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Abstract
In Drosophila embryonic development, the Bicoid (Bcd) protein establishes positional information
of downstream developmental genes like hunchback (hb), which has a strong anterior expression
and a sharp on-off boundary in the mid-embryo. The role of Bcd cooperative binding in the
positioning of the Hb pattern has been previously demonstrated. However, there are discrepancies
in the reported results about the role of this mechanism in the sharp Hb border. Here, we
determined the Hill coefficient (nH) required for Bcd to generate the sharp border of Hb in wild-
type (WT) embryos. We found that an nH of approximately 6.3 (s.d. 1.4) and 10.8 (s.d. 4.0) is
required to account for Hb sharpness at early and late cycle 14A, respectively. Additional
mechanisms are possibly required because the high nH is likely unachievable for Bcd binding to
the hb promoter. To test this idea, we determined the nH required to pattern the Hb profile of 15
embryos expressing an hb14F allele that is defective in self-activation and found nH to be 3.0 (s.d.
1.0). This result indicates that in WT embryos, the hb self-activation is important for Hb
sharpness. Corroborating our results, we also found a progressive increase in the required value of
nH spanning from 4.0 to 9.2 by determining this coefficient from averaged profiles of eight
temporal classes at cycle 14A (T1 to T8). Our results indicate that there is a transition in the
mechanisms responsible for the sharp Hb border during cycle 14A: in early stages of this cycle,
Bcd cooperative binding is primarily responsible for Hb sharpness; in late cycle 14A, hb self-
activation becomes the dominant mechanism.
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INTRODUCTION
It has been shown that cooperative binding plays a central role in pattern formation and in
the interpretation of morphogenetic positional information during embryonic development.
One classical example is the Bicoid (Bcd) protein that establishes the anterior–posterior
(AP) developmental axis during embryonic development in Drosophila melanogaster. This
morphogenetic protein determines positional information for downstream developmental
genes such as hunchback (hb), Krüppel (Kr) and knirps (kni), which also show cross-
regulation (Berleth et al., 1988; Crauk and Dostatni, 2005; de Lachapelle and Bergmann,
2010; Driever and Nusslein-Volhard, 1988; He et al., 2010a; Jäckle et al., 1986; Jaeger et
al., 2004; Manu et al., 2009; Nusslein-Volhard et al., 1987; Papatsenko and Levine, 2011). It
has been shown that cooperative binding is critical for Bcd transcriptional activity (Burz and
Hanes, 2001; Burz et al., 1998; Driever et al., 1989; Lebrecht et al., 2005; Lopes et al., 2005;
Lopes et al., 2008; Ma et al., 1996) and plays a central role in reducing transcriptional noise
during Drosophila development (Holloway et al., 2011).

The hb gene encodes a morphogenetic protein (Lehmann and Nusslein-Volhard, 1987;
Papatsenko and Levine, 2008; Tautz et al., 1987) and exhibits anterior and posterior
expression patterns (Fig. 1). The hb regulatory region has two distinct promoters, P1 (distal)
and P2 (proximal); each controls the expression of specific transcripts that encode the same
protein (Margolis et al., 1995; Spirov et al., 2002; Spirov et al., 2000; Tautz et al., 1987)1. In
the anterior region of the embryo, the regulation of hb by Bcd and Hb proteins (Driever and
Nusslein-Volhard, 1989; Lukowitz et al., 1994; Margolis et al., 1995; Simpson-Brose et al.,
1994; Struhl et al., 1989; Treisman and Desplan, 1989) produces a uniform expression
pattern with a sharp on–off boundary at mid-embryo (Fig. 1). It was shown that an ~300 bp
region upstream of the hb coding region, the core part of the proximal promoter, that
contains 6 main Bcd sites is sufficient to confer full regulation of hb by Bcd (Driever et al.,
1989; Schroder et al., 1988; Struhl et al., 1989). Cooperative binding of Bcd to these six
sites has also been previously demonstrated (Burz et al., 1998; Lopes et al., 2005; Ma et al.,
1996). Moreover, to show that Bcd cooperative binding could determine the positioning of
the hb pattern, Driever et al. used a series of lacZ artificial constructs that were driven by
fragments of the native hb promoter and contained different numbers of Bcd binding sites
(Driever et al., 1989). It was then suggested that this mechanism could account for the
sharpness of the hb pattern because the sharpness of the lacZ patterns increased with the
number and strength of Bcd sites. However, none of the lacZ constructs analyzed achieved
wild-type (WT) Hb sharpness. This result was found even when an artificial construct was
driven by 6 strong and 6 weak Bcd sites, which showed the strongest level of expression.
Since these experiments, many efforts have been dedicated to characterizing the role of Bcd
cooperative binding in hb pattern formation (Burz et al., 1998; Crauk and Dostatni, 2005;
Gregor et al., 2007a; Lebrecht et al., 2005; Lopes et al., 2005; Lopes et al., 2008; Ma et al.,
1996).

He et al. contributed to the above discussion with immunofluorescence to determine Bcd
and Hb protein profiles from 28 WT embryos at early cycle 14A and found that a Hill
coefficient (nH) of approximately 5.1 ± 2.7 in the dorsal and 4.9 ± 2.7 in the ventral side was
sufficient to account for Hb sharpness (He et al., 2010b). Using the same technique with 9
early embryos at cycle 14A and visual inspection, Gregor et al. found an nH of
approximately 5.0 (Gregor et al., 2007a). This result indicates that Bcd cooperative binding
is sufficient to account for hb regulation. However, the coefficients required are higher than
those that are observed experimentally. Using DNAse footprint assays in vitro, an estimated
nH of 3.6 was found for Bcd binding to a 250 bp fragment of the native hb promoter

1For details http://www.evol.nw.ru/spirov/hox_pro/hunchback.html

Lopes et al. Page 2

Dev Biol. Author manuscript; available in PMC 2013 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.evol.nw.ru/spirov/hox_pro/hunchback.html


containing the six Bcd strong sites (Ma et al., 1996). Using gel-shift assays, the nH was
estimated as 3.0 (standard deviation, s.d. 0.031) for the binding of a homeodomain-
containing fragment of Bcd (called Bcd89–154) to a 230 bp hb element also containing the
six Bcd strong sites (Burz et al., 1998). Using immunofluorescence and fluorescent in situ
hybridization (FISH), early embryos at cycle 14A (He et al., 2011) were used to show that
the nH required for Bcd to pattern the hb transcriptional profile (6.1±2.6, calculated from 14
embryos) was higher than the coefficient required to pattern the Hb protein profile (5.2±0.4,
calculated from 5 embryos). In addition, Houchmandzadeh et al. have suggested that Bcd
alone cannot account for Hb sharpness because an nH of more than 10 is required based on
their estimations (Houchmandzadeh et al., 2002). Finally, the idea that Hb sharpness is
caused by hb self-activation through bistable kinetics was proposed based on work using a
systems biology approach that combined immunofluorescence and a reaction-network model
(Lopes et al., 2008).

During cycle 14A, the hb expression pattern exhibits a significant variation of approximately
30% (Lopes et al., 2008; Surkova et al., 2008) and reaches a maximum level of expression
around mid-cycle. Bcd protein concentration, in turn, decreases continuously from its
maximum level at the beginning of the cycle (Gregor et al., 2007b; Surkova et al., 2008).
These patterns of temporal variation indicate that the contribution of both Bcd and Hb
proteins must be temporally modulated and that a precise characterization of Bcd
cooperative binding and hb self-activation in Hb sharpness must account for the variations in
different stages of cycle 14A.

Here, we analyzed Bcd cooperativity levels using 30 WT Bcd and Hb profiles. We found
that an nH of 6.3 (s.d. 1.4) is required to account for Hb sharpness at early cycle 14A.
However, at late stages of this cycle, an nH of approximately 10.8 (s.d. 4.0) is required. Bcd
binding is not likely to reach this level of cooperativity. Thus, we investigated additional
regulation that could be taking place by determining the nH required to pattern the Hb
profile of 15 embryos expressing an hb14F allele that is defective in self-regulation. We
found an nH of 3.0 (s.d. 1.0), which is in agreement with previous in vitro results (Burz et
al., 1998; Ma et al., 1996). This result indicates that hb self-activation contributes to Hb
sharpness in WT embryos, which was suggested in earlier studies (Lopes et al., 2008;
Simpson-Brose et al., 1994). We verified our results using an independent set of data
(Poustelnikova et al., 2004; Surkova et al., 2008) to follow the progressive increase in the nH
required to account for Hb sharpness from early to late cycle 14. Taken together, our results
indicate that there is a transition in the mechanisms responsible for hb sharpness during
cycle 14A: in early stages of this cycle, Bcd cooperative binding is mainly responsible for
hb sharpness; in late cycle 14A, hb self-activation becomes the dominant mechanism.

MATERIALS AND METHODS
Dataset

WT Oregon-R and hb mutant hb14F (Hülskamp et al., 1994) embryos were stained for Bcd
and Hb proteins. For the pThb5 construct (driven by a fragment of the hb promoter (Driever
et al., 1989)), lacZ expression was visualized by FISH. These data were previously used in
different analysis (Holloway et al., 2011; Lopes et al., 2008).

Embryo fixation and staining
Embryos were incubated with guinea pig and rat primary antibodies against Hb and Bcd,
respectively, followed by secondary antibodies labeled with Alexa Fluor 647 (to Hb) and
488 (to Bcd; Molecular Probes). For lacZ embryos, simultaneous immunostaining was used
to detect Hb and Bcd, and FISH was used to detect lacZ transcripts using the Janssens et al.
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method (Janssens et al., 2005). Immunostaining was performed as above to detect Hb (Alexa
Fluor 647) and Bcd (Alexa Fluor 555). After hybridization, lacZ mRNA was visualized by
sequential incubation with a rabbit antibody to fluorescein (Molecular Probes) and then an
antibody to rabbit labeled with Alexa Fluor 488 (Molecular Probes).

Confocal Microscopy
Whole-embryo images were taken using a laser confocal scanning microscope (Leica TCS
SP2) and the Janssens et al. method (Janssens et al., 2005). Fluorophores were excited by a
laser at different wavelengths (488, 555, and 647 nm) and detected via a filterless spectral
separation system. To reduce image noise from the photomultiplier tubes, each embryo was
scanned sequentially 16 times, and the results were averaged.

Image Processing
Protein and RNA profiles were determined by averaging intensities in each dorsoventral
pixel column from the central 10% strip of the AP axis. The quality of this direct method
was checked by nuclear masks that were manually made based on several costained lacZ
embryos using the multiple ROI feature in ImageJ software (Moodley and Murrell, 2004).
Each circular ROI with radii comparable to the nuclear radii was manually positioned to
outline a given nucleus. Nuclear-resolution AP profiles from this method were of
comparable quality to pixel-resolution profiles from our direct extraction method.

Temporal Classification
In addition to confocal scanning, all embryos were observed along the dorsal edge using
Differential Interference Contrast (DIC) optics. Distances were measured from the egg
surface to the invaginating membrane and from the surface to the cortex. The ratio of the
membrane depth to the cortex depth was used to estimate the embryo age in minutes using a
published standard curve (Merrill et al., 1988).

The straight line fitting of the Hill equation
The original form of the Hill equation can be written as (Hill, 1910):

(1)

In this equation, used to generate the plots of Fig. 3, Fr is the fraction of site occupancy, i.e.
the number of bound sites by the total number of sites, nH is the Hill coefficient, [L] is the
(total) ligand concentration and K the equilibrium constant. This constant is related to [L]1/2,

the ligand concentration that produces half of promoter occupancy, by .

For practical applications, it is useful to write the above equation as

(2)

This equation can be easily used in a linear fitting to determine nH, which is the inclination
of the straight line. This procedure was used to generate the plots of Figs. 2 and 4.

A recent result has shown that the protein signal obtained from immunostaining experiments
is proportional to the real protein concentration (Gregor et al., 2007a). Using this result, we
determined [L]/[L]1/2 as the quotient [Bcdsignal]/[Bcdsignal]1/2. In this relation, [Bcdsignal] is
the signal intensity of the Bcd protein at each position in the AP axis of the Drosophila
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embryo and [Bcdsignal]1/2 is the [Bcdsignal] observed at the position where half of the Hb
protein signal is detected. To determine Fr we assume that the level of protein signal is
proportional to the fraction of site occupancy (Gregor et al., 2007a; He et al., 2010b). This
assumption allowed us to determine Fr as the quotient [Hbsignal]/[Hbsignal]max. In this
relation, [Hbsignal] is the signal intensity of the Hb protein at each position in the AP axis
and [Hbsignal]max is the maximum level of Hb protein signal. To fit the equations (1) and (2),
a region of interest (ROI) in the posterior border of the anterior Hb pattern was defined. We
used a ROI in the range of 5% to 95% of the maximum Hb profile. This ROI was based on
Gregor et al results about the 10% accuracy for the detection of protein concentrations
(Gregor et al., 2007a). In addition, this ROI accounts for the estimated error level introduced
by confocal images (Myasnikova et al., 2009).

Fitting procedures
Fitting was performed using the Matlab platform with the respective equations for root mean
square deviation (r.m.s.d.) and standard deviation (s.d.):

(3)

and

(4)

where “exp” is the experimental data and “the” is the corresponding theoretical values for
each position i along the AP axis in the embryo. m and μ are the number of experimental
points and its mean, respectively.

RESULTS
Bcd cooperative binding cannot account for late Hb sharpness

Here we are not estimating nH or analyzing the bcd/hb relationship. In our analysis, we are
estimating the Hill coefficient required for generating the sharpness of the hb expression
pattern in WT and hb14 mutant embryos. In order to analyze the ability of the Bcd gradient
to generate each hb pattern, we compared this estimated nH with the experimentally
determined values.

To determine what value of nH is necessary for Bcd cooperative binding to produce the
sharp Hb border, we used 15 embryos at early cycle 14A and found an nH of 6.3 (s.d., 1.4,
Fig. 2A; Table 1). This is in agreement with similar results for early embryos found by He et
al. (He et al., 2011; He et al., 2010b) and Gregor et al. (Gregor et al., 2007a). To test what
nH is necessary to account for mature Hb sharpness, we used 15 embryos at late cycle 14A
and found an nH of 10.8 (s.d. 4.0, Fig. 2B; Table 1). This coefficient value is approximately
three times that of the coefficient estimated for human hemoglobin (nH = 2.8 (Stryer, 1995))
and is not likely to ever be reached by Bcd binding to the six sites shown to be sufficient to
reproduce hb regulation by Bcd (Driever et al., 1989; Schroder et al., 1988; Struhl et al.,
1989).

Gregor et al. based their results on early embryos at cycle 14 to reduce the influence of other
transcriptional regulators on Hb profiles as much as possible (Gregor et al., 2007a). The
authors found that nH = 5.0 and suggested that Bcd cooperative binding accounts for hb
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regulation in early embryos. To verify the effect of embryo age using the Gregor et al.
approach, we plotted our Bcd/Hb data from early and late embryos in the same semi-log plot
that they used. We found that the ratios between the axis for early (Fig. 3A, very similar to
Fig. 4A in Gregor et al. (Gregor et al., 2007a)) and late embryos (Fig. 3B) are different and
result in different coefficient estimations: 6 for early and 10 for late embryos. Although
similar values were found using both of the above approaches, the latter is less appropriate
because a visual inspection was used and the differences between the plots for early and late
embryos were not as evident as for the straight lines (Fig. 2A,B).

These results indicate that Bcd plays a critical role in sharpening early Hb profiles but
cannot fully account for the sharpness of the mature Hb pattern; thus, other regulators must
be performing a role in sharpening the Hb pattern. Below, we estimated nH values for Bcd
binding to the endogenous hb regulatory region in WT embryos and tested the role of
additional regulators.

hb self-activation is critical for Hb sharpness
The role of hb self-activation in the sharpness of the Hb pattern has previously been
demonstrated (Lopes et al., 2008). This effect is more evident in late embryos due to Hb
protein accumulation. Therefore, to perform a confident estimation for the effect of
additional regulation, it is necessary to determine hb self-regulatory effects.

Performing this estimation is possible using hb14F embryos, which harbor an hb allele that is
deficient for self-activation (Hülskamp et al., 1994; Lopes et al., 2008). Using 15 embryos,
we found that an nH of approximately 3.0 (s.d. 1.0, Fig. 2C) is required to account for Hb
pattern in this allele. This coefficient value is in good agreement with the 3.6 and 3.0 (s.d.
0.031) found by Ma et al. and Burz et al. (Burz et al., 1998), respectively. However, these
values are significantly lower than our estimations for the nH required to pattern the Hb
profile at early (6.3 s.d. 1.4) or late (10.8 s.d. 4.0) cycle 14A. This difference suggests that in
WT embryos the nH value required to pattern the Hb profile is affected by other
mechanisms, most likely hb self-activation.

To check the effect of additional regulation on Hill coefficients, we used the patterns of
beta-galactosidase transcripts from 9 early embryos expressing a lacZ construct driven by a
fragment of the native hb promoter (pThb5 (Driever et al., 1989)) that contained six Bcd,
two Hb and two Kr sites (Treisman and Desplan, 1989) (Fig. 2D). We reasoned that
visualizing lacZ transcripts instead of β-galactosidase protein would give results that are
more accurate because transcripts can be degraded normally, as other endogenous transcripts
are. Using this visualization approach, we found that an nH of 7.0 (s.d. 1.5) is required to
pattern the profile of the lacZ transcripts. This nH value is higher than the nH estimated to
pattern the Hb profile in early (6.3, s.d. 1.4) cycle 14A embryos but lower than the
estimation for late (10.8, s.d. 4.0) cycle 14A embryos. Our result quantitatively shows that
additional regulation of the target gene can affect the determination of the Hill coefficient.

The cooperative-binding and self-regulating stages of Hb pattern formation
To verify the above results using an independent set of experimental data, we used
quantitative data from the FlyEx (Poustelnikova et al., 2004; Surkova et al., 2008) database
(http://urchin.spbcas.ru/flyex or http://flyex.uchicago.edu/flyex/index.jsp), which divides
cycle 14A into 8 time classes, T1 to T8. We used the averaged (integrated) data for Bcd and
Hb protein profiles, which are very close to the profiles of individual embryos. This
approach allowed us to estimate the required Hill coefficient necessary for Bcd to produce
the Hb pattern at each temporal class (Fig. 4). We found that the required nH varies from 4.0
(r.m.s.d., 0.13; at T1) to 9.2 (r.m.s.d. 0.41; at T7; Fig. 4I) (see Materials and Methods for
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definition of r.m.s.d.). The required nH at T1 (4.0, r.m.s.d. 0.13) is also in agreement with
our estimation using hb14F (3.0, s.d. 1.0), the estimation of Burz et al. (Burz et al., 1998)
(3.0, s.d. 0.031) and the estimation of Ma et al. (Ma et al., 1996) (3.6). These data also
indicate that the bcd/hb14F pair and the WT bcd/hb (at T1) are the only cases where Hb
sharpness is fully produced by Bcd cooperative binding. Moreover, even though Bcd
cooperative binding is performing a critical role for Hb sharpness during time classes T2 (nH
4.6, r.m.s.d. 0.16) and T3 (nH = 5.2, r.m.s.d. 0.15), it cannot account for the overall
sharpness of Hb expression. Furthermore, the required nH ranges from 6.0 to 9.2 for the T5
to T8 stages (Fig. 4I) and makes it even less feasible that Bcd cooperativity alone accounts
for the Hb sharpness. Even in the T4 stage, where the required nH is 6.0, Bcd could not
solely account for the Hb sharpness because only three of the six main Bcd binding sites are
strong (Driever and Nusslein-Volhard, 1989); thus, the maximum nH of 6 is not feasible.
The effect of hb self-activation is more pronounced after Hb protein accumulation because
hb self-activation plays a critical role in Hb sharpness (Lopes et al., 2008). The above results
suggest that cycle 14A occurs in two distinct stages: a stage that relies predominantly on
Bcd cooperative binding from T1 until T4 (the first 24 minutes of the cycle) and a stage that
relies predominantly on self-regulation by Hb from T4 until T8 (the remaining 24 minutes).

The early stages of the bcd/hb system are best described by the Hill approach
To check the applicability of the Hill approach to the bcd/hb system, we determined the
r.m.s.d. for the coefficient fitting of each time class in the averaged data (Fig. 4I). We
observed a five-fold increase in the r.m.s.d. from 0.13 for T1 to 0.69 for T8. This increase
indicates that T1 is the best time class for the application of the Hill approach. This finding
is expected because the nH of 4.0 for T1 is similar to the nH found for hb14F, the self-
activation mutant where the hb pattern exhibits only the effect of Bcd cooperative binding.
The progressive increase in r.m.s.d. after T1 (r.m.s.d. in T4, 0.30, is more than two times
higher than that of T1, 0.13) also indicates that the bcd/hb system is progressively less
accurately described by this approach. This loss of appropriateness results from the
progressive accumulation of Hb protein, which shows a maximum concentration at mid-
cycle 14A (Lopes et al., 2008; Surkova et al., 2008). The observed increase in r.m.s.d. is in
agreement with the division of cycle 14A into cooperative (T1 until T4) and self-regulating
(T4 until T8) stages.

To perform a similar analysis of Hill equation fitting for the unaveraged data shown in Fig.
2, it was unsuitable to use r.m.s.d. because this measurement would be indistinguishable
from the effects of intrinsic transcriptional noise (He et al., 2010a; Holloway et al., 2011)
and from fitting by the Hill approach. To circumvent this limitation, we used the standard
deviation (s.d.) because we used 15 embryos for each assay except for the 9 embryos used
for the pThb5 lacZ construct. From the mean s.d. for hb14F (1.02), early WT (1.45), late WT
(6.08) and the lacZ construct (1.52), we note that the bcd/hb14F system is the one better
described by the Hill approach, as describe above. The early WT, lacZ, and late WT
embryos each show a progressive increase in the mean s.d., which indicates that these
systems are progressively more poorly described by the Hill approach. This result is
consistent with the increased effect of hb self-activation in these systems. Taken together,
these results indicate that the r.m.s.d. and s.d. of the straight-line fitting of the Hill equation
can be used to verify the applicability of the Hill approach.

DISCUSSION
Driever et al. first suggested that Bcd cooperative binding could account for Hb sharpness
(Driever et al., 1989). Since then, there have been studies that demonstrate that Bcd
cooperative DNA binding occurs; however, discrepant results exist about whether the
resulting effects are sufficient to account for the sharp borders of expression observed for
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Hb and other Bcd target genes. In particular, the importance of Hb self-activation has been
the subject of debate. To help resolve these discrepancies, we estimated the nH required to
pattern Hb profile in the hb14F self-activation mutant allele, which does not exhibit hb self-
regulation. Analysis of this mutant allowed us to distinguish contributions to the overall nH
by both Bcd cooperativity and by Hb self-activation. The nH of 3.0 (s.d. 1.0) that we found
from hb14F embryos agrees with the nH values for Bcd binding to fragments of the hb
promoter containing the six main Bcd binding sites of 3.6 and 3.0 (s.d. 0.031) from Ma et al.
(Ma et al., 1996) and Burz et al. (Burz et al., 1998), respectively. Although these values
seem contradictory to others in the literature (Gregor et al., 2007a; He et al., 2011; He et al.,
2010b), we detail below how these values are in fact explainable.

A time resolved analysis was needed to understand the role of Bcd cooperative binding in hb
patterning because Bcd and Hb patterns show significant variation during cycle 14A. By
performing this analysis, we found that Bcd cooperative binding does account for Hb
sharpness at very early stages of cycle 14A because the required nH for time class T1 is
similar to that estimated for hb14F (Fig. 4I, Table 1). This result indicates that Hb protein
(from zygotic or embryonic origin) must have little or no role in the sharpness of very early
Hb patterning. For time classes T2 to T4, however, the effect of hb self-activation increases
because the required nH increases progressively (Fig. 4I). This increase in nH agrees with the
nH we found for cycle 14A (Table 1). Taken together with the progressive decrease in Bcd
and increase in Hb concentrations (Gregor et al., 2007b; Surkova et al., 2008), these results
indicate that a combination of well-established Bcd cooperative binding and nascent self-
regulatory effects are important for the establishment of Hb sharpness for time classes T1
until T4. Self-regulation becomes predominant as reflected in the nH for time classes T5 to
T8 and in late WT embryos (Fig. 4I, Table 1). This driven change is in agreement with the
ability of Bcd cooperative binding to determine the positioning of the hb pattern (Driever et
al., 1989; Lopes et al., 2008) because positioning is determined in the early stages of cycle
14 (Fig. 2C in Lopes et al. (Lopes et al., 2008) and Fig. 2G in Surkova et al. (Surkova et al.,
2008)). This behavior also agrees with the previous result that the control of Hb sharpness
and positioning by hb self-activation and Bcd cooperative binding, respectively, are separate
processes that can be altered independently (Lopes et al., 2008). The results also agree with
an nH estimation that indicates that a coefficient greater than 10 is required for Hb sharpness
(Houchmandzadeh et al., 2002).

Taken together, our results indicate that the apparent discrepancy between the various nH
can be accounted for by two time-dependent components. Early Bcd cooperative DNA
binding sets up a later Hb self-regulation step, and together these are sufficient for
establishing a sharp border of expression. Driver et al. noted that “One would not expect that
such a mechanism immediately generates a sharp border … Subsequent regulatory
interactions between hb and other zygotic genes might be involved in the establishment and
maintenance of a border as sharp as that observed in later blastoderm stages” (Driever and
Nusslein-Volhard, 1989). Lewis et al. used theoretical arguments to specifically propose that
cooperative binding cannot account for sharp borders and that a self-activation mechanism is
sufficient for sharp borders (Lewis et al., 1977). This last argument is also in agreement with
the systems biology approach and proposal of Lopes et al. that hb self-activation via bistable
kinetics is responsible for the sharp border of the Hb pattern (Lopes et al., 2008).

Crauk and Dostatni used lacZ constructs with three Bcd binding sites, and their results led
them to propose that Bicoid determines sharp and precise hb expression (Crauk and
Dostatni, 2005). However, three binding sites, even if they are strong, are not expected to
provide full regulation of hb by Bcd as suggested by the authors. In addition, the
experimental technique used, (non-fluorescent) in situ hybridization, can be affected by
artificial saturation. Artificial saturation can occur depending on the reaction exposure time
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and can increase the measurement of sharpness (see Fig. S3 in Lopes et al. (Lopes et al.,
2008)). Other than hb itself, the two best candidates for having a role in Hb sharpening are
Kr and kni. These candidates are best because of the relative position of their expression
domains (hb domain is adjacent to kni and overlaps the Kr domain (Surkova et al., 2008;
Tomancak et al., 2007)) and regulation of hb by Kr has previously been demonstrated
(Jäckle et al., 1986; Treisman and Desplan, 1989). However, no effect on Hb sharpness was
reported, even though Kr;kni double mutants showed disruptions in Hb pattern precision
(Manu et al., 2009). In addition, there are discrepancies in the described effects of single
mutations in Kr or kni on Hb positioning. Jäckle and collaborators reported an anterior shift
of the Hb pattern in Kr mutant embryos (Jäckle et al., 1986), whereas Houchmandzadeh et
al. reported no significant shift of the Hb pattern in Kr or kni single mutant embryos
(Houchmandzadeh et al., 2002). However, the strong decrease in sharpness measured for the
hb14F allele (21.8% reduction, from 80.2° in WT to 62.8° in hb14F (Lopes et al., 2008))
indicates that Kr or kni must have no effect on Hb sharpness because both of these genes are
not affected in hb14F. Finally, another explanation for the sharp border of the Hb pattern
could be transcriptional synergy. It has been show that a greater than additive transcriptional
response can be achieved by more than one activator acting simultaneously (Carey et al.,
1990). However, experimental data that could indicate that this mechanism is responsible for
the sharp Hb border are still needed. This mechanism could explain the enhanced nH of
pThb5 construct, however the effect of hb activation on this construct is dictated by the
sharp border of the hb expression pattern. Because of this influence, it is difficult to
distinguish between the contribution of transcriptional synergy and the sharp border of Hb
pattern to the enhanced nH of pThb5.
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Highlights

• Bcd cooperative binding to the native hunchback promoter exhibits a Hill
coefficient of approximately 3.0.

• A Hill coefficient of approximately 10.0 is necessary for sharp, mature
Hunchback patterning.

• Bicoid cooperative binding cannot account for sharpness in the mature
Hunchback pattern.

• Self-activation of hunchback is necessary to produce the sharp border of the
mature Hunchback pattern.
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Fig. 1. Hb and Bcd protein profiles (Lopes et al., 2008)
An embryo at mid-nuclear cleavage cycle 14A immunostained for Bcd (A) and Hb (B). (C)
Fluorescence intensities for A and B are shown in green and blue, respectively, as a function
of position along the AP axis. The diffusion of Bcd protein, translated from its mRNA
localized at the anterior end of the egg, forms an exponential concentration gradient. In A
and B, the anterior pole is on left and the dorsal side is on top.
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Fig. 2. Estimating the required Hill coefficient to pattern Hb profiles in embryos of different
stages or backgrounds (Lopes et al., 2008)
The Hill coefficient is given by the inclination of the straight line (see equation (2) in
Material and Methods). (A): Plot from a WT embryo at early cycle 14A exhibiting an nH of
6.3 that is similar to the mean nH (6.3, s.d. 1.4) measured from 15 embryos at this stage
(inset). (B): The same plot as in (A) but from a WT embryo at late cycle 14A with an nH of
approximately 11.6 that is similar to the mean nH (10.8, s.d. 4.0) measured from 15 embryos
at this stage (inset). (C): Same plot as in (A) but from an hb14F embryo at cycle 14A with an
nH of approximately 3.0. Inset: 15 embryos at this stage with the mean nH (3.0, s.d. 1.0).
(D): The same plot as above from an embryo expressing the pThb5 lacZ artificial construct
at cycle 14A and exhibiting an nH of 7.0. Inset: 9 embryos with mean nH (7.0, s.d. 1.5). We
assumed early and late cycle 14A embryos corresponded to stages T1-T4 and T5-T6,
respectively, according to previous classification (Surkova et al., 2008).
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Fig. 3. Estimating the required Hill coefficient to account for Hb sharpness using an alternative
plot
(A) The same data from the 15 WT early embryos used for Fig. 2A but plotted similarly to
Fig. 4A by Gregor et al. (Gregor et al., 2007a). (B) The same 15 WT late embryos as in Fig.
2B but plotted as in A. In these graphics, the red, green, cyan and black lines show the plots
for an nH of 5, 6, 7 and 10, respectively. It is easy to see that in (A), the nH choice of 6 fits
the data better, while in (B), the best choice is 12. This method (see equation (1) in Material
and Methods) does not allow a precise determination of nH because visual inspection is
used. The straight-line fitting, used for Figs. 2 and 4, is more precise and accurate.
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Fig. 4. Required Hill coefficients for each temporal class in cycle 14A necessary to account for
Hb sharpness as determined from averaged data
Poustelnikova et al., 2004; Surkova et al., 2008)(A) – (H): Plots for time classes T1-T8,
which last for approximately 6 minutes each. The Hill coefficients, shown in the insets
followed by the r.m.s.d., were determined by the straight-line inclination of these plots. (I):
Evolution of the Hill coefficient (red line) from A to H and r.m.s.d. (blue line) as a function
of time classes. The increase in r.m.s.d. indicates a reduction in how suitable the Hill
approach is for describing this system. The increase in nH indicates that Bcd cooperative
binding cannot account for the sharpness of the Hb pattern after T4. To generate these plots,
we used the equation (2) in Material and Methods.
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Table 1

Estimating the required Hill coefficient to account for Hb sharpness in embryos at different stages of cycle 14
or with different backgrounds.

Background
MeannH

(s.d./mean r.m.s.d.)
Number of
embryos Age (minutes)

hb14F 3.0 (1.0/0.25) 15 32-39

early WT 6.3
(1.4/0.20) 15 4-23

late WT 10.8 (4.0/0.35) 15 26-53

lacZ 7.0
( 1.5/0.36) 9 20-37
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