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In vivo cross-linking studies suggest that the Drosophila transcription factor Bicoid (Bcd) binds to several
thousand sites during early embryogenesis, but it is not clear how many of these binding events are functionally
important. In contrast, reporter gene studies have identified >60 Bed-dependent enhancers, all of which contain
clusters of the consensus binding sequence TAATCC. These studies also identified clusters of TAATCC motifs
(inactive fragments) that failed to drive Bed-dependent activation. In general, active fragments showed higher
levels of Bed binding in vivo and were enriched in predicted binding sites for the ubiquitous maternal protein
Zelda (Z1d). Here we tested the role of ZId in Bed-mediated binding and transcription. Removal of Z1d function and
mutations in Z1d sites caused significant reductions in Bed binding to known enhancers and variable effects on the
activation and spatial positioning of Bed-dependent expression patterns. Also, insertion of Zld sites converted one
of six inactive fragments into a Bed-responsive enhancer. Genome-wide binding experiments in zId mutants
showed variable effects on Bed-binding peaks, ranging from strong reductions to significantly enhanced levels of
binding. Increases in Bed binding caused the precocious Bed-dependent activation of genes that are normally not
expressed in early embryos, suggesting that Z1d controls the genome-wide binding profile of Bed at the qualitative

level and is critical for selecting target genes for activation in the early embryo. These results underscore the
importance of combinatorial binding in enhancer function and provide data that will help predict regulatory

activities based on DNA sequence.
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Transcription factors (TFs) are driven thermodynamically
to bind to thousands of sites in genomic DNA, oftentimes
nonspecifically (Lin and Riggs 1975; Walter et al. 1994;
Phair et al. 2004; Elf et al. 2007; Zeitlinger et al. 2007; Li
et al. 2008). The genome-wide binding profile of most
factors is best represented as a continuum of individual
binding events of different strengths (Biggin 2011), and
there is evidence of a positive correlation between bind-
ing strength and function (i.e., enhancer activity) (Fisher
et al. 2012). However, it is still not possible to accurately
predict functional binding by simply scanning genomic
sequences.

Here we focus on the DNA-binding activities of Bicoid
(Bed), a homeodomain (HD)-containing TF in Drosophila
(Berleth et al. 1988; Driever et al. 1989). bcd mRNA is
produced maternally and sequestered near the anterior
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pole of the mature oocyte (Berleth et al. 1988). After egg
deposition, bcd mRNA is translated into protein, which
diffuses toward the posterior, forming a long-range ante-
rior gradient (Driever and Nusslein-Volhard 1988b; Little
et al. 2011). Bed contains a lysine (K) at position 50 of its
HD, and K50 HD proteins bind to sequence motifs with
the consensus TAATCC (Treisman et al. 1989; Noyes
et al. 2008). Previous studies have identified >40 zygotic
target genes of Bcd and 66 enhancers that directly mediate
Bed-dependent transcription (Driever and Nusslein-Volhard
1989; Struhl et al. 1989; Hoch et al. 1990; Howard and
Struhl 1990; Riddihough and Ish-Horowicz 1991; Small
et al. 1992, Wimmer et al. 1995; Kuhnlein et al. 1997,
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La Rosee et al. 1997; Gao and Finkelstein 1998; Fujioka
et al. 1999; Hartmann et al. 2001; Schroeder et al. 2004;
Biemar et al. 2005; Ochoa-Espinosa et al. 2005; Kantorovitz
et al. 2009; Chen et al. 2012).

In vivo measurements of the Bed protein gradient
suggest that there are ~20,000 Bcd molecules in the
anterior-most nuclei of the embryo and ~1000 molecules
in nuclei near the middle of the embryo (Gregor et al.
2007; Drocco et al. 2011; Little et al. 2011). In contrast,
genomic DNA from Drosophila contains >100,000 Bed-
binding motifs. How does Bcd recognize its target en-
hancers in the sequence background of genomic DNA?
A major characteristic of all Bed-dependent enhancers is
that they contain clusters of TAATCC consensus motifs,
and indeed motif clustering was used in two previous
studies to identify new Bed-dependent enhancers (Ochoa-
Espinosa et al. 2005; Chen et al. 2012). However, a signif-
icant fraction of the tested clusters of TAATCC motifs
failed to function as Bcd-dependent enhancers in reporter
gene assays, and a majority of the negative fragments
showed no in vivo binding in subsequent ChIP-chip
(chromatin immunoprecipitation [ChIP] coupled with
microarray analysis) (Li et al. 2008; Chen et al. 2012).
These results support the idea that binding accessibility
and enhancer function are influenced by factors that are
independent of the primary sequences of the Bed-binding
sites.

Recent studies in cancer cells suggest that the genome-
wide occupancy profiles of TFs are influenced by “pioneer
factors” that “shape enhancer accessibility” (Ross-Innes
et al. 2012; Theodorou et al. 2013). In Drosophila, the
ubiquitously distributed TF Zelda (Zld) may play such
a role in early embryo patterning. ZId is a maternally
produced Zinc finger-containing protein that is required
for the activation of many zygotic genes during the
maternal-to-zygotic transition (MZT) (Staudt et al. 2006;
Liang et al. 2008). Zelda binds to a “TAGteam” consensus,
which is the most overrepresented motif found in regions
of strong DNA binding by multiple TFs (highly occupied
target [HOT] regions or hot spots) (modEncode Consortium
et al. 2010; Harrison et al. 2011; Nien et al. 2011; Struffi
et al. 2011; Kvon et al. 2012). ZId sites are also enriched
near the promoter regions of many early zygotic genes,
including those that spatially organize the embryo along
the anterior-posterior (AP) and dorsal-ventral (DV) axes
(ten Bosch et al. 2006; De Renzis et al. 2007; Liang et al.
2008; Harrison et al. 2011; Nien et al. 2011; Satija and
Bradley 2012). Mutating Zl1d sites in enhancers from DV-
expressed genes affects the timing and robustness of
expression patterns driven by these enhancers (ten Bosch
et al. 2006; Yanez-Cuna et al. 2012).

Here we examine the role of Zld in activating Bed-
dependent target genes. We show that Zld is required for
effective Bed binding to known Bed-dependent enhancers
and that there is a correlation between the number of Z1d
sites and the effects on individual enhancers. Loss of Z1d
leads to a redistribution of the global Bed-binding profile,
which causes the activation in early embryos of target
genes that are normally silent until later in development.
We conclude that multiple TFs—global TFs like ZId and
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position-specific TFs like Bcd—coregulate target genes
and drive the proper developmental process.

Results

A correlation between ZId-binding motifs
and Bcd-dependent enhancer activation

The 66 Bcd-dependent enhancers direct patterns of gene
expression at various positions along the AP axis of early
embryos (e.g., Fig. 1A,B; Chen et al. 2012). In two previous
studies from our laboratory, we also identified 38 frag-
ments that contain Bed site clusters but fail to activate
reporter gene expression in the early embryo (e.g., Fig.
1C,D; Supplemental Table). To identify sequence motifs
correlated with active fragments, we used the discrimi-
native search algorithm DREME (Bailey 2011) on the 66
active fragments, using the 38 inactive fragments as a neg-
ative control set. Five motifs (containing 10 different
words in total) were identified under the cutoff E-value
1 (Supplemental Fig. 1). The top enriched word (CAGGT
AG) appears in 33 active fragments out of 66, compared
with one out of 38 inactive fragments, and corresponds to
a known Zld-binding site (Liang et al. 2008).

Previous work showed that Z1d binds to eight canonical
sequence motifs (ten Bosch et al. 2006; Liang et al. 2008;
Nien et al. 2011). All eight were overrepresented in active
fragments, but two motifs (CAGGTAG and CAGGTAA)
showed a stronger bias than the other six (Fig. 1E). We also
plotted the distribution of Zld site motif number in
active and inactive fragments using all eight canonical
Z1d motifs (Fig. 1F). On average, active fragments contain
two to three ZId motifs per kilobase, while inactive
fragments contain less than one per kilobase (P < 0.005;
one-tail Poisson). Finally, 63 of the 66 active fragments
correspond to in vivo Zld-binding peaks from previous
studies, compared with only 17 of the 38 inactive frag-
ments (Harrison et al. 2011).

Adding ZId sites can activate a negative fragment
and fine-tune enhancer activity

If ZId is involved in Bed-dependent gene regulation, we
hypothesized that adding ZId sites to inactive fragments
might convert them into active enhancers in the early
embryo. To test this, we used site-directed mutagenesis
to introduce four new Zld sites into six different inactive
fragments (GscB, HC_45, HC_68, HC_51, HC_71, and
HC_72). Two of these negative fragments (GscB and
HC_45) were taken from genomic regions associated with
the goosecoid (gsc) gene, which is expressed in anterior
regions (Hahn and Jackle 1996) but has not been shown to
be a direct Bed target. A third fragment (HC_71) was
taken from the run locus, which is a known Bed target
gene (Chen et al. 2012). The other three were not as-
sociated with known Bed target genes. Inserting four Z1d
sites caused the transcriptional activation of three frag-
ments (HC_45, HC_71, and HC_72) in early embryos but
had no effect on the other three (Fig. 2; Supplemental Fig.
2). All three activated fragments showed early ubiquitous
expression during nuclear cycle 12 (nc12); this expression
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Zl1d-binding sites are overrepresented in active fragments. (A-D) Four typical reporter constructs driven by different DNA

fragments show either Bed-dependent patterns (A,B) or no expression in early embryos (C,D). Schematics below each embryo represent the
distribution of Bed-binding sites in corresponding DNA fragments. Bed sites were identified by the ClusterDraw program (Lifanov et al.
2003) using the BIH PWM (Noyes et al. 2008). The cutoff P-value for Bed sites was 5 X 1072, (E) Actual counts of eight canonical Zld-binding
sites in active and inactive fragments. P-values were calculated by a x> test (Robin et al. 2007) and reflect the enrichment of each heptamer in
active fragments. (F) Distribution of Zld-binding sites in active fragments (hatched bars) and inactive fragments (white bars).

was abolished in mutants lacking ZId (Supplemental
Fig. 2; data not shown). Slightly later in development,
each of the three activated fragments drove distinct
patterns. The HC_71 fragment with four inserted Zld
sites directed expression pattern in ventral regions, while
the ubiquitous pattern of the HC_72 fragment (plus four
Z1d sites) morphed into a pattern of two broad stripes
during ncl4 (Supplemental Fig. 2). Both patterns were
abolished in zId mutants but not affected in bcd mutants,
suggesting that the addition of the ZId sites converts
these fragments into Zld-dependent, but not Bed-depen-
dent, enhancers (Supplemental Fig. 2). In contrast, the
expression pattern of HC_45 became restricted to a strong
stripe in anterior regions starting in nc13 and persisting
until late in ncl4 (Fig. 2J). This head stripe was greatly
reduced in zId mutants (Fig. 2L) and completely abolished
in embryos lacking Bed (Fig. 2M), indicating that the
HC_45 fragment was converted into a Bcd-dependent
enhancer by the addition of four Zld sites. This was
confirmed by ChIP and quantitative PCR (ChIP-qPCR)
experiments, which showed that both Zld and Bed
binding to the HC_45 fragment were significantly en-
hanced when the sites were inserted (Fig. 2N). We also
scrambled the nucleotide substitutions used to insert Z1d
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sites into the HC_45 fragment, which abolished activa-
tion (Fig. 2K).

In summary, only the HC_45 fragment (from the gsc
locus) could be converted into a robust Bcd-dependent
enhancer by inserting four Z1d sites. To better understand
the relationship between Zld binding and HC_45-mediated
activation, we tested a series of elements containing
subsets of the four inserted sites mentioned above (Fig.
2A-E). Three constructs contained only one inserted site
at different positions, but none of these insertions caused
a detectable activation of the HC_45 element (Fig. 2B,G;
data not shown). We also tested two constructs contain-
ing two inserted sites; both constructs directed weak
expression in the anterior stripe (Fig. 2C,H; data not
shown). Finally, we tested four constructs containing all
combinations of three sites; all four constructs with three
sites drove stronger activation of the anterior stripe
compared with those containing two inserted sites, but
activation was weaker than the level detected when all
four sites were added (Fig. 2D,I; data not shown). The
posterior boundaries of the weaker expression patterns
were shifted anteriorly (Fig. 2, cf. I and J), suggesting that
Z1d can affect the apparent response of an element to the
Bed gradient. Taken together, these results suggest that
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Figure 2. Adding ZId sites activates the in-
active fragment HC_45 and fine-tunes en-

- hancer activity. (A-E) Maps of HC_45

- variants that carry different numbers and
combinations of extra ZId sites. Blue bars
U ] represent Bed-binding sites (P < 0.005), and

| | red bars represent ZId sites introduced to the
. ] HC_45 element. The number of extra Z1d sites
Y ] increases from 0 to 4, corresponding to A-E.
U Within each box, different combinations of
Z1d sites are shown. (F-]) lacZ RNA expression
in a wild-type embryo carrying HC_45-lacZ
transgenes with increasing numbers of addi-
tional ZId sites. (K) lacZ expression driven by
HC_45 with scrambled sequences in the nu-
cleotides that were mutated to add new Zld
sites in J. (L,M) lacZ expression driven by
HC_45_47 in zId~ (L) and bed™ (M) embryos.
Note that there is still some expression of the
HC_45 47 construct in zIld mutants. This
suggests that another unknown factor can
bind the inserted sites. (N) ZId (in red) and

Bed (in blue) ChIP-qPCR with HC_45 (blank
E M bars) and HC_45_4Z (hatched bars). Primers
. ! were chosen to amplify only the transgenic
HC_45_4z tHH—H— f 7 fragment. A flanking region near the landing
. . e / w4 4 /_,f‘ . .
| Bed sites | ZId sites H45 1 oM . B site was used as negative control (see the

Supplemental Material for sequences). Zld-
and Bed-binding signals were normalized with

the negative control and expressed as fold enrichment (see the Materials and Methods). Error bars represent standard deviations.
Significant differences (P < 0.05, Student’s t-test) are shown by double asterisks.

adding different numbers of ZId sites to this site can fine-
tune the timing and strength of Bed-mediated enhancer
activation. However, it is still unclear why most of the
tested negative fragments could not be converted into
Bcd-dependent enhancers by inserting Zld sites (see the
Discussion).

Bcd-dependent gene activation in zld mutants

We next assayed the activities of a number of Bed-
dependent enhancers in mutant embryos lacking ZId. In
previous work, Bcd-dependent enhancers were divided
into three groups based on where the posterior limits of
their expression patterns are positioned along the AP axis
(Fig. 3A,B; Chen et al. 2012). Boundaries formed by type
0 enhancers are positioned very near the anterior pole
(100%-75% EL), while those formed by type I enhancers
are positioned between 75% and 65% EL. Finally, bound-
aries formed by type II enhancers lie in middle body and
posterior regions. Since Bed is expressed in a gradient,
the boundaries directed by type O, type I, and type II
enhancers are formed in regions with very high, high, and
lower levels of Bed, respectively (Fig. 3A,B).

We focused on the activities of the type I and type II
enhancers, testing seven of each type in zIld mutant
embryos. For all type I enhancers, there was no detectable
effect on activation levels in zId mutants (Fig. 3, cf. C,FH
and D,G,I; Supplemental Fig. 3), suggesting that these
enhancers can be efficiently activated in the absence of
Z1d. We also mutated the Zld-binding sites in one type I

enhancer (otd_EHE), which did not cause an obvious
change of the expression level (Fig. 3E). However, the
posterior expression boundaries driven by all type I en-
hancers were shifted posteriorly in zId mutants (Fig. 3D,G,[;
Supplemental Figure 3).

In contrast, six of seven tested type II enhancers
showed greatly diminished expression levels in zId mu-
tants and, in some cases, anterior shifts of the very weak
residual expression domains (Fig. 3K,N; Supplemental
Fig. 3). We also mutated the ZId sites in one type II
enhancer (run_HC36), which nearly abolished expression
(Fig. 3L). These results suggest that ZId is critical for
activation of enhancers that drive expression in regions
with low levels of Bed. The seventh type II enhancer that
we tested (hb_P2) drove a slightly delayed anterior ex-
pression pattern in zId mutants, with a posterior bound-
ary shifted toward the anterior (Fig. 3P). These effects are
similar to the reported effects on the endogenous hb RNA
expression pattern (Nien et al. 2011) and are consistent
with a role for Z1d in increasing the response of this enhancer
to the low levels of Bed in this region of the embryo.

How Zld functions at the molecular level to affect Bed’s
transcriptional activities is not clear. One possibility is
that removing ZId changes the Bed gradient itself, but
semiquantitative immunostains suggested that the gra-
dient is unchanged in zId mutants (Supplemental Fig. 4).
A more likely hypothesis is that Z1d directly affects Bed’s
ability to bind to its enhancers. To test this, we used
ChIP-qPCR experiments with an anti-Bcd antibody in wild-
type and zId mutant embryos. As expected, three type II
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enhancers that show reduced expression in zId mutants
also showed significantly reduced levels of Bed binding
(Fig. 3Q). Interestingly, we also saw reduced Bed binding
to the two tested type I enhancers (Fig. 3Q), which was
not expected because their associated expression patterns
are not substantially changed in zId mutants. These results
suggest that activation of at least some type I enhancers can
occur even when Bed binding is significantly reduced.

The genome-wide Bcd-binding profile
in embryos lacking ZId

Previous work suggested that ZId and Bed each binds to
thousands of sites during early development (Li et al.
2008; Harrison et al. 2011; Nien et al. 2011). Furthermore,
correlation analyses showed that >80% of the Bed peaks
associated with embryonically expressed genes overlap
with Zelda peaks (Nien et al. 2011), suggesting that Z1d is
involved in Bcd-dependent regulation. To test this di-
rectly, we used ChIP-seq (ChIP combined with sequenc-
ing) to examine the genome-wide Bed-binding profile in
early embryos lacking zId and compared it with profiles
from wild-type embryos. Two biological replicates each of
wild-type and zId mutant embryos were examined (see
the Materials and Methods).

The significant peaks of Bed-binding (called by MACS)
(see the Materials and Methods) were highly consistent
between biological replicates (Supplemental Fig. 6A), so
we merged the data from replicates of the same genotype.
This yielded 3891 peaks in wild type and 2650 peaks in
zId mutants. Next, we removed peaks present only in one
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Figure 3. ZId regulates Bcd-dependent en-
hancers by affecting Bed-binding. (A) A wild-
type (wt) Bed gradient at ncl3. (B) A sche-
matic shows the definition of type 0, type I,
and type II enhancers. Numbers represent
positions within the embryo (anterior is 100,
and posterior is 0). (C-P) lacZ expression
patterns driven by type I and type II en-
hancers in wild-type (C,FH,],M,0O) and zId~
(D,G,ILK,N,P) embryos and enhancers with
mutated ZId sites (E,L). (Q) Bcd ChIP_qPCR
with different enhancers. Binding signals
were normalized to the negative control de-
fined in the legend for Figure 2. Error bars
represent standard deviations from the mean.
Significant differences (P < 0.05, Student’s
t-test) are shown by double asterisks.

replicate for each genotype and then filtered out hetero-
chromatic peaks, which yielded 1719 peaks in wild type
and 971 peaks in zId mutants. We also compared Bcd-
binding peaks from our experiments with previous studies
(Li et al. 2008). More than 89% of the 1% false discovery
rate (FDR) peaks called in the ChIP-chip experiments
overlapped with peaks called by MACS in our experiments
(Supplemental Fig. 6B).

We then normalized the wild-type and zId mutant data
sets so that the total read number for each genotype was
the same (see the Materials and Methods). We immedi-
ately noticed that individual peaks showed very different
effects of removing Zld and partitioned each peak into
one of three groups (Fig. 4A—C). The first group contained
1079 peaks that appeared only in wild-type embryos (e.g.,
Fig. 4A), the second group contained 640 peaks that were
called in both data sets (e.g., Fig. 4B), and the third group
contained 279 peaks called only in the zId mutant data
set (e.g., Fig. 4C). Most peaks in all three categories
contained overrepresented Bed-binding motifs (data not
shown), suggesting that the great majority of peaks
represent direct DNA-binding events. Of the 66 known
Bcd-dependent enhancers, 65 showed peaks of Bed-bind-
ing in wild-type embryos. In zId mutants, 11 of these were
reduced to background levels, while the other 54 were
still detectable (data not shown). However, binding to
most of these enhancers was weakened in zId mutants
(Fig. 5B), consistent with our ChIP-qPCR data (Fig. 3).

Our ZId motif insertion experiments with the HC_45
genomic fragment (Fig. 2) suggest that the number of Z1d
sites in regulatory elements might fine-tune timing and/
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hundred-forty other Bed-binding peaks were called in both wild type and zId~, although peak heights may differ in the two genetic
backgrounds. (C) Finally, 279 peaks were called by MACS only in the zId mutant samples. Read densities were calculated on tiling
windows of 10 bp and expressed as the normalized number per million reads sequenced. To compare enrichment levels between wild
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Pearson’s correlation coefficient. P-values were calculated using a permutation test. Overlapping peaks of two biological replicates were
used in D-I.

or levels of expression. To test whether a similar mech-
anism plays a general role in Bed target gene activation,
we analyzed Bced- and Zld-binding sites in Bed-bound
regions in wild-type and zId mutant embryos. Specifi-
cally, we predicted that Bed-binding peaks might be more
affected by Z1d removal if they contain higher numbers of
Z1d motifs. Consistent with this, we observed that the
percentage of peaks containing at least one ZId site drops
from 69 % in wild-type-only peaks to 50% in shared peaks
and to only 25% in zId-only peaks (Fig. 4D-F). Also, by
correlating the binding enrichment ratio with the number
of Z1d-binding sites associated with each peak, we found
that peaks containing more Z1d sites tend to decrease more

in zId mutants compared with those with fewer sites. This
correlation was significant for peaks detected only in wild
type (Fig. 4G) and for shared peaks (Fig. 4H). In contrast, no
such trend was detected in peaks found only in zId
mutants because they are Zld-independent (Fig. 41).

ZId-binding can strengthen target gene responses
to the Bcd gradient

Previous studies suggest that Z1d potentiates the “mor-
phogenetic capacity” of the Dorsal gradient (Rushlow and
Shvartsman 2012). We carefully analyzed the 66 known
Bcd-dependent enhancers to test whether Z1d has similar
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Figure 5. ZId strengthens target gene re-

sponses to the Bed gradient. (A) Correlation
between Bcd-binding changes and mRNA
expression changes in zId mutants. Each Bed-
dependent enhancer known to associate with
a specific target gene is represented as a circle,
and the different colors represent different
numbers of ZId sites per kilobase. When
multiple enhancers were associated with
one gene, the average of Bed-binding enrich-
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crosses represent outliers that are beyond 1.5
times the interquartile range. (C) Correlations
between Bcd-binding strength and posterior
boundary positions (PBPs) of 66 enhancers.

(D) Correlation between Zld-binding strength and posterior boundary positions of 66 enhancers. Zld-binding peak heights were obtained
from Harrison et al. (2011). Z1d-binding peak height was assigned 0 if a given enhancer was not associated with any peak. (r) Pearson’s
correlation coefficient. The P-value was calculated using a permutation test.

function in the AP system. These enhancers display
a wide range of effects on expression levels when ZI1d is
removed (Fig. 3; Supplemental Fig. 3). We hypothesize
that these effects are correlated with changes in Bed
binding in the zId mutant. To test this, we identified 36
genes associated with Bed-dependent enhancers and plot-
ted the wild-type:zid ratio of expression levels (calculated
from Liang et al. 2008) with the same ratio of Bed-binding
strength (Fig. 5A). A highly significant positive correla-
tion was observed, suggesting that reduced Bed binding
results in the down-regulation of Bed target genes in zId
mutants. Furthermore, enhancers with more ZId sites
showed stronger reductions in RNA expression levels (cf.
different colored dots in Fig. 5A).

Since type I and type II enhancers direct expression in
regions with different Bed concentrations, we hypothe-
sized that Bed binding to type II enhancers relies more on
Z1d’s input. Indeed, we observed a significant reduction of
Bcd binding to type II enhancers compared with type 0 or
type I in zId mutants (Fig. 5B). Taken together, these
observations substantiate the hypothesis that Zld helps
efficiently activate Bed-dependent target genes.

Next, we asked whether Zld is involved in positioning
the expression patterns of Bed-dependent enhancers. Pre-
vious studies suggested that there is no global correlation
between boundary positioning and Bced-binding strength
(Ochoa-Espinosa et al. 2005; Segal et al. 2008). However,
in these studies, binding strength was predicted compu-
tationally from the number of Bed motifs and the in vitro
binding affinity of individual sites, and it is not clear
whether these predictions accurately reflect in vivo
binding activities. To test this, we used Bed-binding peak
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height from the experiments described here to estimate
in vivo binding strength and correlated peak height with
boundary position for all 66 Bcd-dependent enhancers
(Fig. 5C). No correlation was observed, which supports
the idea that differential binding affinity is not a key
design principle that governs the responses of most target
genes to the Bed gradient.

If ZId is critical for efficient Bed binding, we reasoned
that Zld-binding strength might affect the apparent re-
sponses of Bed target genes. Thus, we performed a similar
analysis, correlating Zld-binding strength (estimated by
peak height) (Harrison et al. 2011) with boundary position
(Fig. 5D). In contrast to the results obtained for Bed, we
detected a weak positive correlation between Zld binding
and the boundary positions of Bed-dependent expression
domains. This result is consistent with the posterior shift
of boundary position as we added more ZId sites to the
HC_45 fragment (Fig. 2J) and suggests that Zld binding is
a critical combinatorial input for positioning some Bed-
dependent target genes.

Loss of Z1d causes a functional redistribution
of Bcd binding

The Bed-binding peaks found only in zId mutants suggest
that Zld normally prevents recruitment of Bed to specific
genomic locations. We thus analyzed these locations for
common characteristics. One significant trend is that
peaks found only in zId mutants are biased toward
sequences located within 1600 base pairs (bp) of mapped
transcription start sites (TSSs) (Fig. 6A). It is possible that
these promoter-proximal regions are more “open” than
other genomic regions. To test this further, we compared
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Figure 6. Redistributed Bed binding and precocious activation of target genes in zId~ embryos. (A) Relative levels of Bed binding to
basal promoter regions increase in zId~ compared with wild-type (wt) embryos. The percentages of peaks located within certain
distances from peak summits to the nearest basal promoters are shown for different peak groups. TSSs were determined by looking for
5’ untranslated region (UTR) annotation from modENCODE submission: annotation of the developmental transcriptome of Drosophila
melanogaster (ID: modENCODE_4057). P-values were calculated using a x* test. (B) Ectopic Bed binding correlates with up-regulated
transcription. Numbers in the second column represent peaks that are associated with up-regulated genes. To identify genes associated
with Bed-binding peaks, we located coding sequences within 1 kb upstream of and downstream from the peak summit and filtered out
genes with the TSS outside this region. Up-regulated genes were identified by comparing 1- to 2-h wild-type and zId™ microarray data
from Liang et al. (2008). P-values were calculated by x* test between the zld-only peaks and wild-type-only or shared peaks. (C-])
Expression of endogenous genes in wild-type (C,E,G) and zId~ (D,F,H) embryos. (I,]) lacZ expression of a dve enhancer in wild-type (I)
and zId~ (]) embryos. (K) Bcd ChIP-qPCR of three enhancer regions. Error bars represent standard deviations from the mean. (*) P < 0.05;

(**) P < 0.005.

the positions of all peaks found only in zId mutants with
the DNase I-hypersensitive sites (Li et al. 2011) and found
a concordance of >90%. Together, these data suggest
that Bed-binding peaks in zId mutants are more likely
to be formed in regions with more accessible chromatin
configurations.

Some zld-only peaks were detected near genes that are
not activated in early wild-type embryos. If these peaks
reflect functional Bed binding, the genes associated with
them might be up-regulated in early zId mutant embryos.
By comparing the locations of these peaks with previous
expression microarray experiments (Liang et al. 2008), we
found that zld-only peaks were likely to be associated
with up-regulated transcripts in zId mutants (Fig. 6B).
We next focused on peaks near three genes, engrailed
(en), eyeless (ey), and defective proventriculus (dve),
none of which are activated in early embryos (Fig.
6C,E,G). We first confirmed the increase in Bed-binding
by ChIP-qPCR (Fig. 6K) and then used in situ hybridiza-
tion to assay en, ey, and dve expression in early embryos
lacking zId.

Remarkably, all three genes were precociously acti-
vated. en was expressed throughout the early embryo,
with higher levels near the anterior tip (Fig. 6D), while ey
and dve were expressed in broad stripes in middle (Fig. 6F)
and anterior regions (Fig. 6H), respectively. To test whether
activation of these genes correlates with ectopic Bed
binding, we cloned two genomic fragments that showed
higher levels of Bed binding in zId mutants into reporter
genes. These regions each contain multiple consensus
“TAATCC” Bed-binding motifs but did not direct expres-
sion in wild-type embryos (Fig. 6I, data not shown).
However, in zId mutants, both constructs drove expres-
sion patterns similar to that observed for the endogenous
dve gene (Fig. 6J; data not shown).

Discussion

Multiple roles for ZId in regulating Bcd-dependent
target genes

Previous studies identified ZId as a critical factor in the
activation of the zygotic genome during early develop-
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ment (Liang et al. 2008; Nien et al. 2011). Our results
suggest that Z1d plays multiple roles in the activation and
patterning of Bcd-dependent target genes. Individual
classes of Bed target genes show different effects from
removing ZId (Fig. 3). In general, levels of type II target
gene expression (in middle regions of the embryo) are
strongly reduced. These effects correlate well with the
trend toward stronger Zld binding in enhancers with
more posterior boundaries (Fig. 5) and suggest that ZId
is more important for activation of target genes in areas
where Bed concentrations are low. Stronger binding by
Z1d can thus increase the apparent response of a given
target gene (like hb) to the Bed gradient, as has been
suggested for the Dorsal gradient in Drosophila (Kanodia
et al. 2012; Rushlow and Shvartsman 2012). In contrast,
the expression domains of type I genes expand posteriorly
in zId mutants, which is counterintuitive to the idea that
Z1d assists Bed in activation of these genes. Previous work
suggests that the posterior boundaries of type I genes are
formed by three repressive gradients (Capicua, Run, and
Kr) that antagonize Bcd-dependent activation (Lohr et al.
2009; Chen et al. 2012). Since loss of ZId causes a strong
reduction of both run and Kr expression (Fig. 3; Nien et al.
2011), it is likely that these expansions are indirect.

Z1d-binding sites are overrepresented in known en-
hancer regions that direct Bcd-dependent activation,
and our ChIP-qPCR and ChIP-seq experiments show that
in zId mutants, Bed binding to many of its normal
enhancers is reduced or absent. These strong effects of
Z1d on Bcd binding are consistent with the idea that
ZId acts as a pioneer factor that enhances Bed binding.
Accumulating evidence suggests that pioneer factors
control zygotic genome activation through their ability
to open condensed chromatin (for review, see Zaret and
Carroll 2011). For example, the Caenorhabditis elegans
FoxA homolog PHA-4 is a pioneer factor that induces
widespread chromatin decompaction prior to transcrip-
tion (Fakhouri et al. 2010), possibly by recruiting the
histone variant H2A.Z (Updike and Mango 2006). Also, in
zebrafish, the global activators Nanog, Pou5f1, and SoxB1
were recently shown to act as pioneer factors controlling
the MZT (Lee et al. 2013; Leichsenring et al. 2013) by
establishing active histone marks associated with RNA
polymerase II (Pol II) occupancy (Soufi et al. 2012;
Leichsenring et al. 2013). In Drosophila, there is a strong
correlation between chromatin accessibility and the over-
lapping patterns of TF binding (Kaplan et al. 2011; Li et al.
2011; Thomas et al. 2011; Bonn et al. 2012}, but future
experiments will be required to unravel the mechanisms
that control chromatin accessibility.

How ZId affects the in vivo Bced-binding profile

In the 180-Mb Drosophila genome, there are hundreds of
genomic intervals that contain clusters of Bed-binding
motifs, but only approximately half are bound and acti-
vated by Bed during early embryogenesis (Li et al. 2008;
Chen et al. 2012). Our study shows that some inactive
regions are bound and activated by Bed in zId mutants,
which suggests that Zld normally prevents Bed binding to
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these regions in wild-type embryos. In these regions,
there are very few Zld-binding motifs and no evidence
of in vivo ZId binding, which suggests that Zld’s role in
keeping them off is indirect. We envision three non-
exclusive indirect mechanisms. First, Zld may activate
repressors that bind these normally inactive regions and
reduce the level of Bed binding in early embryos. For
example, the known repressors Hb, Kr, Giant (Gt), and
Sloppy-paired 1 (Slpl) bind to regions in the vicinity of
the dve fragment that is activated in zId mutants (Fig. 6).
However, we found no precocious expression of dve when
tested in embryos lacking Kr, slp1, hb, or gt or in hb slp1
and Kr slpl double-mutant combinations (Z Xu and S
Small, unpubl.).

Second, by ensuring that Bcd binds efficiently to its
normal binding locations, Z1d may effectively lower the
concentration of free Bed molecules that are available
for ectopic binding events in wild-type embryos. In zId
mutants, there is no detectable change in amplitude or
shape of the Bed gradient (Supplemental Fig. 4) but a re-
distribution of its binding profile, with reduced binding
to its normal sites and increased binding to promoter-
proximal regions and to target enhancers that are not
active in early wild-type embryos (Fig. 6). Promoters and
enhancers are typically in more open chromatin config-
urations compared with other genomic regions (e.g., Li
et al. 2011), which might explain Bcd’s preference for
binding to these loci. However, this scenario seems un-
likely because embryogenesis is not perturbed when Bed
concentrations are increased by inserting up to five extra
copies of the bcd gene into the genome (Driever and
Nusslein-Volhard 1988a; Struhl et al. 1989; Liu et al.
2013). Neither dve nor ey is precociously activated in
embryos containing six copies of bcd (Z Xu and S Small,
unpubl.), which argues against this model.

Third, since ZId sites are present at hot spots where
multiple TFs bind (Li et al. 2008, 2011; MacArthur et al.
2009; Satija and Bradley 2012), it may facilitate the
binding of multiple activators and repressors to regions
that function as enhancers. In this scenario, Zld would
indirectly affect the balance between repressors and ac-
tivators that is critical for positioning target gene expres-
sion boundaries in the early embryo. Indeed, type I Bed
target genes show pattern expansions in zIld mutants,
possibly because of delayed and reduced expression of the
Kr and Run repressors that set these boundaries (Fig. 3). If
Z1d also affects Kr- or Run-binding efficiency, this could
contribute to the observed expansions. An attractive idea
is that Z1d differentially affects the binding properties of
multiple proteins, which would contribute to the specific
patterning functions of individual enhancers.

Integration of binding activities by Bcd-dependent
enhancers

Despite recent technical and computational advances
(Crawford et al. 2006; Giresi et al. 2007; Heintzman
et al. 2007; Visel et al. 2009; modEncode Consortium
et al. 2010; Zhu et al. 2013), identifying active enhancers
in genome sequences and predicting their expression



patterns are still major goals in the post-genomic era.
Open chromatin configurations and clustered binding
sites are consistent features of enhancers, and all Bed-
dependent enhancers known thus far contain clusters of
Bed-binding motifs. Our results show that Bed motif
clusters containing ZId sites are more likely to be bound
and activated by Bed, suggesting that regions of the
genome with closely linked Z1d- and Bed-binding motifs
contain a “code” that is more likely to recruit Bed com-
pared with regions containing only Bed motifs. But this
code is not simple. We were able to convert only one
inactive cluster (HC_45) into a Bed-dependent enhancer
by adding four consensus Zld sites. The HC_45 fragment
is located in the gsc locus, which is actively transcribed in
the early embryo (Hahn and Jackle 1996) and is located in
a region of open chromatin that binds Bed without added
Z1d sites, albeit weakly (Supplemental Fig. 2; Li et al.
2008, 2011). Among the fragments that could not be
converted was a separate fragment from the gsc locus
(GscB) that contains a cluster of Bed-binding motifs but is
located in a closed chromatin configuration and does not
show in vivo Bed binding (Supplemental Fig. 2). These
results suggest that the HC_45 fragment is “primed” for
activation, and the addition of Zld sites enhances a sub-
threshold activation potential.

Previous studies suggested that specific binding site
spacing and orientation are critical for the transcriptional
activities of several other Drosophila factors (Erives
and Levine 2004; Zinzen et al. 2006; Liberman and
Stathopoulos 2009; Swanson et al. 2011), but our pre-
liminary analyses did not reveal obvious Bed and Zld
arrangements that correlate with activity state (data not
shown). We thus favor the hypothesis that other factors
are involved in distinguishing which enhancers are acti-
vated by Bed. For example, there are synergistic interactions
between Bed and Hb that are required for the activation of
several Bcd target genes (Simpson-Brose et al. 1994;
Arnosti et al. 1996; Schroeder et al. 2004; Porcher et al.
2010). However, we do not see a significant overrepresen-
tation of Hb motifs in the activated set of fragments. Our
DREME search identified several other motifs as over-
represented in Bed-dependent enhancers, including TTK,
HTH, and EXD (Supplemental Fig. 1), each of which is
ubiquitously expressed in the early embryo. We are cur-
rently investigating whether these proteins contribute to
Bcd-dependent enhancer activity.

Materials and methods

Fly strains

Wild-type embryos were generated from a yw stock. To remove
zId function, the FLP-FRT method was used to induce germline
clones. Strains containing the zId**? FRT19A and ovoP® FRT19A
hsFLP122 chromosomes were generous gifts from Christine
Rushlow (Liang et al. 2008). Briefly, we used standard crosses
to generate virgin females of the genotype zId*** FRT 19A/ovo”
FRT 19A hsFLP122, which were mated with wild-type males or
transgenic males carrying different reporter constructs. This
experiment removes maternal Zld from all embryos and the
zygotic component from half. To remove bcd function, which is
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strictly maternal, homozygote bed?! virgins, which produce no
Bcd protein, were mated with wild-type transgenic males.

TF-binding motifs

Sixty-six known Bed-dependent enhancers and 38 inactive
fragments were searched for overrepresented motifs using the
DREME program with a search parameter of E-value = 1 (Bailey
2011). Among the inactive fragments, HC_39 and HC_53 were
excluded because they drive lacZ expression starting at late
ncl4. The primer sequences of all 104 fragments used in this
study were from Chen et al. (2012). Identified motifs were com-
pared with the All Drosophila Motif Database using TOMTOM
(Gupta et al. 2007). To test the distribution of ZId sites,
we counted the number of the eight canonical ZId sites (ten
Bosch et al. 2006; Liang et al. 2008; Nien et al. 2011) in each
fragment and calculated the P-value of the x? test for differential
distribution of the corresponding heptamer between active and
inactive fragments.

Reporter gene constructs, transgenesis, and embryo
expression assays

Wild-type and mutated genomic fragments tested in this study
were cloned into the piB-HC-lacZ vector (Chen et al. 2012) using
a Sall restriction site (mutated run_HC36 and otd_EHE) or a BglIl
site (all others) at the 5’ end and an Ascl site at the 3’ end. This
vector contains a 203-bp even-skipped (eve) basal promoter
fragment (from —40 to +162 with respect to eve’s TSS), a 3.5-kb
lacZ coding fragment, and an 800-bp fragment from the a-tubulin
gene. All constructs were inserted by PhiC31 integrase-mediated
cassette exchange into a landing site on chromosome II (38F1),
which was previously shown to support high levels of reporter
expression with low background (Bateman et al. 2006).

To introduce extra ZId sites into inactive fragments, we
searched for sequences in the fragments that are similar to the
Zld-binding motif and made as few nucleotide changes as
possible to generate one of four high-affinity Zld sites (CAGG
TAG, TAGGTAG, CAGGTAA, and CAGGTAT) without in-
troducing other TF-binding sites. To mutate ZId sites, we made
two to three nucleotide substitutions per ZId site (P < 0.0005).
Enhancers containing extra or mutated ZId sites were synthe-
sized by Integrated DNA Technologies, Inc. To generate HC_45
fragments with different numbers of introduced ZId sites, we
used recombinant PCR. Sequences of all mutated constructs are
in the Supplemental Material. Embryos (2-4 h after egg laying)
were collected and stained by in situ hybridization using
digoxigenin- or fluorescein-labeled antisense RNA probes as
previously described (Small 2000). In some experiments, DAPI
staining was used to visualize nuclear division cycles. Bed antibody
staining procedures were as previously described (Ochoa-Espinosa
et al. 2009).

ChIP-gPCR quantification

Two biological replicates were performed for each ChIP-qPCR
experiment. Briefly, embryos (1-3 h after egg laying) were col-
lected with embryo wash (0.03% Triton-X100, 140 mM NaCl)
and dechorionated in 100% bleach for 2 min. For each experi-
ment, six aliquots each of 100 pL of embryos were transferred to
Eppendorf tubes containing 340 pL of buffer Al (15 mM HEPES
at pH 7.5, 15 mM NaCl, 60 mM KCl, 4 mM MgClI2, 0.5% Triton
X-100, 0.5 mM DDT, complete EDTA-free protease inhibitor
cocktail [Roche]). To each tube, 37% formaldehyde was added to
a final concentration of 1.8%. Embryos were then homogenized
with an Eppendorf micropestle and fixed on ice for 15 min. Cross-
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linking was stopped by adding glycine to a final concentration of
0.125 M. Homogenates were then centrifuged at 3000 rpm in
a microcentrifuge for 3 min at 4°C. Supernatant was discarded,
and 340 pL of buffer A1 was added to each tube. Pellets were
suspended by vortexing and centrifuged two more times (three
washes with buffer Al in total) followed by two washes in 340 pL
of buffer A2 (15 mM HEPES at pH 7.5, 140 mM NaCl, 1 mM
EDTA, 0.5 mM EGTA, 1% Triton-X100, 0.1% sodium deoxy-
cholate, 0.1% SDS, 0.5% N-lauroylsarcosine, complete EDTA-
free protease inhibitor cocktail [Roche]). Pellets were then
harvested by centrifuging at 14,000 rpm, snap-frozen in liquid
nitrogen, and stored at —80°C for long-term storage.

For each ChIP experiment, pellets were combined to yield
60 mg total and sonicated in 200 wL of buffer A2. Sonication was
performed four times for 30 sec on and 30 sec off with a Sonic
Dismembrator model 550 (Fisher Scientific) equipped with
a microtip at power setting 3. Affymetrix/USB ChIP assay kits
were used for immunoprecipitation. The Bed antibody (Ochoa-
Espinosa et al. 2009) and preimmune serum were purified using
the Protein A antibody purification kit (Sigma). Affinity-purified
Z1d antibody was a generous gift from Christine Rushlow (Nien
et al. 2011).

Two microliters of chromatin-immunoprecipitated DNA or
input DNA (1:100) was used for qPCR analysis (QuantiTect
SYBR Green PCR kit, Qiagen). DNA concentrations were
calculated by the standard curve method. For Bed ChIP samples,
a control ChIP was performed using preimmune serum. For Zld
ChIP samples, a mock control without antibody was used. To
calculate the amount of chromatin-immunoprecipitated DNA,
we used the formula (conc[Bed ChIP] — conc[preimmunoserum
ChIPJ)/conc[Input] for Bed binding or (conc[Zld ChIP| — conc[mock])/
conc|[Input]. Negative controls where no Bed or Zld binding was
reported (Li et al. 2008; Nien et al. 2011) were run in parallel with
other samples. Primers used for each genomic region and for
negative controls are listed in the Supplemental Material.

ChIP-seq and data analysis

ChIPs with the Bed antibody were performed on two biological
replicates each of 1- to -3-h wild-type and zId mutant embryos in
parallel. A portion of each collection was DAPI-stained to check
the developmental stage, and >50% of the embryos in each
collection were within the desired age range (Supplemental
Fig. 5). Libraries were made with NEXTflex ChIP-seq kit (BIOO
Scientific, #5143-01) and barcoded with NEXTflex ChIP-seq
barcodes (BIOO Scientific, #514120). Libraries were 50X single-
end sequenced by HiSeq2000 (Illumina) at the New York Univer-
sity Genome Core Facility. Raw reads were mapped to Drosophila
melanogaster genome release 5.3 by Bowtie2 using default
settings on the Galaxy platform (Giardine et al. 2005; Langmead
and Salzberg 2012). Mapped sequencing reads and peak files are
available from the National Center for Biotechnology Informa-
tion’s Gene Expression Omnibus database (http://www.ncbi.nlm.
nih.gov/geo) under accession number GSE55256. For each geno-
type, reads from two biological replicates were combined, and
redundant reads were removed. Peaks were called using the
MACS program with the respective genomic inputs as controls
on the Cistrome platform (Zhang et al. 2008; Liu et al. 2011).
Parameters used in the MACS program were as follows: effective
genome size: 1.52 X 10%; bandwidth: 300 bp; model fold: 10 and
30; P-value cutoff 1.00 X 10~5; range for calculating regional \:
1000 bp and 10,000 bp. Peaks were called separately on the data
from each replicate and also on the merged data from combined
replicates for each genotype. For further analysis, we used the
euchromatic peaks called from the merged data, with the addi-
tional criteria that peaks must be present in both replicates. For
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analyzing enrichment of Bed binding, we calculated the number of
reads per kilobase per million mapped reads (RPKM) for wild-type
ChlIP, wild-type input, zId~ ChIP, and zId~ input. Enrichment of
Bed binding was calculated as the ratio between the RPKMs of
each chromatin-immunoprecipitated sample and the relevant
input control (Enrichmenty, = RPKMyy¢_chip/ RPKMy¢_input)-

The Bcd-binding motif derived from bacteria one-hybrid
experiments (Noyes et al. 2008) and the Zld-binding motif from
Nien et al. (2011) were used for the binding site analysis, with
a P-value cutoff of 0.0005 for counting Bed- or Zld-binding sites.
TSSs from the D. melanogaster genome annotation R5.3 were
used for the promoter analysis (FlyBase).

Correlations between ChIP-seq, ChIP-chip, and DNase I

Overlapping Bed-bound peaks from our two ChIP-seq replicates
were compared with previous ChIP-chip data using two in-
dependent antibodies (Bed-1 and Bed-2) (Li et al. 2008). Peaks
identified in both experiments were required to overlap by at
least 200 bp. The same criterion was also applied to the com-
parison between ChIP-seq biological replicates and between
ChIP-seq and DNase I data sets (Li et al. 2011). To control for
the quality of the two ChIP-seq replicates, we also did correlation
tests by comparing the respective enrichment ratio of each
replicate using the 1-kb flanking region around the binding
summits of peaks <5% FDR. Pearson’s correlation coefficient
is shown in the plot in Supplemental Figure 6A.

Correlations between posterior boundary positions
and Bcd- or ZId-binding strength

For Bed-binding strength to a given enhancer, we calculated the
Bed enrichment ratio (as described above) within this enhancer.
For Zld-binding, we associated a given enhancer to a Zld peak if
the peak single-nucleotide position is contained within this
enhancer, and we used the peak height to represent Z1d-binding
strength to this enhancer (Harrison et al. 2011). Posterior
boundary positions of all enhancers are from Chen et al. (2012).
Pearson’s correlation coefficient and a P-value calculated from
permutation test are shown in each plot (Fig. 5C,D).
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