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ABSTRACT

In a variety of organisms, genes placed near hetero-
chromatin are transcriptionally silenced. In order to
understand the molecular mechanisms responsible for
this block in transcription, high resolution in vivo
chromatin structure analysis was performed on two
heat shock genes, hsp26 and hsp70. These genes
normally reside in euchromatin where GAGA factor and
RNA Pol Il are present on the promoter prior to heat
shock induction. P-element transformation experi-
ments led to the identification of stocks in which these

two genes were inserted within heterochromatin of the
chromosome 4 telomeric region. These transgenes
exhibit silencing that is partially suppressed by muta-
tions in the gene encoding HP1. Micrococcal nuclease
analysis revealed that the heterochromatic transgenes
were packaged in a more regular nucleosome array
than when located in euchromatin. High resolution
DNase | analysis demonstrated that GAGA factor and
TFIID were not associated with these promoters in
heterochromatin; potassium permanganate experi-
ments showed a loss of Pol Il association. Taken
together, these data suggest that occlusion of trans-
acting factors from their  cis-acting regulatory elements
leading to a block in promoter potentiation is a mecha-
nism for heterochromatin gene silencing.

INTRODUCTION

cell-autonomous proteins, PEV leads to a mosaic pattern of
expression within a given tissue. For non-cell-autonomous
proteins, a uniform reduction in expression can be observed. The
classic example of PEV iDrosophilainvolves thewhite gene,
which is required for red eye pigmentation. Whenwidétegene

is brought into juxtaposition with heterochromatin the resulting
phenotype is a red and white speckled ey®rosophilg centric,
telomeric and chromosome 4 locations have been shown to induce
PEV of an hsp76white transgene (2). Consistent with this
discovery, centric and telomeric regions are known to be hetero-
chromatic in a variety of eukaryotes. Chromosome Dio-
sophila melanogasteris thought to be interspersed with
heterochromatic domains (3-5). Regions of theosophila
genome that cause PEV are late replicating and consist of repeti-
tive DNA sequences, characteristic features of heterochromatin
().

PEV is not specific foDrosophila it has been observed for
genes placed near silent mating type loci and telomeric regions in
Saccharomyces cerevisié&7), centric and telomeric regions in
Schizosaccharomyces pombg,9), telomeric regions in
Trypanosoma brucef10,11) and centric regions in mammals
(12,13). Details regarding the molecular mechanisms of gene
silencing are poorly understood. In general, sequences within
repressive chromatin domains are less accessible to digestion by
nucleases and are packaged into regular nucleosome arrays
(2,14,15). Thus, a ‘closed’ chromatin configuration correlates
with the loss of gene expression.

To gain further insight into the mechanism of gene silencing
associated with heterochromatin packaginddmesophilg high
resolution chromatin structure analysis was performed on trans-
genes inserted within heterochromatin. Two heat shock genes,

Chromosomal position effects often arise when genes are intrésp26 and hsp7Q which normally reside in euchromatin, are
duced at new locations within the genome. These effects agarticularly useful for this analysis. The chromatin structure of the
frequently due to novel enhancer—promoter interactions. In marigromoter region of these genes is ‘potentiated’, meaning that the
cases, a weak promoter falls under the control of nearby enhancéignhscriptional machinery is engaged and the heat shock regulatory
providing tissue and developmentally regulated gene expressiggiements are assembled into an accessible configuration prior to
In other instances transcription is down-regulated due to thgene activation (16—21). More specifically, GAGA factor, known
negative action of neighboring silencing elements. These types tif be involved in establishing accessible regions of DNA in
position effects are due to the actiona$-regulatory elements chromatin (21-23), is bound at several positions upstream of the
located within gene-rich euchromatic regions of the genome.  transcription start site dfsp26andhsp70(21,24). GAGA factor-

A different type of position effect is associated with gene-poodependent nucleosome-free regions are present over the heat
heterochromatic regions of the genome. In these cases, transgesiesck elements (HSEs). Prior to heat shock induction, RNA
exhibit position effect variegation (PEV) (1), gene silencing in apolymerase Il is paused downstream of the transcription start site
subset of cells in which the gene is normally expressed. Fa25,26). As expected from the presence of polymerase, TFIID is
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also associated with tHesp70andhsp26promoters (16,20,27). Systems). For stocks 39C-X and 39C-72, the barley DNA
This detailed information regarding the protein—DNA inter-sequences fused tsp26were used as a probe. For stocks 2.11
actions that occur at the promoter regions of these euchromatimd 2.7, théacZ sequences fused tsp70were used as a probe.
genes make these promoters ideal candidates for identifyingollowing autoradiography, the bound radioactive material was
changes caused upon heterochromatin packaging. The datmoved from the membranes (36) containing the DNA isolated
presented here suggest that heterochromatin-induced gefiem the euchromatic insert stocks and the crosslinked DNA was
silencing occurs at the level of promoter potentiation. hybridized to a 5 kbEcaRI restriction fragment from the 9D4
HeT-Aretrotransposon element (accession no. X68130) labeled

ith 32p._,
MATERIALS AND METHODS with P-dATP.

Drosophilastocks DNase | genomic footprinting

. : r DNase | footprinting ohsp26-t, nuclei were isolated from
Sucrossloommenl VrﬁﬁiJraf&dsftsf%ocrﬁst??@?f;ﬂﬁe%%i%”ﬂi%d instar larvae (35) and treated with 60 or 80 U of DNase |
derived from a P-element mobilization screen described pré— |gma).The DNAwas purified andﬂgofDNAwas subjectgd
viously (2). The P-element used in the mobilization contained afp ligation med_lated-PCR (.LM'PCR) a‘?co“?'"?g to a published
hsp7Gwhite gene to score for PEV and thep26gene fused to  Protocol (37) with the following modifications: (i) primer P1 was
barley cDNA sequences (representing 8iP1gene, accession annealed to the genomic DNA in amplification buffer with
no. M77475) at +490, designatbep26pt (Fig. 1). Stock 39C-X  2-> MM MgSQ, instead of first strand synthesis buffer; (ii) the
contains this P-element in euchromatin at cytological region 203n&! concentration of Tris in the ligation dilution solution was
(2); stock 39C-72 contains this P-element in the telomeric regiog® MM at pH 7.0, instead of 110 mM at pH 7.5; (iii) following
of chromosome 4 (Fig. 1). Stocks 2.11 and 2.7 were generated Bpker ligation the mixture was extracted with phenol:chloro-
standard germline transformation (29) using construct CCCA —_19®rm:isoamyl alcohol (25:24:1); and (iv) 21 cylcles were used for
containing thecanthine dehydrogenagesy) gene as a transfor- amplification, instead of 18. Primer P1 (5-CTCAAGATAT-
mation marker and thasp70gene fused tdacZ sequences at GCGAACATGAACAAGTGC-3) corresponds to the barley
position +84 (Fig. 1). The TATA box in the promoter region of Sequence fused tsp26 Primers P2 (5-GCAAAGTTGCTTT-
hsp70had been altered to CCCA; otherwise, this plasmid used fdpAGTTGTTCAC-3) and P3 (5-GCAAAGTTGCTTTGAGTT-
the transformations was identical to 70ZT (-194/+84) (30). Noté&>TTCACTGCTCG-3') correspond to sequences within the coding
that in four independent transformed stocks, the CCCA-containingggion of thehsp26transgene. Half of the final LM-PCR reaction
transgene is induced by heat shock, despite the TATA mutatiofjas loaded onto an 8% polyacrylamide sequencing gel.

(data not shown). Stock 2.11 contains this P-element in euchromatinDNase | footprinting of thehsp76dacZ transgenes was per-

at cytological region 87 (data not shown); stock 2.7 contains thiformed on salivary glands permeabilized with NP-40. Six to eight

P-element insert at the telomeric region of chromosome 4 (Fig. 1pairs of salivary glands were transferred to a 1.5 ml tube contain-
Su(var)2-82 contains a mutation in the gene encodinging 100pl of buffer M (10 mM HEPES pH 7.6, 2.5 mM KCI,

heterochromatin protein 1 (HP1) (31). Males of this stock weré mM MgCl,, 5% glycerol, 0.1 mM EGTA, 0.5 mM DTT). To the

crossed to virgin females of stocks 39C-72 and 2.7 to test fdiube were added 2|8 of 20% NP-40 and the solution was gently

suppression of gene silencing. mixed. The glands were placed on ice for 15 min and gently
) S agitated at 3 min intervals. A fresh dilution of DNase | (DPRF
In situ hybridization grade, made up to 20 ulf Worthington) was prepared at 1w/

In situ hybridization to polytene chromosomes was performedn buffer M lacking EGTA. For DNase | treatment, the tube
using biotinylated DNA probes according to published proceduregontaining the glands was warmed td@Gor 1 min and then 0,
(32). For stocks 2.11 and 2.7, the P-element construct CCCA —194 8 or 16 U of freshly diluted DNase | were added. The sample
(see above) was used as a probe. For stock 39C-72, the P-elem#as incubated at 2C€ for 2 min. The DNase | digestion was
construct hsp26—pt-T (2) was used as a probe. The site of hybrigtopped by adding @l of 0.5 M EDTA, mixing briefly and then
ization was detected using streptavidin-horseradish peroxidagdding 10Qul of 20 mM Tris—=HCI pH 7.4, 200 mM NaCl, 2% SDS
complex (Vector Laboratories) and 3',3-diaminobenzidineand 200ug/ml proteinase K. The lysed glands were incubated at

(Sigma) (33). 37°C overnight. Subsequently, the solution was extracted three
_ ] times with phenol:chloroform:isoamyl alcohol (49.5:49.5:1).
B-Galactosidase expression Nucleic acids were precipitated with ethanol, washed once with

Females from stocks 2.7 and 2.11 were crossed to males of stofR% ethanol and finally dissolved in 22 of 10 mM Tris—HCI
Su(var)2-82 or ry®% as a control. Resulting third instar larvae werepH 8, 1 mM EDTA. An aliquot of Jul of the DNA sample was used
heat shocked for 45 min, allowed to recover for 1 h and the salivarip evaluate the DNA concentration in a fluorometer apdidf the

glands were dissected and stainedgalactosidase (34). DNA sample was evaluated for digestion on an agarose gel.
_ _ ) Samples of 100 ng of DNA were analyzed by LM-PCR using
Micrococcal nuclease digestions primers TR-1, TR-2 and TR-3 as previously described (20).

Nuclei were isolated from third instar larvae and treated with 0.1
0.32 or 0.48 U of MNase as previously described (35). The DN
was purified and then separated by size on a 1% agarose/TAE dg&btassium permanganate genomic footprinting was performed
(36) at £C. The DNA was transferred to nylon membraneas previously described (20). The primers TR-1, TR-2 and
(Amersham), crosslinked and hybridized to DNA fragmentsTR-3 were used to monitor the permanganate modification
labeled with32P-dCTP and?P-dATP (Amersham DNA Labeling pattern on the non-transcribed stranchep70-lacZ

otassium permanganate genomic footprinting
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RESULTS The second stock used in our analysis contaits@EyGHacZ

. transgene. This stock was discovered among a collection of
Recovery of chromosome 4 telomeric heat shock P-element transformants that were generated to investigate the
transgenes function of the TATA element dfisp70 Several transformed stocks

For high resolution chromatin structure analysis we chose twearryinga CCCA mutation of the TATA box had been analyzed for
stocks with P-elements containimgrosophila heat shock trans- heat shock inducible expression of figalactosidase reporter gene
genes within heterochromatin. Heat shock genes are inducible i whole flies. All except one stock exhibited induction levels that
almost every tissue at any time in development, allowing the entir@ere approximately 3- to 5-fold less than that of lines carrying the
organism, or dissected tissue, to be used for chromatin structufé!d-type promoter sequence. This exception, designated stock
analysis. Stock 39C-72 contains a tagged version dfghgegene 27> exhibited no detectabfegalactosidase activity. As shown
(designatedhsp26pi). This stock was recovered from a P-element Figure 2, there is a striking absencgagalactosidase activity in
mobilization screen performed to identify transgenes that variegat livary glands qun hgathshocrt]k.sltu hybr|d|za|\t|on to dpolytrtlane h
for anhsp76white gene also present on the P-elementI¢2}itu chromosomes showed that the insert was located at the chro-
hybridization to polytene chromosomes mapped the P-element osome 4 t(_alomere, suggesting that_ silencing was due to .he“?fo'
the last visible band of the chromosome 4 telomeric region (Fig. 1fh rog;r;?]gn e(rl?cgo dlir){gcl—? S?Sstﬁg;x‘;géglssi:;ynpc?:gesg iarl1 (;?Clg%tgr;;n
For the purposes here, we designate the telomeric region asthe m X = . ; ' :
distal bgndp observed cytologi?:ally Stock 39C-72 ?/vas an ide h ackt03|dase—p05|t|ve cells in Lhe sah(\j/ary gland? fO"OW'?]g h(;at
. . . " ; ock treatment (Fig. 2). Further evidence confirming that the
candidate for high resolution chromatin studies for several reasonsg, (Fig. 2) g

Fi he hsp7Gwhi . letely sil din th fencing is due to heterochromatin, and not a secondary mutation
Irst, the hsp Ite transgene is completely silenced in ey imin the transgene, was obtained by mobilizing the transgene in

majority of cells within the fly’s eye (Fig. 2); the linkeltsp26pt  gnck 2.7 to new locations in the genome. Upon reintegration at

transgene shows 6% heat shock-inducible expression compareqigse sites thérsp76lacZ transgene showed greater levels of
that for the euchromatic insert stock 39C-X (data not shown). Thiéxpression (data not shown).

low level of expression implies that the transgene is silenced in the
majority of cells, minimizing ‘background’ bands produced from Telomeric heat shock genes are packaged in a regular
expressing cells in chromatin structure analyses. Second, the PEvcleosome array

in this stock is suppressed by mutations in the gene encoding HRAe examined the pattern of MNase cleavage that occurred on
a known suppressor of centric PEV (38; Fig. 2). This is in contraséchromatic and heterochromatic transgenes. MNase cleaves in
to telomeric transgenes on chromosomes 2 and 3, which afge linker region between nucleosomes. Nuclei were isolated from
unaffected by mutations in HP1 (2). Last, micrococcal nucleasgon-heat shocked third instar larvae and treated with increasing
experiments (see below) on several stocks with heterochromagéignounts of MNase. The DNA was isolated from each sample and
insertions showed that thsp26-pt transgene in stock 39C-72 was analyzed by Southern hybridization. Fragments fromhbge26
packaged in the most regular nucleosome array. Taken togethgtansgene were detected with a probe representing the barley
these features allow high resolution chromatin structure analysis sequences and fragments from thep70 transgene were

the protein—DNA interactions that occur at a silenced promoter. detected with a probe representing tlaeZ sequences. A

1
Py HSE HSE GA nucleasome-associated region GA HSE TATA +|—|- s
-1817 0 -357 -336 -325 -80 46 -25 A “+490
hsp26-plant hsp70-white
39C-72
GA HSE GA HSE GA CCCA ‘f
-194 S -110 -75 -BB -49 .42 .28 L0 +B4 ’
7 — : @ : >
rosy hsp70-lacZ
2.7

Figure 1. Diagram of the P-element constructs and chromosomal localization le$f26épt andhsp764acZ transgenes. The P-element constructs containingsih@6-pt
andhsp76-acZ transgenes are shownsyandhsp76-whiteserved as reporter genes. The location of the heat shock elements (HSE), GAGA factor (GA) binding sites an
the TATA or the mutated TATA box (CCCA) (see Materials and Methods for details) are indicated. P-element inverted repeats are indicated byesipfitecthoomosomal
locations of the P-element inserts were determined bjitu hybridization to polytene chromosomes with probes corresponding to the P-element constructs. Both inserts map
to the most distal band of chromosome 4 (arrow). For stock 2.11, the hybridization signal shows ectopic association with pericentric heterochromati
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.. Figure 3. MNase digestion ohsp26-pt and hsp764acZ transgenes. Nuclei
¥ i ! from third instar larvae containing either a euchromatic (stocks 39C-X and
2.11) or a heterochromatic (stocks 39C-72 and 2.7) transgene and treated with
2.1 2.7 2.7 0.16, 0.32 or 0.48 U of MNase. Digestion products were hybridized with

probes corresponding to the barley sequencelsdp26and thdacZsequences
for hsp70 For both transgenes, the heterochromatic location results in a more
regular nucleosome array than the euchromatic location. The radioactive probe

Figure 2. Expression of théisp70-white and hsp76-acZ transgenes. (Top row, Was removed from the membranes containing DNA from the euchromatic
left to right) The eye phenotype of stocks 39C-X, 39C-72 and 39C-72 with thdnsert stocks and then hybridizedtie T-Aretrotransposon sequences. Regular
Su(var)2-82 mutation without heat shock treatment. Expression of a euchromatiiucleosome arrays apparent over lieT-Asequences confirmed the integrity
hsp76-whitetransgene is sufficient to provide a strong red eye phenotype even iof the DNA in these samples. Abbreviations are as for Fﬂure 2.

the absence of heat shock. (Bottom row) Salivary glands from stocks 2.11¢d2.7 an

2.7 with theSu(var)2-82 mutation dissected from heat shocked third instar larvae

stained for3-galactosidase. euch., euchromatin; het., heterochromatin; +, wild-type

chromosome. regular nucleosome array suggested that transcription factors
may be excluded from the heterochromatic heat shock gene pro-

. . moters. High resolution DNase | analysis was used to analyze
random distribution of nucleosomes over a given DNA fragmenf;, protein—DNA interactions occurring on the heterochro-

on a cell-by-cell basis leads to a smear of different length DNAEﬂatic heat shock promoters. Nuclei were isolated from non-
fragments after MNase digestion. In contrast, alignment ofoat shocked third instar larvae and treated with DNase I. The
nucleosomes into evenly spaced arrays over a given DNA fragsna was purified and subjected to LM-PCR (37). Primers specific
ment within the majority of cells leads to a ladder of nucleosomeg, he barley sequences permitted examination of the protein—
length fragments. For botiisp26andhsp70the MNase cleavage pnAa contacts along the non-ranscribed strand of isp26pt
patterns for the heterochromatic transgenes (39C-72 and 2¢fansgene. The patterns of cleavage between the euchromatic,
respectively) showed a highly regular nucleosome array COnheterochromatic and deproteinized DNA samples were com-
pared to the corresponding euchromatic transgene (stocks 39Cx¥ ed. Sequences between —20 and —43, the region expected to
and 2.11, respectively) (Fig. 3). The regular array of nucleosomgss associated with TFIID, are relatively protected (Fig. 4). The
over the heterochromatic transgenes extended at least 1 kb, as fﬁﬂ,epersensitive sites at positions —44 and —47 are also indicative
to seven ‘rungs’ in the MNase ladder could be observed. of TFIID association. This protection/cleavage profile is
To demonstrate that the nucleosomal pattern over the euchréimilar to that observed fdrsp26 in vitrofootprinting experi-
matic transgenes was due to irregular packaging, and not defrents using purified TFIID (41). In contrast, a different pattern
radation of the DNA during sample preparation, membraneg observed over the heterochromatisp26pt transgene.
containing the DNA from the euchromatic insert stocks wereChanges in the cleavage pattern of the TATA box sequences (—25
stripped of bound probe and then hybridizedH®T-Asequences. to —31) could not be ascertained due to their relative insensitivity
HeT-Ais a retrotransposon presenbabsophilatelomeres (39,40)  to cleavage in naked DNA (Fig. 4).
that we previously discovered was packaged into regular nucleo-similar DNase | footprinting experiments were performed
some arrays (D.E.Cry(.jerman and L.L.Wa"rath, Unpub"shed dat%.n thehsp?@_lacz transgene using Sa“vary g|and nuclei from
The resulting autoradiograph showed that HeT-A sequences  stocks 2.11 and 2.7. Previously, specific bases within the DNA
were indeed packaged into regular nucleosome arrays, verifyingetween —50 and —200 have been shown to bind GAGA factor
that the smear observed for the heat shock euchromatic transge(#s). Footprints corresponding to GAGA factor binding were
was due to irregular nucleosome packaging. readily apparent for the euchromalisp7@acZ transgene at
Heterochromatic heat shock genes are not associated with the two distal GAGA factor binding sites, but not for the hete-
TFIID or GAGA factor rochromatic transgene (Fig. 5). The footprints observed on the
euchromatic transgene were strikingly similar to those pro-
The heat shock genes are preprogrammed prior to heat shodlced by purified GAGA factor (42) and to those observed for
such that all the necessary transcription factors are boural wild-type hsp70transgene (lacking the CCCA mutation)
except for heat shock factor. The correlation of the loss of hegR0). No strong protection was detected over the mutant TATA
shock inducible expression and the presence of a highligox (designated CCCA). This was not surprising since this
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Figure 4. DNase | genomic footprinting disp26-pt. The sequence of the tran-
scribed strand of thesp26promoter is shown on the left (lanes4) with the
locations of regulatory elements shown on the right. Lane 5 is a sample in

which no DNase | was added (labeled 0). Lane 6 contains a sample in whichigre 5. DNase | genomic footprinting dfsp7@lacZ Lane 1 corresponds to the
the DNA was deproteinized (labeled DNA). Lanes 7 and 8 contain LM-PCRyattern of guanine and adenine residues generated by treating the DNA with formic
reaction products from nuclei from third instar larvae of stock 39C-X treated,qiq. | ane 2 shows the LM-PCR pattern that occurs on deproteinized DNA.
with 60 and 80 U of DNase |, respectively. Lanes 9 and 10 contain LM-PCR gnes 3 and 4 correspond to reaction products using nuclei from salivary gfands o
reaction products from nuclei from third instar larvae of stock 39C-72 treateqhe euchromatic insert stock 2.11 treated with 4 and 16 U of DNase I, respectively.
with 60 and 80 U of DNase |, respectively. Arrows denote regions of DNase | gnes 5 and 6 correspond to reaction products using nuclei from the hetero-
hypersensitivity that are protected in heterochromatin. chromatic insert stock 2.7 treated with 4 and 8 U of DNase |, respectively. Regions
of protection corresponding to previously characterized interactions with GAGA
factor (42) are delineated to the right of the panel. In addition, the region corres-

. . ding to the CCCA mutation in the TATA box is shown.
mutation reduced the affinity of the DNA for TFIID 3-fold poncingfothe muiaoninhe oxts shown

(data not shown) and the corresponding mutation inhsE26
promoter also showed reduced levels of DNase | protection
provided by purified TFIID (43). hsp70gene, indicating the presence of RNA polymerase I

) (20,44). In contrast, this reactivity is not observed for the hetero-
Heterochromatic hsp70lacks detectable levels of paused chromatichsp70transgene, indicating an absence of paused
polymerase polymerase. The presence of paused polymerase on the
It is well established that a molecule of RNA polymerase lleuchromatihisp70transgene strongly suggests that the euchro-
resides immediately downstream of the transcription start site gfatic transgene is associated with TFIID. Our failure to detect
the hsp70and hsp26promoters prior to heat shock induction TFIID with DNase | probably results from incomplete binding.
(25,26). Paused polymerase can be detected dmsghig0trans- ~ This conclusion is consistent with the observation that the level
gene in salivary glands by treating intact glands with potassiumf permanganate reactivity at position +22 for the euchromatic
permanganate (20). Since the CCCA mutation prevents th@CCA mutation is less than the level of reactivity observed for a
detection of TFIID on the heterochromatic and euchrontesfp?0  wild-type euchromatichsp70 transgene or the endogenous
transgene, we wondered whether paused polymerase would bgp70gene (20).
present. Thymines located within the single-stranded transcription
bubble are hyper-reactive to potassium permanganate; the patt
of reactivity can be determined using LM-PCR. As shown in‘ﬂIECUSSION
Figure 6, potassium permanganate reactivity is observed #fe have investigated the molecular basis for heterochromatic
positions +22 and +30 for the euchromalisp70transgene. silencing for two heat shock genes inserted near the telomere of
These sites are consistent with those observed for the endogenalisomosome 4 iDrosophila Data presented here suggest that
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ability to establish an accessible region of the promoter. In the

_§ case ofhsp7Q euchromatic transgenes with mutations of the
h h - GAGA sites show reduced binding of TFIID, HSF and paused
o _8uch = o et. <_ polymerase (19,20,48n vitro GAGA factor recruits the ATP-
= 0 30 90 =z 0 o Time (sec)

dependent chromatin remodeling machinery NURF to clear
nucleosomes from promoter regions (22,23,49). Thus, without
GAGA factor association, the lack of TFIID and paused poly-
merase at the heterochromatic heat shock genes can be explained.
Another hypothesis to explain the lack of regulatory factors

:
—_—
i 2

e - - .
=k i at the promoters of the heterochromatic heat shock genes is
1220 that heterochromatin localizes to an area of the nucleus that is
: relatively devoid of these factors. There is accumulating
- - E evidence to support a role for nuclear organization in gene
+30 - - o R el expression (50-53). GAGA factor associates with hetero-

chromatin throughout the cell cycle in early embryos (54);
however, later in development association with GA-rich
satellite sequences is only observed on condensed chromo-
somes (55). GAGA factor antibodies recognize hundreds of
distinct bands in the euchromatic regions of interphase poly-

&
r !

IHl BENED b OOTIDEREEE

:_'. ; tene chromosomes, but show no staining at the heterochromatin-
- o rich chromocenter (22,24). The immunological data support
— o S our findings that genes which require GAGA factor for expression

are not expressed when located in heterochromatin. For the
heterochromatic heat shock transgenes, the regular nucleo-
somal packaging may be the ‘default’ state that results in the
Figure 6. Potassium permanganate genomic footprintingsgf7é4acZ Lanes 1 absence of GA_GA factor blndlng. . . .

and 5 correspond to reaction products generated from non-heat shock larvae (NHS)T e chromatin structure of genes within silent domains has
of stocks 2.11 and 2.7, respectively. Note that the thymine residues at +22 and +@0ly been evaluated in a small number of cadesvivo

are more reactive in the case of the inducible transgene of stock 2.11 than for t@@nomic footprinting was used to compare the promoter region

heterochromatic transgene of stock 2.7. Lane4 and 6—8 show the patterns _ ; ; ; ;
of reactivity for deproteinized DNA samples treated for 0, 30 or 90 s. Note thapf thePKG 1geneon the active and inactive X chromosome in

the pattern of bands detected in samples not treated with permangané@ammalsl (56)- Four PrOteCted regions thatare “kely to interact
(lanes 2 and 6) has been observed previously and represents background in téh specifictrans-acting regulatory factors were observed on
_analysis. T_hese bands cqrrespond to breaks at gua_ni‘ne residue_s Which do tlee active X chromosome. In contrast, these footprints were
Lo shows. o o o e (o s b e 0! Preset upstream of BKG-1 gene on the hetero-
and subsequent cleavage with piperidine. €hromatic inactive X chrom_osome; this region gave DNase |
cleavage patterns suggestive of protection by two nucleo-
somes. InS.cerevisiag high resolution chromatin structure
heterochromatic silencing results from a block early in the trananalysis was performed to compare and contrast the transcrip-
scription process, leading to a failure to form a potentiatedionally silentHMLa and the activdVATa (15). An array of
promoter structure. Ideally, we would have liked to have dispositioned nucleosomes was observed oveathanda?2 cod-
cerned the interactions of GAGA factor, TFIID and polymerase ling sequences dfiMLa. In contrast to our findings for heat
on one promoter. Instead, we found that we could best monitehock genes, the promoter regions of the two genes were more
GAGA factor and polymerase on tiesp76dacZ transgene and accessible in the silent chromatin domain. However, Hig
TFIID on the hsp26+t transgene. This should not detract from endonuclease recognition site showed the anticipated pattern
our general conclusion that these three factors are occluded by the accessibility, hypersensitive @lATa and protected at
heterochromatic structure because these two promoters functistMLa.
very similarly. Both promoters exhibit nearly identical inter- The mechanisms by which heterochromatin might block
actions with purified TFIID (41) and both promoters are activatedranscription factor binding are unknown. In general, repressive
by heat shock when the upstream regulatory regions are swappelstromatin domains contain hypoacetylated histones (57/58).
(45,46). One hypothesis is that the chromatin structure of theitro experiments suggest that the lack of acetylation does not
heterochromatic region prevents GAGA factor from interactingexplain the occlusion of GAGA factor; GAGA factor can
with the promoters and this in turn leads to a failure of TFIID andcounteract the negative effects of chromatin equally in the
RNA polymerase Il to associate. Molecular genetic analysipresence of hypo- or hyperacetylated histones (59). In contrast,
indicates that GAGA factor helps to establish an accessible chrétSF and polymerase |l bind more efficiently to DNA pack-
matin configuration at the promoter region of heat shock genesged with hyperacetylated histones (59). One common feature
(21,24). In the case dfisp26 euchromatic transgenes lacking shared by repressive chromatin domains and silenced trans-
GAGA sites show a more ‘closed’ chromatin configuration ingenes is the presence of highly regular nucleosome arrays
which the HSEs are less accessible to restriction enzyme digesti¢t¥,15; this study). This highly ordered packaging might be a
that correlates with a loss of inducible expression (17,46). Bindingeflection of the repetitive DNA sequences within these
of GAGA factor to multiple sites in the region upstreanhep70  regions and flanking the silenced transgenes. Various satellite
appears to be cooperative (20,47) and this may contribute to isquences and repetitive DNA elements have been shown to
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position nucleosomem vitro (60). Thehsp26pt transgene

studied here is adjacent to transposable element sequen
from the F-element family (53,61). In addition, certain non-

22.

Tsukiyama,T. and Wu,C. (199Curr. Opin. Genet. Dey7, 182-191.

&% Okada,M. and Hirose,S. (1998pl. Cell. Biol., 18, 2455-2461.
24. Granok,H., Leibovitch,B.A., Shaffer,C.D. and Elgin,S.C.R. (1995)

histone proteins probably associate specifically with the heteroys,
chromatin to establish the repressive structure. In support afé.
this hypothesis, a mutation in the gene encoding HP1 increases:
the level of heat shock-induced expression of tsp26pt

transgene in stock 39C-72 from 6 to 11% (data not shown)sg

Curr. Biol., 5, 238-241.

Rougvie,A.E. and Lis,J.T. (1998)ol. Cell. Biol, 10, 6041-6045.
Rougvie,A.E. and Lis,J.T. (1988kll, 54, 795-804.

Giardina,C., Perez-Riba,M. and Lis,J.T. (1982pes Dey6, 2190-2200.

28. Shaffer,C.D., Wuller,J.M. and Elgin,S.C.R. (19948thods Cell Biol.

Moreover, mutations in HP1 cause the accessibility of a centrigo.
hsp26-pt transgene to shift from 5 to 28%, allowing for 31.
increased levels of gene expression (62). It is tempting to

speculate that HP1-containing complexes might exclud

GAGA factor from heterochromatic promoters, given theszs
mutually exclusive distribution of GAGA factor and HP1 on 34.
chromosomes (55).
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