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Despite decades of research on transcriptional enhancers, a general 
and quantitative understanding of enhancer function has eluded 
discovery1,2. It is not known, for example, whether most enhancers 
require a tightly constrained grammar of transcription factor bind-
ing sites to encode function3–7 or whether, at the opposite extreme, 
enhancers function by integrating loosely coupled transcription  
factor inputs that do not require specific spacing and arrangement 
of binding sites8,9, or whether most enhancers combine aspects of 
these two extreme models10. In part, this lack of clarity results from 
the fact that, at present, simple, easily interpretable models are quali-
tative and do not allow the relationship between enhancer inputs 
and outputs to be characterized quantitatively. By contrast, although 
gene expression during development has been modeled quantita-
tively in many ways11–14, these models—such as detailed biophysical  
models that incorporate knowledge of transcription factor bind-
ing sites and binding kinetics13,15,16—are typically complex and  
include many parameters.

Because DNA sequence provides the substrate for enhancer function,  
sequence-based models would seem, at first glance, to represent the 
correct level of analysis for the problem. However, for several rea-
sons, sequence-based models are likely to include parameters that 
cannot be reliably trained, given the current lack of relevant data, 
and therefore do not provide general insights into enhancer function. 
First, many transcription factors bind to a wide range of sequences in 
vivo that do not resemble the ‘canonical’ high-affinity binding sites 
that have been characterized in vitro17–20, and it currently cannot be 
predicted which of these sites will be important. Second, sequence-
based models currently require the identification of all transcription 
factor binding sites, but only in rare cases are there nearly complete 
descriptions of all the transcription factors that regulate enhancers5. 

Third, sequence-based models require fitting multiple parameters for 
each binding site because there are not typically independent meas-
urements of in vivo binding affinity and kinetics for these sites. This 
can lead to overfitting of models, which decreases the generality of 
the conclusions that can be drawn. Finally, sequence-based models 
that do not exploit biophysical models cannot explore all of sequence 
space during training, and their applicability is therefore limited to a 
tiny subset of all possible sequence variants.

RESULTS
A	sequence-free	approach	to	modeling	enhancers
An alternative approach for modeling enhancers could be termed 
‘sequence-free’ modeling. These models abstract enhancer modules as 
simple machines that measure transcriptional activation and repres-
sion as inputs and produce transcriptional outputs as mathemati-
cal functions of these regulatory inputs. This approach, which has a 
long history21, makes no assumptions about the number or arrange-
ment of transcription factor binding sites in enhancers and has been 
applied in many contexts, including for Drosophila melanogaster gap 
gene12,22 and even skipped (eve) expression23–25. Although sequence-
free models cannot, in general, study perturbations in cis that result 
from sequence changes, it was demonstrated in Ilsley et al.24 that they 
can accurately model perturbations of trans factors, including null 
mutants and ectopic expression of transcription factors that bind to 
the eve stripe 2 (eve 2) and eve stripe 3 and 7 (eve 3 + 7) enhancers.  
Here we extend this approach by asking whether we can model the 
acquisition of new regulatory activity at enhancers, using the eve 3 + 7, 
eve stripe 4 and 6 (eve 4 + 6) and rhomboid (rho) enhancers as model 
systems. Instead of modifying the enhancer sequences, we employed 
engineered transcription activator–like proteins (TALEs) fused to  
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activators or repressors26, TALEAs and 
TALERs, respectively, to target new transcrip-
tion factor activity to enhancers (Fig. 1a). 
Likewise, to vary transcription factor bind-
ing strength, we targeted TALEs to multiple 
sites in enhancers or increased the number 
of repressor domains on TALERs, rather 
than modifying the underlying sequence. 
This approach has the advantage that we 
did not inadvertently alter unknown bind-
ing sites. In each case we tested, we found that additional regulatory  
input combined linearly with the existing inputs and that a sequence-
free approach accurately modeled each enhancer’s transcriptional  
output. Our results provide a framework for the quantitative control 
of enhancers with engineered transcription factors.

Testing	models	with	engineered	transcription	factors
We first tested an existing model of the eve 3 + 7 enhancer24, which 
was trained on data excluding stripe 7—and yet accurately predicts 
wild-type expression in both stripes 3 and 7—using the transcrip-
tion factor inputs Hunchback, Knirps and Tailless (Fig. 1a). In this 
model, a stepwise increase in a ubiquitously expressed engineered 
transcriptional repressor predicts stepwise decreases in stripe 3 and 
7 eve expression (Fig. 1c–f). To test whether the eve 3 + 7 response 
to additional repression was indeed graded, we generated stepwise 
increases in repression by using TALERs26 that contained different 
numbers of a multimerized repression domain derived from the 
hairy (h) gene and a DNA-binding domain that targets the native 

eve 3 + 7 enhancer (Fig. 1b). Ubiquitous expression of TALERs that 
contained one, two or four Hairy repression domains resulted in a 
stepwise decrease in expression of Eve in stripes 3 and 7 with increas-
ing number of repression domains (Fig. 1g–j), with the decreased 
expression in quantitative agreement with the model’s response to 
stepwise increases in ubiquitous repression (Fig. 1k–n). These results 
indicate that the eve 3 + 7 model can describe enhancer function cor-
rectly under TALER-mediated repression. These specific results do 
not imply that we can rule out other functional forms for the model, 
particularly as the predicted output does not fit the data exactly, but 
this result and our subsequent results support the notion that the 
logistic model has explanatory power in diverse conditions.

To control for effects independent of the repression domains in 
these engineered proteins, we drove expression of a TALE-GFP fusion 
protein under the control of a ubiquitously expressed Nanos-GAL4 
(nosøGAL4) driver. This experiment produced no change in eve 
expression (Supplementary Fig. 1), indicating that the targeted sites 
for the TALE we used do not encode early embryonic transcription 
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Figure 1 A logistic model predicts the observed 
graded repression of the eve 3 + 7 enhancer. 
(a) Schematic of the approach used to model 
the eve 3 + 7 enhancer. The method of least 
squares was used to optimize the β parameters 
of a logistic function of yi, the expression of 
eve in each nucleus i, in terms of the trans-
regulatory inputs62. Hb, Hunchback protein; 
kni, knirps RNA; tll, tailless RNA. See the 
Online Methods for further details, including 
the use of italics and case in gene and protein 
names. (b) Schematic of the Gal4-responsive 
TALER–Hairy repression domain (TALER-h) 
constructs. Programmable variable domains 
are used to target Hairy repression domains to 
specific enhancers. (c–f,o,p) Virtual Embryo62 
predictions from the eve 3 + 7 model after 
adjusting β0 in stepwise decrements in 
proportion to the number of TALER repressor 
domains, with the decrement for TALER-h 
constructs (d–f) twice that for TALER–Krüppel 
repression domain (TALER-Kr) constructs (o,p). 
(g–j,q,r) Stage 5 embryos stained for Eve protein 
in either a wild-type background (g) or carrying a 
ubiquitous nosøGAL4 driver and a UASøstripe 
3 + 7 TALER with Hairy (h–j) or Krüppel (q,r)  
repression domains. Arrows point to eve stripe 3.  
(k–n,s,t) Profiles of average expression levels 
across the region highlighted by the dotted 
box in g for the indicated genotypes (n = 10 
for each genotype). In all plots, the solid blue 
line denotes model predictions; black (k), red 
(l–n) and orange (s,t) lines denote wild-type, 
enhancer-TALER-h and enhancer-TALER-Kr 
embryos, respectively. Bounding areas around 
experimental data indicate 1 s.d. AU, arbitrary 
units of fluorescence intensity. 
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factor binding sites that are important for endogenous eve expression. 
Furthermore, we tested whether the extent of repression depended on 
the dosage of the TALEs by driving higher levels of the TALER with 
an additional copy of the maternal nosøGAL4 driver27. We observed 
quantitatively similar levels of repression with one or two copies of 
the nosøGAL4 driver (Supplementary Fig. 1c,d), indicating that 
for this enhancer a single Gal4 protein drives the TALER at levels  

where its repressive effect has been saturated. Thus, we do not test 
our model’s ability to predict the outcome of varying TALER con-
centrations, but instead we examine how repression domains and  
new binding sites combine additively with existing binding submod-
ules to control expression.

We next investigated whether different repressive domains have 
quantitatively different outcomes by testing the Krüppel repression 
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Figure 2 A logistic model predicts the outcome of the balance between activation and repression at the eve 4 + 6 enhancer. (a) Plots of Virtual Embryo 
data illustrate inputs to the eve 4 + 6 model. hb, hunchback RNA; kni, knirps RNA; tll, tailless RNA. (b) Schematic of the eve locus, representing early 
embryonic cis-regulatory stripe enhancers in gray boxes and indicating the two sites targeted with TALEs (A and B). (c–g) Virtual Embryo predictions 
illustrate the predicted output from the eve 4 + 6 model after adjusting β0 for each TALE-mediated regulation. Virtual Embryo predictions are shown  
for a wild-type embryo (c), embryos with the indicated levels of repression (d–f), and embryos with both increased activation and repression (g).  
(h–l) Stage 5 embryos stained for Eve protein in either a wild-type background (h) or in embryos carrying nosøGAL4 with the indicated UASøTALE 
construct (i–k) or TALER and TALEA constructs in combination (l). (m–q) Plots showing the profiles of average expression levels across the regions in h–l for 
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domain. In agreement with our previous findings26, we determined that 
repression by Krüppel domains was about half as strong as repression 
by the Hairy domains. Ubiquitous expression of TALERs that con-
tained two and four Krüppel  repression domains resulted in stepwise 
decreases in expression of Eve in stripes 3 and 7 (Fig. 1q,r). These 
decreases were in quantitative agreement with the previous model 
outputs, corresponding to one and two Hairy repression domains, 
respectively (Fig. 1l,m,s,t).

A	sequence-free	model	elucidates	enhancer	regulatory	logic
A demonstration of the usefulness of our modeling approach would be 
to develop an accurate model for enhancer activity where the roles of 
the enhancer’s transcriptional regulators are not fully clear. It has pre-
viously been demonstrated that the eve 4 + 6 enhancer28 is negatively  

regulated by Knirps and Hunchback29, but no direct activators have 
been definitively identified. We generated a model of eve 4 + 6 and 
found that a linear combination of the measured concentrations of 
Hunchback and Knirps, together with a hypothetical ubiquitous 
activator, was sufficient to generate two broad stripes approximat-
ing the eve 4 + 6 expression pattern (Supplementary Note). As with 
Hunchback in the eve 3 + 7 model24, the precision of the stripes 
in the prediction was improved by including a quadratic term for 
Knirps (Fig. 2a,c), which treats Knirps binding as a functional sub-
module that represses at high levels of expression and activates at low  
levels30,31. In this model, which we test below, a ubiquitous activator is 
not necessary, and this is consistent with the fact that such an activator 
of eve 4 + 6 has not been identified. Including Tailless in the eve 4 + 6  
model as a transcriptional repressor was sufficient to generate the 
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dorsoventral variation found in eve stripes 4 
and 6 (Fig. 2).

We then tested predictions of this eve 4 + 
6 model by first using genetic perturbations. 
The model predicts that reduced knirps (kni) 
dosage will cause stripes 4 and 6 to converge 
and that removal of kni will cause loss of both 
stripes (Supplementary Fig. 2b,c). Consistent 
with these predictions, we observed that 
stripes 4 and 6 converged in embryos hetero-
zygous for a kni null allele, resulting in loss 
of segment A4 (Supplementary Fig. 2e,h), and stripes 4 and 6 were 
lost in kni-null embryos, resulting in loss of all abdominal segments 
(Supplementary Fig. 2f,i). This model also accurately predicted that 
the eve stripes should bend as a result of ventral ectopic expression of 
Knirps (Supplementary Fig. 3)32.

We then further tested the predictions of the eve 4 + 6 enhancer 
model in response to additional activation and repression. As a 
control, ubiquitous expression of a TALE-GFP fusion protein pro-
duced no difference in eve expression (Supplementary Fig. 4b). 
We modeled and experimentally tested ubiquitous expression of 
TALE-VP64 activators (TALEAs) and TALERs that were targeted to 
the eve 4 + 6 enhancer. Targeting of TALERs with Hairy repression 
domains (TALER-h) to either of two sites, or to both sites simultane-
ously, repressed eve 4 + 6 expression to levels quantitatively consist-
ent with the model’s predicted response to a ubiquitous repressor  
(Fig. 2d–f,i–k,n–p). Consistent with our results at the eve 3 + 7 
enhancer, we found that the Krüppel repression domains produced 
approximately half the repression strength of the Hairy repression 
domains (Supplementary Fig. 4). Remarkably, targeting of a TALEA 
and TALER simultaneously to two sites in the eve 4 + 6 enhancer  
generated wild-type levels of eve 4 + 6 expression (Fig. 2g,l,q), sug-
gesting that these inputs combine additively.

Thus, the output of both the eve 3 + 7 and eve 4 + 6 enhancers 
appears to be determined by the transcription factors Hunchback, 
Knirps and Tailless. In addition, our models accurately predicted 
the results of genetic perturbations and of targeting additional  
activation and repression activity to these enhancers. Finally, these 
results demonstrate that different repression domains can have  
quantitatively different outcomes.

These results indicate that both the eve 3 + 7 and eve 4 + 6 mod-
els provide quantitatively accurate predictions considerably outside 
the regime of the training data. To further test the generality of the 
models, we examined predictions for embryos in which one tran-
scription factor, Tailless, was removed. Tailless represses expression 
of multiple transcription factors33,34, including hunchback (hb) and 

kni. We therefore used previous measurements of Hunchback and 
Knirps protein levels along the anteroposterior axis in wild-type and 
tailless (tll)-mutant embryos35–37. Without retraining the models and 
simply by adjusting measurements for scaling differences, we found 
that the models reproduced the experimental results: stripes 3 and 4 
were largely unchanged, stripe 7 was lost, and stripe 6 became broader 
and shifted to the posterior (Supplementary Fig. 5). The model dem-
onstrates that the loss of eve stripe 7 is due to altered concentrations 
of Hunchback and Knirps. The accuracy of these predictions further 
demonstrates that the models seem to capture essential features of 
both enhancers and, specifically, that the model parameters likely 
reflect real regulatory interactions.

Sequence-free	models	incorporate	cooperative	interactions
The eve 3 + 7 and eve 4 + 6 enhancers can be modeled accurately 
without cooperative interactions between transcription factors, 
but other enhancers appear to require heterotypic cooperativity38.  
We therefore explored whether our logistic models could accurately 
predict transcription factor activity for enhancers with putative coop-
erative binding, such as the enhancer of the rho gene that drives bilat-
eral stripes of expression in the early D. melanogaster embryo (Fig. 3a).  
The rho enhancer appears to require cooperative binding of the Dorsal 
and Twist transcription factors3,38–41.

We first fit a logistic model with a linear combination of the known 
regulators of rho to previously published expression data39. This 
model correctly described the overall pattern of rho expression, but it 
did not fit well at low levels of ventral rho expression (Supplementary 
Fig. 6a). Addition of a nonlinear, saturating term to represent a sub-
module of cooperative Dorsal and Twist activity resulted in accurate 
prediction of the rho expression pattern across the entire dorsoventral 
axis (Supplementary Fig. 6b and Supplementary Note). We then 
trained the model using our own measurements for wild-type rho 
and found that cooperativity between Dorsal and Twist remained 
important in the model. Furthermore, this model predicted qualita-
tive changes in rho enhancer expression resulting from mutations in 
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Dorsal, Twist and Snail binding sites that were observed experimen-
tally40 (Supplementary Fig. 7). Given the previous evidence for coop-
erativity between Dorsal and Twist38,39, the fit between the model and 
experimental results suggests that cooperative interactions between 
Dorsal and Twist are combined in a linear manner with other inputs 
to produce the rho expression pattern. It is possible, however, that 
the added cooperativity term actually represents the activity of an 
unknown repressor (Supplementary Note).

Similar to the eve enhancers, we performed a test of the rho model 
by computationally and experimentally targeting TALERs and 
TALEAs to one or multiple sites in the rho enhancer (Fig. 3b–d). 
Targeting TALERs to one or two sites in the rho enhancer reduced 
rho expression (Fig. 3e–j), which is consistent with the expres-
sion predicted by the model (Fig. 3d). Targeting one, two or three 
TALEAs to rho resulted in incremental increases in the dorsal range 
of rho enhancer expression (Fig. 3k–p), consistent with the model  
(Fig. 3d). Surprisingly, the highest levels of activation resulted in 
predicted expansion of rho expression ventrally into the mesoderm 
(Fig. 3d). Our model provides an explanation for this observation. In 
the ventral region, the rho enhancer responds to increased activation 
in the nearly linear range of the sigmoidal response (Fig. 3q–s). In 
contrast, rho expression is near saturation at its peak in the medial 
region, and further response is limited (Fig. 3t). In dorsal regions, 
the rho response sits in the relatively insensitive lower range of activ-
ity and only weak increases in activity are observed (Fig. 3w). There 
was remarkable quantitative agreement between the model predic-
tions of rho expression and the results of experimental manipulations  
across the entire dorsoventral axis (Fig. 3q–w), indicating that the 
sigmoidal function provides an accurate description of the actual 
regulatory computation of the rho enhancer.

Transcription	factor	identity	is	not	critical	to	enhancer	activity
For the eve and rho enhancers, the expression patterns resulting from 
the targeting of repressors and activators to these enhancers, over a 
fourfold and threefold range, respectively, were quantitatively consist-
ent with predictions from the logistic model. The quantitative agree-
ment we observed between the experimental data and the models 
suggests that the precise locations of TALEA and TALER binding 
sites might not be critical to function. Instead, these enhancers seem 
to respond according to the balance of activation and repression, as 
determined by the number and nature of binding sites for the different 
transcription factors and their effective concentrations42,43.

The specific transcription factors recruited to enhancers appear 
not to be critical to enhancer function, as targeting engineered tran-
scription factors results in enhancer activity that resembles native 
activity. That is, activators and repressors are recruited as generic 
components of a largely additive computation. To further explore 
whether specific transcription factor inputs can be replaced by generic 
inputs, we deleted one of the Bicoid binding sites in an eve stripe 2 
(eve 2) enhancer reporter construct (Fig. 4a–c), which can be res-
cued by addition of a Bicoid binding site at another location33,44. We 
found that deletion of this site was also rescued by targeting a single 
TALEA to the eve 2 enhancer construct (Fig. 4d). This example of 
functional replacement of binding sites by a TALEA mimics the evo-
lutionary turnover of binding sites in enhancers45. For example, the 
genomic region of Drosophila erecta that is orthologous to the eve 2 
enhancer from D. melanogaster does not drive stripe 2 expression46. 
This may result from loss of Bicoid binding sites in this region in  
D. erecta (Fig. 4a). We found that targeting a TALEA to this enhancer 
fragment rescued stripe 2 expression (Fig. 4e,f). Similarly, we found 
that targeting a TALEA to rho enhancers lacking a Twist binding 

site rescued expression (Supplementary Fig. 8). Finally, additional 
enhancers were responsive to TALEAs in multiple developmental con-
texts (Supplementary Fig. 9). Combined, these results suggest that 
the specific identity and location of binding sites for transcriptional 
activators are interchangeable for these enhancers.

DISCUSSION
The precise identity, number and position of transcription factor 
binding sites are not included explicitly in our models, but the roles of 
these factors are represented as weights for each of the input transcrip-
tion factors. The effect of individual transcription factors can be con-
sidered as independent submodules of activity that are combined in a 
linear manner to produce a sigmoidal output. Individual submodules  
can also encode more complex inputs. For example, a submodule 
is represented by the saturating cooperativity displayed by Dorsal 
and Twist, whose combined output has an upper limit. It is possible 
that some of these submodules, such as the Dorsal-Twist submodule, 
require specific arrangements of transcription factor binding sites for 
function. Nonetheless, our models demonstrate that these submodules 
combine additively and, therefore, that many combinations of possible 
binding sites can produce identical enhancer activity. In combina-
tion with the wide spectrum of individual binding sites that can be 
bound by individual transcription factors17–20, this indicates that the 
same enhancer activity can be encoded by a vast number of different 
sequences. These results imply that transcriptional enhancers should 
be highly evolvable, with potential for conserved function in the face 
of extensive binding site turnover. This is consistent with a large body 
of data demonstrating the rapid evolution and variable architectures 
of transcriptional enhancers with conserved functions9,24,47–52.

These results suggest that enhancers can act as simple input-output 
devices, integrating total activation and repression across the enhancer, 
which is consistent with a growing number of studies9,24,47–51,53.  
Notably, these results indicate that transcriptional activators and 
repressors contribute symmetrically to enhancer expression, in con-
trast to developmental models in which repressors are thought to act 
in a dominant fashion43,54. An important implication of these results 
is that, although treating gene regulatory networks as ON/OFF circuit 
diagrams is a valuable heuristic43, care must be taken not to overlook 
the importance of quantitative regulatory relationships. In recent 
years, it has become possible to quantify levels of regulatory inputs 
and outputs from single-cell RNA data55–59 and from spatial atlases 
of expression patterns60–62. Given these new data sources, the strategy 
we outline in this paper provides a tractable approach to potentially 
control the quantitative output of any enhancer.

URLs. Addgene, http://www.addgene.org/; ImageJ software, http://
rsb.info.nih.gov/ij/; Berkeley Drosophila Transcription Network 
Project, http://bdtnp.lbl.gov/Fly-Net/.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE	METHODS
Construction of TALEs. The new TALER constructs were based on the pJC-
TALER-h vector26 for use with the Golden Gate method26 (Supplementary 
Note). Sequences encoding C-terminal TALE fusion proteins were synthesized 
by GenScript with variable numbers of the Hairy repression domain encoded 
by amino acids 255–337 of Hairy26. Plasmids are available at Addgene.

Fly strains and crosses. D. melanogaster strains were maintained under 
standard laboratory conditions. Transgenic TALE constructs were integrated 
at the attP2 landing site by Rainbow Transgenic Flies. The following Drosophila 
stocks were used: NGT40 (Bloomington stock 4442) GAL4; tll1; and kni9  
(Bloomington stock 3332).

Embryo manipulations. For each respective Gal4 line, virgins were collected 
and crossed with male TALE-bearing lines. Embryos were raised at 28 °C 
and were collected and fixed according to standard protocols. RNA in situ 
hybridization and antibody staining were carried out according to standard 
procedures. Antibody to Eve was obtained from the Developmental Studies 
Hybridoma Bank (3C10; used at a 1:20 dilution) and was detected with Alexa 
Fluor–conjugated secondary antibodies (used at a 1:500 dilution; Invitrogen). 
Cuticle preparations were performed using standard protocols.

Microscopy. Confocal images were acquired on a Leica TCS SPE confocal 
microscope. Maximum projections of confocal stacks were assembled, embryos 
were scaled to match sizes, background was subtracted using a 50-pixel rolling 
ball radius and plot profiles of fluorescence intensity were analyzed using ImageJ 
software. Data from the plot profiles were further analyzed in MATLAB.

Preparing the training data. Except for Hunchback (Hb) protein in the eve 
3 + 7 model, we make use of mRNA levels and assume that these are propor-
tional to the concentrations of the transcription factors they encode. In our 
model formulae, we indicate the use of protein measurements by capitaliza-
tion (for example, Hb) and mRNA measurements by lowercase and italics 
(for example, hb).

eve enhancers. The input data for the eve 2 and eve 3 + 7 models were 
from Release 2.0 of the Virtual Embryo data set from the Berkeley Drosophila 
Transcription Network Project (BDTNP)62. Training for both models was based 
on a single stripe: stripe 3 for eve 3 + 7 and stripe 4 for eve 4 + 6. A stripe for the 
purpose of selecting training data was defined as the nuclei where eve expres-
sion was greater than 0.2 (BDTNP units; approximately 20% of maximum 
expression) at the third time point in BDTNP data. The eve 3 + 7 model was 
trained on mRNA measurements for kni, tll and eve and protein measurements 
for Hunchback, all at the third time point. The eve 4 + 6 model was trained on 
mRNA measurements for hb, kni, tll and eve averaged across the first two time 
points. For both models, the training data were chosen as follows: exclude the 
other stripe (stripe 7 or stripe 6 for eve 3 + 7 and eve 4 + 6, respectively) and its 
immediately neighboring nuclei (where the enhancer might be contributing 
some expression); exclude nuclei where eve expression is between 0.1 and 0.2; 
reset the expression outside of the stripes in the remaining nuclei to 0; and 
include only nuclei within 40 µm on both sides of the lateral midline.

tll mutant data. We used the smoothed data underlying Figure 2 in Janssens 
et al.37. We scaled the data for each time point to lie between 0 and 1. The pre-
dictions shown in Supplementary Figure 5 used the models of Figures 1 and 
2, scaled to a maximum of 1 (α = 1). The results shown are from the seventh 
time point for 28–92% of the anteroposterior axis.

rho enhancer. A background of 10 was subtracted from our rho measure-
ments, with negative values set to 0. The original measurements and means 
were then scaled by dividing by the maximum mean value. The rho measure-
ments from Zinzen et al.39 were scaled to have the same maximum as the 
mean of our wild-type measurements. The data from Zinzen et al. have 1,000 
measurements, corresponding to a larger portion of the dorsoventral axis than 
our data. To combine our measurements for rho with the smoothed data for 
dorsal (dl), twist (twi) and snail (sna), every second data point from 1 to 648 
was taken for these genes, and the data were then combined with our 324 data 
points. Thus, our rho measurements correspond to 0–65% on the dorsoventral 
axis in Zinzen et al.

Fitting the model. eve enhancers. The model describes the regulatory output 
yi for each measurement point i (nucleus) by a logistic function in terms of 
the regulatory inputs (Hb protein or hb mRNA and kni and tll mRNA) and 
parameters (α, β0, β1, β2, β3 and β4) 

y
ei ni

=
+ −

a
1

where, for eve 3 + 7, ni = β0 + β1Hbi + b2
2Hbi  + β3knii + β4tlli and, for 

 eve 4 + 6, ni = β0 + β1hbi + β2knii + b3
2knii + β4tlli. eve 3 + 7 uses Hb protein, 

and eve 4 + 6 uses hb mRNA. The eve 3 + 7 model was trained on 2,326 data 
points, and the eve 4 + 6 model was trained on 2,152 data points.

The parameters, α and the β parameters, were optimized to fit the data 
using least squares. The method used was NelderMead as implemented in 
Mathematica 10.3.1 using the NonlinearModelFit function.

rho enhancer. The rho model follows the same form (with α = 1) but 
includes a term to represent cooperativity between Dorsal and Twist for each 
data point i 

y
ei ni

=
+ −
1

1

where 

n sna
dl twii i
i i

= + +
+ − +

−






b b b

g0 1 2
2

1
1

exp[ ( )]

The parameters, the β parameters and γ, were optimized to fit the data 
using least squares. The method used was NelderMead as implemented in 
Mathematica 10.3.1 using the NonlinearModelFit function.

Predicting perturbations. TALE-mediated modifications were predicted  
by adjusting the β0 parameter of the fitted models in fixed increments.  
TALER-h used steps of −1.0 and −2.2 for eve 3 + 7 and eve 4 + 6, respec-
tively. TALER-kr corresponded to steps of −0.5 and −1.1 for eve 3 + 7 and 
eve 4 + 6, respectively. The rho predictions used −1.0 for TALERs and 0.85 
for TALEAs. Predictions for mutants were generated by setting the relevant 
regulatory input to 0. For snaøkni misexpression, kni was added to the wild-
type embryo in proportion to sna (0.2 and 0.4 for one and two copies of the 
transgene, respectively).

Code availability. The Mathematica code used for this analysis is available at 
https://github.com/ilsley/qTALE.
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