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Metazoans have evolved multiple paralogues of the TATA

binding protein (TBP), adding another tunable level of

gene control at core promoters. While TBP-related factor 1

(TRF1) shares extensive homology with TBP and can

direct both Pol II and Pol III transcription in vitro, TRF1

target sites in vivo have remained elusive. Here, we report

the genome-wide identification of TRF1-binding sites

using high-resolution genome tiling microarrays. We

found 354 TRF1-binding sites genome-wide with B78%

of these sites displaying colocalization with BRF.

Strikingly, the majority of TRF1 target genes are Pol III-

dependent small noncoding RNAs such as tRNAs and

small nonmessenger RNAs. We provide direct evidence

that the TRF1/BRF complex is functionally required for

the activity of two novel TRF1 targets (7SL RNA and small

nucleolar RNAs). Our studies suggest that unlike most

other eukaryotic organisms that rely on TBP for Pol III

transcription, in Drosophila and possibly other insects the

alternative TRF1/BRF complex appears responsible for the

initiation of all known classes of Pol III transcription.
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Introduction

It is essential for multicellular organisms to support a com-

plex network of gene expression patterns that are highly

regulated during development and responsive to a variety

of physiological stimuli. Under the current working hypoth-

esis of eukaryotic transcriptional initiation, mechanisms that

support the specificity of transcriptional activation are largely

attributed to enhancer–core-promoter interactions. The pro-

tein machinery that enables these interactions includes

sequence-specific enhancer DNA-binding proteins and the

core-promoter recognition machinery, which is generally

believed to be universal at all promoters and largely invar-

iant. However, a number of recent studies have revealed that

there are alternatives of core-promoter complexes that have

evolved in multicellular organisms. It appears that mixing

and matching these two classes of transcriptional factors

represent a significant mechanism by which activation and

repression at specific promoters are achieved. Although

activators that direct specific transcriptional responses have

been amply documented, functions of alternative core-

promoter recognition complexes remained poorly under-

stood. Diversified core-promoter machinery such as variant

TFIID and TATA binding protein (TBP)-related factors (TRFs)

are found in many metazoan species (Hochheimer and Tjian,

2003), but it remains unclear how these alternative core-

promoter recognition complexes contribute to mechanisms of

transcriptional regulation. Early studies addressing individual

genes have been conducted largely using in vitro biochemical

approaches to dissect the role of these alternative core-

promoter recognition factors (Hansen et al, 1997; Holmes

and Tjian, 2000; Takada et al, 2000; Hochheimer et al, 2002).

However, a bottleneck to progress further has been the

identification of genome-wide in vivo targets for these factors.

Here, we describe the use of chromatin immunoprecipitation

(ChIP) assays combined with genome tiling microarrays

(ChIP-on-chip) coupled with a new computational tool to

more accurately identify, in an unbiased manner, genome-

wide targets of core-promoter recognition factors. To test the

usefulness of this strategy, we have applied this methodology

to the mapping of specific promoters targeted by the TRF1/

BRF complex.

TRF1 represents a unique class of TRF found in insect

species such as Drosophila and Anopheles. TRF1 is ubiqui-

tously expressed, although it is upregulated in the central

nervous system during embryogenesis and in primary sper-

matocytes in adults (Crowley et al, 1993; Hansen et al, 1997).

Extensive sequence conservation between TBP and TRF1

is found within the core DNA-binding domains, whereas

significant divergence is seen in the N-terminal domain.

Previously, in vitro biochemical approaches established that

TRF1 is likely involved in transcription of both Pol II and Pol

III genes (Hansen et al, 1997; Holmes and Tjian, 2000).

Importantly, a majority of the TRF1 in Drosophila appears

to form a complex with BRF (Takada et al, 2000). In vitro

transcription assays revealed that the TRF1/BRF complex

plays a critical role in the transcription of several tRNA, 5S

rRNA and U6 snRNA genes. Salivary gland polytene chromo-

some staining suggested that TRF1 can occupy a few hundred

genomic sites, the majority of which are co-occupied by BRF

(Takada et al, 2000). Our findings also suggested that the

TRF1/BRF complex at these few promoters displayed an

apparent dominance over TBP-containing complexes. To

gain a more comprehensive of the transcriptional role played
Received: 29 August 2006; accepted: 23 October 2006; published
online: 14 December 2006

*Corresponding author. Department of Molecular and Cell Biology,
University of California, Berkeley/HHMI, 16 Barker Hall, Berkeley,
CA 94720-3204, USA. Tel.: þ 1 510 642 0884; Fax: þ 1 510 643 9547;
E-mail: jmlim@berkeley.edu

The EMBO Journal (2007) 26, 76–89 | & 2007 European Molecular Biology Organization | All Rights Reserved 0261-4189/07

www.embojournal.org

The EMBO Journal VOL 26 | NO 1 | 2007 &2007 European Molecular Biology Organization

 

EMBO
 

THE

EMBO
JOURNAL

THE

EMBO
JOURNAL

76



by TRF1, it would be advantageous to decipher the potential

utilization of TRF1 on a genome-wide scale. In particular, we

hoped to discover how TRF1 might be utilized for transcrip-

tion mediated by different types of RNA polymerases.

However, inherent limitations of resolution have precluded

the analysis of polytene chromosome staining as a means to

unambiguously identify specific promoters recognized and

regulated by TRF1/BRF. Here, we report the higher resolution

and genome-wide mapping of TRF1/BRF-binding sites using

ChIP-on-chip assays. Using this experimental platform, we

obtained a high-resolution (35 bp) in vivo map of TRF1- and

BRF-binding sites throughout the Drosophila genome.

Consistent with our previous in vitro biochemical findings,

a major class of TRF1/BRF targets represents Pol III genes

such as tRNAs. A small percentage of sites bound by TRF1

were mapped to Pol II promoters. In addition, we report two

new classes of TRF1/BRF targets, 7SL RNA and small nucleo-

lar RNAs (snoRNAs), which are small nonmessenger RNAs

(snmRNAs). In vitro transcription assays were used to verify

that the TRF1/BRF complex is functionally required for

accurate transcription initiation of these new target genes.

Taken together, these results strongly support a global role of

the TRF1/BRF complex in Drosophila Pol III transcription.

Results

Genome-wide colocalization of TRF1 and BRF at

noncoding small RNA promoters

In order to determine high-resolution in vivo target genes of

the TRF1/BRF complex, we performed ChIP-on-chip analyses

using Drosophila genome tiling arrays (Affymetrix). This

high-density oligonucleotide array covers the entire genome

of Drosophila melanogaster at 35 bp resolution with the

notable exception of repeat regions such as transposons

and 28S and 5S rRNA genes. We first established robust

ChIP assays using affinity-purified anti-TRF1 and anti-BRF

antibodies that efficiently co-precipitate specific genomic

fragments such as 5S rRNA and tRNA genes. These few

genes had previously been characterized as targets of the

TRF1/BRF complex in vitro and are typically precipitated by

the specific antibodies at a level 20- to 100-fold above non-

specific IgG controls (Figure 2A). These co-precipitated geno-

mic fragments were amplified and subsequently hybridized

to the microarrays in duplicate. The data were extensively

analysed using a newly developed statistical platform (Tiling

Hierarchical Gamma Mixture Model, TileHGMM). This

statistical approach explicitly modeled binding of the probes

in the control sample and TRF1/BRF-enriched samples

(Figure 1A). The fitting of this statistical model provided us

with probabilities of binding that is specific to a genomic

region of interest. We then identified TRF1- and BRF-bound

regions by thresholding these probabilities while controlling

the false discovery rate using a false discovery rate calcula-

tion (Newton et al, 2004). Initially, 215 genomic regions (2 kb

on average) were identified as bound by TRF1 and 211 by

BRF. Some of the genomic regions contained multiple peaks

indicative of multiple target sites, which were identified as

part of postprocessing by calculating the odds of binding

according to our statistical model (Supplementary data).

Overall, we identified 354 binding sites for TRF1 and 359

binding sites for BRF, which appear largely colocalized

and uniformly distributed on each chromosome (Figure 1B

and C).

In order to visualize the spatial topology of the enrichment

revealed by TRF1/BRF immunoprecipitations, the signal

intensity of each probe was plotted over the chromosomal

locations for the selection of genomic regions. Figure 2B

displays a region on the X chromosome that encodes three

tRNA genes (CR30208, CR30206, and CR30207) displaying

equally strong hybridization signals, indicating that all three

sites are bound by TRF1 and BRF with comparable efficiency.

The second region represents chromosome 3R with multiple

TRF1/BRF occupancies at five tRNA genes (CR31485,

CR31490, CR31487, CR31489, and CR31486) and two non-

coding RNA genes corresponding to 7SL RNA (Figure 2C).

The third example illustrates snoRNA:644 gene on chromo-

some 2R (Figure 2D). In all three cases, it is evident that the

hybridization signals peak precisely in register with these

noncoding RNA genes. We further verified these microarray

results by conventional quantitative PCR detection of

co-immunoprecipitated fragments. All sites except for

CG11700, a control locus that is not bound by TRF1 and

BRF, displayed a significant enrichment with antibodies

against TRF1 and BRF, but not with control IgG

(Figure 2A). These results confirm that our microarray detec-

tion methodology faithfully recapitulates conventional ChIP

detected by quantitative PCR.

We next annotated the identified TRF1/BRF-binding sites

using the 4.2.1 version of the D. melanogaster genome from

FlyBase. We classified the target genes of the TRF1/BRF

complex into several categories based on the available anno-

tation (Figure 3 and Table I, full lists of the identified targets

are in Supplementary Tables). Strikingly, we found that

77.7% of all the identified sites are shared by TRF1 and

BRF, consistent with our previous biochemical observation

that the majority of TRF1 in Drosophila cells appears to be in

a complex with BRF (Takada et al, 2000). The major class

of these colocalized sites corresponded to tRNA genes.

Importantly, we found that 93% of all known tRNA genes

in Drosophila are bound by both TRF1 and BRF. In addition,

a minor fraction (4%) is bound only by BRF. For the 20 tRNA

genes that are not identified as TRF1-bound, two corre-

sponded to regions that are not tiled on the array, and six

can be identified with a less stringent threshold on the

binding probabilities. Likewise, for the seven tRNA genes

not identified as BRF-bound, two corresponded to regions not

tiled on the array, and three can be identified using a lower

probability threshold (Supplementary data). Therefore, our

methods not only identified conventional targets of the TRF1/

BRF complex with good sensitivity but also provided a clear

correlation between tRNA genes and the TRF1/BRF complex

throughout the entire genome.

Approximately 20% of the binding sites corresponded to

non-tRNA sites. These non-tRNA target regions of the TRF1/

BRF complex contained promoters of snmRNA genes (such

as 7SL RNA and snoRNAs) and Pol II genes, in addition to

genomic loci with no current annotation. Interestingly, we

observed some snmRNA genes that are only bound by BRF

under our experimental conditions. This could be due to the

differences in antibody affinity, or it could indicate that some

BRF can associate with subsets of promoters in the absence of

TRF1, possibly in association with other, as yet, uncharacter-

ized partners.

Role of TRF1/BRF complex as Drosophila TFIIIB
Y Isogai et al

&2007 European Molecular Biology Organization The EMBO Journal VOL 26 | NO 1 | 2007 77



Functional characterization of novel TRF1/BRF targets

Our ChIP-on-chip analysis has provided not only a compre-

hensive high-resolution profile of TRF1/BRF target sites but

also revealed several potentially novel target genes. We were

particularly intrigued by the finding that the TRF1/BRF

complex was associated with 7SL RNA and snoRNA genes.

Therefore, we wanted to determine whether the binding of

TRF1/BRF to these sites has functional relevance for the

activity of these genes. We selected several representative

promoters from these newly identified, putative targets of the
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Figure 1 Overview of ChIP-on-chip data analysis. (A) TileHGMM: a statistical framework for the analysis of Chip-on-chip data. Our pipeline
for the Chip-on-chip data analysis involves: (1) preprocessing and normalization; (2) performing diagnostic checks for validating statistical
model assumptions; (3) partitioning each chromosome into genomic regions of approximately 2000 base pairs; (4) fitting a hierarchical gamma
mixture model that models probe-level occupancy measures while allowing information sharing across probes to accommodate small sample
sizes; (5) identifying a final set of bound regions by thresholding posterior probability of binding estimated by the statistical model fit; (6)
annotation of the genomic regions. In (4), TileHGMM assumes that each genomic partition has at most one peak. Within each unbound
genomic region, probe-specific control and IP-enriched observations follow different Gamma distributions conditional on latent (unobserved)
mean binding measure. Let mj1(i) and mj2(i) represent the latent control and IP-enriched means for probe j in genomic region i. The model
assumes that control binding measurements for probe j form a random sample from a Gamma distribution with scale and shape parameters
equal to a1 and mj1(i)/a1, respectively. This ensures probe-specific control binding distributions with mean mj1 while avoiding overparameter-
ization through a common scale parameter. Similarly, IP-enriched binding measurements for probe j form a random sample from a Gamma
distribution with scale and shape parameters equal to a2 and mj2(i)/a2, respectively. If region i is unbound, mj1(i)¼mj2(i). Otherwise, we have
mj2(i)4mj1(i), reflecting transcription factor–DNA interactions, as we expect the IP-hybridizations to be greater than the control hybridizations.
(B) Genome-wide colocalization of TRF1/BRF-binding sites. For each chromosome, the top graph represents TRF1, and the bottom graph
represents BRF. Chromosome 4 was omitted as no binding sites were observed. The X-axis represents the genomic location in Mbp, and the
Y-axis represents the binding efficiency indicated by likelihood ratio score. (C) Distribution of TRF1/BRF bound regions across the genome.
Number of total TRF/BRF-binding sites per each chromosome is plotted on the graph.

Role of TRF1/BRF complex as Drosophila TFIIIB
Y Isogai et al

The EMBO Journal VOL 26 | NO 1 | 2007 &2007 European Molecular Biology Organization78



TRF1/BRF complex to further characterize by direct in vitro

transcription reactions. Figure 4 shows in vitro transcribed

RNA products using S2 cell extracts directed by templates

containing promoters for tRNA (CR30206), 7SL RNA, and

snoRNA genes. As expected, transcription from all three of

these classes of genes was resistant to low concentrations of

a-amanitin (25 ng/ml) typically used to inhibit Pol II tran-

scription (Takada et al, 2000). By contrast, addition of tagetin

(0.5 U/ml), a Pol III-specific inhibitor, completely abolished

transcription from all three templates. tRNA and 7SL RNA

have previously been established as Pol III genes in

Drosophila, human, and plants (Ullu and Weiner, 1985;

Takada et al, 2000; Yukawa et al, 2005). Interestingly,

snoRNAs have been reported to rely on either Pol II or Pol

III for transcription (Antal et al, 2000; Kiss, 2002; Harismendy

et al, 2003; Roberts et al, 2003; Moqtaderi and Struhl, 2004).

Here, we found that snoRNA:314 and snoRNA:644 are speci-

fically targeted by the TRF1/BRF complex and appear to

depend exclusively on the Pol III machinery. This finding is

consistent with the observation that these two genes are

localized to intergenic regions, rather than as part of introns

of host Pol II genes (Yuan et al, 2003), suggesting that at least

this class of snoRNAs may consist of functionally indepen-

dent Pol III transcription units. Indeed, our bioinformatic

analysis of novel snoRNA targets revealed conserved B-box

sequences, which serve as binding sites for TFIIIC

(Figure 4B).

To further establish that these novel TRF1/BRF target

genes are indeed bona fide Pol III transcribed genes, we

conducted ChIP assays probing directly for the presence of
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Figure 2 Spatial structure of enrichment by TRF1/BRF ChIP. (A) (top) Quantitative PCR detection of specific enrichment of small noncoding
RNA promoters by TRF1/BRF ChIP. 5S rRNA, CR30206 (tRNA), snoRNA:644, and 7SL RNA promoter regions are significantly enriched by
TRF1/BRF ChIP whereas the promoter region of a Pol II gene (CG11700) is not. (Bottom) ChIP assay using S2 cells expressing V5-tagged Pol III-
specific subunit RPIII128. (B–D) High-resolution detection of TRF1/BRF ChIP by genome tiling microarrays. Top plot is the averaged log ratios
of ChIP and control binding intensities over two TRF1 replicate experiments, bottom plot is the same for BRF1. Dashed lines mark the predicted
peak start and end positions. All the annotations are based on the 4.2.1 version of the D. melanogaster genome. Brown bars indicate tRNA
genes, and light blue bars indicate snmRNA genes. (B) Cytosolic tRNA genes (CR30208 on the þ strand; tRNAs CR30206, CR30207) on
chromosome 2R are bound by the TRF1/BRF complex. The yellow bar indicates the Pol II gene CG4266 on the � strand. (C) 7SL RNA locus
(from left to right, CR31490, CR31489, 7SL RNA, CR32864 on the þ strand; CR31485, 7SL RNA, CR31487, CR31486 on the � strand) on
chromosome 3R is bound by the TRF1/BRF complex. We identified the second 7SL RNA on the � strand by a BLAST search. (D) snoRNA:644
locus on chromosome X is bound by the TRF1/BRF complex.
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RNA polymerase III at these novel TRF1/BRF targets in vivo.

Using S2 cells expressing a V5-tagged RpIII128, the second

largest subunit of Drosophila RNA Pol III that is a unique

class III subunit, we found that 5S rRNA, tRNA, snoRNA, and

7SL RNA genes are all specifically precipitated via anti-V5

antibody whereas CG11700, a Pol II gene, failed to exhibit any

enrichment (Figure 2A, bottom). This result strongly corro-

borates our finding that the TRF1/BRF complex is responsible

for regulating the transcription of both of these novel target

genes (7SL and snoRNA) and that this diversified TRF1

containing initiation complex indeed works in conjunction

with RNA Pol III in Drosophila.

snoRNA:644 is transcribed as a longer precursor

Although we observed robust, template-dependent as well as

Pol III-dependent transcription from snoRNA templates, we

noticed that the size of the in vitro products were significantly

longer than what had been reported previously. For example,

the snoRNA:314 template produced a B250 bp RNA product

in vitro whereas stable transcripts detected by Northern blot

were only 130 bp in length. Likewise, snoRNA:644 tran-

scribed in vitro produced a B300 bp transcription product

instead of the 170 bp RNA observed in cells (Yuan et al,

2003). We hypothesized that this discrepancy may be due to

RNA processing events that occur at the 50 and 30 ends of

putative precursor-snoRNAs (Kiss, 2002). Therefore, we

tested whether these in vitro products accurately reflect

primary transcripts of pre-snoRNAs. To address this, we

performed primer extension analysis to compare the in vitro

transcription products with the primary in vivo transcripts

present in total RNA extracted from S2 cells (Figure 5).

Primer extension products using two different primers com-

plementary to different segments of the snoRNA:644 tran-

script confirmed that the vast majority of snoRNA:644

transcripts exists as two distinct processed RNA species

(Figure 5A). Importantly, however, a fraction of the in vivo

snoRNA:644 contains a start site that matches perfectly with

the long in vitro transcription products (Figure 5B). Similarly,

the in vitro transcription start site of snoRNA:314 gene

matched exactly the in vivo start site (data not shown).

Thus, we conclude that the in vitro products likely represent

the unprocessed ‘primary transcript’ and that the in vitro

transcription start site we observe accurately reflects the

in vivo transcription start site.

TRF1/BRF complex is required for transcription of novel

targets

Having established an efficient in vitro transcription system

that accurately reflects in vivo transcription start sites, we

next asked whether the TRF1/BRF complex is required to

potentiate activation of these novel target promoters. To test

this, we first prepared transcription extracts depleted of the

TRF1/BRF complex by preincubating S2 extracts with protein

A beads conjugated with affinity-purified anti-BRF antibody

(Figure 6A). Importantly, we confirmed that the levels of

other proteins such as TBP and a-tubulin remain unaffected

in the depleted extracts. Using these immunodepleted tran-

scription extracts, we performed in vitro transcription reac-

tions directed by tRNA (CR30206), 7SL RNA, and snoRNA:644

templates. As expected, we detected very low levels of

transcription from these templates after immunodepletion

of the TRF1/BRF complex (Figure 6C, lanes 1 and 2). To

ascertain the specificity of the immunodepletion, we per-

formed add-back experiments using a series of recombinant

purified TRF1/BRF complexes (Figure 6B). Transcription

from these three templates was efficiently restored to levels

comparable to the control transcription using mock-depleted

extracts (Figure 6C, lanes 1–5). Thus, these studies indicate

that the TRF1/BRF complex is likely an essential component
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of the Pol III-mediated transcription of tRNA, 7SL RNA, and

snoRNA genes in vitro.

TRF1/BRF complex regulates snoRNA transcription via

promoter proximal binding sites

Although we have mapped genome-wide locations of TRF1

and BRF at high resolution (35 bp), determining the exact

binding sites at 71 nucleotide resolution would be required

in order to begin deciphering the molecular basis of Pol III

promoter recognition that has evolved to replace the more

conventional TBP containing TFIIIB core promoter recogni-

tion complex. To address this issue, we have used DNase I

footprint assays to determine which segment of the

snoRNA:644 promoter is specifically recognized by the

TRF1/BRF complex. Surprisingly, we observed a reproducible

footprint spanning from B�19 to Bþ 6 relative to the

transcription start site (Figure 7A), indicating that the

snoRNA promoter recognition site for TRF1/BRF is at least

partly internal to the gene.

To determine if this footprint region is functionally

required for snoRNA:644 promoter activity, we used in vitro

transcription to test promoter activity from a deletion series

of gene constructs (Figure 7B and C). Consistent with the

notion of a gene-internal promoter, a deletion up to �2 did

not obliterate the activity, although some decrease in activity

was observed after removing �7 to �2 region. In contrast,

further 5 bp deletion at the transcriptional start site comple-

tely abolished the promoter activity. Taken together, the

binding and transcription data suggest that DNA sequences

spanning the transcriptional start site of the snoRNA:644

gene, which is recognized by the TRF1/BRF complex, serves

as a critical target site for the Pol III machinery to assemble

and form an active initiation complex. We also conducted

promoter deletion experiments with another snoRNA gene,

snoRNA:314. Unlike the partially gene-internal snoRNA:644

promoter, an essential element for snoRNA:314 promoter

activity appears to reside in the gene-external region as

constructs retaining up to least B250 bp upstream of the

transcription start site nevertheless failed to produce any

Table I Representative genomic regions with significant TRF1/BRF binding

Rank Start End Chr Score Class Genes

1/1 8952366 8954214 chr2R 41.8 I CR30509
2/2 16687498 16691515 chr2R 34.3 I CR33539, CR30210, CR30209
3/3 14928678 14930667 chr2R 33.1 I CR30224, CR30225, CR30326
4/5 7167448 7169438 chr2R 32.5 I CR30255, CR30254
11/6 8944250 8950296 chr2R 31.2 I CR30244, CR32842, CR32841, CR30521, CR30246, CR30247, CR30508
15/7 18578516 18580486 chr2R 29.0 I CR30202, CR30201
24/9 14637600 14641600 chr3L 28.3 I CR32144, CR32142
5/10 3077634 3081648 chr3L 27.4 I CR32288, CR32289, CR32287, CR32285, CR32286, CR32272
10/11 10498592 10500568 chr2R 27.2 I CR30241
14/12 22781067 22783043 chr3L 26.7 I CR32460
13/21 2581411 2583397 chr2R 24.9 I CR30298, CR30299
14/12 1362366 1364341 chr3L 24.9 I CR32330, CR32328, CR32329
15/23 8039304 8043250 chr3L 24.7 I CR32361, CR32362, CR32363
17/22 7175511 7177469 chr2R 24.4 I CR32844
18/27 21041337 21043328 chrX 24.0 I CR32526, CR32518
19/13 16667371 16669351 chr2R 23.9 I CR30208, CR30206, CR30207
20/7 752349 756360 chr3L 23.7 I CR32480, CR32481
32/16 1647601 1651588 chr2R 14.0 I CR30304, CR32837
22/17 20582213 20586210 chr2R 13.8 I CR30198, CR30199, CR30200
35/19 8000971 8004963 chr3L 12.7 I CR32370
42/20 14153176 14155175 chr2R 12.6 I CR30227, CR30228
21/8 12657949 12662132 chr2R 16.3 I, II CR30234, CR30235, CR33921 (snoRNA:U3:54Aa), CR33628

(snoRNA:U3:54Ab)
85/87 20379116 20383094 chr3R 13.1 I, II CR31540, CR31379** (snRNA:U6:96Aa), CR32867**

(snRNA:U6:96Ab), CR31539** (snRNA:U6:96Ac)
109/108 2643770 2649796 chr3R 8.8 I, II CR31490, CR31485, CR31489, CR31487, CR31486, CR32864 (7SLRNA)
143/142 3297494 3303497 chr3R 1.7 I, II CR31500, CR31502, CR33925** (snmRNA:331)
162/167 15238196 15244198 chr2R 2.4 I, II CR30218, CR30452, CR30451, CR30455, CR30453, CR30454,

CR30220, CR33930** (snoRNA:185)
23/41 5369112 5370107 chrX 22.9 II CR33787 (snoRNA:644)
24/34 1470403 1473835 chr3L 22.9 II CR33656 (snoRNA:3)
34/— 19555572 19557535 chr3R 20.7 II CR33682** (snmRNA:342)
92/129 18860853 18862812 chr3L 11.8 II CR33686 (snoRNA:269)
93/141 7106831 7108826 chr2R 11.7 II CR33661 (snoRNA:535)
102/— 8389072 8391062 chr2L 10.0 II CR32989** (snRNA:U6atac:29B)
111/138 3877139 3879109 chr3L 8.5 II CR33708 (snmRNA:149)
119/127 19345596 19349590 chr2R 7.2 II CR33913 (snoRNA:314)
121/109 10192815 10194807 chrX 7.0 II CR33662 (snoRNA:U3:9B)
6/4 6919489 6923502 chr2R 32.6 III CG7759
16/30 12370895 12372879 chr2R 24.5 III CG5935
18/8 13130719 13132695 chr2R 28.7 IV 7th intron of CG10936
—/9 4236361 4238331 chr2R 16.0 IV 1st intron of CG8411-RA

Highly statistically significant TRF1/BRF binding regions were categorized into four classes: I, tRNA, II, snmRNA, III, Pol II genes, IV,
unannotated regions. A statistical score was used to list the top binding regions, and the coordinates for start and end sites of the binding
regions are indicated. Double asterisks indicate that the binding was observed only in the BRF dataset.
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transcripts whereas that contains 531 bp upstream of the

transcription start site directed normal levels of transcription

(Figures 4A, 7D and E). This surprising observation reveals

that Pol III transcribed snoRNA promoters have substantially

different structural elements suggesting that perhaps these

promoters can employ different mechanisms involving the

TRF1/BRF complex and Pol III machinery.

Discussion

Genome-wide mapping of TRF1- and BRF-binding sites

In this paper, we sought to identify at relatively high-resolu-

tion specific genome-wide binding sites for the TRF1/BRF

core promoter recognition machinery in Drosophila.

Previously, our laboratory used in vitro biochemical methods

to identify a few TRF1 target genes and found that this TRF

can mediate transcription from both Pol II and Pol III pro-

moters. This observation suggested that at least in Drosophila

some of the key promoter recognition functions of TBP are

carried out by an alternative core promoter recognition factor

TRF1. However, our previous studies were hampered by

technical limitations that prevented us from directly compar-

ing the in vivo role of TRF1 in Drosophila cells with our

in vitro observations. One problem was the resolution of TRF1

localization on polytene chromosomes that did not allow us

to map accurately (10–100 kb) TRF1 target promoters in vivo.

Another problem was the finding that TRF1 can drive both

Pol II and Pol III-mediated transcription, thus complicating

our analysis of identifying bona fide promoters subject to

regulation by TRF1. Indeed, given the blunt resolution of

polytene sites, one could not distinguish between multiple

tRNA sites from adjacent Pol II genes with potential TRF1

target sites. In this report, we have employed a range of

in vivo and in vitro assays including genome-wide ChIP-on-

chip assays to obtain a more accurate and global picture of

how the TRF1 factor directs promoter recognition. Our pre-

sent study identified B350 sites in the Drosophila genome

that are specifically targeted by TRF1, BRF or both. These

data revealed that, in S2 cells, TRF1 as well as BRF are found

in a majority of known Pol III gene promoters whereas Pol II

promoters appear to constitute a minor proportion of TRF1

targets. It should also be noted that these classes of small

noncoding RNA genes we identified here generally pose a

particularly difficult challenge in determining the exact bind-

ing sites using existing lower resolution tiling arrays as they

are on average much smaller than Pol II transcripts. High-

resolution (35 bp) oligonucleotide microarrays such as the

ones used in this study provide a much more accurate

mapping of protein-binding sites than ones that have been

typically employed in previous studies.

Analysing vast amounts of data from high-resolution

(35 bp), high-density (3.1�106 probes) genome tiling micro-

arrays poses a significant challenge especially if the objective

is to identify, in an unbiased manner, bona fide functional

transcription factor binding sites. Most often, these studies

are compromised by a large number of false-positive target

sites. A significant advance would be the development of

automated and statistically motivated methods for de novo

prediction of binding regions. Using TRF1/BRF ChIP-on-chip

data as a case study, we present here a newly developed

statistical framework (TileHGMM) that provides a powerful

computational analysis platform. The strength of TileHGMM

is its ability to allow information sharing across probes using

a hierarchical model which, in turn, provides more power

and accuracy than simple sliding window testing approaches
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Figure 4 In vitro transcription of tRNA, 7SL RNA, and snoRNA
genes. (A) In vitro transcription assays were carried out using
templates for the putative targets of the TRF1/BRF complex,
CR30206 (tRNA), 7SL RNA, snoRNA:314, and snoRNA:644.
Transcription from these promoters gave template-dependent tran-
scription products that are resistant to a low concentration of
a-amanitin (25 ng/ml), which is sufficient to inhibit Pol II transcrip-
tion, but displayed sensitivity to tagetin (0.5 U/ml), a Pol III-specific
inhibitor. (B) Alignment of conserved B-box sequences found in
snoRNAs and tRNAs bound by TRF1 and BRF. The conserved
sequences are boxed in black. The consensus B-box sequence is
represented as a logo at the bottom. The start sites indicated are the
distances from the annotated gene start sites in FlyBase. As most
annotated snoRNAs appear to be derived from processed tran-
scripts, the identified B-boxes typically reside upstream of the
mature snoRNA sequences.
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(Cawley et al, 2004) especially when there are limits to the

number of replicate samples that can be obtained (Keleş ,

2006). Furthermore, by allowing probe-specific distributions

of binding, TileHGMM accommodates probe-specific hybri-

dization efficiencies. TileHGMM was indeed shown to pro-

vide advantages over more recent hidden Markov methods

(Ji and Wong, 2005; discussed in Keleş et al, 2006). Thus, this

algorithm provides a significant advantage to molecular

geneticists performing microarray analysis using limited

sources of materials. Importantly, we found that peak pre-

dictions by TileHGMM are highly accurate and extremely

sensitive, judging from the striking correlation between tiling

array results and traditional quantitative PCR detection of

ChIP signals. Therefore, this new framework should be highly

useful for de novo unbiased identification of genome-wide

transcription factor binding sites not only for the TRF1/BRF

data sets but should also be generally applicable to a broad

range of other ChIP-on-chip experiments performed using

high-density genome tiling microarrays.

Genome-wide evidence for TRF1/BRF as alternative

TFIIIB in Drosophila

Surveying all the genomic sites identified by this study, we

observed a striking degree (77.7%) of colocalization between

TRF1 and BRF. This is entirely consistent with but also

significantly extending our previous biochemical study indi-

cating that most of the TRF1 protein in Drosophila S2 cells

appears to be in a complex with BRF (Takada et al, 2000).

Among the colocalized sites, we found that by far the most

dominant class represents tRNA genes, which is consistent

with our in vitro studies. Remarkably, 93% of known tRNA

genes in the Drosophila genome scored as TRF1/BRF targets.

This result indicates that the TRF1/BRF complex in

Drosophila is tightly linked to Pol III transcription, in contrast

to most other eukaryotes where TBP is the core component of

the TFIIIB complex. In addition, our recent ChIP-on-chip

analysis of Drosophila TBP confirmed that less than 1% of

the Pol III genomic sites that are bound by either TRF1 or

BRF are also bound by TBP, further supporting the role

of TRF1, but not TBP, in Pol III transcription (Y Isogai,

R Tjian and S Keleş , unpublished data). Importantly,

several of the other mapped sites corresponded to genes

that had not been previously described as TRF1/BRF targets,

including 7SL RNA, snoRNAs, and various functionally

uncharacterized snmRNAs. We also found that approxi-

mately 19% of the identified sites are occupied only by

TRF1 or BRF, but not by both. These ‘single-hit’ sites could

be due to differences in the sensitivity of the assays
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Figure 5 Mapping the in vivo transcriptional start site of snoRNA:644. (A, B) In vitro transcription products directed by the snoRNA:644
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(i.e., variability in antibody strength) or they could reflect

some aspect of TRF1 and BRF functional specificity that

we do not yet understand. Polytene chromosome staining

conducted previously (Hansen et al, 1997; Takada et al, 2000)

was consistent with our finding that not all TRF1 sites are

also BRF sites. One possibility is that TBP or some other as

yet unidentified TRFs could play a role in the recognition

of these non-TRF1-associated, BRF sites. Interestingly,

these ‘single-hit’ sites are found most frequently in potential

promoter regions of Pol II genes or in regions where no

gene annotations are found. This suggests that both TRF1

and BRF may be involved in transcriptional specificity

possibly involving Pol II that remains to be characterized.

For example, we detected TRF1/BRF binding at the 50 up-

stream region of the tudor gene, which had previously been

biochemically characterized as an in vitro Pol II gene target

of TRF1 (Holmes and Tjian, 2000). However, the presence

of several tRNA sites proximal to this genomic locus made it

difficult for us to determine whether these binding sites

are utilized for directing transcription of tudor, tRNA genes

or possibly both.

Identification of a snoRNA transcription unit and

potential processing events

To date, there have been relatively few studies characterizing

snoRNA transcription in Drosophila (Tycowski and Steitz,

2001; Yuan et al, 2003). In yeast, it has been reported that

the majority of snoRNAs are transcribed by Pol II, and only

one snoRNA gene (snR52) has been identified as a Pol III

target (Harismendy et al, 2003; Roberts et al, 2003; Moqtaderi

and Struhl, 2004; Guffanti et al, 2006). We report here at least

two snoRNA genes that are transcribed by the Pol III machin-

ery in Drosophila, snoRNA:314 and snoRNA:644, possess

independent transcriptional units that are localized to inter-

genic regions. By examining other snoRNA targets of the

TRF1/BRF complex, we found that five are localized to

intergenic regions whereas three are embedded in the introns

of Pol II genes. Therefore, it is likely that at least some of

these other uncharacterized intergenic snoRNA targets are

also Pol III genes. Moreover, of the two different classes of

snoRNAs (box C/D type and box H/ACA type), we did not

find any bias in our list of snoRNA targets. Thus, the

chromosomal location and promoter structures, rather than
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Figure 6 TRF1/BRF complex is required for transcription of tRNA, 7SL RNA, and snoRNA genes. (A) Immunodepletion of the TRF1/BRF
complex. The S2 extract depleted of the TRF1/BRF complex was used for the immunoblot to examine the level of TRF1, BRF, and TBP. a-BRF
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Role of TRF1/BRF complex as Drosophila TFIIIB
Y Isogai et al

&2007 European Molecular Biology Organization The EMBO Journal VOL 26 | NO 1 | 2007 85



specific types of snoRNAs, may be key determinants for

designating the class of transcriptional machinery (Pol II or

III) utilized for snoRNA genes. Indeed, these snoRNA targets

contain the conserved B-box sequence, underscoring the

regulation of these promoters by the Pol III transcription

machinery.

Another observation regarding snoRNA transcriptional

units revealed by these studies is the apparent production

of a larger primary transcript precursor that is then most

likely subject to processing at its 50 end. In the latest annota-

tion of the Drosophila genome, snoRNAs are mapped accord-

ing to the size of the mature forms and therefore may not

reflect their true transcriptional start sites. The in vitro

transcription assays used in this study provide a powerful

complementary approach to mapping the promoter regions of

these snoRNAs as this assay correctly predicted the transcrip-

tional start sites that were then confirmed in vivo by primer

extension.

Pol III promoters have been subdivided into at least two

classes, gene internal (5S rRNA and tRNAs) and gene

external (U6 snRNA) promoters (Schramm and Hernandez,

2002). What then is the common structure of snoRNA gene

promoters? In the yeast snR52 gene, potential A/B boxes have

been mapped suggesting that a gene-internal promoter may

be important (Harismendy et al, 2003; Guffanti et al, 2006).

Consistent with this observation, the snoRNA:644 gene in
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Drosophila we identified here also appears to require gene-

internal elements. In addition, we found that the bulk of

the TRF1/BRF complex binds a region overlapping the trans-

cription start site and extending well into the gene (þ 6),

which is reminiscent of a gene-internal promoter element.

Importantly, this element has substantially diverged from the

typical upstream TATA box. This finding is also consistent

with the observation that, unlike fungi, plants, and mam-

mals, Drosophila Pol III genes generally lack conspicuous

TATA box sequences. Thus, the core promoter recognition

apparatus consisting of TRF1/BRF in insects has apparently

evolved to accommodate a more diversified Pol III promoter

structure utilized by Drosophila.

Although the snoRNA:644 gene represents one type of

snoRNA promoter structure, we found that not all the

snoRNAs regulated by TRF1/BRF exhibit the same type of

promoter structure. In the case of snoRNA:314 gene, it

appears that significant gene-external sequences and promo-

ter elements may be necessary for transcriptional initiation as

in vitro transcription experiments with promoter deletions

of the snoRNA:314 template revealed that at least B250 bp

upstream of the putative transcription start site are essential

for efficient initiation. This suggests that the promoter struc-

ture of snoRNA:644 gene may resemble tRNAs whereas that

of snoRNA:314 is more similar to the 7SL RNA gene in plants

wherein both gene-external and -internal sequence elements

play a role in directing transcriptional initiation (Yukawa

et al, 2005). Interestingly, under our in vitro transcription

system, the snoRNA:644 template produced larger amounts

of transcripts than the snoRNA:314 template. This observa-

tion appears well correlated with our ChIP-on-chip results in

which the occupancy score of TRF1/BRF at the snoRNA:644

promoter is significantly higher than at the snoRNA:314

promoter, indicating that the recruitment of the TRF1/BRF

complex may be a crucial step for successful initiation of

transcription by Pol III. Therefore, the snoRNA:314 promoter

may represent a case where the Pol III transcription machin-

ery may be potentially directed by yet unknown DNA binding

factors, allowing tight transcriptional control of these

snoRNAs.

Small non-messenger RNAs comprise a novel class

of TRF1/BRF targets

Small nonmessenger RNAs are abundantly expressed in

eukaryotic cells and thought to participate in critical cellular

functions. For example, 7SL RNA is part of the signal recogni-

tion particle and snoRNAs plays an important role in guiding

modification (such as pseudouridylation) of ribosomal RNAs

(Kiss, 2002). However, the functional roles of the majority of

other snmRNAs remain to be characterized. For example, the

putative TRF1/BRF target snmRNA:149 gene appears to be

transcribed in the antisense direction to a protein coding

gene, CG1079. One proposal is that this class of snmRNAs

may play a role in the regulation of the corresponding Pol II

genes via splicing or potential RNAi-like mechanisms (Yuan

et al, 2003).

We have not yet determined the localization of the TRF1/

BRF complexes in different cell types or in different

Drosophila tissues. It may be particularly interesting to

examine neural tissues where TRF1 was found to be promi-

nently upregulated (Crowley et al, 1993; Hansen et al, 1997).

It is possible that TRF1 mediates cell-type-specific transcrip-

tion in these tissues. Recently, an snoRNA in humans was

specifically expressed in the brain and was implicated in

alternative splicing of the serotonin receptor (Kishore and

Stamm, 2005). Such post-transcriptional RNA modification

events may also occur in the central nervous system of

Drosophila. Therefore, the role of the TRF1/BRF complex in

snmRNA expression in S2 cells may point to a potential link

between the TRF1/BRF complex and the regulation of yet to

be identified brain-specific snmRNAs. It is thus tempting to

speculate that the TRF1/BRF complex may have broad

implications for gene regulation in the Drosophila neural

system. Our finding that some snoRNA promoters rely on

gene-external promoter elements supports a potential tissue

or developmental stage-specific expression of these snmRNA

by employing additional upstream transcription factors in

conjunction with TRF1/BRF.

At least in S2 cells, the majority of the TRF1/BRF complex

is found to direct the regulation of small non-coding RNA

genes, most of which are transcribed by Pol III. Apparently in

Drosophila and other insects, TRF1 has evolved to be respon-

sible for initiating all the known classes of Pol III genes. This

presents an interesting functional diversification in insects

between TBP and TRF1 that may have implications in other

organisms.

Materials and methods

Antibodies
Affinity-purified anti-BRF and anti-TRF1 antibodies have been
described (Hansen et al, 1997; Takada et al, 2000). Rabbit anti-V5
antibody was obtained from Sigma.

ChIP assay and quantitative PCR
ChIP assays were conducted as described (Puig et al, 2003) except
a formaldehyde concentration of 0.5% was used for crosslinking.
For the immunoprecipitation experiments, preimmune rabbit IgG
and normal mouse IgG (Sigma) were used as negative controls.
Quantitative PCR was conducted with Opticon (MJ Research) using
iQ SYBR Green Supermix (Bio-Rad) at a primer concentration of
150 nM. Primer sequences used to amplify 5S, 7SL, snoRNA:644,
CG11700 and CR30206 genomic regions are provided in the
Supplementary data. For ChIP assays probing Pol III occupancy,
we generated S2 cells stably expressing a Pol III-specific subunit
RPIII128, tagged with V5 at the C-terminus. We used 1%
formaldehyde for crosslinking and conducted subsequent steps as
described above.

Probe preparation and hybridization
The materials from ChIP assays were first amplified (Bohlander
et al, 1992). Two micrograms of amplified DNA were treated with
DNase I (Sigma) and sheared to 50–100 bp fragments. The sheared
DNA probes were labeled with biotin-N6-ddATP (Enzo) using
terminal deoxytransferase (Promega) and hybridized to two
replicates of Drosophila Tiling Forward Array (Affymetrix) per
antibody. Hybridization cocktail (200 ml) contained the following
components: 2 mg of biotinylated DNA probe, 3 M trimethylammo-
nium chloride (Sigma), 30 pM of biotinylated oligo B2 (Affymetrix),
0.1 mg/ml herring sperm DNA (Invitrogen), and 0.02% Triton X-100
(Sigma). Post-hybridization washes and signal detection were
carried out using the protocol described in the GeneChip Expression
Analysis Technical Manual (Affymetrix).

In vitro transcription
Templates for transcription were prepared by inserting tRNA
(CR30206), snoRNA:314, snoRNA:644, and 7SL RNA gene regions
to pCR4-TOPO vector (Invitrogen). Cell extracts from Drosophila
Schneider line 2 (S2) cells were prepared as described (Dingermann
et al, 1981) with one modification: after the cell lysis, 1/10 volume
of buffer B (50 mM HEPES, pH 7.6, 2 M KCl, 50% glycerol, 30 mM
MgCl2, 0.1 mM EDTA) was added before ultracentrifugation. The
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recombinant TRF1/BRF complex was prepared as described
(Takada et al, 2000). Immunodepletion of the TRF1/BRF complex
was carried out by mixing 100 ml of protein A sepharose prebound
with either preimmune rabbit serum or affinity-purified BRF-
antibody and 1 ml of S2 extract and incubating for 4 h at 41C. The
in vitro transcription carried out in Figure 4 contained 20ml of S2
extract (B120mg), 1 mg of template DNA, 0.5 mM of ATP, CTP, and
UTP, and 0.1 mM of GTP, 1ml of 3000 Ci/mmol a-32P-GTP in a buffer
containing 30 mM HEPES-KOH, pH 7.6, 100 mM KCl, 5 mM MgCl2,
3 mM DTT, 5% glycerol in 42 ml reaction. a-Amanitin (Sigma, at
25 ng/ml) and tagetin (Epicentre, at 0.5 U/ml) were added for select
reactions. The rescue experiments were carried out using the
following mixture: for CR30206 and snoRNA:644 templates, 12ml of
depleted extract, 1ml of template DNA, 0.5 mM of ATP, CTP, and
UTP, 1 ml of 3000 Ci/mmol a-32P-GTP, recombinant TRF1/BRF (in
TGED buffer: 0.5 M NaCl, 20 mM Tris, 10% glycerol/0.25 mM EDTA,
1 mM DTT), in the reaction buffer above. For the 7SL RNA template,
20 ml of depleted extract was used. Primer extension assays were
conducted as described (Takada et al, 2000) using the primers
hybridizing to snoRNA:644 gene. All the primer sequences used for
vector construction and primer extension assays are provided in the
Supplementary data.

DNase I footprinting
DNase I footprinting experiments were conducted essentially as
described (Ziegelbauer et al, 2001) using a 243-bp (spanning þ 124
to �119 relative to the transcription start site) probe labeled at the
sense strand of the snoRNA:644 gene.

Statistical data analysis

Preprocessing of the data. We carried out the analysis of the data
from each chromosome separately. For each chromosome, the IP-
enriched and control samples were quantile normalized (Bolstad
et al, 2003) within two replicates and median scaled across the two
groups. Log-normalized intensities were used as the final measure-
ments of occupancy.

Identification of bound regions. We performed a higher level
analysis of the ChIP-on-chip data using the Tiling Hierarchical
Gamma Mixture Model (TileHGMM) of Keleş et al (2006). We first
partitioned each chromosome into regions utilizing gaps derived
mainly from repeat masking and masking of regions with low
hybridization quality probes. Regions longer than 2 kb were further
partitioned so that each genomic region is on the average 2 kb. The
resulting total number of regions was represented by N. We utilized
a hierarchical gamma model adapted from Kendziorski et al (2003)
and Newton et al (2004) to model the hybridization intensities of
the probes as this method had been shown to be more powerful
than simple testing approaches with a small number of replicate
microarray experiments (Newton et al, 2004). Underlying features
of the statistical pipeline are summarized in Figure 1A. The method
assumes that each genomic region has at most one peak and such a
peak can have a variable size, that is, variable number of probes.
Probe-specific IP-enriched and control hybridizations follow differ-
ent Gamma distributions. The mean values of these distributions
would be equal for ‘unbound’ probes whereas the IP-enriched
sample distribution would exhibit larger mean values for the
‘bound’ probes (Keleş , 2006 for mathematical details). The

TileHGMM package processes control and IP-enriched ChIP-on-
chip data and computes the partitioning of chromosomes, and
outputs the coordinates of peaks as well as peak sizes. The model
parameters including the shape parameters for the underlying
Gamma distributions and proportion of regions with a peak are
estimated by maximum likelihood using the expectation-maximiza-
tion (EM) algorithm. This algorithm outputs two important poster-
ior probabilities (‘probabilities’ in the main text for simplicity): Zi,
i¼ 1,y, N, that are region-specific posterior probabilities repre-
senting the probability of ith region having a peak as well as xij,
j¼ 1,y, Li (Li is the total number of probes in the ith genomic
region), i¼ 1,y, N, which represents the posterior probability that
the peak in ith region starts at jth probe. Using these posterior
probabilities, we identified genomic regions with peaks and
subsequently defined peak start and end positions. As discussed
in Keleş et al (2006), the average peak size was calculated to be
approximately 15 probes using the average fragment size of the
sheared chromatin and the array parameters such as the length of
oligonucleotides and average spacing of the tiling path. In addition,
TileHGMM allows variable peak sizes (Supplementary data). We
allowed both a fixed peak size of 15 probes (fixed peak, FP,
approach) and a peak size distribution estimated using an agarose
image gel of the sheared genomic DNA (variable peak, VP,
approach). VP approach identified 10–18% more bound regions
and included about 96% of the regions identified by the FP
approach. As most of the additional regions identified by the VP
approach corresponded to unannotated regions or Pol II gene
targets, we focused on the results obtained using the FP approach
at a false discovery rate of 0.01.

Annotation of binding regions. We annotated the identified peaks
based on the 4.2.1 version of the D. melanogaster genome in
FlyBase. For each peak, tRNA, pseudogenes, snmRNAs and Pol II
genes with transcription start sites within 500 bps downstream of
the peak boundaries were reported. Furthermore, Pol II targets with
the peaks starting or ending within (þ 500, �100) bps of the
annotated transcription start site were curated (Supplementary
data).

De novo motif finding. We ran the motif finding program MEME
(Bailey and Elkan, 1995) for a set of sequences mapping to peaks
from 43 tRNAs and 6 snoRNAs. These regions had the region
specific posterior probability of binding to be 1. The de novo motif
finding was performed in a systematic fashion focusing on þ /50,
775, 7100, 7125, þ /150 flanking base pairs of the mid-point
of the peaks. The sequence logo of the B-box was generated using
the enoLOGOS server (Workman et al, 2005).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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