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Monteiro, L.M.O. Desvendando as relações arquitetura/função de promotores bacterianos 
complexos utilizando abordagens de biologia sintética. Tese de Doutorado. Faculdade de 
Medicina de Ribeirão Preto, Ribeirão Preto, 2020. 
 
A regulação gênica tem sido estudada extensivamente, no entanto, a complexidade dos 
mecanismos regulatórios ainda permanece desconhecida. Entender os mecanismos da regulação 
gênica é importante não apenas para desvendar a complexidade de um organismo, mas para 
postular novas regras, caracterizar novas partes biológicas e então permitir novos designs de 
circuitos biológicos, por exemplo. Uma possível estratégia para desvendar os mecanismos de ação 
e complexidade dos promotores bacterianos seria combinar o conhecimento da regulação gênica 
com o uso de abordagens da biologia sintética e da bioinformática, que, por sua vez, permitem 
projetar e construir novas funções em sistemas biológicos. O progresso na biologia sintética é 
frequentemente possibilitado por poderosas ferramentas de bioinformática que permitem a 
integração das fases de design, construção e teste do ciclo de engenharia biológica. 
Consequentemente, o desenvolvimento de novas ferramentas de bioinformática é útil e importante 
para os cientistas que trabalham para estender ou modificar o comportamento dos organismos e 
projetá-los para realizar novas tarefas. Nesse contexto, a presente tese descreveu (i) a existência 
de propriedades emergentes em promotores sintéticos complexos em Escherichia coli, que 
poderiam ser extrapoladas para sistemas regulatórios de ocorrência natural e impactariam 
significativamente a engenharia de circuitos biológicos sintéticos em bactérias. Em resumo, esses 
dados demonstram como pequenas mudanças na arquitetura dos promotores bacterianos podem 
resultar em mudanças drásticas na lógica regulatória final do sistema, com implicações 
importantes na compreensão de promotores complexos naturais em bactérias e sua engenharia 
para novas aplicações; (ii) o mecanismo de reconhecimento do indutor de dois reguladores 
AraC/XylS de Pseudomonas putida (BenR e XylS) para a criação de um novo sistema de 
expressão responsivo ao ácido acetil salicílico (aspirina). Usando homologia de proteínas e 
docking molecular com o indutor benzoato e um conjunto de análogos químicos, identificamos o 
sítio de ligação conservado dessas duas proteínas. Como resultado, uma coleção de fatores de 
transcrição (TFs) engenheirados foram gerados com respostas aprimoradas a uma molécula bem 
caracterizada e amplamente inócua com um potencial para induzir a expressão heteróloga de 
genes bacterianos em animais; (iii) a complexidade dos fatores de transcrição em comunidades 
microbianas ambientais. Criamos um banco de dados de fatores de transcrição bacteriano 
(BacTFDB) que foi usado para treinar um modelo de Machine Learning para prever novos TFs e 
suas famílias em amostras metagenômicas e metranscriptômicas (PredicTF). PredicTF fornece a 
primeira ferramenta para traçar o perfil de TFs em bactérias ainda a serem cultivadas e abre o 
potencial para avaliar redes regulatórias em comunidades microbianas complexas. PredicTF é um 
pipeline de código aberto flexível capaz de prever e anotar TFs em genomas e metagenomas. 
PredicTF está disponível em https://github.com/mdsufz/PredicTF. 

 
Palavras chaves: Regulação gênica, Promotores Complexos, Fatores de Transcrição, Engenharia 
de Proteínas, Design de circuitos, Machine Learning. 
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Monteiro, L.M.O. Deciphering the architecture/function relationship in complex bacterial 
promoters through Synthetic Biology approaches. Doctoral Thesis. Ribeirão Preto Medical 
School, Ribeirão Preto, 2020. 
Gene regulation has been studied extensively, however the complexity of the regulatory 
mechanisms still remains unknown. Understanding how gene regulation occurs is important not 
only to better understand the complexity of an organism but to postulate new rules, characterize 
new biological parts and then allow new design of biological circuits, for example. A possible 
strategy to unravel the mechanisms of action and complexity of bacterial promoters would be to 
combine the knowledge of gene regulation with the use of approaches from synthetic biology and 
bioinformatics, which, in turn, allow to design and build new functions in biological systems. 
Progress in synthetic biology is often made possible by powerful bioinformatics tools that allow the 
integration of the design, construction and testing stages of the biological engineering cycle. 
Consequently, the development of new bioinformatics tools is useful and important for scientists 
working on the design, development and testing of parts to extend or modify the behavior of 
organisms and design them to perform new tasks. In this context, the present thesis described (i) 
the existence of emergent properties in complex synthetic promoters in Escherichia coli, which 
could be extrapolated to naturally occurring regulatory systems and would significantly impact the 
engineering of synthetic biological circuits in bacteria. Taken together, these data demonstrate how 
small changes in the architecture of bacterial promoters could result in drastic changes in the final 
regulatory logic of the system, with important implications for the understanding of natural complex 
promoters in bacteria and their engineering for novel applications; (ii) the inducer recognition 
mechanism of two AraC/XylS regulators from Pseudomonas putida (BenR and XylS) for creating a 
novel expression system responsive to acetyl salicylate (i.e. Aspirin). Using protein homology 
modeling and molecular docking with the cognate inducer benzoate and a suite of chemical 
analogues, we identified the conserved binding pocket of these two proteins. As a result, a 
collection of engineered transcription factors (TFs) was generated with enhanced response to a 
well characterized and largely innocuous molecule with a potential for eliciting heterologous 
expression of bacterial genes in animal carriers; (iii) the complexity of transcription factors in 
environmental communities. We created one bacterial transcription factor database (BacTFDB) 
that was used to train a deep learning model to predict novel TFs and their families in 
metagenomics and metranscriptomics samples (PredicTF). PredicTF provides the first tool to 
profile TFs in yet-to be cultured bacteria and it opens the potential to evaluate regulatory networks 
in complex microbial communities. PredicTF is a flexible, open source pipeline able to predict and 
annotate TFs in genomes and metagenomes. PredicTF is available at 
https://github.com/mdsufz/PredicTF. 
 
 
Key words: Gene Regulation, Complex Promoters, Transcription Factors, Protein Engineering, 
Design of Circuits, Machine Learning. 
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1. Regulation of gene expression in prokaryotes 

 

Living organisms have mechanisms associated with the process of maintaining life. 

Considering the objectives of such processes, these could be basically grouped into two broad 

categories. The first would comprise processes of a structural nature, that is, related to the 

conversion of energy and raw material into new components necessary for the maintenance and 

growth of the cell. The second category would comprise processes of a regulatory nature, that is, 

those dedicated to the control of processes belonging to the first category. This second group has 

the function of coordinating the different cellular processes depending on factors present in the 

external and intracellular environment, necessary for the cell to maximize the use of the limited 

resources available in the environment. According to our current knowledge, the main mechanism 

for controlling cellular processes is obtained through the regulation of gene expression. The 

importance of adequate control of gene expression is so great that the greater the complexity of 

organisms, the greater the sophistication and the abundance of molecular mechanisms used for 

this purpose (Cases et al., 2003; Konstantinidis and Tiedje, 2004; Koonin and Wolf, 2008). 

The regulation of gene expression can be defined as the regulation of information encoded 

in the gene to result in a gene product or function. It includes a wide variety of mechanisms that 

are used by cells to increase or decrease the production of specific gene products, such as proteins 

or RNA. Sophisticated gene expression programs can be observed in biology, for example, to 

trigger developmental pathways, respond to environmental stimuli or adapt to new food sources. 

Virtually any step of gene expression can be modulated, from initiation of transcription, processing 

of RNA, to post-translational modification of a protein. Often, one regulatory gene control another, 

and so on, in a transcriptional network. Gene regulation is therefore essential for all organisms, as 

it increases the versatility and adaptability of organisms, allowing the cell to express a protein when 

needed (Singleton, 2009). 
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Prokaryotes, since they have a simpler genetic structure compared to eukaryotes 

(Lawrence, 1999), and as they have easy tools for efficient genetic manipulation (Sambrook et al., 

1989), can be considered a good experimental model for the search and the study of mechanisms 

associated with the control of gene expression (Silva-Rocha and De Lorenzo, 2010; Gama-Castro 

et al., 2016). Bacteria use a variety of mechanisms to target RNA polymerase to specific promoters 

in order to activate transcription in response to growth signals or environmental stimuli. Activation 

can occur due to factors that somehow interact with specific promoters, increasing the transcription 

directed by these promoters. Alternatively, activation may be due to factors that interact with RNA 

polymerase, changing their preferences for target promoters (Browning and Busby, 2004). 

Bacterial transcription occurs due to the action of the DNA-dependent multi-subunit RNA 

polymerase enzyme, which is able to synthesize RNA, but is unable to locate promoters. A sigma 

subunit is necessary for bacterial RNA polymerase to recognize a promoter. The promoters, 

therefore, control the transcription of all genes, since the initiation of transcription requires the 

interaction of the promoter with RNA polymerase forming an open complex. The key step in the 

initiation of transcription is the recognition of the promoter by RNA polymerase, and different 

elements of DNA sequence responsible for this have been studied (Browning and Busby, 2004).  

Both the recognition of the promoter by RNA polymerase and its activity are regulated by 

a series of transcriptional factors (TFs) that join areas adjacent to the union region of this enzyme 

(Browning and Busby, 2004). These TFs can modulate the activity of target promoters in a positive 

(in the case of activators) or negative (repressive) ways through a variety of mechanisms (Browning 

and Busby, 2004). In turn, TFs modulate gene expression, through different mechanisms, such as 

the DNA binding affinity for TFs, which can be modulated by small ligands or by covalent 

modifications, and, in addition, changes in cell concentration of TFs can control promoter activity. 

Finally, TF can be sequestered by a regulatory protein which binds to it and consequently 
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modulates its activity (Browning and Busby, 2016). The main TFs in Eschericha coli, as well as the 

mechanisms of gene regulation, will be better described in the following topics. 

 

2. Transcription Factors and Signal Integration in Bacterial Promoters 

The Escherichia coli genome has more than 300 genes that encode proteins that are able 

to bind to promoters, regulating transcription in a positive or negative way. Most of these proteins 

are specific DNA-binding molecules and this ensures that their actions are targeted at specific 

promoters. Many of these proteins control a vast number of genes, while others control only few 

genes (Martínez-Antonio et al., 2003; Browning and Busby, 2004). It is estimated that the seven 

transcription factors CRP, FNR, IHF, Fis, ArcA, NarL and Lrp, are capable of controlling 50% of all 

E. coli genes, while another 60 transcription factors are capable of controlling only one sole 

promoter (Martínez-Antonio et al., 2003). In this sense, TFs with a larger repertoire of targets are 

known as global regulators and coordinate the expression of the various genes according to priority 

stimuli, such as carbon source, oxygen concentration, physiological state of the cell, etc (Martínez-

Antonio et al., 2003; Browning and Busby, 2004). 

In the context of gene expression modulation, repressors bind to DNA targets that overlap 

essential elements at their target promoters, thereby occluding access of RNA polymerase (Figure 

1A) (Bintu et al., 2005b, 2005a). In many cases, repression is enhanced by multiple binding of 

repressor molecules, which at some promoters bind distally to each other and interact with each 

other via DNA loops (Figure 1B). At other promoters, RNA polymerase is able to engage but is 

blocked at the promoter by the repressor (Figure 1C). Most bacterial transcription factors that 

function as activators bind to DNA targets located just upstream of the essential elements at their 

target promoters (Lee et al., 2012). Such factors often interact with RNA polymerase, and this 

results in its recruitment to the target promoter, thereby increasing transcript initiation (Figure 2D) 

(Busby and Ebright, 1994). The activation surface on the factor, known as the Activating Region, 
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is usually composed of a small cluster of amino acid sidechains that make direct contact with a 

cognate surface somewhere on RNA polymerase, usually on Domain 4 of the RNA polymerase 

sigma subunit or the C-terminal domain of the RNA polymerase alpha subunit. Other activators 

induce conformation changes in promoter DNA that result in adjustment in the spacing between 

different essential elements such that they can be served by RNA polymerase (Figure 2E) (Brown 

et al., 2003). For the majority of activators that function at promoters served by RNA polymerase 

carrying the “housekeeping” sigma factor (or one related to the housekeeping sigma), transcript 

activation occurs without any major conformation change in the RNA polymerase. However, for 

RNA polymerase carrying a sigma factor related to Sigma-54, this is not the case, as major 

conformation changes are required for transcript initiation (Yang et al., 2015). These conformation 

changes are driven by activator– RNA polymerase interactions energized by ATP hydrolysis by a 

special class of activators known as enhancer-binding proteins (Huo et al., 2009). 

Molecular analysis of the regulatory regions of many bacterial transcription units has shown 

that they are often not simple, with the involvement of many different transcription factors (Barnard 

et al., 2004). Since the activity of most bacterial transcription factors is regulated by just one signal, 

we can regard bacterial promoters as integration devices converting messages from the different 

factors into a single output. Hence, here, we consider three classes of promoters: those controlled 

by both an activator and a repressor, those controlled just by repressors, and those controlled by 

two activators. 
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Figure 1. Mechanisms of repression and activation by transcription factors at bacterial promoters. In each panel, 
the target promoter region is shown as a line with different promoter elements shown by rectangles, and the 
transcript start, marked + 1, indicated with a bent arrow that shows the direction of transcription. Transcription 
factors are shown as circular or oval dimers. The multisubunit RNA polymerase is sketched, as in Fig. 1, with the 
two catalytic subunits, β and β’, drawn as a larger oval, the sigma subunit drawn as a smaller darker-shaded oval, 
and each of the two α subunits drawn as a dumbbell with a curved line to illustrate the flexible linker between the 
N- and C-terminal domains (illustrated by the two lobes of each dumbbell). (a) A repressor binds adjacent to key 
promoter elements and prevents RNA polymerase engagement. (b) Repressor dimers bind at some distance 
from promoter elements but interact, thereby preventing RNA polymerase access to the promoter. (c) RNA 
polymerase binds to the promoter but is jammed by repressor binding. (d) Activator provides direct contact (small 
circle) with RNA polymerase, thereby recruiting RNA polymerase to the promoter and facilitating transcript 
initiation. (e) Activator alters the juxtaposition of essential promoter elements so as to enable RNA polymerase 
binding and subsequent transcript initiation. Figure taken from Busby, 2019 (Browning et al., 2019). 
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3. Synthetic Biology  
 

Synthetic biology is a young discipline that seeks to design and construct new biological 

entities such as enzymes, genetic circuits, and cells or the redesign of existing biological systems. 

The goal of synthetic biology is to extend or modify the behavior of organisms and engineer them 

to perform new tasks. One useful analogy to conceptualize both the goal and methods of synthetic 

biology is the computer engineering hierarchy (Figure 2) (Andrianantoandro et al., 2006). Within 

the hierarchy, every constituent part is embedded in a more complex system that provides its 

context. Design of new behavior occurs with the top of the hierarchy in mind but is implemented 

bottom-up (Andrianantoandro et al., 2006). At the bottom of the hierarchy are, for example, DNA, 

RNA, proteins, and metabolites (including lipids and carbohydrates, amino acids, and nucleotides), 

analogous to the physical layer of transistors, capacitors, and resistors in computer engineering. 

At the next layer, are biochemical reactions that regulate the flow of information responsible for 

physical processes, equivalent to engineered logic gates that perform computations in a computer. 

At the module layer, the synthetic biologist uses a diverse library of biological devices to assemble 

complex pathways that function like integrated circuits. The connection of these modules to each 

other and their integration into host cells allows the synthetic biologist to extend or modify the 

behavior of cells (Andrianantoandro et al., 2006). 
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Figure 2. A possible hierarchy for synthetic biology is inspired by computer engineering. Figure taken from 
Andrianantoandro, 2006 (Andrianantoandro et al., 2006). 

 
 
The Synthetic biology fundaments goes through the designing of a new biological entity 

using bioinformatics or modelling approaches, the building of an entity by DNA design and 

synthesis, the testing or validation of the project using, for example, automated genomes or plasmid 

engineering and finally, the learning by assessment and enrichment of engineering biological parts 

(Figure 3). Thus, synthetic biologists have several objectives to be achieved as design and build 

engineered biological systems. Synthetic biology includes several working to develop like: 1) 

Standardized biological parts - identify and catalog the standardized genomic parts that can be 

used (and quickly synthesized) to build new biological systems (Elowitz and Lim, 2010; Way et al., 

2014; Sanches-Medeiros et al., 2018); 2) Applied protein design - redesigning the existing 

biological parts and expanding the set of functions of the natural protein to new processes (Hyeon 

et al., 2016a; Liu and Chen, 2016; Wang et al., 2018); 3) Natural product synthesis - design 

microbes to produce all the enzymes and biological functions needed to perform complex multi-
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stage production of natural products (Hyeon et al., 2016b; Noda et al., 2016; Siu et al., 2017); and 

4) Synthetic genomics - design and build a "simple" genome for a natural bacterium (Zhang and 

Voytas, 2018; Zhang et al., 2020). 

 
 

 
 
Figure 3. Synthetic biology fundaments. Desing, Build, Test, Learning. 

 

The element that distinguishes synthetic biology from traditional molecular and cellular 

biology is the focus on the design and construction of core components (parts of enzymes, genetic 

circuits, metabolic pathways, etc.) that can be modeled, understood, and tuned to meet specific 

performance criteria, and the assembly of these smaller parts and devices into larger integrated 

systems to solve specific problems (Khalil and Collins, 2010; Deplazes-Zemp, 2012). Unlike many 

other areas of engineering, biology is incredibly non-linear and less predictable, and there is less 

knowledge of the parts and how they interact. Hence, the overwhelming physical details of natural 

biology (gene sequences, protein properties, biological systems) must be organized and recast via 

a set of design rules that hide information and manage complexity, thereby enabling the 
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engineering of many-component integrated biological systems. It is only when this is accomplished 

that designs of significant scale will be possible (Benner and Sismour, 2005; Cameron et al., 2014). 

 

4. Synthetic Biology and the redesign of biological circuits 
 

The use of logical models for the analysis of regulatory networks, as well as the 

implementation of new “logic gates” in biological networks through the engineering of regulatory 

elements, belong to the field of Synthetic Biology (Cameron et al., 2014). Synthetic Biology seeks 

to reprogram biological circuits in order to modify living systems, generating new behaviors of 

interest in fields such as biotechnology (Cameron et al., 2014). An advantage of this approach is 

that the process of reissuing the regulatory network also allows unveiling unknown properties of 

these systems, which could not be found through classical strategies. Thus, Synthetic Biology 

allows to explore these properties of the regulatory networks in addition to generating practical 

knowledge about the study systems, considering that the ultimate goal of this field is to generate a 

biological system with new properties (Andrianantoandro et al., 2006). 

Two main approaches have been used for the redesign of logical behavior in biological 

systems. The first is to use pre-existing regulatory elements, such as TFs and promoters and 

reconnect them, following a specific design to obtain the desired behavior (Silva-Rocha and De 

Lorenzo, 2011; Tamsir et al., 2011). The second is to re-edit the regulatory elements to modify their 

intrinsic properties and thus generate new logical behaviors. In this sense, it has been 

demonstrated that, in fact, the modification of cis-regulatory elements at target promoters is 

sufficient to modify the logic of their signal integration (Hunziker et al., 2010). 

As Boolean logic gates are widely used in electronic circuits to build digital devices, logic 

operations are encoded in gene regulatory networks that cells use to integrate multiple 

environmental and cellular signals to respond accordingly (Wang et al., 2011). The combination of 

logic gates together with new experimental designs has enabled important advances in 



__________________________________________________________INTRODUCTION 

15 
 

understanding the relationship between the architecture of regulatory elements (mainly promoters) 

and the final response generated as a result of the signal integration process (Tamsir et al., 2011). 

However, our knowledge of the relationship between the promoters' architecture and the resulting 

logic is still quite limited. For example, while deciphering the logic of promoters of low complexity 

(that is, with few operator sequences) is a relatively easy task, the same cannot be said for 

promoters formed by numerous regulatory sequences (Ishihama, 2010). In addition, recent 

progress in the massive identification of operator sequences on a genomic scale (for example, 

through chromatin immunoprecipitation experiments and computational tools) has shown that the 

integration of multiple operators into bacterial promoters is more frequent than previously imagined 

(Shimada et al., 2011a, 2011b; Chen et al., 2018; Barne et al., 2019). 

 

5. Synthetic biology and the development of bioinformatics tools to explore the microbial 
communities’ complexity 

 

Progress in synthetic biology is enabled by powerful bioinformatics tools allowing the 

integration of the design, build and test stages of the biological engineering cycle. The development 

of new bioinformatics tools is helpful and important for scientists working on design, build and test 

parts to extend or modify the behavior of organisms and engineer them to perform new tasks. 

Bioinformatics tools for the DESIGN and BUILD stages include tools for the selection, synthesis, 

assembly and optimization of parts (enzymes and regulatory elements), devices (pathways) and 

systems (chassis). TEST tools include those for screening, identification and quantification of 

metabolites for rapid prototyping (Carbonell et al., 2016). 

The functional potential of microbial communities can be determined by the genetic content 

of its constituent members. However, genetic content alone does not guarantee that a given 

function or enzymatic reaction will be performed as predicted (Liu et al., 2019). In this scenario, 

Transcription Factor proteins (TFs) play a central and critical role in gene regulation. Since TFs 
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may determine when and which genes are expressed, profiling TFs can help understand the 

regulation of gene expression and to build regulatory networks in complex microbial communities. 

Further, defining which factors control gene expression may offer insights into the mechanisms 

controlling ecosystem processes and even interactions between species of a microbial community.  

One of the major goals in the manipulation of microbiomes for ecological and 

biotechnological applications is to control the outcome of their functions (Widder et al., 2016). As 

TFs are key to potentially control which genes are expressed, one of the best ways to study and 

understand gene regulation in a microbiome may be to profile its TFs. Unfortunately, to date, no 

platform supports prediction and classification of novel bacterial TF from ‘omics data recovered 

from microbial communities.   

 
Although the regulation of gene expression in prokaryotes has been studied extensively, 

there is still a void regarding the effects that different regulatory elements would have on the final 

system logic. Unraveling these rules would help to create a predictive system able to decipher the 

logic of natural transcription factors and promoters. These rules would allow a significant advance 

in the understanding of the combinatorial mechanisms of control of gene expression in bacteria, 

with the potential impact on biotechnological applications on the re-engineering of biological 

circuits. The results of this endeavor contribute not only to a fundamental understanding of the 

signal integration mechanisms for bacteria and microbial communities but also produce new rules 

and methods for the design and build of standardized, integrated biological systems to accomplish 

many tasks of biotechnological interest. 
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1) Main objective 

 

Unraveling rules is fundamental for the understanding of the signal integration 

mechanisms for bacteria and microbial communities. Decipher the logic of natural 

transcription factors and promoters is a start point to create a predictive system with 

potential impact on biotechnological applications on the re-engineering of biological 

circuits. In this way, the general objective of this thesis was to engineer biological systems 

at the level of regulators and promoters through synthetic biology approaches and, in 

addition, to use a systemic approach to decipher the complexity of microbial communities 

through the mining of regulatory elements in massive data. 

 

2) Specific objectives  
 

• Decipher the logic of integrating signals in complex promoters, seeking to characterize 

biological parts and understand the relationship between the architecture of complex 

promoters and the logic of gene regulation dependent on global regulators in bacteria. 

• Engineer a set of bacterial transcription factors from Pseudomonas putida with 

enhanced response to a well characterized and largely innocuous molecule with a 

potential for eliciting heterologous expression of bacterial genes in animal carriers. 

• Decode the complexity of transcription factors in environmental communities by 

mapping the complex regulatory profile of (meta)genomes of interest by searching for 

know and novel transcription factors through bioinformatics tools. 



______________________________________________________RESULTS - CHAPTER I 

19 
 

 
 
 

III. RESULTS 
  



______________________________________________________RESULTS - CHAPTER I 

20 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER I 
 
 

Emergent Properties in Complex Synthetic Bacterial Promoters 
 
 
 
 
 
This chapter was published as: 
(Monteiro et al., 2018) MONTEIRO, Lummy Maria Oliveira; ARRUDA, Leticia Magalhaes; SILVA-
ROCHA, Rafael. Emergent properties in complex synthetic bacterial promoters. ACS synthetic 
biology, v. 7, n. 2, p. 602-612, 2018. 
 
 
 
  



Emergent Properties in Complex Synthetic Bacterial Promoters
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ABSTRACT: Regulation of gene expression in bacteria
results from the interplay between hundreds of transcriptional
factors (TFs) at target promoters. However, how the
arrangement of binding sites for TFs generates the regulatory
logic of promoters is not well-known. Here, we generated and
fully characterized a library of synthetic complex promoters for
the global regulators, CRP and IHF, in Escherichia coli, which
are formed by a weak −35/−10 consensus sequence preceded
by four combinatorial binding sites for these two TFs. Using
this approach, we found that while cis-elements for CRP
preferentially activate promoters when located immediately upstream of the promoter consensus, binding sites for IHF mainly
function as “UP” elements and stimulate transcription in several different architectures in the absence of this protein. However,
the combination of CRP- and IHF-binding sites resulted in emergent properties in these complex promoters, where the activity
of combinatorial promoters cannot be predicted from the individual behavior of its components. Taken together, the results
presented here add to the information on architecture-logic of complex promoters in bacteria.

KEYWORDS: emergent properties, global regulators, promoter architecture, regulatory networks, synthetic biology

The experience of the past decade has greatly increased our
knowledge of how cells coordinate gene expression in

response to changing environmental and physiological
conditions. Since the seminal description of the first gene
regulatory mechanism by Jacob and Monod in the 60s,
thousands of molecular studies have described the different
mechanisms by which transcriptional factors (TFs) coordinate
gene expression in bacteria. In particular, the model organism
Escherichia coli has been used for decades to investigate the
different ways in which TFs activate or repress gene expression,
and a number of mechanisms have been elucidated in this and
other bacteria.1−8 With an increase in our knowledge of these
mechanisms, it was soon evident that bacterial promoters are
usually regulated by several TFs that bind to specific cis-
regulatory elements located in close proximity to the promoter
site and interact with one another in different ways. In this
sense, the existence of synergy or competition between TFs for
binding sites in the DNA will ultimately determine the level and
timing of expression for each particular gene depending on the
combination of specific molecular signals available to the
bacteria.9,10 Additionally, compilation of the regulatory
interactions known for E. coli resulted in the classification of
TFs as global and local regulators, where the first group is
composed of TFs capable of controlling a large number of
target genes, whereas the second group has a more limited
regulatory scope.11,12 This analysis also showed that some
environmental and physiological signals that control global
regulators are higher in the regulatory hierarchy since their
presence will lead to major regulatory effects in the organisms
compared to the presence of signals for local regulators. For
instance, the CRP global regulator controls the expression of a
large number of genes in E. coli in response to changes in cAMP

levels, which in turn is modulated by glucose.13,14 Although it is
well established that cAMP synthesis is modulated by glucose, it
is noteworthy that several sugars independent of phospho-
transferase system can also reduce cAMP levels.15 In another
case, the nucleoid associated protein IHF has an important role
in DNA organization in response to bacterial growth and can
modulate the expression of a number of genes.16,17

Furthermore, many global regulators are known to co-occur
frequently at target promoters,5,11 and this co-occurrence could
indicate the existence of some interaction mechanisms between
these pairs of regulators.18,19

With the advent of synthetic biology, using the current
knowledge on gene regulatory mechanisms in bacteria to
reprogram these organisms for novel applications has been of
special interest.20−22 In order to accomplish this task, many
studies have addressed the modification of native promoters to
construct synthetic regulatory systems with enhanced and/or
modified performance.23−26 Moreover, some initial studies have
focused on the shuffling of cis-regulatory elements to
reconstruct complex promoters in bacteria;27−30 this approach
could not only provide novel regulatory systems but also reveal
some of the hidden roles regarding the interaction of multiple
TFs in target promoters. Though these approaches have
resulted in significant progress such as the knowledge that
promoter arrangement indeed determines the final regulatory
logic of systems, these studies have mainly used local regulators
and it is not yet known whether global regulators would follow
the same rules. Moreover, the standard model for gene
regulation in bacteria states that we could anticipate the
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regulatory behavior of complex promoters by analyzing the
individual contributions of each TF and its respective cis-
elements, as evidenced by the widely used mathematical
frameworks available to model gene regulation.31,32 However,
in an alternative scenario, the combination of several cis-
regulatory elements for specific TFs (mainly for global
regulators that naturally act together) could result in promoters
with emergent properties, where the final response of the
system would not be anticipated based on known individual
contributions. This hypothesis is also motivated by the fact that
many biological systems have been shown to display emergent
properties.33

In order to get insights into the regulatory mechanisms of
combinatorial bacterial promoters, we investigated here the
relationship between promoter architecture and gene ex-
pression regulation. These insights are relevant since promoters
in their natural form are known to co-occur frequently at target
promoters.18,19 This study is important, since many E. coli
genes can be regulated by CRP, IHF or for both at the same
time. This is the case of gcd gene that is regulated by one CRP
(repressor) and one IHF (activator). This gene encodes for
quinoprotein glucose dehydrogenase.34 Another natural exam-
ple is the hpt gene that is regulate by one CRP (activator) and
one IHF (repressor). This gene encodes for hypoxanthine
phosphoribosyltransferase. This protein is involved in step 1 of
the subpathway that synthesizes IMP (Inosine monophos-
phate) from hypoxanthine.35 And finally, the acs gene that is
regulate by at least two CRP (activator) and three IHF
(repressor). This gene encodes for acetyl-CoA synthetase.
Acetyl-CoA synthetase is an enzyme involved in metabolism of
acetate. There are many other known genes that are regulated
by CRP and IHF at the same time. In addition, possibly many
other genes have not yet been studied.36 For this, we
constructed and characterized a library of synthetic promoters
containing an array of cis-elements for CRP and IHF, two
global regulators of E. coli, using a GFP(LVA) reporter assay.
Our data clearly indicated that though CRP and IHF have very
different regulatory effects, many binding site combinations for
both TFs resulted in novel regulatory activities that were not
anticipated by the analysis of individual elements when their
sites were placed in different positions and arrangements. These
results demonstrate the existence of emergent properties in
complex synthetic promoters in E. coli, which could be
extrapolated to naturally occurring regulatory systems and
would significantly impact the engineering of synthetic
biological circuits in bacteria.

■ RESULTS
CRP Strongly Activates Synthetic Promoters with cis-

Elements Immediately Upstream of a Core Promoter. In
order to investigate the architecture-logic relationship in
synthetic bacterial promoters, we employed a minimal design
as presented in Figure 1. First, we designed a promoter
composed of a weak core element (comprising the −35 and
−10 boxes of Plac) preceded by 20 bp sequences that could be
occupied by cis-elements for the target TFs (Figure 1A). In this
design, the cis-elements can be centered at regions −61, −81,
−101, and −121 related to the transcriptional start site (TSS)
of the promoter. By fixing these positions, we would expect the
effect of TF to be stimulatory at the resultant promoter, based
on previous systematic inspections on the effect of cis-element
localization on gene regulation.5,37 For each of the four
potential positions, we designed double stranded DNA

oligonucleotides with a consensus sequence for CRP, IHF,
and a control sequence (called “Neg”, Figure 1B) that does not
display any stimulatory effect in vivo.18 In this sense, each
double stranded DNA fragment has 3′ overhang elements with
four nucleotides that specify each position where the fragment
can be ligated (Figure 1C). In this manner, we used a portfolio
of 12 different fragments that could be used to construct up to
81 (34) different combinatorial promoters. Using this setup, we
constructed a library of synthetic promoters by ligating these
cis-elements and the core promoter into a GFP(LVA) reporter
vector, allowing the measurement of promoter activities in vivo
to determine the effect of promoter architecture in the final
output of promoters (exemplified by the different clones
represented in Figure 1D).
In order to determine the effect of different arrangements of

cis-elements for CRP, we analyzed the promoter activity of 10
synthetic promoters in the wild type strain growing in minimal
media for a period of 8 h. As shown in Figure 2, clustering of
promoter activities reveals the existence of two clear groups,
one (marked as I in the figure) composed of six promoters with
activities similar to the reference promoter (the one in the top
with four Neg sites) and another group (marked as II)
composed of four promoters with a high level of activity (about
80 times the level of the reference promoter). By analyzing the
architecture of each promoter, it is easily notable that all
members of the highly active group have a cis-element for CRP
at position 1 (equivalent to the −61 relative to the TSS), which
is in accordance to previous reports on this TF.19,37,38

Moreover, the addition of another CRP cis-element at positions
2, 3, and 4 (boxes −81, −101, and −121) only marginally
affects the activity of a promoter harboring a cis-element at
position 1. In summary, this result demonstrates the potential
of our approach to investigate the effect of cis-element
arrangement on promoter activity, as the resulting synthetic
promoters reproduced the expected behavior for CRP.

cis-Element for IHF Enhances Promoter Activity in the
Complex Promoters in the Absence of This TF. In order
to investigate the effect of cis-elements for IHF in our complex

Figure 1. Construction of the complex promoter library. (A)
Schematic representation of the promoter library, showing the
positions −121, −101, −81, and −61 (white circles) at which cis-
elements were inserted. The −35 and −10 boxes (gray rectangles)
correspond to the core promoter. (B) Nucleotide sequences for
Neutral (N), CRP (C), IHF (I) cis-elements. (C) Simplified scaffold
scheme for the minimal synthetic promoter library. Motifs positions
are identified as 4, 3, 2, and 1 respective to the core promoter, and
colored lines represent the cohesive sequences for DNA ligation. (D)
E. coli library transformants showing different promoter strengths.
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promoter design, we analyzed 11 synthetic promoters
harboring combinations of one or two IHF binding site and
Neg sequences in addition to the full IHF PIIII promoter
(Figure 3). The experiments were performed similarly as before
but both in the wild type and Δihf mutant strains of E. coli.
Promoter activity analysis allowed clustering of the data into

three major groups as shown in Figure 3A for the wild type
strain. In this sense, group I (high activity) was formed of two
promoters with maximal activity not higher than 8 times that
observed for the reference promoter, whereas group II
(Medium activity) (5 promoters) displayed activities com-
parable to those of the reference, and group III (Low activity)
(4 promoters) showed intermediate activity. When the same set
of promoters was assayed in Δihf mutant strains of E. coli, we
observed two major features (Figure 3B). First, a generalized
increase in promoter activity was observed for groups I and III,
where the former was still formed of promoters with stronger
activity. Second, the composition of the groups was almost
unchanged, with the exception of one promoter (with two IHF
cis-elements at positions 4 and 3) that displayed no activity in
the wild type but showed the highest activity of the group in the
mutant, and another promoter (composed of four IHF binding
sites) that did not gain activity in the mutant, were clustered
into group II in the mutant. These expression profiles clearly
indicate that the cis-elements for IHF could stimulate promoter
activity mainly in the absence of this global regulator. In
addition, groups I and III which display significant promoter
activity in mutant strain, they have IHF cis-elements at all
positions except 2 (equivalent to the −81 region), whereas
promoters with position 2 occupied displayed very low activity
regardless of occupancy at other sites (group II). These results
suggest that cis-elements for IHF could operate as an RNAP
transcriptional activity enhancer, probably as a UP element-like
motif as described previously39,40 although it have not been
described UP-element at position −60 to −120 yet. Our
hypothesis is that the IHF cis-element would be acting
recruiting the RNAP to the promoter; however, experiments
proving this hypothesis are still necessary. Thus, when IHF
binds to its cognate cis-element, it blocks RNAP contact with
the UP element-like sequence, thus preventing transcriptional
stimulation of the promoter. However, the reason why the

Figure 2. CRP motif at position 1 is fundamental for high promoter
activity. A subset of 11 synthetic promoters containing shuffled CRP
and Neutral cis-elements displaying two clear activity patterns (groups
I and II). In group I are promoters that do not present promoter
activity while group II includes promoters with high transcription
rates. Circles in magenta represent the positions of CRP sites. Relative
promoter activity was measured for 8 h, calculated based on the
Neutral full promoter, and displayed on an intensity scale from 0.0 to
80.0. Plots were calculated based on the average of three independent
experiments.

Figure 3. IHF motif enhanced promoter activity in E. coli Δihf strain. A subset of shuffled IHF and Neutral motif promoters were assayed in the wild
type and Δihf mutant strains and grouped according to their relative activity. Circles in beige represent the positions of IHF sites. (A) IHF vs Neutral
motifs assayed in the wild type strain. Synthetic promoters that showed higher promoter activities are clustered in group I, group II is formed of
promoters with low activity, whereas group III is formed of promoters with intermediate promoter activity. (B) The same set of promoters were
assayed in the E. coli Δihf mutant strain, highlighting that in the absence of IHF transcription factor, promoter activity was generally improved for the
groups I and III. Relative promoter activity was measured for 8 h, calculated based on the Neutral full promoter, and displayed on an intensity scale
from 0.0 to 15.0. Plots were calculated based on the average of three independent experiments.
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existence of a cis-element for IHF at position 2 renders the
promoters inactive regardless of the identity of other positions
is unknown and may be related to some intrinsic property of
the DNA sequence itself.
Rise of Emergent Properties in Complex Promoters

with CRP and IHF cis-Elements. Once we determined that
the CRP and IHF cis-elements have distinct effects on promoter
activity, we wondered what would happen if the CRP and IHF
binding sequences were combined, as occurs in the natural
promoters of E. coli. In this sense, would the resulting promoter
represent the sum of each contribution of the isolated cis-
elements, or would it display a novel regulatory logic? To
address these questions, we used as the start point, two
architectures containing cis-elements for IHF that displayed
activity both in the wild type and Δihf mutant strains as
represented by the members of group I in Figure 3A. These two
promoters possess either one position (position 4) or two
(positions 4 and 1) occupied by the IHF cis-element. Using
these two basic architectures, we introduced cis-elements for
CRP at either position 3, 2, or both, and assayed the resulting
promoter activity (Figure 4). In this data set, we did not test

position 1 since CRP at this position has a strong stimulatory
effect regardless of other upstream elements (as already
presented in Figure 2). Notably, when positions 3 and 2
where occupied by CRP cis-elements (either in isolation or
simultaneously), no significant promoter activity was detected
(Figure 2). When we assayed combinatorial promoters based
on single IHF cis-elements in the wild type strain, we observed
that the introduction of single or double cis-elements for CRP
resulted in complete abolishment of promoter activity. When
these promoters were evaluated in the presence of 0.4% glucose
(which in our tested condition, is sufficient to block CRP

activity41), we did not recover the original promoter activity,
suggesting that this effect was not dependent on CRP binding
but rather on the combination of the DNA elements itself.
When we performed a similar analysis on the variants of the
promoters harboring the two IHF cis-elements (at positions 4
and 1), we observed a remarkably different behavior. When
single CRP cis-elements were placed individually at positions 3
or 2 (PICNI and PINCI), we observed the same promoter blocking
effect as described previously, and this effect was not alleviated
in the presence of glucose (Figure 4). However, when both
positions, 3 and 2 (PICCI), where occupied by cis-elements for
CRP resulting in a synthetic promoter with two IHF sites
flanking two CRP sites, we observed a strong increase in
promoter activity compared to that of the original promoter. It
is striking to note that the presence of two CRP sites at
positions 2 and 3 provides an expressive promoter activity and
that withdrawal of only one CRP binding site at position 2 or 3
significantly impairs the promoter force. It is very clear the
requirement for the double CRP site when comparing PICCI
with PICNI and PINCI promoters. Interestingly, the addition
of glucose resulted in complete abolishment of promoter
activity, indicating that the strong enhancement of promoter
activity was indeed dependent on CRP activity. These data
strongly support the notion that the combination of cis-
elements for global regulators such as CRP and IHF leads to
the appearance of emergent properties, since the final
regulatory behavior of the complex promoter does not
represent the sum of the behavior of the original architectures
(i.e., the promoter harboring two IHF sites at positions 4 and 1
and the promoter harboring two CRP sites at positions 3 and
2).
In order to further evaluate the promoter architecture effect,

we expanded the number of architectures assayed and
performed experiments in the absence of IHF and by
modulating CRP activity (i.e., in the presence or absence of
glucose). For a better presentation of the results, the
experiment was divided into three subgroups. Figure 5A
shows constructs that have one IHF cis-element fixed at
position 4 (−121 region) and different combinations of CRP
cis-element at positions 2 and 3 (−81 and −101 regions). As
shown in the figure, a promoter containing a single IHF site at
position 4 displays strong activity in the Δihf mutant strain that
was insensitive to glucose presence. Moreover, addition of
single or double CRP cis-elements at positions 3 and 2
completely abolishes promoter activity, and this could not be
reverted by the addition of glucose to the media. These results
agree with the previous analysis and indicate that addition of
CRP cis-elements blocks the activity of the original promoter
independently of CRP activity. Next, we investigated the effect
of the presence of CRP binding sites at different positions in
promoters with a single IHF cis-element fixed at position 1
(Figure 5B). In this condition, though the initial promoter
displayed detectable activity with a fold-change about three
times that of the reference promoter, addition of a single CRP
cis-element immediately upstream of the IHF site (position 2)
completely abolished the promoter activity. Interestingly,
moving the CRP site far from the IHF site (for instance,
from position 2 to position 3) generates a marginally detectable
activity, whereas placing the site in the farthest position (i.e., at
position 4) generates a combinatorial promoter with activity
similar to that of the original harboring a single IHF site at
position 1 (Figure 5B). These results indicate a position
dependent effect of CRP cis-elements, which was not related to

Figure 4. Emergence in combinatorial promoters based on CRP and
IHF cis-elements. Complex promoters were constructed based on two
promoters shown in Figure 3 and were assayed in the E. coli wild type
strain, in the absence (blue) or presence (red) of 0.4% glucose. The
promoters were constructed by fixing the IHF cis-element at position 4
and at positions 4 and 1 and by shuffling the CRP motifs at positions 2
and 3. Relative promoter activity was measured after 4 h of incubation.
Plots were calculated based on the average of three independent
experiments.
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CRP activity since the addition of glucose to the media resulted
in very similar expression profiles. This notion is also supported
by the fact that addition of two CRP binding sites at positions 4
and 3 resulted in similar activity to that where only position 3
was occupied by a CRP cis-element. Additionally, introduction
of two CRP binding sites at positions 3 and 2 generated
completely different behavior, resulting in a promoter with
strong activity that was completely dependent on CRP (as
addition of glucose substantially decreased its activity, Figure
5B). These results indicate that the emergence of strong CRP-
dependent activity requires two tandem CRP binding sites (at
positions 3 and 2) followed by a single IHF cis-element (at
position 1). Finally, when the CRP binding sites were
combined with IHF cis-elements fixed at position 4 and 1
(Figure 5C), we observed the same behavior presented in
Figure 5B, since addition of one site at position 3 or 2 strongly
impairs promoter activity whereas two tandem sites generate a

CRP-dependent promoter with activity stronger than that of
the parental architecture.

IHF cis-Elements Generates Fine-Tuning for CRP
Activated Promoters. In the previous sections, we
demonstrated that additional CRP cis-elements could influence
the regulatory behavior of a promoter harboring IHF sites.
Since CRP binding sites could strongly influence these
promoters, we investigated how the addition of IHF could
modulate promoters containing CRP cis-elements at position 1,
which were previously demonstrated to generate strong CRP
dependent activation (Figure 2). For this, we sampled several
combinatorial promoters where additional IHF and CRP sites
were mixed upstream of a CRP cis-element located at position
1. As shown in Figure 6A, all promoters displayed strong
activity in the wild type strain of E. coli and this activity was
severely impaired when glucose was added to the growth
media. Additionally, certain degree of heterogeneity can be
observed in promoter activities indicating that the additional
sites contributed to the final activity observed. However, when
the same experiments were performed in a Δihf mutant strain
of E. coli, we observed that the level of heterogeneity was
strongly reduced both in the active and repressed conditions
(Figure 6B). Taken together, these data strongly indicate that
additional IHF sites could produce a fine-tuning effect that
modulates the final activity of the constructed combinatorial
promoters.

Emergent Properties Are Consequence of the cis-
Elements. Once we affirm the existence of the emergent
properties in our promoters, we proceed to study whether this
property was given by the cis-elements located upstream to the
core promoter, or if in some way this emergent promoter
activity was given by the generation of a new promoter formed
in our constructions. For this, we focused on two promoters
(PICCI and PNCCI) with emergent properties to study this
property further. For this, deletions of 5 and 15 base pairs were
made in the core promoter (Figure 7A). As it is possible to note
that, with the 5 base pair deletion, the −10 and −35 boxes
remain intact, while upon deletion of 15 base pairs the −10 box
is completely removed. These deletions were also performed
for PNNNN as a control. The experiments were carried out in wt
and Δihf strains and in presence or absence of glucose. After
these deletions, it was possible to conclude that the 5 base pairs
deletion (D5) for both PICCI and PNCCI promoter the activity
remained similar to the parental promoter, showing no
significant difference. On the other hand, after the 15 base
pairs deletion (D15) the promoter activity fell sharply to almost
zero (Figure 7B and 7C). In this way, it was possible to verify
that the promoter activities as well as the emergent properties
found in this work are due to the different architectures
promoting the cis-elements upstream to the core promoter.

■ DISCUSSION
Regulation of gene expression at the level of RNAP recruitment
to target promoters is known to be a combinatorial mechanism
where multiple transcriptional factors binding to target cis-
regulatory elements and their interplay defines the timing and
intensity of gene expression. This combinatorial control has
been extensively described in bacteria and in single-celled and
multicellular eukaryotes, and the so-called regulatory code is
known to play a major role in the way living organisms develop
and interact with the environment.27,42,43 However, while
classical approaches to understand this code are based on a
case-by-case dissection of the cis-regulatory elements of

Figure 5. Systematic investigation of complex promoters for CRP and
IHF in the E. coli Δihf strain. All experiments were performed in the
absence (blue) or presence (red) of 0.4% glucose. (A) Synthetic
promoters with a single IHF site fixed at position 4 and varying CRP
sites at positions 3 and 2. (B) Synthetic promoters with a single IHF
site fixed at position 1 and varying CRP sites at positions 4, 3, and 2.
(C) Synthetic promoters with two IHF sites fixed at positions 4 and 1
and varying CRP sites at positions 3 and 2. Relative promoter activity
was measured after 4 h of incubation. Plots were calculated based on
the average of three independent experiments.

ACS Synthetic Biology Research Article

DOI: 10.1021/acssynbio.7b00344
ACS Synth. Biol. 2018, 7, 602−612

606

http://dx.doi.org/10.1021/acssynbio.7b00344


particular genes, several studies have now described the
systematic investigation of combinatorial promoters through
the construction and evaluation of synthetic promoters built
from cis-regulatory elements. In this sense, Cox III and
colleagues constructed a library of synthetic promoters for
two local activators (AraC and LuxR) and two local repressors
(LacI and TetR) at three different promoter positions

(upstream, downstream, or overlapping the core −35/−10
box). From this work, the authors described a number of rules
for engineering combinatorial promoters for synthetic biology;
for instance, activators were only efficient upstream of the core
whereas efficacy of repression was higher at the core and then
at the downstream region, with only minor effects at the
upstream position.30 However, this work only used local TFs,

Figure 6. Fine-tuning of CRP-dependent synthetic promoters by IHF sites. Synthetic promoters with the CRP site fixed at position 1 and varying
CRP and IHF sites at positions 4, 3, and 2 were assayed in the absence (left) or presence (right) of 0.4% glucose. (A) Analysis of promoter activity in
the E. coli wild type strain. (B) Analysis of promoter activity in the E. coli Δihf strain. Relative promoter activity was measured after 4 h of incubation.
Plots were calculated based on the average of three independent experiments.

Figure 7. Emergent properties are consequence of the cis-elements. All experiments were performed in the absence (blue) or presence (red) of 0.4%
glucose. (A) Deletions of 5 bp (D5) and 15 bp (D15) were performed on the core promoter of PNNNN (control), PNCCI and PICCI. (B) Analysis of
promoter activity in the E. coli wild type strain. (C) Analysis of promoter activity in the E. coli Δihf strain. Relative promoter activities were measured
after 4h of incubation. Plots were calculated based on the average of three independent experiments. Statistics differences are highlighted by (***) as
analyzed using Student’s t test with p-value p < 0.0005; ns, not significant.
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Table 1. Strains, Plasmids, and Primers Used in This Study

strains, plasmids, and
primers description reference

Strains
E. coli DH10B F− endA1 deoR+ recA1 galE15 galK16 nupG rpsL Δ(lac)X74 φ80lacZΔM15 araD139 Δ(ara,leu)7697 mcrA Δ(mrr-hsdRMS-

mcrBC) StrR λ−
51

E. coli BW25113 lacI+rrnBT14 ΔlacZWJ16 hsdR514 ΔaraBADAH33 ΔrhaBADLD78 rph-1 Δ(araB−D)567 Δ(rhaD−B)568 ΔlacZ4787(::rrnB-3)
hsdR514 rph-1

52

E. coli JW1702 E. coli BW25113 with Δihf mutation 50

Plasmids
pMR1 CmR; orip15a; Promoter probe vector with mCherry and GFPlva reporters 18

pMR1-PNNNN pMR1 with a reference promoter with four nonregulatory sequences This study
pMR1-PINNN pMR1 with a synthetic promoter with a IHF cis-element at position 4 This study
pMR1-PNINN pMR1 with a synthetic promoter with a IHF cis-element at position 3 This study
pMR1-PNNIN pMR1 with a synthetic promoter with a IHF cis-element at position 2 This study
pMR1-PNNNI pMR1 with a synthetic promoter with a IHF cis-element at position 1 This study
pMR1-PIINN pMR1 with a synthetic promoter with IHF cis-elements at positions 4 and 3 This study
pMR1-PNIIN pMR1 with a synthetic promoter with IHF cis-elements at positions 3 and 2 This study
pMR1-PNNII pMR1 with a synthetic promoter with IHF cis-elements at positions 2 and 1 This study
pMR1-PININ pMR1 with a synthetic promoter with IHF cis-elements at positions 4 and 2 This study
pMR1-PNINI pMR1 with a synthetic promoter with IHF cis-elements at positions 3 and 1 This study
pMR1-PINNI pMR1 with a synthetic promoter with IHF cis-elements at positions 4 and 1 This study
pMR1-PIIII pMR1 with a synthetic promoter with IHF cis-elements at positions 4, 3, 2 and 1 This study
pMR1-PCNNN pMR1 with a synthetic promoter with a CRP cis-element at position 4 This study
pMR1-PNCNN pMR1 with a synthetic promoter with a CRP cis-element at position 3 This study
pMR1-PNNCN pMR1 with a synthetic promoter with a CRP cis-element at position 2 This study
pMR1-PNNNC pMR1 with a synthetic promoter with a CRP cis-element at position 1 This study
pMR1-PCCNN pMR1 with a synthetic promoter with CRP cis-elements at positions 4 and 3 This study
pMR1-PNCCN pMR1 with a synthetic promoter with CRP cis-elements at positions 3 and 2 This study
pMR1-PNNCC pMR1 with a synthetic promoter with CRP cis-elements at positions 2 and 1 This study
pMR1-PCNCN pMR1 with a synthetic promoter with CRP cis-elements at positions 4 and 2 This study
pMR1-PNCNC pMR1 with a synthetic promoter with CRP cis-elements at positions 3 and 1 This study
pMR1-PCNNC pMR1 with a synthetic promoter with CRP cis-elements at positions 4 and 1 This study
pMR1-PICNN pMR1 with a synthetic promoter with a IHF cis-element at position 4 and a CRP cis-element at position 3 This study
pMR1-PINCN pMR1 with a synthetic promoter with a IHF cis-element at position 4 and a CRP cis-element at position 2 This study
pMR1-PICCN pMR1 with a synthetic promoter with a IHF cis-element at position 4 and CRP cis-elements at positions 3 and 2 This study
pMR1-PINCI pMR1 with a synthetic promoter with a IHF cis-elements at positions 1 and 4 and CRP cis-element at position 2 This study
pMR1-PICNI pMR1 with a synthetic promoter with a IHF cis-elements at positions 1 and 4 and CRP cis-element at position 3 This study
pMR1-PICCI pMR1 with a synthetic promoter with a IHF cis-elements at positions 1 and 4 and CRP cis-elements at positions 3 and 2 This study
pMR1-PNNCI pMR1 with a synthetic promoter with a IHF cis-element at position 1 and CRP cis-element at position 2 This study
pMR1-PNCNI pMR1 with a synthetic promoter with a IHF cis-element at position 1 and CRP cis-element at position 3 This study
pMR1-PCNNI pMR1 with a synthetic promoter with a IHF cis-element at position 1 and CRP cis-element at position 4 This study
pMR1-PCCNI pMR1 with a synthetic promoter with a IHF cis-element at position 1 and CRP cis-elements at positions 2 and 3 This study
pMR1-PNCCI pMR1 with a synthetic promoter with a IHF cis-element at position 1 and CRP cis-elements at position 3 and 2 This study
pMR1-PNICC pMR1 with a synthetic promoter with a IHF cis-element at position 1 and CRP cis-element at position 2 This study
pMR1-PCINC pMR1 with a synthetic promoter with a IHF cis-element at position 3 and CRP cis-elements at positions 1 and 4 This study
pMR1-PNCIC pMR1 with a synthetic promoter with a IHF cis-element at position 2 and CRP cis-elements at positions 1 and 3 This study
pMR1-PCNIC pMR1 with a synthetic promoter with a IHF cis-element at position 2 and CRP cis-elements at positions 1 and 2 This study
pMR1-PIICC pMR1 with a synthetic promoter with a IHF cis-element at position 4 and 3 and CRP cis-elements at positions 1 and 2 This study
pMR1-PNNNN‑D5 Version pMR1-PNNNN of with a 5bp deletion at the 3′ region This study
pMR1-PNNNN‑D15 Version pMR1-PNNNN of with a 15bp deletion at the 3′ region; Removes the −10 region This study
pMR1-PNCCI‑D5 Version pMR1-PNCCI of with a 5bp deletion at the 3′ region This study
pMR1-PNCCI‑D15 Version pMR1-PNCCI of with a 15bp deletion at the 3′ region; Removes the −10 region This study
pMR1-PICCI‑D5 Version pMR1-PICCI of with a 5bp deletion at the 3′ region This study
pMR1-PICCI‑D15 Version pMR1-PICCI of with a 15bp deletion at the 3′ region; Removes the −10 region This study
Primersa

P1−C5 AATTCTGTGAGTTAGCTCACA This study
P1−C3 CGCCTGTGAGCTAACTCACAG This study
P1−I5 AATTCCAATTTATTGATTTTA This study
P1−I3 CGCCTAAAATCAATAAATTGG This study
P1−N5 AATTCTCGCCTGCTTGTAGTA This study
P1−N3 CGCCTACTACAAGCAGGCGAG This study
P2−C5 GGCGTGTGAGTTAGCTCACA This study
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which are limited to a few natural targets and, thus, are not
found in naturally complex promoter architectures as global
regulators are. Moreover, the work by Cox III only explored a
single binding site at the upstream promoter regions, which
does not allow the investigation of combinatorial effects
generated by cis-element arrangements and identities in this
region. Therefore, our work addresses a more realistic
combinatorial situation by mimicking the manner in which
promoters are organized naturally, and indeed, our result of cis-
element mediated repression of gene expression has not been
reported previously. The effect of promoter architecture in gene
regulation has also been extensively investigated in single-celled
eukaryotes such as yeast, with especial interest in the work of
Sharon and co-workers.44 In this study, the authors synthesized
and analyzed using a high-throughput approach, thousands of
different promoters for several TFs of Saccharomyces
cerevisiae,44 thus allowing them to investigate the effect of
number, position, and affinity of binding sites on gene
expression. However, the fundamental difference between
transcription initiation in prokaryotes and eukaryotes, due to
the sophisticated process of chromatin remodeling required in
the latter, makes it impossible to extrapolate the conclusions
drawn by Sharon et al. to a bacterial organism. However, the
approach used in this study was analogous to the approach used
by Sharon et al., since we could inspect the effect of binding site
multiplicity, location, and identity.
From the results generated in this work, the most striking

was the observation that a single CRP-binding site located
immediately upstream of an IHF-binding site could completely
abolish transcriptional activity independently of CRP function.
This result appeared in several promoter architectures tested
here and would indicate that the DNA sequence itself was
modulating gene expression. However, introduction of an
additional CRP binding site drastically changed this process,
resulting in a CRP-activated promoter. It has now been widely
demonstrated that DNA can display an allosteric effect on TFs,
where the binding of a protein to DNA changes the way this

protein interacts with other TFs.45−47 Moreover, another type
of DNA-based allosteric event has been described where the
binding of a protein to DNA can influence the binding of a
second protein to an adjacent site independently of protein−
protein interaction, and that this influence is transmitted
through the DNA molecule.46,47 In this sense, these processes
could explain how two tandem cis-elements for CRP that are
inactive alone (at positions 3 and 2 in Figure 2) generated a
strong CRP-dependent promoter when in association with a
single IHF binding site (the latter at position 1, Figure 5B).
However, it certainly does not explain how a single CRP cis-
element displays inhibitory effects in certain promoter
architectures (as in many of those presented in Figure 4).
Recently, an increasing number of reports have demonstrated
that flanking DNA sequences can strongly affect the binding
affinity of eukaryotic TFs for identical binding sites,48,49 thus
explaining why in vitro and in vivo binding assays do not always
correlate. In this process, these flanking sequences generate
distortions in the local DNA shape that influences the way the
TFs interacts with DNA, by altering the groove width and
helical parameters of DNA.48 Though we could not find any
report of this process influencing bacterial TFs, our results on
synthetic complex promoters suggest that a similar process
could influence the activity of bacterial promoters, thus
explaining the intrinsic repressive activity of the CRP cis-
element (independently of the presence of CRP protein) at
some positions in promoters containing cis-elements for IHF.
Our findings could thus be extended to naturally complex
promoters and indicate that in those systems, not only would
the nature of the TF recruited to the target promoter be
imperative for gene expression, but also the cis-element itself
could have a regulatory role in proximal sites. This evidence an
unanticipated intrinsic complexity of natural bacterial pro-
moters that should be considered both for synthetic biology
projects as well as to understand the regulatory behavior of
natural strains. Taken together, our results highlight the
appearance of emergent properties in combinatorial control

Table 1. continued

strains, plasmids, and
primers description reference

P2−C3 GCGGTGTGAGCTAACTCACA This study
P2−I5 GGCGCAATTTATTGATTTTA This study
P2−I3 GCGGTAAAATCAATAAATTG This study
P2−N5 GGCGTCGCCTGCTTGTAGTA This study
P2−N3 GCGGTACTACAAGCAGGCGA This study
P3−C5 CCGCTGTGAGTTAGCTCACA This study
P3−C3 CCAATGTGAGCTAACTCACA This study
P3−I5 CCGCCAATTTATTGATTTTA This study
P3−I3 CCAATAAAATCAATAAATTG This study
P3−N5 CCGCTCGCCTGCTTGTAGTA This study
P3−N3 CCAATACTACAAGCAGGCGA This study
P4−C5 TTGGTGTGAGTTAGCTCACA This study
P4−C3 CAAGTGTGAGCTAACTCACA This study
P4−I5 TTGGCAATTTATTGATTTTA This study
P4−I3 CAAGTAAAATCAATAAATTG This study
P4−N5 TTGGTCGCCTGCTTGTAGTA This study
P4−N3 CAAGTACTACAAGCAGGCGA This study
CoreP-5 CTTGAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAG This study
CoreP-3 GATCCTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCT This study
pMR1-F CTCGCCCTTGCTCACC This study
pMR1-R ACAAGAATTGGGACAACTCC This study

aRestriction sites are underlined in the primer sequences.

ACS Synthetic Biology Research Article

DOI: 10.1021/acssynbio.7b00344
ACS Synth. Biol. 2018, 7, 602−612

609

http://dx.doi.org/10.1021/acssynbio.7b00344


in bacteria, thus opening new venues for understanding
combinatorial regulation in bacterial genes and open new
venues that could be investigated in future studies.

■ MATERIALS AND METHODS
Plasmids, Bacterial Strains, and Growth Conditions.

The plasmids, bacterial strains, and primers used in this study
are listed in Table 1. For cloning procedures, the bacterial strain
used was E. coli DH5α. E. coli BW25113 was used as the wild
type strain (WT) whereas E. coli JW1702−1 was used as the
mutant for IHF transcription factor, and both were obtained
from the Keio collection.50 E. coli strains were grown at 37 °C
in LB media with chloramphenicol at 34 μg mL−1 or in M9
minimal media (6.4 g L−1 Na2HPO4·7H2O, 1.5 g L

−1 KH2PO4,
0.25 g L−1 NaCl, 0.5 g L−1 NH4Cl) supplemented with
chloramphenicol at 17 μg mL−1, 2 mM MgSO4, 0.1 mM
casamino acids, and 1% glycerol as the sole carbon source.
Where indicated, CRP response was depleted by using 0.4% of
glucose.
Design of the Minimal Promoter Scaffold and

Ligation Reactions. Promoters were constructed by ligation
of 5′ end phosphorylated oligonucleotides27,30 acquired from
Sigma-Aldrich (Table 1). All single strand nucleotides were
designed to carry a discrete 16 bp sequence8 containing a CRP
binding site (C), IHF binding site (I), one Neutral (N) motif
with no transcription factor binding (Figure 1B), and a core
promoter based on the lac promoter (Table 1), which is a weak
promoter and therefore requires activation. All these
oligonucleotides were designed to carry three base pair
overhangs corresponding to their corrected insertion region
on the promoter (Figure 1A). The upper and lower strand
corresponding to each position were mixed at equimolar
concentrations and annealed by heating at 95 °C followed by
gradual cooling to room temperature. External overhangs of the
fourth cis-element position and the core promoters reassembled
on the EcoRI and BamHI digested sites, allowing ligation to a
previously digested EcoRI/BamHI pMR118 plasmid. All five
fragments (four cis-elements positions plus core promoter)
were mixed at equimolar concentrations in a pool with the final
concentration of 5′ phosphate termini fixed at 15 μM. For the
ligase reaction, 1 μL of the pooled fragments was added to 50
ng EcoRI/BamHI pMR1 digested plasmid in the presence of
ligase buffer and ligase enzyme to a final volume of 10 μL. After
1 h at 16 °C, the ligase reaction was inactivated for 15 min at 65
°C and one aliquot of 2 μL was then electroporated into 50 μL
of E. coli DH10B competent cells. After 1 h of regenerating in 1
mL LB media, the total volume was plated onto LB solid dishes
supplemented with chloramphenicol at 34 μg mL−1. Clones
were confirmed by colony PCR using primers pMR1-F and
pMR1-R (Table 1) using the pMR1 empty plasmid PCR
reaction as a further length reference upon agarose gel
electrophoresis. Clones with the potential correct length were
submitted to Sanger DNA sequencing for confirming the
correct promoter assembly.
GFP(LVA) Fluorescence Assay and Data Processing.

To measure promoter activity, the library of 38 promoters was
analyzed in different genetic backgrounds and conditions. For
each experiment, a plasmid harboring the promoter of interest
was used to transform E. coli wild type or E. coli Δihf mutant
cells. Freshly plated single colonies were grown overnight in LB
media, centrifuged, and resuspended in fresh M9 media. The
culture (10 μL) was then assayed in 96-well microplates in
biological triplicates with 170 μL of M9 media or M9 media

supplemented with 0.4% glucose whenever required. Cell
growth and GFP(LVA) fluorescence were quantified using a
Victor X3 plate reader (PerkinElmer). GFP (LVA) is a GFP
with a degradation tag. This degradation tag allows us to
evaluate the expression over time in an efficient and robust way.
Promoter response was calculated as arbitrary units by dividing
the fluorescence levels by the optical density at 600 nm
(reported as GFP/OD600) after background correction. The
same strain harboring the pMR1 empty plasmid was used as the
threshold background signal during calculations. Fluorescence
and absorbance measurements were taken at 30 min intervals
over 8 h (However, for Figures 4, 5, 6 and 7 just the 4 h
promoter activity (GFP/OD600) was shown). Technical
triplicates and biological triplicates were included in all
experiments. Raw data were processed using ad hoc R script
(https://www.r-project.org/) and plots were constructed using
R or MeV (www.tm4.org/mev.html).
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Bacterial promoters are usually formed by multiple cis-regulatory elements recognized by

a plethora of transcriptional factors (TFs). From those, global regulators are key elements

since these TFs are responsible for the regulation of hundreds of genes in the bacterial

genome. For instance, Fis and IHF are global regulators that play a major role in gene

expression control in Escherichia coli, and usually, multiple cis-regulatory elements for

these proteins are present at target promoters. Here, we investigated the relationship

between the architecture of the cis-regulatory elements for Fis and IHF in E. coli. For

this, we analyze 42 synthetic promoter variants harboring consensus cis-elements for

Fis and IHF at different distances from the core −35/−10 region and in various numbers

and combinations. We first demonstrated that although Fis preferentially recognizes its

consensus cis-element, it can also recognize, to some extent, the consensus-binding site

for IHF, and the same was true for IHF, which was also able to recognize Fis binding sites.

However, changing the arrangement of the cis-elements (i.e., the position or number of

sites) can completely abolish the non-specific binding of both TFs. More remarkably,

we demonstrated that combining cis-elements for both TFs could result in Fis and IHF

repressed or activated promoters depending on the final architecture of the promoters in

an unpredictable way. Taken together, the data presented here demonstrate how small

changes in the architecture of bacterial promoters could result in drastic changes in the

final regulatory logic of the system, with important implications for the understanding of

natural complex promoters in bacteria and their engineering for novel applications.

Keywords: regulatory network, cis-regulatory elements, complex promoters, global regulators, transcriptional

crosstalk, fine-tuning

INTRODUCTION

Bacteria have evolved complex gene regulatory networks to coordinate the expression level of each
gene in response to changing environmental conditions. In this aspect, a typical bacterium such as
Escherichia coli uses around 300 different transcriptional factors (TFs) to control the expression of
more than 5,000 genes, and gene regulation in bacteria has been extensively investigated in the last
six decades (Lozada-Chavez, 2006). Among the known TFs from E. coli, global regulators are able
to control the highest percentage of transcriptional units in response to significant physiological or
environmental signals, such as the metabolic state of the cell, the availability of carbon sources, and
the presence of oxygen (Martínez-Antonio et al., 2003; Ishihama, 2010), while local regulators are

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2020.00510
http://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2020.00510&domain=pdf&date_stamp=2020-06-18
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:lummymaria@gmail.com
mailto:silvarochar@usp.br
https://doi.org/10.3389/fbioe.2020.00510
https://www.frontiersin.org/articles/10.3389/fbioe.2020.00510/full
http://loop.frontiersin.org/people/380099/overview
http://loop.frontiersin.org/people/603909/overview
http://loop.frontiersin.org/people/529747/overview
http://loop.frontiersin.org/people/243152/overview


Monteiro et al. Modulating TFBS-Specificity Through Promoter Engineering

responsible for gene regulation in response to specific signals
(such as sugars and metals) (Ishihama, 2010; Browning and
Busby, 2016). Most TFs control gene expression through their
interaction with specific DNA sequences located near the
promoter region, the cis-regulatory element, or transcriptional
factor binding site (Browning and Busby, 2004, 2016). Over
the decades, many cis-regulatory elements for many TFs from
E. coli have been experimentally characterized, mapped, and
compiled in databases such as RegulonDB and EcoCyc (Gama-
Castro et al., 2016; Keseler et al., 2017). Analysis of these datasets
demonstrates that TFs usually act in a combinatorial way to
control gene expression, where multiple cis-regulatory elements
for different TFs are located in the upstream region of the
target genes (Guazzaroni and Silva-Rocha, 2014; Rydenfelt et al.,
2014; Gama-Castro et al., 2016). Therefore, the arrangement
of cis-regulatory elements at the target promoters is crucial to
determine which TFs will be able to control the target gene and
how these regulators interact with each other once bound to the
DNA (Collado-Vides et al., 1991; Ishihama, 2010).

Several studies have explored the relationship between the
architecture of cis-regulatory elements and the final logic
of the target promoters, and initial attempts have focused
on the mutation of cis-regulatory elements from natural
promoters to investigate how these elements specify the promoter
activity dynamics (Sawers, 1993; Darwin and Stewart, 1995;
Izu et al., 2002; Setty et al., 2003). More recently, synthetic
biology approaches have been used to construct artificial
promoters through the combination of several cis-regulatory
elements, and these have been characterized to decipher their
architecture/dynamics relationship (Cox et al., 2007; Isalan
et al., 2008; Kinkhabwala and Guet, 2008; Shis et al., 2014).
However, while most synthetic biology approaches have focused
on cis-elements for local regulators (which do not commonly
regulate gene expression in a combinatorial manner), we recently
investigated this combinatorial regulation problem with global
regulators (Guazzaroni and Silva-Rocha, 2014; Amores et al.,
2015; Monteiro et al., 2018). This is important because global
regulators (such as IHF, Fis, and CRP) have numerous binding
sites along the E. coli genome and frequently co-occur at
target promoters (Guazzaroni and Silva-Rocha, 2014). Thus, Fis
and IHF are two global regulators that play a critical role in
coordinating gene expression in E. coli as well as in mediating
DNA condensation in the cell (Azam and Ishihama, 1999;
Browning and Busby, 2004; Browning et al., 2010; Ishihama,
2010). Fis, an abundant nucleoid-associated protein (NAP),
is related to gene expression regulation in fast-growing cells,
varying its function (as a repressor or activator transcriptional
factor) according to its biding site position related to the core
promoter (Hirvonen et al., 2001), while IHF is a NAP, which
activity relates to changes in gene expression in cells during
the transition from exponential to stationary phase (Azam and
Ishihama, 1999; Azam et al., 2000; Browning et al., 2010).
Moreover, IHF binds to AT-rich DNA motifs with well-defined
sequence preferences, while Fis also prefers AT-rich regions with
a more degenerate sequence preference (Déthiollaz et al., 1996;
Ussery et al., 2001; Dorman and Deighan, 2003; Aeling et al.,
2006). Additionally, cross-regulation between Fis and IHF has

been demonstrated for several systems, and how specific vs.
promiscuous DNA recognition can be achieved for these two
global regulators is not fully understood (Browning et al., 2010;
Ishihama, 2010; Rossiter et al., 2015).

We previously explored how complex synthetic promoters
harboring cis-regulatory elements for CRP and IHF can generate
diverse regulatory logic depending on the final architecture
of synthetic promoters, demonstrating that it is not possible
to predict the regulatory logic of complex multiple promoters
from the known dynamics of their simple versions (Monteiro
et al., 2018). Here, we further explore this approach to
investigate the relationship between cis-regulatory elements for
Fis and IHF. Using consensus binding sites for these 2 TFs
at different promoter positions and in different numbers, we
first demonstrated that while some promiscuous interactions
occur between the TFs and the binding sites, some specific
cis-regulatory architectures can completely abolish non-specific
interactions. Additionally, complex promoters constructed by the
combination of cis-elements for Fis and IHF can generate many
completely different outputs, such as Fis-repressed promoters,
IHF-repressed promoters, and systems where Fis and IHF act
as activators. As these changes in promoter logic result from
changes in promoter architecture only (and not on the affinity
of the transcriptional factor to each individual cis-element), the
data presented here reinforce the notion that complex bacterial
promoters can display emergent properties, where their final
behavior cannot be defined from the characterization of the
individual component. Taken together, our findings present a
comprehensive strategy for fine-tuning gene circuits to perform
optimally in a given context (e.g., engineering of synthetic
promoters) as well as provide insights for the understanding of
natural complex promoters controlled by global regulators.

RESULTS AND DISCUSSION

Generation of Complex Promoters for Fis
and IHF
In order to investigate the effect of promoter architecture in the
regulation by Fis and IHF, we evaluated the effect of 12 complex
promoters constructed in early work (Monteiro et al., 2018) and
we constructed 30 new combinatorial promoters with consensus
DNA sequences for Fis (Fis-BS) and IHF (IHF-BS) binding
sites positioned upstream of a weak core promoter (−35/−10
region) at specific positions (1–4) centered at the −61, −81,
−101, and −121 regions related to the transcriptional start site
(TSS) (Figure 1). For that, we generated double-strand DNA
sequences for Fis-BS, IHF-BS, and a neutral sequence (Neg) with
no related transcriptional binding site, which were combined
for the generation of a library of synthetic promoters, merging
the transcriptional binding sites for Fis, IHF, and/or neutral
sequence for each position (Table 1). The complex promoters
were assembled by DNA ligation and cloned into pMR1, a mid-
copy number vector harboring mCherry and GFPlva as reporter
fluorescent proteins (Figure 1). The resulting reporter plasmids
(with each promoter controlling only by GFPlva expression)
were used to transform competent E. coli wild-type strain
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FIGURE 1 | Strategies to construct synthetic complex promoters. (A) DNA sequences harboring the consensus sequence for IHF or Fis binding were selected, along

with a control sequence that cannot be recognized by any TF. (B) Double-stranded DNA fragments were produced with cohesive ends specific for each promoter

position (numbered from 1 to 4) and assembled together with a weak core promoter harboring the −35/−10 boxes for RNAP recognition (Guazzaroni and

Silva-Rocha, 2014). (C) The fragments were cloned into a promoter probe vector (pMR1) harboring resistance to chloramphenicol (CmR), a medium-copy number

origin of replication (p15a), and two reporter genes (mCherry and GFPlva). The libraries were introduced into wild-type and mutant strains of E. coli from the KEIO

collection (Baba et al., 2006). The resultant strains were analyzed at the population level in a plate reader and the data processed using script in R.

(BW25113—WT) and/or E. coli mutants for ihfA (1ihfA) and
fis (1fis) (from Keio collection) (Baba et al., 2006). Using these
constructs, we assayed promoter activity for 8 h in minimal
media (M9 complete), measuring the relative GFP expression
(GFP/OD) in all strains in the plate reader fluorimeter Victor X3
(PerkinElmer). As a negative control, we used the Neg sequence
occupying the 4 possible positions before the core promoter. All
data presented in this work are referred to 4 h of cell growth. In
the next sections, we present the results of the promoter analysis
per category to uncover the cis-regulatory logic for each variant.

Changing the Fis Binding Site Architecture
Modulates Fis and IHF Binding Specificity
We analyzed the architecture effect for Fis cis-regulatory elements
by evaluating the influence of position and sequence combination

for Fis-BS. For that, we used promoters merging Fis-BS and

Neg sequences to measure relative GFP expression (GFP/OD)

levels after 4 h of cell growth in wild-type, 1fis, and 1ihfA

E. coli strains, and normalized the results to our negative

control (top bars in Figure 2). The results displayed in Figure 2

show that most of the promoters harboring Fis-BS exhibit low

activity in wild-type E. coli, comparable to the negative control.
However, when these promoters were assayed in E. coli 1fis

strain (red bars), 4 of them displayed a significant increase

in activity compared to the wild-type strain (green and gray

in Figure 2). Particularly, in the presence of Fis protein, Fis
could occupy Fis-BS and act as a repressor of promoter activity.

However, not all architectures with Fis-BS at the 4th or 3rd
positions display this promoter behavior. This phenomenon

only occurs in two other cases with more than 1 Fis-BS
combination (promoters shaded in green in Figure 2). This
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TABLE 1 | Strains, plasmids, and primers used in this study.

Strains, plasmids,

and primers

Description References

Strains

E. coli DH10B F− endA1 deoR+ recA1 galE15 galK16 nupG rpsL 1(lac)X74 φ80lacZ1M15 araD139 1(ara,leu)7697 mcrA

1(mrr-hsdRMS-mcrBC) StrR λ−

Sambrook et al., 1989

E. coli BW25113 lacI+rrnBT14 1lacZWJ16 hsdR514 1araBADAH33 1rhaBADLD78 rph-1 1(araB–D)567 1(rhaD–B)568

1lacZ4787(::rrnB-3) hsdR514 rph-1

Datsenko and Wanner,

2000

E. coli JW1702 E. coli BW25113 with 1ihfA mutation Baba et al., 2006

E. coli JW3229 E. coli BW25113 with 1fis mutation Baba et al., 2006

Plasmids

pMR1 CmR; orip15a; Promoter probe vector with mCherry and GFPlva reporters Guazzaroni and

Silva-Rocha, 2014

pMR1-NNNN pMR1 with a reference promoter with 4 non-regulatory sequences Monteiro et al., 2018

pMR1-FNNN pMR1 with a synthetic promoter with a Fis cis-elements at position 4 This study

pMR1-NFNN pMR1 with a synthetic promoter with a Fis cis-elements at position 3 This study

pMR1-NNFN pMR1 with a synthetic promoter with a Fis cis-elements at position 2 This study

pMR1-NNNF pMR1 with a synthetic promoter with a Fis cis-elements at position 1 This study

pMR1-NNFF pMR1 with a synthetic promoter with Fis cis-elements at positions 2 and 1 This study

pMR1-FNNF pMR1 with a synthetic promoter with Fis cis-elements at positions 4 and 1 This study

pMR1-FFNN pMR1 with a synthetic promoter with Fis cis-elements at positions 4 and 3 This study

pMR1-NFFN pMR1 with a synthetic promoter with Fis cis-elements at positions 3 and 2 This study

pMR1-NFNF pMR1 with a synthetic promoter with Fis cis-elements at positions 3 and 1 This study

pMR1-FNFN pMR1 with a synthetic promoter with Fis cis-elements at positions 4 and 2 This study

pMR1-FFNF pMR1 with a synthetic promoter with Fis cis-elements at positions 4, 3 and 1 This study

pMR1-FNFF pMR1 with a synthetic promoter with Fis cis-elements at positions 4, 2 and 1 This study

pMR1-NFFF pMR1 with a synthetic promoter with Fis cis-elements at positions 3, 2 and 1 This study

pMR1-FFFN pMR1 with a synthetic promoter with Fis cis-elements at positions 4, 3 and 2 This study

pMR1-FFFF pMR1 with a synthetic promoter with Fis cis-elements at positions 4, 3, 2 and 1 This study

pMR1-INNN pMR1 with a synthetic promoter with a IHF cis-element at position 4 Monteiro et al., 2018

pMR1-NINN pMR1 with a synthetic promoter with a IHF cis-element at position 3 Monteiro et al., 2018

pMR1-NNIN pMR1 with a synthetic promoter with a IHF cis-element at position 2 Monteiro et al., 2018

pMR1-NNNI pMR1 with a synthetic promoter with a IHF cis-element at position 1 Monteiro et al., 2018

pMR1-IINN pMR1 with a synthetic promoter with IHF cis-elements at positions 4 and 3 Monteiro et al., 2018

pMR1-NIIN pMR1 with a synthetic promoter with IHF cis-elements at positions 3 and 2 Monteiro et al., 2018

pMR1-NNII pMR1 with a synthetic promoter with IHF cis-elements at positions 2 and 1 Monteiro et al., 2018

pMR1-ININ pMR1 with a synthetic promoter with IHF cis-elements at positions 4 and 2 Monteiro et al., 2018

pMR1-NINI pMR1 with a synthetic promoter with IHF cis-elements at positions 3 and 1 Monteiro et al., 2018

pMR1-INNI pMR1 with a synthetic promoter with IHF cis-elements at positions 4 and 1 Monteiro et al., 2018

pMR1-IIII pMR1 with a synthetic promoter with IHF cis-elements at positions 4, 3, 2 and 1 Monteiro et al., 2018

pMR1-FNNI pMR1 with a synthetic promoter with a IHF cis-element at position 1 and Fis cis- element at position 4 This study

pMR1-NFNI pMR1 with a synthetic promoter with a IHF cis-element at position 1 and Fis cis- element at position 3 This study

pMR1-NNFI pMR1 with a synthetic promoter with a IHF cis-element at position 1 and Fis cis- element at position 2 This study

pMR1-NFFI pMR1 with a synthetic promoter with a IHF cis-element at position 1 and Fis cis- elements at positions 3 and 2 This study

pMR1-FFNI pMR1 with a synthetic promoter with a IHF cis-element at position 1 and Fis cis- elements at positions 4 and 3 This study

pMR1-IFNN pMR1 with a synthetic promoter with a IHF cis-element at position 4 and Fis cis- element at position 3 This study

pMR1-INFN pMR1 with a synthetic promoter with a IHF cis-element at position 4 and Fis cis- element at position 2 This study

pMR1-INNF pMR1 with a synthetic promoter with a IHF cis-element at position 4 and Fis cis- element at position 1 This study

pMR1-IFFN pMR1 with a synthetic promoter with a IHF cis-element at position 4 and Fis cis- elements at positions 3 and 2 This study

pMR1-IFNF pMR1 with a synthetic promoter with a IHF cis-element at position 4 and Fis cis- elements at positions 3 and 1 This study

pMR1-INFF pMR1 with a synthetic promoter with a IHF cis-element at position 4 and Fis cis- elements at positions 2 and 1 This study

pMR1-IFFF pMR1 with a synthetic promoter with a IHF cis-element at position 4 and Fis cis- elements at positions 3, 2 and 1 This study

pMR1-IFFI pMR1 with a synthetic promoter with a IHF cis-elements at positions 4 and 1. Fis cis- elements at positions 3 and 2 This study

(Continued)
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TABLE 1 | Continued

Strains, plasmids,

and primers

Description References

pMR1-IFNI pMR1 with a synthetic promoter with a IHF cis-elements at positions 4 and 1. Fis cis- element at position 3 This study

pMR1-INFI pMR1 with a synthetic promoter with a IHF cis-elements at positions 4 and 1. Fis cis- element at position 2 This study

Primers

P1-N5 AATTCTCGCCTGCTTGTAGTA* Monteiro et al., 2018

P1-N3 CGCCTACTACAAGCAGGCGAG Monteiro et al., 2018

P2-N5 GGCGTCGCCTGCTTGTAGTA Monteiro et al., 2018

P2-N3 GCGGTACTACAAGCAGGCGA Monteiro et al., 2018

P3-N5 CCGCTCGCCTGCTTGTAGTA Monteiro et al., 2018

P3-N3 CCAATACTACAAGCAGGCGA Monteiro et al., 2018

P4-N5 TTGGTCGCCTGCTTGTAGTA Monteiro et al., 2018

P4-N3 CAAGTACTACAAGCAGGCGA Monteiro et al., 2018

P1-I5 AATTCCAATTTATTGATTTTA* Monteiro et al., 2018

P1-I3 CGCCTAAAATCAATAAATTGG Monteiro et al., 2018

P4-I5 TTGGCAATTTATTGATTTTA Monteiro et al., 2018

P4-I3 CAAGTAAAATCAATAAATTG Monteiro et al., 2018

P1-F5 AATTCTGCTCAAAAATTAAGC* This study

P1-F3 CGCCGCTTAATTTTTGAGCAG This study

P2-F5 GGCGTGCTCAAAAATTAAGC This study

P2-F3 GCGGGCTTAATTTTTGAGCA This study

P3-F5 CCGCTGCTCAAAAATTAAGC This study

P3-F3 CCAAGCTTAATTTTTGAGCA This study

P4-F5 TTGGTGCTCAAAAATTAAGC This study

P4-F3 CAAGGCTTAATTTTTGAGCA This study

CoreP-5 CTTGAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAG Monteiro et al., 2018

CoreP-3 GATCCTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCT* Monteiro et al., 2018

pMR1-F CTCGCCCTTGCTCACC Monteiro et al., 2018

pMR1-R ACAAGAATTGGGACAACTCC Monteiro et al., 2018

*Restriction sites are underlined in the primer sequences.

reveals a complex association between promoter architecture and
expression profile, which seems to be dependent on the Fis-BS
position and arrangement.

We also assayed Fis-BS promoters in the E. coli 1ihfA
strain (blue bars) to evaluate the specificity of Fis for Fis-BS.
Strikingly, despite most promoters display similar activity levels
in the 1ihfA strain as in the wild-type, 1 single promoter
variant harboring Fis-BS at the 3rd position (−101 relative
to the TSS) displayed a substantial increase in activity in
the ihfA mutant relative to the wild-type strain (promoter
shaded in gray in Figure 2). This result indicates that IHF
also acts as a repressor of this promoter variant. Although
it was restricted to a single promoter variant, these results
suggest that non-specific IHF binding to the Fis-BS exists,
suggesting that promiscuous regulatory interaction could occur
and seems to be dependent on promoter architecture, since this
phenomenon is detected only for Fis-BS at the 3rd position.
Altogether, these results suggest a complex interplay between
the position and combination of Fis-BS and the regulation of
gene expression.

IHF Binding Sites Can Be Recognized by
the Fis Regulator in an
Architecture-Dependent Manner
Using the same strategy as in Figure 2, we investigated the

regulatory logic of promoters harboring multiple cis-regulatory
elements for IHF, merging IHF-BS, and Neg sequences. Figure 3

shows that most promoters displayed low activity in the wild type

strain of E. coli and higher activity in E. coli 1ihfA (blue bars),

in agreement with previous data on complex IHF promoters

(green and gray shaded) (Monteiro et al., 2018). However,
when these promoters were assayed in E. coli 1fis strain (red

bars), we observed that 4 promoter architectures also displayed

higher activity in this mutant (promoters shaded in green in
the figure), indicating that Fis was also able to repress these

promoter variants, highlighting a possible crosstalk (Cepeda-

Humerez et al., 2015; Friedlander et al., 2016) between these 2
TFs, which should be further investigated in the future. However,
it is worth noticing that the promoter variants harboring cis-

regulatory elements for IHF at 4th or 3rd and 4th positions
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FIGURE 2 | The activity of promoters harboring Fis-binding sites (A) The architecture of the synthetic promoter is shown on the left (red boxes represent Fis-BS).

Promoter activities are shown in bars and normalized based on the activity of the reference promoter (i.e., a promoter with 4 neutral sequences). Promoter analyses

were performed for 4 h of growth, three genetic backgrounds of E. coli (wild type—gray bars, 1fis—red bars, and 1ihfA—blue bars). Promoters that displayed a

significant increase in activity compared to the wild-type strain were shaded in green or gray for easy viewing. Statistical differences between synthetic promoters and

their control (wild type condition) are highlighted by (*) as analyzed using Student’s t-test with p < 0.05. (B) Summary of most significant changes in promoter

architecture leading to changes in promoter logic.

(−101 and −121 relative to the TSS) displayed both a strong
repression by IHF but no modulation by Fis (promoter shaded
in gray in Figure 3). Again, these results reinforce that the gene

expression pattern and the promiscuous or specific binding to
transcriptional factors allows for the fine-tuning of promoter
activities based on their architectures.
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FIGURE 3 | The activity of promoters harboring IHF-binding sites. (A) The architecture of the synthetic promoter is shown on the left (blue boxes represent IHF-BS).

Promoter activities are shown in bars and normalized based on the activity of the reference promoter (i.e., a promoter with 4 neutral sequences). Eleven promoter

variants previously described (Monteiro et al., 2018) were analyzed in wild type (gray bars) 1fis (red bars), and 1ihfA (blue bars) mutant strains of E. coli. Promoter

architectures that displayed higher activity in E. coli 1fis and 1ihfA are shaded in green, indicating that Fis was also able to repress these promoter variants,

highlighting a possible crosstalk. Promoter that displayed a strong repression by IHF but no modulation by Fis are shaded in gray, reinforce that the gene expression

pattern and the promiscuous or specific binding to transcriptional factors allows for the fine-tuning of promoter activities based on their architectures. Statistical

differences between synthetic promoters and their control (wild type condition) are highlighted by (*) as analyzed using Student’s t-test with p < 0.05. (B) Summary of

most significant changes in promoter architecture leading to changes in promoter logic. Statistical differences between synthetic promoters and their control are

highlighted by (*) as analyzed using Student’s t-test with p < 0.05.

Merging IHF-BS and Fis-BS Leads to an
Unpredictable Expression Pattern
After we investigated the regulatory interactions for promoters
harboring cis-regulatory elements for a single transcriptional
factor (IHF or Fis), we constructed promoters combining binding

sites for both TFs and Neg sequences. In order to systematically

investigate the effect of combined transcriptional factor-binding

sites on promoter logic, we first fixed 1 IHF-BS at the 1st position

(−61) and varied Fis-BS for the 2nd, 3rd, and 4th positions. As

shown in Figure 4A, 1 promoter harboring 1 single IHF-BS at
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FIGURE 4 | The activity of promoters with combined IHF- and Fis-binding sites. The architecture of the synthetic promoter is shown on the left (blue boxes represent

IHF-BS and red boxes represent Fis-BS). Promoter activities are shown in bars and normalized based on the activity of the reference promoter (i.e., a promoter with 4

neutral sequences). Promoter variants were analyzed in wild type (gray bars) 1fis (red bars), and 1ihfA (blue bars) mutant strains of E. coli. (A) Characterization of

promoters with a single IHF-BS fixed at position 1 (−61) and varying Fis-BS. Promoters shaded in green present reduced activity in the ihfA and fis mutant strains,

compared to IHF-BS at the 1st position. Statistical differences between synthetic promoters and their control (PNNNI) are highlighted by (*) as analyzed using Student’s

t-test with p < 0.05. (B) Characterization of promoters with a single IHF-BS fixed position 4 (−121) and varying Fis-BS. Promoter shaded in green displayed increased

activity in the E. coli 1fis strain, while it showed no activity in the wild type and 1ihfA strains. Statistical differences between this promoter in 1fis condition and wild

type and 1ihfA are highlighted by (*) as analyzed using Student’s t-test with p < 0.05. (C) Summary of most significant changes in promoter architecture leading to

changes in promoter logic. Statistical differences between synthetic promoters and their control are highlighted by (*) as analyzed using Student’s t-test with p < 0.05.

the 1st position showed no activity in the wild-type E. coli strain
but increased activity in the fis and ihfAmutant strains. However,
adding Fis-BS at the 2nd or 3rd position resulted in promoters
with reduced activity in the ihfA and fismutant strains, compared
to IHF-BS at the 1st position (promoters shaded in green in
Figure 4A). Comparison of these green shaded promoters to
promoters with 1 single Fis-BS at the 2nd or 3rd positions in
Figure 2, we cannot observe any patterns between the merging of
binding sites for these transcriptional factors, that is, the activity
of promoters consisting of both Fis-BS and IHF-BS is not the
sum of behaviors from Fis-BS and IHF-BS individually. When 1
single IHF-BS was fixed at the 4th position (−121), the resulting
promoter displayed strong activity in 1ihfA strains (Figure 4B).
However, when 1 single Fis-BS was added at the 1st position
(−61), the resulting promoter displayed increased activity in the
E. coli 1fis strain, while it showed no activity in the wild type
and 1ihfA strains. Therefore, this promoter architecture may be
being repressed, especially by Fis regulator (shaded in green).
However, for promoters with Fis-BS fixed at the 1st position
(Figure 2), we observed a reduction in the promoter activity
in the 1fis strain, demonstrating that the presence of IHF in
this specific position may influence a positive expression in the
absence of Fis. Finally, the addition of 1 single or multiple Fis-
BS at different positions completely blocked promoter activity,

and this was not relieved in either 1fis or 1ihfA strains, showing
that transcriptional factors and binding site sequences of IHF
and Fis contribute to promoter complexity. A mutant for ihfA
and fis should be a compelling model to completely understand
this promoter logic, but a mutant for both TFs has proven to
be difficult to construct. It is important to note that IHF and
Fis, which are transcriptional factors, are also NAPs, so the gene
expression identified here could be related to possible changes in
the DNA geometry (Déthiollaz et al., 1996). Taken together, these
results also suggest that Fis and IHF proteins and their binding
sites exert complex regulatory patterns, hampering promoter
behavior predictions.

Combination of Fis and IHF Binding Sites
Generates Strong Fis and IHF Activated
Promoters
In all promoters presented until this point, while the combination
of different cis-regulatory genes was able to determine the
regulatory logic displayed by IHF and Fis, the 2 TFs acted
as repressors of promoter activity (Figures 2–4). However,
this behavior shifted when we constructed promoter versions
harboring IHF-BS at the 1st and 4th positions and varying
sites for Fis-BS (Figure 5). As shown in this figure, when 1
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FIGURE 5 | Analysis of promoters with 2 fixed IHF-binding sites. (A) The

architecture of the synthetic promoter is shown on the left (blue boxes

represent IHF-BS and red boxes represent Fis-BS). Promoter activities are

shown in bars and normalized based on the activity of the reference promoter

(i.e., a promoter with 4 neutral sequences). Promoter variants were analyzed in

wild type (gray bars) 1fis (red bars), and 1ihfA (blue bars) mutant strains of E.

coli. For this analysis, IHF cis-regulatory elements were placed at positions 1

and 4, and additional Fis-BS were introduced into the promoters. Promoter

that displayed a strong activity in the wild-type when compared to the 1fis or

1ihfA mutant of E. coli are shaded in green. Statistical differences between

synthetic promoters in wild type condition and 1fis and 1ihfA condition are

highlighted by (*) as analyzed using Student’s t-test with p < 0.05. (B)

Summary of most significant changes in promoter architecture leading to

changes in promoter logic. Statistical differences between synthetic promoters

and their control are highlighted by (*) as analyzed using Student’s t-test with p

< 0.05.

single Fis-BS was added at the 2nd position (−81), the resulting
promoter displayed a strong activity in the wild-type strain of
E. coli, when compared to the version lacking this element
(promoter in the green shaded region in Figure 5). Furthermore,
when these promoters were assayed in E. coli 1fis or 1ihfA,
we observed a substantial reduction in their activity, indicating
that both TFs acted as activators of the combinatorial promoter.
The same behavior was also observed for a promoter harboring

2 IHF-BS (at the 1st and 4th positions) and 2 Fis-BS (2nd
and 3rd positions), where reduction in the gene expression was
even more evident. The same does not occur for a promoter
harboring the 2 sites of IHF-BS and Fis-BS at the 3rd position,
indicating the dependence and complexity of the relationship
between promoter architecture and gene expression. These
results highlight the rise of emergent properties in complex
promoters for global regulators (Monteiro et al., 2018), as
increasing the number of cis-regulatory elements can drastically
shift the final regulatory logic of the system.

Conclusions
Bacteria are naturally endowed with complex promoters
harboring multiple binding sites for several TFs. While
several works based on mathematical modeling have argued
that combinatorial regulation can be predicted from the
characterization of individual promoter elements (Yuh, 1998;
Bintu et al., 2005; Hermsen et al., 2006; Zong et al., 2018),
along with the previous report (Monteiro et al., 2018) and
here we provide growing evidence that small changes in the
architecture of cis-regulatory elements can drastically change
the final response of the system (Kreamer et al., 2016). The
unpredictable behaviors observed in these studies might also
depict a deeper evolutionary trend in gene regulation that has
selected molecular systems/mechanisms capable of promoting
both evolvability and robustness of gene expression levels
through non-linear gene regulation (Steinacher et al., 2016).
Thus, understanding the way the architecture of cis-regulatory
elements determines gene expression behavior is pivotal not
only to understand natural bacterial systems but also to provide
novel conceptual frameworks for the construction of synthetic
promoters for biotechnological applications (Monteiro et al.,
2019b). Frequently, in genetic bioengineering applications, it is
also necessary to fine-tune and balance specific gene expression
due to the complexity of regulatory networks (Boyle and Silver,
2012; Scalcinati et al., 2012; Steinacher et al., 2016). Several recent
studies have focused on the improvement of this strategy for
diverse purposes (Egbert and Klavins, 2012; Siegl et al., 2013;
Hwang et al., 2018). The present adjusting approach could be
used as a strategy for the fine-tuning of genetic circuits to perform
optimally in a given context. Our approach provided a library
(from this study and from our previous work (Monteiro et al.,
2018) of 74 promoter architectures characterized in different
strains and conditions for in total of 230 outputs (different
promoters in different strains and growth conditions) (Figure 6
and Table S1). Promoters from our synthetic promoter library
with small adaptations could be used for diverse purposes in the
biotechnological and bacterial network gene regulation fields.

Abstracting all the gene regulations investigated in this work,
we are able to provide a visual summary of the findings reported
here from a Boolean logic perspective (Figure 7). As shown in
Figure 7A, changing a perfect Fis binding in 20 bp (from position
–121 to –101) can turn a specific Fis-repressed promoter into
a system repressed by both Fis and IHF. Using a more formal
logic gate definition (Amores et al., 2015), this modification
can turn a promoter with a NOT logic into one with an NOR
logic. However, a promoter harboring 2 IHF-binding sites at
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FIGURE 6 | Fold change of complex synthetic promoters at 4 h of growth. Complex promoters’ approach could be used as a strategy for the fine-tuning of genetic

circuits to perform optimally in a given context. A total of 230 promoter characterizations (74 architectures characterized in different strains and conditions). All

promoter details are shown in Table S1. (A) All 230 promoter characterizations (from the lowest to the highest fold change) that were divided into 2 groups of

interests. (B) Promoters with fold change between 1 and 10 (group 1: low strength). (C) Promoters with fold change up to 10 (group 2—high strength).

positions –121 and –101 displayed specific IHF-repression, while
changing the second binding site to position –61 resulted in a
promoter repressed by both IHF and Fis (Figure 7B). In terms
of promoter logic, this change in cis-element architecture also
turns a promoter with NOT logic into one with an NOR logic.
When a single IHF-binding site was presented at position –121,
the final promoter was only repressed by IHF (Figure 7C). Yet,
introducing an additional Fis-binding site at position –61 of this
promoter turned it into a system exclusively repressed by Fis.
This change maintained the NOT logic of the promoter but
changed the TF able to repress the activity. Finally, and more
remarkably, while a promoter with 2 IHF-BS (at positions –121
and –61) was repressed by both Fis and IHF, adding a third
binding site for Fis at position –81 resulted in a promoter strongly
activated by both TFs (Figure 7D). Therefore, this single-change
cis-element architecture turned a promoter with NOR logic into
an entirely OR promoter responsive to the same TFs. This
remarkable regulatory versatility and unpredictability unveiled
by synthetic combinatorial promoter shows that we only start to
understand the complexity of gene regulation in bacteria. While
the work presented here covers two of the main global regulators
of E. coli, further studies are still necessary to uncover the hidden
complexity of combinatorial gene regulation in this bacterium.

MATERIALS AND METHODS

Plasmids, Bacterial Strains, and Growth
Conditions
E. coli DH10B was used for cloning procedures, while E. coli
BW25113 was used as the wild-type strain (WT); E. coli JW1702-
1 was used as a mutant for the IHF transcription factor (TF), and
E. coli JW3229 was used as a mutant for the Fis TF. All strains
were obtained from the Keio collection. For the procedures

and analyses, E. coli strains were grown in M9 minimal media
(6.4 g/L, Na2HPO4•7H2O, 1.5 g/L KH2PO4, 0.25 g/L NaCl, 0.5
g/L NH4Cl) supplemented with chloramphenicol at 34µg/mL,
2mM MgSO4, 0.1mM casamino acids, and 1% glycerol as the
sole carbon source (Complete M9) at 37◦C. Plasmids, bacterial
strains, and primers used in this study are listed in Table 1.

Design of Synthetic Promoter Scaffolds
and Ligation Reactions
The construction of synthetic promoters was performed by
the ligation reaction of 5′–end phosphorylated oligonucleotides
acquired from Sigma Aldrich (Table 1). The design of all single
strands was projected to carry a 16 bp sequence containing the Fis
binding site (F), IHF binding site (I), or a neutral motif (N), which
is a sequence where any TF is able to bind (Figure 1A). These
locations were identified as positions 1, 2, 3, and 4, respectively
(Figure 1B) and to be located at −61, −81, −101, or −121
bp upstream of the core promoter (Figure 1C). In addition to
the 16 bp oligonucleotides, all single strands were designed to
contain 3 base pairs overhang for its corrected insertion on
the promoter (Figure 1C). Additionally, a core promoter based
on the lac promoter, which is a weak promoter and therefore
requires activation. The design of the synthetic promoters
and the positions of the cis-elements were made based on
strategies already performed by our group (Monteiro et al., 2018),
aiming to arrange the cis-elements aligned to the transcription
initiation site, considering the DNA curvature. To assemble the
synthetic promoters, the 5′ and 3′ strands corresponding to each
position were mixed at equimolar concentrations and annealed
by heating at 95◦C for 5min, followed by gradual cooling to room
temperature (25◦C) for 5min, and finally maintained at 0◦C for
5min. The external overhangs of the cis-element at position 4
and the core promoter were designed to carry EcoRI and BamHI
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FIGURE 7 | Summary of most significant changes in promoter architecture leading to changes in promoter logic. The figures are represented using logic gate

representation for gene regulation, even. (A) The change of a single Fis-BS from position −121 to −101 turns a NOT gate for Fis into an NOR gate for Fis and IHF.

(B) Two IHF-BSs (at positions −121 and −101) worked as a NOT gate for IHF, while changing 1 site to position −61 generates an NOR gate for both IHF and Fis.

(C) While a single IHF-binding site at position −121 results into a NOT gate for IHF, adding a Fis-binding site to the position −61 creates a NOT gate exclusively

dependent on Fis. (D) Finally, adding a Fis-BS (position −81) to the NOR gate promoter presented in B drastically changes its logic to an OR gate, where the 2 TFs act

as activators.

digested sites. In this way, it was allowed to ligate to a previously
digested EcoRI/BamHI pMR1 plasmid. All five fragments (4 cis-
elements positions plus core promoter) were mixed equally in a
pool with the final concentration of 5′ phosphate termini fixed
at 15µM. For the ligase reaction, 1 µL of the fragment pool
was added to 50 ng EcoRI/BamHI pMR1 digested plasmid in the
presence of ligase buffer and ligase enzyme to a final volume of
10 µL. Ligation was performed for 1 h at 16◦C, after which the
ligase reaction was inactivated for 15min at 65◦C. Two µL of
the ligation was used to electroporate 50 µL of E. coli DH10B
competent cells. After 1-h regenerating in 1mL LB media, the
total volume was plated in LB solid dishes supplemented with

chloramphenicol at 34µg/mL. Clones were confirmed by colony
PCR with primers pMR1-F and pMR1-R (Table 1) using pMR1
empty plasmid PCR reaction as further length reference on
electrophorese agarose gel. Clones with a potential correct length
were submitted to Sanger DNA sequencing to confirm correct
promoter assembly.

Promoter Activity Analysis and Data
Processing
Promoter activity was measured for all 42 promoters at different
genetic backgrounds and conditions. For each experiment,
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the plasmid containing the promoter of interest was used to
transform E. coli wild type, E. coli 1ihfA mutant, or E. coli 1fis
mutant, as indicated. Freshly plated single colonies were selected
with sterile loops and then inoculated in 1mL of M9media. After
16 h 10 µL of this culture was assayed in 96 wells microplates
in biological triplicate with 190 µL of M9 media. Cell growth
and GFP fluorescence were quantified using a Victor X3 plate
reader (PerkinElmer) that was measured for 8 h at intervals of
30min. All graphics were constructed based on 4 h of cell growth
since under our experimental setup and previous work (Monteiro
et al., 2018), most promoters reach maximal activity at 4 h of
growth. Therefore, this is the best time point to comparemaximal
promoter activity. Promoter activities were calculated as arbitrary
units dividing the GFP fluorescence levels by the optical density
at 600 nm (reported as GFP/OD600) after background correction.
Technical triplicates and biological triplicates were performed in
all experiments. Raw data were processed using ad hoc R script
(https://www.r-project.org/), and plots were constructed using
R (version R-3.6.3). For all analyses, we calculated fold-change
expression using pMR1-NNNN as the promoter reference.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation, to any
qualified researcher.

AUTHOR CONTRIBUTIONS

RS-R and LM designed the experimental strategy. LM, AS-M,
and CW performed the experiments. LM, AS-M, CW, and RS-R
analyzed and interpreted the data. LM and RS-R wrote the
manuscript. All authors have read and approved the final version
of the manuscript.

FUNDING

This work was supported by the São Paulo Research Foundation
(FAPESP, award # 2012/22921-8 and 2017/50116-6). LM, AS-M,
and CWwere supported by FAPESP PhD andMaster Fellowships
(award # 2016/19179-9, 2018/04810-0, and 2016/05472-6).

ACKNOWLEDGMENTS

The authors are thankful to their lab colleagues for insightful
comments on this work. This manuscript has been released as
a pre-print at bioRxiv (Monteiro et al., 2019a).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fbioe.
2020.00510/full#supplementary-material

REFERENCES

Aeling, K. A., Opel, M. L., Steffen, N. R., Tretyachenko-Ladokhina, V., Hatfield,

G. W., Lathrop, R. H., et al. (2006). Indirect recognition in sequence-specific

DNA binding by Escherichia coli integration host factor. J. Biol. Chem. 281,

39236–39248. doi: 10.1074/jbc.M606363200

Amores, G. R., Guazzaroni, M. E., and Silva-Rocha, R. (2015). Engineering

synthetic cis-regulatory elements for simultaneous recognition

of three transcriptional factors in bacteria. ACS Synth. Biol. 4,

1287–1294. doi: 10.1021/acssynbio.5b00098

Azam, T. A., Hiraga, S., and Ishihama, A. (2000). Two types of localization of

the DNA-binding proteins within the Escherichia coli nucleoid. Genes Cells 5,

613–626. doi: 10.1046/j.1365-2443.2000.00350.x

Azam, T. A., and Ishihama, A. (1999). Twelve species of the nucleoid-

associated protein from Escherichia coli. J. Biol. Chem. 274,

33105–33113. doi: 10.1074/jbc.274.46.33105

Baba, T., Ara, T., Hasegawa, M., Takai, Y., Okumura, Y., Baba, M., et al. (2006).

Construction of Escherichia coli K-12 in-frame, single-gene knockout mutants:

the Keio collection.Mol. Syst. Biol. 2, 1–11. doi: 10.1038/msb4100050

Bintu, L., Buchler, N. E., Garcia, H. G., Gerland, U., Hwa, T., Kondev, J., et al.

(2005). Transcriptional regulation by the numbers: models. Curr. Opin. Genet.

Dev. 15, 116–124. doi: 10.1016/j.gde.2005.02.007

Boyle, P. M., and Silver, P. A. (2012). Parts plus pipes: synthetic

biology approaches to metabolic engineering. Metab. Eng. 14,

223–232. doi: 10.1016/j.ymben.2011.10.003

Browning, D. F., and Busby, S. J. (2004). The regulation of bacterial transcription

initiation. Nat. Rev. Microbiol. 2, 57–65. doi: 10.1038/nrmicro787

Browning, D. F., and Busby, S. J. W. (2016). Local and global regulation

of transcription initiation in bacteria. Nat. Rev. Microbiol. 14,

638–650. doi: 10.1038/nrmicro.2016.103

Browning, D. F., Grainger, D. C., and Busby, S. J. (2010). Effects of nucleoid-

associated proteins on bacterial chromosome structure and gene expression.

Curr. Opin. Microbiol. 13, 773–780. doi: 10.1016/j.mib.2010.09.013

Cepeda-Humerez, S. A., Rieckh, G., and Tkačik, G. (2015). Stochastic
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Marıá-Eugenia Guazzaroni,‡ Vıćtor de Lorenzo,⊥ and Rafael Silva-Rocha*,†

†Cell and Molecular Biology Department, FMRP − University of Saõ Paulo, Ribeiraõ Preto, Saõ Paulo 14049-900, Brazil
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ABSTRACT: Bacterial transcription factors (TFs) are key devices for the engineering of complex circuits in many
biotechnological applications, yet there are few well-characterized inducer-responsive TFs that could be used in the context of
an animal or human host. We have deciphered the inducer recognition mechanism of two AraC/XylS regulators from
Pseudomonas putida (BenR and XylS) for creating a novel expression system responsive to acetyl salicylate (i.e., aspirin). Using
protein homology modeling and molecular docking with the cognate inducer benzoate and a suite of chemical analogues, we
identified the conserved binding pocket of BenR and XylS. By means of site-directed mutagenesis, we identified a single amino
acid position required for efficient inducer recognition and transcriptional activation. Whereas this modification in BenR
abolishes protein activity, in XylS, it increases the response to several inducers, including acetyl salicylic acid, to levels close to
those achieved by the canonical inducer. Moreover, by constructing chimeric proteins with swapped N-terminal domains, we
created novel regulators with mixed promoter and inducer recognition profiles. As a result, a collection of engineered TFs was
generated with an enhanced response to benzoate, 3-methylbenzoate, 2-methylbenzoate, 4-methylbenzoate, salicylic acid,
aspirin, and acetylsalicylic acid molecules for eliciting gene expression in E. coli.
KEYWORDS: transcriptional regulation, protein engineering, homology modeling, gene regulatory network, reverse engineering,
bacterial expression system

Transcriptional regulation plays a central role in the
adaptation of cells to changing environmental conditions.

In bacteria, this step is mainly regulated by the interaction of
RNA polymerase (RNAP) with the promoter region through
the use of many sigma factors and by a large number of
transcription factors (TFs) that can promote or block RNAP
binding or further steps in transcription.1 With the growing
interest in the engineering of living cells for novel
biotechnological and biomedical applications, a special focus

has emerged in understanding gene regulation at the molecular
level.1−4 In this context, many different classes of TFs have
been extensively characterized in the molecular detail from
bacteria to mammals, and this knowledge has allowed a
number of engineering projects, where natural systems can be

Received: April 29, 2019
Published: July 30, 2019

Research Article

pubs.acs.org/synthbioCite This: ACS Synth. Biol. 2019, 8, 1890−1900

© 2019 American Chemical Society 1890 DOI: 10.1021/acssynbio.9b00191
ACS Synth. Biol. 2019, 8, 1890−1900

D
ow

nl
oa

de
d 

vi
a 

M
IA

M
I 

U
N

IV
 o

n 
O

ct
ob

er
 2

2,
 2

01
9 

at
 1

2:
40

:5
5 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

pubs.acs.org/synthbio
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acssynbio.9b00191
http://dx.doi.org/10.1021/acssynbio.9b00191


repurposed to display novel behaviors.1,5−9 Attempts in this
direction are very diverse, and examples include the
construction of mutated variants of natural TFs with enhanced
or modified performance,10−15 the recombination of protein
domains to create TFs with completely altered specificity or
dynamical behavior,16,17 and the mining of novel regulators
from genomes or metagenomes.18,19 Additionally, the revolu-
tion provided by the CRISPR/Cas9 system has also impacted
the field of gene regulation, as this system has been repurposed
to construct fully synthetic expression systems based on RNA/
DNA interaction.20−22

Despite the progress in the engineering of novel expression
systems, a critical bottleneck relies on the selection of suitable

signal-recognition modules related to the application of
interest. In other words, whereas many different TFs are
well-characterized as responsive to small molecules (sugars,
ions, aromatics, etc.), many times, the application at stake
requires systems responsive to unusual compounds.23 There-
fore, the construction of TF variants with enhanced
responsiveness to non-natural ligands has become more
appealing. Approaches to accomplish this task range from
the use of laborious random mutagenesis followed by
selection11,12 to the use of computational analysis to guide
rational design.24 Here we focused on the engineering of novel
expression systems responsive to commercially available drugs
suitable to in vivo administration to a mammalian animal. Our

Figure 1. Analysis of BenR homologues and target promoters in Pseudomonas. (A) Analysis of protein conservation between XylS from
Pseudomonas putida mt-2 and BenR homologues from strains of P. putida (Ppu_3159, Pput_2555, PputGB1_2689, PputW619_2886, PPS_2765),
P. entomophila (PSEEN3143), P. f luorescens (Pfl01_2968, PFL_3858), and P. aeruginosa (PA14_32080, PLES_27771, PA2518). PbanA in the
second line indicates the promoter from P. putida KT2440 (Ppu_3159). Only the region relative to the HTH domain is shown. Critical aa’s for
DNA recognition (labeled as A-binding and B-binding) are marked with inverted triangles, with conserved regions colored in yellow. In the middle,
the schematic representation of the BenR interaction with the RNAP and the σ factor (necessary for the correct initiation of transcription) and the
target promoter shows the two binding sites (Od and Op) and the −35/−10 boxes at Pb and Pm. (B) Promoter alignment for Pm from P. putida
mt-2 and for Pb from several Pseudomonas strains. The two conserved boxes (A and B) from Od and Op binding sites are highlighted.
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particular interest was focused on acetylsalicylic acid (ASA or
aspirin), a longstanding, safe and widely used drug. This
compound has been applied in synthetic regulatory circuits to
deliver lytic proteins to tumors in vivo, representing a
promising field for the development of tumor-targeting circuits
for clinical applications.25 As a starting point, we sought to
investigate the molecular mechanisms of signal recognition by
two homologous regulators of Pseudomonas putida, namely,
BenR and XylS. These two TFs are members of the AraC/XylS
family of transcriptional activators26−28 that recognize different
aromatic compounds with structural similarities to ASA. Yet,
whereas both regulators share ∼60% amino acid (aa) identity,
BenR is responsive to only benzoate,27 whereas XylS can
recognize a large number of substituted variants.29 Addition-
ally, some crosstalk between these two regulators and their
target promoters has been characterized, as XylS can recognize
only its target promoter Pm, whereas BenR can efficiently
activate its natural target Pb as well as Pm.27

In this study, we have investigated the molecular
mechanisms of signal recognition by these two regulators
using computational tools and in vivo validation. By
constructing a model for the ligand-binding domain of BenR
and performing molecular docking with benzoate and a
collection of analogues, we identified a potential binding
pocket strongly conserved between these two TFs. Thereby,
we used site-directed mutagenesis and the construction of
chimeric proteins to validate the identified binding pocket of
the protein. Finally, we demonstrated how a single aa position
plays a critical and opposite role in the activity of both
proteins. Some changes in this position in BenR resulted in the
complete loss of protein activity, whereas the same in XylS
triggered an enhanced response to benzoate analogues,
including ASA. The results presented here thus provide
insights into not only the mechanism of signal recognition
by members of the AraC/XylS family but also the engineering
of a regulatory device responsive to aspirin.

■ RESULTS
Analysis of Conserved Elements in BenR and XylS

Close Homologues and Target Promoters. To investigate
the molecular mechanisms accounting for the functional
differences between BenR and XylS, we analyzed the close
homologues of these proteins present in the genomes of some

species of Pseudomonas. As represented schematically in Figure
1, these proteins are TFs formed by two domains, the N-
terminal (AraC domain), which is required for ligand
recognition,30 and the C-terminal domain composed of two
helix-turn-helix (HTH) regions required for the recognition of
the distal and proximal operators (Od and Op) upstream of the
target promoters.27,31 It is proposed that two monomers of
XylS are required for the activation of the Pm promoter, each
binding to an operator region and contacting an A and B box
conserved within this region. A previous study32 used alanine
scanning mutagenesis to identify four residues in XylS required
for the recognition of the A boxes (Arg242, Asn246, Glu249,
and Lys250) and five required for the interaction with boxes B
(G295, Arg296, Asp299, Asn300 and Arg302). As can be
observed in the protein alignment between BenR and XylS
homologues, most of these positions are well conserved in the
proteins analyzed, with the exception of residues Asn246,
Lys250, and Asn300 (Figure 1A). It is surprising to notice that
whereas the change of Asn to Ala at position 246 in XylS
reduced the capability of this protein to activate Pm by half,
Ala is found to be well-conserved in most BenR proteins
analyzed. This indicates that BenR homologues might be less
stringent in the interaction at the A box of the target
promoter.27 In the same direction of this hypothesis, the
analysis of Pm and Pb promoters from several Pseudomonas
strains reveals that most features (A and B boxes, −35/10
region) are well conserved, except for the A box of Pb (the
target of the BenR studied here) from Pseudomonas putida
KT2440 (Figure 1B). In this sense, to check the effect of the A
box in the interaction between XylS and Pm and Pb promoters,
we assayed the promoter activity using a lux reporter system.
We used a wild-type xylS gene expressed from a pSEVA
vector33 and Pm, Pb, and Pb-syn1 (a Pb variant with the
recomposed A box of the Od region27). Using this system, we
observed that whereas XylS could recognize Pm very
efficiently, it was not able to induce Pb activity in response
to the inducers tested (Figure 2). However, when a version of
Pb with the reconstituted A box (Pb-syn1) was used, a strong
induction of promoter activity was observed in response to the
inducers used (Figure 2).27 Taken together, these results
reinforce the notion that whereas XylS has a critical
requirement for complete A and B boxes at the Od and Op
regions, BenR is less stringent for promoter recognition.

Figure 2. Recognition of Pm and Pb by XylS. For the analysis, E. coli DH5α strain was transformed with pSEVA438 (harboring a functional XylS
expressed with its native promoter33) and pSEVA226 (a reporter vector with the luxCDABE operon33) harboring Pm, Pb, or Pb-syn1, a variant of
Pb endowed with the A box of Od from Pm.27 All strains were grown on minimal media to the midexponential phase and then exposed for 3 h to
100 μM benzoate (Bz), 3-methylbenzoate (3MBz), 3-chlorobenzoate (3CBz), or 4-methylbenzoate (4MBz). The graphs represent the fold change
of promoter activity relative to the noninduced condition.
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Single Amino Acid Position Is Critical for Aromatic
Recognition in BenR and XylS. After tracing critical
differences in the DNA recognition requirements between
BenR and XylS, we decided to investigate aa differences that
could explain the divergence in the ligand selectivity between
these two TFs. As presented before, BenR has a very narrow
inducer selectivity because this TF can only respond to
benzoate as an inducer under natural conditions. However,
XylS can be activated by a diverse collection of aromatic
inducers, such as benzoate and methylated or chlorinated
benzoate analogues.29 To gain insight into the molecular
mechanisms responsible for these differences, we constructed a
3D protein model for the N-terminal region of BenR using
homology modeling. The resulting model was subjected to
molecular docking using benzoate, 3-methylbenzoate (3MBz),
4-methylbenzoate (4MBz), and salicylate (Sal). Using this
approach, we obtained a protein structural model (Figure 3A)
and identified a potential cavity on the protein surface that
accommodates a benzoate molecule (Figure 3B). Additionally,
our results suggest that the identified binding pocket binds
with less affinity for the benzoate analogues, indicating that the
inducer selectivity could be based on size exclusion. By
analyzing the model and the predicted binding pocket, we
could identify eight aa’s (His 28, Arg 66, Leu 72, His 77, Trp

88, Leu 104, Pro 107, and Val 111) that contributed to the
surface of the cavity (Figure 3B,C). We then compared these
aa’s between BenR and XylS, hypothesizing that a change in
some of these aa’s could explain the difference in ligand
specificity between these two regulators. To our surprise, six
out eight aa’s from the predicted binding pocket were
conserved between the two proteins. The differences were at
positions 28 and 111, representing histidine (28) and valine
(111) in BenR and tyrosine (28) and alanine (111) in XylS.
Because alanine has a shorter side chain, we hypothesized that
this could lead to a bigger binding pocket in XylS that could
better accommodate the methylated or chlorinated benzoate
analogues (Figure 3C and Table S3).
The difference in binding energy suggests that mutation of

Val111 to Ala increases the affinity of 3MBz (Table S3). To
investigate this possibility, we constructed point mutations in
benR and xylS at aa positions 111 and 110, as we noticed that
this last position, while not involved in the binding pocket, was
also not conserved between the two regulators (Figure 4A). In
addition to the point mutations, we constructed a chimaera
between the N-terminal part of XylS and the C-terminal part of
BenR and also subjected this TF to mutagenesis. All assays
were performed using the cognate promoter for each TF (i.e.,
Pb for BenR and Pm for XylS) controlling a green fluorescent

Figure 3. Mapping ligand binding sites in BenR by protein structure prediction and molecular docking. (A) Homology model of wild-type BenR
showing the putative binding site of the ligands. (B) Docking of benzoate (Bz), 3-methylbenzoate (3MBz), 4-methylbenzoate (4MBz), and
salicylate (Sal) at the wild-type BenR protein, highlighting the critical aa participating in the putative binding site. (C) Docking of BenR-V111A
variant showing the putative binding site, as in panel B.
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protein (GFP) reporter gene (Figure 4A) to allow inves-
tigation at the single-cell level34,35 (Figures S3−S5). The
promoter activities were calculated after 5 h of exposure to the
different inducers. As can be observed in Figure 4B, wild-type
BenR was specific to benzoate at all concentrations tested,
whereas wild-type XylS displayed a preferential response to
3MBz, an intermediated response to benzoate, and a lower
response to 2MBz and 4MBz. When we mutated position 110
of BenR from Pro to Ala or Gln (the aa found at this position
in XylS), we could observe that the mutants presented the
same expression profile as the wild type but with reduced

efficacy (Figure 4C). However, when position 111 was
changed from Val to Ala in BenR, the resulting protein variant
did not display any response to the inducers tested. Contrary
to the expected, this change (Val 111 to Ala) did not widen the
inducer specificity of BenR. By the same token, the
construction of BenR mutants with changes at both positions
110 and 111 also resulted in nonfunctional proteins (Figure
S1), potentially due to the role of Val111 in signal recognition.
Therefore, it is worth noticing that the exchange of a shorter
side-chain aa (Ala) for a major side-chain aa (Val) does not
necessarily result in a spatial decrease in the aa binding pocket.

Figure 4. Experimental identification of critical aa’s for inducer recognition in BenR and XylS. (A) Schematic representation of BenR and the
chimeric protein X-BenR (a fusion between the N-terminal domain of XylS with the C-terminal domain of BenR), showing the nonconserved
positions 110 and 111 tested here. All protein variants were tested with a GFPlva reporter under the control of the cognate promoter (i.e., Pb for
BenR and X-BenR and Pm for XylS). (B) Analysis of the promoter activity of BenR-Pb and XylS-Pm in response to different concentrations of
benzoate (Bz), 3-methylbenzoate (3MBz), 2-methylbenzoate (2MBz), 4-methylbenzoate (4MBz), and salicylic acid (Ac Sal). The solid line
indicates the average from three independent experiments, whereas the dashed lines represent the lower and higher limits of the standard deviation.
(C) Analysis of the promoter activity for BenR mutants at positions 110 (BenR-P110A and BenR-P110Q) and 111 (BenR-V111A). (D) Analysis of
the promoter activity for chimeric X-BenR protein and its variant with a mutation in position 111 (X-BenR-A111V) as well as for the mutated
version of XylS (XylS-A111V). The promoter activities (panels B−D) reported here were calculated after 5 h of exposure to the different inducers.
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Taken together, these results indicate that Val111 is key for
inducer recognition by BenR, and it is possible that it is related
to the strengthening of its association with the effector binding
pocket identified by homology modeling and molecular
docking.
The construction of the chimeric protein harboring the N-

terminal of XylS (the region responsible for ligand
recognition) and the C-terminal of BenR (which recognizes
DNA) resulted in the new protein X-BenR that displayed an
induction profile similar to that of XylS for the 3MBz induction
but with a reduced efficacy (Figure 4D). However, X-BenR
increased its inducer response to 3MBz at the same level as
that which BenR responds to Bz (Figure 4D and Figure S2),
perhaps because Pm has a higher promoter activity than Pb. To
check the role of position 111 in the inducer selectivity of XylS,
we constructed point mutations of XylS and X-BenR by
changing the alanine at this position for a valine. Unexpectedly,
the resulting mutant proteins displayed an enhanced response
to the optimal inducer (3MBz) as well as to the suboptimal
inducers benzoate, 2MBz, 4MBz, and salicylic acid (Figure
4D). From these results, it appears that the C-terminal of BenR
does not allow as much promiscuity as that found in XylS.
These results strengthen the notion that the required elements
for inducer selectivity are placed in the first 196 aa’s of these
proteins,36 although the effector response is not completely
independent of, but is also related to, the C-terminal DNA-
binding domain. Finally, attempts to construct a chimeric
protein harboring the N-terminal of BenR and the C-terminal
of XylS (named B-XylS) resulted in nonfunctional products
with no detectable response to benzoate or 3MBz (Figure S2).

Yet the single-cell analysis of promoter induction by flow
cytometry showed that whereas wild-type BenR- and XylS-
based expression systems presented clear unimodal patterns
(i.e., with a single population of fluorescent cells), the X-BenR
chimaera and mutated versions of XylS and X-BenR displayed
a wider population distribution that could indicate stable
subpopulations (Figures S3−S5). Taken together, these results
evidenced a remarkably different role of position 111 between
BenR and XylS, which led to the identification of two TF
variants with an enhanced response to a wide range of
benzoate derivatives.

Transcriptional Factors Responsive to a New Set of
Aromatic Compounds and Aspirin. After the inducer
recognition profiles of BenR and XylS are characterized, we
assay the TF variants for a new set of inductors. Figure 5
represents the overall performances of the TFs in response to a
new set of benzoate derivatives (Figure 5A). As shown in
Figure 5B, BenR (Pb-BenR) and X-BenR (X-BenR/Pb)
produced the lowest promoter outputs and were exclusively
responsive to benzoate (BenR) or 3MBz (X-BenR). Because
these proteins have a BenR C-terminal domain, they can
recognize both Pm and Pb. On the contrary, XylS has an
intermediate level of promoter output and a preference for
3MBz, followed by benzoate, and only a minor response to
2MBz and 4MBz. Yet the mutated version of X-BenR (X-
BenR-A111V/Pb) promoted an overall increased response to
the suboptimal inducers of XylS (XylS/Pm) and also a
response to aspirin and ASA. Finally, the mutated version of
XylS (XylS-A111V) displays a remarkable gain of response to
all benzoate derivatives tested, including aspirin and ASA, with

Figure 5. Analysis of transcriptional response to aromatic compounds and aspirin. (A) Schematic representation of the chemical structure of the
different inducers tested. (B) Promoter activity of the different proteins reported here after 3 h of exposure to the different inducers. (All
compounds were tested at 1 mM.) Aspirin refers to the commercial formulation obtained from a conversional drug store (with concentration
adjusted to 100 μM), whereas acetylsalicylic acid specifies the pure compound obtained from Sigma-Aldrich. (C) Fold change calculated for each
expression system in response to the different inducers used. Error bars represent the standard deviations from three independent experiments.
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promoter outputs similar to those of wild-type XylS induced
with its optimal effector 3MBz (Figure 5B). When fold-change
is calculated relative to noninduced conditions, it can be
noticed that the maximal induction of the XylS-A111V (XylS-
A111V/Pm) system (∼76-fold) exceeds that of the wild-type
XylS (∼69-fold, Figure 5C). In this new system, the response
to ASA reaches 42- and 45-fold, respectively, yet because this
enhanced response could be the result of the construction of a
TF with a promiscuous effector specificity, we tested the
response of XylS-A111V to toluene, xylene, phenol , and a
number of nonaromatic inducers (L-arabinose, fructose,
glucose, isopropyl β-D-1-thiogalactopyranoside (IPTG), and
arsenite; Figure S6A). As can be observed in Figure S6B, the
system did not respond to any of these compounds, whereas
further tests with vanillin, 4-hydroxybenzoic acid, and benzilic
alcohol also show only a minor effect of this last compound on
the activity of X-BenR-A111V and XylS-A111V (Figure S6C).
Taken together, these data show that benzoate analogues are
the preferential inducers of the newly generated systems
described here.
Promoter Engineering Further Enhances X-BenR-

A111V Response to Nonoptimal Inducers. The data
presented above demonstrate how changes in the aa sequence
of BenR and XylS could drastically change the inducer
specificity of these two regulators, yet, in the case of BenR,
previous studies by our group have demonstrated that changes
in the operator sequence of its target promoter (Pb) could also
impact the way this regulator responds to suboptimal inducers.
More specifically, because Pb is formed by one complete
operator sequence (harboring boxes A and B, Figure 1B) plus
another incomplete operator (where the A box is missing), the
addition of the A box to restore the second binding site makes
the BenR/Pb system more responsive to the suboptimal
inducer 3MBz.27 In this sense, because we noticed a gain of
function for the X-BenRA111V chimeric protein constructed
here, we decided to investigate if this regulator would have an
improved response to the new inducers when activating a
mutated version of Pb harboring two functional operators (Pb-
syn1, Figure 6A). As shown in Figure 6B, the newly created X-
BenR-A111V regulators displayed an increased response to
most inducers tested, with a more than two-fold change in
promoter activity when induced with Bz, 3MBz, 2MBz, and
4MBz. These results confirm the previous notion that
promoter architecture is an important element controlling
the inducer response to suboptimal inducers in BenR
regulators and also adds a new modulation level (the promoter
itself) for the optimization of biosensors from the XylS family.

■ DISCUSSION
The results presented here shed some light on the molecular
mechanisms for ligand and promoter recognition of BenR and
XylS from P. putida. Of particular interest, XylS has been
extensively investigated both in the context of the natural
regulation of the meta pathways in P. putida mt-237−39 as well
as for its applicability as a universal expression system for
Gram-negative bacteria.12,40,41 Previous attempts have inves-
tigated the critical aa for inducer recognition and promoter
activation,12,32,42 but these studies have not provided a clear
molecular proposition on how this protein interacts with its
ligands or the promoter. On the contrary, fewer studies have
investigated BenR at the molecular level.26,27,43 As for the
findings presented here, we initially expect that changes in the
aa of the identified binding pocket of BenR could adjust the

ligand selectivity of the protein, as reported for the TtgV
regulator that can discriminate between molecules with one or
two aromatic rings.44,45 Yet, contrary to the initial size
exclusion model proposed, our experimental validation of the
binding site prediction supports a role for position 111 in both
BenR and XylS as a key element connecting the binding of the
ligand to the changes in domain arrangement of the protein,
similarly to the mechanism of activation of AraC of E. coli.46 In
this sense, the modeling of BenR with both N- and C-terminal
domains suggests that residue 111 is close to the interface
between the ligand binding and DNA binding domains
(Figures S7, S8, and S10). In this scenario, valine could
make critical interactions in BenR that are disrupted when this
aa is changed for alanine. In the same way, changing alanine in
XylS (or in X-BenR) for valine would allow the establishment
of novel interactions that could enhance the performance of
the protein, allowing the recognition of novel inducers such as
salicylate or ASA. Previous work aiming at the construction of
a XylS-Pm expression cassette with an increased response to
3MBz has reported several mutations in both the N- and C-
terminal regions of XylS. Among these mutants, an A111V
mutation has been reported before, also based on the 3D
modeling of XylS, suggesting that this A111 residue interacts

Figure 6. Effect of promoter architecture on the sensitivity of the X-
BenR A111V regulator. (A) Schematic representation of the assayed
system, where a wild-type or a synthetic Pb promoter27 harboring a
completed Op binding site has been used to control GFP expression.
(B) Analysis of promoter activity for the X-BenR A111V mutant in
response to benzoate (Bz), 3-methylbenzoate (3MBz), 2-methyl-
benzoate (2MBz), 4-methylbenzoate (4MBz), salicylic acid (Ac Sal),
acetyl salicylic acid (ASA), and aspirin. All inducers were used at 100
μM. Vertical bars are the standard deviations from three independent
experiments.
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with the effector binding pocket. However, in this work,
authors performed the A111V mutation together with one or
two additional aa positions.12 Therefore, the role of position
111 in XylS has never been investigated in isolation. It was
interesting to notice that changing the promoter architecture of
Pb allowed the increased responsivity of the chimeric X-BenR-
A111V to benzoate analogues, yet this strategy was not able to
improve the responsivity to ASA or aspirin. This could indicate
that the responsivity to these two compounds would require
some additional interactions with the TF that are possible only
in XylS, and this should be further investigated in the future.
Additionally, most of the previously reported mutations
affecting the XylS inducer response specificity are located
close to the predicted binding pocket identified in this work
(Figure S9), increasing the confidence of the computational
approach used here.
It is interesting to notice that the mutations affecting the

signal specificity of BenR and XylS either completely abolish
the protein activity or generate regulators with an enhanced
response to a series of ligands. In other words, it was not
possible to switch the specificity of the ligand-binding domains
from one compound to another. This notion resembles the
stem protein model investigated for XylR (another aromatic
responsive regulator from P. putida mt-2), where the selection
of mutant proteins responsive to new ligands resulted in
variants promiscuous to several aromatic compounds.47 It is
also important to notice that the computational approach used
here predicted the ligand binding pocket site together with the
conservation analysis of phylogenetically related protein
homologues, which represents a powerful tool to guide the
rational design of TF variants. Similar approaches could be
applied to other members of the AraC/XylS family of TFs as
well as to regulators from different families, aiming at the
generation of novel expression systems for inducers of interest.
Additionally, recent approaches based on the construction and
high-throughput characterization of chimeric proteins have
been used to create new benzoate responsive regulators. Yet
this approach has generated very modest induction levels for

the final engineered proteins (with approximately three-fold
changes), whereas the approach used here yielded an induction
of about 40 times for the mutated version of XylS.48 Whereas
NahR, a LysR-type transcriptional regulator, is able to induce
gene expression in response to salicylate,10 the TFs engineered
here represent a new set of tools for the expression of genes of
interest in response to salicylate and ASA. Additionally, the
expression system based on XylS-A111V displays a ∼10-fold
change in response to 10 μM of ASA, which is in the same
range of the observed sensitivity for the natural ASA-
responsive regulator NahR (which reaches a 20-fold change
in response to a similar concentration of the compound10).
These concentrations are in the range of the physiological
concentrations of ASA in blood, as this molecules can reach
levels as high as ∼30 μM after 20 min of administration of the
drug.49 Yet, whereas the new aspirin-responsive regulator
presented here is not specific to this compound, it is reasonable
to think that during real applications (i.e., in vivo in a
mammalian cell model), systems would not be exposed to
benzoate or any of its analogues. Therefore, the lack of
exclusive responsivity to aspirin would not be an issue under
real case applications. Taken together, these results demon-
strate the expansion of the genetic toolbox for the engineering
of synthetic circuits inducible to safe drugs.

■ MATERIALS AND METHODS

Bacterial Strains and Growth Conditions. The plasmids
and bacterial strains used in this study are listed in Table 1.
Cloning and assay procedures were performed in E. coli DH5α.
All DNA manipulations, including cloning, polymerase chain
reaction (PCR), and transformations of E. coli, were performed
according Sambrook et al.50 Bacterial strains were routinely
grown in LB media supplemented with 36 μg mL−1

chloramphenicol or, when necessary, in M9 minimal media
(6.4 g L−1 Na2HPO4·7H2O, 1.5 g L−1 KH2PO4, 0.25 g L−1

NaCl, 0.5 g L−1 NH4Cl, 2 mM MgSO4, 0.1 mM casamino
acids, 1% glycerol) supplemented with chloramphenicol at 36
μg mL−1. Liquid cultures were shaken at 180 rpm at 37 °C for

Table 1. Strains and Plasmids Used in This Work

strains and plasmids description reference

Strains
P. putida KT2440 P. putida mt-2 derivative 59
E. coli DH5α F- φ80 ΔlacZ ΔM15 Δ(lacZYAA-argF) U169 recA1 endA1 hsdR17 R-M+ supE4 thi gyrA relA 50
Plasmids
pSEVA438 Sm/SpR, ori pBBR1; Expression vector harboring the xylS-Pm expression system 33
pSEVA226 KmR, ori RK2; reporter vector harboring the luxCDABE operon 33
pSEVA226-Pb KmR, ori RK2; pSEVA226 with the Pb promoter cloned as a EcoRI/BamHI fragment 27
pSEVA226-Pm KmR, ori RK2; pSEVA226 with the Pm promoter cloned as a EcoRI/BamHI fragment 27
pSEVA226-Pbsyn1 KmR, ori RK2; pSEVA226 with the Pbsyn1 promoter cloned as a EcoRI/BamHI fragment 27
pMR1 CmR, ori p15a; dual mCherry/GFPlva promoter probe vector 51
pMR1-BenR-Pb CmR, ori p15a; pMR1 variant with benR-Pb expression system closed as a BglII/EcoRI fragment this study
pMR1-BenR-V111A CmR, ori p15a; pMR1-BenR-Pb with benR gene mutated at position V111A this study
pMR1-BenR-P110A CmR, ori p15a; pMR1-BenR-Pb with benR gene mutated at position P110A this study
pMR1-BenR-P110Q CmR, ori p15a; pMR1-BenR-Pb with benR gene mutated at position P110Q this study
pMR1-BenR-A110A111 CmR, ori p15a; pMR1-BenR-Pb with benR gene mutated at positions P110A and V111A this study
pMR1-BenR-Q110A111 CmR, ori p15a; pMR1-BenR-Pb with benR gene mutated at positions P110Q and V111A this study
pMR1-X-BenR CmR, ori p15a; pMR1-BenR-Pb with benR with the N-terminal region replaced by that of xylS this study
pMR1- X-BenR-A111V CmR, ori p15a; pMR1-X-BenR with chimeric X-benR gene mutated at position A111V this study
pMR1-XylS-Pm CmR, ori p15a; pMR1 variant with xylS-Pm expression system closed as a BglII/EcoRI fragment this study
pMR1-XylS-Pm-A111V CmR, ori p15a; pMR1-XylS-Pm with xylS gene mutated at position A111V this study
pMR1-B-XylS CmR, ori p15a; pMR1-XylS-Pm with xylS with the N-terminal region replaced by that of benR this study
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∼16 h. The aromatic compounds used as inducers were all
purchased from Sigma-Aldrich. The inducers and their
catalogue numbers are benzoic acid (242381), 3-methylben-
zoic acid (3117714), 2-methylbenzoic acid (169978), 4-
methylbenzoic acid (117390), salicylic acid (S5922), ASA
(A5376), Bayer aspirin (1000 μM) and isopropyl β-D-1-
tiogalactopiranosida (IPTG) (I5502), sodium arsenite
(S7400), toluene (244511), xylene (214736), phenol
(P1037), L-arabinose (A3256), D-(−)-fructose (F0127), and
D-(+)-glucose (G8270).
Plasmid Construction. The benR gene and PbenR and Pb

promoters were amplified by PCR using specific primers
(Table S1) and P. putida KT2440 genomic DNA as the
template. The PCR products were digested with specific
restriction enzymes (see the underlined sequences in Table
S1) and cloned into the pMR1 vector,51 yielding the pMR1-
BenR-Pb (BenR) construct. BenR mutants, pMR1-BenR-
P110A (BenR-P110A), pMR1-BenR-P110Q (BenR-P110Q),
pMR1-BenR-V111A (BenR-V111A), pMR1-BenR-A110A111
(BenR-A110A111), and pMR1-BenR-Q110A111 (BenR-
Q110A111), were generated by circular polymerase extension
cloning (CPEC) site-directed mutagenesis methodology52

using the pMR1-BenR-Pb construct as the template and the
primers listed in Table S1. (Mutated base pairs are highlighted
in bold and underlined.) The xylS gene and Ps and Pm
promoters were amplified by PCR using pSEVA438 vector as
the template,33 yielding the pMR1-XylS-Pm (XylS) construct.
XylS mutant pMR1-XylS-A111V (XylS-A111V) was con-
structed by CPEC site-directed mutagenesis using the
pMR1-XylS-Pm construct as the template and the primers
listed in Table S1. (Mutated base pairs are highlighted in bold
and underlined.) Two chimeric transcription factors were
constructed. The first construct was generated by directly
linking the N-terminal domain of XylS and the C-terminal
domain of BenR using, respectively, P. putida mt-2 and
KT2440 strains as templates. The second construct was
generated by linking the N-terminal domain of BenR and the
C-terminal domain of XylS using the pMR1-BenR-Pb and the
pMR1-XylS-Pm as templates. All fragments were amplified by
PCR. In the first construct, the PbenR promoter was cloned
upstream the chimaera, and the Pb promoter was cloned
upstream the GFPlva reporter gene, yielding the pMR1-X-
BenR (X-BenR). The chimaera mutant pMR1-X-BenR-A111V
(X-BenR-A111V) was constructed using the vector pMR1-X-
BenR as the template. In the second construct, the Ps and Pm
promoters were cloned upstream the chimaera and the GFPlva
reporter gene, respectively, generating the pMR1-B-XylS (B-
XylS). All PCR amplifications were performed using Phusion
high-fidelity DNA polymerase (Thermo Fisher Scientific). All
resulting constructs were sequenced using dideosyterminal
methods to confirm the correct assembly prior to the
fluorescence assays. The aa sequences of the final construct
generated here are represented in Table S2.
GFP Fluorescence Assay and Data Processing. To

measure the activity of all constructions performed in this
work, plasmids were transformed into E. coli DH5α. Freshly
plated single colonies were grown in M9 minimal media
supplemented with suitable antibiotics. The cultures (10 μL)
were then assayed in a 96-well microplates with 170 μL of M9
minimal media and 20 μL of the different compounds tested.
When required, benzoic acid (Bz), 3-methylbenzoic acid
(3MBz), 2-methylbenzoic acid (2MBz), 4-methylbenzoic acid
(4MBz), salicylic acid (0−1000 μM), ASA, Bayer aspirin

(1000 μM) and IPTG, sodium arsenite, toluene, xylene,
phenol, L-arabinose, fructose, and glucose (100 μM) were
used. Cell growth and GFP fluorescence were quantified using
a Victor X3 plate reader (PerkinElmer). The responsiveness of
regulators was calculated as arbitrary units using the ratio
between fluorescence levels and the optical density at 600 nm
(reported as GFP/OD600) or the luminescence by optical
density at 600 nm after background correction. As a control, all
assays were performed without the addition of compounds
(inducers) as the threshold background signal during
calculations. Fluorescence and absorbance measurements
were taken at 30 min intervals up to 8 h at 37 °C. All
experiments were performed in technical and biological
triplicates. Raw data were processed using ad hoc R script
(https://www.r-project.org/).

Flow Cytometry Analysis. High-throughput single-cell
analysis of the bacteria carrying the BenR, XylS, XBenR, XylS
mutant, or XBenR mutant systems was run as follows. First, we
selected single colonies of the transformed strain (E. coli
DH5α) and cultivated it overnight in M9 minimal medium
(containing 6.4 g/L Na2HPO4·7H2O, 1.5 g/L KH2PO4, 0.25
g/L NaCl, and 0.5 g/L NH4Cl) supplemented with 2 mM
MgSO4, 0.1 mM CaCl2, 0.1 mM casamino acids, chloram-
phenicol (36 μg/mL), and 1% glycerol as the sole carbon
source (supplemented M9) at 37 °C and 180 rpm. Next,
overnight grown cells were diluted to 1:10 in fresh
supplemented M9 and were grown for 3 h at 37 °C and 180
rpm. At this point, the cultures were induced with different
concentrations (0, 10, 100, 250, 500, and 1000 μM) of the
inducers. The BenR system was induced with benzoate, XylS
was induced with benzoate and 3-metilbenzoate, X-BenR was
induced with 3-metilbenzoate, and XylS mutant and X-BenR
mutant were induced with benzoate, 3-metil-benzoate, salicylic
acid, and acetyl-salicylic acid. After 3 h of induction, the
cultures were stored in ice and immediately analyzed for GFP
fluorescence using the Millipore Guava EasyCyte mini flow
cytometer (Millipore). The results were analyzed by R scripts
using the flowCore and flowViz packages available on
Bioconductor (https://bioconductor.org/).

3D Structure Model Construction and Docking
Analysis. The 3D models presented here were generated by
SWISS-MODEL server (https://swissmodel.expasy.org/)
using the best homologue for each protein. For the
visualization of the models, PyMol (https://pymol.org/) and
Chimaera (https://www.cgl.ucsf.edu/chimera/) were used. To
predict the potential binding site for the aromatic ligands,
Swiss-Docking (https://www.swissdock.ch/) and Docking
Server (https://www.dockingserver.com/web) were used.
Additionally, Jalview (http://www.jalview.org/) was used for
the visualization of protein and DNA alignments generated by
T-coffee (http://tcoffee.crg.cat/apps/tcoffee/all.html). From
the generated 3D models using SwissModel,53 models were
first inspected visually for histidine protonation and Asn and
Gln positioning. Models were further refined by minimizing
their structure with the AMBER FF14SB54 force field using
AMBER.55

Molecular Docking. The energy maps were computed
inside the grid, with a grid size of 26 × 30 × 40. Dockings were
carried out using the LGA/LS algorithm implemented on
Autodock 456 (version 4.2.6, with a maximum of 27 000
generations or 2 500 000 energy evaluations). Fifty independ-
ent runs were performed, and the resulting poses were
clustered according to the ligand heavy-atom rmsd using a
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cutoff of 2 Å, thus defining a result. 3D structures of the ligands
were generated using OpenBabel57 and manually inspected.
Images were created with VMD.58
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Abstract  27 

Background: Transcription Factors (TFs) are proteins controlling the rate of genetic 28 

information and regulating cellular gene expression. A better understanding of TFs in a 29 

bacterial community context may open novel revenues for exploring gene regulation in 30 

ecosystems where bacteria play a key role. Here we describe PredicTF, the first platform 31 

supporting the prediction and classification of novel bacterial TF not only in single 32 

species but also in complex microbial communities. 33 

Results: We created our TF database (BacTFDB) by merging data from CollectTF and 34 

UniProt. The TF sequences from these two databases were merged and manually curated 35 

generating a robust bacterial TF database with 11.961 TFs sequences distributed in 99 TF 36 

families. BacTFDB was used to train a deep learning model to predict novel TFs and their 37 

families. Five model organisms were used to test the performance and the accuracy of 38 

PredicTF. PredicTF was able to identify 27 to 60% of the known TFs with an accuracy 39 

of 73 to 91% in our five model organisms. We further evaluated PredicTF using a two-40 

step approach. First, we tested PredictTF’s ability to predict TFs for the genome of an 41 

environmental isolate of P. aeruginosa PAO1 followed by the mapping of these TFs in 42 

the transcriptomic data for three clinical isolates. We were able to map 69 of the 199 43 

predicted TFs to the transcriptomes. This result demonstrates the potential of PredicTF to 44 

map and compare TFs profiles under different environmental conditions. In the second 45 

evaluation step, PredicTF was used to predict TFs in a metagenome recovered from a 46 

community performing anaerobic ammonium oxidation (anammox) in a bioreactor. A 47 

total of 792 TFs were predicted in this community. These 792 TFs were mapped in 11 48 

metatranscriptomes of reference from the same bioreactor where the metagenome was 49 

collected allowing the comparison of profiles of regulators expressed in different 50 

environmental situations. 51 
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Conclusion: PredicTF provides the first tool to profile TFs in yet-to be cultured bacteria 52 

and it opens the potential to evaluate regulatory networks in complex microbial 53 

communities. PredicTF is a flexible, open source pipeline able to predict and annotate 54 

TFs in genomes and metagenomes. PredicTF is available at 55 

https://github.com/mdsufz/PredicTF. 56 

 57 

Keywords: Gene regulation, Transcription factors, Deep Learning, Transcription factor 58 

database, Microbial Communities 59 

 60 

Background 61 

The functional potential of microbial communities can be determined by the 62 

genetic content of its constituent members. However, genetic content alone does not 63 

guarantee that a given function or enzymatic reaction will be performed [1]. In this 64 

scenario, Transcription Factor proteins (TFs) play a central and critical role in gene 65 

regulation. These proteins are responsible for optimizing proteins and structural RNAs 66 

and the subsequent levels of metabolites and other properties, ensuring the survival and 67 

adaptation of organisms to the most diverse types of stress and environmental changes 68 

[2]. The activity of bacterial TFs is modulated by environmental signals (e.g. changes in 69 

the oxygen condition, temperature, pH or the lack of a specific substrate) [3]. 70 

Additionally, for many promoters, combinations of transcription factors work together to 71 

integrate different signals [2,4]. TFs can also work with other DNA-binding proteins 72 

whose primary role is to sculpt the bacterial folded chromosome [2,5]. Knowledge of the 73 

TFs profile expressed by an organism is the first step to better understand the regulatory 74 

network that controls protein expression in an organism or a community. 75 
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Since TFs may determine when and which genes are expressed, profiling TFs can 76 

help understand the regulation of gene expression and to build regulatory networks in 77 

complex microbial communities. Further, defining which factors control gene expression 78 

may offer insights into the mechanisms controlling ecosystem processes and even 79 

interactions between species of a microbial community. However, current TF databases 80 

are focused on single or small groups of genomes. These databases are largely manually 81 

curated based on literature evidence and pairwise sequence comparison of genomes from 82 

model organisms. Examples of these databases include RegulonDB for Escherichia coli 83 

K-12 [6], DBTBS for Bacillus subtilis [7], FlyBase for Drosophila [8], and FTFD for 84 

fungal species [9]. DBD [10], is a database generated from the prediction of TFs from 85 

150 sequenced genomes from across the tree of life. Unfortunately, DBD has has not been 86 

updated for more than 9 years. 87 

One of the major goals in the manipulation of microbiomes for ecological and 88 

biotechnological applications is to control the outcome of their functions [11]. As TFs are 89 

key to potentially control which genes are expressed, one of the best ways to study and 90 

understand gene regulation in a microbiome may be to profile its TFs. To date, no 91 

platform supports prediction and classification of novel bacterial TF from ‘omics data 92 

recovered from microbial communities.   93 

Deep Learning approaches have been used to predict DNA sequence affinities 94 

[12] and to identify TF-binding sites in humans [13]. Although deep learning has been 95 

used in gene regulation, it has never been used to predict bacterial TFs. Further, the need 96 

for a user-friendly tool for prediction of TFs that could assist in gene regulation analysis 97 

motivated the development of PredicTF. PredicTF is a deep learning tool used to predict 98 

and identify TFs from full protein-length sequences. Further, we constructed a robust 99 
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database for bacterial transcriptional factors (BacTFDB) that was used to train our Deep 100 

Learning model.  101 

 102 

Implementation 103 

PredictTF is a command line software for prediction of novel transcription factors 104 

from genomic and metagenomic data. We created a bacterial transcription factor database 105 

(BacTFDB) by merging and manually curating TFs present in CollectTF [14] and the 106 

Universal Protein Resource (UniProt) [15]. CollectTF provides well described and 107 

characterized, in vivo validated, TFs while UniProt is a comprehensive resource for 108 

protein sequence and annotation data. We used BacTFDB to train a deep learning model 109 

to predict new TFs and their families in genomes and metagenomes. Five model 110 

organisms (Escherichia coli, Bacillus subtillis, Pseudomonas fluorescens, Azotobacter 111 

vinelandii and Caulobacter crescentus) were used to test the performance and accuracy 112 

of PredicTF. We used the same approach to predict TFs from a clinical isolate (P. 113 

aeruginosa PAO1) and a metagenome sample isolated from an anaerobic ammonium 114 

oxidation community. We also determined if the predicted TFs were expressed in 115 

transcriptomes (isolate) and metatranscriptomes (microbial community), respectively 116 

(Fig. 1).  117 

 118 

BacTFDB - Bacterial Transcription Factor Data Base 119 

To create a novel Bacterial Transcription Factor Data Base (BacTFDB), we 120 

collected data from two publicly available databases. Initially, we chose to collect data 121 

from CollecTF [14], a well described and characterized database. Since CollecTF does 122 

not provide an application programming interface (API) for bulk download, we developed 123 

a Python code (version 2.7) using the Beautiful Soup 4.4.0 library to recover the data 124 
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from CollecTF. With this strategy we listed 390 TF experimentally validated amino acid 125 

sequences distributed over 44 TF families. The script can be found at 126 

https://github.com/mdsufz/PredicTF. 127 

Additionally, we retrieved TF amino acid sequences from UniProt using 128 

UniProt’s API. We downloaded sequences of interest by adding a filter with the key 129 

words (Transcription factor, transcriptional factor, regulator, transcriptional repressor, 130 

transcriptional activator, transcriptional regulator). After, we filtered for Reviewed 131 

(Swiss-Prot) - Manually annotated sequences that belonged to the bacteria taxonomy. The 132 

UniProt API was accessed on 8th September-2019 and a total of 21.581 TF amino acid 133 

sequences, with applied filters, were collected. We merged the data collected from 134 

CollecTF and UniProt databases which resulted in a total of 21.971 TFs. Next, we 135 

removed redundant TF entries and TF sequences lacking a TF family since PredicTF was 136 

designed to also assign TF family. Finally, a manual inspection was performed to remove 137 

case sensitive and presence of characters associated to the database header. The first 138 

version of BacTFDB contains a total of 11.691 unique TF sequences. A summary of the 139 

information contained in BacTFDB can be found in the supplementary data (Additional 140 

file 1: Fig. S1). To evaluate PredicTF in model organisms we created 5 subsets of 141 

BacTFDB. The description of these subsets can be found in the supplementary data 142 

(Additional file 2: Table S1). 143 

 144 

Mapping Transcription Factors using PredictTF  145 

We used a deep learning approach similar to that found in DeepARG [16]. 146 

Supervised machine learning models are usually divided into characterization, training, 147 

and prediction units. Briefly, our approach uses the concept of dissimilarity-based 148 

classification [17] where sequences are represented and featured by their identity 149 
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distances to known genes. In PredicTF, sequences were represented and featured by their 150 

identity distances to known TFs families. The BacTFDB was used to train and test the 151 

deep learning model (https://github.com/mdsufz/PredicTF) and the latter validated in 152 

model organisms. Next, PredicTF was used to predict novel TFs from full protein-length 153 

sequences in genomes and in one metagenome. After prediction, the data was mapped in 154 

transcriptomes and metatranscriptomes from samples where the genetic potential was 155 

determined. 156 

Using PredicTF, we trained five different models – one for each model organism 157 

(Additional file 3: Table S2). For each model, the TFs affiliated with the respective model 158 

organism were removed prior to training to avoid overfitting. PredicTF-no-coli was 159 

trained to predict TFs in E. coli, PredicTF-no-subtilis was trained to predict TFs in B. 160 

subtilis, PredicTF-no-crescentus was trained to predict TFs in C. crescentus, PredicTF-161 

no-fluorescens was trained to predict TFs in P. fluorescens and PredicTF-no-vinelandii 162 

was trained to predict TFs in A. vinelandii.  163 

 164 

Performance and accuracy calculation 165 

We evaluated PredicTF by calculating accuracy and performance. Performance 166 

can be deemed to be the fulfillment of a task. In PredicTF case, performance is how good 167 

TF predictions are. Using model organisms (see later in the session Prediction of 168 

Transcription Factors in model organisms), performance was calculated by quantifying 169 

the number of TFs that PredicTF was able to predict divided by number of TFs already 170 

described and annotated for our model organisms (Equation 1). Accuracy indicates how 171 

correct the predictions performed by PredicTF are. Also using data of model organism, 172 

accuracy was determined by calculating the number of TFs correctly predicted divided 173 

by the total number of TFs predicted by PredicTF. We divided accuracy in two categories. 174 
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In the first accuracy category, we determined accuracy against experimentally validated 175 

TFs (Equation 2). In the second accuracy category, we determined accuracy against TFs 176 

without experimental validation (Equation 3); i.e., putative TFs. The performance, 177 

accuracy, and accuracy for putative TFs were calculated as follows: 178 

 179 

Equation 1 180 

𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒(%) =
𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑	𝑇𝐹𝑠 ∗ 100
𝐴𝑛𝑛𝑜𝑡𝑎𝑡𝑒𝑑	𝑇𝐹𝑠  181 

 182 

where, Performance (%) is calculated by the ratio of the total number of TFs predicted 183 

by PredicTF (Predicted TFs) to the total number of proteins annotated as TFs in NCBI 184 

(Annotated TFs) multiplied by 100. 185 

 186 

Equation 2 187 

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦(%) =
𝑇𝐹𝑠	𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑	𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑙𝑦 ∗ 100

𝑇𝐹𝑠	𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑  188 

 189 

where, Accuracy (%) is determined by the ratio of the total number of TFs predicted by 190 

PredicTF in agreement with NCBI annotation (TFs predicted correctly) to the total 191 

number of TFs predicted by PredicTF (TFs predicted) multiplied by 100. 192 

 193 

Equation 3 194 

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦	𝑓𝑜𝑟	𝑝𝑢𝑡𝑎𝑡𝑖𝑣𝑒	𝑇𝐹𝑠(%) =
𝑝𝑢𝑡𝑎𝑡𝑖𝑣𝑒	𝑇𝐹𝑠	𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑	𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑙𝑦 ∗ 100

𝑝𝑢𝑡𝑎𝑡𝑖𝑣𝑒	𝑇𝐹𝑠	𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑  195 

 196 
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where, Accuracy for putative TFs (%) is determined by the total number of putative TFs 197 

predicted correctly divided by putative TFs predicted multiplied by 100; Putative TFs 198 

predicted correctly is the total number of putative TFs predicted correctly by PredicTF in 199 

agreement with NCBI annotation; and, Putative TFs predicted is the total number of 200 

putative TFs predicted by PredicTF.  201 

 202 

Prediction of Transcription Factors in model organisms 203 

We selected bacterial species that have been widely studied as model organisms. 204 

Some bacterial species became model organisms for TF studies because they are easy to 205 

maintain and grow in a laboratory setting and to manipulate in pure culture experiments. 206 

Five complete genomes from model organisms (E. coli, B. subtillis, P. fluorescens, A. 207 

vinelandii and C. crescentus) were downloaded directly from NCBI. The strains details 208 

and accession number (RefSeq) for all selected organisms are listed in the supplementary 209 

data (Additional file 3: Table S2). By evaluating PredicTF using model organisms 210 

(Additional file 2: Table S1) we extrapolated performance and accuracy of our deep learn 211 

model. Since known TFs for each organism were removed from each the training dataset, 212 

we eliminate the possibility of mapping TFs already known and annotated for each of the 213 

different species. Performance, accuracy and accuracy for putative TFs of PredicTF for 214 

these five model organisms were calculated using Equations 1, 2 and 3. 215 

 216 

Prediction of Transcription Factors in a clinical isolate 217 

We demonstrated the use of PredicTF in a previously sequenced P. aeruginosa 218 

(PAO1) genome, a clinical isolate publicly available in NCBI (accession number 219 

NC_002516.2). P. aeruginosa PAO1 was selected because its genome has been 220 

sequenced and because of the availability of transcriptomes from three clinical mutants 221 
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of PAO1 (Y71, Y82, and Y89) grown in the presence and absence of an antibiotic 222 

cocktail. The transcriptomes of P. aeruginosa PAO1 mutants Y71, Y82, and Y89 are 223 

available in NCBI (Bioproject identifier PRJNA479711) [18]. These clinical P. 224 

aeruginosa PAO1 mutants were isolated from the sputa of three different pneumonia 225 

patients. Transcriptomes of P. aeruginosa PAO1 wild type and its mutants cultured in 226 

two different conditions (LB medium and LB medium in presence of antibiotic cocktail) 227 

have been previously described [18]. We used this data to determine the TF profile in 228 

these P. aeruginosa PAO1 mutants grown in two different conditions. 229 

PredicTF was first used to predict TFs in the P. aeruginosa PAO1 genome. Next, 230 

the predicted TFs were mapped to the transcriptomes of the P. aeruginosa PAO1 mutants 231 

Y71, Y82 and Y89 (see later). Further description of the mapping of the transcriptomes 232 

to the genomes is available at https://github.com/mdsufz/PredicTF. The PredicTF model 233 

used in this step was trained with the full database BacTFDB. The performance and 234 

accuracy were calculated using Equations 1 and 2, respectively. All accession numbers 235 

used in this work are listed in the supplementary data (Additional file 3: Table S2). 236 

 237 

Prediction of Transcription Factors in Complex Microbial Communities 238 

To test PredicTF in a complex microbial community, we used an anaerobic 239 

ammonium oxidizing (anammox) microbial community from an anammox membrane 240 

bioreactor metagenome (LAC_MetaG_1) (data publicly available at NCBI bioproject via 241 

accession number PRJNA511011) [19]. We removed short and low-quality reads using 242 

Trim Galore - v0.0.4 dev according developer’s instructions [20]. Over 50 million reads 243 

survived this step and were assembled using the de novo assembler metaSPADES - 244 

v3.12.0 [21]. The assembly was translated from nucleotide to amino acid sequences, 245 
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considering all possible translation frames, using emboss transeq [22]. The translated 246 

assembly was then used as input for the prediction of transcription factors using PredicTF. 247 

The region from each predicted TF was extracted. These putative TFs were later used in 248 

the mapping TFs to metatranscriptomes.  249 

We checked if the putative TFs predicted in the metagenomes were transcribed by 250 

checking if the metatranscriptomic libraries were mapping to those regions. The 251 

metatranscriptomic and metagenomic libraries used in this step belonged to the same 252 

bioreactor. These metatranscriptomes are publicly available at the European Nucleotide 253 

Archive under the accession numbers SRR7091385, SRR7523233, SRR7523244, 254 

SRR7523245, SRR7091400, SRR7091401, SRR7091381, SRR7091402, SRR7091406, 255 

SRR7523243, SRR7523246. These 11 metatranscriptomes were used to demonstrate the 256 

effectiveness of the pipeline and to indicate the potential of PredicTF to profile 257 

transcription factors in complex microbial communities. All accession numbers used in 258 

this work are listed in the supplementary data (Additional file 3: Table S2).  259 

 260 

Mapping transcription factors to transcriptomes and metatranscriptomes 261 

Each transcriptomic and metatranscriptomic library was quality controlled by 262 

removing short and low-quality reads using Trim Galore - v0.0.4 dev [20]. The 7 263 

transcriptomic libraries for the P. aeruginosa PAO1 wild type and mutants showed at 264 

least 26 million paired-end reads after quality checking. The 11 metatranscriptomic 265 

libraries yielded over 50 million reads per library after quality check. After, the remaining 266 

transcriptomic and metatranscriptomic reads were mapped to their respective assembled 267 

genome or metagenome using Bowtie2 - v2.3.0 [23]. The number of reads mapped, and 268 

the regions covered was extracted using SAMTools - v1.9  [24] and python 2.7. The 269 

regions of the genome or metagenome assembly covered by transcriptomic or 270 
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metatranscriptomic reads were then crossed-referenced with the regions of their 271 

respective assembly which PredicTF assigned as putative TFs creating a TF profile for 272 

each transcript and metatranscriptome. A detailed description on the mapping of RNA-273 

seq data to their respective genome or metagenome assembly can be found at the 274 

PredicTF github (https://github.com/mdsufz/PredicTF). 275 

 276 

Results and Discussion 277 

Database  278 

BacTFDB is a robust and versatile bacterial TF database, it contains 11.691 TFs 279 

amino acid sequences spanning 1049 TF families and 720 different bacterial species. Fig. 280 

2 shows the database distribution based on TF families and regulatory elements (Fig. 2A) 281 

and the distribution based on bacterial species (Fig. 2B). Although BacTFDB is composed 282 

by 11.961 TFs elements from 1049 different families and 720 organism’s species, Fig. 2 283 

shows TFs families and organisms’ species that accumulate at least more than 50 284 

sequences. We will update BacTFDB annually by adding novel entries deposited in 285 

UniProt and CollecTF. BacTFDB was used in PredicTF’s deep learning model training. 286 

This model was later used to predict new TFs and their families in genomes and 287 

metagenomes.  288 

 289 

Performance and Accuracy 290 

The performance and accuracy of PredicTF were evaluated through the prediction 291 

of TFs in five model organisms (E. coli, B. subtillis, P. fluorescens, A. vinelandii and C. 292 

crescentus). For each model organism a different PredicTF model was trained to predict 293 

TFs from full protein-length sequences (described in the implementation section). After 294 
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training the five models, the performance and accuracy of each PredicTF model was 295 

calculated for each of the model organisms selected using Equation 1, 2 and 3.  296 

The performance of PredicTF to identify TFs in the different model organisms 297 

ranged from 27.23% to 60.53% of the proteins described as TFs in the genomes of model 298 

organisms and the accuracy for experimentally validated TFs ranged from 73.91% and 299 

91.43% (Table 1). Further, PredicTF was able to identify putative annotated TFs in the 300 

genomes of E. coli and B. subtillis with accuracies 85.71% and 100%, respectively (Table 301 

1). No novel TF was predicted in the genome of C. crescentus, P. fluorescens and 302 

A.vinelandii (Table 1). TFs predicted by PredicTF for each organism, sorted by TF family, 303 

are shown in Fig. 3. For all organisms tested the most predicted TF family was LysR 304 

followed by OmpR/PhoB. The degree of accuracy obtained by PredicTF suggests that the 305 

deep learning strategy used is promising for the prediction of TFs in genomic or 306 

metagenomic data of bacterial species. PredicTF performance and accuracy can be further 307 

improved by expanding the number and diversity of sequences present in BacTFDB. As 308 

BacTFDB will be update yearly, we expect an improvement in TF identification of with 309 

every update.  310 

 311 
Table 1. PredicTF performance, accuracy for experimentally validated Transcription 312 
Factors (Accuracy EV) and accuracy for putative Transcription Factors (Accuracy PU) in 313 
genomes of model organisms. 314 

a Performance was calculated by the ratio of the total number of TFs predicted by PredicTF (Predicted TFs) to the total number of 315 
proteins annotated as TFs in NCBI (Annotated TFs) multiplied by 100; 316 
b Accuracy EV was determined by the ratio of the total number of TFs predicted by PredicTF in agreement with NCBI annotation 317 
(TFs predicted correctly) to the total number of TFs predicted by PredicTF (TFs predicted) multiplied by 100; 318 
c Accuracy TU was determined by the total number of putative TFs predicted correctly divided by putative TFs predicted multiplied 319 
by 100; Putative TFs predicted correctly is the total number of putative TFs predicted correctly by PredicTF in agreement with NCBI 320 
annotation; and, Putative TFs predicted is the total number of putative TFs predicted by PredicTF; 321 
d Currently there are no putative annotated TFs described in the genome of C. crescentus, P. fluorescens and A.vinelandii 322 
 323 

Organism Performancea Accuracy EVb Accuracy PUc 

E. coli k12 35.40% 88.51% 85.71% 
B. subtillis 27.23% 73.91% 100% 

C. crescentus 38.04% 83.93% -d 

P. fluorescens 51.19% 91.43% - 
A.vinelandii 60.53% 90.40% - 
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Mining and Predicting TFs in Genomes and Transcriptomes from a bacterial isolate 324 

using PredicTF 325 

PredicTF was used to predict TFs on the genome of P. aeruginosa PAO1 and 326 

these TFs were mapped in transcriptomes from the same isolate [18]. PredicTF predicted 327 

a total of 199 TFs in the P. aeruginosa PAO1 genome shown in Additional file 4: Fig. 328 

S2A by a family’s distribution graphic. These 199 TFs were mapped in the transcriptomic 329 

data of a reference of P. aeruginosa PAO1. Initially, the mapping was done in the 330 

transcriptome of P. aeruginosa PAO1 cultured in LB media. Using this strategy, we were 331 

able to map 69 of the 199 predicted TFs to the transcriptomes under the experimental 332 

conditions carried out by Hwang & Yoon, 2019 (Additional file 4: Fig. S2B) [18]. Next, 333 

the mappings were done for another three clinical mutants of P. aeruginosa PAO1 (Y82, 334 

Y71, Y89) cultured in LB media (absence of an antibiotic cocktail) (Additional file 5: 335 

Fig. S3A, S3C and S3F). The TFs family’s distribution for each P. aeruginosa PAO1 336 

mutant cultured in presence of antibiotic cocktail is shown in the supplementary data 337 

(Additional file 5: Fig. S3B, S3D and S3F). These results demonstrate the potential of 338 

PredicTF in mapping regulatory elements in bacterial genomes and the use of this tool to 339 

map and compare TFs profiles after under different environmental conditions. 340 

 341 

Mining and Predicting TFs in a Metagenome and Metatranscriptome using 342 

PredicTF 343 

PredicTF was used to profile putative TFs in one metagenome recovered from an 344 

anaerobic ammonium oxidation community [19] followed by the mapping of the 345 

predicted TFs in metatranscriptomes recovered from the same community 346 

(metatranscriptomes accession numbers can be found in Additional file 3: Table S2). A 347 

total of 792 TFs (Fig. 4A) were predicted in the LAC_MetaG_1, an anaerobic ammonium 348 



      

 

15 

oxidizing microbial community from an anammox membrane bioreactor [19]. These 792 349 

TFs are distributed across 27 TF families (Fig. 4A) and are related to the regulation of 350 

functions such as the oxygen limitation response and late symbiotic functions 351 

(NarL/FixJ), phosphate regulon response (OmpR/PhoB), transcriptional activator for 352 

nitrogen-regulated promoters (NtrC/DctD) and ferric uptake regulation (Fur). Next, the 353 

792 TFs were mapped in 11 metatranscriptomes collected in different dates from the same 354 

bioreactor where the metagenome was recovered (Additional file 6: Table S3, Fig. 4B). 355 

Clustering analysis demonstrated the presence of five different groups of TFs families 356 

based on the number of transcription factor families expressed in each library (Fig. 4B). 357 

It is interesting to note that the two most abundant clusters in the heatmap are directly 358 

related to the oxygen limitation caused by the anaerobic ammonium oxidizing cultivation. 359 

In a bioreactor where oxygen is limited, an increase in the amount of nitrogen and 360 

phosphate is expected. The presence of these elements (Nitrogen and Phosphate) diverts 361 

the metabolism of the microbial community towards the production of regulators (TFs) 362 

that will help to maintain community stability. Clustering analyzes can be helpful to 363 

demonstrate the similarity between metatranscriptomic libraries based on the occurrence 364 

of TFs. This strategy can be useful to compare the profiles of TFs expressed in different 365 

environmental situations (comparing libraries with different metadata) creating patterns 366 

of TFs expression. Exploration of TF profiling in microbial communities (metagenomes 367 

or metatranscriptomes) will allow the exploration of regulation within complex microbial 368 

communities. Further, The recovery of metagenome assembled genomes is becoming 369 

standard in metagenomics studies [25–27]. The use of PredicTF together with the 370 

recovery of metagenome assembled genomes will allow the exploration of species-371 

specific molecular mechanisms involved in the regulation of different ecosystem 372 

processes. 373 
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Conclusions 374 

A better understanding of TFs in a bacterial community context open revenues for 375 

the exploration of gene regulation in ecosystems where bacteria play a key role. Our deep 376 

learning strategy was based on a novel and robust TF bacterial database (BacTFDB) with 377 

over 11 thousand TFs and their respective families. BacTFDB is a unique resource for 378 

the exploration of TFs and it provided the data to train a model within PredicTF capable 379 

of predicting novel TFs from genomes and metagenomes. PredicTF is the first pipeline 380 

designed to predict and annotate TFs in complex microbial communities. The prediction 381 

of TFs can provide information for those aiming to study and understand bacterial 382 

communities within a context of gene regulation. We also demonstrated that PredicTF 383 

can be used to predict novel TFs in metagenomes and metatrascriptomes creating the 384 

potential profile for regulatory elements in complex microbial communities. 385 

PredicTF is a flexible open source pipeline able to predict and annotate TFs in 386 

genomes and metagenomes and can be found at https://github.com/mdsufz/PredicTF. 387 
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 474 

Figure legends: 475 

Fig. 1 476 

 477 

PredicTF workflow and testing. We collected publicly available data on TFs from two 478 

different databases: CollecTF and UNIPROT. After removing redundancies and filtering 479 

TFs well characterized, this data (BacTFDB) was used to train a deep learning model to 480 

predict new TFs and their families. Five model organisms (Escherichia coli, Bacillus 481 

subtillis, Pseudomonas fluorescens, Azotobacter vinelandii and Caulobacter crescentus) 482 

were used to test the accuracy of PredicTF. Later, we used the same approach to predict 483 

TFs from an insolate (P. aeruginosa) and mapped TFs predicted in transcriptomics data 484 

(P. aeruginosa and mutants in two experimental conditions). Finally, we used our tool to 485 

predict TF for complex communities (metagenome) and mapped these TFs in their 486 

respective meta-transcriptomes.  487 



      

 

21 

 488 

Fig. 2 489 

 490 

 491 

Database composition: Transcription Factor Database (BacTFDB) distribution. A) 492 

Database distribution based on the TFs and B) Regulatory Elements families and 493 

Organisms species. In these graphics only families with up to 50 sequences and only 494 

organisms that contributed with more than 50 sequences are shown.   495 

 496 

 497 

 498 

 499 

 500 

 501 

 502 

 503 

 504 
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 505 

Fig. 3  506 

 507 

Prediction of TFs by PredicTF for genomes of model organisms. Prediction of TFs or 508 

5 model organisms sorted by family. A) Escherichia coli B) Bacillus subtillis C) 509 

Caulobacter crescentus D) Pseudomonas fluorescens E) Azotobacter vinelandii  510 

 511 

 512 

 513 

 514 

 515 
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 517 

 518 

 519 

 520 

 521 

 522 
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 523 

Fig. 4 524 

 525 

Recovery of novel Transcription Factors in one metagenome and eleven 526 

metatranscriptomes. A) PredicTF predicted 792 TFs were predicted in one anaerobic 527 

ammonium oxidizing microbial communities from anammox membrane bioreactor 528 

(LAC_MetaG_1) and were grouped by family. B) Using 792 TFs predicted in one 529 

metagenome, we mapped these TFs for 11 metatranscriptomes of reference from the same 530 

bioreactor where the metagenome was recovered. 531 

 532 

 533 

 534 

 535 

 536 

 537 

 538 
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 539 

Additional files 540 

Additional file 1: Fig. S1  541 

Bacterial Transcription Factor Data Base (BacTFDB) were created from from two 542 

publicly available databases. We collect 390 TFs from CollecTF and 21.581 from UniProt 543 

(accessed 8-Sep-2019) accumulating 21.581 Transcription Factor (TF) amino acid 544 

sequences. We merged the data from CollecTF and UniProt databases resulting in a total 545 

of 21.971 TFs amino acid. We removed redundant TF entries and since PredicTF was 546 

designed to also assign TF family, TF sequences lacking a TF family were removed. 547 

Finally, a manual inspection was performed to remove misleading of spelling, case 548 

sensitive and presence of characters associate to the database header. The final database 549 

(BacTFDB) contains a total of 11.691 TF unique sequences. 550 

 551 

Additional file 2: Table S1 552 

Description of the bacterial transcriptional factors database (BacTFDB) subsets used to 553 

train models to predict Trancription Factors in model organisms 554 

 555 

Additional file 3: Table S2  556 

Accession number for 5 model organisms, Pseudomonas aeruginosa PAO1 genome and 557 

transcriptomes and Complex Microbial Communities used to validate and test PredicTF. 558 

 559 

Additional file 4: Fig. S2  560 

Transcription factor (TF) families predicted for Pseudomonas aeruginosa PAO1 genome 561 

(accession number NC_002516.2) [18] using PredicTF and their mapping to P. 562 

aeruginosa PAO1 growing in LB medium. A) A total of 199 TFs distributed in 25 TF 563 
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families were predicted in the P. aeruginosa PAO1 genome. B) These 199 TFs were 564 

mapped in the transcriptomic data of a reference of P. aeruginosa PAO1 (Bioproject 565 

identifier PRJNA479711) [18]. Initially, the mapping was done in the transcriptome of P. 566 

aeruginosa PAO1 cultured in LB media. Using this strategy, we were able to map 69 of 567 

the 199 predicted TFs to the transcriptome. 568 

 569 

Additional file 5: Fig. S3 570 

Transcription Factor (TF) family profiles in three Pseudomonas aeruginosa PAO1 571 

mutants. After the prediction of Transcription Factors (TFs) using P. aeruginosa PAO1 572 

genome, we mapped transcriptomes from three P. aeruginosa PAO1 mutants (Y82, Y71, 573 

Y89) cultured in LB media (A, C and F). After, the mapping was done for each P. 574 

aeruginosa PAO1 mutant cultured in presence of antibiotic cocktail (B, D and E). P. 575 

aeruginosa PAO1 mutant Y82 (A, B); P. aeruginosa PAO1 mutant Y71 (C, D); P. 576 

aeruginosa PAO1 mutant Y89 (E, F). 577 

 578 

Additional file 6: Table S3  579 

Number of Transcription Factors (TFs) per TF family mapped to each of the 11 580 

metatranscriptomes of reference from the same bioreactor where the metagenome 581 

(accession number PRJNA511011, NCBI) used to predict the putative TFs was collected. 582 

The different metatranscriptomes are represented by their European Nucleotide Archive 583 

accession numbers. 584 

 585 

 586 

 587 
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• In charpters I and II we demonstrate the existence of emergent properties in complex 

synthetic promoters in E. coli, which could be extrapolated to naturally occurring regulatory 

systems and would significantly impact the engineering of synthetic biological circuits in 

bacteria. Additionally, our results demonstrated in a systematic way that the arrangement 

and number of these cis-regulatory elements are crucial for the final expression dynamics of 

the target promoters. Taken together, these data presented here demonstrate how small 

changes in the architecture of bacterial promoters could result in drastic changes in the final 

regulatory logic of the system, with important implications for the understanding of natural 

complex promoters in bacteria and their engineering for novel applications. Our findings also 

present a comprehensive strategy for fine-tuning gene circuits to perform optimally in a given 

context (e.g., engineering of synthetic promoters) as well as provide insights for the 

understanding of natural complex promoters controlled by global regulators.  

 
• In charpter III a collection of engineered transcription factors was generated with enhanced 

response to a well characterized and largely innocuous molecule with a potential for eliciting 

heterologous expression of bacterial genes in animal carriers. These results demonstrate 

the expansion of the genetic toolbox for the engineering of synthetic circuits inducible by 

safe chemical compounds. 

 

• In charpter IV we provide a deep learning strategy based on a novel and robust TF bacterial 

database (BacTFDB). BacTFDB is a unique resource for the exploration of TFs and it 

provides the data to train a model within PredicTF capable of predicting novel TFs from 

genomes and metagenomes. PredicTF is the first pipeline designed to predict and annotate 

TFs in complex microbial communities. We also demonstrated that PredicTF can be used to 
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predict novel TFs in metagenomes and metatrascriptomes creating the potential profile for 

regulatory elements in complex microbial communities. 
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