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ABSTRACT
For many years it has been noted that there is a correlation between acetylation of histones and an

increase in transcriptional activity. One prediction, based on this correlation, is that hypomorphic or null
mutations in histone deacetylase genes should lead to increased levels of histone acetylation and result
in increased levels of transcription. It was therefore surprising when it was reported, in both yeast and
fruit flies, that mutations that reduced or eliminated a histone deacetylase resulted in transcriptional
silencing of genes subject to telomeric and heterochromatic position effect variegation (PEV). Here we
report the first mutational analysis of a histone deacetylase in a multicellular eukaryote by examining six
new mutations in HDAC1 of Drosophila melanogaster. We observed a suite of phenotypes accompanying the
mutations consistent with the notion that HDAC1 acts as a global transcriptional regulator. However, in
contrast to recent findings, here we report that specific missense mutations in the structural gene of
HDAC1 suppress the silencing of genes subject to PEV. We propose that the missense mutations reported
here are acting as antimorphic mutations that “poison” the deacetylase complex and propose a model
that accounts for the various phenotypes associated with lesions in the deacetylase locus.

THE basic unit of chromatin is the nucleosome, lated with transcriptional inactivity, telomeric and cen-
tromeric heterochromatin, and silenced areas of thewhich consists of z146 bp of DNA wrapped around

the four core histones arranged in an octamer. The genome, such as the donor mating-type loci in yeast
(Turner 1998; Workman and Kingston 1998). As isamino-terminal tails of the histones, in particular H3

and H4, are highly conserved and contain four lysine the case with HATs, histone deacetylases (HDACs) also
exist as members of large multiprotein complexes. How-(K) residues that can be reversibly acetylated (Felsen-

feld 1996; Workman and Kingston 1998). It was first ever, an unexpected finding was that some HDAC com-
plexes, in both yeast (Rundlett et al. 1996) and mam-noted over 30 years ago that there is a correlation be-

tween acetylation of histones and transcriptional activity mals (Hassig et al. 1998), contain more than one
deacetylase, suggesting that each deacetylase may haveor the potential for transcriptional activity (Allfrey et

al. 1964), but the significance of this observation has a specific target and that full repression may require
the activity of more than one HDAC (Kuo and Allisonly become apparent in recent years.
1998). The HDACs isolated thus far do not appear toIt has now been demonstrated that some transcrip-
have any DNA binding activity and therefore targetingtional activators and members of the transcriptional
of the HDAC complexes to the genes they regulatemachinery, including GCN5 (Brownell et al. 1996;
appears to depend on association with DNA-bindingWang et al. 1997), PCAF (Yang et al. 1996b), p300/CBP
corepressor proteins, such as MAD (Laherty et al.(Ogryzko et al. 1996), and TAFII230/250 (Mizzen et
1997), UME6 (Kadosh and Struhl 1997), YY1 (Yangal. 1996), are capable of acetylating H3 and H4 both
et al. 1996a), SMRT (Nagy et al. 1997), N-CoR (Allandin vitro and in vivo. These histone acetyl transferases
et al. 1997; Heinzel et al. 1997), and RB (Brehm et al.(HATs) are members of large protein complexes that
1998; Luo et al. 1998; Magnaghi-Jaulin et al. 1998),are targeted to the genes they regulate by members of
which have the ability to bind to specific target loci.the complex with DNA binding activity (Grant et al.

It has been suggested that acetylation of the lysines1997).
in the N-terminal tails of the histones may function byConversely, histone hypoacetylation is generally corre-
opening up chromatin structure because it eliminates
positive charges that may reduce nucleosome/DNA or
nucleosome/nucleosome interactions (Workman andCorresponding author: Thomas A. Grigliatti, Department of Zoology,
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3Z6, Canada. impair gene activation (Grunstein 1997). This predic-
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tion appears to be true. GCN5 was first identified as a contrast to previous findings, we report that specific
missense mutations in the structural gene of HDAC1transcriptional activator before its HAT function was

elucidated because mutations in the gene reduce activa- suppress silencing and increase the expression of a w1

gene subject to PEV. We propose that these missensetion of target loci. Conversely, mutations in an HDAC
or members of its complex should impair deacetylation mutations are acting as antimorphic mutations that poi-

son the deacetylase complex, without eliminating it, andof the histones at target genes, and thus result in dere-
pression of the targets. This also appeared to be the case. that this in turn causes hyperacetylation of histones and

activation of genes normally subject to silencing as aMutational analysis in Saccharomyces cerevisiae identified
RPD3 as a global repressor before its function in histone result of PEV. Furthermore, we show that null, or very

severe, hypomorphic mutations have no significant ef-deacetylation was known.
However, a number of unexpected observations have fect on PEV. We further propose that the unexpected

observations noted above in the RPD3 deletion strainsbeen documented in HDAC null mutations. In RPD3
deletion lines of S. cerevisiae, a small subset of genes in S. cerevisiae, the P insertion line in D. melanogaster,

and the phenotypes of our missense, hypomorphic, andwere more strongly repressed rather than activated. In
addition, careful analysis of the genes normally subject null mutations can be explained by a model based on

the observations that HDAC1, and its homologues, areto regulation by RPD3 demonstrated that when they
were activated in the RPD3 null strains, the level of members of a structurally related, multidomain family

of proteins that forms part of a large multiprotein com-transcription of target genes was lower than in wild-type
strains (Vidal and Gaber 1991). Finally, the straightfor- plex. Finally, we argue that this model will be relevant

in a wide variety of biological applications and as suchward prediction that mutations in HDACs would result
in derepression of silenced genes was confounded when suggests a need for the isolation and characterization

of dominant mutations.it was reported, in both S. cerevisiae and Drosophila,
that mutations that reduced or eliminated a histone
deacetylase resulted in transcriptional silencing of genes

MATERIALS AND METHODSsubject to telomeric and heterochromatic position ef-
fect variegation (De Rubertis et al. 1996). Fly stocks: Flies were reared on standard Drosophila media

at 228. Genetic markers used here are described in the textPosition effect variegation (PEV) most often occurs
or can be found in Lindsley and Zimm (1992). The putativewhen a chromosomal rearrangement abuts a normally
histone deacetylase described herein has a high level of se-euchromatic region of a chromosome, containing ac-
quence similarity to RPD3 (for reduced potassium depen-

tive genes, to a breakpoint in centromeric heterochro- dency 3) from S. cerevisiae and HDAC1 from humans and other
matin (Grigliatti 1991; Henikoff 1992; Reuter and mammals (De Rubertis et al. 1996). The initial report and

some subsequent reports (for example, Mannervik andSpierer 1992). In tissues where the relocated euchro-
Levine 1999) regarding the Drosophila histone deacetylasematic genes are usually active, some cells express the
relied on the similarity to the yeast gene and called the Dro-genes normally, whereas in neighboring cells, the genes
sophila homologue an RPD3-like deacetylase or the RPD3

are transcriptionally silent, resulting in a mosaic pattern homologue. In yeast, RPD3 was named prior to the discovery
of gene expression. An analogous situation is thought to that it has histone deacetylase activity and describes only one

of the phenotypes associated with lesions in the gene (Vidaloccur in the phenomenon of telomeric position effects
and Gaber 1991). For this reason we prefer the mammalian(TPEV). This occurs when a reporter gene is inserted
nomenclature: HDAC, for histone deacetylase, followed by ain or near to the heterochromatin of the telomeres
number indicating to which, of the several similar deacetylases

of S. cerevisiae chromosomes (De Rubertis et al. 1996; that exist in each organism, it is most similar (Taunton et
Grewal et al. 1998; Grunstein 1998). In some cells the al. 1996). Accordingly, because the Drosophila deacetylase

described here has the highest degree of similarity to HDAC1reporter is transcriptionally silent while in others the
from mammals, we prefer the name Drosophila HDAC1 forgene is transcribed normally. In both systems there is
Drosophila histone deacetylase one and use that nomencla-a correlation between position relative to the hetero-
ture in this article.

chromatic material and silencing. In TPEV and PEV the The HDAC1 mutations that suppress PEV (hereafter called
likelihood of silencing is dependent on how close the the Su(var) HDAC1s) described here were induced in a pre-

viously described ethyl methane sulfonate screen for dominantreporter is to the telomere or centromeric heterochro-
suppressors of PEV (Sinclair et al. 1983). The mutations arematin, respectively; if inserted closer, it is more often
maintained in stocks balanced over TM3 Sb Ser or TM6 Tb.silent. Mosaic gene expression in both cases is believed
Tb was employed because it allows one to readily identify

to reflect differences in chromatin structure: when the homozygous mutant larvae by the morphology of their spira-
gene is active, it is packaged normally; however, when cles. Late third instar homozygous mutant larvae were selected

from cultures and used to obtain the DNA sequence of HDAC1the gene is inactive, it is packaged more like heterochro-
in the various mutant strains.matin and is therefore transcriptionally silent.

P-element insertion strains were obtained from theHere we report the isolation and characterization of
Bloomington Stock Center and were screened for lethality

six new mutations in the HDAC1 gene of Drosophila mela- with the Su(var) HDAC1s. One insert line, l(3)04556 (hereaf-
nogaster. This is the first instance of a mutational analysis ter called P-UTR), was almost completely lethal under normal

culture conditions with all members of the Su(var) HDAC1of an HDAC in a multicellular eukaryotic organism. In
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group. However, significant numbers of male and female Genomic DNA for sequencing from each of the HDAC1
mutant strains was obtained from cultures in which the HDAC1adults could be reared to adulthood if the fly cultures were

uncrowded and the media supplemented with live yeast, but mutation is balanced over the TM6 Tb balancer chromosome
(see above). Homozygous mutant late third instar larvae weresurvivors are sterile and die within a few days.

The Su(var) HDAC1 group was originally localized because collected and the DNA isolated by standard protocols. Specific
fragments of HDAC1 were amplified using Pfu polymerase andall members failed to complement a small deficiency,

Df(3L)GN24. Because this deficiency completely removes the primers designed from the published sequence of HDAC1.
The PCR products were gel purified and sequenced employingHDAC1 gene it was employed in the lethal phase analysis as

a null allele. Males of the constitution wm4/Y; Df(3L)GN24/1 dye terminators in an automated sequencing facility (UBC
NAPS unit).were generated by crossing wm4/wm4; 1/1 females to 1/Y;

Df(3L)GN24/TM3 Sb Ser males. F1 males bearing the deficiency Isolation and analysis of RNA: Total RNA was isolated from
either adult females or adult males of each strain using thechromosome were collected and crossed to 5–7-day-old virgin

females of each of the various mutant HDAC1 strains and TRIzol reagent according to manufacturer’s instructions (Life
Technologies). Poly(A) RNA was subsequently isolated em-allowed to lay eggs on Petri plates overlaid with an agar, vine-

gar, and ethanol mixture supplemented with live yeast. Eggs ploying the Oligotex mRNA mini kit produced by QIAGEN
(Chatsworth, CA) following the manufacturer’s instructions.were collected by washing with dH2O and batches of z100

eggs were counted out on construction paper and placed in Approximately 1.5 mg of poly(A) RNA for each gender and
strain was separated on a formaldehyde agarose denaturingshell vials. A minimum of five shell vials were set up for each

mutant strain. The construction paper was removed after 3 gel prepared according to the protocol provided by QIAGEN
in the Oligotex mini kit. The gels were run at 7 V/cm, trans-days and the number of unhatched eggs counted. Unhatched

eggs that failed to darken were considered unfertilized and ferred to nylon membranes according to the manufacturer’s
instructions (Amersham, Buckinghamshire, UK), and probedsubtracted from the total number of eggs. Eggs that darkened,

but failed to hatch, were scored as embryonic lethals. The with DNA labeled with [32P]dATP using Boehringer Mann-
heim’s (Laval, Quebec) random primed DNA labeling kit.number of animals reaching pupation and adulthood was

counted and the lethality at each developmental stage deter- The DNA probe for the HDAC1 mRNA was prepared by PCR
employing Pfu polymerase and primers for the carboyxl termi-mined from the totals. In all cases, the results of each group

were pooled. In these crosses, the only animals expected to nal coding regions generated from a cloned cDNA kindly
provided to us by Pierre Spierer’s laboratory. The relativedie were those that carried the mutant HDAC1 allele and
amounts of poly(A) RNA loaded in each lane were determinedDf(3L)GN24. All other genotypes were expected to survive. We
by reprobing the Northern blots with a probe for the mRNAdid not observe any flies that survived and bore a mutant
for the ribosomal protein DUb80 (Mottus et al. 1997). Autora-HDAC1 allele and DF(3L)GN24. These flies would have been
diograms were scanned into a computer and the amount ofreadily identifiable because of the suite of defects observed
poly(A) RNA in each lane was quantified, relative to DUb80,in homozygous HDAC1 mutant lines (see results).
using NIH Image (data not shown).In the recombination experiment in which we tried to sepa-

rate the lethal lesion in HDAC1 in the HDAC1328 strain from
a possible second site suppressor of PEV, the female parents
were produced by crossing wm4/wm4; 1/1 females to wm4/Y; RESULTS
HDAC1328/TM3 Sb Ser males. Virgin F1 females of the constitu-
tion wm4/wm4; HDAC1328/1 were collected and crossed to wm4/ Isolation and characterization of mutations in Dro-
Y; P-UTR/TM3 Sb Ser males. All flies that displayed suppression sophila HDAC1 that suppress PEV: Several groups, in-
of wm4 variegation were progeny tested to determine whether

cluding ours, have conducted large genetic screens tothey were recombinants or rare surviving HDAC1328/P-UTR
isolate Suppressors of position effect variegation [Suflies.

Determination of the level of variegation: To determine the (var)s] in D. melanogaster. These screens were based on
levels of variegated gene expression in the wm4 and bwvDe2 strains, the assumption that these mutations should identify
eye pigment assays were performed employing previously pub- factors involved in the process of chromatin packaging
lished techniques (Sinclair et al. 1983) and the amount of

(Reuter and Wolff 1981; Sinclair et al. 1983; Lockeeye pigment observed in the variegating strain expressed as
et al. 1988), either structural components of chromatina percentage of the amount observed in the wild-type strain,

Oregon-R. The level of variegation in the Sbv strain was deter- or factors that modify chromatin structure. Our screen
mined by assaying the percentage of 14 bristles displaying a was designed to isolate dominant Su(var)s by selecting
Sb phenotype as previously described (Sinclair et al. 1983). progeny from ethyl methane sulfonate (EMS)-mutagen-

Remobilization of the P element: The P element in the
ized males in which expression of the w1 gene in theP-UTR strain carries the ry1 gene and therefore excision of
strain, In(1)wm4 (wm4), was significantly increased. In theall or part of the P element can be monitored by loss of ry1.

The P element in the P-UTR strain was remobilized by crossing wm4 strain, an inversion juxtaposes the w1 gene to the cen-
1/1; P-UTR/TM3 Sb Ser females to wm4/Y; Ly/TM3 ryRK Sb e tromeric heterochromatin of the X chromosome. This
P[ry1 D2-3] males. The TM3 ryRK Sb e P[ry1 D2-3] chromosome causes the w1 gene to be transcriptionally inactivated
carries a P-element transposase source (D2-3) that is required

in most pigment cells in the fly’s eye, and because itsto remobilize the defective P element in the P-UTR strain.
product is required for deposition of pigment, the eyesThe F1 1/Y; P-UTR/TM3 ryRK Sb e P[ry1 D2-3] males were

collected and crossed to 1/1; ry506/ry506 females and ry2 F2 of flies in the wm4 strain generally have z5 to 15% of the
males collected and stocks established. wild-type levels of eye pigments. Four of the dominant

DNA manipulations: All standard DNA manipulations were Su(var) mutations isolated comprise a single comple-
performed as described in Sambrook et al. (1989).

mentation group [hereafter referred to collectively asPlasmid rescue of the DNA surrounding the insertion of
Su(var) HDAC1s or individually as HDAC1303, HDAC1313,the P element in P-UTR was performed according to previously

published techniques (Karpen and Spradling 1992). HDAC1326, and HDAC1328]. All are strong dominant sup-
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Figure 1.—Examples of eyes
from male flies bearing the
In(1)wm4 chromosome and third
chromosomes of the following
constitutions: (A) 1 /1; (B)
P-UTR/1; (C) HDAC1def8/1; (D)
HDAC1def24/1; (E) HDAC1303/1;
(F) HDAC1313/1; (G) HDAC1326/1;
and (H) HDAC1328/1.

pressors of PEV and, in addition to the dominant pheno- silencing associated with PEV and are not mutations in
factors that specifically modify the w1 gene.type, all four alleles are recessive lethal. In wm4 strains

bearing the Su(var) HDAC1s, pigments in the eyes of Mapping the Su(var) HDAC1s: We mapped the reces-
sive lethality associated with the Su(var) HDAC1s toboth males and females are increased from 5 to 15%
64B17-64C13-15 employing deficiencies and confirmedto 60 to 90% of the pigment levels observed in the wild-
the Su(var) phenotype recombinationally mapped totype strain OR-R (Figure 1 and Table 1).
approximately the same location in all four mutant lines.To determine whether the effect of these mutations
This placed the complementation group very close towas generally applicable to PEV or specific to the w1

a recently cloned RPD3-like HDAC (De Rubertis et al.gene, we monitored the effects of two of the strongest
1996). This Drosophila HDAC (hereafter referred to asalleles of the Su(var) HDAC1s, HDAC1326 and HDAC1328,
HDAC1) was cloned as a result of a P insertion 1.8 kbon two other variegating rearrangements: In(2R)bwvDe2

59 to the gene that causes strong dominant enhance-(bwv), which juxtaposes the bw1 locus to the centromeric
ment of PEV but is homozygous viable and fertile. How-heterochromatin of chromosome 2, and T(2,3)Sbv (Sbv),
ever, complementation analysis with the Su(var) HDAC1swhich abuts the dominant third chromosome mutation,
and the P insert line (hereafter referred to as P-1.8)Sb2, to the centromeric heterochromatin of chromo-
revealed all combinations were viable and fertile (datasome 2 (Table 1). In females, the mutations caused
not shown), suggesting that perhaps P-1.8 and the Susignificant suppression of both bwv and Sbv. In males,
(var) HDAC1s represented two different genes.Sbv was also strongly suppressed by the mutations, but

We then crossed the Su(var) HDAC1s to a series ofbwv was either not affected or somewhat enhanced. Het-
recessive lethal, modified P inserts generated by theerogeneity in the response of genes subject to PEV when
Berkeley Drosophila Genome Database and localized toexposed to suppressor mutations is not uncommon.
the 64B-64C region. The Su(var) HDAC1s were almostEach rearrangement abuts the euchromatic variegating
completely lethal when heterozygous with the P insertgene to a unique region of heterochromatin and there-
line, l(3)04556 (hereafter called P-UTR). Plasmid res-fore a variation in the level of response to trans-acting
cue of the genomic DNA surrounding the insertionfactors is not unexpected (Lloyd et al. 1997). However,
point of the P element revealed it had inserted into theit is clear that although the strength of the suppression
59 UTR of HDAC1 (Figure 2). Surprisingly, while P-UTRof PEV varies, the Su(var) HDAC1s suppress the gene
is homozygous lethal and lethal with the Su(var)
HDAC1s, it has no dominant effect on variegation of w1

TABLE 1 in the In(1)wm4 strain (Figure 1 and Table 4). Because
P-UTR had an insertion into HDAC1, but did not haveThe effects of selected Su(var) HDAC1 mutations
a dominant affect on PEV, this raised the possibility thaton various genes subject to PEV
the P-UTR strain contained a second site mutation that
was causing the lethality with the Su(var) HDAC1s. Alter-Genotype Sex wm4 a bwvDe2 a Sbv b

natively, it was possible that the Su(var) HDAC1s, in
1/1 F 8 6 2 38 6 24 56 6 20 addition to a recessive lethal lesion in HDAC1, carriedM 13 6 3 55 6 15 69 6 16

a second site mutation that was causing the dominantHDAC1326/1 F 83 6 5 55 6 4 72 6 22
Su(var) phenotype. We addressed these possibilities inM 85 6 5 55 6 4 91 6 9
two ways.HDAC1328/1 F 72 6 8 49 6 22 72 6 15

M 88 6 6 50 6 8 93 6 10 First, to determine whether P-UTR also contained a
second site lethal mutation, we generated revertants ofa The percentage of eye pigments compared to the amount
P-UTR by remobilizing the P element, which is markedobserved in the wild-type strain, OR-R.

b The percentage of bristles displaying the Sb phenotype. with ry1, and recovering males that were ry2. We recov-
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Figure 2.—Genomic organization of the
HDAC1 gene. The approximate location of
each of the Su(var) HDAC1 group mutations
is shown, the insertion points of the P elements
in the P-1.8 and P-UTR strains are indicated
by the triangles, and dashed lines indicate the
extent of the deficiencies in the deletion
strains.

ered 25 ry2revertants. Four of the revertants are homozy- shown that there are no other transcripts within z8 kb
gous viable, viable as heterozygotes with P-UTR, and of the 39 end or 12 kb of the 59 end of HDAC1 (De
viable as heterozygotes with all members of the Su(var) Rubertis et al. 1996), it is unlikely that the lethality and
HDAC1s. Subsequent analysis by PCR indicated that the Su(var) phenotype are caused by separate muta-
three of the revertants are precise excisions of the P tions.
element while the fourth retains a small piece of the P Based on the results of the reversion experiments
element. Because a precise or nearly precise excision of with P-UTR and the failure to separate the lethal lesion
the P-element insertion results in a homozygous viable and the Su(var) phenotypes by recombination, we con-
chromosome, the only lethal lesion on the P-UTR chro- clude that both phenotypes are the result of lesions in
mosome is caused by the insertion of the P element HDAC1.
into HDAC1 and therefore the Su(var) HDAC1s also Mutant phenotypes associated with lesions in HDAC1:
have a lethal lesion in the HDAC1 gene. During the course of the recombination experiment we

Second, to determine whether the Su(var) HDAC1s, observed that some P-UTR/HDAC1328 adult male flies
in addition to the lethal lesion in HDAC1, carried a did eclose but only survived for a few days. These animals
dominant second site Su(var) mutation, we tried to sepa- displayed very strong suppression of PEV and several
rate the lethal phenotype from the Su(var) phenotype other phenotypes. To further examine these pheno-
by recombination. The cross is outlined in Figure 3 and types we generated HDAC1303/P-UTR flies. In this cross,
is based on the observations that: (1) HDAC1328 is almost under carefully maintained culture conditions, adult
completely lethal when heterozygous with P-UTR and males eclosed at z40% of expected and females at
(2) P-UTR does not have any dominant effect on PEV. z30% of expected. Both sexes only survived for several
Accordingly, any flies that survive and display suppres- days and the females produced a small number of eggs,
sion of wm4 variegation would be the result of a recombi- which appeared to be unfertilized. These animals dis-
nation event between the lethal lesion in HDAC1 and played a suite of defects, including very strong suppres-
the putative second site Su(var). We scored 6125 recom- sion of wm4; wings that were severely notched; bristles that
binants but we were unable to separate the lethal pheno- were smaller, malformed, often curved, and duplicated;
type from the Su(var) phenotype. Accordingly, if the allila that were larger than normal; and a reduction in
lethality and the dominant Su(var) phenotypes are the number of sex combs on the legs of the males from
caused by different mutations, then these mutations are a mean of 10.7 6 0.9 to a mean of 7.7 6 1.0. This suggests
,1.6 3 1022 map units apart, a distance representing that mutations in the histone deacetylase, HDAC1, cause
z4–7 kb of DNA in a typical region of the Drosophila defects in a variety of cellular systems and is consistent
genome (Lefevre 1976). Because transcript analysis has with its proposed role as a global transcriptional regula-

tor. It also suggests that the Su(var) HDAC1s retain at
least some of their functions, because P-UTR is lethal
when homozygous, yet appreciable numbers of adults
can be recovered when P-UTR is heterozygous with
members of the Su(var) HDAC1s.

Figure 3.—The cross employed to attempt to generate a Because P-UTR and the Su(var) HDAC1s are recessive
recombinant between the lethal lesion in the histone deacety-

lethal, it appears that HDAC1 function is essential forlase gene in the HDAC1328 strain and a possible second site
survival in D. melanogaster, unlike in S. cerevisiae, wheresuppressor of position effect variegation. In the F1, HDAC1328/

P-UTR is almost completely lethal. All non-Sb Ser flies were null alleles of the RPD3 gene are viable but display a
examined for suppression of PEV. Suppressed flies are either suite of phenotypes. To further characterize the require-
rare HDAC1328/P-UTR survivors or represent potential recom- ments for HDAC1, we determined the developmentalbinants between a possible second site suppressor of PEV and

time at which HDAC1 is required for survival in D. mela-HDAC1328. Despite examining .6000 recombinant chromo-
somes we did not isolate a second site suppressor of PEV. nogaster. Because P-UTR is a very strong hypomorph
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TABLE 2 analysis was that the Su(var) HDAC1s appeared to have
a dominant semilethal affect on males regardless ofLethal phase analysis of mutations in HDAC1:
their genotype. In the lethal phase analysis, three of thepercentage of animals that die at the indicated
four genotypes produced are expected to survive (seedevelopmental stage
materials and methods) and one of the classes ( 1/

Mutant strain Embryonic Larval Pupal Male TM3) does not carry any chromosomes with a mutation
tested lethality lethality lethality viabilitya in HDAC1. In the crosses with the null alleles HDAC1def8

and HDAC1def24, males and females in the classes thatHDAC1def8 6.8 24.7 3.9 93
are expected to live appear in approximately the sameHDAC1def24 6.3 25.9 7.6 91
numbers (Table 2). However, in the Su(var) HDAC1HDAC1303 3.9 13.3 17.0 71

HDAC1313 3.4 28.4 2.3 51 crosses, males of genotypes expected to survive, includ-
HDAC1326 2.9 30.7 6.5 88 ing males that have completely wild-type HDAC1 genes,
HDAC1328 4.1 16.4 16.8 78 survived at significantly lower rates than expected. For

example, males in the cross involving HDAC1313 onlya Viability of males expected to survive as compared to their
female siblings. survived at z50% the level of their genotypically identi-

cal female siblings in the same cross. Males in crosses
involving the other Su(var) HDAC1s also survived at

(Mannervik and Levine 1999) and we were unable significantly lower levels than females. Because in these
to determine whether or not the Su(var) HDAC1s are crosses the mothers carried the Su(var) HDAC1 muta-
complete null alleles of the gene and residual gene tions, one explanation for this observation may be that
activity would mask the earliest requirement for HDAC1, these mutations may be exerting a dominant maternal
we generated null alleles of HDAC1 (see below for effect on the dosage compensation mechanism. In Dro-
details). The results of our lethal phase analysis are sophila, dosage compensation occurs as a result of hy-
presented in Table 2. Null alleles (HDAC1def8 and pertranscription of the male X chromosome. The male
HDAC1def24) of HDAC1 die during the larval stage of life. X chromosome adopts a special conformation that is
Surprisingly, inspection of the stock cultures revealed believed to be necessary for enhanced transcription
that a large percentage of the homozygous mutant lar- (Bashaw and Baker 1996). Accordingly, if histone
vae survive until very late in third instar. These larvae deacetylation is an essential step in establishing the spe-
were readily identifiable because in the stock cultures cialized chromatin structure required in the male, the
the mutations are balanced over TM6Tb. Larvae bearing Su(var) HDAC1s may be defective in this process. Alter-
the balancer chromosome can be distinguished from natively, although most genes on the male X chromo-
larvae homozygous for the HDAC1 mutations because some are transcribed at double the normal rate, there
Tb alters the morphology of the larval spiracles. This are loci that are not subject to dosage compensation
suggests three possible scenarios: (1) maternal HDAC1 and therefore need to be silenced or repressed on the
is perduring until very late in development; (2) HDAC1 specialized male X chromosome (Baker et al. 1994).
is required during embryogenesis and not required In the Su(var) HDAC1 strains these loci may escape
again until late in third instar and maternal HDAC1 repression, resulting in reduced male viability in the
provides sufficient activity for this early function; or (3) sons of mutant mothers.
HDAC1 is not required for the early stages of Drosophila Sequence analysis of the Su(var) group: EMS-induced
development. Based on a recently published report in- changes in the Su(var) complementation group were
vestigating the phenotypes associated with P-UTR, we identified by sequencing the genomic DNA encoding
favor the second of the above three possibilities. We also HDAC1 from the four Su(var) lines and from the chro-
conducted lethal phase analyses of the Su(var) HDAC1s. mosome that was originally employed in the screen for
HDAC1313 and HDAC1326 also died during the larval Su(var) mutations. The results of this analysis are pre-
period. Inspection of the stock cultures revealed a large sented in Figure 2 (accession no. AF086715). The geno-
number of homozygous mutant larvae at the third instar mic organization in our strains is slightly different than
stage, and therefore these alleles cause death at approxi- that presented in the previously published report (De
mately the same time as the null alleles. However, only Rubertis et al. 1996). The coding sequence is inter-
z50% of larvae bearing HDAC1303 and HDAC1328 died rupted by three introns rather than two and the concep-
during the larval period while z50% survived into pupa- tual translation of the protein yields a product of 521
tion. This is consistent with the sequencing data (see amino acids rather than 520. The extra amino acid is
below) that demonstrated that these mutations are produced at the additional intron/exon boundary in
caused by identical base pair substitutions. Thus, with our sequence. DNA sequencing revealed that there is
regard to lethality, it appears that HDAC1313 and a single amino acid substitution in each of the four
HDAC1326 are indistinguishable from null alleles while mutant lines that suppress PEV. The locations of the
HDAC1303 and HDAC1328 retain some HDAC1 activity. amino acid substitutions are indicated in Figure 2. In

two of the strains, HDAC1303 and HDAC1328, we observedAn unexpected observation from the lethal phase
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TABLE 3

Comparison of amino acid substitutions in the Su(var) HDAC1 group with conserved
regions in human and yeast homologues

HDAC1303

HDAC1313 HDAC1328 HDAC1326

R30C C98Y P204S

D. melanogaster GHPMKPHRIRM FNVGEDCPVFDGL SFHKYGEYFPGTG
HDAC1 mutant strain –––––––C––– ––––––Y–––––– –––––––––S–––
Homo sapiens HDAC1 –––––––R––– ––––––C–––––– –––––––––P–––
S. cerevisiae RPD3 –––––––R––– ––––D–C–––––– –––––––F–P–––

A dashed line indicates identity.

identical base pair substitutions. These mutations were mutation is a hypomorph that is lethal as a homozygote,
it produces sufficient activity in a heterozygote such thatrecovered from unrelated bottles in the original EMS

screen and therefore most likely represent independent PEV is not affected. If this were the case then one would
predict that a null allele of HDAC1 would have a domi-events.

Each single nucleotide substitution resulted in chang- nant effect on PEV. Accordingly, we generated null al-
leles of HDAC1 by remobilizing the P element in P-UTRing an amino acid that is not only perfectly conserved

in homologues from S. cerevisiae and human, but the to induce deficiencies of the coding regions of the gene
as a result of imperfect excisions of the P element. Thesubstitutions are located in regions of the protein that

are almost perfectly conserved in these diverse organ- P element, which is marked with ry1, was remobilized
by crossing P-UTR to the transposase source, In(3LR)isms (Table 3). The functions of these particular resi-

dues and the regions in which they occur have not yet TM3, D2-3 Sb, and recovering males that were ry2. From
560 potential excision events we recovered 25 ry2 males,been determined. However, evolutionary analysis of the

deacetylase proteins and some limited mutational analy- 19 of which were still lethal over P-UTR and the Su(var)
HDAC1s and therefore represented potential impropersis suggest that the amino one-half of the protein is the

domain responsible for catalytic activity (Khochbin and excisions. DNA sequence analysis has shown we gener-
ated two deficiencies that begin at the insertion pointWolffe 1997). It is interesting to note that each of the

substitutions occurs in the region of the protein thought of P-UTR and remove amino-terminal coding regions
of HDAC1; HDAC1def8 deletes z440 bp and HDAC1def24to be required for deacetylase activity.

Interaction with P-1.8, an E(var) allele: The HDAC1 deletes z870 bp (see Figure 2). Conceptual translations
from the first seven AUG codons remaining in HDAC1def8locus has previously been cloned as a dominant en-

hancer of PEV or E(var) (De Rubertis et al. 1996). The and the first three start codons of HDAC1def24 would
produce peptides that bear no similarity to HDAC1, andphenotype results from the insertion of a P element 1.8

kb 59 to the start site of HDAC1 that reduces or elimi- therefore we believe these represent null alleles of the
gene. Surprisingly, we found that null alleles of HDAC1nates transcription of the gene in the eye imaginal disk

but not in other imaginal disks from the same animals. have no dominant effect on silencing of the w1 gene
in the wm4 strain (Figure 1).Surprisingly, heterozygous flies bearing P-1.8 and any

one of the members of the Su(var) HDAC1s were viable Northern analysis: Because we had generated a variety
of mutations in the HDAC1 locus, it was of considerableand fertile. In addition, in these heterozygotes, the eyes

of flies bearing wm4 show a weak-to-moderate suppression interest to determine how the mutations affected the
level of transcription. Figure 4 shows Northern blotsof PEV (data not shown). Because the eyes appear to

be normal in these crosses, with the only apparent phe- indicating the levels of transcription of HDAC1 in the
mutant lines identified in this study. To determine thenotype being an effect on PEV, and P-1.8 flies are viable

as homozygotes, these observations suggest that either relative loading in each lane, the Northerns were also
challenged with a probe for the ribosomal proteinHDAC1 does not perform any essential function in the

eye disk, or alternatively, that P-1.8 may be a hypo- DUb80 (see materials and methods). The transcript
levels of HDAC1326 are approximately the same as thatmorph.

Generation of null alleles: Work by Mannervik and observed in the wild-type strains, indicating that the
Su(var) phenotype is not a result of hypertranscriptionLevine (1999) and this study (see below) show that

P-UTR produces a message at significantly lower levels of the locus. In the P-UTR strain, as is often the case
with P insertions, the level of transcription is reducedthan wild type and thus is likely to be a strong hypo-

morph. As noted above, we were surprised that P-UTR relative to wild-type levels and therefore P-UTR is likely
a hypomorph. This is in accord with the findings ofhad no effect on PEV because it is lethal when homozy-

gous. One possible explanation is that, although this Mannervik and Levine (1999), who showed the mater-
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tory effects on PEV and TPEV of the various kinds of
mutations in the histone deacetylase genes in yeast and
Drosophila? It may be that histone deacetylases belong
to a growing class of genes that have the following char-
acteristics: (1) they are members of a closely related
gene family; (2) they encode multidomain proteins, and
(3) null mutations have little or no obvious phenotypic
effect while point mutants have profound, often domi-

Figure 4.—Northern analysis of poly(A) RNA isolated from nant effects. One recent example of this class of genes
adults bearing HDAC1 mutations. Lanes 1 and 6 are from in lower eukaryotes is the FUS3/KSS1 gene pair of S.wild-type female controls and lane 7 is from wild-type male

cerevisiae. Normally, these closely related proteins func-controls. Lanes 2–4 are from females of the constitution
tion in separate pathways. Single deletion strains of ei-HDAC1def8/TM3 Sb Ser, HDAC1def24/TM3 Sb Ser, and P-UTR/

TM3 Sb Ser, respectively. Lanes 5 and 8 are from HDAC1326 ther gene are still proficient for mating because when
females and males, respectively. The approximate amount of Fus3p is deleted, and only when it is deleted, Kss1p acts
poly(A) RNA loaded in each lane was determined by re- as an impostor and replaces Fus3p. However, deletionprobing the blots with a probe specific for the message for

of both proteins renders the strain sterile (Madhani etthe ribosomal protein DUb80. Loading in lanes 1–4 is approxi-
al. 1997; Madhani and Fink 1998). Examples of thismately equivalent and shows that the levels of total HDAC1

message in lanes 1–3 are approximately the same. However, class of gene are certainly not limited to lower eukary-
in lane 4 the amount of message is reduced to z50–60% of otes. For example, gene knockout experiments in mice
lane 1. Lane 5 contains z1.6 times the amount of poly(A) have revealed a surprising number of genes in whichRNA as lane 6, and when taken into account, the levels of

the phenotype of the homozygous null mutation is ei-HDAC1 poly(A) RNA in HDAC1326 females and control females
ther not detectable or very minor. A cursory examina-(lane 6) are approximately equivalent, as are the amounts in

HDAC1326 males (lane 8) and control males (lane 7). tion of the Mouse Knockout Database (http://www.
biomednet.com/db/mkmd) identifies at least 13 such
genes. In contrast to the mild phenotypes of knockout

nal contribution of HDAC1 in the P-UTR strain was alleles, analysis of mutations in some of these genes has
approximately fivefold less than wild type. In a strain shown that point mutations can have very profound,
heterozygous for the deficiency, HDAC1def8, the message often dominant, effects. One example is the SRC onco-
produced from the deleted chromosome is reduced in gene, a member of a closely related family of proteins.
amount and is evident as a widening of the 2.2-kb band The knockout causes only minor dental abnormalities,
produced from the nondeleted homologue. In the yet almost all known point mutations have severe pheno-
strain heterozygous for the deficiency, HDAC1def24, two typic consequences, including cancer (Lowell and
different-sized transcripts are clearly visible, indicating Soriano 1996).
both homologues are transcribed, but the amount of Recently a model has been proposed to account for
the smaller transcript produced from the deleted chro- the maintenance of closely related gene families during
mosome is very much reduced. Because the smaller evolution (Gibson and Spring 1998). By extending this
transcripts in both deficiency strains are very unlikely to model we believe we can provide an explanation for
produce functional proteins, we believe these mutations these apparently contradictory observations regarding
represent null alleles. relatively benign knockout/null mutations and domi-

nant point mutations that have severe phenotypic conse-
quences. It is now apparent that most, if not all, of the

DISCUSSION
biological activities in the cell are carried out by large,
multiprotein complexes. A single type of complex mayIn this study we report the isolation and characteriza-

tion of a number of new mutations in the D. melanogaster have multiple targets or functions that are dependent
on the specific members of the complex at a particularputative histone deacetylase, HDAC1, and test their ef-

fects on gene silencing that occurs as a result of PEV. time during the cell cycle or at a particular location in
the cell. If one of the proteins of the complex is absent,Models of gene regulation, based on the correlation

between histone acetylation and gene activity, would as in a null mutation, and that protein is a member of
a closely related family, then another member(s) of thepredict that mutations in a histone deacetylase gene,

which reduce or eliminate histone deacetylase activity, family may substitute for the missing protein. Because
they are closely related, the impostor can provide partialought to lead to increased levels of histone acetylation

that, in turn, would lead to derepression of silenced activity and, as a consequence, a null mutation may have
no obvious phenotype. In contrast, point mutations thatgenes. Surprisingly, this straightforward prediction was

not born out. Instead the effect on gene silencing is only alter a single domain may allow the aberrant pro-
tein to be incorporated into its complex(es). In casesdependent upon the nature of the mutation in HDAC1

(for summary see Table 4). in which the mutation occurs in a domain required for
a specific function, the complex would then be com-How then can one explain the apparently contradic-
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TABLE 4

Summary of the effects of various mutations in HDAC1 on viability and PEV in D. melanogaster

Dominant Homozygous Heterozygous with
Mutationa effect on PEV viability Su(var) HDAC1s

P-1.8 P-element insert 1.8 kb 59 to gene Enhancer Viable Moderate suppression of PEV
P-UTR P-element insert into the 5 9 UTR No effect Lethal Strong semilethal; in rare

survivors, PEV strongly
suppressed

Su(var) HDAC1s point mutations Strong supressors Lethal Lethal
HDAC1def8 deletion No effect Lethal Lethal
HDAC1def24 deletion No effect Lethal Lethal

a For a complete description of mutations, see text.

pletely inactive for that particular function. Accordingly, authors to account for the residual repression observed
in RPD3 deletion strains (Kadosh and Struhl 1998).a point mutation may have a dominant negative effect

and display a much more severe phenotype than a null In Drosophila the only mutation in HDAC1 that en-
hances PEV is P-1.8, an insertion of a P element 1.8 kbmutation (see Figure 5).

This model may accommodate our observations of 59 to the coding region. In situ hybridization with a
probe for the HDAC1 mRNA demonstrates that in thethe various Drosophila HDAC1 mutations. In eukary-

otes, the HDACs are a closely related family of proteins eye disk transcription of HDAC1 is markedly reduced
or absent but in the leg disk the HDAC1 transcript accu-that form complexes with other proteins including

other HDACs. For example, in yeast, two different mulates to normal levels. One possible explanation for
this observation is that the P element has inserted intoHDACs, RPD3 and HDA1, have been isolated and char-

acterized, and sequence analysis of the yeast genome an eye disk specific enhancer element, resulting in little
or no transcription in the eye disk. Thus, HDAC1 maysuggests there may be at least three additional HDACs.

Two large multiprotein complexes, HDA and HDB, con- be effectively absent in the eye disk. In its absence,
other HDACs could substitute for HDAC1, producingtaining histone deacetylase activity have been isolated

and analysis of HDA has shown that it contains at least an incorrect deacetylation pattern, the consequence of
which is enhancement of PEV. In contrast, the Su(var)two HDACs (Carmen et al. 1996; Rundlett et al. 1996).

Similarly, in mammals, five different HDACs have been HDAC1s described here are capable of producing a pro-
tein with only a single amino acid change in which aidentified and a complex containing the human RPD3-

like deacetylase, HDAC1, also contains HDAC2 (Hassig specific function has likely been compromised, possibly
the deacetylase activity. Because only a single aminoet al. 1998). In Drosophila, two more HDACs have now

been identified, HDAC2 and HDAC3 (Johnson et al. acid has been changed, the protein would still associate
with its complex, bind its other components efficiently,1998; Mannervik and Levine 1999). It seems likely that

more candidate deacetylases will be identified as the and be targeted to the correct site. However, the com-
plex would be unable to deacetylate its target histones,genome sequencing projects proceed. Accordingly, the

biochemical and sequence analyses of HDACs in yeast leading to hyperacetylation and decreased silencing. In
this way a point mutation would act as a dominant nega-and mammals suggest that HDACs are members of a

related gene family and, more importantly to our model, tive mutation and would suppress PEV. On the other
hand, null mutations, such as the deficiencies describedfunction as members of large protein complexes.

The foregoing provides the framework for a model here, have no observable effect on PEV because in het-
erozygotes, wild-type HDAC1, produced from the non-that may explain the apparently contradictory results

observed with different kinds of mutations in this his- deleted homologue, can associate normally with the
histone deacetylase complexes. The other HDACs cantone deacetylase and their effects on PEV and TPEV.

In the rpd3 null mutant in yeast, TPEV is enhanced, i.e., only substitute for HDAC1 in its complete absence as is
the case with Kss1p and Fus3p in yeast described above.the expression of the reporter gene is repressed. We

postulate that in the absence of RPD3, other HDACs, This model relies on the supposition that an aberrant
form of HDAC1 is being produced in the Su(var) HDAC1with differing specificities, substitute for RPD3 in the

multiprotein complex, resulting in an incorrect histone strains. We believe such a protein is made for the follow-
ing reasons. First, conceptual translation of the proteindeacetylation pattern. The phenotypic consequence of

the incorrect deacetylation pattern is enhancement of produces a full-length product with only a single amino
acid change. Second, when we crossed the members ofTPEV, possibly due to excess deacetylation at the site

of the reporter gene by the impostor deacetylase. Substi- the Su(var) HDAC1s to P-1.8, the strain bearing the
P-element insertion 1.8 kb 59 to the HDAC1 gene, fliestution by other HDACs has also been suggested by other
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vived at an appreciable frequency. In these flies, PEV
in the In(1)wm4 strain was very strongly suppressed and
the eyes were virtually indistinguishable from wild-type
strains. Because P-UTR is lethal as a homozygote and
this lethality is only associated with lesion in HDAC1,
the observation that such flies survive suggests that the
Su(var) HDAC1s are producing a product that retains
sufficient activity in the essential function of HDAC1 to
rescue the lethality associated with the P-UTR chromo-
some. Finally, the observation that the Su(var) HDAC1s
displayed a dominant maternal effect reduction in the
viability of males, regardless of their phenotype, a reduc-
tion that was not observed in crosses with the deficiency
strains, implies that the Su(var) HDACs are producing
a protein product because this observed maternal effect
is not seen in the absence of any product.

The model may also serve to explain other apparently
anomalous observations in yeast strains bearing null
mutations in RPD3. The gene was first identified as a
transcriptional repressor in S. cerevisiae because muta-

Figure 5.—A model proposed to explain the phenotypes tions in the gene resulted in derepression of the majority
observed in the various kinds of HDAC1 mutations. (A) Nor-

of genes it regulated. Surprisingly, further analysis ofmally, HDAC1 participates in a number of different multipro-
the mutant strains has shown that target genes are alsotein complexes that usually act to repress gene activity. The
defective in the degree to which they respond to activa-specific set of genes regulated by each of the complexes is

determined by the DNA binding corepressors associated with tors and repressors. Regulated genes cannot be activated
the complex. In strains that are heterozygous for a complete as fully, nor repressed as completely, as in the wild-type
null allele, such as a deficiency heterozygote, the nondeleted

strain (Vidal and Gaber 1991). Because RPD3 formshomologue produces normal HDAC1, although probably in
part of a histone deacetylase complex, we propose thatreduced amounts, which takes its usual place in the complexes
in the absence of RPD3, other HDACs may fill in, re-and functions normally. Thus, the structure of the complex

in wild-type strains or deficiency heterozygote strains is the sulting in aberrant deacetylation patterns at target
same. (B) In cases where no HDAC1 is available, and only genes. Aberrant deacetylation patterns may result in
when no HDAC1 is available, as in the homozygous P-1.8 strain

derepression of most target genes, but would providethat does not produce any HDAC1 in the eye imaginal disk
less-than-optimal conditions for transcription in theor in haploid yeast strains that bear deficiencies for the RPD3
presence of an activator and would be leaky in the pres-gene, another HDAC family member takes the place of the

HDAC1 homologue in the complexes. The complexes are still ence of a repressor. Conversely, in some chromosomal
targeted to the genes they regulate because the DNA binding contexts, recruitment of the wrong deacetylase may re-
corepressors continue to participate in the complexes. How-

sult in an aberrant deacetylation pattern that repressesever, because the incorrect HDAC is present in the complexes,
transcription.aberrant deacetylation patterns are produced at regulated

Finally, we emphasize that the mutations describedgenes and this results in abnormal transcription, including
repression of genes subject to PEV and TPEV. (C) In the here were recovered in a genetic screen for dominant
Su(var) HDAC1 strains, the single amino acid substitution suppressors of PEV. Therefore, the single amino acid
does not substantially alter the conformation of HDAC1 and,

changes that we recovered may identify domains in theaccordingly, it can still bind to the complexes. However, the
Drosophila HDAC1 that are important for silencing inactivity of the mutant HDAC1 is compromised and therefore
heterochromatin rather than abolishing all deacetylaseit acts as a dominant negative and “poisons” the complex.

Targeting occurs normally but the complex is unable to func- activity. In any case, because the domains are conserved
tion, resulting in hyperacetylation at regulated genes. At loci in yeast, site-directed mutagenesis should provide a di-
subject to PEV this results in substantial increases in gene

rect test of the proposed model.expression.
One of the traditional genetic approaches to de-

termining protein function has been to generate null
mutations and then examine the organism for pheno-bearing both mutations were viable and fertile and

showed a weak-to-moderate suppression of PEV. Be- typic defects that can be correlated with the null pheno-
type. In fact, this is the basis for creating the knockoutcause the P insert line is effectively a null in the eye

disk, we interpret the suppression observed in the het- mutations in mice as potential models for human syn-
dromes. It is now apparent that most, if not all biologicalerozygotes as evidence that the Su(var) HDAC1s are

producing a product. Third, in the complementation functions in eukaryotic cells occur as a result of the
action of protein complexes and not individual proteins.and recombination studies, heterozygotes bearing both

the P-UTR chromosome and the Su(var) HDAC1s sur- If the foregoing model is of general applicability then
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mediated transcriptional repression. Proc. Natl. Acad. Sci. USAthis traditional approach must be applied with caution.
95: 3519–3524.

If the protein under scrutiny is a member of a gene Heinzel, T., R. M. Lavinsky, T. M. Mullen, M. Soderstrom, C. D.
Laherty et al., 1997 A complex containing N-CoR, mSin3 andfamily then in the absence of that protein, another fam-
histone deacetylase mediates transcriptional repression. Natureily member may “fill in” and provide partial, or even
387: 43–48.

complete, rescue (under laboratory conditions) of the Henikoff, S., 1992 Position effect and related phenomena. Curr.
Opin. Genet. Dev. 2: 907–912.functions compromised by the null mutation. In that

Johnson, C. A., A. L. Barlow and B. M. Turner, 1998 Molecularcase, this type of analysis will be compromised and the
cloning of Drosophila melanogaster cDNAs that encode a novel

role of the protein being investigated underappreciated. histone deacetylase dHDAC3. Gene 221: 127–134.
Kadosh, D., and K. Struhl, 1997 Repression by Ume6 involvesA more fruitful strategy may be to create dominant

recruitment of a complex containing Sin3 corepressor and Rpd3mutations, in the best case caused by very small alter-
histone deacetylase to target promoters. Cell 89: 365–371.

ations in the protein, such as a single amino acid substi- Kadosh, D., and K. Struhl, 1998 Targeted recruitment of the Sin3-
Rpd3 histone deacetylase complex generates a highly localizedtution, which will act in a dominant negative fashion
domain of repressed chromatin in vivo. Mol. Cell. Biol. 18: 5121–and direct our attention to the many possible roles a
5127.

protein may have because of its membership in one or Karpen, G. H., and A. C. Spradling, 1992 Analysis of subtelomeric
heterochromatin in the Drosophila minichromosome Dp1187 bymore multiprotein machines.
single P element insertional mutagenesis. Genetics 132: 737–753.
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