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Letter

Genome-wide analysis of Fis binding in Escherichia coli
indicates a causative role for A-/ AT-tracts

Byung-Kwan Cho,' Eric M. Knight," Christian L. Barrett, and Bernhard @. Palsson?
Department of Bioengineering, University of California—San Diego, La Jolla, California 92093-0412, USA

We determined the genome-wide distribution of the nucleoid-associated protein Fis in Escherichia coli using chromatin
immunoprecipitation coupled with high-resolution whole genome-tiling microarrays. We identified 894 Fis-associated
regions across the E. coli genome. A significant number of these binding sites were found within open reading frames
(33%) and between divergently transcribed transcripts (5%). Analysis indicates that A-tracts and AT-tracts are an
important signal for preferred Fis-binding sites, and that A, -tracts in particular constitute a high-affinity signal that
dictates Fis phasing in stretches of DNA containing multiple and variably spaced A-tracts and AT-tracts. Furthermore, we
find evidence for an average of two Fis-binding regions per supercoiling domain in the chromosome of exponentially
growing cells. Transcriptome analysis shows that ~21% of genes are affected by the deletion of fis; however, the
changes in magnitude are small. To address the differential Fis bindings under growth environment perturbation,
ChIP-chip analysis was performed using cells grown under aerobic and anaerobic growth conditions. Interestingly,
the Fis-binding regions are almost identical in aerobic and anaerobic growth conditions—indicating that the E. coli
genome topology mediated by Fis is superficially identical in the two conditions. These novel results provide new
insight into how Fis modulates DNA topology at a genome scale and thus advance our understanding of the
architectural bases of the E. coli nucleoid.

[Supplemental material is available online at www.genome.org.]

The Escherichia coli genome forms a highly condensed structure
called a “nucleoid body” (Robinow and Kellenberger 1994),
whereas the genomic DNA in eukaryotic cells is packed in a
nucleus as a chromatin structure (Kornberg 1974). The compact
nucleoid body in a bacterial cell is extensively bound by several
nucleoid-associated proteins, which include H-NS, HU, IHF, Fis,
and the stationary-phase-specific DNA-binding protein Dps
(Murphy and Zimmerman 1997; Azam et al. 2000; Schneider et al.
2001; Dame 2005). The involvement of the nucleoid-associated
proteins in organizing the genetic material within the bacterial
nucleoid has been widely accepted, as well as their involvement
in regulating transcription (Ussery et al. 2001; Dorman and
Deighan 2003; Blot et al. 2006).

The Fis protein is a general host nucleoid-associated DNA
bending factor comprising 98 amino acids that was first identi-
fied because of its critical role in promoting site-specific DNA
recombination (Johnson et al. 1986). The Fis protein contains a
helix-turn-helix motif, which binds in the major groove and
bends DNA by between 50° and 90° (Kostrewa et al. 1991; Pan et
al. 1996). Its bending activity stabilizes DNA looping, either di-
rectly or through protein—protein interactions, to enhance tran-
scription as well as to promote DNA compaction (Travers and
Muskhelishvili 1998; Skoko et al. 2006). The intracellular level of
Fis protein is growth-dependent and changes from less than 100
copies in stationary phase to more than 60,000 copies per cell in
log phase (Ball et al. 1992; Azam et al. 1999). A variety of evi-
dence suggests that the Fis protein plays a variety of roles in
regulating DNA transactions and modulating DNA topology
(Ussery et al. 2001). Recently, Fis has been implicated in the
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control of the gene expression involved in metabolism, trans-
port, flagellar biosynthesis, and virulence in E. coli and Salmonella
typhimurium (Kelly et al. 2004; Blot et al. 2006; Croinin et al.
2006). The regulation mechanism widely accepted is that Fis in-
fluences transcription by directly or indirectly affecting the activity
of RNA polymerase and by modulating the level of DNA super-
coiling in the cell. For example, at the promoters rrnB P1 and proP
P2, Fis directly stimulates transcription by contacting the C-
terminal domain of the RNA polymerase a subunit (RNAP «, also
known as RpoA) (Bokal et al. 1997; McLeod et al. 2002). On the
other hand, Fis negatively autoregulates its own operon by hin-
dering RNA polymerase binding (Ninnemann et al. 1992). In the
case of bacteriophage A DNA excision, Fis appears to play an archi-
tectural role by contributing to a higher-order nucleoprotein com-
plex that facilitates DNA cleavage and excision (Landy 1989).

There are 53 Fis-binding sites (Keseler et al. 2005) that have
been directly experimentally determined. Robison and coworkers
applied the recognition matrices developed from the experimen-
tally derived Fis-binding sequences to search for Fis-binding sites
across the E. coli genome sequence and reported more than
10,000 binding sites (Robison et al. 1998). Using hidden Markov
models (HMMs), Ussery and coworkers reported 6000 strong Fis-
binding sites in the E. coli genome (Ussery et al. 2001). Informa-
tion analysis used by Hengen and coworkers estimated 68,000
Fis-binding sites, or one site per 230 bases (Hengen et al. 1997).
The huge variance of Fis-binding sites predicted by three differ-
ent computational methods reflects the fact that only weak bind-
ing site profiles are obtained when Fis-binding site sequences are
aligned.

The relationship between the global effect of Fis on DNA
topology and its local effects exerted on particular promoter re-
gions is not well understood. The global interactions between the
E. coli genome and Fis can be addressed by the direct measure-
ment of Fis-DNA complexes by chromatin immunoprecipitation
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coupled with microarrays (ChIP-chip). The ChIP-chip approach
is particularly well suited since unambiguous identification of
the location of the proteins is possible by in vivo measurement of
the protein-DNA complex (Ren et al. 2000). A recent genome-
wide analysis of Fis association in E. coli cells identified 224 bind-
ing regions (Grainger et al. 2006) but was limited in the ability to
define binding motif because of the resolution limitation of the
low-density microarrays used. Here we improve on the resolution
of this approach and use a ChIP-chip approach with fully tiled
high-density microarrays to determine the distribution of the
Fis-binding sites on a genome-scale. Our data enable the refine-
ment of the Fis-binding motif and new insight into the func-
tional behavior of the Fis protein. We also determined the effects
of fis deletion on the transcription state of the cell.

Results

Immunoprecipitation of the DNA fragments associated
with Fis, 67°, and RNAP

Prior to microarray hybridization, we used qPCR to determine
the quality of immunoprecipitated DNA from the strain harbor-
ing myc-tagged Fis protein (BOP608), which has been shown to
be highly resistant to stringent washing conditions and to retain
its regulatory function in vivo (Cho et al. 2006a). The cross-linked
DNA-protein complexes were immunoprecipitated by using an-
tibodies against myc-tag, ¢’° (also known as RpoD), or core RNAP
(B subunit, also known as RpoB) from the cultured cells in the
minimal media. Following reversal of DNA-protein cross-links,
the immunoprecipitated DNA (IP DNA) was randomly amplified
using PCR (Herring et al. 2005). In order to determine the en-
richment of the IP DNA, qPCR was used to measure the relative
levels of promoter and gene regions of known Fis-binding sites
using nrfA, nirB, rrsA, sdhC, and dmsA as controls.

The relative occupancy of Fis at the promoter regions of
nrfA, nirB, and rrsA was 34, 32, and 20, respectively (Fig. 1), which
is consistent with previous studies (Wu et al. 1998; Browning et
al. 2002; Paul et al. 2004). We also determined the association of
07 and the core RNAP at the promoter and gene regions of nrf4,
nirB, and rrsA under the same conditions. The association of ¢”°
and core RNAP was found only at the promoter of rrsA. Interest-
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Figure 1.

ingly, the association of ¢’® was only shown at the promoter,
whereas the core RNAP was not only shown at promoter but at
gene regions as well. These observations are in strong agreement
with previous studies, such that nrfand nir operons are repressed
by Fis (Wu et al. 1998; Browning et al. 2002), and Fis acts as a
classical activator at the rrsA promoter (Paul et al. 2004). As con-
trol experiments, we determined the relative occupancy of Fis,
07, and core RNAP at the promoters and gene regions of sdhC
and dmsA (Fig. 1D). The Fis levels at promoters and gene regions
of sdhC and dmsA remained at background levels. As expected,
there was a large increase in ¢”° and core RNAP association with
the promoter and gene regions of sdhC due to its biological role
in central metabolism under our growth conditions (Park et al.
1997). On the other hand, very low levels of ¢’° and core RNAP
were measured at the promoter and gene regions of the dmsA
gene. This agrees with the known strong repression of the dmsA
gene under the aerobic condition (Bearson et al. 2002). Alto-
gether, these results demonstrate that Fis-bound DNA fragments
were selectively immunoprecipitated from the exponentially
growing E. coli cells.

Genome-wide mapping of Fis-binding regions

To identify Fis-binding regions on a genome scale, we next per-
formed a ChIP-chip analysis using custom-designed whole-
genome tiling microarrays (NimbleGen) that contained a total of
371,034 oligonucleotides to represent the E. coli genome with 50-bp
probes in overlapping by 25 bp on both forward and reverse
strands (Herring et al. 2005). Our results identify regions of the
genome enriched in the IP DNA samples, allowing us to con-
struct a genome-wide map of in vivo interactions between Fis
and the E. coli genome (Fig. 2A). Using a peak detection algo-
rithm based on the double-regression model (Kim et al. 2005)
together with manual curation, 894 unique peaks of Fis associa-
tion were identified. The complete list of 894 Fis-binding regions
is summarized in Supplemental Table S1.

The ChIP-chip analysis of Fis was also in agreement with the
literature, showing binding at the promoters of acs, nrfA, nuoA,
aldB, and nrd (Fig. 2B) (Augustin et al. 1994; Xu and Johnson
1995; Browning et al. 2004, 2005; Zhang et al. 2004). Prior to this
study, only 53 Fis-binding sites had previously been reported, 43
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Association of Fis with promoter regions of nrfA, sdhC, dmsA, nirB, and rrsA in mid-log growth phase under aerobic growth conditions.

Relative occupancy on Y-axis represents the ratio of the immunoprecipitated DNA with and without antibodies using quantitative PCR. (4) In mid-log
growth phase, Fis is present at the promoter region of nrfA, while the RNAP B levels remain at background levels. (B,C) Fis ChIP shows high occupancies
at the promoter regions of nirB and rrsA. Owing to the transcriptional repression of the nirB gene under the conditions, RNAP B levels remain at
background levels across the gene. However, rrsA is highly expressed in rapidly growing cells, so the RNAP 8 occupancy plateaus at the high level across
the gene. (D) Fis is not associated with the promoter regions of sdhC and dmsA. RNAP B levels are high at the promoter and ORF regions of sdhC but
are not present at the promoter regions of dmsA.
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Figure 2. Genome-wide mapping of Fis-binding regions in E. coli. (A) An overview of Fis-binding profiles across the E. coli chromosome at exponential
state under aerobic growth conditions. The log, enrichment ratio on the Y-axis was calculated from Cy5 (IP DNA) and Cy3 (mock IP DNA) signal intensity
of each probe and plotted against each location on the 4.64-Mb E. coli chromosome on the X-axis. (B) Determination of genuine Fis-binding peaks on
the selected regions. Promoter region of (i) nrfA, (ii) nuoA, (iii) aldB, and (iv) nrdA are occupied by Fis at exponential state under aerobic growth
conditions. The peak height of the identified Fis-binding peak is the log, enrichment ratio calculated from Cy5 (IP DNA) and Cy3 (mock IP DNA) signal

intensity of the probe corresponding to the identified peak.

(81%) of which were identified in this study (Supplemental Table
S3) (Keseler et al. 2005). The exceptions were IpdA, hupB, lysT-
valT-lysW, adhE, osmE, gyrA, rmpB, gyrB, bgIGFB, and gInALG. In
order to determine whether the failure to detect Fis binding at
these 10 sites was due to the sensitivity of the microarrays, we
performed conventional ChIP assays followed by qPCR analysis
and detected binding of the Fis protein to the promoter region of
only bglG. Since these known Fis-binding sites would be consid-
ered false negatives of our ChIP-chip analysis (Heintzman et al.
2007), we estimate the sensitivity of our approach to be ~98% (43
out of 44). Validation of the ChIP-chip results was then done
using qPCR on 13 randomly selected sites of the 894 Fis-binding
regions (uidR, kdgT, hupA, yecF, eaeH, ybfL, ydcC, crp, thrW, ynaj,
otsA, met], and yfdT) and two control regions (pgi and dmsA). All
of the selected Fis-binding regions exhibited enrichment as a log,
ratio range of 1.5~5.1, while the two control regions showed no
significant enrichment (Supplemental Table S4). Assuringly,
there was a strong correlation between the signal intensities ob-
tained from ChIP-chip analysis and the real-time qPCR (Fig. 3).
On the basis of this analysis, we concluded that the majority of
Fis-binding peaks identified here are bona fide binding sites.

Properties of Fis-binding regions

To assess the properties of Fis-binding regions, we analyzed the
position of Fis-binding regions against the current annotated ge-
nome information (NC_000913). Fis-binding regions were not

only observed within intergenic (IG) regions, but were just as
likely to be found within open reading frames (ORFs). From the
Fis-binding pattern, we classified three binding categories: IG1, IG2,
and ORF. The IG1 category consists of Fis-binding peaks found
within promoter regions, while the IG2 consists of Fis-binding
peaks found within the intergenic region between convergently
transcribed genes (Fig. 4A). All of the remaining sites found
within ORFs are thus members of the ORF category. Among a
total of 894 unique Fis-binding sites, 547 peaks (~61%) were
within IG1 regions. A significant portion of the Fis-binding sites
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Figure 3. Verification of ChIP-chip results by real-time quantitative
PCR. Thirteen Fis-binding regions were randomly selected from the list of
the identified Fis-binding regions. The promoter regions of dmsA and pgi
were selected as control regions.
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7%_dependent transcripts in E. coli are
regulated by Fis protein in vivo.

The effect of a fis deletion on changes
in the E. coli transcriptome

Given that Fis binds 894 regions of the

E. coli genome, we expected the deletion
of fis to result in a substantial effect on
the global gene expression patterns dur-
ing exponential growth phase. To ad-
dress this issue, we isolated total RNA
from the parental strain (MG1655) and
its isogenic fis deletion mutant during
exponential growth phase and hybrid-
ized the cDNA obtained from the total
RNA onto Affymetrix microarrays. A
comparison of the gene expression levels
between cells grown in the presence and
absence of the Fis protein revealed that
923 genes (21% of current annotated
E. coli genes) exhibit differential expres-
sion using a 1% FDR (Benjamini and
Hochberg 1995) (Supplemental Table S1).
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Figure 4. Properties of Fis-binding regions. (A) Classification of Fis-binding regions based on the

binding patterns. (i) Fis bound near the promoter of brnQ is a member of the IG1 class, which
encompasses Fis bound near promoter regions of the currently annotated genes. (ii) Fis bound be-
tween hemN and gInG is a member of the IG2 class, which encompasses Fis bound within the region
of two divergently transcribed genes. (jii) Fis bound within the nusA gene is a member of the ORF class,
which binds within the open reading frame of annotated genes. (B) Distribution of Fis binding between
the three classes. (C) Many of the Fis-binding regions (IG1, 1G2, and ORF) are also occupied by RNAP

and ¢”°

was also present in the IG2 (48 peaks) and ORF (299 peaks). Thus,
although many sites (67%) are present in the intergenic regions
(IG1 and 1G2), 33% of Fis-binding sites are also located at other
regions within a gene (Fig. 4B). To validate these sites shown
in IG2 and ORF regions, we performed ChIP analysis followed by
qPCR to measure the association of Fis protein with four targets
within ORF regions (uidR, ydcC, crp, and otsA) and two targets
in the IG2 region (met]-metB and yfdT-dsdC). The ChIP-qPCR results
indicated that each of those regions is a genuine Fis-binding target.

We now compare Fis-binding regions to core RNAP and o”°
binding sites discovered in previous experiments. In a previous
study (Herring et al. 2005), we measured the genome-wide asso-
ciation of core RNAP (B'-subunit [also known as RpoC]) using the
same microarray under aerobic growth conditions. Since the core
RNAP ChlIP-chip analysis was performed with rifampicin treat-
ment to trap RNAP at promoter sites, the core RNAP-binding
peaks detected represent most of the promoters (both active and
inactive). Recently, the genome-wide association of ¢”° with the
E. coli genome was also revealed by using the similar whole-
genome tiling microarray (Reppas et al. 2006). Using all of these
data, we found core RNAP or o”°-binding peaks in 462 Fis-binding
regions. Most of the core RNAP or ¢’°-binding peaks were located in
the IG1 region (408 peaks). Interestingly, 37 and 17 Fis-binding
peaks in the ORF and 1G2 regions also have the RNAP or ¢”°
bindings, respectively (Fig. 4B). Of the 161 o¢”° sites that were
determined to be within the coding sequences of genes (ORF
region) or between convergently transcribed genes (IG2 region)
(Reppas et al. 2006), 41 also contained a Fis-binding peak within
the same region (Fig. 4C). This result suggests that many of the

In order to determine whether Fis was di-
rectly responsible for the differential ex-
pression, the correlation between Fis-
binding sites and differential gene ex-
pression levels was examined (Table 1;
Supplemental Table S1). Of the 923 genes
that were differentially expressed be-
tween the parental strain and fis dele-
tion mutant, only 281 (~30%) exhibited
Fis binding to the region. Of these, 234 were members of the IG1
class, and 47 were members of the ORF class. In regard to the
mode of regulation, 84 ORFs (~9%) were repressed by Fis, and 150
(~16%) were activated.

One would expect that the Fis-binding sites within the IG1
class are regulating gene expression through close interaction
with the promoter and RNA polymerase, while the Fis within the
OREF class are likely to be regulating expression indirectly through
local genome architecture. Surprisingly, of the 1341 genes bound
by Fis, the expression of only 281 genes was significantly affected
when the fis gene was deleted. In addition, 642 (~70%) genes
showing differential expression had no Fis binding and are pre-
sumably regulated through an indirect method. This work thus
lends support to previous suggestions that the primary role of Fis
is in organizing and maintaining nucleoid structure (Schneider et
al. 2001), with its direct regulatory role as a secondary function.

Table 1. Direct and indirect regulation mediated by Fis
Activation”  Repression® Total Silent Total
Direct®
Class | 84 (9.1%) 150(16.3%) 234(25.4%) 854 1088
Class Il 16 (1.7%) 31 (3.3%) 47 (5.1%) 206 253
Indirect 210 (22.8%) 432 (46.8%) 642 (69.5%)
Total 310 (33.6%) 613 (66.4%) 923 (100%)

*Activation and repression were decided from changes in fold ratio be-
tween log, values obtained from fis deletion and parental strain.
bClasses | and Il in direct regulation category indicate the Fis-binding
regions at IG1 and ORF, respectively.
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Figure 5. A histogram of the lengths of the intervals between Fis-
binding sites identified by ChIP-chip experiments.

Genome-wide mapping of growth-condition-dependent
Fis-binding regions

The amount of Fis protein in a cell is known to be growth-phase-
dependent (Azam et al. 1999). The dramatic increase in levels of
Fis during exponential growth phase is controlled at the tran-
scriptional level, which responds directly to an increase in
growth rate. The fact that Fis concentration varies tremendously
under different growth phases clearly points to an important
regulatory implication of the Fis protein for cell physiology.
However, under different growth conditions (e.g., aerobic to an-
aerobic growth condition shift), its regulatory role or binding
regions have not been investigated. To address this issue, ge-
nome-wide Fis-binding regions were mapped under aerobic and
anaerobic growth conditions in exponential growth phase. Inter-
estingly, the Fis-binding regions identified from the ChIP-chip
analysis of anaerobically grown cells were almost identical with
those from aerobically grown cells. Complete Fis-binding sites of
anaerobic growth conditions are also summarized in Supplemen-
tal Table S1. Next, to investigate the effect that Fis has on gene
expression, we measured the expression profiles of a fis deletion
strain and its parental strain under aerobic and anaerobic condi-
tions. A two-way ANOVA analysis with a 1% FDR (P-
value = 0.0001) revealed 48 genes to be regulated by Fis across the
aerobic/anaerobic shift. The ChIP-chip data further suggested
that 21 of these genes were directly regulated by Fis, while the
remaining 27 genes appeared to be regulated indirectly. Of the 21
genes, 19 were members of class I (IG1), and the other two were
members of class II (ORF). Interestingly,
when comparing the Fis binding of these
21 sites under anaerobic and aerobic
conditions, there was no evidence of dif-
ferential Fis binding between the two
conditions. It thus remains unclear
whether Fis does, indeed, directly regu-
late these genes.

Analysis of the length distribution
of Fis peak intervals

The length distribution and number of
supercoiled loop domains in E. coli have

been determined via manual measure- each motif.

npFis Motif

R=14.6 bits, E-val=3.7*10"

ments of loops seen in electron micrographs, spread-of-
supercoiling relaxation experiments (Postow et al. 2004), and
resolvase half-lives (Stein et al. 2005). The consensus of these
studies is that the average size of ~400-450 dynamically distrib-
uted domains is 10 kb. Since Fis is presumed to be instrumental
in defining these domains, we created a histogram of the mea-
sured interval sizes between neighboring ChIP-chip Fis peaks. As
can be seen in Figure 5, the distribution is similarly exponential
in nature. Importantly, the average interval size is 5.15 kb, almost
exactly half of the directly measured average domain size (Postow
et al. 2004).

Determination of the Fis-binding-site position weight matrix
(PWM)

We used the large number of Fis-binding regions discovered in
this study to reappraise previously estimated Fis-binding site
preferences (Finkel and Johnson 1992; Hengen et al. 1997). As a
first step in doing this, we manually identified individual bind-
ing peaks and then computationally determined the minimal
contiguous chromosomal regions corresponding to 70% of the
(log ratio) area under each peak. We performed this refinement
to minimize the effect of non-bound DNA duplex that is the
result of the sonication step in the ChIP-chip protocol. Each such
refined chromosomal region was then classified according to the
log ratio of its corresponding peak. We then performed motif
searches in these chromosomal regions for different log ratio cut-
offs. These different log ratio cutoffs corresponded to different
levels of conservative searching, with the assumption that chro-
mosomal regions corresponding to Fis peaks with larger log ratio
values were more likely to contain more or stronger motif signals.
Since Fis binds as a homodimer, we performed two rounds of
searches wherein the palindromic motif was and was not man-
dated.

Figure 6 shows the logo representation (Schneider and Ste-
phens 1990) of the sequence found in both the non-palindromic
(npFis) and palindromic (pFis) motif searches for the log ratio =2
set of sequence. (Supplemental Fig. 3 shows the results for all
sequence sets.) Three important results are contained in Figure 6
and Supplemental Figure 3. First, while the npFis motifs found in
each of the sequence sets are very significant, the pFis motifs all
have much less significant E-values. Second, the information
content values of the npFis motifs are larger than the values for
the corresponding pFis motifs. Third, both the npFis and pFis
motifs contain at their core a strong A-tract and AT-tract, respec-
tively. These results are discussed below in the context of Fis
binding and patterning along the chromosome.

———————— 3

. n=276 R=13.1 bits, E-val=3.7*10"19, n=249

Figure 6. The most significant non-palindromic (npFis) and palindromic (pFis) motifs found in the
chromosomal sequence regions under the Fis Chlp-chip peaks with log ratios = 2. (Motifs estimated
using different conservativeness levels are very similar; see Supplemental Figure 3.) The information
content, significance value, and number of sites used to estimate the motif are displayed underneath
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The result shown in Figure 6 presents a conundrum. The Fis
protein binds DNA as a homodimer and the most recently esti-
mated (Hengen et al. 1997) Fis motif (prevFis) is palindromic, yet
the most informative and significant motif we found was the
non-palindromic npFis motif. In order to resolve this conun-
drum, we performed experiments to determine which of the
npkFis, pFis, and prevFis motifs better discriminated Fis peak re-
gions from randomly selected chromosomal regions not associ-
ated with Fis peaks. We used the motifs resulting from the log
ratio =2 sets of sequences in Figure 6 to score all of the sequences
corresponding to Fis peak regions with log ratio =1, and for each
sequence assigned it a score based on the largest sum of indi-
vidual information (R;) values (Hengen et al. 1997) possible from
non-overlapping motif match sites. Figure 7 is an ROC plot dis-
playing the discriminative ability of the three different motifs,
and contains two important results. First is that both of the npFis
and pFis motifs derived in this work are better discriminators of
chromosomal Fis-peak regions from non-Fis-peak regions than is
the prevFis motif. Secondly, while the npFis and pFis motifs are
basically very comparable in their discriminative ability, the pFis
motif seems to have slightly better discriminative ability. This
was not an expected result given their relative information con-
tent and significance values.

To better understand the relationship between the npFis
and pFis motifs, we first identified the phasing-defining Fis
(npFis or pFis) sites in the set of Fis peak region sequences. Both
members of a pair of sites were considered phasing-defining sites
if all intervening sites between the pair had lower R; values. For
each phasing-defining pair, we computed the separation distance
between their start positions. We then created a histogram of the
separation distances associated with npFis motifs and a histo-
gram of the separation distances associated with pFis, and
weighted each distance value by the R; values of the site defining
the separation distance. Since R; values have been correlated with
binding affinity for Fis (Shultzaberger et al. 2007), we interpret
higher such weightings to be indicative of more physiologically
likely Fis-binding configurations. Figure 8 (top and middle)
shows these weighted histograms for the npFis and pFis motifs,
and Figure 8 (bottom) is the subtractive difference of the pFis
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Figure 7. Receiver Operator Characteristic plots evaluating how well
the npFis and pFis motifs from Figure 6 and the previously established Fis
motif (Hengen et al. 1997) discriminated all (log ratio = 1) Fis-peak-
associated chromosomal sequences from random chromosomal se-
quences. The plotted curves are the average of 20 discrimination experi-
ments that used different random chromosomal sequence sets.
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Figure 8. Histogram of the separation distances between match start
sites in the Fis peak regions for the npFis (top) and pFis (middle) motifs.
Distances are weighted by the motif match score (R; value) for each
instance when the motif defines a separation distance. The vertical bars
indicate the motif separation distances that place the A-tracts in the core
of the npFis and pFis motifs (beginning at position 6 in Fig. 6) in perfect
helical register (assuming 10.6 bp/helical turn in B-DNA). (Bottom panel)
The subtractive difference of the top and middle histograms.

histogram from the npFis histogram. Figure 8 (bottom) shows the
competitive difference of the two motifs in dictating Fis phasing
in regions containing multiple potential Fis-binding sites. The
pattern in the difference histogram of Figure 8 (bottom) shows
the increased propensity for npFis to dictate helical or antihelical
phasing of Fis molecules.

Discussion

We have mapped genome-wide distribution of E. coli nucleoid
associated protein Fis in exponentially growing cells using a
high-resolution whole-genome tiling microarray. In addition, ex-
pression profiles of a wild type and a fis deletion mutant were
generated to determine the effect Fis has on transcription. By
integrating these two data sets, we were able to show that: (1) 894
Fis-binding sites were identified, ~67% of which were located
within non-coding regions, while the remaining ~33% were
found within coding regions; (2) Fis binding to the E. coli genome
was insensitive to aerobicity; (3) expression profiles determined
1341 genes to be weakly affected by Fis, with only 30% contain-
ing Fis bound within the region; and (4) half of Fis-binding sites
overlap with the binding regions of both RNA polymerase and
0. In addition, computational analyses revealed that: (1) Fis-
binding signal in the chromosome was found to be necessary but
not sufficient to explain the preferred binding locations by Fis as
revealed by ChIP-chip. (2) The average interval size between Fis-
binding sites was 5 kb, which is half the average supercoiling
domain size. Furthermore, the number of Fis peaks was almost
double the estimated number of supercoiling domains, suggest-
ing a stoichiometric relationship of two Fis-binding regions per
supercoiling domain. (3) By utilizing a large number of the Fis-
binding regions, a Fis-binding motif was generated and com-
pared to the previously established binding motif.
Genome-wide distribution of E. coli nucleoid-associated pro-
tein Fis shows that Fis specifically binds ~894 regions throughout
the E. coli chromosome. The binding sites included 43 previously
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described regulatory targets and many novel-binding targets that
have not been identified. Of the 894 binding regions identified,
~67% were located within non-coding regions, while the remain-
ing ~33% were found within coding regions. The experiments
were then repeated under anaerobic conditions, and it was found
that oxygen had no detectable effect on the binding of Fis. The
unusually high number of Fis-binding sites was quite surprising,
given that no transcription factors in E. coli bind more than ~200
sites (Martinez-Antonio and Collado-Vides 2003). A previous
study on the genome-wide mapping of Fis binding identified
only 224 target sites, with half of them found within non-coding
regions and the other half within coding regions (Grainger et al.
2006). Differences between this study and the previous one
(Grainger et al. 2006) may be due to the low-resolution array used
in the previous study, since microarray resolution is a critical
factor when performing ChIP-chip experiments. For example,
the previous ChIP-chip study detected no Fis binding within the
rRNA operon region, which is clearly activated by Fis bindings
(Paul et al. 2004); however, the ChIP-chip result in this study
shows genuine binding peaks on all of seven rRNA operons
(Supplemental Fig. S1). These discrepancies are most likely due to
the higher-resolution arrays’ increased ability to discern the ac-
tual binding from noise. When using high-resolution arrays for
ChIP-chip, binding peaks appear as a normal Gaussian distribu-
tion, which are clearly illuminated when using a tiled array (Fig.
2); however, as the array resolution is decreased, so is the reso-
lution of the peaks, thus making it difficult to discern between
noise and the true signals.

The general concept of binding patterns of global transcrip-
tion factors is that their target sites are located at promoter re-
gions. Through interacting with RNA polymerase and/or other
proteins, and/or hindering the binding of RNA polymerase at the
promoter, it becomes able to activate or repress the transcription
of the target genes. Our genome-wide analysis indicates that Fis
binds numerous such regions (67%). On the other hand, our analy-
sis suggests that the general concept for a global transcription factor
in regulation may be partially incorrect for Fis, since Fis-binding
regions were also found at the range of many different sites (33%)
such as within ORF regions (Grainger et al. 2006). Note that only
a certain proportion (30%) of bound Fis directly affects transcrip-
tion. Thus, Fis should be considered as a genome-organizing pro-
tein like Crp, in addition to its function as a promoter-specific
regulator (Grainger et al. 2005). The Fis protein showed the abil-
ity to bend DNA, indicating that the bending activity stabilizes
DNA looping to enhance transcription as well as to promote DNA
compaction (Travers and Muskhelishvili 1998; Skoko et al. 2006).
The Fis binding within ORF regions may reflect the DNA bending
activity to maintain chromosome structure and transcription
regulation as well.

Genome-wide mapping of Fis-binding sites was then com-
pared with expression profiles of a fis deletion mutant and its
parental strain to determine the effect that Fis has on the tran-
scription. The expression profiles determined 1341 genes to be
affected by Fis, yet only 30% had Fis bound within the region. It
is worthwhile to note that with 894 Fis-binding sites and the
expression of 1341 affected by the removal of Fis, there inevitably
will be some coincidental overlap, rendering it difficult to infer
direct regulation by ChIP-chip and gene expression data alone.
However, these experiments do put an upper limit on the num-
ber of promoters directly regulated by Fis, which is approxi-
mately 424. A surprising result from the expression profiling was
the extremely small change a fis deletion has on expression. Al-

though the expression of many genes was significantly affected
by the deletion of fis, the median change in expression of those
genes was only ~0.37 log, ratio. For comparison, the median
change in expression when the global regulators fir and arcA are
deleted is ~0.88 and ~0.89 log, ratio, respectively (Covert et al.
2004). The small effect that Fis seems to have on transcriptional
expression could explain the minimal growth rate difference be-
tween the wild-type strain and a fis deletion mutant, during log-
phase growth (Zhi et al. 2003). Recently, using high-resolution
atomic force microscopy (AFM), a ternary complex of Fis, RNAP,
and o”° was visualized at tyrT promoter (Maurer et al. 2006).
Visualization of the ternary complex showed that Fis forms a
discrete assembly by positioning in close proximity to an RNAP
molecule. Owing to the fact that there was weak interaction be-
tween Fis and the RNAP, that result may explain the weak regu-
lation observed in this study.

When compared with ChIP-chip data of RNA polymerase
and ¢7°, it was found that half of the Fis-binding sites overlap
with the binding regions of both RNA polymerase and ¢7°. In-
terestingly, 54 Fis-binding sites within coding regions and inter-
genic regions between convergently transcribed genes were also
occupied by RNAP and ¢7° (Fig. 4; Supplemental Table 1). A recent
study on the E. coli transcriptome using high-density tiling mi-
croarrays has also suggested the existence of many novel tran-
scripts within the gene coding region (Reppas et al. 2006). This
observation could also be found in the ChIP-chip analysis of ¢”°
and o*?, indicating that a significant portion of the binding sites
of ¢7° and o3? are not associated with the 5’-ends of current
annotated genes (Wade et al. 2006). Therefore, the Fis-binding
sites within gene region may be regulatory cis-elements of Fis for
modulating transcription of the currently unknown transcripts
in the E. coli genome. As another view of this issue, we speculate
that Fis regulates the transcription by the formation of DNA mi-
croloops, which form a separate topological domain (Postow et
al. 2004). In those regions, the RNAP may be trapped to repress
the transcription or may recycle to efficiently activate the gene
transcription process.

Computational analyses in this work resulted in a refine-
ment to the Fis DNA binding signal and subsequently to new
insights into the functional behavior of the Fis protein. Fis has a
previously documented (Skoko et al. 2006) dual behavior, which
is that while it can bind nonspecifically to completely coat long
stretches of duplex DNA, it also has preferred binding sites to
which it binds and sets the phasing of the stretches of nonspe-
cifically bound Fis. The two npFis and pFis motifs we identify in
Figure 6 are quite similar when one realizes that their core signals
are an A-tract and an AT-tract, respectively, and that A-tracts and
AT-tracts >4 nt have very similar DNA bending characteristics
(Hagerman 1990; Hud et al. 1998; Hud and Plavec 2003; Stef] et
al. 2004). There are differences, though, for while the less signif-
icant and less informative pFis motif contains a more generic and
palindromic AT-tract (reminiscent of the previously estimated Fis
motif) (Hengen et al. 1997), the more highly significant and
more informative npFis motif contains an Ag-tract. Because se-
lectivity of Fis binding is thought to reflect the intrinsic bent
nature of particular DNA sequences (Betermier et al. 1994) and
because Ag-tracts induce the largest intrinsic curvature to seg-
ments of DNA (Koo et al. 1986), our results imply that the npFis
motif represents the highest-affinity DNA sequence signal for Fis.
DNA segments that more resemble the pFis motif, then, would be
lower-affinity sites (that are still preferred over random DNA).
While this preferential hierarchy is likely modulated by the in-
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fluence of flanking nucleotides on binding affinity (Pan et al. 1996;
Perkins-Balding et al. 1997), the 15-bp core is enough to specify
high-affinity binding sites (Bruist et al. 1987). The result that
A-/AT-tracts constitute a critical component of high-affinity
Fis-binding sites is supported by numerous previous experiments.
For instance, 39 of the 60 confirmed Fis binding sites used to
construct the prevFis motif (Hengen et al. 1997) contain A-/AT-
tract cores, and many of the known high-affinity Fis binding sites
contain A-tract cores (Pan et al. 1996).

The identification of a preferred DNA sequence signal for Fis
binding (npFis) and the dominating helical and anti-helical
phasing signal of the npFis motif over the pFis motif (Fig. 8,
bottom) together have important implications in supercoiled
DNA. Fis bends DNA when it binds (Thompson et al. 1988), and
helically phased Fis binding induces and stabilizes curved DNA
(Hubner et al. 1989; Lazarus and Travers 1993; Muskhelishvili et
al. 1995; Perkins-Balding et al. 1997). Curved segments of super-
coiled DNA are most thermodynamically favorably located at
apices of plectonemes, which aside from uniquely orienting a
supercoiling domain (Laundon and Griffith 1988) greatly en-
hance a local region’s exposure to transcription machinery (ten
Heggeler-Bordier et al. 1992; Lazarus and Travers 1993; Rochman
et al. 2002; Muskhelishvili and Travers 2003). Fis-bound stretches
of DNA that are not curved overall—which would be ensured by
high-affinity Fis binding sites that are not helically phased—would
not have a propensity to occur at apices, but would be associated
with duplex crossovers and branch points (Schneider et al. 2001).
This inferred mechanism for structuring supercoiled DNA
complements the observed Fis peak interval distribution (Fig. 5).
We interpret the discoveries that the Fis peak interval distribu-
tion and previously inferred supercoiling domain size distribu-
tion were both exponentially distributed, that the average Fis
peak interval (5 kb) was half of the average domain size (10 kb),
and that the number of Fis peaks (894) was almost double the
estimated number of supercoiling domains (450) to be strong
evidence for an average of two Fis-binding regions per supercoil-
ing domain. The roles that these regions would play in structur-
ing supercoiling domains through the stabilization of crossovers,
loops, bends, or apices would be largely influenced by the phas-
ing of those DNA sequences that most resemble the high-affinity
binding site motif npFis.

In a broader context, our results imply that A-tracts flanked
by appropriately positioned C/G residues are preferred Fis-binding
sites, and, in particular, Ag-tracts provide the strongest Fis-
binding signal. The E. coli chromosome contains an over-
representation of (83,358) A-/AT-tracts that demonstrate a 10—
12-bp periodicity and are grouped in clusters (Tolstorukov et al.
2005) in roughly 150-bp regions. As discussed in previous work
(Laundon and Griffith 1988; Rippe et al. 1995), such A-/AT-tract
clusters would have a higher propensity to be intrinsically curved
and thus to induce branches in superhelical plectonemes and to
position promoters at the apices of superhelices. These are the
same topological roles ascribed to the Fis protein. Our results,
then, support the supposition (Tolstorukov et al. 2005) that A-/
AT-tracts constitute a sequence-directed structuring code for the
E. coli chromosome by in part serving as binding sites for the
nucleoid-associated protein Fis. In summary, our genome-wide
approach using ChIP-chip analysis not only provides a compre-
hensive assessment of the genomic distribution of the bound Fis
and its role in transcription regulation, but also suggests direc-
tions for furthering our understanding of the structure, function,
and evolution of the E. coli nucleoid.

Methods

Bacterial strains and growth conditions

E. coli strain MG1655 was used to generate the deletion mutant
and the BOP608 strain harboring Fis-8myc (Cho et al. 2006a).
Deletion mutant (MG1655 Afis) was constructed by a A Red and
FLP-mediated site-specific recombination system (Datsenko and
Wanner 2000). Glycerol stocks of E. coli strains were inoculated
into M9 minimal medium containing 2 g/L glucose as a carbon
source and cultured overnight at 37°C with constant agitation.
The cultures were inoculated into 100 mL of fresh M9 medium
containing 2 g/L glucose and cultured at 37°C with constant
agitation to an appropriate cell density (Covert et al. 2004). In
the case of anaerobic cultures, after the medium (250 mL) was
flushed with a nitrogen/carbon dioxide (9:1) mixture gas for 30
min to assure anaerobic conditions, the strains were grown at
37°C with continuous sparging with the gas mixture, and agita-
tion in the minimal medium (Cho et al. 2006b).

Chromatin immunoprecipitation (ChIP)

E. coli strain BOP608 was used to perform all ChIP-chip experi-
ments. BOP608 cultures at mid-log growth phase aerobically (OD
Agpo = 0.6) or anaerobically (OD Ag(y, = 0.2) were cross-linked by
1% formaldehyde (37% solution; Fisher Scientific) at room tem-
perature for 25 min. Following quenching the unused formalde-
hyde with 125 mM glycine for an additional 5 min of incubation
at room temperature, the cross-linked cells were harvested and
washed three times with 50 mL of ice-cold TBS. The washed cells
were resuspended in 0.5 mL of lysis buffer composed of 50 mM
Tris-HCI (pH 7.5), 100 mM NaCl, 1 mM EDTA, protease inhibitor
cocktail (Sigma), and 1 kU of Ready-Lyse lysozyme (Epicentre).
The cells were incubated for 30 min at 37°C and then treated
with 0.5 mL of 2 X IP buffer composed of 100 mM Tris-HCI (pH
7.5), 200 mM NaCl, 1 mM EDTA, and 2% (v/v) Triton X-100. The
lysate was then sonicated four times for 20 sec each in an ice bath
to fragment the chromatin complexes using Misonix Sonicator
3000 (output level = 2.5). The range of the DNA size resulting
from the sonication procedure was 300-1000 bp, and the average
DNA size was 500 bp. Cell debris was removed by centrifugation
at 37,000g for 10 min at 4°C, and the resulting supernatant was
used as cell extract for the immunoprecipitation. To immuno-
precipitate the Fis-DNA, ¢’°-DNA, or RNAP-DNA complexes, 3 ug
of anti-c-myc antibody (9E10; Santa Cruz Biotech), 6 pL of anti-
¢’° antibody (2G10; Neoclone) or 6 pL of anti-RNAP 8 subunit
antibody (NT63; Neoclone) were then added into the cell extract,
respectively. For the control (mock-IP), 2 pg of normal mouse IgG
(Upstate) was added into the cell extract. They were then incu-
bated overnight at 4°C, and 50 pL of the Dynabeads Pan Mouse
IgG (for c-myc) or protein A (for ¢7° and RNAP B subunit) mag-
netic beads (Invitrogen) was added into the mixture. After 5 h of
incubation at 4°C, the beads were washed twice with the IP buffer
(50 mM Tris-HCI at pH 7.5, 140 mM NaCl, 1 mM EDTA, and 1%
[v/v] Triton X-100), once with the wash buffer I (50 mM Tris-HCI
at pH 7.5, 500 mM NacCl, 1% [v/v] Triton X-100, and 1 mM
EDTA), once with wash buffer II (10 mM Tris-HCI buffer at pH
8.0, 250 mM LiCl, 1% [v/v] Triton X-100, and 1 mM EDTA), and
once with TE buffer (10 mM Tris-HCI at pH 8.0, 1 mM EDTA) in
order. After removing the TE buffer, the beads were resuspended
in 200 pL of elution buffer (50 mM Tris-HCI at pH 8.0, 10 mM
EDTA, and 1% SDS) and incubated overnight at 65°C for reverse
cross-linking. After reversal of the cross-links, RNAs were re-
moved by incubation with 200 pL of TE buffer with 1 pL of RNaseA
(QIAGEN) for 2 h at 37°C. Proteins in the DNA sample were then
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removed by incubation with 4 uL of proteinase K solution
(Invitrogen) for 2 h at 55°C. The sample was then purified with a
PCR purification kit (QIAGEN). Prior to the microarray experi-
ments, the gene-specific quantitative PCR was carried out using
the DNA samples.

Real-time qPCR

To measure the enrichment of the Fis-binding targets in the DNA
samples, 1 pL of IP or mock-IP DNA was used to carry out gene-
specific real-time qPCR with the specific primers to the promoter
regions (primer sequences are available upon request). The real-
time qPCR conditions were as follows: 25 pL SYBR mix (QIAGEN),
1 pL of each primer (10 pM), 1 pL of IP or mock-IP DNA, and 22
pL of ddH,O. All real-time qPCR reactions were done in tripli-
cate. The samples were cycled for 15 sec to 94°C, for 30 sec to
52°C, and for 30 sec to 72°C (total 40 cycles) in iCycler (Bio-Rad).
Three independent biological replicates were prepared and sub-
ject to be analyzed by three independent technical replicates for
the real-time qPCR.

Amplification of DNA

To amplify the DNA samples, 7 pL of the IP or mock-IP DNA, 2 L
of 5X Sequenase buffer, and 1 pL of 40 uyM Rand 9-Ns primer
(5'-TGGAAATCCGAGTGAGTNNNNNNNNN) were mixed in a
PCR tube. The mixture was heated for 2 min to 94°C and then
cooled to 10°C in a PCR machine (Bio-Rad). One microliter of 5 X
Sequenase buffer, 1.5 pL of ANTP mix (2.5 mM each), 1.5 pL of
BSA (0.5 mg/mL), 0.75 puL of DTT (0.1 M), and 0.3 pL of Se-
quenase (13 U/uL) were added to the mixture. The mixture was
ramped from 10°C to 37°C over 8 min, held for 8 min at 37°C,
heated for 2 min to 94°C, and then cooled to 10°C. 0.9 pL of
Sequenase dilution buffer and 0.3 pL of Sequenase (13 U/pL)
were added to the samples and ramped from 10°C to 37°C over 8
min, held for 8 min at 37°C, and then cooled to 4°C. The samples
were diluted by addition of 45 pL of ddH,O. A reaction mixture
(100 pL) of 15 pL of the diluted DNA, 10 pL of 10X pfu reaction
buffer, 10 pL of ANTP mix (2.5 mM each), 1 pL of 100 pM Rand-
univ primer (5'-TGGAAATCCGAGTGAGT), 1 pL of pfu polymer-
ase (5 U/pL), and 63 pL of ddH,O was prepared on ice. Four tubes
per sample were prepared to achieve enough DNA quantity for
microarray hybridization. The samples were cycled for 30 sec to
94°C, for 30 sec to 40°C, for 30 sec to 50°C, and for 2 min to 72°C
(total 25 cycles). The amplified samples were then purified by
using a PCR purification kit (QIAGEN). The amplified DNA
samples were then ethanol-precipitated and dissolved in 9 pL (IP
DNA) and 7 pL (mock-IP DNA) of ddH,O, respectively. DNA
yields ranged from 5 to ~10 pg, and A,4,250 Was between 1.8 and
2.0. The enrichment of the Fis-binding targets in the amplified
DNA samples was measured using gene-specific real-time qPCR.

Whole-genome-tiled microarray analysis

We used a custom-tiled NimbleGen microarray for the ChIP-chip
assay. The microarray includes all the E. coli MG1655 genome
sequence spaced on average 25 bp apart, resulting in 371,034
oligonucleotide probes that randomly distributed on the array.
Detailed methods used for microarray process are described in
Supplemental Methods.

Transcriptional analysis

Affymetrix E. coli Antisense Genome Arrays were used for all
transcriptional analyses. Cultures were grown to mid-exponential
growth phase aerobically (OD A4y, = 0.6) or anaerobically (OD
Agoo = 0.2). Cultures (3 mL for aerobic and 9 mL for anaerobic) were
added to 2 volumes of RNAprotect Bacteria Reagent (QIAGEN), and

total RNA was then isolated using RNeasy columns (QIAGEN)
with DNase I treatment. Total RNA yields were measured using a
spectrophotometer (A,¢,), and quality was checked by visualiza-
tion on agarose gels and by measuring the sample A,4,/A,g, ratio
(>1.8). cDNA synthesis, fragmentation, end-terminus biotin la-
beling, and array hybridization were performed as recommended
by Affymetrix standard protocol. Raw CEL files were analyzed
using a robust multi-array average for normalization and calcu-
lation of probe intensities. The processed probe signals derived
from each microarray were averaged for both the wild-type and
fis deletion mutant strains. To assess statistically significant dif-
ferential expression, the probe signals were tested using pairwise
t-test comparisons between wild-type and fis deletion mutant
strains. Genes meeting a 1% FDR (false discovery rate)-adjusted
P-value cutoff (0.0001) were chosen as significant changes in
gene expression. The filtered genes were then ascribed to genes
directly or indirectly affected by Fis protein.

Refinement of Fis peak chromosomal regions

After manually defining Fis peaks, we wrote a greedy algorithm to
identify the chromosomal sequence region associated with 70%
of the (log ratio) area under each peak. The algorithm worked by
first identifying the three consecutive probes whose associated peak
area was greatest, and then expanding the consecutive set of probes
in either the 5’ or 3’ direction depending on which neighboring
probe had a higher value. This process ceased when 70% of the
peak area had been accumulated in a set of consecutive probes.
The chromosomal start position of the first probe and the chro-
mosomal end position of the last probe were used to define the
“refined chromosomal peak region.”

Motif searching

To find the Fis-binding site position weight matrix (PWM), we
first constructed sets of refined chromosomal peak region se-
quences reflecting different levels of conservativeness. The most
conservative set consisted of sequences for only Fis peaks with
associated log ratios = 4. Less conservative sets were constructed
for log ratios of 3, 2, and 1. The rationale for such sets was that
sequences associated with high log ratios were more likely to
contain more and/or stronger Fis-binding DNA sequences. We
then used Meme (Bailey and Elkan 1994) to search for the most
significant motif in each set of sequences. Since Fis binds as a
dimer and since the previously estimated Fis motif (Hengen et al.
1997) is palindromic, we also searched for the most significant
palindromic motif in each set of sequences (accomplished by
using the “—pal” option to Meme). In all searches, the reverse
complement of each sequence was allowed to contain sites.
Supplemental Figure 3 shows the results of the motif searches.

Motif discrimination ability

We tested the ability of the npkFis, pFis, and prevFis motifs to
discriminate Fis peak sequences from non-Fis-peak chromosomal
sequences by first constructing 20 sets of randomly selected chro-
mosomal sequences. Each such set contained the same number
of sequences with the same length distribution as the log ratio = 1
set of refined Fis peak sequences. In scoring a single DNA sequence,
we used the position weight matrix (PWM) for the appropriate
motif to identify all sites in the sequence (including its reverse
complement) with an individual information (R;) > 0.0 bits
(Schneider 1997). Using dynamic programming, we then com-
puted the set of non-overlapping sites with the greatest sum of R;
values. The score for a sequence was defined as this sum of R;
values. A discrimination experiment, then, consisted of scoring
the log ratio = 1 set of refined Fis peak sequences and a set of
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randomly selected chromosomal sequences and creating a re-
ceiver operating characteristic (ROC) plot from the combined
results. We performed 20 such discrimination experiments for
each motif using the 20 sets of random chromosomal sequences
and reported the average ROC plot in Figure 7.

Sequence positioning relationship between npFis and pFis
motifs

To understand how the npFis and pFis sequence signals interact
in Fis peak regions, we scored the log ratio =1 set of refined Fis
peak sequences with both of the npFis and pFis PWMs and com-
puted the set of nonoverlapping sites with the greatest sum of R;
values—irrespective of the identity (npFis or pFis) of each asso-
ciated site. In this way, each sequence had an optimal patterning
of npFis and pFis sites. Any pair of these sites was associated with
a distance between their respective start sites, defined by the
number of intervening nucleotide positions. In each sequence,
we identified all pairs of sites such that for each pair composed of
sitel with R; = R, and site2 with R; = R,, any sitej between sitel
and site2 had R; < R; and R; < R,. Since the individual informa-
tion R; of a site has been shown to be correlated to the binding
energy of Fis (Shultzaberger et al. 2007), we reasoned that the
higher R; sites would be more strongly bound by Fis protein and
would dictate the positioning of any intervening bound Fis mol-
ecules. Both sitel and site2 can be npFis or pFis motifs. To quan-
tify how the npFis and pFis motifs contribute to Fis positioning,
and thus to different distances between all pairs of sites sitel and
site2, we created a separate distance histogram for both npFis
motif sites (Fig. 8, top) and pFis motif sites (Fig. 8, middle)—using
as a distance “count” the R; value of a site. Thus for each pair of
sites sitel and site2 (with R, and R,, respectively) separated by d
nucleotides, a “weighted” count R, for distance d was added to
the histogram for either npFis or pFis, and similarly for R,. To
assess how the npFis and pFis motifs differently contribute to
different motif site separation distances, we subtracted the pFis
distance histogram from the npFis distance histogram (see Fig. 8,
bottom). All distance histograms were smoothened using an av-
eraging window of 3 bp.

Raw ChIP-chip data

The data file for all raw data can be downloaded from the fol-
lowing web site: http://systemsbiology.ucsd.edu/publications/.
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