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ABSTRACT. Heterochromatin protein 2 (HP2) is a nonhistone chromosomal protein Boysophila
melanogastethat binds to heterochromatin protein 1 (HP1) and has been implicated in heterochromatin-
induced gene silencing. Heretofore, HP1 has been the only known binding partner of HP2, a large protein
devoid of sequence motifs other than a pair of AT hooks. In an effort to identify proteins that interact
with HP2 and assign functions to its various domains, nuclear proteins were fractionated under
nondenaturing conditions. On separation of nuclear proteins, nucleosome assembly protein 1 (Nap-1) has
an overlapping elution profile with HP2 (assayed by Western blot) and has been identified by mass
spectrometry in fractions with HP2. Upon probing fractions in which HP2 and Nap-1 are both present,
we find that the nucleosome remodeling factor (NURF), an ISWI-dependent chromatin remodeling complex,
is also present. Results from coimmunoprecipitation experiments suggest that HP2 interacts with Nap-1
as well as with NURF; NURF appears to interact directly with both HP2 and Nap-1. Three distinct domains
within HP2 mediate the interaction with NURF, allowing us to assign NURF binding domains in addition

to the AT hooks and HP1 binding domains already mapped in HP2. MutatioNsprl are shown to
suppress position effect variegation, suggesting that Nap-1 functions to help to assemble chromatin into
a closed form, as does HP2. On the basis of these interactions, we speculate that HP2 may cooperate with
these factors in the remodeling of chromatin for silencing.

Heterochromatin protein 2 (HP2)as originally identified kDa. Both proteins are devoid of recognizable sequence
on the basis of its ability to bind to heterochromatin protein motifs, except for two AT hooks that are present only in the
1 (HP1), one of the best characterized nonhistone chromo-larger isoform. [AT hooks are small, nine amino acid DNA
somal proteins, in a yeast two-hybrid assab). (HP2 binding motifs which preferentially interact with AT-rich
colocalizes with HP1 at the pericentric heterochromatin of DNA through the minor groove, typically found in high
Drosophila polytene chromosomes, coimmunoprecipitates mobility group (HMG) proteinsZ)]. Recently, the domain
with HP1 from aDrosophilaembryo extract, and is recruited in HP2 that binds to HP1 has been identified and found to
to ectopic sites upon mislocalization of HP1. Analysis of be conserved irosophila(3).
the structure of the gene coding for HPRu@ar)2-HP2, Mutations inSugar)2-HP2 act as dominant suppressors
reveals two isoforms, a consequence of alternative splicing. of position effect variegation (PEV) monitored by™, a
Both proteins are large; the larger isoform of HP2 (HP2-L) chromosome rearrangemeri).(PEV occurs when a gene
is 356 kDa, and the smaller isoform of HP2 (HP2-S) is 175 that is normally found in a euchromatic region is transposed
to a position within or in close proximity to heterochromatin;
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The assembly of nucleosomes, the fundamental subunitsas well as all four members of the NURF complex, thus
of chromatin, is essential for proper genome function. The confirming an interaction with both. Nap-1 antibodies are
process of chromatin assembly begins with a tetramer of also able to immunoprecipitate the NURF complex. There
histones H3 and H4 being deposited onto the DNA by histone appear to be direct interactions between HP2 and NURF and
chaperones, followed by deposition of two heterodimers of between Nap-1 and NURF, but not between HP2 and
H2A and H2B to yield a histone octamer around which 146 Nap-1. Three distinct sites within HP2 mediate the interaction
base pairs of DNA are wrapped. During chromatin assembly with NURF, allowing us to assign functional domains to
in S phase, there is random deposition of the preexisting asHP2. Mutations irNap-1are found to result in suppression
well as newly made histones onto the two daughter strandsof PEV, further implicating Nap-1 in heterochromatin-
of DNA. In vivo, chromatin assembly appears to occur induced gene silencing, a role already assigned to HP2. These
immediately following DNA replication & 9); chromatin data identify novel factors that bind to HP2 and give us hints
assembly can also take place in the absence of replicationof a possible role for HP2 in chromatin remodeling.
presumably in response to nucleosome displacement or
disassembly, thought to occur during transcripti@f)( EXPERIMENTAL PROCEDURES

When chromatin is reconstituted in vitro, the nucleosomes  ChromatographyFrozen 6-18 h Oregon R embryos (100
are randomly distributed along the DNA molecules. How- g) are dechorionated and homogenized in 100 mL of buffer
ever, in native chromatin, nucleosomes are distributed atcontaining 50 mM HEPES, pH 7.5, 60 mM KCI, 15 mM
approximately regular intervals. It appears that histone NaCl, 0.25 M sucrose, 1 mM EDTA, and 0.1 mM EGTA.
chaperones alone are insufficient to emulate the in vivo Protease inhibitors are added to a final concentration of 1
assembly of chromatin. Biochemical analysis has shown thatmM PMSF, 0.01 mg/mL phenanthroline, aprotinin, leupeptin,
multipeptide chromatin remodeling complexes can use the and pepstatin, and 20 mM benzamidine hydrochloride. The
energy from ATP to alter nucleosome positioning and homogenate is filtered through Miracloth, and nuclei are
structure (for review see refl). Three distinct families of  recovered by centrifugation in Corex tubes at 7000 rpm for
complexes that remodel chromatin using the energy from 15 min in a Sorvall SS-34 rotor. The supernatant is then
ATP have been identified: SWI2/SNF2-like, ISWI-like, and poured off, and the pellet is resuspended in the above buffer;
Mi-2-like (for review see refl2). Some or all might play a  the spin is repeated, and the supernatant is decanted. This
role in heterochromatin formation, generating the regular wash procedure is repeated twice more using the above buffer
nucleosome array observed. without sucrose. The recovered nuclear pellets are then

Biochemical experiments have identified several negatively resuspended in extraction buffer containing 25 mM HEPES,
charged proteins and protein complexes that bind to histonespH 8, 400 mM NaCl, 1 mM EDTA, 10% glycerol, and 0.2%
and deposit them onto the DNA in an ATP-dependent NP40 (HEPES-400, with the number indicating the concen-
manner. Chromatin assembly factor 1 [CAF413)], anti- tration of NaCl). The nuclei are incubated in this buffer with
silencing function protein 1 [ASF11#)], and histone the above protease inhibitors and a final concentration of 1
regulatory A [HIRA (5] show a preference for the mM DTT for 30 min on ice. The nuclei are then pelleted at
H3—H4 tetramer, whereas other histone chaperones, such7000 rpm for 30 min as above, and the supernatant recovered
as Nap-1, deposit histones H2A and H2B onto the DNI&).( is used for column fractionation. Approximately 90 mg

A few histone chaperones, such as CAF-1 and ASF1, haveof total nuclear protein is diluted to 150 mM NaCl with
been directly implicated in assembly of heterochromatin, as HEPES-0. This sample is then loaded onto a 30 mL DEAE-
have some proteins that are components of multiprotein Sepharose fast-flow column (GE Healthcare) that is equili-
chromatin remodeling complexes, such as Acfl. When brated in HEPES-150, pH 8. The proteins are then step eluted
CAF-1is deleted in budding yeast, silencing at telomeres, in HEPES-150, HEPES-250, and HEPES-1M. The 250 mM
mating type loci, and ribosomal DNA are impaired NacCl eluate is collected in 10 mL fractions; fractions®
(17—21), suggesting a role for CAF-1 in heterochromatin are combined and spun down at 10§G6r 15 min. (The
assembly. This interpretation is supported by the finding that fractions chosen for downstream applications are those
CAF-1 can be found associated with heterochromatin protein containing HP2 as shown by Western blots. Western blots
1 (HP1o) in mammalian cellsZ2). In Drosophila mutations were originally performed after each fractionation step until
in ASF1lor in acflresult in suppression of PEV, indicating a reproducible procedure was established.) The supernatant
a role in heterochromatin-induced gene silenc2®).(Acfl is then diluted with HEPES-O0 to a final concentration of 125
is a subunit of the ACF (ATP-utilizing chromatin assembly mM NaCl. The following columns are used on an AKTA
and remodeling factor) complex, which also contains ISWI. FPLC (GE Healthcare). The sample is loadedooamtl mL
Thus, components of the chromatin assembly machineryMono Q column (GE Healthcare). A gradient is run from
appear to contribute to the establishment of epigenetic 125 to 600 mM NacCl at a flow rate of 1 mL/min. One
chromatin states. milliliter fractions are collected, and Mono Q fractions 84

In this report, we have identified two novel binding are then combined and spun down in Centricon YM30 spin
partners of HP2, Nap-1 and the NURF complex. These columns (Millipore) until the volume is less than or equal
factors have an overlapping elution profile with HP2 on to 500uL. The sample is then eluted from the column and
fractionation of a nuclear extract using multiple conventional spun down at 100@for 15 min. The sample is then injected
chromatography columns. Nap-1 is an H2H2B histone onto a Superose 6 column (GE Healthcare) equilibrated in
chaperone, as mentioned previously, and NUREIEosome HEPES-50, pH 8. Fractions of 5 are collected at a flow
remodelingfactor) is a remodeling complex Drosophila rate of 0.4 mL/min. Fractions 183 are then combined and
that is composed of NURF301, ISWI, p55, and p28)( centrifuged at 100Q9 for 15 min. This sample is then
We find that HP2 antibodies can immunoprecipitate Nap-1 separated m a 1 mL Mono S column (GE Healthcare)
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equilibrated in HEPES-50. Fractions of 1 mL are collected plasmid DNA was added to the immunoprecipitation reac-
at a flow rate of 1 mL/min. The Mono S fractions are then tions and the binding efficiency monitored. Similar experi-
precipitated with trichloroacetic acid and frozen-&80 °C ments were done to confirm direct interactions between
until further examination. Those bands that peaked with HP2 Nap-1 and NURF.
on SDS-PAGE gels upon staining with SYPRO Ruby were ~ Coimmunoprecipitation of Nap-1 and HP2 as well as of
excised and analyzed by mass spectrometry. NURF301 and HP2 was also observed using an embryo
Western BlottingProteins are loaded onto SB8AGE nuclear extract. In the case of Nap-1 and HP2, the DNA in
gels, size separated, and transferred to Immobilon-P (Mil- the extract was digested with micrococcal nuclease to
lipore) membranes fal h using 100 V at 4C. Incubations completion. HP2 preimmune serum and Nap-1 preimmune
with primary antibodies are done for—2 h at room serum are used as controls as appropriate. Approximately
temperature or 4C overnight. Antibodies specific for HP2 ~ 200-400 ug of salt-extracted nuclear protein, prepared as
were produced in chicken using a KLH-conjugated peptide, in the chromatography experiments, is added to HP2-specific
the first 14 amino acids of HP2, MEDIEYLDEYKDZ (Aves antibodies, Nap-1-specific antibodies, or preimmune serum,
Laboratory), and used at 1:5000. Nap-1 antibodies obtainedalong with protease inhibitors. This binding reaction is
from Jim Kadonaga (University of California, San Diego) allowed to continue for approximately 4 h. Two milligrams
are used at 1:10000; NURF301 antibodi@®)( used to of Protein A—Sepharose CL-4B (GE Healthcare), washed
follow NURF301 after column chromatography, are used at two times with binding buffer and incubated with a 2% BSA
1:2500. FLAG M2 antibodies (Sigma Aldrich) are used at solution, is then added, and the interaction is allowed to
1:10000 to detect FLAG-tagged NURF301. ISWI antibodies continue overnight at 4C. The beads are treated as described
obtained from Jim Kadonaga (University of California, San above. Nap-1 binding is detected with Nap-1 antibodies,
Diego) are used at 1:2500, and p55 antibodies obtained fromdescribed previously. The secondary antibody used is a
Jessica Tyler (University of Colorado Health Sciences mouse anti-rabbit IgG directed against the light chain
Center) are used at 1:10000. p38 antibodies are used afJackson Immunoresearch Laboratories). NURF301 is de-
1:2000 @6), and HP1 WA191 antibodies (produced in rabbits tected with rabbit NURF301 antibodies.
against a chromo domain peptide CYAVEKIIDRRVRK- Coimmunoprecipitation experiments with HP2 and
GKVEYYLKWKG) are used at 1:2500. Incubations with NURF301 and Nap-1 and NURF301 were also done using
secondary antibodies are done at room temperature foran Sf9 extract from cells in which the NURF301 subunit is
30—45 min at an approximately 1:2506Q00000 dilution. overproduced. The experiment is done as described above
Western detection is performed with EEL(GE Healthcare)  for embryo extracts, except that NURF301 is detected with
or Immobilon Western (Millipore) according to the manu- FLAG M2 antibody.
facturer’s instructions. Immunoprecipitation assays for domain mapping were
CoimmunoprecipitationgCoimmunoprecipitation experi-  done using a protocol similar to the experiments demonstrat-
ments using HP2 rabbit antibodies [prepared using theing an interaction between HP2 and purified NURF. In this
C-terminal domain of HP2 isolated in the original yeast two- instance the HP2 peptides from the rabbit reticulocyte lysate
hybrid screen) as immunogen] confirmed an interaction system have a T7 tag, and T7 antibodies are used for
between HP2 and the NURF complex, as well as an immunoprecipitation. (The T7 tag is present at the N-terminal
interaction of HP2 with Nap-1. The source of HP2 in the end of each HP2 peptide.) Other conditions and reagents are
immunoprecipitation experiments with the purified NURF the same as above. A Distalless protein with a T7 tag is used
complex is a transcription/translation reaction (Promega) as a control. The coprecipitation of NURF is detected by
product produced with the cDNA of the smaller isoform of Western blot using the FLAG M2 antibody. The HP2
HP2, described previoush8). The source of NURF is a  peptides have been described previou8)yekcept for those
FLAG affinity-purified complex described previousI25). which include only the first through the fifth exons of HP2.
A nonradioactive HP2-S transcription/translation reaction In these cases, PCR products containing the T7 tag are
(20—40 ulL) is added to 1.53 uL (62.5-125 ng) of the produced as described in the aforementioned paper and used
NURF complex, HEPES-150 (described above), and proteaseas templates for transcription/translation.
inhibitors. The mixture is incubated fd h at 4°C while Construction of Nap-1 Single-Copy Knockodtke alleles
rocking. Bleed 7 rabbit HP2 antibody (14) is then added, used for assaying the suppressor activity of Nap-1 are
and the reaction is allowed to continue for 1 h. The reaction targeted single-copyNap-1°54 mutations 27). The SSA
mixture is then added to 2 mg of protein/epharose  mutations were derived from tandem duplications of the
CL-4B (GE Healthcare) that has been washed in binding Nap-1 gene using “ends-in targeting” of a double mutant
buffer and incubated with a 2% BSA solution. The reaction Nap-1gene. Each targetedap-1duplicate of the original
is allowed to continue fol h at 4°C, or overnight, while Nap-1©*flies contains four diagnostic restriction sitéa
rocking. As a control for specificity, preimmune serum from andSal sites are diagnostic for the targeted recombination
the rabbits in which the HP2 antibody was made is used for reaction. Hindlll and Bcll sites, in addition to being
comparison. The beads are collected, washed, resuspendediagnostic for recombination, interrupt thdap-1 open
in load dye, and boiled, and the eluted proteins are loadedreading frame. The starting SSA mutations and the molecular
onto SDS-PAGE gels. Western blotting is done as previ- specifics of subsequent mismatch-repair reactions at the
ously described. The antibody used is FLAG M2. The heteroduplex intermediate resulted in 11 different com-
coimmunoprecipitation observed might be spurious if both binations of the markers. Knockout mutatioNp-15542
proteins were binding independently to the same DNA Nap-5A% andNap-TFSA4were established as stocks and used
molecule. To show that DNA is not the sole mediator of the in this study. Nested PCR on genomic DNA from these flies
interaction between HP2 and NURF, a 100-fold excess of was performed as published elsewhe®8)( Diagnostic
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Ficure 1: HP2 has an overlapping elution profile with NURF301 as well as Nap-1 and HP1. (A) Flow chart of the chromatography
protocol used to identify HP2 binding partners. See Experimental Procedures for additional details. (B) Elution profiles of components that
are present in fractions with HP2. Mono S column fractions were probed with antibodies against HP2 as well as Nap-1 and NURF301. As
can be seen in the top panel, HP2-S is eluting in fractiong while HP2-L is eluting in fractions 11 and 12. The NURF301 blot in the

next panel shows that NURF301 is present in fractions 6 and 7, which also contain HP2-S. Nap-1 is present in all of the fractions shown
but is present to a greater extent with HP2-S. HP1, a known HP2-interactor, is present in fractions with both isoforms, as expected. (C)
Nap-1 peptides identified by mass spectrometry. Numbers at the left and right of each sequence indicate the first and the last amino acids
identified, respectively. (D) Complete amino acid sequenceDi@msophila Nap-1. Residues shown in boldface represent amino acids
identified by mass spectrometry.

restriction enzyme digests of the PCR products vtiol, ing Conditions In an effort to find proteins that interact with
Hindlll, Bcll, and Sal verified the structure of each HP2, conventional chromatography was performed under
Nap-BSAallele. nondenaturing conditions; an embryo nuclear extract was run

Drosophila melanogaster Stocks and Crosses for Nap-1 through a series of chromatographic separations and HP2
PEV AssaysDrosophila stocks are raised on cornmeal followed by Western blot. The fractionation procedure is
sucrose-based mediurg9). Crosses are carried out at 25 illustrated in Figure 1A. On the fourth and final column,
°C and 70% relative humidity. To assess modification of Mono S, fractions containing HP2-S and HP2-L were

variegation, males carrying various mutétep-1chromo- separated (fractions47 and 1112, respectively), as shown
somes balanced ove&yO are first crossed t&MGnocee by Western blot (Figure 1B, top row).
virgin females. Male progeny carryingoc>® and the Proteins in fractions from the Mono S column were

chromosome encoding thdap-1 mutant to be tested are  separated and stained on SESAGE gels, and those bands
then crossed to virgins carryingyav™ chromosome, and  that peaked with HP2 were subsequently analyzed using mass
the progeny are compared. Theoc>* chromosome is  spectrometry. MALDI-TOF and LC/MS mass spectrometry
chosen as a standard because it contains no major enpoth identified Nap-1 as a possible candidate that interacts
hancers or suppressors of variegation. Males from_ thesewith HP2 (Figure 1C,D). Other polypeptides were also
crosses are then collected, aged te53days posteclosion, identified but were not confirmed in multiple protein
and photographed. Pigment assays were performed bypreparations. Analysis of the Mono S column fractions by
extracting pigment and measuring OD at 480 n)(  western blot, using antibodies specific for Nap-1, determined
Fifteen male fly heads were used in one preparation for that Nap-1 is present in protein fractions with HP2-S. Nap-1
pigment quantification. Four to five replicates were done for s also present in fractions with HP2-L, but to a lesser extent
each mutant allele. (Figure 1B, first and third rows). HP2-S and Nap-1 were
RESULTS present in overlapping protein fractions throughout the
chromatographic separation (data not shown). Since other
Nap-1 and NURF, as Well as HP1, Are Present in Protein proteins were present in these fractions with HP2 and
Fractions with HP2 upon Fractionation under Nondenatur- Nap-1, as seen by total protein staining following gel
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Ficure 2: HP2 interacts with Nap-1 and NURF. (A) HP2 interacts with Nap-1 in an embryo extract. HP2 antibodies or HP2 preimmune
serum was added to tliBrosophilaembryo extract, and the immunoprecipitated material was tested for the presence of Nap-1 by Western
blot. The input is shown in the first lane; the following lanes indicate that, in the presence of preimmune serum, no Nap-1 is pulled down
while in the presence of HP2 antibodies, Nap-1 is immunoprecipitated. By comparison with the input sample, we estima@thaft 1

the Nap-1 is immunoprecipitated. This percent is indicative of our immunoprecipitation efficiency throughout this paper. No loss of binding
occurs between Nap-1 and HP2 upon digestion of the nuclear DNA to completion with micrococcal nuclease. (B) HP2 interacts with the
NURF complex; DNA does not mediate the interaction. HP2 rabbit antibodies were mixed with the FLAG-purified NURF complex plus
HP2-S transcribed and translated in the rabbit reticulocyte lysate system. Preimmune serum was used as a control. As can be seen in the
top panel, NURF301 is pulled down when HP2-specific antibodies are present but not in the presence of the preimmune serum. The first
lane indicates the input. The same is true for ISWI, p55, and p38, the other three components of NURF. To the right, it can be seen that,
upon the addition of a 100-fold excess plasmid DNA to the binding reaction, HP2 antibodies are still able to pull down the NURF complex,
demonstrating that the coprecipitation is not dependent on the binding of the individual proteins to DNA. The input into the reactions is
shown; rabbit preimmune serum acts as a negative control. (C) HP2 rabbit antibodies can pull down NURF301 from Sf9 cell extract. Sf9
extract from cells in which the NURF301 subunit was overproduced was incubated with HP2 antibodies and immunoprecipitated, and the
pellet was run out on SDSPAGE gels and probed with antibodies against the FLAG tag. The first lane shows FLAG-tagged NURF301

in the load. HP2 antibodies pull down NURF301, whereas the preimmune serum does not, as shown in lanes 3 and 2. (D) HP2 rabbit
antibodies immunoprecipitate NURF fronDaiosophilaembryo extract. Embryo extract was prepared as in the chromatography experiments,
and immunoprecipitations were performed as described for the Sf9 cell extract. The Western blots were then probed with rabbit NURF301
antibodies. The first lane shows NURF301 in the load, and the following lanes show that NURF301 is precipitated with HP2 rabbit antibodies
and not with HP2 preimmune serum. The asterisk indicates a nonspecific product. (E) Nap-1 antibodies can pull down NURF from an Sf9
extract in which NURF301 is overproduced. A preimmune serum was used as a control. The presence of NURF was assayed by probing
the blot with FLAG M2 antibodies. In the first lane is the material added to the immunoprecipitation reactions. Lane 2 shows the results
of the immunoprecipitation performed with preimmune serum. Lane 3 shows that Nap-1 antibodies can pull down NURF301, the unique
subunit of NURF. (F) Nap-1 interacts with the NURF complex; DNA does not mediate the interaction. Nap-1 antibodies were mixed with
the FLAG-purified NURF complex plus Nap-1, transcribed, and translated in the rabbit reticulocyte lysate system. Preimmune serum was
used as a control. As can be seen in the top panel, NURF301 is pulled down when Nap-1-specific antibodies are present but not in the
presence of the preimmune serum. The first lane indicates the input. The same is true for ISWI, p55, and p38, the other three components
of NURF. To the right, it can be seen that, upon the addition of a 100-fold excess plasmid DNA to the binding reaction, Nap-1 antibodies
are still able to pull down the NURF complex. The input into the reactions is shown; rabbit preimmune serum acts as a negative control.
Note that the right panel in (F) was exposed longer than that in (B).

electrophoresis, antibodies were obtained against proteins thaf he elution profile of HP2 with Nap-1 and NURF led us to
are involved in chromatin remodeling, as is Nap-1, to check further investigate a possible interaction between HP2 and
for their presence along with HP2 and Nap-1. After antibod- these proteins.

ies were obtained against ISWI, which was revealed to be HP2 Coimmunoprecipitates with Nap-1 as Well as with
present in fractions with HP2-S by Western analysis, All Four Components of NURF, and Nap-1 Coimmunopre-
antibodies against the unique component of NURF, NURF301, cipitates with NURFWe then asked whether HP2 and Nap-1
as well as against Acfl were obtained, as these polypeptidegphysically interact, using coimmunoprecipitation assays. As
are found in protein complexes that contain ISWI. As shown shown in Figure 2A, HP2-specific antibodies are able to pull
in the second row of Figure 1B, NURF301 elutes in down Nap-1 from an embryo extract, whereas the rabbit
overlapping fractions with HP2-S. Interestingly, the smaller preimmune serum does not. This interaction is not DNA-
isoform of HP2, HP2-S, is present in fractions with NURF301 mediated; upon complete digestion of the DNA in the nuclear
while the larger isoform, HP2-L, is not, suggesting different extract with micrococcal nuclease, no change in binding is
functions for the two HP2 isoforms. Acfl was not present seen. Nap-1 antibodies have also been shown to immuno-
in any of the fractions. These fractions were also analyzed precipitate both isoforms of HP2 from an embryo nuclear
using HP1 antibodies (Figure 1B, fourth row), since the extract (data not shown). Experiments were also done to
association of HP1 and HP2 has been previously demon-investigate a direct interaction between HP2 and Nap-1 by
strated {, 3). HP1 is present in fractions containing HP2, producing both of the proteins in a rabbit reticulocyte lysate
as well as in fractions that do not contain HP2, not system and performing coimmunoprecipitation experiments.
unexpected given the large number of HP1 binding partners.A direct interaction was not observed.
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As seen in Figure 1A, HP2 has an overlapping elution protein. The second column is a control immunoprecipitation
profile with NURF301, the unique subunit of the NURF using the Distalless protein, which contains the T7 tag but
complex. We were thus interested in determining if HP2 does not interact with NURF, demonstrating the specificity
interacts with the NURF complex. Purified NURF was of the interaction. In the third column, T7 antibodies, T7-
obtained as described (Experimental Procedures) and mixedagged HP2 fragments, and NURF were added to the
with HP2-S made in rabbit reticulocyte lysate, along with immunoprecipitation mixture, and the NURF301 subunit was
HP2 rabbit antibodies. HP2 antibodies are able to pull down pulled down, as shown by Western blot. In each immuno-
all four components of the NURF complex: NURF301, precipitation, Distalless and HP2-S were used as negative
ISWI, p55, and p38. The addition of a 100-fold excess of and positive controls, respectively, to ensure that the assay
plasmid DNA to the immunoprecipitation reaction does not was working properly. In Figure 3B, the domain of interac-
abrogate binding, indicating that the interaction is not DNA- tion in the N-terminal portion of HP2 is described. As shown
mediated (Figure 2B). None of the NURF products are in the first row, a portion of HP2 that contains amino acids
precipitated in the presence of rabbit preimmune serum. For1—1353 is able to mediate an interaction with NURF,
additional confirmation of the binding interaction, we whereas an HP2 test peptide that encompasses amino acids
determined that HP2 antibodies specifically pull down 1328-1900 cannot. In the second row data are presented
NURF301, a protein so far found only in the NURF complex, that indicate that a peptide which contains amino acids400
from both an Sf9 cell extract and an embryo extract (panels 1353 does not mediate an interaction with NURF, and it thus
C and D of Figure 2, respectively). In Figure 2C, an Sf9 appears that the domain of the interaction is somewhere
extract, from cells overexpressing a FLAG-tagged NURF301 within the first 400 amino acids of the protein. Upon testing
subunit, was used for immunoprecipitation with HP2 anti- peptides that contained portions of this N-terminal 400 amino
bodies. Western blots of the Sf9 extract confirm the presenceacids, it can be seen in the third row of Figure 3B that a
of both isoforms of HP2 (data not shown). Upon producing region within amino acids 229276 of HP2 is necessary for
HP2 and the individual subunits of the NURF complex in mediating an interaction with NURF in vitro. As expected,
the rabbit reticulocyte lysate system, direct interactions were binding also occurred for an HP2 peptide which contains
not found. The assembled NURF complex may be required the N-terminal domain up to amino acid 360.
for binding to HP2, and/or posttranslational modifications  In Figure 3C, it can be seen that a region encompassing
needed for binding may be lacking in this system. amino acids 21882665 is able to mediate an interaction

Upon determining that HP2 interacts with Nap-1 and with NURF. Upon further division of this domain, we find
NURF, we were interested in determining whether Nap-1 that an HP2 test peptide containing amino acids 218817
and NURF interact with one another. Nap-1 antibodies as is not able to bind to NURF whereas an HP2 test peptide
well as preimmune serum were tested for their ability to pull containing amino acids 23372512 is able to mediate an
down the unique subunit of NURF, NURF301. Upon the interaction with NURF, as seen in the second row. Interest-
addition of Nap-1 antibodies to the Sf9 extract, the NURF301 ingly, the HP1 binding domain of HP2 described previously
subunit is precipitated, whereas a preimmune serum doedies within the region encompassing amino acids 232512
not pull down NURF301 (Figure 2E). Upon producing Nap-1 (3). As shown in the third row of Figure 3C, the domain of

in the rabbit reticulocyte lysate system and performing
coimmunoprecipitations as with HP2-S, we find that antibod-
ies against Nap-1 pull down all four subunits of NURF
(Figure 2F). DNA does not mediate this interaction since
the addition of a 100-fold excess of plasmid DNA to the
binding reaction did not abrogate binding.

Three Domains within HP2 Mediate Binding to the NURF
Complex.Upon determining that HP2 antibodies pull down
all four subunits of the NURF complex in the presence of
HP2, we were interested in determining which domain or
domains of HP2 can mediate binding with the NURF

HP2 that interacts with HP1 (2412512) is not the domain
that mediates the interaction with NURF. By deduction, it
then appears that the interaction domain includes a region
in amino acids 23372414.

In Figure 3D, a third NURF interaction domain is
described in the C-terminal half of the protein. A test
fragment that encompasses amino acids 2@P57 is able
to interact with NURF as well. Further division of this
fragment shows that amino acids 2643027 contain the
third interaction domain, since amino acids 363257 do
not interact with NURF. Thus, it appears that HP2 has three

complex. Western blots failed to detect HP1 in association different domains that mediate an interaction with NURF.

with FLAG-purified NURF (data not shown), suggesting a
direct interaction with HP2.

Peptides which contained regions unique to the larger isoform
were tested to determine if there were any HP2/NURF

The various HP2 test peptides used for mapping the interactions specific to HP2-L; none were observed. The

interaction domain are shown in Figure 3A. Synthesis of

results indicate that an interaction with HP1 is not required

appropriate-size products in the rabbit reticulocyte system but that HP2 interacts directly with the NURF complex.

was confirmed by gel electrophoresis. Upon incubating the

Nap-1 Is a Dominant Suppressor of Position Effect

test peptides that contain various domains of HP2 (in all casesVariegation. We were interested in evaluating whether

tagged with a T7 epitope) with the purified NURF complex

mutations inNap-1would result in suppression of PEV; such

as described previously, three domains of HP2 appear to bea result would place Nap-1 into a group of 50 or so proteins

able to mediate binding to NURF; these are indicated in
Figure 3A. The NURF complex was followed using an
antibody against the FLAG tag on the NURF301 subunit.

in Drosophilg including HP1 and HP2, which function to
create a heterochromatic structure in vivo.
To test the possibility that Nap-1 may be required to create

The data that narrowed down the potential interaction sites a heterochromatic nucleosome array in vivo, we analyzed

to these three domains are shown in Figure-8B In all

the impact of mutations inNap-1 on heterochromatic

cases, the far left column shows the FLAG-tagged NURF301 silencing displayed byw™. In this line, an inversion on
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Ficure 3: Three domains in HP2-S mediate binding to NURF. T7-tagged peptides of HP2 were produced in a rabbit reticulocyte lysate
system and added to the purified NURF complex along with T7 antibodies. The immunoprecipitate was then probed with FLAG M2
antibodies. The load is shown in each experiment as well as results of the Distalless immunoprecipitation (negative control) and an HP2-S
immunoprecipitation (positive control). (A) A schematic indicating the HP2 test peptides used to identify the NURF interacting domains.
The structure of HP2-L and HP2-S is shown at the top of the schematic. The large AT letters show the location of the pair of AT hooks.
An asterisk indicates the HP1-interacting domain. Arrows indicate the domains of NURF interaction. Below the structure of HP2 are the
HP2 test peptides used to determine the domain(s) of interaction with NURF. For each test peptide, the amino acids encompassed in the
peptide are given. On the right side of the figure ist§ 6r (—) sign indicating if the peptide binds to NURF. The minimal domains
responsible for the interaction are boxed on the test peptide. (B) A conserved region in the N-terminal domain of HP2 interacts with NURF.
As can be seen in the first and second rows, a domain exclusive to HP2-L does not appear to mediate the interaction with NURF. The third
row indicates that a region within amino acids 226 is necessary for the interaction. (C) A domain N-terminal to the HP1 binding
domain mediates an interaction with NURF. A test peptide containing amino acids-2688 binds to NURF, as can be seen in the first

row. A peptide that encompasses amino acids 228817 does not bind to NURF whereas a peptide with amino acids-23312 does,

as seen in the second row. Since this peptide includes the HP1 binding domain, a 100 amino acid domain that has been found to be both
necessary and sufficient for HP1 bindir®) (vas tested for interaction. This domain, as seen in the third row, does not mediate an interaction,
and thus the NURF interaction domain appears to be distinct, in a region containing amino aciet24£B87(D) A third domain in the
C-terminal half of HP2 mediates an interaction with NURF. A test peptide containing amino acids 2887 binds to NURF as can be

seen in the first row. A peptide encompassing amino acids 28027 does bind to NURF whereas a peptide containing amino acids
30063257 does not. Thus, a third interaction domain is found in the HP2 domain containing amino acids3Q68.7

the X chromosome places thehite gene next to the  for SSA3 is 0.006, and for SSA4 is 0.008. Thus, mutations
pericentric heterochromatin, resulting in a variegated ap- in Nap-1that prevent production of Nap-1 protein act as
pearance where thehite gene is expressed in some cells in  dominant suppressors of PEV. This finding suggests a
the eyes and not in other81). In males that carryw™ and function for Nap-1 in the spread of heterochromatin, a
are heterozygous for a knockoutap-1(Nap-154+), the function shared by HP2, as mentioned previously. Previous
whitegene shows a loss of silencing as can be seen in Figurereports have shown that mutationsnarf301do not result
4A. In siblings that do not contain thBap-1 knockout in dominant suppression of PEV. Unfortunately, a recessive
(noc9+), there is more variegation (more silencing) in the effect cannot be tested due to lethality.

fly eye as can be seen by the fly eye on the left. We have

guantitatively assessed the amount of pigment in the fly eyes.DISCUSSION
As can be seen in Figure 4B, flies carrying any of the three  To identify novel HP2 binding partners, we have fraction-
Nap-1mutant alleles that were tested using pigment assaysated nuclear proteins by column chromatography under
have higher pigment levels (statistically significantalues) nondenaturing conditions. Obtaining overlapping elution
when compared to their siblings without tNap-1mutations. profiles of HP2-S and HP2-L with Nap-1, as well as HP2-S
In a two-tailedt-test thep value for the SSA2 set is 0.017, with NURF301, suggests that HP2 may have functional
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Ficure 4: Heterozygoudlap-1mutations result in suppression of variegation (loss of silencingyif. (A) The whitegene is derepressed

in Nap-1mutants. In males that carggv™ and are heterozygous for a knockout of NapNh-155#+), the white gene is derepressed as

can be seen from the extent of eye pigmentation in the flies on the right side of each panel. Siblings that do not contain the Nap-1 knockout
(noc*9+) show less expression afhitein the fly eye as seen on the left side of each panel. (B) Pigment values show an increage in
expression in response to mutationd\Niap-1 Fifteen male heads were used for quantitative pigment assays upon agirgbfdags. Four

to five determinations are reported with the standard error indicated (thin line).

interactions with proteins that have histone chaperone activity interaction with at least one of the NURF components. Again,
(Nap-1) as well as those that are capable of remodeling experiments in Figure 2B indicate that DNA is not mediating
chromatin (NURF) (Figure 1B). Interestingly, HP2-S and the interaction and since HP1 did not coprecipitate with
HP2-L are eluting from the last column, Mono S, in different NURF upon FLAG-based purification, it also does not
fractions, suggesting some separable functions; the elutionmediate the binding reaction (data not shown). Anti-HP2
profile indicates that HP2-L fractions do not contain NURF. antibodies were able to pull down NURF301 from a
The binding studies presented in Figure 3 indicate that either Drosophilanuclear extract as well as an Sf9 extract from
isoform of HP2 is potentially capable of interacting with cells where NURF301 was overproduced. Results from this
NURF. Other proteins that are bound to HP2-L may affect experiment suggest that HP2 may interact with NURF via
its capacity to bind to NURF. NURF301. However, there remains the possibility that one
On the basis of the aforementioned elution profiles of HP2, or more of the other components of NURF are conserved in
Nap-1, and NURF, we performed coimmunoprecipitation Sf9 cells and are mediating the interaction.
experiments to explore these interactions. As can be seen in  Coimmunoprecipitation experiments with Nap-1 antibodies
Figure 2A, HP2 antibodies are able to pull down Nap-1 from precipitate all four subunits of the NURF complex in vitro
an embryo nuclear extract. Given that HP2 and Nap-1 as well as precipitating NURF301 from Sf9 cell extract where
synthesized in the rabbit reticulocyte lysate system do not NURF301 is overproduced; this interaction appears to be
coimmunoprecipitate, it would appear that this interaction direct (Figure 2E,F). We were able to eliminate the possibility
is indirect, as mentioned previously. Given the presence of that the interaction is the consequence of each protein binding
a pair of AT hooks in HP2 and Nap-1's role in chromatin independently to the small amount of DNA present; upon
remodeling, one could speculate that HP2 and Nap-1 arel100-fold addition of plasmid DNA to our binding reactions,
binding to DNA and not to one another and that they are the binding efficiency was only slightly decreased. One of
coimmunoprecipitated, based on a DNA interaction. Data the components of NURF, p55, has been found to be an
shown in Figure 2 (including complete digestion of DNAin H3/H4 chaperone. Hence, one possibility, given that an
the reaction mixture) indicate that DNA does not mediate interaction exists between Nap-1, the H2A-H2B chaperone,
this binding interaction. An alternative explanation could be and NURF, an ISWI-dependent chromatin remodeling com-
that the interactions are impacted by posttranslational plex, is that the chaperone and remodeling complex are both
modifications and so were not revealed in the rabbit present to construct the nucleosome and/or to remodel it.
reticulocyte lysate system or that another protein or proteins It was of interest to us to determine the domains in HP2
mediate this interaction, possibly the NURF complex. that were responsible for these protein interactions. HP2 is
Examining the HP2NURF interaction, one finds that devoid of any defined protein motifs except for the AT hooks
anti-HP2 antibodies pull down all four subunits of the NURF and the HP1 binding domain. Comparative analysis of HP2
complex in vitro (Figure 2B). Since the four-component in variousDrosophilaspecies has provided insight into the
NURF complex was purified on the basis of the FLAG tag domains that have been conserved during the evolution of
on the NURF301 subunit, it appears that HP2 has a direct Drosophilidae 8). We were interested in determining if any
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of these conserved domains were sites of NURF binding, may be denatured or rendered inaccessible by the standard
given that this interaction was found to be direct. chromosome fixation protocol.

The NURF binding studies in Figure 3B show that there  As mentioned previously, Nap-1 has been associated with
are three sites within HP2 mediating interactions with NURF. generation of periodic nucleosome arrays, but this has not
The first four exons of HP2 have been found to be highly been reported for NURF. NURF has been shown to bind to
conserved among thBrosophila species studied in our  factors that are involved in active transcription, such as
previous work ). Binding studies indicate that a domain GAGA factor and HSF25). However, the same chromatin
containing this region of HP2 is sufficient for NURF binding.  remodeling complex might well function to move nucleo-
Various regions in the C-terminal domain have also been somes into a more regular ordered array when bound to
found to be conserved, and another domain-mediating factors such as HP2, which contributes to initiation and/or
interaction is found within a polypeptide encompassing spreading of heterochromatin in PEY).(Recent data indeed
amino acids 26473006. The third domain is just N-terminal  indicate this. Whole genome expression analysis of mutants
to the HP1 binding site characterized previousdy. (This lacking the NURF-specific subunit NURF3035) found that
NURF binding domain does not appear to be conserved approximately two-thirds of the affected genes showed
among theDrosophilaspecies studied thus far. It is possible decreased expression in the NURF mutant background; these
that this domain is structurally conserved but does not have all appeared to be ecdysone-responsive targets. In addition,
sequence conservation. On the basis of these studies, we arg second group of genes in which expression increased in
now able to assign additional functional domains to HP2. the NURF301 mutant background was observed, indicating

It is to be noted that in vitro transcription/translation that the NURF complex has dual functions. NURF can
reactions vary in efficiency based on template size and otherfunction both in gene activation and in gene repression.
factors such as sequence composition. A large protein product previous work has shown that reductionninrf301gene
that is barely detectable by Western blot, HP2-S, precipita’[esdOSage has no dominant effect on suppression of FB) (
NURF effectively, while some peptides, such as that work in our laboratory has confirmed this observation.
encompassing amino acids 3068257, which are highly  |nterestingly, Acfl, a member of the ACF chromatin
expressed, do not. Thus, coprecipitation is not a function of remodeling complex mentioned previously, does not have
the amount of product being made in the rabbit reticulocyte an impact on PEV in the heterozygous state but is a recessive
system but reflects specific sites of interaction. suppressor of PEV. The arrangement of various motifs in

What do these interactions mean? Previous work hasacf1 is similar to the arrangement of the same motifs in
implicated histone chaperones such as Nap-1 in the regulationNyRF301 @7—41). In the case of Acfl, some of the
of DNA accessibility. In in vitro experiments in yeast, Nap-1  homozygous mutants survive to adulthood and thus can be
can remove H2AH2B dimers from folded nucleosomes and tested in the PEV assag4). NURF301 may be a recessive

replace them with canonical or variant histon&g, (33). suppressor of PEV, but since the homozygous mutants die
Thus, Nap-1 can disassemble as well as reassemble chropefore adulthood, this cannot be determined.

matin. As with Nap-1, the lack of antibodies specific for

Nap-1has been shown to interact genetically wattfl NURF301 that are suitable for immunostaining has precluded

Acfl is a subunit of ACF, a complex that has been shown o, eriments to determine if NURF301 colocalizes with HP2
to catalyze an ATP-dependent assembly of nucleosomes in

dt ' at sites onDrosophila polytene chromosomes and/or if it
a very regular array in vitracflhas previously been shown

o b . t PEM( Thus th ) localizes to any sites of heterochromatin.
O D€ a recessive suppressor of .)( us there 1s - In this work, we have found two new HP2 binding factors,
precedence for Nap-1 cooperating with other proteins in

. Nap-1 and NURF, in addition to the previously identified
generating a regularly spaced nucleosomal array, character; . ;
o . HP2 binding factor HP1. The functional consequences of
istic of heterochromating( 7).

. . . . these interactions remain to be determined. One would

In budding yeast, mutations in CAF-1, a histone chaperone : : :
complex mediating H3/H4 assembly, result in defects in speculate that_l-!PZ_hasaroIe_!n chroma_mn remodel_mg. Upon
transcriptional silencing at the telome’res and at the mating {successful purification of.pur|f|ed HP.Z’ it would be Interest-
type loci (17—20). The gene encoding ASF1, an H3/H4 ing to perform chromatin remodehng assays to monitor
histone chaperon.e iDrosophilg is a suppress,or of PEV Whetréerl ';Pz cqoperatehs \k’]\"th Nip'l ahd/or NURF to
when mutant, indicating that ASF1 contributes to the remodel chromatin into the heterochromatic state.
heterochromatic state2§). Thus, there is precedence for AckNOWLEDGMENT
histone chaperones contributing to a condensed nucleosomal
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