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The specific set of proteins bound at each genomic locus contributes decisively to regulatory processes and to the identity of a
cell. Understanding of the function of a particular locus requires the knowledge of what factors interact with that locus and how
the protein composition changes in different cell types or during the response to internal and external signals. Proteomic analy-
sis of isolated chromatin segments (PICh) was developed as a tool to target, purify, and identify proteins associated with a de-
fined locus and was shown to allow the purification of human telomeric chromatin. Here we have developed this method to iden-
tify proteins that interact with the Drosophila telomere-associated sequence (TAS) repeats. Several of the purified factors were
validated as novel TAS-bound proteins by chromatin immunoprecipitation, and the Brahma complex was confirmed as a domi-
nant modifier of telomeric position effect through the use of a genetic test. These results offer information on the efficacy of ap-
plying the PICh protocol to loci with sequence more complex than that found at human telomeres and identify proteins that
bind to the TAS repeats, which might contribute to TAS biology and chromatin silencing.

roteomic analysis of isolated chromatin segments (PICh) was

developed as an unbiased method of identifying proteins that
physically interact with a specific locus in the genome (11), and
this was done by using the telomeres of mammalian cells as a
target. Telomeres are found in multiple copies of a simple repeat
sequence and so do not offer the same challenge to the use of PICh
as other genomic loci do. In this work, we applied PICh to the
telomere-associated sequence (TAS) repeats of Drosophila to
demonstrate the efficacy of the technology and to learn about the
biology of these repeats.

TAS repeats are found in the subtelomeric region of chromo-
somes 2, 3, and X and nucleate a particular kind of heterochroma-
tin which is responsible for the telomeric position effect (TPE; for
areview, see reference 37). As also seen with pericentromeric het-
erochromatin-mediated position effect variegation (PEV), re-
porter genes inserted at the TAS repeats, or between the TAS re-
peats and the telomeric retrotransposon (HTT) arrays, variegate.
The extent of gene silencing depends on the size, and hence the
strength of the transcription activating effect, of the HTT array
and the transcription-repressing activity of the TAS repeats (28).
Interestingly, though, most modifiers of PEV [Mod(PEV)] have
no effect on TPE; in fact, very few modifiers of TPE [Mod(TPE)]
have been unambiguously described so far. Among these are the
Polycomb group (PcG) genes, which in some studies have been pro-
posed to act as dominant suppressors of TPE [Su(TPE)] and whose
encoded proteins have been found to be located at the telomeric re-
gions of polytene chromosomes (6). These findings indicate that TPE
is a distinctive class of chromatin silencing which shares mechanistic
features with both pericentromeric heterochromatin and PcG-medi-
ated silencing of developmental regulators.

The extent to which PcG proteins and other reported Su(TPE)
bind at TAS repeats and modify TPE, though, has become less
clear since the finding of a high incidence of TPE-suppressing
terminal deletions on chromosome 2L in public Drosophila mu-
tant stocks (38, 46). This leads to a high rate of false-positive iden-
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tifications of Su(TPE), in which the modifying activity is attribut-
able to the 2L deletion, which eliminates the TAS repeats at that
location and suppresses TPE in trans, rather than to the mutant
gene being tested (38). The variability of results from genetic
screenings for Mod(TPE) makes it difficult to advance hypotheses
for the mechanisms working at TAS repeats. A possible way to
understand these processes would be to identify which proteins
can be found physically at the loci and then study them in more
detail. We thus decided to use PICh to identify candidates for
binding at TAS repeats.

The TAS repeats provide an excellent model for PICh develop-
ment for several reasons. They are relatively large targets (~45
kb/variant) with abundant repeated sequence, yet there are 30-
fold fewer target sequences for a 25-nucleotide (nt) capture probe
than in human telomeres. There are two families of TAS repeats,
which provide not only different genomic locations to be targeted
in parallel but also, due to differences in organization between the
repeats, allows comparison of the efficiencies of PICh with
different densities of target sequences. Finally, TAS repeats have
reported functional differences between somatic tissues and the
female germ line, where they function as Piwi-interacting-RNA-
producing clusters (7, 55). The future extension of findings with
cell lines into different physiological states will be informative of
the role of TAS repeats in Drosophila chromatin regulation.
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With only one validated locus targeted by PICh to date (human
telomeres), we considered the various challenges of applying the
method to other loci. Multiple factors have the potential to con-
tribute to the success of an experiment like PICh, i.e., the relative
abundance of the targeted sequence, the chromatin architecture of
the locus, the density of the target sequence per DNA unit length,
the design of the capture probe(s), and the balance between the
stability of the cross-links between proteins and DNA and the
efficiency of the capture probe invasion of the target DNA double
strand. We have implemented pre-enrichment steps in the PICh
protocol and introduced a series of filters to the identified proteins
to rank the most likely candidate TAS proteins. With these mod-
ifications, we identified over 70 candidate proteins for direct bind-
ing to the two families of TAS repeats and validated 5 of these by
chromatin immunoprecipitation (ChIP). We found that the ma-
jority of the proteins identified are not dominant Su(TPE), but the
Brahma complex is a dominant Mod(TPE). These results suggest
the existence of a distinctive mode of regulation at TAS repeats
whereby chromatin silencing is less dependent on dose effects
than in the case of PEV.

MATERIALS AND METHODS

Capture probe synthesis. Dimethoxytrityl-protected locked nucleic acid
T (DMT-LNA-T), DMT-LNA-A®, and DMT-LNA-G”™F phosphora-
midites were obtained from Exiqon; CPG oligonucleotide synthesis col-
umns, Spacer 18, and desthiobiotinTEG phosphoramidites were obtained
from Glen Research; dA®”, dC®, dT, and dGPMF phosphoramidites were
obtained from Applied Biosystems. See the supplemental material for
probe design considerations. Reagents were reconstituted into recom-
mended concentrations with acetonitrile, and synthesis was done on an
Expedite 8909 DNA synthesizer (Applied Biosystems) by using the rec-
ommended coupling conditions for each monomer. Capture probe was
eluted from the resin with ammonium hydroxide and purified froma 15%
acrylamide gel, and DMT was removed with 80% acetic acid prior to a
final ethanol precipitation and resuspension in 0.1% TE buffer (10 mM
Tris-HCI, pH 8.0; 1 mM EDTA, pH 8.0).

PICh. Drosophila S3 and Kc cells were grown in suspension in CCM3
medium (HyClone) supplemented with Pen/Strep (Gibco) at 27°C and
100 rpm in 2.8-liter culture flasks to a density of 1 X 107 to 2 X 107/ml. For
PICh experiments, typically, 10'" cells were centrifuged at 4,000 rpm at
room temperature (RT) in a Beckman J6 centrifuge, washed with 400 ml
1X phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM
Na,HPO,, 2 mM KH,PO,, pH 7.4), centrifuged at 4,000 X g at RT,
washed once with 5 packed cell volumes (pcv) of hypotonic buffer (10
mM HEPES, pH 7.9; 1.5 mM MgCl,; 10 mM KCl), resuspended with 3 pcv
of hypotonic buffer, and swelled for 10 min on ice in two 100-ml Dounce
homogenizers (Kontes); 37% formaldehyde (Fisher) was added to a final
concentration of 3%, and the mixture was immediately homogenized
with 15 strokes of a tight pestle and centrifuged for 10 min at RT at
5,000 X g. The supernatant was disposed of, and the pellet was resus-
pended with a total of 400 ml of cross-linking solution (3% formaldehyde,
1X PBS) and incubated for 30 min at RT on a shaking platform. The pellet
was washed three times with PBS and then once with sucrose buffer (0.3 M
sucrose; 10 mM HEPES, pH 7.9; 1% Triton X-100; 2 mM magnesium
acetate), resuspended with 3 packed nuclear volumes (pnv) of sucrose
buffer, and homogenized with 20 strokes of a tight pestle in an 100-ml
homogenizer, and the pellet was kept after chromatin centrifugation at
5,000 X g for 10 min. Chromatin was washed once with RNase buffer
(0.5% Triton X-100, 1X PBS) and resuspended with 5 pnv of RNase
buffer, 0.01 pnv of RNase A (Sigma) was added, and the mixture was
incubated for 5 h at RT on a rotating wheel and kept overnight at 4°C. The
pellet was washed twice with 6 pnv of PBS and once with 6 pnv of LB3]D
buffer (10 mM HEPES, pH 7.9; 0.1 M NaCl; 2 mM EDTA, pH 8.0; 1 mM
EGTA, pH 8.0;0.2% SDS; 0.1% Na-lauroylsarcosine), resuspended with 3
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pnv of LB3]D, split into 5-ml aliquots in 15-ml polystyrene tubes, and
sonicated on ice for a total processing time of 7 min of 15-s on pulses and
45-s off pulses in a Misonix sonicator with the power level set to 7.0 (39- to
42-W output). The aliquots were pooled and centrifuged at 25,000 X g for
1 hatRT, and chromatin was dialyzed against 30 volumes of buffer Y (5%
glycerol; 20 mM HEPES, pH 7.9; 50 mM NaCl; 0.05% SDS; 0.05%
Na-lauroylsarcosine; 0.02% Triton X-100; 1 mM EDTA, pH 8.0; 0.5 mM
EGTA, pH 8.0) through a CE dialysis membrane with a molecular weight
cutoff of 10° (Spectra/Por) for 4 h.

To preclear biotinylated molecules from the mixtures, chromatin was
incubated for 5 min in a water bath at 60°C in 50-ml Falcon tubes, mixed
regularly to transfer heat uniformly, and removed from the water bath. A
1:100 (vol/vol) Ultralink Plus streptavidin bead slurry (Thermo Scientific)
was added, the mixture was incubated on a rotating wheel at RT for 2 h,
and the flowthrough from an Econo-pac column (Bio-Rad) was collected.

For capture probe hybridization and purification, a 500-fold molar
excess (to target copies) of capture probe was added to 10 mg of chroma-
tin (as determined by A,4,) (in the case of TAS repeats, ~3 nmol of
capture probe/10 mg of chromatin). Capture probe hybridization was
done with 15-ml polystyrene tubes as follows: 6 min at 70°C, 60 min at
37°C, 2.5 min at 60°C, 60 min at 37°C, 2.5 min at 60°C, and 120 min at
37°C. The mixture was transferred into 1.5-ml tubes and centrifuged for
15 min at the maximum speed at RT. The supernatant was transferred into
a new 15-ml Falcon tube, 100 mM NaCl and 300 pl of MyOne magnetic
streptavidin beads (Invitrogen) in LB3]D buffer were added, and the mix-
ture was incubated on a rotating wheel at RT for 2 h. The beads were
immobilized on a magnetic stand, washed seven times by gentle resuspen-
sion with 8 ml LB3]D buffer, transferred into a low-binding 1.5-ml tube,
and washed twice for 5 min with 1 ml LB3]D buffer at 42°C at 1,000 rpm
in a Thermomixer (Eppendorf) and then for 1 h at RT at 1,000 rpm.
Elution was done for each sample with 1 ml elution buffer (12.5 mM
biotin; 7.5 mM HEPES, pH 7.9; 75 mM NaCl; 1.5 mM EDTA, pH 8.0;0.75
mM EGTA, pH 8.0; 0.15% SDS; 0.075% Na-lauroylsarcosine) at RT at
1,000 rpm for 2 h. Eluates were collected in a clean tube and centrifuged
for 1 min to remove any magnetic beads that might have been carried
over, and supernatants were transferred to new tubes. Proteins were pre-
cipitated by adding 100% cold trichloroacetic acid to a final concentration
of 20%. Samples were incubated for 10 min on ice and centrifuged for 15
min at RT, and the supernatant was carefully removed. The pellet was
washed twice with —20°C acetone by vortexing for a few seconds and
centrifugation between washes. The pellets were briefly air dried and re-
suspended with 40 pl of cross-link reversal buffer (0.25 M Tris, pH 8.8; 2%
SDS; 0.5 M B-mercaptoethanol); cross-links were reversed by sample in-
cubation at 99°C for 25 min.

Samples were separated by SDS-PAGE (or stored at —20°C); gels were
stained with the SilverQuest kit (Invitrogen) or with colloidal blue (Invit-
rogen) according to the manufacturer’s instructions, and relevant regions
of the gel were cut out of the TAS-specific and corresponding regions of
the negative-control lanes and sent for analysis to the Taplin Mass Spec-
trometry Facility at the Harvard Medical School. Our decision to isolate
large sections of the gel for mass spectrometry analysis was made to the
detriment of deeper coverage but with the advantage of providing an
overview of protein composition at a reduced cost. The clean appearance
of the negative-control lane relative to the sample lanes indicates the ex-
tent to which we enriched for proteins with the specific capture probe. The
number of peptides detected by mass spectrometry does not reflect the
total amount of protein isolated by these two probes, given the mechanics
of the liquid chromatography-tandem mass spectrometry apparatus,
which discards a fraction of the injected peptides above its resolution
power. For example, compare the number of bands detected by silver
staining using specific versus nonspecific probes to the total number of
proteins identified in each sample of the protein enrichment with the
specific capture probes. This technical consideration means that more-
dilute samples (such as the negative control) will have deeper coverage
than more-concentrated samples (such as the specific purifications), thus
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leading to a reduction in the difference between the numbers of proteins
identified in these samples. Increased coverage from the material enriched
with a specific probe might be obtained by performing mass spectrometry
analysis using greater numbers of smaller slices from the gel.

Bioinformatic analysis of candidate proteins. The total proteins
identified as associated with TAS repeats by mass spectrometry were fil-
tered first by removing the ones identified in the negative-control PICh
and then by removing proteins previously identified as the Drosophila
TRAPome (44), which we called common contaminants. We then re-
moved proteins for which only one peptide was detected, due to the lower
confidence in the detection method. To sort the remaining candidates, we
counted the peptides identified in each cell line for either TAS-L or TAS-R
PICh experiments (P, Pg;), and for each protein in the list, we deter-
mined two normalizing parameters. (i) The detectability score (D) repre-
sents a measure of the likelihood that a given protein will be detected in a
mass spectrometry experiment. To calculate it, we input the amino acid
sequence of the largest isoform (when multiple isoforms exist) of each
protein identified in the PICh experiments into the Peptide Detectability
Predictor (PDP) (52), and the number of peptides with a detectability
score of >0.6 (on a scale of 0 to 1)/1,000 amino acids in the sequence was
determined. To determine D, we assigned a value of 10 to the protein with
the highest density of detectable peptides and normalized all of the other
proteins on a scale of 0 to 10. (ii) The normalized gene expression score
(Ego Eg3) s a proxy for the protein abundance in the respective cell lines.
We used raw expression data for Kc and S3 cells from the ModENCODE
project (9) and assigned a value of 10 to the highest gene expression level
of all of the factors identified as candidates by PICh. The remaining fac-
tors’ gene expression levels were normalized on a scale of 0 to 10. To
calculate the confidence score (C), we used the following formula: C =
(Pge + Pg3){D + [(Eg. + Eg;3)/2]}. The candidate TAS-L and TAS-R
proteins were ranked according to this confidence score (see Tables 2 and
3; see also Tables S4 and S5 in the supplemental material).

Western blot assay. Input chromatin at 0.1%, 0.03%, and 0.01% was
separated along with 15% of the PICh-purified protein by SDS-PAGE and
transferred onto a polyvinylidene difluoride membrane. The membrane
was blocked for 1 h with 5% milk in PBS-1% Triton X-100 (PBST) and
incubated overnight with the following dilutions of antibodies in
PBST-3% milk at 4°C: rabbit antistromalin antibody at 1:2,000 (gift from
Dale Dorsett), rabbit anti-SMC1 antibody at 1:2,000 (18), mouse anti-
BEAF-32 antibody at 1:200 (5), rabbit antipontin antibody at 1:2,000,
rabbit antireptin antibody at 1:2,000 (14), mouse antimodulo antibody at
1:1,000 (34), rabbit anti-Polycomb antibody at 1:2,000 (49), rabbit anti-
dRING antibody at 1:1,000 (29), rabbit anti-Moira antibody at 1:2,000
(10), rabbit anti-Dsp1 antibody at 1:2,000 (39), rabbit anti-GAGA<*" 8!
antibody at 1:1,000 (4), rabbit anti-Woc antibody at 1:2,000 (43), rat
anti-Row antibody at 1:1,000, rat anti-HP1c antibody at 1:1,000 (22),
rabbit anti-Sle antibody at 1:2,000 (41), and rabbit anti-Gypsy/GAG an-
tibody at 1:1,000 (50). Membranes were washed three times for 15 min
each time with PBST and then incubated for 1 h with a 1:10,000 dilution in
PBST of horseradish peroxidase-conjugated secondary anti-rabbit (GE),
anti-mouse (GE), or anti-rat (Abcam) antibody. Membranes were washed
three times for 15 min each time with PBST, incubated for 5 min with
SuperSignal West Pico chemiluminescent substrate (Thermo Scientific),
and exposed to Kodak BioMax film (Perkin-Elmer). Films were developed
and digitalized, and images were processed using Adobe Photoshop
(Adobe Systems).

ChIP. Sg4 cells were grown in CCM3 medium supplemented with
Pen/Strep. Flag-hemagglutinin (Flag-HA) tag expression vectors
(pPMK33-CFH-BD) (56) were cotransfected with pCoBlast (Invitrogen)
using the FuGENE HD transfection reagent (Qiagen) and following the
manufacturer’s protocol. Blasticidin (Invivogen) at 25 pug/ml was added
to the medium 2 days after transfection. At 24 h before cross-linking,
transgene expression was induced by the addition of 1 mM CuSO, and
ChIP was performed with all of the transfected lines where transgene
expression was detected by Western blot assay. ChIP experiments were
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performed essentially as described previously (33), with minor changes.
All operations, unless otherwise noted, were at 4°C. Briefly, cells were
cross-linked ata density of 5 X 10°/ml for 10 min with 1.8% formaldehyde
at RT, stopped with glycine at 0.125 M, washed with 1X PBS, resus-
pended, and incubated for 10 min in ChIP wash buffer A (10 mM HEPES,
pH 7.6; 10 mM EDTA, pH 8.0; 0.5 mM EGTA, pH 8.0; 0.25% Triton
X-100); this was repeated with ChIP wash buffer B (10 mM HEPES, pH
7.6; 100 mM NaCl; 1 mM EDTA, pH 8.0; 0.5 mM EGTA, pH 8.0). Nuclei
were isolated by a brief incubation with 1% SDS in TE buffer and, after
extensive washing with TE, resuspended with TE-phenylmethylsulfonyl
fluoride (PMSF)-SDS (TE, 1 mM PMSF, 0.1% SDS) at a density of 1 X 10%
cells/ml. Chromatin was solubilized using a Misonix sonicator to obtain a
DNA length of 200 to 400 bp. Salt and detergent concentrations were
corrected to 1% Triton X-100, 0.1% Na-deoxycholate (Na-DOC), and
140 mM NaCl, and the insoluble pellet was removed by centrifugation for
5 min at maximum speed in a microcentrifuge. Chromatin aliquots of 500
wlwere precleared for 1 h with 20 pl of a protein A-Sepharose (PAS) slurry
(Thermo Scientific) and incubated overnight with 1.5 g of a rabbit poly-
clonal anti-HA antibody (Abcam) or with 1.5 pg of control rabbit IgG
(Abcam). Antibody was captured with 30 pl of PAS for 3 h, beads were
washed five times for 10 min each time with 1 ml of RIPA (140 mM NaCl;
10 mM Tris-HCL, pH 8.0; 1 mM EDTA, pH 8.0; 1% Triton X-100; 0.1%
SDS;0.1% DOC), one time with 1 ml of LiCl buffer (250 mM LiCl; 10 mM
Tris-HCI, pH 8.0; 1 mM EDTA, pH 8.0; 0.5% NP-40; 0.5% DOC), and
then twice with 1 ml of TE. Beads were then resuspended in 100 .l TE-50
pg/ml RNase A (Qiagen) and incubated for 30 min at 37°C, and then SDS
at 0.5% and proteinase K (Roche) at 0.5 mg/ml were added and the mix-
ture was incubated overnight at 37°C. The cross-links were reversed at
65°C for 6 h, DNA was extracted and ethanol precipitated, and the pellet
was resuspended in 150 wl of double-distilled H,O. Quantitative PCR
(qPCR) analysis was performed with the IQ SYBR green system (Bio-Rad)
and the following primers: for TAS-R, TAS_ChIP7 (5" GATGACAATGT
AGTGAACGC 3') and TAS_ChIP8 (5" GCGCTCGACAGAATTTTCAT
3"); for TAS-L, TAS3L_ChIP1 (5" TGACTGCCTCTCATTCTGTC3 ') and
TAS3L_ChIP2 (5" TATCATCTCGTTCATCCGCC3 '). The immunopre-
cipitated material was quantified against a calibration curve with dilutions of in-
put DNA.

Mutant strains and genetic crosses. Stocks were maintained and
crosses were made on cornmeal molasses medium with dry yeast added to
the surface at 25°C.

Mutants defective in candidate genes were chosen because they have a
strong lethal or sterile phenotype or because they were described as null on
FlyBase (53). One exception, XNPYY?!*2 s a gain-of-function mutation
with no obvious phenotype. Stocks with a mutation of or a deficiency in a
candidate gene and Mi(ET1) insertion stocks were obtained from the
Bloomington Drosophila Stock Center. Depending on the affected chro-
mosome, males from these stocks were crossed for four successive gener-
ations with either y w®” 23, Sco/SM1 or y wb” 23, Sb/TM6, Ubx females to
remove extraneous Mod(TPE). New stocks were established after these
backcrosses and tested for TPE by crossing with y w%*%; P(w"*") 11-5 flies.
Only stocks lacking a Mod(TPE) were used for further analysis. As noted
previously (38), many of the stocks from the stock center carried Su(TPE)
on chromosome 2. Thus, many of the chromosome 2 mutants were elim-
inated from further testing.

In tests for TPE using a white transgene inserted into a telomere,
3-day-old males were examined for eye color. Photographs were taken
using a Nikon SMZ-U stereomicroscope with the diaphragm half open.

RESULTS

PICh optimization. We have previously reported the develop-
ment of PICh, a method to purify and identify proteins associated
with a defined genomic location (11). The target sequences puri-
fied in that work (human telomeres) are highly abundant, and we
were interested in determining whether less abundant genomic
sequences can be isolated by this method. We chose to work with

Molecular and Cellular Biology


http://mcb.asm.org

A

X nva4 Telom- specific I 44p 1400bp
(n=3)
JR.3R  [EETITeion specific [T
’ (n=16-18)
2L,3L - Em

Oligo name |Sequence ° Targets®
Scrambled |gAGcgGAggGaTaAcaTAgTgGgAg 0|
TAS-R taGtGtGttaGaGGGaGatGAaAAt 72
TAS-L aTaaTaTGggAGaGaAAaTGagAGg 98

FIG 1 Structures of the TAS repeats and sequences of PICh capture probes
used in this study. (A) Schematic of the structure of TAS repeats (see the text
for details): TAS repeats are adjacent to the telomeric retrotransposon arrays
(TART, HET-A) and are organized as a single repeat unit in chromosomes 2L
and 3L or as a combination of two repeat units, one of which is common to
chromosomes 2R, 3R, and XL and the other of which differs between the
autosomes and X. The black dots above the repeat blocks indicate the capture
probe hybridization sequences. Telom, telomere. (B) Sequences of the capture
probes used. a, homology region of the capture probes, not including the
desthiobiotin and spacers (lowercase, DNA residues; uppercase, LNA). b,
number of predicted targets in the haploid Drosophila genome.

Drosophila cells because of the availability of multiple well-estab-
lished lines that can be grown in large amounts, the lower com-
plexity of the genome (~20-fold smaller than the human ge-
nome), and the possibility of employing genetic assays to test
candidates. As a target, we focused on the TAS repeats, a moder-
ately repetitive group of genomic sequences.

TAS repeats are subtelomeric satellite sequences which can be
divided into at least two families: those found at the left ends of
chromosomes 2 and 3 (2L and 3L; TAS-L) and those found at the
XL, 2R, and 3R telomeres (TAS-R). The TAS-L family is composed
of a unique canonical 458-bp sequence tandemly arranged in 40 to
60 repeat units per chromosome. The TAS-R family is character-
ized by the presence of two classes of intercalated subrepeats: a
440-bp unit derived from the 3’ untranslated region of the Invader
4 retroelement and a telomere-specific unit which differs between
the XL TAS and the autosomes (Fig. 1A) (for a review, see refer-
ence 37). TAS-L and TAS-R do not share significant homology at
the sequence level, so they offered two related targets for PICh that
could be purified using distinct and nonoverlapping capture
probes.

We anticipated that the purification of chromatin and the
identification of associated proteins from the TAS repeats would
face several challenges compared to the purification of human
telomeric chromatin. Compared to human telomeres, Drosophila
TAS repeats comprise an equivalent percentage of the genome
(~0.02%, compared to 0.01 to 0.07% for human telomeres), but
given their longer repeat sequence, the number of target positions
for a given capture probe is considerably lower. Human telomeres
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are microsatellites composed of the simple TTAGGG repeat and
stretching for lengths of ~5 kb per chromosome end. They con-
tain a large number of hybridization positions (a 6-nt sliding win-
dow along the chromosome ends), which significantly increases
the opportunity for invasion by the capture probe compared to
other, nonmicrosatellite sequences, where hybridization has to
occur at a discrete position in the locus. Thus, even though the
abundance of TAS repeats is similar to the abundance of human
telomeres, the possible hybridization positions are ~30-fold less
abundant. Also, in choosing to target both TAS-L and TAS-R, we
hoped to gain a better insight into the target constraints for PICh
to work successfully. The TAS-L capture probe hybridizes to one
position within the 458-bp repeat, whereas the TAS-R capture
probe has three possible hybridization positions (one of which
contains a single nucleotide change) within 300 bp (see Fig. S1 in
the supplemental material), which we refer to throughout as a
cluster of hybridization sites. Clustered hybridization sequences
are expected to increase the likelihood that one homologous se-
quence in the cluster will be available for efficient hybridization to
the probe, as factors such as nucleosome location or local protein
binding sites might impact hybridization. The relative success of
TAS-L versus TAS-R purification should show whether sequence
abundance alone indicates a successful probe choice or whether
the clustered target sequences are important for success.

We altered the originally reported PICh protocol (Fig. 2) at
specific steps to increase the efficiency of the method. One major
consideration was the conditions used to prepare the sample for
hybridization with the capture probe, as initial experiments indi-
cated the importance of increasing the signal-to-noise ratio in this
starting material. Attempts to purify TAS chromatin by the stan-
dard protocol yielded a large number of ribosomal proteins (data
not shown). To combat this, we increased the RNase A incubation
time (note that single-stranded nucleic acids will contribute dis-
proportionately to the background signal because they are more
easily available for spurious hybridization with the probe). Other
abundant cytoplasmic proteins were also identified in the purified
materials, so we isolated nuclei prior to cross-linking, rather than
use whole cells, to limit contamination by cytoplasmic proteins.
Finally, to remove non-cross-linked nucleic acids, proteins, and
other components from the mixture, we dialyzed the solubilized
chromatin through a membrane with a molecular weight cutoff of
10°. With these combined steps, we achieved a chromatin sample
that was enriched for cross-linked nuclear complexes of nucleic
acids and protein with a reduced amount of contaminating mate-
rials.

Purification of TAS repeats chromatin. We designed PICh
capture probes specific to the TAS-L and TAS-R families and used
these to purify the chromatin from each version of TAS repeats. A
scrambled capture probe with approximately the same base com-
position as the specific probes but no homologies in the Drosoph-
ila genome was used as a negative control (Fig. 1B). The starting
biological materials for these experiments were the Kc167 (Kc)
and S3 cell lines, which were chosen to obtain large quantities of
homogeneous material, as well as to look at overlaps in the TAS
protein composition in different biological contexts and thus al-
low the identification of candidate constitutive TAS proteins with
higher confidence. The Kc and S3 cell lines display many similar-
ities but have distinct embryonic origins, with Kc cells originating
from young embryos and S3 cells originating from embryos on the
verge of hatching (19), and distinct transcriptional profiles (9). By
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FIG 2 Optimized PICh protocol. Cell cultures are harvested and nuclei are
isolated in step 1. Nuclei are cross-linked, RNA is digested, and chromatin is
solubilized by sonication in step 2. Chromatin is dialyzed through a membrane
with a molecular weight cutoff of 10° to obtain the substrate for hybridization
in step 3. The desthiobiotinylated capture probe (shown as a black- and-green
line with a yellow star representing desthiobiotin) is hybridized to the target
DNA in a complex with the cross-linked associated proteins, including the
histones (red) and nonnucleosomal chromatin proteins (gray) in step 4. The
nucleoprotein complex is captured with streptavidin resin (lilac), and the non-
associated proteins and DNA (white outlined complexes) are washed away in
step 5. The specific complexes are isolated, and the proteins are separated on a
gel and subjected to mass spectrometric identification in step 6.

using these cell lines and capture probes that target the two differ-
ent families of TAS repeats, we hoped to identify common themes
and differences in the composition of the families of TAS repeats
in different contexts.

The PICh hybridization and capture protocol (11; see details in
Materials and Methods) was used to purify TAS-associated pro-
teins from the modified starting material described above. Sam-
ples purified using TAS-specific capture probes yielded a larger
amount of total protein than did samples purified with the control
(scrambled) capture probe, with a profile markedly different from
that of the input protein, as determined by silver staining of the
purified material (Fig. 3A). We cut the control, TAS-L, and TAS-R
lanes of the protein gel into four slices and submitted each slice for
mass spectrometry analysis. As expected, a much larger number of
peptides was identified in the TAS-specific purifications, with
~300 peptides for the control and 4- to 6.5-fold as many peptides
for the specific purifications (see Table S1 in the supplemental
material). PICh performed using the control capture probe
yielded a mixture of highly abundant proteins, particularly his-
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FIG 3 TAS repeat chromatin purification. (A) Silver-stained gels with input
Kc nuclear chromatin (left) and 20% of the protein isolated from Kc nuclear
chromatin using the indicated capture probes (right). Molecular masses (kDa)
are indicated on the left. (B) Overlap between the factors identified associated
with the capture probes in Kc cells. The values in parentheses are the numbers
of proteins in the respective sectors which are among the overall top 25% of
proteins based on the absolute number of identified peptides. (C) Overlap
between the factors identified associated with TAS-L and TAS-R capture
probes after the removal of proteins identified in the negative control and
common contaminants (see the text for details) using combined data from Kc
and S3 cells. Values in parentheses are as in panel B.

tones, topoisomerase I, replication and transcription elongation
factors, and heat shock proteins, most of which were also common
to the TAS-specific purifications (Fig. 3B; Table 1). Many of these
factors are likely to be present at TAS repeats but not specific to the
locus. In our effort to identify TAS-specific factors, we removed all
of these proteins from the list of candidates. We also removed
proteins from the list of candidates that had only one peptide
observed following mass spectrometry analysis (Table 1).

To confirm that the factors identified specifically in the TAS
PICh experiments were indeed enriched in our purifications, we
tested their abundance by Western blot assay (Fig. 4). Although
high levels of enrichment of some factors, such as BEAF-32, pon-
tin, or Osa, were obtained, other proteins, such as SMC1, stroma-
lin, and Dsp1, showed little or no enrichment. When we searched
for these proteins through a list of common contaminants in pro-
teomic analysis (44), we found a good correlation between lack of
enrichment by Western blot assay and the presence of the protein
on the TRAPome list (44). This prompted us to filter the proteins
found on the TRAPome list from our list of candidate TAS pro-
teins (Table 1). After the subtraction of these common contami-
nants and low-confidence hits, the remaining proteins (Tables 2
and 3) showed GO terms anticipated to be associated with chro-
matin; among the top overrepresented terms were the cellular
components “nucleus” and “chromosome” and the activities
“DNA binding,” “chromatin binding,” and “regulation of gene
expression” (see Table S2 in the supplemental material), consis-
tent with the expected types of factors purified.

The application of filters to these data sets is inexact, so caution
must be used in evaluating whether any individual protein might
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TABLE 1 Proteins filtered from the final TAS candidate lists

The Chromatin at TAS Repeats

Type Proteins®

Negative-control proteins®

RpA-70, His H2B, Efla48D, gypsy/gag, Ote, Row, RfC3, Nop60B, mtSSB, Nopp140, CtBP, ZAM/gag, Transpac/gag,

Gapdhl, Hsp70Aa, RpS2, Topl, CG11180, Dspl, CG13295, RfC4, regucalcin, Taf6, CG3708, woc, ball, CG8142

Negative-control proteins also
listed as common
contaminants

Common contaminants”

Top2, His H4, CG1516, dred4,” Act88F, His H2Av*, histone H1, histone H3, Lam, Hsc70-4, Gnf1, CG13096, Hsp27,
Hsc70-5, stwl, Ssrp, CG6543, HP1%, Act42A, 14-3-3(, Trapl, Hrb87F, CG30122, retn, FK506-bp1, SF2, Fib

LamC, SMC2, CG10576, Moe, tou, ATPsyn-B, glu’, RpL6, Hsp60, mxc, CG12288, Hsp83, RpL8, 1(2)03709, sqd,

sesB, mod?, RpS3A, CG2199, Ef2b, aTub84D, Rpll140, BTub60D, blw, CG3680, Ca-P60A, kdn, Mcm3, msps,
pAbp, 1(3)72Ab, SMC1, CG6084, porin, scu, Hsp60C, ATPsyn-y, WRNexo, Nup43, RpS8, ncd, Iswi, CG8677, gkt,
elF-4a, BTub56D, Cap, RpS6, Caf1-180, CG2118, SA, kis®, 1(3)mbt, su(Hw), Top3a, Rm62%/, B52, Aly, lola,
Incenp, sle/, RplI215, dpa, HP5, pds5, Ids, CG2982, BRWD3, E(bx), hang, RpL7A, mip130, Aldh, RpI135, Mcmé,
Mcm5, nonA, CG42232, RpL13, CG4747, Nap1, CG5664, brm, DNApol-a180, Bap55, bor, CTPsyn, mus309%¢,
Msh6, RpL10Ab, Ars2, ATPsyn-b, Mtor, lid, KIp61F, mus2099, Acon, RPA2, Kap-a:3°, reptd

Proteins with only 1 peptide
detected®

GstD1, CG12592, CG15093, mrell, Dbp80, CG18292, Ckla, Orc4, CG33523, lat’, CG5703, cav’, CG7376, CG9797,
CG9839, CG10139, Hrb27C, sxc, Acn, DnaJ-1, phr, 1(1)G0004, CG12547, Caf1-105, Klp10A, lig3, Fancd2,

CG17385, CG17896, Map60, exba, MAN1, grau, Hmu, Uch-L3, TfIIS, 1(2)35Df, Nurf-38, SsR@3, Rab11, CG5857,
DNApol-a73, Pastl, JIL-1¢, Elf, dalao, Rpd3%<, pic, hay, Red1, RnrS, CG9135, CG9740, Tbp TH1, Transpac/pol,

MBD-R2

“ Proteins identified in the scrambled capture oligonucleotide purification.

b Proteins considered common contaminants because of their identification associated with various resins used in proteomic studies (44).
¢ Proteins which were not identified in the negative control but for which only one peptide was identified in the specific PICh purifications, resulting in lower confidence.

4 Protein previously identified as Mod(PEV).
¢ Protein previously identified as Mod(TPE).
fProtein previously identified as Mod(bw").

£ Boldface type indicates products of genes which have been associated with a chromatin-mediated silencing phenomenon, i.e., the genes under the d, e, and f index calls.

be inappropriately filtered out (see Discussion). Subtraction of the
proteins using the filters described above is expected to increase
the likelihood that a remaining candidate is a true positive; how-
ever, some of the candidates removed might turn out to be bona
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FIG 4 Candidate TAS repeat factor enrichment levels by Western blot assay.
(A) Candidate enrichment on PICh-purified protein from S3 cells. Lanes con-
tain 15% of the purified protein and 0.01% input; for Polycomb and dRING,
0.03% and 0.1% input lanes are shown. (B) Negative control and TAS-R pu-
rifications from Kc cells. Lanes contain 15% of the purified protein.
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fide TAS factors. Possible examples include HPI, previously
shown to associate with the TAS region (24); Woc, a transcription
factor associated with telomeres and mutants of which display
telomeric fusion phenotypes (43); and Row, its partner protein
(22). Woc and Row associate with Hplc (1, 22), which was de-
tected specifically at TAS-R in Kc cells (Table 3; see Table S1 in the
supplemental material). Thus, though Woc and Row were seen in
the control capture probe, they might be specifically enriched on
TAS elements. Also, among the factors filtered out are some that
have previously been associated with chromatin-silencing mech-
anisms (Table 1), which therefore might warrant further analysis
to determine if they are true positives that should not have been
filtered out.

The remaining proteins (Tables 2 and 3) were ranked by their
likelihood of being genuine TAS-interacting proteins by several
criteria. These were (i) the number of peptides detected, (ii) the
relative expression levels of the genes in the cell line where pep-
tides were identified (9), and (iii) a measure of the “detectability”
of each protein by mass spectrometry. For the latter criterion, the
sequence of each protein identified by PICh was analyzed using
the PDP, an in silico tryptic digester (52), and the number of pep-
tides with a “detectability score” of >0.6 by the PDP criteria was
determined (1.0 is the maximum possible detectability score on
this scale, and 0.6 was chosen arbitrarily). This value was then
adjusted for the size of the protein by expressing it per 1,000 amino
acids. The higher this value is, the more likely it is that the protein
will be detected by mass spectrometry. Both the gene expression
levels and the detectability score were normalized to a scale of 0 to
10, and the number of peptides identified was divided by the sum
of these normalizing indexes. Highly expressing, highly detectable
factors were thus brought to alower confidence level than they would
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TABLE 2 TAS-L proteins ranked by confidence score

Modifier of silencing” Reference(s) and/or

bw”

Rank Name Domain or function TPE PEV source

1 XNP Chromatin remodeler - + + This study, 20, 47
2 Rrpl AP endonuclease - 38

3 Dip3 Myb/SANT-like domain, BESS motif — 38

4 CG8289 Chromodomain

5 Bj1 RCC1 superfamily - This study, 15

6 borr Chromosome passenger complex - This study

7 ial Chromosome passenger complex

8 Trl GAGA factor, BTB/POZ domain — + This study, 6, 17, 21, 38
9 CG8290 - 38

10 CG3163 myb/SANT-like domain

11 smt3 SUMO - 38

12 crol Zn finger - + This study, 38, 47
13 CG4004 Myb/SANT-like domain

14 Orc2 Origin recognition complex - + 38,42

15 CG33691

16 D1 AT hook like + 3

17 Mi-2 Chromatin remodeler + 15

18 Cafl WDA40 repeats, histone binding - This study

19 GAG GAG protein of Gypsy element

20 Mcm2 Minichromosome maintenance complex - 38

21 CG1240 SWIB/MDM2, Dek domains — This study

22 mu2

23 psq BTB/POZ domain - + 38,47

24 Su(var)2-10 Zn fingers, SAP and PINIT domains + + 15, 31, 38, 45

25 LBR ICMT domain - 38

26 fble F-box domain, leucine-rich repeats — 38

27 Su(var)3-9 Chromodomain, SET domain + + 15, 16

28 ran GTPase

29 CG1910 - 38

@ —, tested, no effect; +, tested, identified as modifier; =, tested, modifier only in a subset of the studies or only some of the alleles.

otherwise have had if the number of peptides identified were the only
ranking factor. Tables 2 and 3 list the ranks of the TAS-L and TAS-R
proteins, respectively, down to the lowest-ranking candidate tested by
ChIP for TAS-R (Table 3, see below) and the corresponding candi-
dates to the same confidence level for TAS-L (Table 2). For the com-
pletelists, with the expression levels and detectability ranks, see Tables
S4 and S5 in the supplemental material.

A distinct issue is the failure to detect bona fide interacting
proteins (i.e., false negatives). Possible reasons to miss a bona fide
interaction include the depth of proteomic coverage of the target
loci by PICh, the extent to which proteins are difficult to identify
due to low abundance, and poor detectability by mass spectrom-
etry. One concern in our study was the complete absence of pep-
tides for PcG proteins which have previously been reported to be
localized at TAS repeats (2) and to be Mod(TPE) (6, 15), although
the latter claim has been challenged for some of the genes (38). We
looked for enrichment of Polycomb and dRING, two members of
the PRC1 complex, in the purified proteins by Western blot assay.
There is a clear enrichment of Polycomb in the TAS-R purification
and also enrichment of dRING in both the TAS-L and TAS-R
purifications (Fig. 4A). The false-negative results for these pro-
teins are therefore due to a failure to detect them by mass spec-
trometry. This might be caused by a combination of low protein
abundance (there is a very small amount of Polycomb transcript
[9], as well as protein, as evidenced by the Western blot assay input
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signal [Fig. 3A]), shallower than the ideal depth of coverage of the
purified material (due to the isolation of proteins from four sections
of the gel, rather than the use of more discrete bands), and a low
detectability of Polycomb and other PcG proteins by mass spectrom-
etry. The Polycomb protein has 19.2% of the likely observable se-
quence coverage by mass spectrometry, compared to 81% of the ob-
servable sequence for topoisomerase II, a highly abundant protein in
PICh experiments, according to the PeptideAtlas database (12). Us-
ing the criterion described above for peptide detectability, the density
of highly detectable peptides for Polycomb is substantially lower than
the average for detected proteins.

We conclude that proteins can be missed by PICh because of
the depth of coverage by mass spectrometry and that the primary
sequence of the protein and the resultant ability to detect its pep-
tides through mass spectrometry might contribute to this issue. A
straightforward way to alleviate this problem is to increase the
amount of protein isolated and analyzed. PICh can also be used, as
described above, with Western analysis as a detection method for
proteins captured by a specific probe. This might prove useful in
detecting additional members of a protein complex when one or
more members have been identified by mass spectrometry or as a
positive-control analysis method when optimizing PICh for a new
sequence.

Validation of new TAS candidates. Having assembled lists of
potential TAS repeat factors, we next chose to validate a subset of

Molecular and Cellular Biology


http://mcb.asm.org

TABLE 3 TAS-R proteins ranked by confidence score

The Chromatin at TAS Repeats

Modifier of silencing Reference(s) and/or
Rank Name Domains/function TPE PEV Others source
1 Rrpl AP endonuclease - 38
2 Bj1 RCC1 superfamily - This study, 15
3 pont AAA+ ATPase
4 Trl GAGA factor, BTB/POZ domain - + This study, 6, 17, 21, 38
5 pita Zn finger, C2H2 type - + 38,47
6 CG8289 Chromodomain
7 Mi-2 Chromatin remodeler + 15
8 crol Zn finger — + This study, 38, 47
9 D1 AT hook like + 3
10 XNP Chromatin remodeler - + + This study, 20, 47
11 LBR ICMT domain - 38
12 pzg - 38
13 CG7946 PWWP domain, LEDGF domain — 38
14 mor SANT, SWIRM, RSC8 domains + This study, 6, 38
15 RfC38 AAA+ ATPase, REC small subunit - 38
16 Kdm2 H3K4 demethylase
17 CG1240 SWIB/MDM2, Dek domains - This study
18 Dref BED Zn finger - 38
19 Chro Chromodomain - 15
20 HPlc Chromodomain, chromo shadow + 15, 38
21 gp210 - 38
22 smt3 SUMO - 38
23 crp Helix-loop-helix domain - 38
24 borr Chromosome passenger complex - This study
25 Ubgn Ubiquitin-like domain
26 ran GTPase
27 Klp3A Kinesin motor domain
28 BEAF-32 BESS motif, BED Zn finger - + 15,27
29 Cafl WDA40 repeats, histone-binding - This study
30 Cp190 BTB/POZ domain
31 Cpr NADPH-dependent flavin mononucleotide reductase - 38
32 Parp PARP, WGR, Zn finger, BRCT domains
33 Adf1 Myb/SANT-like domain - 38
34 osa ARID/BRIGHT DNA binding domain + This study, 6, 38
35 Dek SAP domain + + 32,47
36 Orcl Origin recognition complex - 38
37 HP1b Chromodomain, chromo shadow
38 Rpb5 RNA polymerase II subunit - 38
39 bocksbeutel LEM domain - 38
40 Nipped-B Adherin - This study, 38
41 ial Chromosome passenger complex
42 CG17078
43 GAG GAG protein of Gypsy element
44 CG1910 - 38
45 ham Zn finger - 38
46 Dip3 Myb/SANT-like domain, BESS motif - 38
47 wds WD40 domain
48 zf30C + 38
49 Snrl SNF5 superfamily - This study, 38

@ —, tested, no effect; +, tested, identified as modifier; =, tested, modifier only in a subset of the studies or only some of the alleles.

these by examining their localization in chromatin. To that end,
we transfected HA-tagged expression vectors into Sg4 cells and
performed ChIP from the expressing lines. We picked factors
from different positions in the candidate lists to test the likelihood
of finding true-positive hits. We picked CG8289, a chromodo-
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main protein ranked consistently high in all TAS purifications;
Dip3 and Ial, found in both purifications but higher in the TAS-L
rank (Tables 2 and 3); Klp3A, Zf30c, and Snrl, all specific to
TAS-R purification, from further down in the ranking (Table 3);
Polycomb, not identified by mass spectrometry but enriched at

mcb.asm.org 2177


http://mcb.asm.org

Antéo et al.

TAS-R (Fig. 4A); Row, identified in the negative control (Table 3;
Fig. 4B) but, as discussed above, a plausible candidate TAS factor;
and topoisomerase 3a, a factor common to all TAS purifications
(see Table S1 in the supplemental material) but highly expressed
protein and previously identified as a common contaminant in
proteomic studies (44).

The tagged proteins were induced 24 h before formaldehyde
cross-linking, and ChIP was performed with a polyclonal anti-
body for the HA tag. Binding at TAS repeats was determined by
qPCR with primer pairs specific for TAS-L or TAS-R. The first
observation was that the success rate for candidates as assessed by
this approach was higher for TAS-R than for TAS-L (Fig. 5). This
was not surprising, given the higher number of specific candidates
identified (Table 3; see Table SI in the supplemental material),
and is consistent with the hypothesis that the PICh protocol works
better with clustered capture probe hybridization sites. Second,
the identification of proteins in the negative control should not be
considered a disqualifying factor. An example of a protein that was
found in the negative control yet shows binding by ChIP is Row: 4
total peptides were seen in the negative control versus 35 in the
TAS-R PICh; similarly, for its partner Woc, 1 peptide was detected
in the control versus 24 in the TAS-R PICh (see Table S1 in the
supplemental material). These significant differences in abun-
dance in the TAS-specific versus control purifications raised the
possibility that these were true positives. Additionally, for Woc-
Row, prior information was available that connected Row to bind-
ing at the TAS repeats. As discussed earlier, Row and Woc are
known to be in a complex with HP1c (22), woc mutants have a
telomere fusion phenotype, and all of these proteins have shown
an enrichment on the TAS-R purifications, relative to the control
and TAS-L (see Table SI in the supplemental material), as well as
enrichment by Western blot assay for Woc and HP1c (Fig. 3B).
Consistently, when transfected into Sg4 cells, Row can be detected
at TAS-R but not at TAS-L (Fig. 5). Top3a, on the other hand, as
expected, was not detected at TAS repeats.

The high-ranking candidate CG8289 was clearly detected at
both TAS variants. CG8289 was identified in the PICh experi-
ments at TAS-L in S3 and Kc cells and at TAS-R in S3 and Kc cells
and embryos (see Table S3 in the supplemental material). Dip3,
surprisingly, was not found at TAS-L but was detected at TAS-R,
even though it ranked higher on the TAS-L list. Ial, the Drosophila
homolog of the Aurora B kinase, which ranked high on the TAS-L
list and lower on the TAS-R list, was not found at either of the TAS
repeats by ChIP. Of the other TAS-R candidates tested, Klp3A was
not confirmed, Zf30c was confirmed, and Snr1 was inconclusive
(Fig. 5B). It is known that performing ChIP with components of
ATP-dependent remodeling enzyme complexes such as Snrl is
complicated, presumably because of their transient interactions
with DNA as they function (26). The Zf30c result is particularly
interesting because its gene is deleted in a deficiency that has a
dominant Su(TPE) phenotype (38). Given that it binds specifi-
cally at TAS-R and is associated with a Su(TPE), Zf30c is thus a
good candidate as a chromatin regulation factor at TAS repeats.

Finally, Polycomb, found in the TAS-R purification by West-
ern blot assay, is detected by ChIP on both TAS-L and TAS-R.
Taken together, these results demonstrate a good rate of discovery
for TAS-R candidates, with even proteins ranking at around num-
ber 50 proving to be present at the locus, and a lower efficiency for
TAS-L, with only one of the top hits being confirmed by ChIP.
This finding is consistent with the hypothesis that clustered target
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FIG 5 ChIP analysis of candidate TAS protein binding at TAS repeats. Sg4
cells were transfected with expression vectors for HA-tagged versions of the
indicated proteins, and ectopic expression of the transgenes was induced by
the addition of CuSO,. At 24 h postinduction, cells were cross-linked and ChIP
was performed. (A) ChIP, with primers specific for the TAS-L repeat, from cells
transfected with expression vectors for the indicated tagged proteins. The two bars
represent the average percentage of input DNA precipitated using a control IgG
antiserum and an anti-HA polyclonal antibody, and the error bars are the standard
errors from two or three independent transfections. CG8289 and Polycomb en-
richments are significant (P < 0.05). (B) Same as panel A but with primers specific
for the TAS-R repeat family. The Dip3 and Polycomb (P < 0.05) enrichments and
the CG8289 and Row (P < 0.01) enrichments are statistically significantly differ-
ent. A schematic of the respective TAS repeat structures and primers used (arrows)
is below each graph. Pc, Polycomb; Telom, telomere.

sequences might increase the efficiency of detection by PICh. As
expected for a proteomic screening protocol, some nonspecific
contaminants appear to have eluded the filters we employed and
are therefore false positives. Further information concerning non-
specific proteins and success rates in purifying more loci are ex-
pected to help fine-tune filters and thereby to increase the level of
bona fide protein identification by PICh.
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FIG 6 brn?’ effects on Df(2L)M26 suppression of TPE. (A) Male progeny from
across of y w®”?%; +/Sb males and y w®’%; 4; P(w™)39C-62 females. There are
no Su(TPE) present in these males. Therefore, the mini-white insert in 3R TAS
isrepressed. (B) Male progeny from a cross of y w®”*%; +/Sb males and y w®”*’;
Df(2L)D26; P(w*)39C-62 females. Df(2L)M26, a deficiency for 2L TAS and a
Su(TPE). Therefore, the silencing of the mini-white insert imposed by 3R TAS
is repressed and the mini-white gene exhibits increased expression. (C) Male
progeny from a cross of y w**%; brm?/Sb males and y w®**’; DA2L)D26;
P(w*)39C-62 females. Heterozygous DA(2L)M26/+; P(w")39C-62/brn’
males exhibit silencing of the mini-white transgene similar to that seen when
Df(2L)M26 is absent. Control Df(2L)M26/+; P(w")39C-62/Sb sibling males,
however, exhibit high expression of mini-white similar to that seen when si-
lencing is suppressed.

y w; M26/+; brm?/Sh

The TrxG-Brahma complex is involved in the mechanism of
TPE. One use for a proteomic screen such as PICh is the identifi-
cation of genes that can be tested using directed genetic protocols.
This also serves as a form of validation, although not all mutations
affecting bona fide interacting proteins will elicit a phenotype
when tested by a specific genetic assay. Thus, such genetic assays
cannot be used to remove candidates for interactions. The best-
studied biological phenomenon associated with TAS repeats is the
chromatin-silencing mechanism of TPE. The search for dominant
Su(TPE) has produced few results. A deficiency screen for domi-
nant Su(TPE) at the 2L telomere identified only a single gene, gpp,
with mutations that could suppress TPE. Most of the suppressors
identified in this screen were deficiencies for 2L TAS (38). Of the
genes identified by PICh, we tested five that had not been identi-
fied in the deficiency screen: sle, CG8289, rept, cap, and smcl.
None of the mutants tested showed suppression of TPE using the
P(w"")11-5 tester (23; data not shown).
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As deficiencies of 2L TAS suppress TPE at a number of different
chromosome ends (23), we next asked whether any of the factors
identified by PICh could interfere with the TPE induced by
Df(2L)M26 (here M26) (23) on P(w")39C-62 (here C62), a mini-
white insertion into 3R TAS (54). Flies with the C62 transgene
alone exhibit an orange eye color due to TPE. In the presence of
the M26 suppressor, silencing is lost and the eye color becomes red
(Fig. 6). To look for dominant modifiers of this M26-C62 inter-
action, we crossed y w®“?*; M26; C62 females with males mutant
for putative TAS-binding factors identified by PICh. The males
were either y W%, mutant/SM1 or y w®%3; mutant/ TM6, Ubx,
depending on the location of the candidate gene. Table 4 (see also
Table S6 in the supplemental material) shows the genes tested and
the results obtained. Whenever possible, we tested multiple alleles,
including deficiencies, for candidate genes, although this was not
possible in most cases. Two deficiency chromosomes, one for
WRNexo and one for mor, showed a weak ability to suppress the
suppression of TPE exhibited by M26. In these cases, the pheno-
type overlapped that of the wild type and these effects were not
pursued further. The brm’ chromosome exhibited strong sup-
pression of TPE suppression. It is well known that balancer chro-
mosomes accumulate Mod(PEV) and Mod(TPE). We therefore
repeated the assay of brm” in the absence of the TM6 balancer by
crossing y w*?; brm?/ TM6 males with y w®”*%; Sb/TM6 females
and then crossing the F1 y w®?%; brm?®/Sb males with tester y
w®%; M26; C62 females. The result was essentially the same (Fig. 6).

To further verify that Brahma plays a role in the mediation of
TPE suppression, we mapped the genetic factor responsible for

TABLE 4 Mod(TPE) screening results

Gene Allele Modifier
Woc Df(3R)BSC497 No
Woc Df(3R)BSC739 No*
Woc Df(3R)D605 No*
WRNexo Dr(3R)Cha7 Weak”
Sle 057 No
Brm 2 Yes
SMCl1 exc46 No
su(Hw) 3 No
Rept 6945 No
CG2199 Df(3L)Ar14-8 No
CG2199 Df(3L)BSC289 No
Snrl 01319 No
Osa 00090 No
Mor Df(3R)Po4 Weak”
CAF1 Df(3R)BSC471 No
Borr Df(2L)TE30Cb No
Bjl Df(3L)XAS96 No
XNP 1 No
XNP UY3132 No“*
CGI1240 Df(3L)BSC119 No
Crol 04418 No¢
Crol Df(2L)BSC243 No

Trl DA(3L)fz-M21 No*
Trl Df(3L)XG3 No

“ A mutant was found, but it did not segregate with chromosome 3.

b Efforts to map the modifier were unsuccessful because the phenotype overlaps that of
the wild type.

¢ A mutant was found, but it did not segregate with chromosome 2.

4 A mutant was found, but it was deemed to be a false positive because a chromosome
bearing another allele of the same gene did not carry a mutant.
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this suppression by meiotic recombination. The simple question
is: does this genetic factor map close to brm? One easy approach is
to use a dominant genetic marker close to brm and monitor the
frequency of recombination. To do this, we used a Mi(3xP3-EGEFP.
ET1) element. There are 2,700 of these Mi(ET1) elements distrib-
uted randomly throughout the genome, which means that, on
average, 1 of these elements is less than 1 map unit from any gene.
They all carry a green fluorescent protein (GFP) marker. The
Mi(ET1)sff*'P%%%* element is in chromosome region 72A5, 70 kb,
and we estimate approximately 1 map unit, from brm. We col-
lected Ubx male progeny from y w®*% Mi(ET1)/brn’ females
crossed with y w®”%; Sb/TM6, Ubx males, tested them for GFP
expression, and crossed them with y w®’***; M26; C62 females to
test for effects on M26 suppression of TPE. Of 216 males tested, 3
showed recombination between GFP and the suppressor of M26
suppression of TPE. This indicates that the genetic factor respon-
sible for interference with M26 suppression is very close to brm
and may, in fact, be the brm” mutation.

Some of the mutants tested showed an interaction with the
M26-C62 transgene combination (Table 4), but only the
Mod(TPE) effect of the Brahma mutant brm?’ (Fig. 6) mapped
back to the mutant locus. A deficiency eliminating the Brahma
complex Moira gene also showed an interaction in this assay, but
the effect, though reproducible, was very subtle (see Table S6 in
the supplemental material). We conclude that Brahma is involved
in the regulation of TPE at TAS, consistent with our PICh analysis
which identified several members of the Brahma complex as being
physically associated with the TAS-R repeats (see Table S1 in the
supplemental material), and “Brahma complex” as the GO term
with the highest overrepresentation on the list of purified candi-
date TAS-R proteins (logarithm-of-odds score, 2.106; see Table S2
in the supplemental material).

DISCUSSION

We have isolated chromatin and identified proteins associated
with the Drosophila TAS repeats present at the XL, 2R, 3R, 2L, and
3L telomeres. We validated the association of a subset of these
factors by ChIP and analyzed their involvement in TPE. We have
identified ~70 factors not previously associated with the TAS re-
peats and have used that information in a directed genetic test to
demonstrate a role for Brahma in TPE. We conclude that PICh
works for target sequences less abundant than human telomeres
and suggest that a close clustering of the capture probe targets
might prove beneficial for PICh efficiency. These results represent
a significant step in the direction of making PICh a universally
applicable method while pointing out the difficulties involved in
isolating complex loci using PICh and in appropriately filtering
the resultant data to avoid false positives and false negatives.
Optimization of PICh technology. The first application of
PICh was in the purification of proteins associated with human
telomeres (11). Expansion of PICh to less-abundant and more-
dispersed targets than the TAS repeats reported here will likely
require the use of a combination of probes capable of hybridizing
to closely spaced sequences and would also benefit from further
development of pre-enrichment strategies. Analysis of the resul-
tant data will be made easier by the availability of an increasing
number of public proteomic data sets of contaminating proteins
and interaction networks, thus increasing the ability to filter the
raw data and identify strong candidate proteins. Filtering out of
possible false positives using lists of common contaminants
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should nevertheless be done with caution; these lists are under
development, and some common contaminants might prove to be
important at the locus examined.

We have identified strong candidate TAS-binding proteins us-
ing PICh, but a subset of these candidates will inevitably prove to
be false positives. Given that PICh uses cross-linked material, a
fraction of the false positives might be proteins that interact with a
common contaminant and are thus carried over in the purifica-
tion step. Protein-protein interaction data are increasingly com-
prehensive, and recent work has added to the list of protein com-
plexes isolated from Drosophila (30). Nineteen of the proteins
identified in TAS purifications have been reported to be part of a
complex in which a common contaminant or a protein identified
in the control PICh experiment was identified. This is merely an
indicative number of false positives, as we have seen that not all of
the proteins filtered by common-contaminant analysis—such as
Brahma—are false positives. Likewise, such factors as Sle, Incenp,
and Iswi, even though they have been removed from the final list
of TAS candidates by virtue of their classification as common con-
taminants, deserve some attention, given their high enrichment in
the TAS purifications (see Table S1 in the supplemental material).
Careful analysis of all protein hits is thus required in order to
minimize both the false-positive and false-negative candidates.
The most decisive advance in the applicability of PICh will come
from the production of other PICh data sets from different tissues
and different organisms.

The chromatin at TAS repeats. A key aspect of a developing
methodology for performing proteomic screening, such as PICh,
is to determine the fraction of proteins identified that are likely to
be “true” interactors. These proteins can be determined retrospec-
tively by determining the proteins identified that have previously
been shown to have interactions by other analyses and can be
determined prospectively by validating the association of novel
candidates.

At least 17 (~23%) of the 74 proteins identified as associated
with the TAS-L/R purifications have previously been associated
with some form of chromatin-mediated silencing or to have a
telomere fusion phenotype when mutated. In contrast, such phe-
notypes have been described for only 8 to 12% of the factors in the
negative control, common contaminants, and proteins with only
one peptide identified. This implies enrichment for real TAS re-
peat-associated factors. Additionally, as noted above, some of the
factors filtered from our final lists might be true TAS repeat fac-
tors. In all, 29 of the proteins detected (excluding the ones identi-
fied in the negative control) have been found to have a genetic
interaction of some kind with heterochromatic silencing (Tables 1
to 3). Twelve of these have been associated with TPE, but the
prevalence of terminal deficiencies on 2L is a serious problem for
the interpretation of TPE suppression data (38, 46). Some of the
putative Su(TPE) genes identified in numerous screenings have
later been shown to have a second-site mutation at the tip of 2L
which segregates with the TPE effect (38). Nevertheless, nine of
the putative Su(TPE) genes found recently (15) have been identi-
fied in our experiments; others have not been identified in our
experiments, including tefu (40) and gpp (48).

Some relatively widespread factors were identified at the TAS
repeats by PICh, but the specificity of these associations is not
clear, as they are expected to be located in many regions of the
genome. These include the cohesin and condensin complex pro-
teins modulo and Dsp1. Interestingly, these factors have been im-
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plicated in the regulation of the human subtelomeric D474 re-
peats, which share structural similarities with the Drosophila TAS
repeats (25, 57); likewise, cohesins have been implicated in het-
erochromatin formation at yeast subtelomeres (13). Also, Rm62,
which is expressed ubiquitously and mutants of which interact
genetically with dspl and pc, was detected on TAS-R in Kc cells
only (see Table S1 in the supplemental material). Multiple Rm62
bands are found in polytene chromosomes, some colocalizing
with Dspl, notably in the telomeric regions, but a physical inter-
action with Dsp1 is seen only in young embryos and not in older
embryos (35). Although Dspl has been discarded because one
peptide was identified in the negative control, this suggests that
Dspl and Rm62 might have a role together at TAS repeats and that
there is specificity in PICh, as Kc cells are derived from young
embryos and S3 cells are derived from old ones (19).

Finally, we have shown directly that CG8289, Dip3, Row,
Zf30c, and Polycomb bind at least to one family of TAS repeats.
These proteins have closer homologs in humans than in yeasts,
mostly in the conserved chromodomain of CG8289 and zinc fin-
ger protein homology regions of Zf30c and Row. The lists of likely
candidates for TAS-L and TAS-R factors that we have compiled
can help to unravel the biological roles of TAS repeats and the
mechanism of TPE.

Insights into the mechanism of TPE. Drosophila assays for
Mod(TPE) have proved to be prone to a high incidence of false-
positive results (38). In addition to that, the occurrence of vali-
dated Mod(TPE) in genetic screenings is very rare, according to
what one would expect based on the screenings for Mod(PEV)
(16, 38). For these reasons, we used the candidates identified by
PICh in functional tests of Drosophila. Of the 45 genes from our
candidate lists (Tables 2 and 3) tested in this study or previously in
a deficiency screen for dominant Mod(TPE) (38), mor, which is a
weak modifier (not shown), and zf30c, which is eliminated in one
of the deficiencies which act as Su(TPE) (38), have a level of func-
tional validation in addition to the more thoroughly validated brm
gene (Fig. 6). Brahma and Moira interact with each other as mem-
bers of the SWI/SNF family Brahma chromatin-remodeling com-
plex, emphasizing the role of this complex in TPE. There are three
classes of explanations for why a low percentage of the proteins
found by PICh are validated in this functional test. (i) Many of the
proteins that bind to TAS repeats might be involved in functions
that are unrelated to TPE, and/or (ii) PICh has been performed
with cell lines which may have features different (harbor distinct
sets of factors) from those of tissues in which TPE is assayed,
and/or (iii) the mechanism by which proteins function in TPE is
not dose dependent or involves redundant activities and thus does
not create a dominant phenotype.

There is support for the latter possibility, in that screenings for
dominant modifiers in other Drosophila-specific silencing models
have had very low success rates. For example, screenings based
upon the trans inactivation of bw™ by the bw® allele (51) and
others based upon the trans suppression of PEV associated with a
terminal chromosome deletion (16) have not identified any such
modifiers. In the case of bw”, there was evidence that at least some
modifiers are recessive (16). Comparable observations have been
made for TPE, with loss of ATM causing a recessive suppressor
phenotype (40), and for telomeric stability, with row mutants dis-
playing a telomere fusion phenotype only when the protein is
eliminated completely (22). While viable homozygous mutants
for many genes in Drosophila are not readily available, one possi-
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ble way to study genic modifiers is by looking at the effect of
overexpression of such genes. Such a screen was conducted re-
cently for Mod(bw")s (47) and identified a plethora of new fac-
tors, some of which are identified here as candidate TAS-binding
proteins (Tables 2 and 3) and most of which have no effect on
PEV. These findings suggest that some silencing mechanisms fol-
low rules different from those of the well-studied PEV model. It is
possible that Mod(TPE), bw”, and TDA-PEV (16) are predomi-
nantly recessive. This would also be consistent with the findings
on TPE in yeast, in which the study of heterochromatin, and no-
tably of TPE, is done in the absence of the candidate modifier.
Given that yeast is normally studied as a haploid, there is no dis-
tinction between dominant and recessive tests.

One reason why TPE effects are recessive might be the presence
of specific DNA-binding factors which bring silencers preferen-
tially to TAS. In yeast, RAPI plays such a role, sequestering SIR
proteins at telomeres (8, 36). If factors with a function similar to
that of RAP1 exist in Drosophila, a fraction of the proteins in-
volved in TPE will not necessarily show a phenotype when re-
duced by 50%, as their depletion will happen predominantly from
loci for which their affinity is lower. Thus, one might expect tra-
ditional dominant Mod(TPE) screenings to yield a lower success
rate than Mod(PEV) screenings. Indeed, that is what was observed
historically and in this study.

The potential issue of the suitability of modifier screenings
brings to light the usefulness of PICh. A more thorough analysis of
these candidates might include the study of null mutants or the
overexpression of such candidates when null mutants are not vi-
able. The results obtained using PICh would help to direct such
studies. In cases where limited information exists concerning the
mechanism by which a given locus is regulated, knowing which
factors bind to this locus will facilitate further genetic tests to
validate function. Thus, in a genetically tractable organism, the
application of PICh and genetic tests should synergize to more
rapidly identify the full complement of proteins involved in a bi-
ological phenomenon.
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