
elements and their nearest non-target promoter, distributions that

strongly support their proposed enhancer blocking function.

Interestingly, we note that binding sites for GAF are significantly

enriched between CRMs and their target promoters. Similarly, we

find that BEAF-32, CP190, and Su(Hw) binding sites are depleted

between distinct CRMs of the same gene, while GAF is found

more frequently than expected (Figure S14).

We note that the enrichment of insulators within such genomic

features may, in part, be driven by the effects of differential

promoter density or biases in chromatin accessibility. In order to

understand how such factors could affect any interpretation of our

data, we reanalyzed binding site data for 36 recently published

datasets corresponding to 21 transcription factors, from the

Berkeley Drosophila Transcription Network Project (BDTNP)

[40]. We first observed that none of our insulator binding sites

preferentially localize with this transcription factor set (Figure

S15). Despite several transcription factors that preferentially bind

promoter-proximal sequences (Figure S16), the enrichment of

insulators between promoter pairs is greater than for any of the

published transcription factors (Figure S17A, S17B, S17C). In

contrast to these findings, and as expected, the published BDTNP

transcription factors are not as strongly biased towards CRM, non-

target promoter separation (Figure S17D).

Insulators mark the boundary of chromatin domains
Previous studies have demonstrated that insulators delimit

distinct organizational domains of a genome [27,30]. One such

chromatin domain is marked by the trimethylated Lysine 27 of

Histone H3 (H3K27me3), a histone modification deposited and

recognized by the repressive Polycomb protein complexes [41].

We mapped by ChIP-chip the H3K27me3 mark in Drosophila

embryos. We observed in whole embryos, as described previously

[42,43], that H3K27me3 is distributed throughout the genome in

large domains (Figure S18). To better define the boundaries of

these large genomic regions, we used a hidden Markov model

based segmentation algorithm. We confirm that the genes affected

by this silencing mark correspond to the previously described

Polycomb target genes [42–45]. We identified 140 regions of

Figure 4. Insulator proteins segregate differentially expressed promoters. Log2 enrichment or depletion of insulator binding sites between
(A) adjacent promoters, (B) divergently transcribed promoters, (C) alternative promoters, and (D)cis-regulatory elements and promoters. (A–C) X and
Y axes depict enrichment between differentially and non-differentially expressed promoters, respectively. (D) X and Y axes depict enrichment
between CRMs and their nearest non-target promoter and their target promoter. Points and lines depict enrichment estimates and 95% confidence
intervals.
doi:10.1371/journal.pgen.1000814.g004
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substantial H3K27me3 density and quantified the distribution of

each insulator binding site type with respect to the domain

boundaries. Interestingly we find that all 6 factors are significantly

depleted within and enriched outside these regions (Figure 5A). In

addition, CTCF, GAF, and Mod(mdg4) are enriched at the

boundaries of regions of high H3K27me3 density, with this

enrichment significantly decreasing at increasing distances, further

supporting the insulators’ role in chromatin domain boundary

determination (Figure 5A and Figure S18). It is possible that this

result is confounded by the fact that insulators are enriched at

TSSs. We performed Pearson’s chi-squared contingency table tests

to assess if the frequency of insulator-H3K27me3 boundary

overlaps are independent of (and greater than) the frequency of

TSS- H3K27me3 boundary overlaps. Indeed, CP190 (p, 9.8e-6),

BEAF-32 (p, 1.8e-5), CTCF (p, 0.00013), GAF (p, 0.0022),

Mod(mdg4) (p, 0.00035), and Su(Hw) (p, 0.0088) are indepen-

dently associated with H3K27me3 breakpoints.

Insulator binding site sequence constraint and
conservation of synteny

Given their apparently pervasive role in the establishment of

gene regulatory units, we examined the role insulator sequences

have played in shaping the evolution of the Drosophila genome.

First, insulators show evidence of local sequence constraint. Based

on either 15-way insect multiple sequence alignments or pair-wise

alignments between the closely related Drosophila melanogaster and

Drosophila simulans, insulator binding sites evolve significantly

slower than fast evolving introns, although more swiftly than

either coding exons or most transcription factor binding sites [46]

(Figure S19). Second, we find that BEAF-32, CP190, CTCF, and

Mod(mdg4) are significantly enriched near the 12 Drosophila species

syntenic breakpoints (Figure 5B) [47]. Chi-squared tests demon-

strate that for CP190 (p, 0.0031), BEAF-32 (p, 0.0086), GAF

(p, 0.027), and Mod(mdg4) (p, 0.034), this result is independent

of the association of TSSs and syntenic breaks. This finding

provides evidence to support the hypothesis [48] that selective

pressure has maintained gene regulatory units established by

flanking insulators.

Insulators are sites of dynamic chromatin
We find that binding sites for 5 of the 6 insulator-associated

proteins (Su(Hw)is the exception) are regions of reduced

nucleosome density relative to surrounding regions (Figure 6A).

Reduced nucleosome density often corresponds to sites of high

histone replacement or displacement [49,50] and classical ‘‘active’’

chromatin as defined by salt solubility properties [51]. We also find

that the same 5 of the 6 insulator proteins are preferentially bound

in regions characterized by low-salt soluble nucleosomes (Figure 6B

and 6C), depleted in the remaining high-salt-soluble fraction

(Figure 6D) and highly enriched in the salt-washed insoluble pellet

(Figure 6E). Similar analyses of only non-promoter proximal

insulators reveal the same trends, indicating that the shared

solubility properties of insulators and promoters are indeed

independent (Figure S20). Given the correspondence between

these results and the regulatory boundary analyses presented

above, we hypothesize that this difference in chromatin properties

may explain why Su(Hw), defining ClassII insulators, does not act

as a gene boundary in the genome.

Discussion

Insulator identification has been the source of much recent

interest. Indeed, in the last 6 months CTCF was mapped in S2

cells [52]; BEAF-32 in embryos (6–16 h of development) [53],

CTCF and CP190 in S2 cells [54] and more recently CTCF,

Su(Hw), CP190 and BEAF-32 in Kc cells and Mbn2 cells [35].

Interestingly, the latter paper describes three subclasses of

insulators, with CP190/BEAF association being distinct from

CP190/CTCF and CP190/Su(Hw).

We present in this study the embryonic binding profile of six

factors previously known to be associated with insulator function

in Drosophila. Our analysis of insulator binding site distributions

Figure 5. Insulator proteins mark chromatin and syntenic block boundaries. Log2 enrichment or depletion of insulator binding sites. (A)
H3K27me3 boundaries; negative and positive values depict binding within and outside regions of histone modification. (B) Syntenic breakpoints;
negative and positive values depict binding within and outside syntenic blocks.
doi:10.1371/journal.pgen.1000814.g005
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while this chromatin mark is maintained in the rest of the Bithorax

Complex region. This depletion of the H3K27me3 mark

corresponds to Abd-B being expressed in S2 cells while Ubx

and abd-A are repressed. Embryos corresponding to a mixed

population of cells, the H3K27me3 signal is coming from its

presence in a subpopulation of cells. All CTCF binding sites in this

region are conserved between S2 cells and embryos, even inside

the H3K27me3 depleted domain (between the dashed vertical

lines) and are therefore independent of the transcriptional status of

Abd-B. Furthermore, the breakpoints of the H3K27me3 depleted

domain in S2 cells, compared to embryos, correspond to CTCF

binding sites (represented by the two vertical dashed lines).

Found at: doi:10.1371/journal.pgen.1000814.s018 (0.78 MB JPG)

Figure S19 Conservation of insulator binding sites. Phastcons

between 15 insect species, including the 12 sequenced Drosophilae

species, have been calculated for each category of insulator

binding sites. The bars correspond to the median (dot) and median

absolute deviation (bars) of the scores. The dark red bar (FEI)

corresponds to the same scores calculated for fast evolving introns

(neutral reference). Also plotted for reference are exons (pink),

H3K4me3 (gray), and BDTNP binding sites (black).

Found at: doi:10.1371/journal.pgen.1000814.s019 (0.30 MB JPG)

Figure S20 Dynamic chromatin at insulator binding sites at

non-promoter and promoter sites. Each insulator site, defined as

the midpoint of the binding site interval, was classified as to

whether it fell within the interval defined by a transcriptional start

site and 500-bp upstream, using the 12,807 unique 59 ends

annotated in FlyBase r5.13. Based on these criteria, the number

of sites in non-promoters and promoters are: BEAF-32 (5546

nonpromoters, 2281 promoters); CP190 (7758 non-promoters,

2698 promoters); CTCF (3286 non-promoters, 1146 promoters);

Mod(mdg4) (3154 non-promoters, 821 promoters); GAF (5551

non-promoters, 887 promoters); Su(Hw) 4565 non-promoters, 214

promoters). Displays are for non-promoters (A-E) and promoters

(F-J) using the same datasets shown in Figure 5. (A,F) Nucleosome

density; (B,G) 80 mM salt fraction; (C,H) 150 mM salt fraction;

(D,I) 600 mM salt fraction; (E,J) salt-washed pellet.

Found at: doi:10.1371/journal.pgen.1000814.s020 (0.82 MB JPG)

Table S1 Binding sites of the insulator-associated proteins. The

number of binding sites per factor at different confidence interval

generated by MAT analysis.

Found at: doi:10.1371/journal.pgen.1000814.s021 (0.02 MB

XLS)

Table S2 Known insulators detected by our ChIP-chip analysis.

For each published functional insulator element, an X mark

indicates if they are associated with a peak for each factor

identified in our ChIP-Chip experiments.

Found at: doi:10.1371/journal.pgen.1000814.s022 (0.02 MB

XLS)

Table S3 Binding sites containing a discovered consensus motif.

Number of regions containing the corresponding discovered motif

(see Motif Discovery methods) for each factor at different PWM

thresholds (e.g. 6 indicates matching the genome with 42 6 p-value

and is the most lenient threshold). The 4 panels represent the set of

regions studied (all regions versus uniquely bound regions) at

different scanning windows (6 100 bp and 6 1000 bp around the

peak centers). The numbers in each cell indicate the number of

intergenic peaks that contain a motif/the total number of

intergenic regions. The number after each colon indicates the

enrichment of motif instances inside the considered regions

(compared to the fraction of the intergenic genome the regions

represent). Motifs are in general good predictors for CTCF,

Su(Hw), BEAF-32, and GAF (as evidenced by the high

enrichment). Within a distance of 6 1,000 bp, and at a PWM

p-value of 42 6, the discovered motifs are present in 75.6% of

CTCF, 86.8% of BEAF-32, 84% of Su(Hw) and 88.6% of GAF

binding sites.

Found at: doi:10.1371/journal.pgen.1000814.s023 (0.03 MB

XLS)

Table S4 Binding sites overlaps. Fraction of each factor’s

binding sites with midpoint to midpoint distances less than 250

bases, for each other factor type studied.

Found at: doi:10.1371/journal.pgen.1000814.s024 (0.07 MB

XLS)

Text S1 Supplementary methods.

Found at: doi:10.1371/journal.pgen.1000814.s025 (0.07 MB

DOC)

Acknowledgments

We would like to thank V. Corces, C. Wu, and P. Geyer for the generous

gift of affinity reagents and the Functional Genomics Facility at the

University of Chicago for processing the Affymetrix arrays. We also thank

Gregory Cooper, Cheryl Smith, and Thomas Stricker for critical reading of

the manuscript.

Author Contributions
Conceived and designed the experiments: NN CDB KPW. Performed the

experiments: NN CAM KA. Analyzed the data: NN CDB PKS PK JGH

XF SH MK. Contributed reagents/materials/analysis tools: SR RAHW

LS. Wrote the paper: NN CDB KPW.

References
1. Kellum R, Schedl P (1991) A position-effect assay for boundaries of higher order

chromosomal domains. Cell 64: 941–950.

2. Kellum R, Schedl P (1992) A group of scs elements function as domain

boundaries in an enhancer-blocking assay. Mol Cell Biol 12: 2424–2431.

3. Holdridge C, Dorsett D (1991) Repression of hsp70 heat shock gene

transcription by the suppressor of hairy-wing protein of Drosophila melanogaster.

Mol Cell Biol 11: 1894–1900.

4. Geyer PK, Corces VG (1992) DNA position-specific repression of transcription

by a Drosophila zinc finger protein. Genes Dev 6: 1865–1873.

5. Wallace JA, Felsenfeld G (2007) We gather together: insulators and genome

organization. Curr Opin Genet Dev 17: 400–407.

6. Chung JH, Whiteley M, Felsenfeld G (1993) A 59element of the chicken beta-

globin domain serves as an insulator in human erythroid cells and protects

against position effect in Drosophila. Cell 74: 505–514.

7. Bell AC, West AG, Felsenfeld G (1999) The protein CTCF is required for the

enhancer blocking activity of vertebrate insulators. Cell 98: 387–396.

8. Moon H, Filippova G, Loukinov D, Pugacheva E, Chen Q, et al. (2005) CTCF

is conserved from Drosophila to humans and confers enhancer blocking of the

Fab-8 insulator. EMBO Rep 6: 165–170.

9. Ciavatta D, Rogers S, Magnuson T (2007) Drosophila CTCF is required for Fab-8

enhancer blocking activity in S2 cells. J Mol Biol 373: 233–239.

10. Holohan EE, Kwong C, Adryan B, Bartkuhn M, Herold M, et al. (2007) CTCF

genomic binding sites in Drosophila and the organisation of the bithorax complex.

PLoS Genet 3: e112. doi:10.1371/journal.pgen.0030112.

11. Mohan M, Bartkuhn M, Herold M, Philippen A, Heinl N, et al. (2007) The

Drosophila insulator proteins CTCF and CP190 link enhancer blocking to body

patterning. EMBO J 26: 4203–4214.

12. Golovnin A, Biryukova I, Romanova O, Silicheva M, Parshikov A, et al. (2003)

An endogenous Su(Hw) insulator separates the yellow gene from the Achaete-

scute gene complex in Drosophila. Development 130: 3249–3258.

13. Parnell TJ, Viering MM, Skjesol A, Helou C, Kuhn EJ, et al. (2003) An

endogenous suppressor of hairy-wing insulator separates regulatory domains in

Drosophila. Proc Natl Acad Sci U S A 100: 13436–13441.

14. Adryan B, Woerfel G, Birch-Machin I, Gao S, Quick M, et al. (2007) Genomic

mapping of Suppressor of Hairy-wing binding sites in Drosophila. Genome Biol 8:

R167.

15. Gause M, Morcillo P, Dorsett D (2001) Insulation of enhancer-promoter

communication by a gypsy transposon insert in the Drosophila cut gene:

The Mapping of Insulator Elements inDrosophila

PLoS Genetics | www.plosgenetics.org 12 January 2010 | Volume 6 | Issue 1 | e1000814



cooperation between suppressor of hairy-wing and modifier of mdg4 proteins.

Mol Cell Biol 21: 4807–4817.
16. Ghosh D, Gerasimova TI, Corces VG (2001) Interactions between the Su(Hw)

and Mod(mdg4) proteins required for gypsy insulator function. EMBO J 20:

2518–2527.
17. Pai CY, Lei EP, Ghosh D, Corces VG (2004) The centrosomal protein CP190 is

a component of the gypsy chromatin insulator. Mol Cell 16: 737–748.
18. Zhao K, Hart CM, Laemmli UK (1995) Visualization of chromosomal domains

with boundary element-associated factor BEAF-32. Cell 81: 879–889.

19. Gaszner M, Vazquez J, Schedl P (1999) The Zw5 protein, a component of the
scs chromatin domain boundary, is able to block enhancer-promoter interaction.

Genes Dev 13: 2098–2107.
20. Ohtsuki S, Levine M (1998) GAGA mediates the enhancer blocking activity of

the eve promoter in the Drosophila embryo. Genes Dev 12: 3325–3330.
21. Belozerov VE, Majumder P, Shen P, Cai HN (2003) A novel boundary element

may facilitate independent gene regulation in the Antennapedia complex of

Drosophila. EMBO J 22: 3113–3121.
22. Schweinsberg S, Hagstrom K, Gohl D, Schedl P, Kumar RP, et al. (2004) The

enhancer-blocking activity of the Fab-7 boundary from the Drosophila bithorax
complex requires GAGA-factor-binding sites. Genetics 168: 1371–1384.

23. Roseman RR, Pirrotta V, Geyer PK (1993) The su(Hw) protein insulates

expression of the Drosophila melanogaster white gene from chromosomal
position-effects. EMBO J 12: 435–442.

24. Kahn TG, Schwartz YB, Dellino GI, Pirrotta V (2006) Polycomb complexes and
the propagation of the methylation mark at the Drosophila ubx gene. J Biol Chem

281: 29064–29075.
25. Mallin DR, Myung JS, Patton JS, Geyer PK (1998) Polycomb group repression

is blocked by the Drosophila suppressor of Hairy-wing [su(Hw)] insulator.

Genetics 148: 331–339.
26. Sigrist CJ, Pirrotta V (1997) Chromatin insulator elements block the silencing of

a target gene by the Drosophila polycomb response element (PRE) but allow trans
interactions between PREs on different chromosomes. Genetics 147: 209–221.

27. Cuddapah S, Jothi R, Schones DE, Roh TY, Cui K, et al. (2009) Global analysis

of the insulator binding protein CTCF in chromatin barrier regions reveals
demarcation of active and repressive domains. Genome Res 19: 24–32.

28. Emberly E, Blattes R, Schuettengruber B, Hennion M, Jiang N, et al. (2008)
BEAF regulates cell-cycle genes through the controlled deposition of H3K9

methylation marks into its conserved dual-core binding sites. PLoS Biol 6: e327.
doi:10.1371/journal.pbio.0060327.

29. Jothi R, Cuddapah S, Barski A, Cui K, Zhao K (2008) Genome-wide

identification of in vivo protein-DNA binding sites from ChIP-Seq data. Nucleic
Acids Res 36: 5221–5231.

30. Bartkuhn M, Straub T, Herold M, Herrmann M, Rathke C, et al. (2009) Active
promoters and insulators are marked by the centrosomal protein 190. EMBO J.

31. Kim TH, Abdullaev ZK, Smith AD, Ching KA, Loukinov DI, et al. (2007)

Analysis of the vertebrate insulator protein CTCF-binding sites in the human
genome. Cell 128: 1231–1245.

32. Spana C, Harrison DA, Corces VG (1988) The Drosophila melanogaster
suppressor of Hairy-wing protein binds to specific sequences of the gypsy

retrotransposon. Genes Dev 2: 1414–1423.
33. Pollard D (2008) Bergman 2004 matrices.

34. Heintzman ND, Hon GC, Hawkins RD, Kheradpour P, Stark A, et al. (2009)

Histone modifications at human enhancers reflect global cell-type-specific gene
expression. Nature.

35. Bushey AM, Ramos E, Corces VG (2009) Three subclasses of a Drosophila

insulator show distinct and cell type-specific genomic distributions. Genes Dev

23: 1338–1350.

36. Bernstein BE, Mikkelsen TS, Xie X, Kamal M, Huebert DJ, et al. (2006) A
bivalent chromatin structure marks key developmental genes in embryonic stem

cells. Cell 125: 315–326.
37. Mikkelsen TS, Ku M, Jaffe DB, Issac B, Lieberman E, et al. (2007) Genome-

wide maps of chromatin state in pluripotent and lineage-committed cells. Nature

448: 553–560.
38. Pan G, Tian S, Nie J, Yang C, Ruotti V, et al. (2007) Whole-genome analysis of

histone H3 lysine 4 and lysine 27 methylation in human embryonic stem cells.
Cell Stem Cell 1: 299–312.

39. Zhao XD, Han X, Chew JL, Liu J, Chiu KP, et al. (2007) Whole-genome
mapping of histone H3 Lys4 and 27 trimethylations reveals distinct genomic

compartments in human embryonic stem cells. Cell Stem Cell 1: 286–298.

40. MacArthur S, Li XY, Li J, Brown JB, Chu HC, et al. (2009) Developmental roles
of 21 Drosophila transcription factors are determined by quantitative differences

in binding to an overlapping set of thousands of genomic regions. Genome Biol
10: R80.

41. Cao R, Zhang Y (2004) The functions of E(Z)/EZH2-mediated methylation of

lysine 27 in histone H3. Curr Opin Genet Dev 14: 155–164.
42. Schwartz YB, Kahn TG, Nix DA, Li XY, Bourgon R, et al. (2006) Genome-

wide analysis of Polycomb targets in Drosophila melanogaster. Nat Genet 38:
700–705.

43. Schuettengruber B, Ganapathi M, Leblanc B, Portoso M, Jaschek R, et al.
(2009) Functional anatomy of polycomb and trithorax chromatin landscapes in

Drosophila embryos. PLoS Biol 7: e13. doi:10.1371/journal.pbio.1000013.

44. Tolhuis B, de Wit E, Muijrers I, Teunissen H, Talhout W, et al. (2006) Genome-

wide profiling of PRC1 and PRC2 Polycomb chromatin binding in Drosophila

melanogaster. Nat Genet 38: 694–699.

45. Negre N, Hennetin J, Sun LV, Lavrov S, Bellis M, et al. (2006) Chromosomal

distribution of PcG proteins during Drosophila development. PLoS Biol 4: e170.
doi:10.1371/journal.pbio.0040170.

46. Halligan DL, Keightley PD (2006) Ubiquitous selective constraints in the
Drosophila genome revealed by a genome-wide interspecies comparison. Genome

Res 16: 875–884.

47. Bhutkar A, Schaeffer SW, Russo SM, Xu M, Smith TF, et al. (2008)

Chromosomal rearrangement inferred from comparisons of 12 Drosophila

genomes. Genetics 179: 1657–1680.

48. Engstrom PG, Ho Sui SJ, Drivenes O, Becker TS, Lenhard B (2007) Genomic

regulatory blocks underlie extensive microsynteny conservation in insects.
Genome Res 17: 1898–1908.

49. Dion MF, Kaplan T, Kim M, Buratowski S, Friedman N, et al. (2007) Dynamics
of replication-independent histone turnover in budding yeast. Science 315:

1405–1408.

50. Mito Y, Henikoff JG, Henikoff S (2005) Genome-scale profiling of histone H3.3
replacement patterns. Nat Genet 37: 1090–1097.

51. Henikoff S, Henikoff JG, Sakai A, Loeb GB, Ahmad K (2009) Genome-wide
profiling of salt fractions maps physical properties of chromatin. Genome Res

19: 460–469.

52. Smith ST, Wickramasinghe P, Olson A, Loukinov D, Lin L, et al. (2009)

Genome wide ChIP-chip analyses reveal important roles for CTCF in Drosophila

genome organization. Dev Biol 328: 518–528.

53. Jiang N, Emberly E, Cuvier O, Hart CM (2009) Genome-wide mapping of

boundary element-associated factor (BEAF) binding sites in Drosophila melano-
gaster links BEAF to transcription. Mol Cell Biol 29: 3556–3568.

54. Bartkuhn M, Straub T, Herold M, Herrmann M, Rathke C, et al. (2009) Active
promoters and insulators are marked by the centrosomal protein 190. EMBO J

28: 877–888.

55. Maeda RK, Karch F (2003) Ensuring enhancer fidelity. Nat Genet 34: 360–361.

56. Lee CK, Shibata Y, Rao B, Strahl BD, Lieb JD (2004) Evidence for nucleosome
depletion at active regulatory regions genome-wide. Nat Genet 36: 900–905.

57. Geyer PK (1997) The role of insulator elements in defining domains of gene

expression. Curr Opin Genet Dev 7: 242–248.

58. Chopra VS, Cande J, Hong JW, Levine M (2009) Stalled Hox promoters as

chromosomal boundaries. Genes Dev 23: 1505–1509.

59. Negre N, Lavrov S, Hennetin J, Bellis M, Cavalli G (2006) Mapping the

distribution of chromatin proteins by ChIP on chip. Methods Enzymol 410:
316–341.

60. Whitfield WG, Chaplin MA, Oegema K, Parry H, Glover DM (1995) The
190 kDa centrosome-associated protein of Drosophila melanogaster contains four

zinc finger motifs and binds to specific sites on polytene chromosomes. J Cell Sci

108 (Pt 11): 3377–3387.

61. Gerasimova TI, Corces VG (1998) Polycomb and trithorax group proteins

mediate the function of a chromatin insulator. Cell 92: 511–521.

62. Gerasimova TI, Gdula DA, Gerasimov DV, Simonova O, Corces VG (1995) A

Drosophila protein that imparts directionality on a chromatin insulator is an
enhancer of position-effect variegation. Cell 82: 587–597.

63. Parnell TJ, Kuhn EJ, Gilmore BL, Helou C, Wold MS, et al. (2006)
Identification of genomic sites that bind the Drosophila suppressor of Hairy-wing

insulator protein. Mol Cell Biol 26: 5983–5993.

64. Tsukiyama T, Wu C (1996) Purification of GAGA factor of Drosophila and its role
in nucleosome disruption. Methods Enzymol 274: 291–299.

65. Johnson WE, Li W, Meyer CA, Gottardo R, Carroll JS, et al. (2006) Model-
based analysis of tiling-arrays for ChIP-chip. Proc Natl Acad Sci U S A 103:

12457–12462.

66. Bailey TL, Elkan C (1994) Fitting a mixture model by expectation maximization

to discover motifs in biopolymers. Proc Int Conf Intell Syst Mol Biol 2: 28–36.

67. Hughes JD, Estep PW, Tavazoie S, Church GM (2000) Computational

identification of cis-regulatory elements associated with groups of functionally

related genes in Saccharomyces cerevisiae. J Mol Biol 296: 1205–1214.

68. Liu XS, Brutlag DL, Liu JS (2002) An algorithm for finding protein-DNA

binding sites with applications to chromatin-immunoprecipitation microarray
experiments. Nat Biotechnol 20: 835–839.

69. Kheradpour P, Stark A, Roy S, Kellis M (2007) Reliable prediction of regulator
targets using 12 Drosophila genomes. Genome Res 17: 1919–1931.

70. Touzet H, Varre JS (2007) Efficient and accurate P-value computation for

Position Weight Matrices. Algorithms Mol Biol 2: 15.

71. Halfon MS, Gallo SM, Bergman CM (2008) REDfly 2.0: an integrated database

of cis-regulatory modules and transcription factor binding sites in Drosophila.
Nucleic Acids Res 36: D594–598.

The Mapping of Insulator Elements inDrosophila

PLoS Genetics | www.plosgenetics.org 13 January 2010 | Volume 6 | Issue 1 | e1000814


