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Abstract

The regulation of expression of the hunchback promoter by the maternal Bicoid gradient has been studied as a
model system in development for many years. Yet, at the level of quantitative agreement between data and
theoretical models, even the first step of this regulation, transcription, continues to be challenging. This situation
is slowly progressing, thanks to quantitative live-imaging techniques coupled to advanced statistical data analysis
and modelling. Here we outline the current state our knowledge of this apparently “simple” step, highlighting the
newly appreciated role of bursty transcription dynamics and its regulation.
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1. Introduction

Precision in the establishment of cell identity during development is critical for the emergence of properly
proportioned individuals and their survival. The identity of each cell is determined by the expression of a few
specific genes regulated in many cases by morphogen gradients. It is generally assumed that the morphogen is
produced in a source cell and that it diffuses from the source along an axis or into a field of cells (2D or 3D) in
such a way that each cell is confronted with a given concentration of the morphogen. This allows each cell to
measure its position relative to the source cell and to accordingly turn on the expression of morphogen target
genes responsible for the determination of its identity. Although morphogen gradients have been shown to be
essential in many developmental systems for decades, several questions concerning their functioning at the
mechanistic level remain largely debated. In most cases, we do not know how morphogen gradients are
established, how morphogens are able to activate target gene expression in a dose-dependent manner. Also, it
remains unclear how morphogens themselves contribute to the precision of axial patterning. Here, we discuss
recent developments in describing how a noisy transcriptional process can be tuned very rapidly into a
reproducible functional developmental pattern by focusing on one well-studied morphogen-target gene pair — the
Bicoid (Bcd) morphogen controlling the hunchback (hb) gap gene in early fly development.

The hb gap gene is involved in patterning along the antero-posterior (AP) axis of young fruit fly embryos. hb
expression is first detected at the onset of zygotic transcription at the eighth nuclear cycle (nc8), around one hour
after fertilization. As early as ncl11, hb transcription occurs in a step-like pattern with a sharp boundary separating
highly expressing nuclei in the anterior from nearly expressionless nuclei in the posterior [1,2] (Figure 1A). This
step-like pattern is also observed at the Hb protein level at nc14 [3] and the protein pattern exhibits very low
variability in concentration between nuclei of the same position along the AP axis [4]. This robust Hb pattern,
combined with other gap gene patterns, was proposed to contain enough positional information for nuclei to
predict their position in the embryo with ~ 99% accuracy [5].

In young embryos, the major regulator of hb transcription is the homeodomain-containing Bed [6]. Translated
from maternally anchored mRNASs at the anterior pole, Bed proteins form an AP exponential gradient and activate
hb transcription in the anterior half of the embryo. Increasing or decreasing the amount of Bicoid in the embryo
induces a posterior, respectively anterior, shift of the hb step-like pattern, arguing that the expression of hb is Bed
concentration dependent [6]. The discovery of Bed’s role in hb transcription was exciting as it provided the first
example illustrating the elegant idea of the French Flag model for morphogenesis. However, 30 years after its
discovery, the mechanisms responsible for the hb pattern sharpness and reproducibility are not yet fully
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understood. The first quantitative studies of the Bcd gradient and Hb protein pattern reproducibility [3,7] raised
doubts about the pattern emerging solely from diffusive biochemical interactions between transcription factors
and the gene promoter region. In this simplest scheme of concentration sensing, the Berg-Purcell scheme [8], the
time required for a Bed binding site of the hb promoter to read the Bed concentration with 10% accuracy was
estimated to be of the order of 2 hours [4], much longer than the interphase duration of nuclear cycles. These early
attempts to explain the Hb pattern robustness marked a shift in experimental studies towards more quantitative
approaches. The advent of new measurement methods, based on live imaging especially of transcription
dynamics [9], allowed for a deeper view of the processes of positional readout in young fruit fly embryos.
Specifically it allowed one to focus on the outcome of the first steps of regulation, transcription at the hb locus, to
determine how this stage of early development is controlled. Thanks to advances in imaging discussed below, the
pattern of transcription from the hb locus is observed to be established sharply in about 3 min at nc11, despite
being generated by noisy gene expression from a bursty promoter. In this review we discuss recent work and
challenges for advancing our understanding of positional information propagation from the Bed gradient to the hb
expression pattern (Figure 1). We made the choice to only focus on the first step, the transcription process, which
in itself contains several steps (Figure 1B-D), and highlight why this system remains challenging 30 years on.
More details about the establishment of the Bed gradient can be found in the chapter by Huang and Saunders in the
same issue [10].

2. The Bcd gradient
2.1. Positional information

The Bcd concentration gradient arises from maternally anchored mRNA at the anterior pole of the syncytial
embryo [11]. Large scale analysis of the Bcd gradient, through immunofluorescent staining of the endogenous
protein or analysis of the fluorescent-fusion Bcd-eGFP protein [7] (Figure 2A), indicated that the Bcd gradient is
exponential with a concentration decay length around 80 to 120um (between one-fifth and one-fourth of embryo
length) [7,12,13]. The concentration of this gradient is a source of positional information for each nuclei along the
AP axis. All the experiments performed to measure the absolute concentration of the Bcd gradient along the AP
axis used the Bcd-eGFP expressed from a transgene in the embryo which rescues the viability of the bed™ null
allele. The total concentration of Bed at the anterior pole, measured via fluorescent Bcd-eGFP ranges from 90 nM,
measured by comparing the fluorescence inside nuclei with the fluorescence of an eGFP solution at a given
concentration [14], to 140 nM [13], equivalent to respectively, 4.4 (estimated to be ~ 700 Bcd molecules per
nuclei at ncl4 [7]) to 7 molecules/um® where the hb pattern boundary is established. Even though these
measurements are consistent, they were obtained with the same fluorescent Bcd-eGFP and are likely to be
underestimates of the real concentration because a proportion of the eGFP might not be fluorescent. Further
analysis using a Bcd fusion carrying two fluorescent domains [15] might help resolve the issue of absolute Bcd
concentration measurements in the embryo. Similarly, taking into account the maturation time of the eGFP points
to a slight overestimation of the Bed gradient decay length of about 15% [15,16]. After corrections, the length
constant of the Bcd gradient is estimated as low as one sixth of embryo length (16.5 £ 0.7 % EL).

2.2. The motility of Bcd molecules

The hb locus extracts positional information from the local Bcd concentration via interactions with Bed
molecules. Given the short time window for positional readout in each interphase, the Bcd search time for the hb
promoter t,,,, is critical in determining the limit of positional readout precision. Therefore, several studies
analyzed Bcd motility, using FRAP [4] or FCS [13] on fluorescent Bed-eGFP or single-molecule tracking (Figure
2A) [17,18]). In the initial FRAP experiments, Bcd motility in the cytoplasm turned out to be quite slow (~ 0.3
pm?/s) [7]. FCS experiments performed both in the cytoplasm and the interphase nuclei revealed the existence of
Bcd molecules with different motilities: best fitting of the data to the two-species diffusion model indicated that i)
in the cytoplasm, 18% of the Bcd molecules are slow-moving while 82% of the Bcd molecules are fast-moving
with an average diffusion coefficient of ~ 7.4 um%s [13] and ii) in the nucleus, 43% of the Bcd molecuels are
slow-moving (~ 0.22 pm?/s) and 57% fast-moving (~ 7.7 um?s) [19]. Fast moving Bcd molecules (~ 4 pm?/s)
were also observed using a photoactivable Dronpa-Bcd [18] and the existence of at least two populations of Bed
molecules was further confirmed by high resolution single molecule imaging suggesting that in nuclei, Bed
molecules spend the same amount of time on nuclear exploration (searching for a binding target) and on binding to
chromatin with surprisingly high unbinding rates, distributed with long tails [17].

2.3. Bcd searching time 7,;,4 for hb promoter

In an initial attempt to estimate the Bcd search time for the hb promoter, Gregor and colleagues proposed that Bed
molecules can diffuse in 3D inside the nuclear space in search for the specific Bed binding sites on the hb
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promoter (Figure 2D). They proposed that the search time was inversely proportional to the diffusion coefficient
of Bed D, the local Bed concentration ¢ and the size of the Bed binding site a.

Tpina = Tap~1/Dca 1)

The binding site for transcription factors, including Bcd, are commonly 10bp long which corresponds to ~3nm.
Given this value and assuming that the searching Bcd molecules are diffusing freely (i.e. are fast-moving
molecules) and that Bed binding is diffusion limited (each collision between a Bcd molecule and a binding site
results in a successful binding event), the binding site search time 75, is estimated to be on the order of 10 s.
However, this is an optimistic estimate given that a is likely 10 fold too large since displacement by a single bp
may lead to an entirely different DNA sequence that is not recognizable by the protein [20]. In this later case, a
would be ~ 0.3 nm and the search time for Bcd would be 100s.

The robustness of the Hb pattern, despite a long search time in 3D, leads to hypotheses that Bcd molecules may
use a combination of 1D and 3D diffusion to search for their target sites [20,21]. This mode of searching was first
observed in Escherichia coli [22—-24] for the lacl repressor where a combination of a 1D and 3D search was found
to reduce the search time by up to 100 times compared to a pure 3D search. In this scheme, proteins bind
non-specifically to DNA and, while doing so, slide along the DNA segment in search for the specific target site
(Figure 2E). Therefore, the effective size of the target site is increased by the TF’s sliding footprint along the DNA
a,p (up to a hundred bp, compared to the size of a binding site a = 10 bp). Another hypothesis is that the target
locus could be located in a micro-environments with enhanced TF concentration (Cca™>c) (Figure 2F), thus
speeding up the search, as proposed in the case of the Ultrabithorax protein [25]. The recent observation of Bcd
concentration in dense hubs [17,26] opens up the possibility that micro-environments that enhance local Bed
concentration could contribute to reduce the Bed search time for the hb promoter. However, one should note that
these mechanisms can also introduce non-linearities into the position sensing process: Bcd hubs were found to
persist even in the posterior region of low Bcd concentration, leading to a much flatter Bcd concentration profile
in hubs than in the cytoplasm. In addition, Hammar et al. observed that bound lacl molecules may interfere with
the 1D-sliding molecules when the distance between the target sites is shorter than the sliding footprint [24]. If
Bcd employs this mode of searching, the very short distances between Bcd binding sites on the hb promoter (as
short as 12 bp) may introduce negative feedback to Bcd binding, instead of the positive feedback normally linked
to a sharp hb pattern [27].

2.4. Activation of transcription by Bcd

The Bcd protein is able, on its own, to activate transcription when bound to a promoter containing its DNA
binding site [28]. However, how this is achieved remains largely unknown. Structure-function analyses of the Bcd
transcription factor indicated that it contains many redundant functional domains [29]. Besides its homeodomain
which allows binding to DNA [30,31], the Bcd protein contains several independent activation domains which
can activate transcription on their own when multimerized and fused to a Gal4 DNA binding domain in vitro [32]
or in the early embryo [33]. These include a Glutamine-rich domain, a ST-rich domain and a C-terminal acidic
domain. The Bicoid protein also contains independent inhibitory domains which reduce its activation
potential [33,34]. Finally, activation by Bcd is enhanced by other transcription factors binding to the promoter.
These include the maternal contribution of the Hunchback protein itself [19,35] or Zelda [26,36]. Yet, the
mechanisms underlying these essential synergistic effects are poorly understood.

3. hb transcription dynamics
3.1. Visualizing hb transcription dynamics

RNA-FISH on fixed embryos allowed for the monitoring of hb nascent transcript accumulation at their site of
synthesis inside each nucleus of the embryo, making it an initial marker to study ongoing transcription and
promoter dynamics at a given locus. This allowed subsequently for the detection of single mature mRNAs in the
cytoplasm and in the nucleus [2,37,38]. The observed data suggested, despite low heterogeneity at the protein
level [4], a very noisy transcription process occurring with periods of promoter activity and inactivity [39].

RNA FISH requires fixation of the sample and can only provide a snap shot view of the transcription process at a
given time (the time of fixation) during nuclear interphase. Following the pioneering work of R. Singer [9], the
MS2 fluorescent RNA-tagging system has been implemented to monitor transcription dynamics in living early
Drosophila embryo development [40,41]. The system takes advantage of strong interactions between the MCP
coating proteins and its RNA stem loops from the MS2 bacteriophage. As nascent RNA containing stem loops are
being transcribed, they are bound by fusion proteins MCP-GFP, making the transcription loci visible as bright
fluorescent spots under the confocal microscope [42].
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Recently, the MS2 system allowed for the direct visualization in real-time of position-dependent activation of the
proximal hb P2 promoter (700 bp) [43]: at each nuclear interphase (from nc11 to nc13), hb expression first occurs
in the anterior then proceeds to the boundary region. Of note, this difference in the hb activation time following
mitosis is observed even in the anterior region where Bcd is presumably saturated. Analysis of individual MS2
time traces indicates that the transcription process is not only variable among nuclei at the boundary of the
expression domain where Bcd is presumably limiting but also in the anterior region with very high Bcd
concentration. This observation suggests that Bcd concentration is rate-limiting in both the anterior and boundary
dynamics of hb expression. In addition, as variability is also observed in the anterior region with high Bcd
concentration, Bcd is not the sole factor contributing to the noise in hb transcription.

3.2. Characterizing hb transcription dynamics

The fluorescent time traces acquired with the MS2 system provide an indirect observation of transcription
dynamics. The signal is noisy, convoluting both experimental and intrinsic noise with the properties of the MS2
probe. To obtain a specific fluorescent signal sufficiently strong to overcome background fluorescence due to
unbound MCP-GFP molecules, a long probe of 24 RNA stem loops was used [40,41]. As the signal is only
detected while the probe is being transcribed (Figure 3A and B), this introduces a significant delay (buffering
time) between each instant the promoter is ON and the corresponding fluorescent detection. This buffering time of
~1 min [41,44,45] and the short length of the traces (5-15 minutes) prevent traditional analysis based on OFF time
distributions or autocorrelation functions to quantify the statistics of the activation and inactivation times.

Desponds et al. developed a tailored autocorrelation analysis of the fluorescent time traces to overcome these
limitations [46]. Combining this analysis with models of transcription initiation (Figure 3C) and estimates of the
precision of the transcriptional readout, provided evidence for bursty transcription initiation in nuclear cycles
12-13 [46]. Namely, they find the dynamics in agreement with a telegraph model, in which the promoter switches
between the ON and OFF states. Only during the ON state can RNA polymerase arrive and initiate transcription
successively (Figure 3C). The best-fit switching period (for a full ON-OFF cycle) is in the order of ~30 s, with the
probability to be in the ON state of ~50% at the anterior and of ~10% at the boundary.

It should be noted that the autocorrelation function analysis alone is not able to distinguish reliably between
different models for promoter activation and requires complementary information about the precision of the
transcriptional readout to conclude that transcription is most likely bursty (Figure 3D). Recently, an inference
method based on hidden Markov model and maximum likelihood has been developed [47] and tailored for the
MS2 system in Drosophila [48]. This discrete-time model employs a hidden compound state, which records the
previous promoter states during the elongation time (Figure 3B). This compound state is used to map RNA
Polymerase (RNAP)’s position on the reporter gene segment and calculate the active loci intensity at a given time.
The rates of switching between the promoter states in each time step are fitted based on maximum likelihood.
While computationally expensive, the method allows for direct model selection and shows that transcription
bursts are prevalent in stripe gene expression in later stages of fly development [48-50].

3.3. Transcription regulation of hb gene by Bcd proteins

Data obtained from the MS2 system provided insights not only at the molecular level about the kinetics of the
promoter behavior but also at the cellular level when considering individual nuclei along the AP axis and
individual loci in each of these nuclei. In particular, it was possible to analyze the transcription dynamics of each
hb-MS2 locus at the scale of the whole embryo. This analysis indicated that depending on its position along the AP
axis, each locus was able to either turn ON when positioned in the anterior or remain silent when positioned in the
posterior. Surprisingly, the steep border forms in under 3 min at each nuclear interphase 11 to 13 [43]. This
indicates that the system is able to measure extremely rapidly very subtle differences of Bcd concentration and
produce a complete sharp border. This rapid responsiveness is fascinating because it is almost ten times faster than
predicted by previous theoretical models assuming that the Bed gradient is the only driver for the hb transcription
process.

The steep Bcd-dependent hb pattern, given the smooth Bced gradient, demonstrates a strong nonlinear regulation
of the hb gene by Bcd. The presence of multiple Bed binding sites on the hb promoter [6] suggests that such strong
nonlinearities can be achieved by high cooperativity of Bcd binding to the hb promoter site. Cooperative binding
of Bcd to multimerized binding sites was observed in vitro [27,51] but remains too weak to account for the
extremely steep Bcd-dependent hb pattern observed in vivo. Synthetic reporters with only Bed binding sites are
weakly expressed in very anterior domains which harbor, however, remarkably steep posterior
boundaries [28,52]. This suggests that Bcd and Bed binding sites are sufficient to generate a steep posterior border
and models of regulation by Bcd binding/unbinding can help understand how this is achieved.

A general model of transcription regulation via binding/unbinding of TF to the binding sites on the target
promoter (Figure 4A), demonstrates that the pattern’s degree of steepness, conventionally characterized by a Hill
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coefficient H of the fitted Hill function, is limited by the number of TF binding sites N [53]. If the model satisfies
detailed balance (which corresponds to the model in Figure 4B where only the number of occupied Bed binding
sites matters, and not their identity), H is bound by N. Experimental H values obtained when observing the
protein level [4] and several features of the hb transcription dynamics (e.g. total amount of RNA
produced [41,43]) range from ~5 to ~7, roughly equal to the number of known Bcd binding sites on hb promoter.
This leads to assumptions that the 6 binding sites, with an unstable first Bcd-bound state (large k_, in Figure 4B)
and a stable fully bound state (small k_, in Figure 4B), are sufficient to explain the observed pattern steepness in
static measurements.

However, Estrada et al. did not consider the search time issue [53] and their theory cannot explain how the hb
pattern can be established in such a short time of 3 minutes following mitosis, as observed in live imaging
data [43] (Figure 4C). Considering a model which accounts for the Bcd search time for the hb promoter, Tran et
al. [54] found that, at the mid-boundary position, very high pattern steepness (H = N) requires a very slow
promoter switching time (called 7,.+,.) between Bed-bound states allowing transcription and Bced-free states
prohibiting transcription. Therefore, according to the model, it should take a very long time for the pattern to be
established and this is in contradiction with the experimental data from the MS2 system [43]. In addition, slow
promoter dynamics results in high nuclei-to-nuclei variability in the amount of total RNA produced in each
nuclear cycle. Thus, it would require even more averaging time to achieve the robust protein pattern (10%
variability) observed in nuclear cycle 14 [4].

The failure of the simple model to explain both the observed high pattern steepness and fast formation time begs
for the reconsideration of the model’s assumptions. Most obvious candidates are either the underestimation of the
number of Bicoid binding sites N or overestimation of the promoter search time 7,;,,4. EStrada et al. suggested
that energy expenditure, which removes the detailed balance assumption from the binding and unbinding process,
can expand the model’s limit on pattern steepness H beyond the binding site number N, allowing both high
steepness and fast formation time at the same time [53]. However, including non-equilibrium binding does not
resolve the problem of obtaining a steep yet precise boundary in a short time. Alternatively, Desponds et al. [55]
suggested that instead of probing the concentration for a fixed time and then making the decision about the
positioning of the nucleus, constantly updating the odds of being in an anterior vs posterior position, always
results in much faster decisions for a fixed accuracy. Assuming a promoter with 6 Bcd binding sites, they showed
that the decision time can be reduced by an order of magnitude compared to the classical Berg-Purcell scheme,
possibly below the 3 minute limit.

3.4. Dissecting noise in hb transcription

Noise in transcription dictates the variability of transcript and protein readouts after each interphase and might
play a role in determining nuclei identity in downstream processes [56]. However, beyond its characterization
from observed data, we still lack the mechanistic understanding of processes responsible for this noise.

As transcription bursts are prevalent across the embryo in the very short early nuclear cycles, hb transcription
dynamics is well-fitted by a two-state model, in which the switching rates between the ON and OFF states are
modulated by the nuclei’s position or Bed concentration [38,39,46,57]. It should be noted that these ON and OFF
states do not correspond to Bcd-free and Bcd-bound states of the promoter as in [53,54]: in the Bcd-saturating
anterior region, the hb promoter is constantly active (i.e. bound by Bcd molecules) but transcription still occurs in
bursts with the switching time between ON and OFF states ~50s [46]. This suggests that promoter bursting may
be an inherent property of transcription in this phase of development [38,50]. The early transcription of hb is also
regulated by other transcription factors such as maternal Hb [19,35,58] or Zelda [36,43,59,60]. Though these
factors other than Bcd may not act as a source of positional information, their concentration may be rate-limiting
and therefore responsible for bursts.

In the hb boundary region, where cell fate decision is critical, hb transcription readout is more variable than in the
anterior region [43,46]. This was initially thought to be due to extrinsic noise from Bcd variability [7] being
amplified in this region. However, given the very high steepness observed from the hb pattern [39,43], the
switching time between Bcd-dependent active and inactive states of the promoter (t,.:ive) IS €Xpected to be at
least one order of magnitude greater than the Bcd search time 7,;,4 [54]. If the search is done via 3D diffusion
(Tpina~108), Tacrive at hbboundary is at least of a similar time scale as the switching time between ON and OFF
states at the anterior (~50s). In the context of very rapid embryo development (interphase duration of 5 to 15
minutes in nc11 to ncl3), Becd-dependent promoter switching becomes a non-negligible source of intrinsic noise
that contributes substantially to the higher readout variability observed.
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4. Perspectives

Despite several decades since the identification of the Bcd gradient, we still lack a quantitative description of the
process allowing for the transcription of its main target gene hb in a step-like pattern. The short timescales of early
development and its remarkable precision are questioning how fundamental limits coming from stochastic
processes such as diffusion or bursty regulation influence the molecular encoding of regulation. To pursue these
issues, recent experimental advances are allowing us to rigorously test theoretical ideas, and push call for the
creation of new models. This simple example of developmental biology, is turning out to also be a very nice in
vivo testbed for transcriptional regulation and advances in single molecule techniques to study protein
motility [17,18] promise to bring a more definitive view on how TF can find their target promoter. Finally, while
recent works have shown that positional information can be accurately decoded at the level of the gap genes,
decoding as well as encoding mechanisms in the earlier cell cycles remain unknown. The current experimental
and theoretical methods are ready to tackle these questions.
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Figure 1. A) How is positional information contained in the shallow Bcd concentration gradient transformed into
a robust step-like hb expression pattern in the 5 to 15 minutes of the nuclear cycle 11-13? B-D) The rate-limiting
steps of hb expression in response to the Bcd gradient: B: The Bcd searches for the hb promoter, which can
involve either 3D diffusion inside the nuclear space or 1D diffusion along the DNA. C: Bcd binds cooperatively to
hb promoter, separating the embryo into a rich Bcd-bound anterior region and a no Bcd-bound posterior region.
This process can involve exclusively Bcd molecules, other DNA bound transcription factors or factors facilitating
chromatin accessibility. D: The production of hb RNA was shown to be bursty [46], with relatively infrequent
switching of the hb promoter between the ON and OFF expression states.
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Figure 2. Studying Bcd motility in living fruit fly embryos. A) Fluorescent-tagged Bcd molecules were shown
to be distributed in foci in the nuclear space of fixed embryos [39] and hubs of fluorescently-tagged Bed [17,26].
Figure reused from [26]. B-C) Different motilities of Bcd molecules were inferred from Fluorescent Correlation
Spectroscopy (FCS) analysis of the Bcd-eGFP signal in nuclei, with a Bed population with a high (free) diffusion
coefficient (B), Figure reused from [19] and C, by single-molecule tracking approaches revealing bound, unbound
and transiently bound molecules [17]. D-F) various scenarios of Bcd searching for its binding sites in the hb
promoter. D: Bcd molecules can diffuse in 3D nuclear space to search for Bed binding sites on the target promoter.
The time, 3p, for the binding site to be found is inversely proportional to the product of D (coefficient of free
diffusion), ¢ (concentration) and a, (size of the binding site); E: Bcd molecules can “hop” to non-specific
locations on the DNA and slide along DNA segments in 1D to search for specific binding sites. The average
sliding distance (or footprint) a,, can be much bigger than the size of a Bcd binding site and therefore reduces
the search time from the 3D case; F: Local enrichment of TF concentration (cj,c>C) at the promoter region can
also reduce the promoter searching time.
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Figure 3. Inferring promoter dynamics from MS2 loci intensity: A) Visualization of active transcription loci:
as RNAs containing MS2 stem loops are transcribed by RNA Polymerases (RNAP, in yellow), they are bound by
fluorescent MCP-GFP molecules (in green). The succession of several RNAPs transcribing the gene allows for
the accumulation of several fluorescently tagged MS2-containing RNA at the same location which become visible
under the confocal microscope as green bright spots (right panel). B) Transformation from the promoter state
dynamics to MS2 spot intensity dynamics: promoter state in discrete time x; indicates whether the promoter is
ON (green) or OFF (red). This state is encoded in the compound state vector S; = [x;, X;_1, X;_2 ... ], Which also
maps the position of RNAP on the MS2 cassette. RNAP arriving at time i will be transcribing a nascent RNA
containing L; MS2 stem loops at time i + j. L depends on the length and on the arrangement of the MS2 stem
loops on the reporter gene. The active loci intensity I; attime i is given by the product of S; and L. C) Different
models of promoter dynamics: i) Poisson model: random RNAP arrival and initiation of transcription; ii)
two-state and iii) three-state models, where promoters switch successively between ON and OFF states. During
the ON state, RNAPs arrive and initiate transcription in bursts, with maximum rates. D) Comparison of readout
noise (dmRNA/mRN A) at steady state generated from Poisson (red) and bursty two-state models (blue) and data
(dashed). Figure reused from [46].
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Figure 4: Modeling transcriptional regulation by the Bcd transcription factor through interactions with
binding sites on hb promoter. A) A general model of transcription factors (TF) (orange) binding/unbinding to N
binding sites of target promoter (N=3). Each node v corresponds to a unique ordered TF-bound promoter state.
Figure adapted from [53]. B) A simplified promoter binding model assuming detailed balance to account for
energy expenditure in the unbinding process [53], coupled with transcription initiation. When many Bcd binding
sites on the hb promoter are occupied, RNAP can randomly bind to the promoter and initiate transcription. C-D)
The probability of an active transcription locus (Pspot, Color bar) for the hb locus as a function of time in the
nuclear cycle and position along the AP axis obtained from the MS2-MCP data (C, nc13) and from the model in B
(D, with N=6, not accounting for mitosis at the end of interphase). Figure B-D are reused from [43].
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