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Drosophila Sir2 Is Required for Heterochromatic
Silencing and by Euchromatic Hairy/E(Spl) bHLH
Repressors in Segmentation and Sex Determination

(Brachmann et al., 1995). Like other HDACs, ySIR2 is
recruited to DNA by DNA binding factors, like Rap1 (Mor-
etti et al., 1994).

Cofactor recruitment by DNA bound factors is an im-
portant feature of transcriptional repression mecha-
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nisms used to establish complex patterns of gene ex-2 Molecular and Cellular Biology Program
pression during development (reviewed in HerschbachUniversity of Washington
and Johnson, 1993; Mannervik et al., 1999). A number ofSeattle, Washington 98195
developmentally regulated repressors are transcription
factors that recruit HDACs as cofactors to bring about
repression (Smith and Johnson, 2000). In Drosophila,Summary
the sequence-specific DNA binding repressor Hairy has
been studied extensively in this context. hairy is a mem-Yeast SIR2 is a NAD�-dependent histone deacetylase
ber of the pair-rule class of genes that is essential for therequired for heterochromatic silencing at telomeres,
proper establishment of segmentation in the developingrDNA, and mating-type loci. We find that the Drosoph-
embryo. hairy encodes a bHLH transcription factor thatila homolog of Sir2 (dSir2) also encodes deacetylase
belongs to the Hairy/Enhancer of Split/Deadpan (or HES)activity and is required for heterochromatic silencing,
family of proteins. Drosophila HES family proteins arebut unlike ySir2, is not required for silencing at telo-
key repressors in the developmental processes ofmeres. We show that dSir2 interacts genetically and
segmentation, neurogenesis, and sex determinationphysically with members of the Hairy/Deadpan/E(Spl)
(Younger-Shepherd et al., 1992; Bier et al., 1992; Ish-family of bHLH euchromatic repressors, key regula-
Horowicz et al., 1985). All members of this repressortors of Drosophila development. dSir2 is an essential
family possess a highly conserved bHLH domain, re-gene whose loss of function results in both segmenta-
quired for protein dimerization and DNA binding; an ad-tion defects and skewed sex ratios, associated with
jacent Orange domain, which confers specificity amongreduced activities of the Hairy and Deadpan bHLH
family members; and a C-terminal tetrapeptide motif,repressors. These results indicate that Sir2 in higher
WRPW, which has been shown to be necessary and suf-organisms plays an essential role in both euchromatic
ficient for the recruitment of the corepressor, Grouchorepression and heterochromatic silencing.
(Paroush et al., 1994). Groucho has in turn been pro-
posed to recruit the class I HDAC, Rpd3 (Chen et al.,Introduction
1999), suggesting a mechanism by which HES repres-
sors use Groucho and Rpd3 to create a chromatin envi-Histone deacetylases (HDACs) act as cofactors that are
ronment which is repressive of transcription. In somerecruited to promoters by sequence-specific DNA bind-
assays, however, Hairy can function in the absence ofing factors resulting in the local modification of histones
its WRPW motif (Dawson, et al. 1995), indicating that into promote chromatin compaction with subsequent inhi-
the absence of Groucho and presumably Rpd3, Hairybition of gene transcription (reviewed in Cheung et al.,
can still repress transcription. This repression may be2000; Strahl and Allis, 2000). HDACs have been divided
achieved through other mechanisms, such as the re-into classes based on their similarity to known yeast
cruitment of other cofactors.factors: class I HDACs are similar to yRPD3, while class

A Drosophila homolog of the yeast histone deacety-
II HDACs are related to yHDA1 (Grozinger et al., 1999).

lase SIR2 was identified by sequence homology (dSir2;
Class III HDACs, exemplified by ySIR2 (Silent Informa-

CG5216; FlyBase). There are five sirtuins in Drosophila,
tion Regulator 2), have NAD�-dependent HDAC activity with dSir2 (CG5216) sharing the highest degree of se-
and are not sensitive to inhibitors of class I HDACs, such quence similarity to ySir2. Here, we characterize the
as trichostatin A (TSA; Bernstein et al., 2000). SIR2 also dSir2 locus and show that in Drosophila, Sir2 is an es-
has ADP-ribosylase activity (Tanny et al., 1999). While sential gene that is dynamically expressed throughout
SIR2’s HDAC activity is essential for silencing in yeast, development. We show that dSir2 is required for position
its ADP-ribosylase activity is not essential for silencing effect variegation, suggesting a role for dSir2 similar to
(Imai, et al. 2000), and no biological function has yet that of its yeast counterpart in maintaining heterochro-
been assigned to this activity. ySIR2 acts as a dedicated matic silencing. dSir2 also has a strong maternal compo-
silencing protein that deacetylates histones at hetero- nent such that progeny from mothers with reduced dSir2
chromatic targets including the mating-type loci, telo- exhibit segmentation defects. We observe a direct phys-
meres, and rDNA repeats (reviewed in Gottschling, 2000; ical and genetic interaction between dSir2 and Hairy,
Guarente, 2000). ySIR2 plays an important role in aging, suggesting this as a basis for the segmentation defects.
but is not an essential gene (Rine and Herskowitz, 1987). In addition, we observe a direct physical interaction be-
There are four other SIR2-like proteins (or sirtuins) in tween dSir2 and Deadpan (Dpn), but not with other HES
yeast, however, none can compensate for all of the func- family proteins. Consistent with this and with a role for
tions of ySIR2 and the yeast quintuple mutant is viable dSir2 in Dpn repression, progeny with altered gene dos-

age of dSir2 exhibit skewed sex ratios. These results
indicate that dSir2 interacts directly with members of3 Correspondence: susanp@fhcrc.org
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the HES bHLH class of euchromatic transcriptional re- witz, 1987; Aparicio et al., 1991), mating-type loci (Rine
and Herskowitz, 1987), and rDNA arrays (Rine and Hers-pressors in mediating processes essential for the early

development of the embryo. kowitz, 1987; Gottlieb and Esposito, 1989; Cockell et
al., 2000). To determine if dSir2 plays a role in hetero-
chromatic silencing, a phenomenon called position ef-Results
fect variegation (PEV) in Drosophila, we examined the
effect of loss of dSir2 function on heterochromatic, cen-dSir2 Is a Dynamically Expressed NAD�-Dependent
tromeric, and telomeric PEV. Drosophila lines containingHistone Deacetylase
the white (w�) gene inserted within repeat arrays (DorerThe Drosophila Sir2 (dSir2) locus is located on the sec-
et al., 1994) were used to test heterochromatic silencing.ond chromosome at cytological position 34A and en-
In dSir2/� heterozygotes, increased expression of w�codes a single transcript with one intron (Figures 1A
is observed (Figure 2A). Similarly, in wm4, a line in whichand 1B). Northern analysis of dSir2 shows that the locus
w� is relocated to proximal heterochromatin, there isencodes a single mRNA of 3.8 kb expressed at different
clear suppression of w� silencing in a dSir2 heterozy-levels throughout development with a strong maternal
gous background, supporting a further role for dSir2 incomponent (Figure 1B; see Experimental Procedures).
centromeric heterochromatic silencing (Figure 2B). WeEP(2)2300 is an EP element insertion �400 bp upstream
also tested the ability of dSir2 to mediate telomeric si-of the dSir2 transcription start in the correct orientation
lencing using flies which have the w� gene inserted nearto drive overexpression of dSir2. dSir205327, is the result
telomeres (Wallrath and Elgin, 1995; Cryderman et al.,of a PZ element insertion within the dSir2 mRNA at
1999). We tested silencing of w� insertions at three telo-position �14. dSir2ex10 is an excision of dSir205327 that
meres: 2L, 3R, and 4. Silencing at telomere 4 is clearlydisrupts dSir2 start site (see Experimental Procedures).
suppressed in a dSir2 heterozygous background (FigureA polyclonal mouse antibody was generated against
2C), while silencing of w� near the telomere on chromo-a GST fusion to full-length dSir2 that recognizes a single
somes 3R (data not shown) and 2L (Figure 2D) is notband of �120 kDa in whole-cell, nuclear, and Kc cell
affected by reduction of dSir2. Since telomere 4, in con-extracts by Western blot, and efficiently detects purified
trast to telomeres 2L or 3R, is affected by heterochro-recombinant 6�His epitope-tagged dSir2 (Figure 1C).
matic silencing machinery, our results suggest that dSir2This antibody does not recognize other Drosophila sirtu-
is involved in heterochromatic, but not telomeric, silenc-ins in these lysates or its yeast homologs even in �5-fold
ing (see Discussion).more extract (Figure 1C). Wild-type embryos stained

with this antibody exhibit dynamic subcellular dSir2 lo-
calization in the early embryo. Prior to nuclear cycle 12, dSir2 Localizes to Both Euchromatic

and Heterochromatic LocidSir2 is detected both in nuclei and in the surrounding
cytoplasm (Figures 1E–1F”). By the syncytial blastoderm Since dSir2 genetically affects PEV, we investigated

dSir2 localization on salivary gland polytene chromo-stage (nuclear cycle 13), dSir2 is still cytoplasmic but
is excluded from nuclei (Figures 1H–H’ and 1J–J”). As somes. By double labeling with antibodies against dSir2

and Histone H3-dimethyl lysine 9 (to label heterochro-cellularization begins at nuclear cycle 14, dSir2 is pres-
ent both in nuclei and in the cytoplasm (Figures 1I–I’ matin), we observe strong dSir2 localization to discrete

euchromatic bands along chromosome arms, as welland 1K–K”).
An alignment of the Sir2 proteins from yeast, Drosoph- as at lower levels to centric heterochromatin (Figures

2E–2L).ila, and human reveals remarkable conservation within
the catalytic core of the enzyme (Figures 1L and 1M;
Brachmann et al., 1995), including the regions that en- dSir2 Is Required Maternally for Establishing
code the histone deacetylase and ADP-ribosylase func- Proper Segmentation of the Embryo
tions of the yeast protein (Tanny et al., 1999; Imai et In addition to its conserved role in heterochromatic si-
al., 2000; Landry et al., 2000). To test dSir2 for histone lencing, examination of loss-of-function mutants reveals
deacetylase activity, we examined the ability of recombi- a significant role for dSir2 in Drosophila embryogenesis.
nant dSir2 to deacetylate labeled histone peptides in dSir2 is essential for zygotic function since progeny that
vitro (cf. Bedalov et al., 2001). dSir2 exhibits NAD�- are homozygous for dSir205327 die as embryos. Loss of
dependent histone deacetylase activity (Figure 1D). A zygotic dSir2 function does not affect early embryo pat-
small molecule inhibitor of ySir2, Splitomicin, has re- terning as the dead homozygous mutant embryos ex-
cently been shown to fully inhibit ySIR2 activity in vivo hibit cuticle phenotypes indistinguishable from wild-
and recombinant ySIR2 by roughly 20%. We find that type (data not shown). dSir2 also has a strong maternal
Splitomicin also inhibits recombinant dSir2 activity, to effect. We originally identified a dSir2 mutation in a ge-
levels comparable to that of recombinant ySIR2 (20% netic screen for maternal genes essential for embryonic
inhibition; Figure 1D; Bedalov et al., 2001). Together, development (S. Dawson and S.M.P., unpublished data).
these data suggest that dSir2 shares considerable func- In this screen, a change-of-function mutation in the sec-
tional homology with its yeast and human counterparts ond largest subunit of RNA polymerase II called wimp
within this region. (Parkhurst and Ish-Horowicz, 1991) was used to reduce,

but not eliminate, maternal dSir2 contribution. Embryos
derived from mothers trans-heterozygous for wimp andPosition Effect Variegation Is Affected by Loss

of dSir2 Function the dSir2 allele die and exhibit anterior-posterior pat-
terning defects, including loss of segments and pairwiseySIR2 is essential for maintenance of silencing at hetero-

chromatic loci including telomeres (Rine and Hersko- denticle band fusions (Figures 3C and 3D) compared to
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Figure 1. dSir2 Is a Dynamically Expressed
NAD�-Dependent Histone Deacetylase

(A) Diagram of �6.2 kb of the genomic region
including the dSir2 locus. Positions of the EP
element inserted in dSir2EP(2)2300 and PZ ele-
ment inserted in dSir205327are shown. Position
of the single dSir2 transcript (CG5216), as
well as the positions of closest neighboring
genes on either side (CG5204 and CG16975),
is indicated.
(B) Developmental Northern blot probed with
dSir2 identifies a single mRNA of 3.8 kb (top
panel). Same blot with a probe against Ras
as a loading control (bottom panel).
(C) Specificity of dSir2 antibody. Mouse poly-
clonal antiserum was used to detect dSir2 in
Drosophila embryo whole-cell (WC; lane 1),
nuclear (NE; lane 2), and Kc cell extracts (Kc,
lane 3), as well as recombinant 6�His epi-
tope-tagged dSir2 protein (20 ng and 40 ng;
lanes 5 and 6) by Western blot. The antibody
recognizes one predominant band of �120
kDa from embryo and cell extracts, but does
not recognize other Drosophila sirtuins in
these lysates or its yeast homologs even
with �5-fold more yeast extract (YE; lane 4).
(D) dSir2 histone deacetylase activity. Re-
combinant bacterially expressed 6�His-
dSir2 exhibits NAD�-dependent deacetylase
activity that is reduced by the addition of a
sirtuin-specific inhibitor, Splitomicin. The
20% inhibition observed is comparable to
that reported for the recombinant yeast pro-
tein (Bedalov et al., 2001).
(E–K”) dSir2 exhibits dynamic subcellular lo-
calization. Confocal micrographs of pro-
jected sections of wild-type embryos stained
for dSir2 (E, H, and I). Localization of dSir2
protein in early (nuclear cycle 9; E–F”), syncy-
tial (nuclear cycle 13; H), and cellular (nuclear
cycle 14; I) blastoderm embryos. (F–F”)
Higher magnification of the nuclear cycle 9
energids stained for dSir2 (F), propidium io-
dide (PI) to label nuclei (F’), and merged image
(F”). Higher magnification of region boxed in
H and I are shown in H’ and I’, respectively.
(J–K”) Single-section midsaggital images of
syncytial stage nuclei (J–J”) and localization
in elongating nuclei at the cellular blastoderm
stage (K–K”). Note exclusion of dSir2 from
nuclei in syncytial stage embryos (J and J”)
and localization in elongating nuclei at the
cellular blastoderm stage (K–K”).
(G) Diagram of midsaggital sections from syn-
cytial and cellular blastoderm stages shown
in J–K”. N is nucleus, C is cytoplasm, and
PM is plasma membrane. For all embryos,
anterior is left, and dorsal is up. For J–K”,
apical is up.
(L) Diagram of Sir2 proteins from yeast, hu-
man, and Drosophila, aligned to show regions
of conservation of amino acids. Percent ho-
mology within conserved domains is indi-
cated as percent identity relative to Drosoph-
ila sequence.
(M) Amino acid alignment of the conserved
catalytic core region. Black boxes indicate
conserved residues; gray boxes indicate a
conservative substitution.
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Figure 2. dSir2 Is Required for Heterochromatic but Not Telomeric PEV and Localizes to Both Heterochromatin and Euchromatin

(A) dSir2 mediates suppression of w� inserted within a repeat-array (n � 243, p � � 0.0001); (B) inserted in proximal X chromosome
heterochromatin (n � 199, p � 0.15); or (C) inserted near the telomere on chromosome 4 (n � 305, p � � 0.0001).
(D) dSir2 does not silence the w� gene when inserted near telomere 2L (n � 261, p � 0.52). Box plots showing mean and average phenotypes
are adjacent to each panel. Eyes shown are representative of the average phenotype for each genotype, except in (B), and each pair is an
age-matched, sibling comparison. In (B), eyes shown represent the most extreme phenotypes of each genotype. dSir2ex10/CyO was used. See
Experimental Procedures for genotypes of PEV lines.
(E–L) Polytene chromosomes stained with antibodies against dSir2 (E, E’, and I; green in merge), histone H3 methyl-lysine 9 labeling centric
heterochromatin (F, F’, and J; red in merge), DAPI labeling nucleic acid (G, G’, and K), and the merged images (without DAPI; H, H’, and L).
E’–H’ are higher magnification views of chromocenter region of E–H.
(I–J) Chromocenter from different chromosome set.

wild-type (Figure 3A) or wimp/� (Figure 3B), demonstra- bryos (Figures 3F and 3J). Stripes of the secondary pair
rule gene fushi tarazu (ftz) are severely derepressedting a role for maternally contributed dSir2 in the estab-

lishment of body pattern. (stripes broadened) in embryos from mothers with re-
duced dSir2 expression (Figures 3G and 3H). AberrantTo identify the earliest stage at which segmentation is

affected, we examined the expression of genes at different regulation of Ftz stripe expression in dSir2 mutant em-
bryos is consistent with reduced function of the primarytiers of the segmentation gene hierarchy. Protein ex-

pression patterns of the gap genes Krüppel and knirps pair rule gene, Hairy, which behaves genetically as a
repressor of ftz. We examined Hairy expression in dSir2are unaffected in progeny from females with reduced

maternal dSir2 (dSir205327/�; wimp/� or dSir2ex10/�; mutant embryos and found that in contrast to Ftz ex-
pression that is significantly altered, Hairy is largely un-wimp/� transheterozygous mothers; data not shown).

dSir2 is first required for regulation of segmentation at affected in these embryos (Figures 3K and 3L).
the level of pair rule gene expression. Pair rule genes can
be separated into two classes: primary pair rule genes dSir2 Interacts Genetically with Hairy

The Ftz derepression phenotype in dSir2 embryos isestablish double segment periodicity, whereas second-
ary pair rule genes respond to this pattern. Pair rule gene reminiscent of the Ftz expression pattern seen in hairy

mutants. We examined dSir2 for genetic interaction withproducts are expressed as a series of seven transverse
stripes in wild-type (Figures 3E and 3I) or wimp/� em- hairy and find them to exhibit a dominant genetic interac-
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Figure 3. dSir2 Is Required Maternally for Establishing Proper Segmentation of the Embryo

(A–D) Cuticle preparations of wild-type larvae (A), larvae derived from wimp/� mothers (B), and larvae derived from mothers with reduced
maternal dSir2 (C and D). Genotypes of mothers are: wimp/� (B), dSir205327/�; wimp/� (C), and dSir2ex10/�; wimp/� (D). All females were
crossed to wild-type males. Anterior is left and the ventral surface is shown.
(E–L) Ftz (E–H) and Hairy (I–L) expression at the cellular blastoderm stage in embryos derived from wild-type mothers (E and I), wimp/�
mothers (F and J), or mothers with reduced dSir2 (G,H,K and L). Note derepression of Ftz stripes (broadening) in dSir2 mutant embryos (G
and H) compared to wild-type (E) or wimp/� (F). For all embryos, anterior is left and dorsal is up. Reduced levels of Hairy and Ftz are due to
the presence of the wimp mutation (see Experimental Procedures).

tion. Progeny from either hairy heterozygous mothers tion in expression of stripes 4, 6, and 7, suggesting
that these segmentation defects are largely mediatedor dSir2 heterozygous mothers mated to wild-type

males are viable and exhibit wild-type cuticle pheno- by interaction of dSir2 with Hairy. Interestingly, Hairy
stripes 3 and 4 are also affected in progeny from motherstypes (Table 1 and data not shown). In contrast, embryos

derived from mothers heterozygous for both dSir2 and trans-heterozygous for dSir2 and hairy (dSir2/�; hairy/�
females; Figure 4C), suggesting interactions betweenhairy (dSir2/�; hairy/� trans-heterozygous mothers)

mated to wild-type males exhibit moderate to severe dSir2 and other developmental regulators. We tested
dSir2 for interaction with repression cofactors grouchocuticle abnormalities (Table 1; Figures 4A–4B). Consis-

tent with this segmentation cuticle phenotype, Ftz is (gro) and dCtBP, as well as the other primary pair rule
genes, even skipped (eve), and runt (run). We do notderepressed in these embryos (Figure 4D), with a reduc-
detect dominant synthetic lethal interactions between
dSir2 and any of these mutations (Table 1). We also

Table 1. dSir2 Exhibits Dominant Genetic Interactions with hairy, tested Hairy for genetic interaction with the class I
but Not Other Developmental Regulators

HDAC, Rpd3, which has been proposed to be recruited
Parentsa Progeny to Hairy via the corepressor Groucho. However, we do

not detect a genetic interaction between Rpd3 and hairyFemales Males % lethality # scored
(Table 1).

�/� �/� 2 1310
dSir2/� dSir2/� 34 3466

dSir2/� �/� 2 1583
dSir2 Interacts Directly with Hairyhairy/� �/� 3 447
To test whether dSir2 interacts with Hairy directly, wedSir2/�;hairy/� �/� 38 865
performed GST pull-down assays using in vitro trans-�/� dSir2/�;hairy/� 5 1016
lated (IVT-) dSir2. Consistent with the genetic resultsRpd3/� �/� 2 1112
described above, IVT-dSir2 does not bind to GrouchoRpd3/hairy �/� 2 1125
or dCtBP or to GST alone (Figure 5A). However, it doesdSir2/dCtBP �/� 2 1240
bind specifically to a full-length GST-Hairy fusion proteindSir2/groucho �/� 1 1475

dSir2/eve �/� 6 1090 (Figure 5A). To map the region of Hairy required for
dSir2/runt �/� 18b 998 this interaction, we generated a series of Hairy protein

fragments fused in frame to GST (Figure 5B and Experi-a Alleles used are: dSir2: dSir205327/CyO; hairy: hairy7H, rucuca/TM3,
Sb; Rpd3: Rpd304556 ry506/TM3, Sb; dCtBP: dCtBP03463 ry506/TM3, Sb; mental Procedures). dSir2 binds to all fragments con-
groucho: groE47/TM3, Sb; and eve: eve1.27/CyO; runt: y w f run3/FM7a/ taining the Hairy basic domain (Figure 5C), indicating
Dp(1;Y)y�mal102. that this domain is sufficient for binding. We then gener-
b 25% lethality is expected from runt alone, as it is X-linked.

ated a series of small basic domain deletions within
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complex on DNA. Both full-length-Hairy (data not
shown) and a fragment containing the bHLH domain of
Hairy are able to efficiently shift 32P-labeled N-box probe
and are competed by cold wild-type competitor (Figure
5G). We were unable to detect a complex with altered
mobility upon addition of dSir2, although these proteins
are able to interact in vitro (Figure 1F). Addition of dSir2
to Hairy either before or after incubation of Hairy with
DNA does not prevent Hairy from binding to target DNA
(Figure 5G and data not shown; see Experimental Proce-
dures), suggesting that dSir2 does not interfere with
Hairy binding to DNA and that there may be other conse-
quences of dSir2 binding to Hairy within this region.

dSir2 Is Involved in Sex Determination
HES family repressors are involved in a number of impor-
tant developmental processes, including sex determina-
tion. Dpn acts as a “denominator” or negative regulatory
element in the process of Drosophila sex determination
in which the balance of X-encoded activators, or “nu-
merator” elements, and autosomally encoded denomi-
nator elements regulates the transcription of a master
control gene called Sex lethal (Sxl; Younger-Shepherd
et al., 1992; Parkhurst et al., 1990). Sxl activity is required
for female development and is expressed in all cells in
females, whereas males do not require Sxl activity and
do not express active Sxl protein. Loss of Dpn function
results in inappropriate activation of Sxl expression that
in turn leads to aberrant dosage compensation and male
specific lethality. Since dSir2 interacts physically with
Dpn, we expect that if Dpn requires dSir2 activity to
function in sex determination, then lowering dSir2 gene

Figure 4. dSir2 Interacts Genetically with Hairy dosage would result in fewer male progeny. Consistent
Embryos derived from mothers transheterozygous for hairy and with this hypothesis, we find a marked decrease from the
dSir2 mated to wild-type males exhibit moderate (A) to severe (B)

expected number of adult loss-of-function (LOF) dSir2segmentation defects and Ftz derepression (D). Stripes 4, 6, and 7
male progeny (Table 2, Adults) and male dSir2 embryosof Ftz are severely reduced in these embryos. Spacing of Hairy
stained for Sxl exhibit ectopic Sxl expression (intermedi-stripes is also affected, particularly in stripes 3 and 4 (C). Expression

levels of both Ftz and Hairy are reduced compared to wild-type. ately stained embryos in Figure 6B, Table 2, Embryos).
If dSir2 is involved in assessing the balance of X:A fac-
tors in sex determination, we might expect that overex-

the context of full-length Hairy protein to identify the pression of dSir2 would repress Sxl, resulting in female
smallest region required for dSir2 binding. One of these specific lethality. Indeed, we find that when dSir2 is
deletions, �RRAR, disrupts dSir2 binding, while adja- overexpressed, female embryos exhibit reduced Sxl ex-
cent four amino acid deletions have no effect (Figure pression (intermediately stained embryos in Figure 6C,
5D). The Hairy �RRAR mutation does not affect Hairy Table 2, Embryos).
homodimerization or binding to other Hairy-interacting
proteins including dCtBP (data not shown).

The basic domain is highly conserved among HES Discussion
family proteins (Figure 5H), including the invariant RRAR
residues, so dSir2 was assayed for binding to other dSir2 is highly related to the yeast SIR2p protein, and

shares the catalytic core and accompanying NAD�-bHLH proteins within this family by GST pull-down. IVT-
dSir2 binds to GST-Deadpan (Dpn), but, surprisingly, not dependent activity with its yeast and human counter-

parts. dSir2 exhibits activities and functions similar toefficiently to GST-fusions to the E(Spl)m3 and E(Spl)m8
members of the HES family (Figure 5E), suggesting that those attributed to the yeast enzyme, as we find that

dSir2 plays a role in the regulation of heterochromaticdSir2 may recognize additional features within the basic
domain or in distal regions of HES proteins to permit position effect variegation. While a strain containing de-

letions of all five sirtuins is viable in yeast (Brachmanninteraction with a specific subset of these similar pro-
teins in a variety of developmental processes. et al., 1995), Drosophila Sir2 is an essential gene that is

dynamically expressed in early embryos. Significantly,One possible consequence of cofactor binding to the
basic domain of HES proteins could be interference with dSir2 is also essential for repression of euchromatic

targets in Drosophila, working in conjunction with thetheir DNA binding abilities. Since dSir2 is required for
Hairy function but binds to the basic domain, we used Hairy/E(spl) class of bHLH repressors in regulating the

processes of segmentation and sex determination ina gel electrophoretic mobility shift assay (EMSA) to test
whether dSir2 and Hairy could be detected in a stable development.
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Figure 5. dSir2 Interacts Physically with Hairy and Deadpan

(A) IVT-dSir2 (10% input, lane 1) binds to GST-Hairy (lane 5), but not to repression cofactors Groucho (lane 3) or dCtBP (lane 4) or to GST
alone (lane 2).
(B and C) Mapping of Hairy’s dSir2 interaction domain.
(B) Diagram of GST-Hairy pieces and amino acid changes used to map the dSir2-binding domain within Hairy.
(C) IVT-Sir2 (10% input, lane 1) binds to GST fusions to full-length Hairy (lane 3), bHLH (lane 4) and basic (lane 7), but not to GST fusions to
more N-terminal or C-terminal fragments flanking the bHLH domain (lanes 5 and 6) or to fragments lacking the basic domain (lane 8).
(D) dSir2 binding to GST-Hairy basic domain is disrupted by a four amino acid deletion, �RRAR (lane 6), but not by adjacent 4 amino acid
deletions within the basic domain (lanes 4, 5, and 7).
(E) dSir2 binds to a specific subset of Hairy/E(Spl) family proteins. 6�His-epitope tagged dSir2 (10% input, lane 1) binds to GST-Hairy (lane
3) and GST-Deadpan (lane 4), but less efficiently to E(spl)-m3 or -m8 (lanes 5 and 6) and not to GST alone (lane 2).
(F) GST pulldown of 6�His-dSir2 followed by Western blot for dSir2. 6�His dSir2 (10% input, lane 1) binds to GST-Hairy (lane 3) and GST-
Hairy bHLH (lane 4) but not to GST alone (lane 2).
(G) Electromobility shift assay (EMSA) with GST-Hairy bHLH protein (amino acids 1–100; �40 ng) and the D. melanogaster ac h/E-1 site
oligonucleotide (40 fmoles) as a probe. Probe alone (lane 1). Increasing amounts of GST-Hairy bHLH protein (40 ng, lane 2 and 160 ng, lane
3) shift labeled oligo. Cold wild-type oligo (15-fold excess) competes for Hairy binding (lane 4). Addition of 6�-His-dSir2 neither prevents
Hairy from binding to the oligo nor generates a detectable supershift complex (lane 5).
(H) Alignment of the basic domain sequence from four Drosophila HES family members.

dSir2 Is Required for Heterochromatic Position insertions in that it responds to suppressors of hetero-
chromatic silencing, but not to suppressors of telomericEffect Variegation

In yeast, SIR2 is required for silencing at heterochro- silencing (Cryderman et al., 1999). That dSir2 is required
for silencing of telomere 4 and not other telomeresmatic loci including mating-type loci, rDNA arrays, and

telomeres (Rine and Herskowitz, 1987), as well as for tested suggests that dSir2 has a role in specific types
of heterochromatic silencing which are distinct fromsilencing of an auxotrophic marker inserted within het-

erochromatin (Gottschling et al., 1990). Using reporter telomeric silencing, although a role for dSir2 at telo-
meres cannot be ruled out. Since Drosophila has fourlines carrying w� insertions, we find that dSir2 affects

heterochromatic silencing of pericentric markers and additional sirtuins which all bear the same conserved
catalytic core region, the roles of ySIR2 that are notmarkers inserted within repeated DNA arrays.

In contrast, dSir2 does not appear to be involved in shared by dSir2 may be regulated by these other sirtuins.
telomeric position effect. Reduction of dSir2 function
suppressed PEV at telomere 4, but not at telomeres dSir2 Interacts with Hairy/E(Spl) Family Proteins

to Regulate Euchromatic Repression2L or 3R. Studies by Cryderman and colleagues (1999)
showed that subtelomeric and pericentric hsp 70-w� While ySir2 has generally been described as a dedicated

heterochromatic silencing protein, here we find thattransposon insertions are suppressed by different muta-
tions, indicating regulation of heterochromatic and telo- dSir2 can also interact with specific euchromatic tran-

scription factors. dSir2 interacts with the euchromaticmeric PEV by distinct sets of proteins. This study also
showed that telomere 4 was unique among telomere bHLH repressor Hairy, both genetically and physically
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Table 2. Altered dSir2 Dose Results in Inappropriate Sxl Expression and Sex-Specific Lethality

Embryos

Sxl expression in embryosa

Parents Strong Intermediate None

Females Males (females) (exceptional progeny) (males)

�/� �/� 343 0 347
dSir205327/� dSir205327/� 163 63 120
dSir2ex10/� dSir2ex10/� 205 79 126
NGT/NGT dSir2EP2300/Cyo 72 72 119

Adults

Parents # Progeny Enclosed

Females Males Females Males

�/� �/� 559 537
dSir205327/� dSir205327/� 502 464
dSir2ex10/� dSir2ex10/� 263 13

a The intermediate staining class represents the exceptional progeny in each staining: males ectopically expressing Sxl for the dSir2 loss-of-
function alleles and females with reduced Sxl expression for the dSir2 overexpression allele. Embryo sex was confirmed by PCR (see
Experimental Procedures).
NGT is an early embryonic Gal4 driver line.

(Figures 4 and 5). This interaction requires Hairy’s basic complexes (Poux et al., 2001). The ability of Hairy to
recruit distinct histone deacetylase containing com-domain that is highly similar among members of the HES

family. However, despite their extensive conservation, plexes may represent a mechanism through which Hairy
can both initiate and maintain a repressed state of chro-dSir2 binds to only a subset of Hairy/E(Spl) family mem-

bers. Since the four amino acids necessary for mediating matin through distinct and transiently interacting com-
plexes. Such a complex containing dSir2 and DNA-dSir2 binding are invariant within this family, there must

be additional recognition features within the basic do- bound Hairy would not have to be very stable, since a
short-lived interaction may be sufficient.main or elsewhere within the proteins. Previous reports

have shown the basic domain to be an essential domain
for DNA binding and dimerization among bHLH proteins HDACs and Drosophila Development

It is interesting that Hairy has been linked to two distinct(Davis et al., 1990; Blackwood and Eisenman, 1991).
dSir2 binding to this region represents a novel domain histone deacetylases. Hairy and other HES family mem-

bers recruit Groucho that in turn has been proposed tofor Hairy cofactor binding.
The basic domains of bHLH proteins have been shown recruit the class I HDAC, Rpd3 (Chen et al., 1999). While

Rpd3 mutant embryos exhibit segmentation defects,to undergo a disordered-to-ordered transition upon
binding to DNA (Ferré-D’Amaré et al., 1994), making they involve only minor disruption of the Eve and En-

grailed segmentation gene products, leading the au-cofactor binding in this region an interesting paradox.
Since we have been unable to detect a supershift upon thors to conclude that Rpd3 is involved in segmentation

but cannot represent a major pathway of repression inaddition of dSir2 protein and dSir2 does not appear to
affect the ability of Hairy to bind DNA, dSir2 and Hairy the early embryo (Mannervik and Levine, 1999). We were

unable to detect a dominant interaction between hairymay not be in a stable complex with DNA (Figure 5G).
The simplest explanation for these observations is that and Rpd3 (Table 1); however, we do find dSir2 to be

required for the processes of segmentation and sexthe interaction between dSir2 and Hairy in the presence
of DNA is weak, requiring other proteins to stabilize the determination in which Groucho is also required by

bHLH factors. In contrast to the Rpd3 loss of functioncomplex in vitro. However, there are several other ways
in which dSir2 could affect Hairy function. Upon binding phenotypes, the segmentation defects observed in

dSir2 loss-of-function embryos are severe (Figure 3).to Hairy, dSir2 may alter chromatin structure, affect dis-
tally bound factors on Hairy, or alter Hairy’s ability to We propose that Hairy uses different deacetylases in

different contexts. Phenotypic analysis of different hairyrecruit cofactors required for other Hairy functions. In
addition, Sir2 may deacetylate Hairy, altering either its mutants suggests that the requirements for dSir2 and

Groucho are overlapping but not redundant. Hairy hasDNA binding or activity, similar to altered p53 activity
following deacetylation by human SIRT1 (Vaziri, et al., never been found to activate transcription, in contrast

to other factors, such as the bHLHZip protein Myc, which2001, Luo et al., 2001). This would not have been de-
tected in our gel shift assays, since bacterially ex- has been shown in different contexts to either activate

or repress transcription (Kaddurah-Daouk et al., 1987).pressed Hairy is not acetylated. Alternatively, other re-
pressors, such as Polycomb Group complexes, can Perhaps the requirement for dSir2 in processes that

likely involve a separate HDAC complex represents ainitiate silencing by transient recruitment of repression
cofactors during brief interactions of distinct repressor mechanism of repression by HES proteins that enable
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could alter its subcellular localization, allowing its export
from the nucleus and subsequent progression of my-
oblast differentiation. Since the early Drosophila embryo
is a closed system, it is possible that some develop-
mental programs in the early embryo require removal of
dSir2 from the nucleus. It is worth noting that at the
times at which we have identified a role for dSir2 in
developmental processes (nuclear cycle 9–10 for sex
determination and nuclear cycle 14 for segmentation),
dSir2 is detectable in the nucleus, while at times in be-
tween (nuclear cycle 13), dSir2 is excluded from the
nucleus. Future studies that characterize dSir2 localiza-
tion and its developmental regulation will be informative
about the requirements for dSir2 for diverse processes
in the early embryo.

Consequences of Sir2 Function
Our results show that Sir2 plays an important role in
Drosophila euchromatic gene regulation through its in-
teraction with bHLH repressors. Consistent with this,
we find that dSir2 localizes to both distinct euchromatic
sites and generally to the centric heterochromatin on
polytene chromosomes. van Steensel and Henikoff
(2000) have also identified multiple euchromatic targets
of dSir2 recruitment using an in vitro chromatin assay.
ySIR2 has not been thought to interact with euchromatic
repressor complexes. However, a euchromatic role for
Sir2 may in fact exist in yeast. Lieb et al. (2001) reported
that the ySIR2-interactor RAP1 binds to 5% of yeast
genes including intergenic regions that may correspond
to promoters. Together, these results suggest that the
ability of dSir2 to act as a euchromatic repressor repre-
sents a widespread and conserved function for Sir2. Our
finding that dSir2 is required for PEV also highlights the
notion that mechanisms of repression are shared in part
by heterochromatin and euchromatin.

It is interesting to consider that the role of dSir2 in
development may involve additional functions ascribed
to the yeast enzyme. ySir2 has been shown by its gene
dosage-dependent effects on lifespan (Kaeberlein et al.,
1999) and by its NAD�-dependence (Landry et al. 2000)Figure 6. dSir2 Is Required for Sex Determination
to be linked to metabolism, perhaps by monitoring redox(A) Sex-lethal staining of wild-type embryos. Females express Sxl
states in the cell. dSir2 may act during development toin all cells whereas males do not express Sxl.
coordinate the progression of developmental programs(B) Sxl staining of loss-of-function dSir2ex10 embryos. Note that loss-

of-function males (LOF male) exhibit ectopic Sxl expression com- by sensing the metabolic needs and outputs of the em-
pared to heterozygous siblings. bryo and modifying key regulators of development to
(C) Embryos overexpressing dSir2EP(2)2300 exhibit reduction of Sxl act accordingly. This may be an important aspect of
staining in females (GOF female) compared to nonoverexpressing

Drosophila development where much of the early devel-siblings.
opmental program is executed in a closed system, con-
sisting of maternally contributed factors in the absence
of de novo transcription. bHLH factors that are key regu-them to be dedicated repressors. Alternatively, the abil-

ity of Hairy to recruit two distinct histone deacetylases lators of circadian rhythms were shown to have altered
DNA binding affinity and heterodimerization preferencesmay allow it to independently regulate distinct pro-

cesses. in response to changing cellular ratios of NAD�:NADH
(Rutter et al., 2001). The bHLH domain mediates respon-In light of the requirement for dSir2 throughout em-

bryogenesis, the dynamic subcellular changes in dSir2 siveness of these factors to NAD�, which itself can re-
spond both by altered heterodimerization and by alteredexpression are intriguing. Dynamic localization of HDACs

has been shown to be important for the activity of other DNA binding affinity.
Our finding that dSir2 is required for heterochromaticbHLH factors, such as myocyte enhancer factor-2

(MEF-2). The class II mammalian HDAC5, which inter- gene silencing and euchromatic repression represents
a common link between the mechanisms of repressionacts with MEF2, must be removed from the nucleus to

permit myocyte differentiation. McKinsey and col- utilized by heterochromatin and euchromatin. Future
studies on the precise molecular nature of dSir2 activityleagues (2000) showed that phosphorylation of HDAC5
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were incubated at 30�C for 16 hr and stopped by adding 25 �l of 1will likely uncover exciting new roles for it in both euchro-
N HCl and 0.15 N acetic acid. Released [3 H]acetate was extractedmatic and heterochromatic silencing.
with 400 �l of ethyl acetate and counted. To test inhibition by Splito-
micin, drug was used at a concentration of 50 �M in DMSO.Experimental Procedures

Northern AnalysisFly Stocks
Developmentally staged mRNAs were prepared as previously de-Flies were cultured and crossed on yeast-cornmeal-molasses-malt
scribed (Mozer et al., 1985). Northern production and hybridizationextract media at 25�C. The hairy, dCtBP, and Groucho alleles used
was performed as described (Mozer et al., 1985), using 5 �g ofin this study are as described previously (Poortinga et al., 1998).
poly(A)�-selected mRNA per lane. dRas is expressed ubiquitouslyTwo original dSir2 alleles were used: the EP(2)2300 allele that was
throughout development and was used as a loading control (Mozerobtained from Exelixis and the dSir205327 allele that was obtained
et al., 1985). A probe against the full-length cDNA of dSir2 revealsfrom the Bloomington Stock Center (stock #11401). Excisions of the
additional, smaller bands that are likely due to cross-hybridizationP element inserted at �14 in the dSir205327/CyO stock were generated
with other sirtuins. A probe against the C-terminal 1.15 kb of dSir2,as described in Török et al. (1993). dSir2ex10 was sequenced and
which are unique among the Drosophila sirtuins, detects a singlefound to have an 8 bp duplication and a 30 bp insertion that disrupts
message of 3.8 kb, in agreement with the predicted size of dSir2the dSir2 start site (data not shown). The wimp allele (RpII140wimp)
(FlyBase).used was described previously (Parkhurst and Ish-Horowicz, 1991;

available from the Bloomington Stock Center). The PEV lines used
are as follows: repeat array – w1118; P[lacW]Bx1/CyO (provided by Position Effect Variegation
S. Henikoff); pericentromeric – ln(1)wm4, wm4e (provided by S. Heni- Reporter line females containing hsp70-w� insertions at different
koff); and telomeric – Telomere 2L-39C•5, Telomere 3R-39C•55, and loci (Cryderman et al., 1999) were crossed to dSir2ex10/CyO males
Telomere 4-39C•72 (provided by L. Wallrath). then reporter line/dSir2ex10 male progeny and reporter line/CyO sib-

ling male progeny controls were scored. At least 200 progeny from
Embryo Analysis each cross were analyzed when progeny were 4 days old to allow
Larval cuticles were prepared and analyzed as previously described for pigmentation to be completed. Flies were classified based on
(Wieschaus and Nüsslein-Volhard, 1986). Embryos were fixed and expression of the w� marker and sorted first into groups by eye
immunohistochemical detection of proteins was performed as pre- color and then by genotype. The average phenotype is represented,
viously described (Parkhurst et al., 1990; Magie et al., 1999). Anti- except in wm4e, where average phenotypes were almost indistin-
bodies used are as follows: anti-Ftz (at 1:100) and anti-Hairy (at guishable, but importantly, we consistently obtained classes with
1:200) provided by J. Reinitz; anti-Sex-lethal (at 1:10); alkaline phos- phenotypes far more severe than wild-type controls.
phatase-conjugated secondary antibodies (at 1:2000) from Jackson
Laboratories; and Alexa488 or 594-conjugated secondary antibodies

Polytene Chromosome Staining
(at 1:2000) from Molecular Probes. dSir2 detection was performed

Polytene chromosome preparation and staining were performed as
using polyclonal serum (at 1:200) from mice injected with recombinant,

described previously (Platero, et al., 1995). Antibodies used are as
bacterially expressed GST-Sir2 protein. Following Sxl staining, indi-

follows: anti-dSir2 (at 1:20), and anti-dimethyl-Histone H3 Lys 9 (at
vidual embryos were sexed by PCR using primers specific to the Y

1:20; Upstate Biotechnology). DAPI was used at 1 �g/mL. Secondary
chromosome as previously described (Parkhurst et al., 1993).

antibodies used were Alexa 488 (anti-mouse) and Alexa 594 (anti-
rabbit; at 1:200; Molecular Probes).

In Vitro Binding Assays
35S-methionine-labeled proteins were made in vitro using the Pro-

Electrophoretic Mobility Shift Assay (EMSA)mega TnT T7 quick coupled transcription translation system. Bind-
Assays were performed according to Van Doren et al. (1994). Theing assays were carried out as described in Poortinga et al. (1998).
probe in each reaction consists of 40 fmoles of a 32P-end-labeled
40 bp fragment from the achaete promoter containing an N-boxFusion Protein Construction
consensus-binding site for Hairy. The sequence of the forward oligoThe full-length cDNA of dSir2 was amplified from a Dam-Sir2 con-
used is as follows: 5	-TAAACCGGTTGGCAGCCGGCACGCGACAGstruct previously described (van Steensel et al., 2001) using primers
GGCCAGGTTTT-3	 (cf. Van Doren et al., 1994; Ohsako et al., 1994).that generated unique 5	 SalI and 3	NotI restriction sites, then di-
GST-Hairy protein was preincubated with either labeled probe orgested and cloned into the SalI-NotI sites of pGEX 4T-3 (Pharmacia
with 6�His epitope-tagged dSir2 in binding buffer for 15 min ator pCite-4b Novagen). Full-length dSir2 cDNA was amplified from
room temperature, followed by addition of missing component (DNAthe same template using primers that generated unique 5	NcoI and
or dSir2 protein). After a further incubation for 15 min at room tem-3	HindIII restriction sites and cloned into pRSET C (Invitrogen) for
perature, the entire sample was run on a 0.4� Tris-Glycine polyacryl-6�-His epitope-tagged protein expression.
amide gel (4%; 19:1 Acrylamide:Bis). The final composition of allAll GST-Hairy pieces were cloned in frame into pGEX-3X (Phar-
reactions (10 �L) was: 5% glycerol, 20 mM HEPES (pH 7.6), 50 mMmacia) using primers containing 5	BglII-3	EcoRI sites and vector
KCl, 1 mM EDTA, 10 mM DTT, and 10 ng/�L poly dA/dT (Sigma) ascut at 5	BamHI and 3	EcoRI sites, except basic, which was cloned
nonspecific inhibitor. Specific competitor was unlabeled probe usedusing primers with 5	BamHI and 3	EcoRI sites. The amino acid com-
at 15-fold excess concentration.position of the Hairy fragments is as follows: Hairy-FL: aa 1–343;

bHLH: aa 1–100; Orange: aa 95–343; N30: aa 1–30; HLHs: aa 43–90;
and basic: aa 29–48. GST-hairy deletion mutants were generated Acknowledgments
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