3% glucose) the position of thel and the+1

protection, assumed to represent the footprint of a histone octamer andnucleosomes is shifted downstream in te@2 and isw1-
therefore, interpreted as positioned nucleosoriég (vas determined

for every gene analyzed. Nucleosome-free regions (nfr) are deduced'swzstrains! as expected?). Neverthe_less, in de_reF’reSSing
because of the shorter length. The only exception to the rule is conditions (0.05% glucose) chromatin remodeling of these

feprlesented ]?y the POX1 plromlot(?rf(ﬁfr é4€*)ihin this case, ftheMN two nucleosomes can be observed exactly as in the wild-
nuclieosome-iree region Is clearly interre y the presence of a : : : H
cutin the middle of the area. type.stram, sugge;tmg that neither of the complexes is
required for the activation process (data not shown).
octamer and are therefore interpreted as positioned nucleo- Alignment of the ADR1-Dependent Promotdfse simi-

somes £6). Shorter regions are accordingly interpret2g)( larity of the chromatin organization observed among the four

as nypleosome-free regions (see Table 1). In reDressIngpromoters tested (Figure 2) allows the alignment of the
conditions (3% glucose), in every gene tested a nucleosome-
inferred nucleosome maps. The map of &i@H2 promoter

free region upstream of the TATA box-containing nucleo-
9 P J previously determined2§) is also included. Figure 3 shows

some is observed. This region is characterized by the h its of this all i< evid hat th |
presence of several putative Adrl binding sites (see Discus-IN€ results of this alignment. It is evident that the nucleosome

sion). In the wild-type strain, chromatin remodeling involving ~ distributions on the considered promoters, from the nucleo-
mainly the—1 nucleosome (containing the TATA box), and some—fr'ee region (nfr) rightward, are perfectly' gllg_ned., thus
to a lesser extent the-1, is constantly observed in dere- underlying the relevance of nucleosome positioning in the
pressing conditions (0.05% glucose). organization of a consensus promoter architecture. Instead,

As described in the case of th®DH2 gene g5), the no alignment is possible along the position of the ATG
chromatin remodeling is strongly dependent on the presencesequence or the TATA box. The fact that these promoters
of a functional Adrl protein, as shown by the lack of modify such common architecture according to a morpho-
increased accessibility to MN in trerl strain (Figure 2). logically and kinetically similar mechanism links this
For two genes, namelf2OT1landADY?2 a residuaADRZ- architecture to gene regulation.
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Ficure 3: Alignment of theADRL-dependent promoters. Nucleosome maps derived from the chromatin analysis shown in Figure 2. The
ADH2 map was adapted from previous da2&)( The arrows indicate the position and the direction of the putative Adrl binding sites. The
consensus derived from the analysis of 50 genes having the highest degi@Rblependence is T/GT/CGGR@J). We have also taken

into consideration the shorter consensus YGGRG and GGRG, based on Adrl binding ad8&)ysii¢ alignment is centered on the
position of the upstream borders of the TATA box-containing nucleosethe

From close inspection of the position and of the orientation appearance of mRNA2@). We analyzed by Northern the

of the putative Adrl binding sites (indicated by arrows in  mRNA accumulation for th€ TA1, POX1, POT1, andADY2
Figure 3) in the nucleosome-free region, a correlation of thesegenes in a couple of isogenic strains, wild type @o5.

sites with the different types of nucleosome remodeling The results are shown in Figure 4A. For all of the genes
observed (Figure 2) emerges, as follows: (i) a palindrome tested, lack of Gen5 causes a strong delay in transcription:
consisting of two Adr1 binding sites is present immediately in the wild-type strain mRNA is already abundant 30 min
upstream of the-1 nucleosome when the remodeling is after the shift to derepressing conditions and then decreases
exclusively dependent 0ADR1(ADH2, CTAL andPOX1 with time to reappear later on (according to the biphasic
genes); (ii) multiple sites not forming a palindrome but pattern shown in Figure 1), whereas in then5 deletion
having the same orientation are present when the remodelingmutam the immediate answer to glucose depletion is

depends only partly oADR1(POT1andADY2genes). abolished. We then asked whether the requirement for the
The Kinetics of mMRNA Accumulation of ADR1-Dependent acetyltransferase Esal, observed in the case oADid2
Genes Are Influenced by the Lack of Gen5 and Esal. promoter, would stand also in the case of the ADRI-
Because of the similarity in the structural organization of dependent genes under investigation. The results for the
the ADR1-dependent promoters, we tested whether thecTa1 and POT1 genes are shown in Figure 4B: mRNA

molecular mechanism underlying the chromatin remodeling .. mylation is already decreased in ésalmutant at the
observed during their derepression would be conserved. Wepermissive temperature and is almost abolished at the

[ﬁgsggsghni[e'fotpz Saar::ii J?’aprecgicanggfcoﬂl?ﬁ ;]r: 'nr\ézgﬁgé Ianonpermissive temperature. The same behavior was observed
P b also for theADY2and POX1genes (data not shown).

defined mutants the effect on mRNA accumulation would
be the same for all of the genes tested. Previous work on We hypothesize that transcriptional activation occurs via
the ADH2 promoter has shown that the acetyltransferase a common molecular mechanism for all of the genes
Gcen5 is required to ensure the correct timing for the possessing the same type of promoter chromatin organization.
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Ficure 4: Kinetics of MRNA accumulation of ADR1-dependent genes in the absence of Genb and Esal. (A) A couple of isogenic strains,
wild type (YDS2) andgcn5(WJY139), were analyzed by Northern to reveal the appearance of mMRNA during derepressio€dAthe

POX1 POT1 andADY2genes. Cells were collected in repressing conditions (3% glucose, R) or at different times after the culture was
shifted to derepressing conditions (0.05% glucose). 25S and 18S indicate the two major yeast rRNA species. (B) A couple of isogenic
strains, wild type (LPY3431) and temperature-sensiéigal(LPY3430), were analyzed by Northern. Cells were collected in repressing
conditions (3% glucose, R) at both 30 and q7 or at different times after the culture was shifted to derepressing conditions (0.05%
glucose) at both 30 and 3T.

DISCUSSION remodeling of the TATA box containing nucleosome occurs
(Figure 2) in every promoter. This suggests that the presence
of Adrl binding sites in the vicinity of the basal promoter is
necessary and sufficient to drive a chromatin change in

ddifferent sequence contexts. Interestingly, we found that in

repressing conditions all of the promoters possess common

chromatin architecture, characterized by the presence of a

nucleosome-free region immediately upstream of the TATA

A Common Chromatin Architecture Characterizes ADR1-
Dependent Promoterfegulation of gene expression at the
level of transcription is intimately linked to promoter
chromatin organization. This has been clearly demonstrate
by the involvement of protein complexes such as ATP-
dependent remodelers and/or histone tail covalent modifiers

in regulating the structure and the accessibility of the relevant o I | )
sequences to the transcription machinery. box-containing nucleosome bound to be remodeled during

Because of the lack of genome-wide nucleosome assaysactivation. By using episomal constructs., it was shown that
allowing global phenotypic analysis with respect to mutations e presence of a nucleosome-free region upstream of the
in genes coding for chromatin-related proteins, we have €Ore promoter is a critical requirement for transcription in
undertaken a gene-by-gene study of the structure of severaVivo (32). In the case of the chromosom&DR I-dependent
promoters regulated by the transcription factor Adrl. This 9€nes, this architectural featurg results in the perfect align-
protein has been implicated in the chromatin remodeling Ment of all of the promoters (Figure 3). A number of yeast
event that accompanies derepression ofABéi2 gene @5, promoters have been shown to possess in the inactive state
28—31) Upon b|nd|ng to its recognition site (UAS]_) inthe @ nucleosome on the TATA box which is altered during the
vicinity of the ADH2 promoter, consequent to the shift of ~activation process (ref83—35and references cited therein).
the cells to low glucose conditions, Adrl is able to induce Nevertheless, the new finding here is the fact that the
the sliding of the TATA box containing nucleosome by few Mmolecular mechanism and the cofactor involvement (see the
nucleotides, by means of its transcriptieactivation domain ~ Gen5 and Esal requirement, Figure 4) in the activation of
(30). Since a recent microarray analysis has shown that manyall of the ADRLdependent genes tested are conserved,
functionally heterogeneouS. cereisiae genes are indeed presumably as a consequence of the common promoter
regulated by Adrl Z3), we asked whether the chromatin structure. A recent report on the SUC2 gefd)(which is
remodeling observed at ti&DH2 promoter is a peculiarity ~ glucose repressed just as the Adrl-dependent genes are,
of that gene or whether Adrl has a more general function in shows the same double requirement for Gen5 and Esal,
nucleosome repositioning. The results of this gene-by-genesuggesting that this is possibly a more general feature of
study reveal that in derepressing conditions Adr1-dependentglucose-repressible genes.
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What Determines the Common Chromatin Architecture? In this perspective, DNA conformational information
The result concerning the perfect alignment of all of the would strongly contribute to the logics of transcriptional
promoters is unexpected given that the only sequence thatregulation.
these functionally heterogeneous genes have in common at
their 5-end is a cluster of Adrl binding sites which, in ACKNOWLEDGMENT
repressing conditions, are not occupied by the prot2 ( We thank J. E. Rez-Ortn for the generous gift of a
36). One possible explanation for this finding could be plasmid containing the promoter sequence ofRME 1gene,
provided by the presence on the promoters of all the analyzedH. Rottensteiner for the generous gift of plasmid ER1-1, and
ADRZLdependent genes of a protein or protein complex that R. Gargamelli and G. Ricci for technical help.
controls the position of the TATA box-containing nucleo-
some or helps in maintaining the upstream region free of REFERENCES
nucleosome particles. Alternatively, it is the DNA sequence 1 oyjando, V. (2000) Mapping chromosomal proteinsuizo by
information itself that is responsible for the nucleosome formaldehyde-crosslinked-chromatin immunoprecipitatimends
positioning. Both explanations have been repeatedly dis- _ Biochem. Sci. 2599-104.

cussed in the pasg6, 35, 37). Evidence for proteins with
this role in chromatin organization was report&42).

2. lyer, V. R., Horak, C. E., Scafe, C. S., Botstein, D., Snyder, M.,

and Brown, P. O. (2001) Genomic binding sites of the yeast cell-
cycle transcription factors SBF and MBRature 409 533-538.

. Kurdistani, S. K., Robyr, D., Tavazoie, S., and Grunstein, M.

In the intergenic region of the two divergent promot@isL 1 (200, & o EAIR T
P ; ) _ : enome-wide binding map of the histone deacetylase Rp
andGAL10a binding site for the factor Y-Grf2-Reb1 exists in yeast Nat. Genet. 31248254,

which is necessary and sufficient for the maintenance of a 4. Lieb, J. D., Liu, X., Botstein, D., and Brown, P. O. (2001)
nucleosome-free region encompassing sites for the transcrip- ~ Promoter-specific binding of Rap1 revealed by genome-wide maps
tion factor Gal4 88, 39). However, the relevance of Rebl of protein-DNA associationNat. Genet. 28327-334.

. . L L 5. Ren, B., Robert, F., Wyrick, J. J., Aparicio, O., Jennings, E. G.,
in determining nucleosome positioning was criticizéa, ( Simon, 1., Zeitlinger, J., Schreiber, J., Hannett, N., Kanin, E.,
44). A role for Abfl and ORC in the control of nucleosome Volkert, T. L., Wilson, C. J., Bell, S. P., and Young, R. A. (2000)
positioning at the level of a replication origin was shown ggg?]g‘ee'zvggze?)g’g_azt'é’gga”d function of DNA binding proteins,
(40, 42). A similar role for thg pleiotropic transcription factor 6. Lee, T. I, Rinaldi, N. J., Robert, F., Odom, D. T., Bar-Joseph, Z.,
Rapl has also been describdd)( Gerber, G. K., Hannett, N. M., Harbison, C. T., Thompson, C.
. . . M., Simon, |., Zeitlinger, J., Jennings, E. G., Murray, H. L.,

Our sequence analysis of therBgion of the fiveADR L Gordon, D. B., Ren, B., Wyrick, J. J., Tagne, J. B., Volkert, T.
dependent promoters tested (data not reported) has not L., Fraenkel, E., Gifford, D. K., and Young, R. A. (2002)
revealed a sequence consensus for a common factor that gfé}nscripztgg%gggslgitory networks $accharomyces cerisiae

. . . . cience .
could explqln the'z'observed conservepl chromatln.orgamzz'itlon. 7.Simon, 1., Barnett, J.. Hannett, N., Harbison, C. T., Rinaldi, N. J..
We have identified several potential factor binding sites Volkert, T. L., Wyrick, J. J., Zeitlinger, J., Gifford, D. K., Jaakkola,
which are specific for each promoter or for defined subsets: T. S-l, and YOUQQ' R.A (2(|)|01) Sl,éariﬁllrggué%t;or;ggtranscriptional
_ H H regu ators in the yeast cell cyciee — .
oleate-responsive elements (ORE) are present i€l 8. Holstege, F. C., Jennings, E. G., Wyrick, J. J., Lee, T. I,
POX1, and POT1 promoters, but the heterodimeric Oafl- Hengartner, C. J., Green, M. R., Golub, T. R., Lander, E. S., and
Pip2 transcription factor, which binds to it, is active only in Young, R. A. (1998) Dissecting the regulatory circuitry of a
; it . indi ; eukaryotic genomeCell 95 717—-728.

derepressmg conditionst§); a binding Slte. for the Cat8- 9. Becker, P. B., and Ha, W. (2002) ATP-dependent nucleosome
protein (CSRE= carbon source responsive element) is remodeling,Annu. Re. Biochem. 71247-273.
present only in théADH2 and ADY25' region @3). 10. Peterson, C. L. (2002) Chromatin remodeling: nucleosomes

When th t f 50 howing th bulging at the seam&urr. Biol. 12, 245-247.

_vvhen the promoter sequences o genes showing e 13 Tsykiyama, T. (2002) The in vivo functions of ATP-dependent
highest degree oADR1 dependence were analyzed in the chromatin-remodelling factorslat. Rev. Mol. Cell. Biol. 3 422
search for consensus binding sites, the highest scoring motif 1 @29- M H A H. Neelv. K. E.. and Work L

. .Vignali, M., Hassan, A. H., Neely, K. E., an orkman, J. L.
that em,erged V\,/as T/GT/CGGR@3), corresponding to the (2000) ATP-dependent chromatin-remodeling compleiésl.
Adrl binding site. Nevertheless, as demonstrated by chro- Cell. Biol. 2Q 1899-1910.
matin immunoprecipitation experiments, Adrl does not bind 13. Berglert! S-CL- (280_2) gistopeDmi%ifilczgggjsin transcriptional

; ; ; ; i regulation,Curr. Opin. Genet. De. .
to its DNA sites in repressing condition23 36). An )\ e T\ Wang Y., and Allis, C. D. (2003) Histone and
alternative possibility is that architectural proteins, with chromatin cross-talkCurr. Opin. Cell Biol. 15 172-183.
scarce recognizable sequence specificity, are responsible for 15. Marmorstein, R. (2001) Protein modules that manipulate histone
the maintenance of the common promoter structure. Not %‘25 for chromatin regulatioriNat. Re.. Mol. Cell. Biol. 2 422~
having found evidence of proteins involved in nucleosome 15 cosma, M. P. (2002) Ordered recruitment: gene-specific mech-
positioning in the group cADRZregulated genes examined, anism of transcription activatiomvol. Cell 1Q 227-236. _
we hypothesize that an influence is exerted by DNA features 17 lglatrhkar. G.J, 'Tan, H't-hY't’ and lflrggst?]n. R. |t5 (2?02)t COOpe(;a:lon
such as curvature and flexibility. Both properties are related Sgi\’r‘)’ggﬂ é%?ﬁ’ggisﬁ_is?g” ate chromatin structure and tran-
to the repetition of AA tracts in phase with the B DNA  18.wu, C. (1980) The 'Sends ofDrosophila heat shock genes in
periodicity and could be responsible for the common 1 \C/hrodrT:?tig aredhéper_snensitge(iggal)\lashlaturtle 286 f85;]1—860t._

H H H venaitu, s., an amilioni, G. vIvo analysis of chromatin
promoter arChlteCturg Of_ this functionally het_er_c_)geneous following nystatin-mediated import of active enzymes igac-
group of genes having in common the possibility to be charomyces cergésiae, Mol. Gen. Genet. 242100-104.
activated by the same transcription factor Adrl. These DNA 20. Schmitt, M. E., Brown, T. A, and Trumpower, B. L. (1990) A
features were already shown to be relevant in determining ~ rapid and simple method for preparation of RNA fr@accha-
L e - . romyces cergsiae, Nucleic Acids Res. 18091.
in vivo nucleosome p03|t|0n"_1@f61 47). A similar conclusion 21. Denis, C. L., Ciriacy, M., and Young, E. T. (1981) A positive
was drawn from the analysis of thkeV1 promoter 43). regulatory gene is required for accumulation of the functional



8884 Biochemistry, Vol. 43, No. 27, 2004

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

messenger RNA for the glucose-repressible alcohol dehydrogenase 35
from Saccharomyces cerisiag, J. Mol. Biol. 148 355-368.

Simon, M., Adam, G., Rapatz, W., Spevak, W., and Ruis, H.
(1991) Saccharomyces cerisiae ADR1 gene is a positive
regulator of transcription of genes encoding peroxisomal proteins,
Mol. Cell. Biol. 11, 699-704.

Young, E. T., Dombek, K. M., Tachibana, C., and Ideker, T. (2003)
Multiple pathways are co-regulated by the protein kinase Snfl
and the transcription factors Adrl and Cal8Biol. Chem. 278
26146-26158.

Geng, F., and Laurent, B. C. (2004) Roles of SWI/SNF and HATs
throughout the dynamic transcription of a yeast glucose-repressible
gene,EMBO J. 23 127-137.

Verdone, L., Camilloni, G., Di Mauro, E., and Caserta, M. (1996)
Chromatin remodeling durinaccharomyces cersiae ADH2
gene activationMol. Cell. Biol. 16 1978-1988.

Thoma, F. (1992) Nucleosome positioniBgchim. Biophys. Acta
113Q 1-19.

Fazzio, T. G., Kooperberg, C., Goldmark, J. P., Neal, C., Basom,
R., Delrow, J., and Tsukiyama, T. (2001) Widespread collaboration
of Isw2 and Sin3-Rpd3 chromatin remodeling complexes in
transcriptional repressioMol. Cell. Biol. 21, 6450-6460.
Verdone, L., Wu, J., van Riper, K., Kacherovsky, N., Vogelauer,
M., Young, E. T., Grunstein, M., Di Mauro, E., and Caserta, M.
(2002) Hyperacetylation of chromatin at teDH2 promoter
allows Adrl to bind in repressed conditiof&@yIBO J. 21 1101~
1111.

Di Mauro, E., Kendrew, S. G., and Caserta, M. (2000) Two distinct
nucleosome alterations characterize chromatin remodeling at the
Saccharomyces cernsiae ADH2 promoter,J. Biol. Chem. 275
7612-7618.

Di Mauro, E., Verdone, L., Chiappini, B., and Caserta, M. (2002)
In vivo changes of nucleosome positioning in the pre-transcription
state,J. Biol. Chem. 27,/7002-7009.

Verdone, L., Cesari, F., Denis, C. L., Di Mauro, E., and Caserta,
M. (1997) Factors affectingsaccharomyces cerisiae ADH2
chromatin remodeling and transcriptiod, Biol. Chem. 272
30828-30834.

Moss, D. R., and Laybourn, P. J. (2000) Upstream nucleosomes
and Rgrlp are required for nucleosomal repression of transcription,
Mol. Microbiol. 36, 1293-1305.

Lohr, D. (1997) Nucleosome transactions on the promoters of the
yeastGAL and PHO genesJ. Biol. Chem. 27226795-26798.
Minsterkdter, M., Barbaric, S., and Hga, W. (2000) Transcrip-
tional regulation of the yea®®HO8 promoter in comparison to
the coregulated®HOS5 promoter,J. Biol. Chem. 27522678
22685.

36

5

37.

42.

43.

8.

Agricola et al.

. Peez-Ortn, J. E., Matallana, E., and Franco, L. (1989) Chromatin
structure of yeast gene¥gast 5219-238.

. Young, E. T., Kacherovsky, N., and van Riper, K. (2002) Snfl

protein kinase regulates Adrl binding to chromatin but not

transcription activation). Biol. Chem. 27,738095-38103.

Simpson, R. T. (1986) Nucleosome positioningitro and in
vivo, BioEssays 4172-176.

.Chasman, D. I, Lue, N. F., Buchman, A. R., LaPointe, J. W.,
Lorch, Y., and Kornberg, R. D. (1990) A yeast protein that
influences the chromatin structure of UASG and functions as a
powerful auxiliary gene activatofGenes De. 4, 503-514.

. Fedor, M. J., Lue, N. F., and Kornberg, R. D. (1988) Statistical
positioning of nucleosomes by specific protein-binding to an
upstream activating sequence in yedstMol. Biol. 204 109~
127.

. Lipford, J. R., and Bell, S. P. (2001) Nucleosomes positioned by
ORC facilitate the initiation of DNA replicatioriol. Cell 7, 21—

30.

. Morse, R. H. (2000) RAP, RAP, open up! New wrinkles for Rap1

in yeast,Trends Genet. 1661-53.

Venditti, P., Costanzo, G., Negri, R., and Camilloni, G. (1994)

ABFI contributes to the chromatin organization@dccharomyces

cerevisiae ARS1 B-domainBiochim. Biophys. Acta 121877—

689.

Moreira, J. M. A,, Haz, W., and Holmberg, S. (2002) Neither
Rebl nor poly(dAdT) are responsible for the highly specific

chromatin organization at tHeV1 promoterJ. Biol. Chem. 277

3202-32009.

. Reagan, M. S., and Majors, J. E. (1998) The chromatin structure
of the GAL1 promoter forms independently of ReblSaccha-
romyces cergsiae, Mol. Gen. Genet. 259142-149.

. Rottensteiner, H., Kal, A. J., Hamilton, B., Ruis, H., and Tabak,
H. F. (1997) A heterodimer of the 28ys transcription factors
Pip2p and Oaflp controls induction of genes encoding peroxisomal
proteins inSaccharomyces carsiae, Eur. J. Biochem. 247776—

783.

.Drew, H. R., and Travers, A. A. (1985) DNA bending and its
relation to nucleosome positioning, Mol. Biol. 186 773-790.

. Satchwell, S. C., Drew, H. R., and Travers, A. A. (1986) Sequence

periodicities in chicken nucleosome core DNAMol. Biol. 197

659-675.

Cheng, C., Kacherovsky, N., Dombek, K. M., Camier, S., Thukral,

S. K., Rhim, E., and Young, E. T. (1994) Identification of potential

target genes for Adrlp through characterization of essential

nucleotides in UAS1Mol. Cell. Biol. 14 3842-3852.

BI049577+



