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Abstract 

CRISPR (clustered regularly interspaced short palindromic repeats) is an 

adaptive immune system of prokaryotes. Due to its DNA/RNA recognition 

ability mediated by nucleic acid complementary pairing, the CRISPR systems 

can be easily reprogrammed for various purposes. Today, CRISPR tools 

have been widely used in genome editing, gene regulation, molecular 

markers, biosensors, and related fields. However, the existing CRISPR tools 

are not sufficient to meet diverse needs. The development of novel CRISPR 

tools and the exploration of its programmability are vital to meet the needs of 

various applications while deepening our understanding of the CRISPR 

system. Here, we achieved a eukaryote-like CRISPR activation (CRISPRa) 

device in bacteria, which fills the gap for the programmable activation 

technology of σ54-dependent promoters. The unique mechanism of this 

CRISPRa provides several desired properties, enabling the design of 

complex gene circuits. I demonstrated new applications of this novel tool in 

both foundational research and industrial biotechnology. For supporting 

foundational research, I engineered this CRISPRa device as a platform to 

explore the programmability of crRNA-tracrRNA pairing. Thus, I found that 

the reprogrammed tracrRNAs can repurpose non-crRNAs such as mRNAs to 

crRNAs and trigger CRISPR regulation. For enabling industrial applications, I 

developed a reusable projection system of multi-gene expression profiles, 

which can separate the diversity of multi-gene expression profiles from 

specific circuits and store it in a universal library of multi-sgRNA generators. 

Further, I demonstrated that this tool enables high-quality, low-cost multi-

gene expression profile screening. I hope that my efforts in the development 

and application of novel CRISPR regulatory devices will provide valuable 

inspiration to the CRISPR research field. 
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Lay summary 

This planet is unique because of its diverse and abundant life. Today we 

know that the diversity of life is due to the variety of genes. Genes determine 

most of the features of life and also affect diseases and behaviors. During 

evolution, the sequence of genes is continuously changing, altering how they 

affect other molecules and being shaped by the environment. The primary 

way genes affect life is the cooperation of different genes. Whether a gene is 

active or not will affect others and life activities.  

In nature, different species often compete or cooperate by controlling the 

gene activities of other species. Humans are no exception. The job of genetic 

engineers is to help humans develop this ability.  

In recent years, scientists have discovered that the immune system of 

bacteria, CRISPR, can help bacteria record the invader and resist the next 

invasion. Through clever design, CRISPR can be engineered as a tool to 

control genes, called CRISPR regulation. 

This study is the development and upgrade of the CRISPR regulation tool. I 

developed new CRISPR regulation tools to make incontrollable genes 

controllable. This tool can not only control many genes simultaneously but 

also has some functions that have never been realized. For example, it can 

sense gene expression activity in cells and be used for logical operation. 

Overall, this achievement provides new tool in basic research, biomedicine, 

agriculture, and other fields. 
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Chapter 1: CRISPR and CRISPR regulation 

1.1. Overview 

The engineering of the CRISPR (clustered regularly interspaced short 

palindromic repeats) system may be the most high-profile scientific 

advancement in life sciences in the past decade. During the ‘CRISPR’ wave, 

scientists have explored various ways of CRISPR engineering. In addition to 

the most widely known application of genome editing, the excellent 

programmability of CRISPR devices has many creative application scenarios. 

Gene regulation is one of them. This research is dedicated to the 

development of novel CRISPR regulatory systems and redefines the 

programmability of the classic CRISPR/Cas9 system through innovative 

design. It is crucial to sort out the related concepts and research history of 

CRISPR, which could help readers understand the potential untapped value 

of the CRISPR system that deserves attention. 

1.1.1. What is CRISPR? 

Today, we know that CRISPR is an acquired immune system of prokaryotes. 

It can defend against invasive foreign nucleic acid at the single-cell level or 

help prokaryotic species resist the threat of viruses and heterologous nucleic 

acids at the population level 1-9. 

The history of our knowledge of CRISPR is relatively long, but explosive 

progress was made in the last 10 years. This dramatic change is mainly due 

to the revolutionary advancement of DNA sequencing technology10. From the 

first discovery of the mysterious short and discontinuous repetitive 

sequences in the bacterial genome in 1987 to the first suggestion that these 
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sequences may be related to immune function in 2005, the knowledge of 

CRISPR has been accumulating for nearly 20 years 1, 10-15.  

CRISPR has received widespread attention in the field of genetic 

engineering, starting from revealing the function of its related DNA 

endonuclease. In the beginning, the diversity of CRISPR systems caused 

controversy and confusion about the mechanism of CRISPR, especially what 

is the target molecule of CRISPR systems when it resists invasive nucleic 

acids, DNA or RNA? Determining that CRISPR targets DNA and revealing its 

principles made CRISPR a popular tool in the field of genetic engineering 16. 

The first CRISPR system triggering the revolution mentioned above was the 

type II CRISPR system from Streptococcus16. In 2010, Garneau et al. 

reported that the Cas protein from Streptococcus thermophilus could work as 

a kind of RNA-guided DNA endonuclease, which revealed the most crucial 

feature of the CRISPR system for application17. The following year, 

Sapranauskas and Gasiunas et al. proved that the core functions of the 

CRISPR system can be reconstructed in heterologous bacteria, which laid 

the foundation for the CRISPR system to be finally engineered 18. 

In 2012, Gasiunas et al. and Jinek et al. published their researches almost 

simultaneously and reported that the Cas9 protein works as an RNA-guided 

DNA endonuclease which could be reprogrammed for targeting various DNA 

sequence in vitro, which opened the door of CRISPR engineering 19, 20. The 

type II CRISPR system of S. pyogenes is one of the model systems in 

CRISPR research. As one of several prokaryotic species reported to have 

CRISPR sequences in the last century, S. pyogenes was used during a 

series of milestone studies, including the discovery of CRISPR-associated 

(cas) genes and the discovery of exogenous nucleic acid fragments in 

CRISPR arrays 1, 13-15, 21.  
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In S. pyogenes, generally, there are two CRISPR loci, one type I CRISPR 

system and one type II CRISPR system 22. As the most well-known CRISPR 

system, we use the type II CRISPR system from S. pyogenes as an example 

to introduce how CRISPR works as an immune system (Figure 1).  

The structure of a typical CRISPR locus on the bacterial genome mainly 

includes CRISPR-associated (cas) genes and CRISPR array. The whole 

process of adaptive CRISPR immunity can be divided into three stages: 

adaptation, crRNA biogenesis, and interference 22.  

In the stage of adaptation, a short DNA fragment of the invading genetic 

material is processed and inserted into the CRISPR array by specific Cas 

proteins. This short fragment in the CRISPR array is called a protospacer. In 

some CRISPR systems, an adjacent protospacer motif (PAM) sequence is 

necessary for this process. The PAM only exists on the target DNA and not in 

the CRISPR array. For PAM-dependent CRISPR systems, the CRISPR 

complex needs to recognize the PAM when cleaving the target DNA. 

Therefore, the existence of the PAM is considered as an identification of 

friend or foe (IFF) mechanism to protect the CRISPR array on the genome 

from being attacked by the CRISPR system itself 22-25. Not all types of 

CRISPR systems require a PAM. PAM-independent CRISPR systems have 

other different mechanisms to avoid self-targeting 22.  

In the stage of crRNA biogenesis, the crRNA is expressed from the CRISPR 

locus and forms the CRISPR complex with a particular Cas protein. In the 

type II CRISPR system of S. pyogenes, the Cas9 protein, tracrRNA, and pre-

crRNA are expressed from the CRISPR locus. The pre-crRNA is transcribed 

from the CRISPR array with the same structure of alternating spacer and 

repeating sequences. The unprocessed tracrRNA and Cas9 bind to the pre-

crRNA by RNA complementary pairing between the anti-repeat region of the 

unprocessed tracrRNA and the repeat region of the pre-crRNA. In the 
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presence of Cas9, endogenous RNase III can process the matching region 

where pre-crRNA and tracrRNA form dual-gRNA, so that each mature crRNA 

contains only one spacer and a part of one single repeat 22, 26. Finally, the 

crRNA, tracrRNA, and Cas9 form a CRISPR complex which is ready for 

interference. Similar to other essential components of the CRISPR system, 

the structure and composition of the CRISPR complex vary in different types 

of CRISPR systems. Undoubtedly, the diversity mentioned above also exists 

in the crRNA biogenesis mechanisms of other CRISPR systems 27, 28. 

In the stage of interference, the mature CRISPR complex will recognize the 

target site by the complementary pairing of crRNA and target nucleic acid, 

then cleave the target molecules. This step also has exceptionally high 

diversity across different types of CRISPR systems. The cleavage 

mechanism, the type of target molecule (DNA or RNA), and the dependence 

on a PAM are different in various CRISPR systems 27. For the type II 

CRISPR system of S. pyogenes, the Cas9 targets the protospacer site of the 

invasive DNA. The two nuclease domains of Cas9, HNH and RuvC, each 

cleave one single strand separately and lead to a DNA double-strand break, 

thereby destroying the invasive DNA 29. 
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Figure 1. The typical three stages of the CRISPR immune system (taking the 

type II CRISPR system in S. pyogenes as an example). The circular area 

represents bacterial cells. The upper third of the figure (red area) depicts the 

process of foreign nucleic acid invasion from bacteriophage. The foreign 

DNA is processed by various Cas proteins and integrated into the CRISPR 

array (adaptation). The dotted line above the cas9 gene indicates that the 

Cas9 protein is involved in the adaptation step by an unknown mechanism 30, 

31. The middle third of the figure (yellow area) shows the expression, 

assembly, and maturation of the CRISPR complex (crRNA biogenesis). The 

bottom third of the figure (blue area) depicts the CRISPR complex identifying 

and cutting invading DNA molecules (interference). 

 

The CRISPR system is widely distributed in prokaryotes. In the latest 

research, scientists found that CRISPR loci could be found in 85.2% of 

archaea and 42.3% of bacteria 32. In 2015, Makarova et al. updated the 
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classification of CRISPR–Cas systems. They suggested that the CRISPR 

systems could be divided into 2 classes and 5 types according to the gene 

composition of the CRISPR locus 33. These CRISPR types all have their 

specific structure and operation mechanism, which reflects the diversity of 

the CRISPR systems. 

Although the mechanism of CRISPR is diverse, the above mentioned three 

stages of CRISPR function are shared by various CRISPR systems. 

Prokaryotes utilize the CRISPR system to integrate the invasive genetic 

material fragments into their genome (CRISPR array) as records and 

templates. When the corresponding foreign genetic material invades again, 

the CRISPR system will cleave it according to the information recorded on 

the genome, or induce cell dormancy or death 8, 9. 

1.1.2. CRISPR engineering and CRISPR 

regulation 

The milestone in the engineering of the CRISPR system was the discovery of 

RNA-mediated endonucleases, which was reported by Garneau et al. in 2010 

17. For Cas9, the choice of cleavage site on target DNA depends on the 

spacer sequence of the guide RNA (gRNA). In the process of CRISPR 

interference, Cas9 first forms a CRISPR complex with gRNA and then binds 

to the target molecule through the complementary pairing of gRNA and target 

DNA. By artificially changing the spacer sequence of gRNA, the CRISPR 

complex can be guided to different DNA targets and generate double-strand 

breaks. The programmability of the DNA target sequence is vital for genetic 

engineering research. Of course, the programmability of Cas9 is not 

unlimited. As a component of the type II CRISPR system, Cas9 needs a PAM 

in the adjacent position of the protospacer to function, so whether such a 

PAM exists becomes its limitation 34. Cas9 proteins from different species 
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have various sequence preferences for PAM sequences 35, 36. Taking 

SpCas9 as an example. NGG is a necessary PAM motif. Fortunately, such a 

short motif is not uncommon in the genome. Today, scientists have modified 

the Cas9 protein through different means such as rational design or directed 

evolution to expand the available PAM sequences, thereby optimizing the 

programmability of the CRISPR/Cas9 system 34, 37. 

In the previously mentioned famous article by Jinek et al., the authors 

actively mentioned the potential of Cas9 as a tool molecule for DNA targeting 

and genome editing 20. In the same year, Dr. Dana Carroll, a well-known 

scientist in the field of gene editing, wrote a review article. He analyzed the 

similarities and differences between Cas9 protein and other programmable 

DNA editing tools like the zinc finger nucleases (ZFNs) or the transcription 

activator-like effector nucleases (TALENs). In conclusion, he supported the 

potential of Cas9 as a genome-editing tool 38. In the following years, the 

achievements of using Cas9 for genome editing were published like bamboo 

shoots after a rain 39-44. 

The convenience as a tool for gene editing, especially genome editing, is 

undoubtedly the main reason why the CRISPR system has attracted the 

attention of the scientific community. In the early CRISPR gene editing tools, 

the CRISPR system mainly contributes programmable nucleases and only 

participates in the generation of DNA double-strand break (DSB). In the 

process of repairing DSB, cells will introduce mutations by error-prone non-

homologous end joining (NHEJ) or trigger recombination by homology 

directed repair (HDR), thereby destroying the function of the target gene or 

inserting provided DNA fragments 45. 

In recent years, CRISPR-based gene editing tools have not been limited to 

the principles of DNA repair. Using Cas protein to carry base editors can edit 

single bases of DNA or RNA 46-50. In addition, CRISPR was found to mediate 
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DNA integration of transposon on the genome, which makes CRISPR-

mediated transposons a gene editing strategy 51-53. More, a special strategy 

called prime editing was recently reported 53, 54. This strategy does not need 

to generate double-stranded DNA breaks and can employ specially designed 

gRNA as a template to accurately write sequences into target DNA by 

reverse transcription. 

As a tool for gene editing, Cas9 has two essential properties. One is the 

programmability of its DNA targeting. Another is the DNA endonuclease 

ability to cleave DNA double strands, allowing Cas9 to help scientists 

introduce mutations or integrate foreign sequences 45.  

Excitingly, the programmability of Cas9 for DNA recognition can be 

uncoupled from its DNA endonuclease activity. Mutations in Cas9 provide 

versions that retain DNA binding capacity but lose or partially lose DNA 

endonuclease activity 20, 39, 55-57.  

In 2013, Qi et al. published the first case of employing mutated Cas9 without 

DNA endonuclease activity to regulate gene expression in vivo 56. This way 

of using only the programmable DNA binding ability of the CRISPR protein to 

control the expression of the desired genes is known as CRISPR regulation. 

Since then, the door of using CRISPR for programmable gene expression 

regulation was opened. 
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1.1.3. Other applications of CRISPR system 

Although its powerful function establishes the vital position of CRISPR 

technology in the history of life science technology as an engineered genome 

editing tool, CRISPR has been applied to various scenarios. Among them, in 

addition to the field of CRISPR regulation covered in this research, CRISPR 

technology has also been used for biological materials, biosensors, 

molecular enrichment, DNA/RNA labeling, information storage, etc. There is 

no shortage of valuable inventions (Figure 2). 

 

 

Figure 2. A schematic diagram of a portion of the CRISPR applications. For 

a particular type of application, only a specific design or strategy is shown as 

an example in the figure, which does not include all existing engineering 

strategies. 

 

It is difficult to summarize all the whimsical ideas about CRISPR applications. 

They are emerging almost all the time. This section will explore some classic 

examples that have nothing to do with the general sense of gene editing and 
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gene regulation to inspire my readers to approach the engineering potential 

of programmable mechanisms with an open mind. 

A suitable example is biosensors. The ability of CRISPR/Cas protein to 

recognize nucleic acid sequences enables it to be redesigned into a nucleic 

acid biosensor for disease diagnosis. CRISPR based biosensors have 

received widespread attention during the COVID-19 epidemic that broke out 

in 2019. As early as 2016, East-Seletsky et al. studied the RNA-guided RNA 

endonuclease C2c2 (also known as Cas13a) from the type VI CRISPR 

system. They found that the non-specific RNase activity of C2c2 could be 

activated after cleavage of the target RNA, then perform non-specific cutting 

on single-stranded RNA molecules. This means that if single-stranded RNA 

molecules are made into fluorescent probes, a small amount of target RNA 

can trigger the cleavage and activation of the probe by the C2c2 protein 58. In 

2017, Gootenberg and Abudayyeh et al. enormously developed and 

optimized the above principle and proposed the biosensor SHERLOCK. 

SHERLOCK can quantitatively and sensitively detect the presence of specific 

RNA molecules in sample 59. Like C2c2, Cpf1 (also known as Cas12a) also 

has similar non-specific nuclease activity, but the target molecule is DNA 

instead of RNA. In 2018, Chen et al. and Li et al. published DETECTR and 

HOLMES individually. Both are nucleic acid sensors with a similar principle to 

SHERLOCK but using Cas12a and DNA probes 60, 61.  

An interesting biosensor-related study is smart materials. Combining 

Cas12a-based biosensors with hydrogels containing DNA as a structural 

element can create smart materials that respond to specific DNA molecules 

in various ways 62. 

Another interesting application is using CRISPR to record changes or events 

inside or outside the cell. As the acquired immune system of bacteria, the 

CRISPR system can record pathogen invasion and rewrite its DNA 
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sequence. When this function is engineered, the CRISPR system can be 

designed to help researchers record the events they would like to study. 

Sheth et al. have reported a CRISPR biological tape based on this strategy in 

bacteria 63. Tang and Liu used a different Cas protein to achieve similar goals 

in bacteria and mammalian cells 64. 

Besides, the programmable DNA recognition and binding capabilities of Cas 

protein could be used for various purposes. For instance, scientists can use 

the CRISPR complex to locate fluorescent proteins to specific genes or RNA, 

thereby labeling DNA/RNA in living cells 65-68. Another example is that the 

CRISPR complex can also isolate, purify, or enrich specific DNA molecules 

69, 70. 

In short, no matter how to modify the CRISPR system, except a few 

examples that use its ability to record information, in most cases, its 

fundamental advantage comes from its easy-to-use programmability. 
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1.2. Types of CRISPR regulation 

According to the diversity of the goals and results of CRISPR regulation, 

CRISPR regulation tools can be divided into CRISPR interference (CRISPRi), 

CRISPR activation (CRISPRa), and CRISPR-mediated epigenetic 

modification. CRISPRi refers to using CRISPR to knock down gene expression, 

and CRISPRa aims to activate or enhance gene expression. CRISPR-

mediated epigenetic modification refers to making epigenetic modifications on 

DNA or histones by CRISPR tools, which can be used for both gene activation 

or repressing (Figure 3). 

The technical origin of CRISPR regulation can be traced back to a long time 

ago. The basic principles of these three types of CRISPR regulation had all 

been employed by traditional programmable DNA binding tools (zinc finger or 

transcription activator-like effector) 71-75. In contrast, the advantage of CRISPR 

is that the reprogramming process is more straightforward and convenient, 

requiring only the gRNA sequence changing instead of protein engineering 

operations. 
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Figure 3. The three types of CRISPR regulation. (a) The schematic diagrams 

of common CRISPRi tools. i. Transcription initiation interference by steric 

hindrance and competitive inhibition. ii & iii. Transcription initiation interference. 

Protein fusion or RNA-protein interaction recruits repressor to the promoter. iv. 

Transcription elongation interference by steric hindrance. (b) The schematic 

diagrams of common CRISPRa tools. i & ii. Transcription initiation activation. 

Protein fusion or RNA-protein interaction recruits activator to the promoter. iii. 

Transcription initiation activation through DNA remodeling, which brings the 

activator close to the promoter. (c) The schematic diagrams indicating two 

kinds of CRISPR-mediated epigenetic modification. i. CRISPR-mediated 

histone modification. ii. CRISPR-mediated DNA modification.  

 

1.2.1. CRISPR interference (CRISPRi) 

CRISPRi tools can be used to knock down desired gene targets by using a 

corresponding artificially designed gRNA. Qi et al. described the first CRISPR 

interference (CRISPRi) tool in 2013. The defective Cas9 (dCas9) with two 

mutations in the RuvC and HNH nuclease domains (D10A and H841A) was 

employed. By binding to the target gene, the dCas9 interferes with 

transcription initiation or transcription elongation through steric hindrance, 

which causes a decrease in gene transcription instead of breaking the DNA 

56.  

In the same year, Gilbert et al. of the same research team published a follow-

up article describing another design of CRISPRi. In the new system, the 

researchers fused the transcriptional repressor or activator to dCas9. To 

regulate gene expression, they took advantage of the DNA targeting ability of 

dCas9 to carry these regulators near the promoter to function. This strategy 

can inhibit or activate transcription initiation, thereby achieving regulation of 



 

14 
 

gene expression 76. 

The above two design principles were applied to different species and 

constituted the basic design idea of various CRISPRi devices 77. 

1.2.2. CRISPR activation (CRISPRa) 

CRISPRa is a technology of coupling the activator to the enzymatically 

deficient Cas protein to utilize its programmable DNA binding ability. The 

CRISPR protein can locate the activator to the target sequence (usually the 

promoter) for genetic activation. 

CRISPRa has been implemented in both eukaryotic and prokaryotic systems 

76-78. The main differences lie in the genetic engineering platforms and the 

regulators used. Although the regulator can be connected to the CRISPR 

complex in a covalent (by protein fusion) or non-covalent (by intermolecular 

interaction) manner, this does not fundamentally change the basic principle of 

CRISPRa 79. 

It is worth mentioning that a special CRISPRa mechanism is based on dead-

sgRNA instead of dCas9. This method uses functionally defective gRNA to 

inhibit the endonuclease activity of the Cas9 complex, but retains its ability to 

bind DNA 80, 81. 

1.2.3. CRISPR-mediated epigenetic 

modification 

The CRISPR-mediated epigenetic modification has both the characteristics of 

genome editing and gene regulation. Epigenetic modification can introduce 

heritable changes to genes, thereby affecting the phenotype. In this sense, it 

is similar to genome editing. However, the CRISPR-mediated epigenetic 

modification does not change the gene sequence. Its working principle is 
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based on the dCas9 carrying an epigenetic regulator. Suppose the epigenetic 

regulation is a gene regulation mechanism. We could say that CRISPR-

mediated epigenetic modification belongs to the category of CRISPR 

regulation. Here, we regard it as a type of CRISPR regulation. 

The dCas9 fused krüppel-associated box (KRAB) repressor is one of the 

repressors firstly used in CRISPRi 76. It can trigger epigenetic modifications, 

which in turn regulate gene expression. So, it could also be seen as CRISPR-

mediated epigenetic modification. 

However, in the typical sense of CRISPR-mediated epigenetic modification, 

scientists control gene expression by fusing an epigenetic effector to 

catalytically inactive Cas9 75, 82. In 2015, Hilton et al. utilized dCas9 fused 

catalytic histone acetyltransferase (HAT) core to activate the target gene 83. In 

the same year, Kearns et al. fused lysine-specific demethylase 1 (LSD1) to 

dCas9 to repress the target gene expression 84. Today, this strategy has been 

extended to more epigenetic effectors, which provides powerful tools for 

epigenetic research 77, 85, 86. 

1.3. Application of CRISPR regulatory devices 

CRISPR regulation has been widely used in both basic research or 

application project. Here, we summarize the main application directions of 

CRISPR regulatory devices. 

1.3.1. Regulate specific host genes 

The first type of application of CRISPR regulatory devices is regulating one 

or more specific host genes to achieve the desired biological functions 87. 

Due to the programmability of the CRISPR regulatory device, it supports 

highly orthogonal multi-channel gene regulation, which significantly facilitates 

the control of a specific set of genes in vivo 88. 
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Whether in eukaryotic or prokaryotic cells, scientists have used CRISPR 

regulatory devices to study gene functions, search for methods for gene 

therapy, optimize metabolic circuits or achieve various desired phenotypes 88-

96. This type of application best reflects the most fundamental role of CRISPR 

regulatory devices as a gene regulation tool. 

1.3.2. Genetic screening 

Large-scale CRISPRa/i-mediated genetic screening is an essential 

application of CRISPR regulatory devices. Based on the high specificity of 

the CRISPR system, scientists can precisely control the transcription level of 

genes across the genome by designing gRNA libraries, then study the 

function of transcripts 97-101.  

Today, the application of this principle has gone far beyond the goal of 

studying gene function. Mapping of enhancer-promoter connections or 

genetic interactions are other practical applications of CRISPRa/i screening 

98, 102, 103. The former is mainly used to systematically search for potential 

gene regulatory elements, while the latter focuses on high-throughput 

research on the relationship between a pair of genes. 

In summary, the CRISPR regulatory device provides an efficient and 

convenient tool to help scientists screen a large number of genes in a high 

throughput way, thereby systematically revealing the relationship between 

genes, between genes and regulatory elements, and between genes and 

environmental factors.  

1.3.3. Synthetic genetic circuits 

The bottom-up design of artificial circuits and genetic networks is a major 

goal for synthetic biology. The basic logic of rational design is different from 

evolution. There is a high requirement for orthogonality of the circuits.  
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Orthogonality is a concept derived from mathematics, meaning 

independence and decoupling in molecular biology. In genetic engineering, 

parts that do not interact with each other are usually called mutually 

orthogonal parts 104. When the orthogonality is imperfect, unpredictable 

interference between genetic parts, circuits, and networks will affect the 

predictability of biological functions, to make the ‘rational design’ out of the 

question. 

The programmability of CRISPR regulatory devices brings an attractive 

possibility for the realization of a large number of orthogonal circuits. No 

longer limited by the inherent number of available orthogonal regulators, 

highly orthogonal gene regulatory devices can be designed simply by 

changing the gRNA spacer and the target site 105, 106.  

Based on the above idea, scientists have realized a variety of classical 

artificial genetic circuits in eukaryotic and prokaryotic cells. In some cases, 

synthetic biology studies have employed CRISPR regulatory devices to 

control the biological functions of host cells. Essentially, the CRISPR 

regulatory devices were utilized as regulatory tools for host genes 107-110. On 

the other hand, sometimes scientists have used CRISPR regulatory devices 

to control the functions of artificial circuits, especially where those circuits 

require multi-channel regulation 88, 107, 111-116.  

In general, as an artificially invented gene regulation mechanism, the 

development and optimization of CRISPR regulatory devices originally 

belong to synthetic biology. The CRISPR regulatory devices have unique 

programmability and modularity. Hence, they have high application potential 

in artificial circuit design. 
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1.4. Summary  

In this chapter, I have briefly introduced the concept and principle of CRISPR 

and CRISPR regulation. The same contents have been repeatedly presented 

in a large number of previous reviews, so I have omitted unnecessary details 

and tried to make it straightforward. I have also summarized the types of 

CRISPR regulatory devices and their primary usage. These introductions will 

help readers to understand the main content of this research: designing a 

new CRISPRa system and innovatively applying it in practice. 
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Chapter 2: A novel eukaryote-like CRISPR 

activation tool in bacteria: features and 

capabilities 

2.1. Introduction 

In Chapter 1, I introduced the concept and background of CRISPR and 

CRISPR regulation. Here, I will focus on introducing the subdivided research 

field related to our research: CRISPR activation (CRISPRa) in bacteria. Our 

research aims to develop a novel CRISPRa device in bacteria and use it for 

innovative basic research and industrial applications. Thus, in this chapter, I 

will introduce the history, engineering strategies, and methods, and compare 

previous similar research. Based on the above summarization, I will introduce 

the CRISPRa system we created and analyze the design, features, 

advantages and limitations of this new system. More, I will propose ideas on 

the future development and application of prokaryotic CRISPRa technology. 

The content of this chapter has been published in the journal BioEssays as the 

cover article in April 2020 1. 
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2.3. Discussion 

This chapter mainly introduces the background of the new CRISPRa device 

invented in this research by way of a literature review. Regarding the 

technological details of our eukaryote-like CRISPRa system, we will present 

and discuss these in detail in the next chapter. 
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Chapter 3: Engineered CRISPRa enables 

programmable eukaryote-like gene activation in 

bacteria 

3.1. Introduction 

From the previous chapter, we learn that, as a powerful tool for gene 

regulation, CRISPRa has seen successful examples in prokaryotes and 

eukaryotes. However, in bacteria, the development of CRISPRa tools has 

been relatively slow due to the limited types and mechanisms of activation 

systems.  

In this chapter, I will present my study designing a novel CRISPRa device 

that can activate σ54-dependent promoters. This device offers good dynamic 

performance and is available in non-model bacteria. 

In the process of designing this CRISPRa system, I discovered a variety of 

operating rules and proposed several design principles and methods. These 

include the effect of DNA double helix structure on activation efficiency, use 

of mutant Cas9 protein to optimaze sensitivity to low concentrations of 

sgRNA, and use of dxCas9 to expand the available target sites.  

Additionally, an industry application case was proposed and verified, which 

supports low-cost multi-gene expression profile screening. 

The content of this chapter has been published in the journal Nature 

Communications in 2019 1. 
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3.4. Discussion 

As a genetic tool, I hope that the above achievement will contribute to the 

application and development of prokaryotic CRISPRa in the future. In 

addition to the application example of this CRISPRa device in the above 

research, I am also committed to using this device for basic research and 

broader application fields. 
As a case that the above tool is used in basic research, I have tried to explore 

the programmability of crRNA-tracrRNA pairing in the type II CRISPR system 

and developed a DNA-RNA dual recognition system based on CRISPR/Cas9.  

Related content will be shown and discussed in detail in the next chapter. 
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Chapter 4: Reprogrammed tracrRNAs 

repurposing individual RNAs as crRNAs 

Abstract 

The dual-gRNA consisting of crRNA and matched tracrRNA is a typical gRNA 

form of the type II CRISPR system. As a part of the gRNA, tracrRNA interacts 

directly with the DNA endonuclease Cas9 and plays an essential role in its 

function. Although tracrRNA has a high diversity of sequence and structure 

across the type II CRISPR systems of various bacterial species, the potential 

programmability of crRNA-tracrRNA matching for particular Cas9 protein has 

not been studied adequately. Here, we reveal the high programmability of 

crRNA-tracrRNA matching for Streptococcus pyogenes Cas9 (SpCas9). 

Further, the reprogrammed tracrRNAs can repurpose various RNAs as 

crRNAs to trigger CRISPR function. The engineered crRNAs and tracrRNAs 

could not only be designed for orthogonal cellular computing devices but also 

support the hijacking of endogenous RNAs as gRNAs. The engineering 

potential of crRNA-tracrRNA interaction redefines the application scope and 

potential of the CRISPR/Cas9 system. 

 

Keywords: CRISPR, Cas9, tracrRNA. crRNA, programmability 
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4.1. Introduction 

The type II clustered regularly interspaced short palindromic repeats 

(CRISPR) system employs a small non-coding RNA known as trans-

activating CRISPR RNA (tracrRNA) to form the mature dual-RNA structure of 

guide RNA (gRNA) 1-5. By complementary pairing with the precursor CRISPR 

RNA (pre-crRNA), the tracrRNA mediates RNase III-dependent RNA 

processing to generate mature crRNA and Cas9 ribonucleoprotein (RNP) 

complex 3-8. In the above mechanism, the pre-crRNA consists of continuous 

alternating spacers and repeat sequences, and is transcribed from the 

CRISPR array 9. The unique spacers have homology to different foreign DNA 

sequences and guide the Cas9 RNP to recognize the target DNA by RNA-

DNA pairing 8, 10. TracrRNA has an anti-repeat region at its near 5’-end to 

form an RNA duplex with the repeats of pre-crRNA 6. As a consequence, the 

crRNA:tracrRNA RNA duplex will be cleaved by RNA duplex-specific RNase 

III in the presence of Cas9, which leads to fragmented pre-crRNA with one 

spacer for each mature crRNA 4, 6-8. 

The tracrRNA not only plays a vital role in the maturation of gRNA but also 

has molecular interactions with Cas9 protein 4, 11. The tracrRNA is essential 

for the formation of functional Cas9 RNP complex, which consists of Cas9 

protein, crRNA, and tracrRNA 4, 11, 12. In the application of the CRISPR 

system and the study of the CRISPR/Cas9 mechanism, crRNA and tracrRNA 

can be artificially fused into a single gRNA molecule called sgRNA 13. The 3’-

end truncated crRNA and 5’-end truncated tracrRNA are linked by a 

tetraloop, which is functional for the CRISPR/Cas9 system. The crystal 

structure of the Cas9 complex reveals that the secondary structure of the 

tracrRNA part in sgRNA has strong interactions with Cas9 and plays an 

essential role in CRISPR function 5. Although the function of tracrRNA is 

conserved in the CRISPR systems from various species, its sequence and 
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localization within the CRISPR-Cas locus are highly diverse 8, 14. There is an 

orthogonal relationship between tracrRNAs and the corresponding Cas9 

proteins from distant species 8, 13. Such diversity of tracrRNA sequence and 

structure hints at the co-evolution of the repeat region of crRNA, tracrRNA, 

and Cas9 protein.  

The relationship between the above three elements raises an interesting 

question of whether the complementary pairing between crRNA and 

tracrRNA is programmable for particular Cas9 proteins. Three previous 

pieces of experimental evidence support the programmability of crRNA-

tracrRNA matching. First, the Cas9 protein of specific bacteria can form a 

functional complex with tracrRNAs from closely related species 8, 13. The 

functional heterogeneous tracrRNAs have similar secondary structures but 

different sequences, which suggests that the Cas9 protein may be sensitive 

to the secondary structure of gRNA instead of the sequences of its stems and 

loops. Second, the tetraloop stem of sgRNA, which is equivalent to the 

crRNA-tracrRNA pairing fragment, is programmable for Streptococcus 

pyogenes Cas9 (SpCas9) 14, 15. If we assume that sgRNA only works based 

on the structural connection between crRNA and tracrRNA, without changing 

the interaction model between the gRNA and the Cas9 protein, the sequence 

of the RNA duplex of the crRNA-tracrRNA matching region should be 

reprogrammable. Thirdly, a recent study shows that the CRISPR/Cas9 

system can tolerate single base-pair substitutions in the paired region of 

tracrRNA and crRNA 16.  

Here, we research the programmability of crRNA-tracrRNA matching for the 

CRISPR/SpCas9 system. The high programmability of crRNA-tracrRNA 

matching brings a series of new perspectives for engineering and application 

of the CRISPR/Cas9 tool. By reprogramming the crRNA-tracrRNA matching, 

we found that Cas9 can specifically target various RNA molecules by relying 
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on corresponding engineered tracrRNAs. More, different types of RNA can 

be recruited by the CRISPR/Cas9 system as crRNA to trigger CRISPR 

function. This study redefines the application potential of Cas9 protein and 

the resources of crRNA, and also provides new clues for the in-depth study 

of type II CRISPR systems. 
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4.2. Results 

4.2.1. Engineered tracrRNA-mediated CRISPR 

activation 

To study crRNA-tracrRNA pairing, we designed a crRNA-tracrRNA mediated 

CRISPR activation (CRISPRa) device in bacteria, which was modified from a 

previously achieved eukaryote-like CRISPRa system 17, 18. The original 

CRISPRa device consists of a nuclease-deactivated variant of SpCas9 

(dCas9), sgRNA with BoxB aptamers, and the engineered activator with RNA 

adaptor λN22plus. The dCas9 protein and sgRNA form a CRISPR complex 

and bind to the upstream activation sequence (UAS) of a σ54-dependent 

promoter. Consequently, the sgRNA scaffold with fused aptamers recruits the 

corresponding adaptor-fused σ54 activator to the promoter, then activates 

transcription by changing the conformation of the σ54 factor (Figure 1a) 17, 18.  

A crRNA-tracrRNA mediated CRISPR activation (CRISPRa) device requires 

splitting the sgRNA to crRNA and tracrRNA. However, in the original design, 

one of the two RNA aptamers occupies the tetraloop of sgRNA, which is 

equivalent to the structure where crRNA and tracrRNA are connected. 

Splitting the sgRNA will destroy this structure which is essential for the 

function of our previous CRISPRa device. To overcome this issue, we 

redesigned the sgRNA by moving the RNA aptamers to the 3’ end of the 

sgRNA, which no longer changes the tetraloop and loop II of the typical 

sgRNA of the CRISPR/Cas9 system. 

Our experiment proved that the sgRNA with tail-fused aptamers is functional 

for the eukaryote-like CRISPRa system. Further, the 3-aptamers design 

provides higher efficiency than that of the 2-aptamers sgRNA design 

(Supplementary Figure 1). 
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Based on the above sgRNA design, we split the sgRNA with 3’-end fused 

aptamers to tracrRNA and crRNA at the tetraloop position (Figure 1a). In 

addition to the 9 RNA base pairs which are necessary for the functional 

dCas9 RNP complex 13, additional base pairs with the same sequence as 

wild type (WT) crRNA and tracrRNA in Streptococcus pyogenes were 

designed to mimic the natural crRNA-tracrRNA matching. The transcription of 

the crRNA and the tracrRNA were driven by inducible promoters Plux2 and 

PBAD, respectively. The expression of dCas9 was controlled by Ptet promoter 

and induced by anhydrotetracycline (aTc) (Figure 1b). An experiment 

permuting three induction conditions indicated that only when crRNA, 

tracrRNA, and dCas9 were all induced did the CRISPRa system give the 

highest output. Simultaneously, the system is sensitive to the leaky 

expression of dCas9 and tracrRNA (Figure 1c). When we removed the 

crRNA generator or tracRNA generator circuit, no activation of the CRISPRa 

system was observed. The activation efficiency of crRNA-tracrRNA mediated 

CRISPRa and sgRNA mediated CRISPRa are in the same order of 

magnitude (Figure 1d). 

By the above tests, we confirmed that the crRNA-tracrRNA mediated 

CRISPR system could also be employed for eukaryote-like CRISPRa in 

bacteria. We set up this crRNA-tracrRNA mediated CRISPRa device as a 

platform for the following study of the programmability of crRNA-tracrRNA 

matching in the CRISPR/Cas9 system. 
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Figure 1. Design and functional verification of crRNA-tracrRNA 

mediated CRISPRa system in bacteria. (a) Schematic diagram of the 

original sgRNA mediated eukaryote-like CRISPRa system (upper) and the 

crRNA-tracrRNA mediated CRISPRa (bottom). Green base pairs represent 

the minimum structure required for CRISPR/Cas9; blue bases represent RNA 

aptamer BoxB; red bases mark the bulge structure in the crRNA-tracrRNA 

matching region. The short lines between the bases indicate the paired RNA 

bases. Two wobble base pairs are marked as the solid black dots. (b) The 

structure of the circuit of the crRNA-tracrRNA mediated CRISPRa system. 
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Promoters Ptet, Plux2, PBAD drive the expression of dCas9, crRNA, and 

tracrRNA, respectively. The activator PspFΔHTH::λN22plus is driven by 

constitutive promoter J2310619. A σ54-dependent promoter with artificial UAS 

was employed in this circuit to express reporter gene sfgfp. (c) The three- 

components combination test of crRNA-tracrRNA mediated CRISPRa. 2.5 ng 

mL-1 aTc, 1.6 μM AHL, and 0.08 mM arabinose were used in this test. (d) The 

test of the necessity of crRNA, tracrRNA, and a comparison of the functions 

of gRNA before and after being split. The sgRNA expression was controlled 

by promoter Plux2, 2.5 ng mL-1 aTc, 1.6 μM AHL, and 0.08 mM arabinose were 

used in this test. The data of the crRNA-tracrRNA group is equal to that in c. 

The plus and minus signs represent the presence or absence of inducers, 

respectively. The symbol ‘Ø’ represents empty plasmid employed in the 

experiments. Error bars, s.d. (n = 4); a.u., arbitrary units. 

 

4.2.2. The programmability of crRNA-tracrRNA 

pairing 

The crRNA-tracrRNA mediated CRISPRa provides a tool to research the 

programmability of crRNA-tracrRNA pairing in vivo. Previous research has 

revealed that there is a minimal region of crRNA-tracrRNA pairing for the 

functional CRISPR/Cas9 system 13. Excess RNA base pairs can be truncated 

without seriously affecting the function of CRISPR complex. 

To explore the programmability of crRNA-tracrRNA pairing, we first 

reprogrammed the base pairs of the core rRNA-tracrRNA matching region. 

The core region is the minimal matching region of tracrRNA and crRNA for 

CRISPR function, which comes from the subset of minimal structure and the 

minimum matching area of tracrRNA-crRNA. The core matching region 

includes 12 nt RNA at the downstream of the spacer in the crRNA and the 
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corresponding matched tracrRNA region 13. We introduced a stretch of 

mutations into the crRNA and made compensatory mutations in tracrRNA for 

crRNA-tracrRNA matching (Figure 2a, b).  

In detail, the core matching region includes nine RNA base pairs and two 

wobble base pairs (G-U). Two bases, GA, in crRNA and four bases, AAGU, in 

tracrRNA form a bulge structure, which is essential for CRISPR/Cas9 

function 14 (Figure 2a). In previous research, the deletion of the bulge 

structure or the replacement of the nucleotides in the bulge is not allowed for 

functional sgRNA 14, 15. We assume that the same rule applies for crRNA-

tracrRNA pairs. Hence, we only reprogrammed the nine base pairs excepting 

the nucleotides of the bulge. 

Then, the library of the above reprogrammed crRNA-tracrRNA pairs was 

tested using our CRISPRa system. The results show that all the 

reprogrammed crRNA-tracrRNA pairs enabled efficient CRISPRa output. All 

the outputs were of the same order of magnitude as that of the WT crRNA-

tracrRNA matching region (Supplementary Figure 2). 

Next, we explored the orthogonality of mutated crRNA-tracrRNA pairs by 

recombining the mutated crRNAs and tracrRNAs. Interestingly, the bulge 

structure is like a dividing line. The five base pairs upstream of the bulge is 

less able to tolerate mismatches than the four base pairs immediately 

downstream. For SpdCas9, more than two adjacent mismatches in the 

upstream region of the bulge inhibit the CRISPRa function. By contrast, in the 

downstream region, even four mismatches could be tolerated and support 

the CRISPRa function. Surprisingly, in some cases, the mismatches in the 

downstream region enable higher CRISPRa output than that of the WT 

crRNA-tracrRNA pair (Figure 2c).  
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Figure 2. The programmability of crRNA-tracrRNA matching. (a) The 

structure of the CRISPR complex employed for testing the programmability of 

crRNA-tracrRNA matching. (b) The design of the library of the reprogrammed 

crRNA-tracrRNA pairs. Green base pairs represent the original minimum 

structure required for CRISPR/Cas9; blue bases with underline represent 

replaced base pairs (only showing crRNA); red bases mark the bulge 

structure in the crRNA-tracrRNA matching region. (c) Orthogonality test of 

reprogrammed crRNA-tracrRNA pairs. The label ‘mis’ means the WT crRNA 

has a mismatched spacer (LEB3) with the target UAS (LEA2). All the other 

crRNAs in this test have spacer LEA2, and a corresponding σ54-dependent 

promoter with UAS LEA2 was used for the reporter. dCas9 expression was 

controlled by Ptet promoter, and activator expression was driven by a 

constitutive promoter J23106 (Anderson promoter collection). A Plux2 

promoter and a PBAD promoter were used to transcribe crRNA and tracrRNA, 

respectively. The reprogrammed tracrRNAs and crRNAs were combined with 
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each other, 2.5 ng mL-1 aTc, 1.6 μM AHL, and 0.08 mM arabinose were used 

for dCas9, crRNA, tracrRNA induction, respectively. (n = 3); a.u., arbitrary 

units. 

 

4.2.3. Programmable AND-gate devices based 

on crRNA-tracrRNA pairing 

For this crRNA-tracrRNA CRISPRa system, its dynamic behavior shows the 

Boolean logic of the AND-gate. The AND gate is one of the basic digital logic 

gates for logical conjunction. In synthetic biology, it gives a positive output 

only when both the inputs are positive 20. 

In this case, the presence or absence states of the crRNA represent states 1 

and 0, respectively, and the same for that of tracrRNA. If we see the crRNA 

and tracrRNA as input 1 and input 2 of an AND-gate device, the maximum 

and minimal expression levels of the sfGFP represent the states 1 and 0 of 

the output, which can be detected by fluorescence (Figure 3). Our 

experiment exhibits the typical AND-gate function of this system in E. coli, 

through combining the plasmid carrying crRNA generator, tracrRNA 

generator plasmid, and empty plasmid (Figure 1d).  

AND-gate circuits have various potential applications in synthetic biology 21. 

However, building a complex artificial genetic network may need a large 

number of highly orthogonal AND-gate devices. We have proved that the 

AND-gate circuits of crRNA-tracrRNA CRISPRa can be reprogrammed by 

changing the crRNA-tracrRNA matching sequence. Moreover, this type of 

AND-gate device could have good orthogonality based on the principle of 

complementary base pairing (Figure 2c). 

In application, the inducible system is more convenient to control the logic 

gate devices and achieve the desired function. Here, the induced or non-
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induced states of the crRNA represent state 1 and 0, respectively, and the 

same for that of tracrRNA. Yet, for the inducible system, this crRNA-tracrRNA 

CRISPRa is sensitive to the leakiness of tracrRNA, which affects the 

functional consistency of the AND-gate response for the two inputs (Figure 

1c). To optimize this issue, we were inspired by our previous research. In our 

earlier work, we found that the dxCas9(3.7) could optimize the sensitivity to 

the sgRNA leakiness of our sgRNA mediated CRISPRa system, likely 

because the interaction affinity between dxCas9 and gRNA is lower than that 

of dCas9 17. We speculated that the method described above may also be 

applicable to the crRNA-tracrRNA mediated CRISPRa. 

First, we tested dxCas9 and dCas9 on our new version of sgRNA in this 

study. The novel sgRNA employed has tail-fused aptamers, which have a 

fusion structure of crRNA and tracrRNA. As expected, the result indicates 

that the dxCas9 has an optimization effect on the sgRNA mediated CRISPRa 

(Supplementary Figure 3). Then, we tested three crRNA-tracrRNA 

mediated AND-gate devices by using dxCas9 or dCas9. The dxCas9 could 

decrease the sensitivity of the CRISPRa system to the leaky expression of 

tracrRNA and make the AND-gate device more symmetrical in response to 

the two inputs (Supplementary Figure 4). 
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Figure 3. Programmable AND-gate device achieved by crRNA-tracrRNA 

mediated CRISPRa. The schematic diagram of the AND-gate device. Two 

inducible promoters drive the expression of crRNA and tracrRNA, which work 

as two inputs. The dual-gRNA works together under the rules of 

complementary pairing to activate the expression of the target gene.  

 

4.2.4. Repurposing individual RNA as crRNA 

Based on the programmability of the core matching region, we assume that 

the entire pairing area between crRNA and tracrRNA can be programmed. 

This raises the exciting possibility of hijacking various RNAs as crRNAs if the 

above hypothesis is correct. The natural crRNA mainly includes two regions: 

the spacer matched with DNA and the downstream repeat matched with 

tracrRNA. Although the pre-crRNA processing is necessary for CRISPR 

function 6, 22, the design of sgRNA proves that the 3’ end of crRNA near to 

Cas9 is unnecessary for the function of Cas9 4. Simultaneously, the extended 

5’ end of sgRNA and extended 3’ end of crRNA will not destroy 

CRISPR/Cas9 activity 23-25. 

Combining the above facts, since the spacer sequence itself is 

programmable for the DNA target, if the downstream repeat region is 

programmable, the entire crRNA sequence would be programmable except 



 

104 
 

for the G next to the spacer and the GA site in the bulge (Figure1a). We ran 

an experiment and revealed that A, U, or C could replace the RNA base G 

next to the spacer without disrupting CRISPRa function (Supplementary 

Figure 5). Hence, the GA site may be the only conserved bases in the 

crRNA. In other words, any RNA molecule having a GA site with long enough 

context sequence is a potential crRNA to trigger CRISPR/Cas9 function. 

To verify the above hypothesis, we randomly selected three GA sites on the 

mRNA encoding red fluorescent protein (RFP). According to the context 

sequence adjacent to the GA sites, we designed three corresponding 

tracrRNAs which are complementary to the surrounding context sequences 

of the three GA sites. Three corresponding σ54-dependent promoters were 

designed. Each of them has the UAS matching the assumed spacer 

sequence, which is the upstream mRNA region of the predicted mRNA-

tracrRNA matching fragment. According to the above design, if the mRNA of 

RFP can be hijacked as crRNA, the mRNA will form a CRISPR/dCas9 

complex with the corresponding tracrRNA and dCas9 protein. 

Since the tracrRNAs have aptamers for CRISPRa function, the 

CRISPR/dCas9 complex will be guided by the mRNA to target a particular 

σ54-dependent promoter and recruit activator to activate the expression of the 

reporter gene (sfgfp) (Figure 4a). 

For each tracrRNA target site on the mRNA, we used the aptamer-fused WT 

tracrRNA, which should not match the mRNA of RFP, as a control. The result 

shows that, when employing mRNA paired tracrRNAs, there was a positive 

linear correlation between the expression level of RFP and GFP for the R2 

and R3 sites. This correlation disappeared when using aptamer-fused WT 

tracrRNA, which did not match the mRNA of RFP (Figure 4b, 

Supplementary Figure 6). The three randomly selected tracrRNA target 

sites gave different CRISPRa intensities. The output from site R1 is weak, 
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and that from sites R2 and R3 are relatively stronger. This difference may 

come from the natural sequence preference of dCas9 for crRNA-tracrRNA 

matching, or the interference of mRNA secondary structure on the formation 

of the CRISPR complex. Surprisingly, the binding of tracrRNA and the 

CRISPR complex did not seem to significantly interfere with the expression of 

RFP, especially the translation process (Figure 4b). Conversely, a version of 

mRNA lacking the ribosome binding site (RBS) was used to test the impact of 

translation on CRISPRa. The experimental results show that the level of RFP 

was indeed significantly reduced because of the lack of RBS, and the output 

of mRNA-mediated CRISPRa did not change significantly (Supplementary 

Figure 7). Besides, we found that the length of the tracrRNA-mRNA 

matching region can affect the CRISPRa function (Supplementary Figure 

8). 

The mRNA-mediated CRISPRa has application value for being an RNA 

sensor in vivo. The amplification and optimization potential of the sensor 

signal is an essential feature of novel biosensors. To amplify the output 

signal, we designed a positive feedback loop (PFB) (Figure 4c). One more 

σ54-dependent promoter activated by the mRNA was utilized to express an 

additional engineered activator gene for enhancing CRISPRa. The result 

shows that the PFB circuits could amplify the CRISPRa output based on 

different mRNA-tracrRNA matching sites (Figure 4c). 



 

106 
 

 

Figure 4. Engineered tracrRNA repurposes mRNA as crRNA and 

triggers the target promoter. (a) Schematic diagram of the mRNA sensor 

hijacking mRNA as crRNA. Three randomly selected RNA regions with a GA 
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site (red symbol) are indicated on the mRNA. The sequences of the three 

tracrRNA target sites, which are matched to the tracrRNA, are shown in gray 

capital letters. The GA site is highlighted by red capital letters. The upstream 

RNA sequences immediately adjacent to the tracrRNA targets are used as 

the design templates for the UAS sequences. So, the three promoters can be 

respectively activated by the three kinds of CRISPRa complexes formed by 

the mRNAs. One of these is shown as an example (bottom). (b) The results 

of green fluorescence (left) and red fluorescence (right) from mRNA-

mediated CRISPRa. Aptamer-fused WT tracrRNA was employed as a 

control. dCas9 expression was driven by Ptet promoter, and activator 

expression was controlled by PrhaB. The mRNA of RFP and the tracrRNA 

were transcribed from Plux2 and PBAD, respectively. 2.5 ng mL-1 aTc, 0.2 mM 

rhamnose, and 0.08 mM arabinose were used in this test. An AHL gradient 

(0.1, 0.05, 0.03, 0.01, 0 μM) was used for mRNA expression. (c) The 

structure of the original reporter circuit of the mRNA sensor and the version 

with PFB added. Corresponding experimental results are shown on the right. 

All the input components were controlled by the same promoters we used in 

b. 2.5 ng mL-1 aTc, 0.05 mM rhamnose, and 0.08 mM arabinose were used in 

this test. Error bars, s.d. (n = 3); a.u., arbitrary units. 

 

4.2.5. Hijacking endogenous RNA as crRNA 

Successful hijacking the mRNA of RFP as crRNA raises another interesting 

question: is the same strategy available for endogenous RNA transcribed 

from the genome? To research the possibility, we designed two tracrRNAs 

(Ar1 and Ar2) matching the mRNA of the arsenic resistance gene cluster of 

E. coli. We chose this gene cluster because the activity of the promoter ParsR 

can be controlled by arsenate stress. In previous studies, it has been proved 
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that sodium arsenite (NaAsO2) can induce transcription initiation from ParsR 26, 

27. 

The tracrRNA Ar1 and Ar2 match the coding region of arsB and the boundary 

region of the arsC gene (crossing the start codon), respectively. The RNA 

sequences immediately upstream of the target sequences are considered as 

spacers, and two promoters with corresponding UAS were designed as 

reporter circuits. (Figure 5a) 

We constitutively induced the expression of dCas9, tracrRNA, and activator 

in E. coli. Then we set a gradient of NaAsO2 for a group of E. coli cultures.  

As expected, for tracrRNA Ar2, a significant output increase was detected 

with increasing NaAsO2 concentration, which disappeared when using 

aptamer-fused WT tracrRNA (Figure 5b). The Ar1 site did not work, which 

may be due to the effect of the translation process or the sequence 

preference of the crRNA-tracrRNA matching of dCas9 protein. Comparing 

with the mRNA of RFP transcribed from a plasmid, the output signal is much 

weaker, which may be due to the relatively low concentration of endogenous 

RNA and the different spatial locations of the transcription in the cell. 

 

Figure 5. Hijacking endogenous mRNA as crRNA to detect arsenic. (a) 

The schematic diagram of hijacking the endogenous arsenic sensor of E. coli 
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to activate reporter expression by CRISPRa. Red symbols label two sites 

with GA in the polycistronic mRNA of the arsenic-related gene cluster. The 

upstream RNA sequences immediately adjacent to the tracrRNA targets are 

used as the design templates of the UAS sequences. So, the two promoters 

can be respectively activated by the two kinds of CRISPRa complexes 

formed with the mRNA. One of these is shown (bottom) as an example. (b) 

The experimental results of endogenous mRNA hijacking for CRISPRa. 

dCas9 expression was driven by Ptet promoter, and PrhaB controlled activator 

expression. The tracrRNA were transcribed from PBAD. 2.5 ng mL-1 aTc, 0.4 

mM rhamnose, and 0.08 mM arabinose were used in this test. A sodium 

arsenite gradient (0, 0.63, 2.5, 10 μM) was used for inducing transcription of 

the arsenic-related gene cluster. Error bars, s.d. (n = 3); a.u., arbitrary units. 
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4.3. Discussion 

In this study, we researched the programmability of crRNA-tracrRNA 

matching in the CRISPR/Cas9 system. The research platform was designed 

based on our previously achieved eukaryote-like CRISPRa. By engineering 

the CRISPRa device to be compatible with tail-fused aptamers, the tetraloop 

was restored to the original sequence and structure in general sgRNA 

design. As a consequence, we can split the sgRNA with tail-fused aptamers 

into crRNA and engineered tracrRNA, which supports crRNA-tracrRNA 

mediated CRISPRa.  

Interestingly, the CRISPRa device shows tolerance for reprogrammed 

sequences of the crRNA-tracrRNA matching region. When the bulge 

structure is not considered, all the nine base pairs necessary for CRISPR 

function can be replaced without significantly affecting the DNA binding ability 

of dCas9. Mismatches can confer orthogonality to crRNA-tracrRNA matching 

reprogrammed CRISPRa devices, and the tolerance of different segments of 

the crRNA-tracrRNA pairing region to mismatch is uneven. The part close to 

the spacer is more sensitive to mismatches than the part far away from it. For 

the RNA duplex between the spacer and bulge, two to three continuous 

mismatches are enough to disrupt the function of CRISPRa significantly. 

The above-mentioned orthogonality brings the potential to construct a large 

number of orthogonal AND-gate devices with similar dynamic response 

characteristics. We show that the combination of presence states of crRNA 

and trarRNA enables sound AND-gate logic. However, for inducible gRNA 

generators, which may be more valuable for application, the sensitivity to 

tracrRNA leaky transcription leads to asymmetric response dynamic range for 

crRNA and tracrRNA. A mutated dCas9 version dxCas9(3.7) could optimize 

this issue. 

The programmability of crRNA-tracrRNA matching brings exciting 
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engineering possibilities. Except for the bulge (GA site), which has been 

proved as conserved in previous sgRNA research, all remaining sequences 

of crRNA are changeable for CRISPR regulation. Since CRISPR/Cas9 can 

tolerate extensions of the 5’-end and 3’-end, any RNA, with enough length 

and including the GA, may become a crRNA by binding to its complementary 

tracrRNA. Our experiment confirmed this hypothesis by respectively hijacking 

plasmid-transcribed mRNA and endogenous mRNA molecules as crRNAs to 

trigger CRISPRa function. 

Using the CRISPR/Cas9 system to recognize RNA molecules is an 

engineering field worth exploring. There are still some issues worthy of 

research in the future. First, whether the GA site is as conservative as in 

sgRNA for the crRNA-tracrRNA system remains to be verified. Second, 

although the reprogrammed crRNA-tracrRNA matching is available for DNA 

recognition by dCas9, it is still unclear whether this programmability also 

supports the DNA cleavage function of Cas9 protein. Thirdly, different Cas9 

versions may have different tolerance and preference to the reprogrammed 

crRNA-tracrRNA matching region and mismatches. During our previous 

research, compared with dCas9, dxCas9 shows a lower tolerance for 

continuous mismatches at specific sites in the crRNA-tracrRNA pairing region 

17. Finally, the sequence preference of Cas9 protein for the crRNA-tracrRNA 

matching region may need to be revealed by high-throughput methods. 

For the RNA repurposing, there are still some questions to be answered. In 

our experiments, different targets on the same mRNA could lead to different 

CRISPRa output efficiency. It is unclear whether this is due to RNA 

secondary structure, translation interference, or sequence preference. For 

example, in our research, the RBS deletion of the plasmid-transcribed mRNA 

of RFP did not affect CRISPRa output significantly, which reflected the weak 

effect of translation on CRISPR function. However, in the endogenous RNA 
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hijacking, the only effective site is located at the boundary of the coding 

sequence, which hints that translation may be a factor affecting CRISPR 

function. Additionally, whether RNase III can process the tracrRNA-mRNA 

dual-RNA remains unknown, which may affect our assessment about 

whether the secondary structure of the downstream sequence of the target 

RNA will affect CRISPR function. 

In addition, I realized that the same system might work in eukaryotes. 

However, in eukaryotic cells, the location of endogenous RNAs in different 

regions is an additional factor, which may affect the function of endogenous 

RNA based CRISPR tool. The tolerance of dCas9 for gRNA sequence 

diversity also raises some interesting questions: Is it possible for endogenous 

RNAs in eukaryotic cells to coincidentally form a functional CRISPR complex 

with Cas9? Can Cas9 be co-precipitated with transcriptome samples from 

eukaryotic cells, if so, is it possible to capture such endogenous RNAs? In 

short, exploring the interaction between endogenous RNAs and Cas9 in 

eukaryotes will lead to some new topics that are worth exploring. 

Overall, we believe the programmability of crRNA-tracrRNA matching and the 

RNA recognition ability of the CRISPR/Cas9 system opens up a broad field of 

CRISPR/Cas9 engineering. This programmable system may be employed to 

sense RNA in vivo or in vitro, build RNA editors, reconstruct the topology of 

the genetic regulatory network, mark transcripts in situ, or build complex 

cellular computing circuits. We believe that further research will discover 

more of its potential in the future. 
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4.4. Methods 

4.4.1. Strains and growth conditions 

All the assays were performed in E. coli strain MC1061ΔpspF. The E. coli 

MC1061ΔpspF was generated through P1 phage transduction, using E. coli 

strain BW25113ΔpspF739::kan from the Keio collection as the donor strain 28. 

For circuit construction, E. coli TOP10 and E. coli DH5α were both employed 

in this study. 

For bacterial culture, we culture E. coli in Lennox’s Lysogeny Broth (LB-Lennox) 

medium (10 g L−1 peptone (EMD Millipore), 5 g L−1 yeast extract (EMD 

Millipore), 5 g L−1 NaCl (Fisher Scientific)) with appropriate antibiotics for all the 

experiments. Antibiotics were applied at final concentrations of: 50 µg mL−1 

ampicillin (Sigma-Aldrich), 25 µg mL−1 kanamycin (Sigma-Aldrich), and 

12.5 µg mL−1 chloramphenicol (Sigma-Aldrich).  

Before gene expression assays unless otherwise mentioned, we co-

transformed the desired circuits into chemically competent cells of E. coli 

MC1061ΔpspF using a general chemical transformation protocol. Then, we 

picked a single colony carrying test circuits from the agar plate and suspended 

the cells in 30 µL LB-Lennox medium with appropriate antibiotics. 5 µL cell 

suspension was added into 195 µL LB-Lennox medium with appropriate 

antibiotics in a transparent flat-bottom 96-well plate (CytoOne). To avoid 

abnormal growth at the edges of a plate, the outermost wells were not used 

(but were filled with 200 µL of medium). The plates were cultured at 37 °C, 

1000 rpm on a plate shaker (MB100-4A) for 18 h to 23 h overnight. For 

induction, we added 2 µL overnight culture into 198 µL LB-Lennox medium 

with appropriate antibiotics and inducers on a flat clear bottom 96-well plate 

with black walls (Greiner Bio-one). The inducers employed in this study include 

N-(3-Oxohexanoyl)-L-homoserine lactone, AHL (Sigma-Aldrich), aTc 
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(CAYMAN Chemical), rhamnose (Alfa Aesar), arabinose (Acros Organics) and 

sodium arsenite (35000-1L-R, Fluka). All stock inducer solutions have 40 × 

concentrations, which were diluted to 1 × final concentrations by adding 5 µL 

of stock solutions into a final volume of 200 µL culture system.  

For the experiments hijacking mRNA as crRNA, we cultured the induced 

strains for 7 h at 37 °C, 1000 rpm on a plate shaker (MB100-4A). For other 

assays, we cultured the induced strains for 6 h under the same conditions. 

All reagents were purchased as powder and were prepared by dissolving in 

double distilled water or ethanol (chloramphenicol) followed by filtration 

through 0.22 µM syringe filters (Millipore). The stock solution of sodium 

arsenite is a gift from Dr. Xinyi Wan in our lab. 

4.4.2. Plasmid circuit construction 

We used standard molecular biology protocols in this study for circuit 

construction. All plasmids and their structures and sequences are listed in 

Supplementary Table 1, 3-7. The typical composition of the plasmids used in 

this study is illustrated in Supplementary Figure 9. Key primers and 

oligonucleotides used in this study are listed in Supplementary Table 2. The 

dCas9 generators / dxCas9 generators, activator generators, and reporter 

circuits were carried by the BioBrick vector pSB4A3 29. The sgRNA or crRNA 

generators were hosted on a separate and compatible vector, p15AC. A third 

compatible vector, pSAVE221, carried the tracrRNA generators with 

kanamycin resistance (GenBank: JX560327). Variants of each genetic parts 

were chosen according to the specific needs and details of a particular 

experiment. Qiaspin Miniprep Kit (Qiagen) and Monarch PCR & DNA Cleanup 

Kit (NEB) were used in this study for DNA purification. 

All the genetic parts of the dCas9 generator, dxCas9 generator, activator 

generator, inducible promoters, and sgRNA with aptamers at the tetraloop 
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come from our previous published study 17. The new versions of sgRNA were 

synthesized by annealing of oligonucleotides (j5 protocol 30). PCR was used 

to split sgRNA to crRNA and tracrRNA, introduce mutations into gRNAs, and 

change the spacer sequence of crRNAs.  

4.4.3. Gene expression assays 

For the experiments hijacking mRNA of RFP as crRNA, after 7 h induction 

culture, the cultures on 96-well plate were read by a plate reader (BMG 

FLUOstar fluorometry) equipped with a 485 nm excitation laser and a 520 nm 

emission filter for green fluorescence measurements (Gain 700), and a 584 nm 

excitation laser and a 620–10 nm emission filter for red fluorescence 

measurements (Gain 2000). The A600 data was collected at the same time for 

calculating fluorescence/A600. 

For other assays unless otherwise mentioned, after 6 h induction culture, the 

cultures were fixed by adding 2 µL culture into 198 µL 1 × phosphate-buffered 

saline (K813-500ML, VWR) in a 96-well U-bottom plate (Thermo Fisher 

Scientific) with 1 mg mL−1 kanamycin and the samples were stored at 4 °C 

for at least 1 hr. The fixed samples on 96-well U-bottom plate were read by 

the Attune NxT Flow Cytometer (equipped with Attune NxT Autosampler), 

equipped with 488 nm excitation laser and 530/30 nm emission filter for green 

fluorescence measurements. 

4.4.4. Calculation of fluorescence intensities 

All attempts at replication were successful. For data collected by flow 

cytometer, the geometric mean of fluorescence of a population was 

calculated in FlowJo v10.7.1, then corrected by the geometric mean of 

background fluorescence of cells with suitable empty plasmids grown in 

identical conditions but without inducers. Corrected fluorescence values were 
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then averaged in GraphPad Prism 7.05 to give the means with standard 

deviations (SD), which were used for plotting graphs. 

For data collected by the plate reader, the fluorescence values and OD 

values were corrected by a blank negative control (with corresponding 

volumes of medium and with water replacing inducers). Then, the 

fluorescence/A600 for each well was then calculated. The fluorescence/A600 

value for each well was corrected by that of a fluorescence-free strain. All the 

above steps were done in Microsoft Excel 2016. Corrected fluorescence/A600 

values were then averaged in GraphPad Prism 7.05 to give the means with 

standard deviations (SD), which were used for plotting graphs. 

For the dynamic range calculation, the mean and standard deviations (SD) of 

the corrected fluorescence values of replicates were calculated in Microsoft 

Excel 2016. We calculated the increase in fluorescence value ΔFluo 

(corrected fluorescence FluoON of the ON state minus the corrected 

fluorescence FluoOFF of the OFF state) and the corresponding standard 

deviations (SD) SDΔFluo. The dynamic range DR was calculated by dividing 

ΔFluo by FluoOFF. The standard deviations SDDR of the dynamic range DR 

was calculated by the uncertainty propagation formula: 

𝑆𝐷 𝑆𝐷 /𝛥𝐹𝑙𝑢𝑜 𝑆𝐷 /𝐹𝑙𝑢𝑜 𝐷𝑅 

4.4.5. Orthogonality test 

For the orthogonality test (Figure 2c), we run high-throughput co-

transformation and followed culture steps without plating the cells on agar 

plates. 1.3 µL of each plasmid (miniprep of 10 mL cell culture) was added into 

96-well PCR plates, and each well included a particular combination of three 

plasmids. 25 µL chemically competent cells of E. coli MC1061ΔpspF was 

added into each well on ice, and then the 96-well PCR plates were kept on 

ice for 20 min. A 60 s heat shock was run by PCR machine (ABI Veriti 96 well 
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PCR Thermal Cycler) at 42˚C, then the plates were placed back on ice for 5 

min. 

25 µL transformation product of each well was inoculated into a flat-bottom 

96-well plate (CytoOne) with 150 µL fresh LB-Lennox medium. The plates 

were cultured at 37˚C, 800 rpm on a plate shaker (MB100-4A) for 2 h to 

recover. Then, the recovered sample of each well was diluted 4-fold by 

adding 50 µL culture into 150 µL LB-Lennox medium with appropriate 

antibiotics in another flat-bottom 96-well plate (CytoOne) for overnight culture 

at 37˚C, 1000 rpm on a plate shaker (MB100-4A). Then the samples were 

diluted 100-fold to final volume 200 µL for the second overnight culture at 

37˚C, 1000 rpm. The overnight culture was diluted for 6 h induction culture 

followed by plate reader reading. 
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4.5. Supporting information 

4.5.1. Supplementary figures 

 

Supplementary Figure 1. Test of three sgRNA designs with different 

RNA aptamer arrangement. （a）Schematic diagram of the CRISPRa 

devices showing three different designs of sgRNA. The light blue U shape 

line segments in the sgRNA scaffold represent BoxB RNA aptamers. (b) The 

experimental results of the CRISPRa function with three different kinds of 

sgRNA design. The random sequence LEA2 was used as UAS and sgRNA 

spacer. For each of the two new designs, a sgRNA with the same sgRNA 

scaffold but different spacer (random sequence LEB3) was employed as 

mismatched control. dCas9 expression was controlled by Ptet promoter, and 

activator expression was driven by a constitutive promoter J23106 (Anderson 

promoter). A Plux2 promoter was used to transcribe sgRNA. 2.5 ng mL-1 aTc 

and 1.6 μM AHL were used for dCas9 generator and sgRNA generator, 

respectively. Error bars, s.d. (n = 4); a.u., arbitrary units. 
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Supplementary Figure 2. The CRISPRa function of the various crRNA-

tracrRNA pairs in a library shown in Figure 2b. The label ‘mis’ means the 

WT crRNA has a mismatched spacer (LEB3) with the target UAS (LEA2). All 

the other crRNAs in this test have spacer LEA2, and a corresponding σ54-

dependent promoter with UAS LEA2 was used for the reporter. dCas9 

expression was controlled by Ptet promoter, and activator expression was 

driven by a constitutive promoter J23106 (Anderson promoter collection). A 

Plux2 promoter and a PBAD promoter were used to transcribe crRNA and 

tracrRNA, respectively. No inducer was added for the OFF state. 2.5 ng mL-1 

aTc, 1.6 μM AHL, and 0.08 mM arabinose were used for dCas9, crRNA, 

tracrRNA induction, respectively, for the ON state. Error bars, s.d. (n = 3); 

a.u., arbitrary units. 
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Supplementary Figure 3. sgRNA tuning-based dynamic range can be 

improved by employing dxCas9 instead of dCas9. (a) A sgRNA with three 

BoxB aptamers added to its 3’ end tail (LEA2-ex3) was used for CRISPRa. 

The UAS of promoter and spacer of sgRNA had the LEA2 sequence. Ptet 

controlled dCas9 generator or dxCas9 generator, and PrhaB drove activator 

expression, Plux2 drove sgRNA transcription. 2.5 ng mL-1 aTc, 0.4 mM 

rhamnose, and 1.6 μM AHL were used in this test. The plus and minus signs 

represent the presence or absence of inducers, respectively. (b) The sgRNA 

tuning based dynamic range was calculated from the two sets of data with 

dCas9 or dxCas9 in the left bar chart. Error bars, s.d. (n = 3); a.u., arbitrary 

units. 
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Supplementary Figure 4. Asymmetry sensitivity of crRNA-tracrRNA 

mediated CRISPRa can be optimized by employing dxCas9. The cartoon 

on the left shows the two CRISPR complexes involved in this experiment. 

The purple line segment represents DNA and its complementary paired 

spacer sequence of crRNA. The red line indicates the terminator sequence 

on crRNA. The blue U shaped segment indicates BoxB aptamers at the tail of 

tracrRNA. The bar chart on the right shows the output of three CRISPRa 

devices with different crRNA-tracrRNA matching sequences (WT, d4, U5). 

Random sequence LEA2 was used for UAS and spacer in these circuits. 

dCas9 generator or dxCas9 generator was controlled by Ptet, and activator 

expression was driven by PrhaB. crRNA and tracrRNA transcription was driven 

by Plux2 and PBAD, respectively. 2.5 ng mL-1 aTc, 0.4 mM rhamnose, 1.6 μM 

AHL, and 0.08 mM arabinose were used in this test. The plus and minus 

signs represent the presence or absence of inducers, respectively. Error 

bars, s.d. (n = 3); a.u., arbitrary units. 
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Supplementary Figure 5. The programmability of the G site next to the 

spacer in crRNA. The cartoon on the left shows the position of the base 

guanylate in the core matching region between crRNA and tracrRNA. The U5 

crRNA-tracrRNA pair was used as an original crRNA version, which had been 

proved as a functional crRNA-tracrRNA pair (see in Figure 2). The G was 

replaced by C, A, and U, then paired with U5 tracrRNA for CRISPRa. The 

heat map on the right shows the experimental results from four crRNAs. The 

random sequence LEA2 was employed here as UAS and spacer. dCas9 

generator was controlled by Ptet, and activator expression was driven by a 

constitutive promoter J23106 (Anderson promoter), crRNA and tracrRNA 

transcription was driven by Plux2 and PBAD respectively. 2.5 ng mL-1 aTc, 1.6 

μM AHL, and 0.08 mM arabinose were used in this test. (n = 4); a.u., arbitrary 

units. 
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Supplementary Figure 6. Simple linear regression of the relationship 

between the expression level of RFP and expression level of sfGFP. (a) 

In the mRNA hijacking experiment with R2 as the mRNA target site, the 

expression level of RFP and sfGFP show a significant linear positive 

correlation. dCas9 expression was driven by Ptet promoter, and activator 

expression was controlled by PrhaB. The mRNA of RFP and the tracrRNA 

were transcribed from Plux2 and PBAD, respectively. 2.5 ng mL-1 aTc, 0.2 mM 

rhamnose, and 0.08 mM arabinose were used in this test. An AHL gradient 

(0.1, 0.05, 0.03, 0.01, 0 μM) was used for mRNA expression. The data here 

is equal to that in Figure 4b. Equation: GF = 0.01433*RF + 273.3 (GF: green 

fluorescence, RF: red fluorescence); The coefficient of determination (R2) is 

0.9990; p-value: <0.0001. (b) In the mRNA hijacking experiment with R3 as 

the mRNA target site, the expression level of RFP and sfGFP show a 

significant linear positive correlation. All experimental conditions are the 

same as in a. The data here is equal to that in Figure 4b. Equation: GF = 

0.01364*RF + 312.0 (GF: green fluorescence, RF: red fluorescence); The 

coefficient of determination (R2) is 0.9897; p-value: 0.0004. Error bars, s.d. (n 

= 3); a.u., arbitrary units. 
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Supplementary Figure 7. The ribosome binding site (RBS) deletion test 

in the RFP mRNA hijacking experiment. (a) Schematic diagram of the 

design of the RBS deletion experiment. The oval purple dotted line represents 

the RBS, and the red cylindrical structure drawn by the dotted line indicates 

that the translation of red fluorescent protein is greatly reduced after the RBS 

being deleted. (b) The green fluorescence output from the mRNA mediated 

CRISPRa with or without an RBS on the mRNA of RFP. dCas9 generator was 

controlled by Ptet, and activator expression was driven by PrhaB. mRNA and 

tracrRNA transcription was driven by Plux2 and PBAD, respectively. 2.5 ng mL-1 

aTc, 0.2 mM rhamnose, and 0.08 mM arabinose were used in this test. AHL 

gradian (0, 0.01, 0.03, 0.05, 0.1 μM) was used for mRNA induction. (c) The red 

fluorescence output from the mRNA mediated CRISPRa with or without an 

RBS on the mRNA of RFP. The data was from the same experiment in b. The 

data of RBS+ is equal to that in Figure 4b. Error bars, s.d. (n = 3); a.u., arbitrary 

units. 
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Supplementary Figure 8. The length of the crRNA-tracrRNA matching 

region affects the CRISPRa function. (a) Schematic diagram of the design 

of the library, including truncated tracrRNA anti-coding regions. In this test, 

tracrRNA-R2 and tracrRNA-R3 were employed and coupled with mRNA of 

RFP for CRISPRa. (b) The result of the anti-coding region truncation test on 

tracrRNA-R2. dCas9 generator was controlled by Ptet, and activator expression 
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was driven by PrhaB. mRNA and tracrRNA transcription were driven by Plux2 and 

PBAD, respectively. 2.5 ng mL-1 aTc, 1.6 μM AHL, 0.4 mM rhamnose, and 0.08 

mM arabinose were used in this test. In the legend, CRISPR + or CRISPR – 

indicates that all the inducers were added or not except AHL (for mRNA 

induction). (c) The result of the anti-coding region truncation test on tracrRNA-

R3. All the conditions were the same as that for the experiment in b. Error bars, 

s.d. (n = 3); a.u., arbitrary units. 
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Supplementary Figure 9. Representative plasmid maps for key circuit 

constructs used in this study. (1) The plasmid map of pLY54. pLY54 was 

used in the experiments in Figure 1,2,3, and also was used in tests of 

Supplementary Figure 1,2,5. (2) The plasmid map of pLY162-pLY164, 

pLY167-pLY169, and pLY218. pLY162-pLY164 were used in the RFP mRNA 

hijacking experiment (Figure 4, Supplementary Figure 6,7,8); pLY167 and 

pLY168 are reporter circuits for the hijacking of endogenous mRNA of the 

arsenic-related gene cluster in E. coli (Figure 5); pLY169 and pLY218 is the 

CRISPRa circuit with dxCas9 or dCas9, which was used in experiments of 

Supplementary Figure 3,4. (3) The plasmid map of pLY165 and pLY166, 

they are positive feedback circuits used in Figure 4. (4) The plasmid map of 

pLY76, pLY170-pLY184, pLY187-pLY189 and pLY246. They are all the 

crRNA generators in this study. (5) The plasmid map of pLY185 and pLY186. 
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They are two mRFP generators with or without RBS, which were used in 

Supplementary Figure 7. (6) The plasmid map of pLY190-pLY245. They are 

all the tracrRNA generators in this study. 
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4.5.2. Supplementary tables 

Supplementary Table 1: Plasmids used in this study 

‘dCas9’ in this table refers ‘dCas9 generator’  

‘dxCas9’ in this table refers ‘dxCas9 generator’  

‘Reporter’ in this table refers ‘Reporter with sfGFP::ASV tag’  

Notice: scars between the parts coming from construction are not shown. 

Name Structure  Vector  Reference 
pLY54 dCas9-J23106-

PSPFΔHTH::λN22plus- PpspA-
LEA2B2-Reporter 

pSB4A3* Previous 
study17 

pLY162 dCas9- PrhaB-
PSPFΔHTH::λN22plus-PpspA-R1-
Reporter 

pSB4A3* This 
study 

pLY163 dCas9- PrhaB-
PSPFΔHTH::λN22plus-PpspA-R2-
Reporter 

pSB4A3* This 
study 

pLY164 dCas9- PrhaB-
PSPFΔHTH::λN22plus-PpspA-R3-
Reporter 

pSB4A3* This 
study 

pLY165 dCas9- PrhaB-
PSPFΔHTH::λN22plus-PpspA-R2-
Reporter-PpspA-R2-Reporter 

pSB4A3* This 
study 

pLY166 dCas9- PrhaB-
PSPFΔHTH::λN22plus-PpspA-R3-
Reporter-PpspA-R3-Reporter 

pSB4A3* This 
study 

pLY167 dCas9- PrhaB-
PSPFΔHTH::λN22plus-PpspA-Ar1-
Reporter 

pSB4A3* This 
study 

pLY168 dCas9- PrhaB-
PSPFΔHTH::λN22plus-PpspA-Ar2-
Reporter 

pSB4A3* This 
study 

pLY169 dxCas9- PrhaB-
PSPFΔHTH::λN22plus-PpspA-
LEA2B2-Reporter 

pSB4A3* This 
study 

pLY76 Plux2-sgRNA-LEA2 p15AC Previous 
study17 

pLY170 Plux2-sgRNA-LEA2-ex2 p15AC This 
study 
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Name Structure  Vector  Reference 
pLY171 Plux2-sgRNA-LEA2-ex3 p15AC This 

study 
pLY172 Plux2-sgRNA-LEB3-ex2 p15AC This 

study 
pLY173 Plux2-sgRNA-LEB3-ex3 p15AC This 

study 
pLY174 Plux2-crRNA-LEA2-WT p15AC This 

study 
pLY176 Plux2-crRNA-LEA2-d1 p15AC This 

study 
pLY177 Plux2-crRNA-LEA2-d2 p15AC This 

study 
pLY178 Plux2-crRNA-LEA2-d3 p15AC This 

study 
pLY179 Plux2-crRNA-LEA2-d4 p15AC This 

study 
pLY180 Plux2-crRNA-LEA2-U1 p15AC This 

study 
pLY181 Plux2-crRNA-LEA2-U2 p15AC This 

study 
pLY182 Plux2-crRNA-LEA2-U3 p15AC This 

study 
pLY183 Plux2-crRNA-LEA2-U4 p15AC This 

study 
pLY184 Plux2-crRNA-LEA2-U5 p15AC This 

study 
pLY185 Plux2-mRFP p15AC This 

study 
pLY186 Plux2-mRFP-DetRBS p15AC This 

study 
pLY187 Plux2-crRNA-LEA2-U5A p15AC This 

study 
pLY188 Plux2-crRNA-LEA2-U5C p15AC This 

study 
pLY189 Plux2-crRNA-LEA2-U5T p15AC This 

study 
pLY190 PBAD-tracrRNA-WT pSEVA221 

(JX560327)2 
This 
study 

pLY192 PBAD-tracrRNA-d1 pSEVA221 
(JX560327) 

This 
study 
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Name Structure  Vector  Reference 
pLY193 PBAD-tracrRNA-d2 pSEVA221 

(JX560327) 
This 
study 

pLY194 PBAD-tracrRNA-d3 pSEVA221 
(JX560327) 

This 
study 

pLY195 PBAD-tracrRNA-d4 pSEVA221 
(JX560327) 

This 
study 

pLY196 PBAD-tracrRNA-U1 pSEVA221 
(JX560327) 

This 
study 

pLY197 PBAD-tracrRNA-U2 pSEVA221 
(JX560327) 

This 
study 

pLY198 PBAD-tracrRNA-U3 pSEVA221 
(JX560327) 

This 
study 

pLY199 PBAD-tracrRNA-U4 pSEVA221 
(JX560327) 

This 
study 

pLY200 PBAD-tracrRNA-U5 pSEVA221 
(JX560327) 

This 
study 

pLY201 PBAD-tracrRNA-R1 pSEVA221 
(JX560327) 

This 
study 

pLY202 PBAD-tracrRNA-R2 pSEVA221 
(JX560327) 

This 
study 

pLY203 PBAD-tracrRNA-R3 pSEVA221 
(JX560327) 

This 
study 

pLY204 PBAD-tracrRNA-Ar1 pSEVA221 
(JX560327) 

This 
study 

pLY205 PBAD-tracrRNA-Ar2 pSEVA221 
(JX560327) 

This 
study 

pLY206 PBAD-tracrRNA-R2L1 pSEVA221 
(JX560327) 

This 
study 

pLY207 PBAD-tracrRNA-R2L3 pSEVA221 
(JX560327) 

This 
study 

pLY208 PBAD-tracrRNA-R2L5 pSEVA221 
(JX560327) 

This 
study 

pLY209 PBAD-tracrRNA-R2L7 pSEVA221 
(JX560327) 

This 
study 

pLY210 PBAD-tracrRNA-R2L9 pSEVA221 
(JX560327) 

This 
study 

pLY211 PBAD-tracrRNA-R2L11 pSEVA221 
(JX560327) 

This 
study 

pLY212 PBAD-tracrRNA-R3L1 pSEVA221 
(JX560327) 

This 
study 
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Name Structure  Vector  Reference 
pLY213 PBAD-tracrRNA-R3L3 pSEVA221 

(JX560327) 
This 
study 

pLY214 PBAD-tracrRNA-R3L5 pSEVA221 
(JX560327) 

This 
study 

pLY215 PBAD-tracrRNA-R3L7 pSEVA221 
(JX560327) 

This 
study 

pLY216 PBAD-tracrRNA-R3L9 pSEVA221 
(JX560327) 

This 
study 

pLY217 PBAD-tracrRNA-R3L11 pSEVA221 
(JX560327) 

This 
study 

pLY218 dCas9- PrhaB-
PSPFΔHTH::λN22plus-PpspA-
LEA2B2-Reporter 

pSB4A3* This 
study 

pLY245 PBAD-tracrRNA-ESI pSEVA221 
(JX560327) 

This 
study 

pLY246 Plux2-crRNA-LEB3-WT p15AC This 
study 

*http://parts.igem.org/Part:pSB4A3 (There are a few point mutations) 
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Supplementary Table 2: Key primers and oligos used in this study 

Name Sequence Purpose 
23-gRNA-F1 CTAGAAGTTATTATATAGTTCGGTCGTTTGAGAGCTAG

AAATAGCAAGTTCAAATAAGGCTAGTCCGTTATCAACT

TGAAAAAGTGGCACCGAGTCG 

For sgRNA-LEA2-

ex2/ex3 synthesis 

23-gRNA-R1 GCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGA

CTAGCCTTATTTGAACTTGCTATTTCTAGCTCTCAAAC

GACCGAACTATATAATAACTT 

For sgRNA-LEA2-

ex2/ex3 synthesis 

exBoxB-F2 GTGCGGGCCCTGAAGAAGGGCCCTAGCAAGTTCAAATA

AGGCTAGTCCGTTAT 

For sgRNA-LEA2-

ex2 synthesis 

exBoxB-R2 GTTGATAACGGACTAGCCTTATTTGAACTTGCTAGGGC

CCTTCTTCAGGGCCC 

For sgRNA-LEA2-

ex2 synthesis 

exBoxB-R3 GCGGCCGCTACTAGTAAAAAAAAGCACCGACTCGGTGC

CACTTGGGCCCTTCTTCAGGGCCCAA 

For sgRNA-LEA2-

ex2 synthesis 

exBoxB-F3 CAACTTGGGCCCTGAAGAAGGGCCCAAGTGGCACCGAG

TCGGTGCTTTTTTTTACTAGTAGCGGCCGCTGCA 

For sgRNA-LEA2-

ex2 synthesis 

ex3BoxB-F2 GTGCGGGCCCTGAAGAAGGGCCCAAGGCTAGGGCCCTG

AAGAAGGGCCCGCAGGGCCCTGAAGAAGGGCCCTTTTT

TTTACTAGTAGCGGCCGCTGCA 

For sgRNA-LEA2-

ex3 synthesis 

ex3BoxB-R2 GCGGCCGCTACTAGTAAAAAAAAGGGCCCTTCTTCAGG

GCCCTGCGGGCCCTTCTTCAGGGCCCTAGCCTTGGGCC

CTTCTTCAGGGCCC 

For sgRNA-LEA2-

ex3 synthesis 

R2L1-F CTAGAGGAACCATTCTCGGAGGAGGCCAAGTAGCGTTA

AGGCTAGTC 

For tracrRNA-R2L1 

synthesis 

R2L1-R AACGGACTAGCCTTAACGCTACTTGGCCTCCTCCGAGA

ATGGTTCCT 

For tracrRNA-R2L1 

synthesis 

R2L3-F CTAGAGGAACCATTCGGAGGAGGCCAAGTAGCGTTAAG

GCTAGTC 

For tracrRNA-R2L3 

synthesis 

R2L3-R AACGGACTAGCCTTAACGCTACTTGGCCTCCTCCGAAT

GGTTCCT 

For tracrRNA-R2L3 

synthesis 

R2L5-F CTAGAGGAACCATTGAGGAGGCCAAGTAGCGTTAAGGC

TAGTC 

For tracrRNA-R2L5 

synthesis 

R2L5-R AACGGACTAGCCTTAACGCTACTTGGCCTCCTCAATGG

TTCCT 

For tracrRNA-R2L5 

synthesis 

R2L7-F CTAGAGGAACCATTGGAGGCCAAGTAGCGTTAAGGCTA

GTC 

For tracrRNA-R2L7 

synthesis 

R2L7-R AACGGACTAGCCTTAACGCTACTTGGCCTCCAATGGTT

CCT 

For tracrRNA-R2L7 

synthesis 

R2L9-F CTAGAGGAACCATTAGGCCAAGTAGCGTTAAGGCTAGT

C 

For tracrRNA-R2L9 

synthesis 

R2L9-R AACGGACTAGCCTTAACGCTACTTGGCCTAATGGTTCC

T 

For tracrRNA-R2L9 

synthesis 
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Name Sequence Purpose 
R2L11-F CTAGAGGAACCATTGCCAAGTAGCGTTAAGGCTAGTC For tracrRNA-

R2L11 synthesis 

R2L11-R AACGGACTAGCCTTAACGCTACTTGGCAATGGTTCCT For tracrRNA-

R2L11 synthesis 

R0L1-F CTAGAGGAACCATTCTCGGAGGAGGCCAAGTCCAGCTA

AGGCTAGTC 

For tracrRNA-R3L1 

synthesis 

R0L1-R AACGGACTAGCCTTAGCTGGACTTGGCCTCCTCCGAGA

ATGGTTCCT 

For tracrRNA-R3L1 

synthesis 

R0L3-F CTAGAGGAACCATTCGGAGGAGGCCAAGTCCAGCTAAG

GCTAGTC 

For tracrRNA-R3L3 

synthesis 

R0L3-R AACGGACTAGCCTTAGCTGGACTTGGCCTCCTCCGAAT

GGTTCCT 

For tracrRNA-R3L3 

synthesis 

R0L5-F CTAGAGGAACCATTGAGGAGGCCAAGTCCAGCTAAGGC

TAGTC 

For tracrRNA-R3L5 

synthesis 

R0L5-R AACGGACTAGCCTTAGCTGGACTTGGCCTCCTCAATGG

TTCCT 

For tracrRNA-R3L5 

synthesis 

R0L7-F CTAGAGGAACCATTGGAGGCCAAGTCCAGCTAAGGCTA

GTC 

For tracrRNA-R3L7 

synthesis 

R0L7-R AACGGACTAGCCTTAGCTGGACTTGGCCTCCAATGGTT

CCT 

For tracrRNA-R3L7 

synthesis 

R0L9-F CTAGAGGAACCATTAGGCCAAGTCCAGCTAAGGCTAGT

C 

For tracrRNA-R3L9 

synthesis 

R0L9-R AACGGACTAGCCTTAGCTGGACTTGGCCTAATGGTTCC

T 

For tracrRNA-R3L9 

synthesis 

R0L11-F CTAGAGGAACCATTGCCAAGTCCAGCTAAGGCTAGTC For tracrRNA-

R3L11 synthesis 

R0L11-R AACGGACTAGCCTTAGCTGGACTTGGCAATGGTTCCT For tracrRNA-

R3L11 synthesis 

Ar1F CTAGAGGAACCATTAGCTGCAATGGCGCAAGTACCGGT

AAGGCTAGTC 

For tracrRNA-Ar1 

synthesis 

Ar1R AACGGACTAGCCTTACCGGTACTTGCGCCATTGCAGCT

AATGGTTCCT 

For tracrRNA-Ar1 

synthesis 

Ar2F CTAGAGGAACCATTAATGGTAATGTTGCAAGTATATCT

AAGGCTAGTC 

For tracrRNA-Ar2 

synthesis 

Ar2R AACGGACTAGCCTTAGATATACTTGCAACATTACCATT

AATGGTTCCT 

For tracrRNA-Ar2 

synthesis 

SpeI-wt-u5d3T-cr-R CGCTACTAGTACAAAACAGCAATCGTCATTTTAGACCG

AACTATATAATAACTTCTAGTTTTATTCG 

For crRNA-LEA2-

U5T synthesis 

SpeI-wt-u5d3C-cr-R CGCTACTAGTACAAAACAGCAATCGTCATTTTGGACCG

AACTATATAATAACTTCTAGTTTTATTCG 

For crRNA-LEA2-

U5C synthesis 
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Name Sequence Purpose 
SpeI-wt-u5d3A-cr-R CGCTACTAGTACAAAACAGCAATCGTCATTTTTGACCG

AACTATATAATAACTTCTAGTTTTATTCG 

For crRNA-LEA2-

U5A synthesis 

XbaI-wt-tracr-F CGCTTCTAGAGGAACCATTCAAAACAGCATAGCAAGTT

AAAATAAGGCTAGTCCGTTATCAACTTG 

For tracrRNA-WT 

synthesis 

SpeI-wt-cr-R CGCTACTAGTACAAAACAGCATAGCTCTAAAACGACCG

AACTATATAATAACTTCTAGTTTTATTCG 

For crRNA-LEA2-

WT synthesis 

XbaI-wt-d1-tracr-F CGCTTCTAGAGGAACCATTCAAAACAGCAAAGCAAGTT

AAAATAAGGCTAGTCCGTTATCAACTTG 

For tracrRNA-d1 

synthesis 

SpeI-wt-d1-cr-R CGCTACTAGTACAAAACAGCAAAGCTCTAAAACGACCG

AACTATATAATAACTTCTAGTTTTATTCG 

For crRNA-LEA2-d1 

synthesis 

XbaI-wt-d2-tracr-F CGCTTCTAGAGGAACCATTCAAAACAGCAATGCAAGTT

AAAATAAGGCTAGTCCGTTATCAACTTG 

For tracrRNA-d2 

synthesis 

SpeI-wt-d2-cr-R CGCTACTAGTACAAAACAGCAATGCTCTAAAACGACCG

AACTATATAATAACTTCTAGTTTTATTCG 

For crRNA-LEA2-d2 

synthesis 

SpeI-wt-d3-cr-R CGCTACTAGTACAAAACAGCAATCCTCTAAAACGACCG

AACTATATAATAACTTCTAGTTTTATTCG 

For crRNA-LEA2-d3 

synthesis 

XbaI-wt-d3-tracr-F CGCTTCTAGAGGAACCATTCAAAACAGCAATCCAAGTT

AAAATAAGGCTAGTCCGTTATCAACTTG 

For tracrRNA-d3 

synthesis 

SpeI-wt-d4-cr-R CGCTACTAGTACAAAACAGCAATCGTCTAAAACGACCG

AACTATATAATAACTTCTAGTTTTATTCG 

For crRNA-LEA2-d4 

synthesis 

XbaI-wt-d4-tracr-F CGCTTCTAGAGGAACCATTCAAAACAGCAATCGAAGTT

AAAATAAGGCTAGTCCGTTATCAACTTG 

For tracrRNA-d4 

synthesis 

SpeI-wt-d4U1-cr-R CGCTACTAGTACAAAACAGCAATCGTCAAAAACGACCG

AACTATATAATAACTTCTAGTTTTATTCG 

For crRNA-LEA2-

U1 synthesis 

XbaI-wt-d4U1-tracr-F CGCTTCTAGAGGAACCATTCAAAACAGCAATCGAAGTA

AAAATAAGGCTAGTCCGTTATCAACTTG 

For tracrRNA-U1 

synthesis 

SpeI-wt-d4U2-cr-R CGCTACTAGTACAAAACAGCAATCGTCATAAACGACCG

AACTATATAATAACTTCTAGTTTTATTCG 

For crRNA-LEA2-

U2 synthesis 

XbaI-wt-d4U2-tracr-F CGCTTCTAGAGGAACCATTCAAAACAGCAATCGAAGTA

TAAATAAGGCTAGTCCGTTATCAACTTG 

For tracrRNA-U2 

synthesis 

SpeI-wt-d4U3-cr-R CGCTACTAGTACAAAACAGCAATCGTCATTAACGACCG

AACTATATAATAACTTCTAGTTTTATTCG 

For crRNA-LEA2-

U3 synthesis 

XbaI-wt-d4U3-tracr-F CGCTTCTAGAGGAACCATTCAAAACAGCAATCGAAGTA

TTAATAAGGCTAGTCCGTTATCAACTTG 

For tracrRNA-U3 

synthesis 

SpeI-wt-d4U4-cr-R CGCTACTAGTACAAAACAGCAATCGTCATTTACGACCG

AACTATATAATAACTTCTAGTTTTATTCG 

For crRNA-LEA2-

U4 synthesis 

XbaI-wt-d4U4-tracr-F CGCTTCTAGAGGAACCATTCAAAACAGCAATCGAAGTA

TTTATAAGGCTAGTCCGTTATCAACTTG 

For tracrRNA-U4 

synthesis 

SpeI-wt-d4U5-cr-R CGCTACTAGTACAAAACAGCAATCGTCATTTTCGACCG

AACTATATAATAACTTCTAGTTTTATTCG 

For crRNA-LEA2-

U5 synthesis 
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Name Sequence Purpose 
XbaI-wt-d4U5-tracr-F CGCTTCTAGAGGAACCATTCAAAACAGCAATCGAAGTA

TTTTTAAGGCTAGTCCGTTATCAACTTG 

For tracrRNA-U5 

synthesis 

XbaI-R1-PspA CGCTTCTAGAGCCCAGGACTCCTCACTTCAGCGGTTAG

TGTAATTCGCTAACTCATCCTGGC 

For PpspA-R1 

synthesis 

XbaI-R2-PspA CGCTTCTAGAGTAATGCAGAAGAAGACCATGCGGTTAG

TGTAATTCGCTAACTCATCCTGGC 

For PpspA-R2 

synthesis 

XbaI-R3-PspA CGCTTCTAGAGTGAAGGACGGCGGCCACTACCGGTTAG

TGTAATTCGCTAACTCATCCTGGC 

For PpspA-R3 

synthesis 

XbaI-R1-tra CGCTTCTAGAGGAACCATTCCTTGTAGATGAACAAGTG

CCGTTAAGGCTAGTCCGTTATCAACTTG 

For tracrRNA-R1 

synthesis 

XbaI-R2-tra CGCTTCTAGAGGAACCATTGCTCGGAGGAGGCCAAGTC

CAGCTAAGGCTAGTCCGTTATCAACTTG 

For tracrRNA-R2 

synthesis 

XbaI-R3-tra CGCTTCTAGAGGAACCATTAGGTGGTCTTGACCAAGTA

GCGTTAAGGCTAGTCCGTTATCAACTTG 

For tracrRNA-R3 

synthesis 

XP- L3S3P22-F 

CTAGAGCCAATTATTGAAGGCCGCTAACGCGGCCTTTT

TTTGTTTCTGGTCTCCCTACTAGTAGCGGCCGCTGCA 

For terminator 

L3S3P22 synthesis 

XP- L3S3P22-R 

GCGGCCGCTACTAGTAGGGAGACCAGAAACAAAAAAAG

GCCGCGTTAGCGGCCTTCAATAATTGGCT 

For terminator 

L3S3P22 synthesis 

XP-L3S2P21-F 

CTAGAGCTCGGTACCAAATTCCAGAAAAGAGGCCTCCC

GAAAGGGGGGCCTTTTTTCGTTTTGGTCCTACTAGTAG

CGGCCGCTGCA 

For terminator 

L3S2P21 synthesis 

XP-L3S2P21-R 

GCGGCCGCTACTAGTAGGACCAAAACGAAAAAAGGCCC

CCCTTTCGGGAGGCCTCTTTTCTGGAATTTGGTACCGA

GCT 

For terminator 

L3S2P21 synthesis 

PS131 AGGGCGGCGGATTTGTCC For sequencing 

PS231 GCGGCAACCGAGCGTTC For sequencing 

VF2* TGCCACCTGACGTCTAAGAA For sequencing 

VR** ATTACCGCCTTTGAGTGAGC For sequencing 

CF2 GTTCGTAAGCCATTTCCGCTCGCCGCAGTC For sequencing 

CR AACGGTCTGGTTATAGGTACATTGAGCAAC For sequencing 

* http://parts.igem.org/wiki/index.php?title=Part:BBa_G00100 

** http://parts.igem.org/wiki/index.php?title=Part:BBa_G00101 
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Supplementary Table 3: Sequences of inducible promoters used in this 

study 

Name Type and 
source 

Parts DNA sequence (5’– 3’) 

PBAD Inducible promoter  

 

Composite 

Module 

(This study) 

Reverse 

Terminator 

L3S2P11 

 

 

 

CCTAGTTGTCTTCATGCATGAAGACAAAATTAATACT

AGAGGGACCAAAACGAAAAAAGACGCTCGAAAGCGTC

TCTTTTCTGGAATTTGGTACCGAGCTCTAGTA 

Reverse 

araC 

CDS 

 

 

TTATGACAACTTGACGGCTACATCATTCACTTTTTCT

TCACAACCGGCACGGAACTCGCTCGGGCTGGCCCCGG

TGCATTTTTTAAATACCCGCGAGAAATAGAGTTGATC

GTCAAAACCAACATTGCGACCGACGGTGGCGATAGGC

ATCCGGGTGGTGCTCAAAAGCAGCTTCGCCTGGCTGA

TACGTTGGTCCTCGCGCCAGCTTAAGACGCTAATCCC

TAACTGCTGGCGGAAAAGATGTGACAGACGCGACGGC

GACAAGCAAACATGCTGTGCGACGCTGGCGATATCAA

AATTGCTGTCTGCCAGGTGATCGCTGATGTACTGACA

AGCCTCGCGTACCCGATTATCCATCGGTGGATGGAGC

GACTCGTTAATCGCTTCCATGCGCCGCAGTAACAATT

GCTCAAGCAGATTTATCGCCAGCAGCTCCGAATAGCG

CCCTTCCCCTTGCCCGGCGTTAATGATTTGCCCAAAC

AGGTCGCTGAAATGCGGCTGGTGCGCTTCATCCGGGC

GAAAGAACCCCGTATTGGCAAATATTGACGGCCAGTT

AAGCCATTCATGCCAGTAGGCGCGCGGACGAAAGTAA

ACCCACTGGTGATACCATTCGCGAGCCTCCGGATGAC

GACCGTAGTGATGAATCTCTCCTGGCGGGAACAGCAA

AATATCACCCGGTCGGCAAACAAATTCTCGTCCCTGA

TTTTTCACCACCCCCTGACCGCGAATGGTGAGATTGA

GAATATAACCTTTCATTCCCAGCGGTCGGTCGATAAA

AAAATCGAGATAACCGTTGGCCTCAATCGGCGTTAAA

CCCGCCACCAGATGGGCATTAAACGAGTATCCCGGCA

GCAGGGGATCATTTTGCGCTTCAGCCAT 

 

PBAD 

 

 

 

ACTTTTCATACTCCCGCCATTCAGAGAAGAAACCAAT

TGTCCATATTGCATCAGACATTGCCGTCACTGCGTCT

TTTACTGGCTCTTCTCGCTAACCAAACCGGTAACCCC

GCTTATTAAAAGCATTCTGTAACAAAGCGGGACCAAA

GCCATGACAAAAACGCGTAACAAAAGTGTCTATAATC

ACGGCAGAAAAGTCCACATTGATTATTTGCACGGCGT
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Name Type and 
source 

Parts DNA sequence (5’– 3’) 

CACACTTTGCTATGCCATAGCATTTTTATCCATAAGA

TTAGCGGATCCTACCTGACGCTTTTTATCGCAACTCT

CTACTGTTTCTCCATA 

(TTS) 

Plux2 

 

Inducible promoter  

 

Composite 

Module 

(This study) 

Reverse 

Terminator 

L3S2P55 

 

CCTAGTTGTCTTCATGCATGAAGACAAAATTAATACT

AGAGGGACCAAAACGAAAAAAGACGCTTTTCAGCGTC

TTATTGTTCGTCTTTGGTACCGAGCTCTAGTAGTGAT

CTACACTAGCACTATCAGTG 

 

Reverse 

luxR CDS 

 

 

TTATTAATTTTTAAAGTATGGGCAATCAATTGCTCCT

GTTAAAATTGCTTTAGAAATACTTTGGCAGCGGTTTG

TTGTATTGAGTTTCATTTGCGCATTGGTTAAATGGAA

AGTGACAGTACGCTCACTGCAACCTAATATTTTTGAA

ATATCCCAAGAGCTTTTTCCTTCGCATGCCCACGCTA

AACATTCTTTTTCTCTTTTGGTTAAATCGTTGTTTGA

TTTATTATTTGCTATATTTATTTTTCGATAATTATCA

ACTAGAGAAGGAACAATTAATGGTATGTTCATACACG

CATGTAAAAATAAACTATCTATATAGTTGTCTTTTTC

TGAATGTGCAAAACTAAGCATTCCGAAGCCATTGTTA

GCCGTATGAATAGGGAAACTAAACCCAGTGATAAGAC

CTGATGTTTTCGCTTCTTTAATTACATTTGGAGATTT

TTTATTTACAGCATTGTTTTCAAATATATTCCAATTA

ATTGGTGAATGATTGGAGTTAGAATAATCTACTATAG

GATCATATTTTATTAAATTAGCGTCATCATAATATTG

CCTCCATTTTTTAGGGTAATTATCTAGGATTGAAATA

TCAGATTTAACCATAGAATGAGGATAAATGATCGCGA

GTAAATAATATTCACAATGTACCATTTTAGTCATATC

AGATAAGCATTGATTAATATCATTATTGCTTCTACAA

GCTTTAATTTTATTAATTATTCTGTATGTGTCGTCGG

CATTTATGTTTTTCAT 

 

Reverse 

RBS 

B0030 

 

CTAGTATTTCTCCTCTTTAATCTCTAGTA 

(Scar/Spacer) 

Reverse 

J23117 

GCTAGCACAATCCCTAGGACTGAGCTAGCTGTCAATC

ACACT 

(Scar/Spacer) 

 

T7Te GGCTCACCTTCGGGTGGGCCTTTCTGCG 
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Name Type and 
source 

Parts DNA sequence (5’– 3’) 

Terminator 

Plux2 

 

TTTATATACTAGAGACCTGTAGGATCGTACAGGTTTA

CGCAAGAAAATGGTTTGTTACTTTCGAATAAAA 

(TTS, Scar/Spacer) 

PrhaB 

 

Inducible promoter  

 

Composite 

Module 

(This study) 

Reverse 

Terminator 

L3S2P55 

 

CCTAGTTGTCTTCATGCATGAAGACAAAATTAATACT

AGAGGGACCAAAACGAAAAAAGACGCTTTTCAGCGTC

TTATTGTTCGTCTTTGGTACCGAGCTAGTA 

 

Reverse 

rhaS CDS 

 

TTATTGCAGAAAGCCATCCCGTCCCTGGCGAATATCA

CGCGGTGACCAGTTAAACTCTCGGCGAAAAAGCGTCG

AAAAGTGGTTACTGTCGCTGAATCCACAGCGATAGGC

GATGTCAGTAACGCTGGCCTCGCTGTGGCGTAGCAGA

TGTCGGGCTTTCATCAGTCGCAGGCGGTTCAGGTATC

GCTGAGGCGTCAGTCCCGTTTGCTGCTTAAGCTGCCG

ATGTAGCGTACGCAGTGAAAGAGAAAATTGATCCGCC

ACGGCATCCCAATTCACCTCATCGGCAAAATGGTCCT

CCAGCCAGGCCAGAAGCAAGTTGAGACGTGATGCGCT

GTTTTCCAGGTTCTCCTGCAAACTGCTTTTACGCAGC

AAGAGCAGTAATTGCATAAACAAGATCTCGCGACTGG

CGGTCGAGGGTAAATCATTTTCCCCTTCCTGCTGTTC

CATCTGTGCAACCAGCTGTCGCACCTGCTGCAATACG

CTGTGGTTAACGCGCCAGTGAGACGGATACTGCCCAT

CCAGCTCTTGTGGCAGCAACTGATTCAGCCCGGCGAG

AAACTGAAATCGATCCGGCGAGCGATACAGCACATTG

GTCAGACACAGATTATCGGTATGTTCATACAGATGCC

GATCATGATCGCGTACGAAACAGACCGTGCCACCGGT

GATGGTATAGGGCTGCCCATTAAACACATGAATACCC

GTGCCATGTTCGACAATCACAATTTCATGAAAATCAT

GATGATGTTCAGGAAAATCCGCCTGCGGGAGCCGGGG

TTCTATCGCCACGGACGCGTTACCGGACGGAAAAAAA

TCCACACTATGTAATACGGTCAT 

 

Reverse 

J23101-

RBS 

TTGGGCTCCCTCTAGTAGCTAGCATAATACCTAGGAC

TGAGCTAGCTGTAAACTCTAGTATCACACT 

(Scar/Spacer) 

 

T7Te 

Terminator  

GGCTCACCTTCGGGTGGGCCTTTCTGCGTTTATATAC

TAGAGAGACCTTTACGCCGCTGGAGCAGGAATGCGGT

GAGCATCACAT 

(Scar/Spacer) 
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Name Type and 
source 

Parts DNA sequence (5’– 3’) 

PrhaB CACCACAATTCAGCAAATTGTGAACATCATCACGTTC

ATCTTTCCCTGGTTGCCAATGGCCCATTTTCCTGTCA

GTAACGAGAAGGTCGCGAATTGAGGCGCTTTTTAGAC

TGGTCGTAA 

(TTS) 
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Supplementary Table 4: Sequences of dCas9/dxCas9 generator used in 

this study 

Name Type and 
source 

Parts DNA sequence (5’-3’) 

dCas9 

generator 

Composite 

Module 

(This study) 

BioBrick 

Prefix 

GAATTCGCGGCCGCTTCTAGAG 

Reverse 

Terminator 

L3S3P00 

GGGAGACCAGAAACAAAAAAAGGGGAGCGGTTTCCCGCT

CCCCTTCAATAATTGG 

Reverse 

Standardized 

dCas9 CDS 

 

 

 

CTCTAGTATTAGTCACCTCCTAGCTGACTCAAATCAATG

CGTGTTTCATAAAGACCAGTGATGGATTGATGGATAAGA

GTGGCATCTAAAACTTCTTTTGTAGACGTATATCGTTTA

CGATCAATTGTTGTATCAAAATATTTAAAAGCAGCGGGA

GCTCCAAGATTCGTCAACGTAAATAAATGAATAATATTT

TCTGCTTGTTCACGTATTGGTTTGTCTCTATGTTTGTTA

TATGCACTAAGAACTTTATCTAAATTGGCATCTGCTAAA

ATAACACGCTTAGAAAATTCACTGATTTGCTCAATAATC

TCATCTAAATAATGCTTATGCTGCTCCACAAACAATTGT

TTTTGTTCGTTATCTTCTGGACTACCCTTCAACTTTTCA

TAATGACTAGCTAAATATAAAAAATTCACATATTTGCTT

GGCAGAGCCAGCTCATTTCCTTTTTGTAATTCTCCGGCA

CTAGCCAGCATCCGTTTACGACCGTTTTCTAACTCAAAA

AGACTATATTTAGGTAGTTTAATGATTAAGTCTTTTTTA

ACTTCCTTATATCCTTTAGCTTCTAAAAAGTCAATCGGA

TTTTTTTCAAAGGAACTTCTTTCCATAATTGTGATCCCT

AGTAACTCTTTAACGGATTTTAACTTCTTCGATTTCCCT

TTTTCCACCTTAGCAACCACTAGGACTGAATAAGCTACC

GTTGGACTATCAAAACCACCATATTTTTTTGGATCCCAG

TCTTTTTTACGAGCAATAAGCTTGTCCGAATTTCTTTTT

GGTAAAATTGACTCCTTGGAGAATCCGCCTGTCTGTACT

TCTGTTTTCTTGACAATATTGACTTGGGGCATGGACAAT

ACTTTGCGCACTGTGGCAAAATCTCGCCCTTTATCCCAG

ACAATTTCTCCAGTTTCCCCATTAGTTTCGATTAGAGGG

CGTTTGCGAATCTCTCCATTTGCAAGTGTAATTTCTGTT

TTGAAGAAGTTCATGATATTAGAGTAAAAGAAATATTTT

GCGGTTGCTTTGCCTATTTCTTGCTCAGACTTAGCAATC

ATTTTACGAACATCATAAACTTTATAATCACCATAGACA

AACTCCGATTCAAGTTTTGGATATTTCTTAATCAAAGCA

GTTCCAACGACGGCATTTAGATACGCATCATGGGCATGA

TGGTAATTGTTAATCTCACGTACTTTATAGAATTGGAAA
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Name Type and 
source 

Parts DNA sequence (5’-3’) 

TCTTTTCGGAAGTCAGAAACTAATTTAGATTTTAAGGTA

ATCACTTTAACCTCTCGAATAAGTTTATCATTTTCATCG

TATTTAGTATTCATGCGACTATCCAAAATTTGTGCCACA

TGCTTAGTGATTTGGCGAGTTTCAACCAATTGGCGTTTG

ATAAAACCAGCTTTATCAAGTTCACTCAAACCTCCACGT

TCAGCTTTCGTTAAATTATCAAACTTACGTTGAGTGATT

AACTTGGCGTTTAGAAGTTGTCTCCAATAGTTTTTCATC

TTTTTGACTACTTCTTCACTTGGAACGTTATCCGATTTA

CCACGATTTTTATCAGAACGCGTTAAGACCTTATTGTCT

ATTGAATCGTCTTTAAGGAAACTTTGTGGAACAATGGCA

TCGACATCATAATCACTTAAACGATTAATATCTAATTCT

TGGTCCACATACATGTCTCTTCCATTTTGGAGATAATAG

AGATAGAGCTTTTCATTTTGCAATTGAGTATTTTCAACA

GGATGCTCTTTAAGAATCTGACTTCCTAATTCTTTGATA

CCTTCTTCGATTCGTTTCATACGCTCTCGCGAATTTTTC

TGGCCCTTTTGAGTTGTCTGATTTTCACGTGCCATTTCA

ATAACGATATTTTCTGGCTTATGCCGCCCCATTACTTTG

ACCAATTCATCAACAACTTTTACAGTCTGTAAAATACCT

TTTTTAATAGCAGGGCTACCAGCTAAATTTGCAATATGT

TCATGTAAACTATCGCCTTGTCCAGACACTTGTGCTTTT

TGAATGTCTTCTTTAAATGTCAAACTATCATCATGGATC

AGCTGCATAAAATTGCGATTGGCAAAACCATCTGATTTC

AAAAAATCTAATATTGTTTTGCCAGATTGCTTATCCCTA

ATACCATTAATCAATTTTCGAGACAAACGTCCCCAACCA

GTATAACGGCGACGTTTAAGCTGTTTCATCACCTTATCA

TCAAAGAGGTGAGCATATGTTTTAAGTCTTTCCTCAATC

ATCTCCCTATCTTCAAATAAGGTCAATGTTAAAACAATA

TCCTCTAAGATATCTTCATTTTCTTCATTATCCAAAAAA

TCTTTATCTTTAATAATTTTTAGCAAATCATGGTAGGTA

CCTAATGAAGCATTAAATCTATCTTCAACTCCTGAAATT

TCAACACTATCAAAACATTCTATTTTTTTGAAATAATCT

TCTTTTAATTGCTTAACGGTTACTTTTCGATTTGTTTTG

AAGAGTAAATCAACAATGGCTTTCTTCTGTTCACCTGAA

AGAAATGCTGGTTTTCGCATTCCTTCAGTAACATATTTG

ACCTTTGTCAATTCGTTATAAACCGTAAAATACTCATAA

AGCAAACTATGTTTTGGTAGTACTTTTTCATTTGGAAGA

TTTTTATCAAAGTTTGTCATGCGTTCAATAAATGATTGA

GCTGAAGCACCTTTATCGACAACTTCTTCAAAATTCCAT

GGGGTAATTGTTTCTTCAGACTTCCGAGTCATCCATGCA

AAACGACTATTGCCACGCGCCAATGGACCAACATAATAA
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Name Type and 
source 

Parts DNA sequence (5’-3’) 

GGAATACGAAAAGTCAAGATTTTTTCAATCTTCTCACGA

TTGTCTTTTAAAAATGGATAAAAGTCTTCTTGTCTTCTC

AAAATAGCATGCAGCTCACCCAAGTGAATTTGATGGGGA

ATAGAGCCGTTGTCAAAGGTCCGTTGCTTGCGCAGCAAA

TCTTCACGATTTAGTTTCACCAATAATTCCTCAGTACCA

TCCATTTTTTCTAAAATTGGTTTGATAAATTTATAAAAT

TCTTCTTGGCTAGCTCCCCCATCAATATAACCTGCATAT

CCGTTTTTTGATTGATCAAAAAAGATTTCTTTATACTTT

TCTGGAAGTTGTTGTCGAACTAAAGCTTTTAAAAGAGTC

AAGTCTTGATGATGTTCATCGTAGCGTTTAATCATTGAA

GCTGATAGGGGAGCCTTAGTTATTTCAGTATTTACTCTT

AGGATATCTGAAAGTAAAATAGCATCTGATAAATTCTTA

GCTGCCAAAAACAAATCAGCATATTGATCTCCAATTTGC

GCCAATAAATTATCTAAATCATCATCGTAAGTATCTTTT

GAAAGCTGTAATTTAGCATCTTCTGCCAAATCAAAATTT

GATTTAAAATTAGGGGTCAAACCCAATGACAAAGCAATG

AGATTCCCAAATAAGCCATTTTTCTTCTCACCGGGGAGC

TGAGCAATGAGATTTTCTAATCGTCTTGATTTACTCAAT

CGTGCAGAAAGAATCGCTTTAGCATCTACTCCACTTGCG

TTAATAGGGTTTTCTTCAAATAATTGATTGTAGGTTTGT

ACCAACTGGATAAATAGTTTGTCCACATCACTATTATCA

GGATTTAAATCTCCCTCAATCAAAAAATGACCACGAAAC

TTAATCATATGCGCTAAGGCCAAATAGATTAAGCGCAAA

TCCGCTTTATCAGTAGAATCTACCAATTTTTTTCGCAGA

TGATAGATAGTTGGATATTTCTCATGATAAGCAACTTCA

TCTACTATATTTCCAAAAATAGGATGACGTTCATGCTTC

TTGTCTTCTTCCACCAAAAAAGACTCTTCAAGTCGATGA

AAGAAACTATCATCTACTTTCGCCATCTCATTTGAAAAA

ATCTCCTGTAGATAACAAATACGATTCTTCCGACGTGTA

TACCTTCTACGAGCTGTCCGTTTGAGGCGAGTCGCTTCC

GCTGTCTCTCCACTGTCAAATAAAAGAGCCCCTATAAGA

TTTTTTTTGATACTGTGGCGGTCTGTATTTCCCAGAACC

TTGAACTTTTTAGACGGAACCTTATATTCATCAGTGATC

ACCGCCCATCCGACGCTATTTGTGCCGATAGCTAAGCCT

ATTGAGTATTTCTTATCCAT 

(Scar/Spacer, mutation) 

Reverse RBS 

B0034 

 

AGATCCTTTCTCCTCTTT 

 

(Scar/Spacer) 
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Name Type and 
source 

Parts DNA sequence (5’-3’) 

 

tetR/tetA 

promoters 

 

AGATCTTTTCAATTCTTTTCTCTATCACTGATAGGGAGT

GGTAAAATAACTCTATCAACGATAGAGTGTCAACAAAAA

TTAGGAATTAATG 

(mutation) 

tetR CDS 

 

 

 

ATGTCAAGATTAGATAAAAGTAAAGTGATTAACAGCGCA

TTAGAGCTGCTTAATGAGGTCGGAATCGAAGGTTTAACA

ACCCGTAAACTCGCCCAGAAGCTAGGTGTAGAGCAGCCT

ACATTGTATTGGCATGTAAAAAATAAGCGGGCTTTGCTC

GACGCCTTAGCCATTGAGATGTTAGATAGGCACCATACT

CACTTTTGCCCTTTAGAAGGGGAAAGCTGGCAAGATTTT

TTACGTAATAACGCTAAAAGTTTTAGATGTGCTTTACTA

AGTCATCGCGATGGAGCAAAAGTACATTTAGGTACACGG

CCTACAGAAAAACAGTATGAAACTCTCGAAAATCAATTA

GCCTTTTTATGCCAACAAGGTTTTTCACTAGAGAATGCA

TTATATGCACTCAGCGCTGTGGGGCATTTTACTTTAGGT

TGCGTATTGGAAGATCAAGAGCATCAAGTCGCTAAAGAA

GAAAGGGAAACACCTACTACTGATAGTATGCCGCCATTA

TTACGACAAGCTATCGAATTATTTGATCACCAAGGTGCA

GAGCCAGCCTTCTTATTCGGCCTTGAATTGATCATATGC

GGATTAGAAAAACAACTTAAATGTGAAAGTGGGTCTTAA 

(mutation) 

Terminator 

L3S3P22 

TACTAGAGCCAATTATTGAAGGCCGCTAACGCGGCCTTT

TTTTGTTTCTGGTCTCCC 

(Scar/Spacer) 

BioBrick 

Suffix 

TACTAGTAGCGGCCGCTGCAG 

 

dxCas9 

generator 

Composite 

Module 

(This study) 

BioBrick 

Prefix 

GAATTCGCGGCCGCTTCTAGAG 

Reverse 

Terminator 

L3S3P00 

GGGAGACCAGAAACAAAAAAAGGGGAGCGGTTTCCCGCT

CCCCTTCAATAATTGG 

Reverse 

Standardized 

dxCas9 CDS 

 

 

 

CTCTAGTATTAGTCACCTCCTAGCTGACTCAAATCAATG

CGTGTTTCATAAAGACCAGTGATGGATTGATGGATAAGA

GTGGCATCTAAAACTTCTTTTGTAGACGTATATCGTTTA

CGATCAATTGTTGTATCAAAATATTTAAAAGCAGCGGGA

GCTCCAAGATTCGTCAACGTAAATAAATGAATAATATTT

TCTGCTTGTTCACGTATTGGTTTGTCTCTATGTTTGTTA
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Name Type and 
source 

Parts DNA sequence (5’-3’) 

TATGCACTAAGAACTTTATCTAAATTGGCATCTGCTAAA

ATAACACGCTTAGAAAATTCACTGATTTGCTCAATAATC

TCATCTAAATAATGCTTATGCTGCTCCACAAACAATTGT

TTTTGTTCGTTATCTTCTGGACTACCCTTCAACTTTTCA

TAATGACTAGCTAAATATAAAAAATTCACATATTTGCTT

GGCAGAGCCAGCTCATTTCCTTTTTGTAAAACTCCGGCA

CTAGCCAGCATCCGTTTACGACCGTTTTCTAACTCAAAA

AGACTATATTTAGGTAGTTTAATGATTAAGTCTTTTTTA

ACTTCCTTATATCCTTTAGCTTCTAAAAAGTCAATCGGA

TTTTTTTCAAAGGAACTTCTTTCCATAATTGTGATCCCT

AGTAACTCTTTAACGGATTTTAACTTCTTCGATTTCCCT

TTTTCCACCTTAGCAACCACTAGGACTGAATAAGCTACC

GTTGGACTATCAAAACCACCATATTTTTTTGGATCCCAG

TCTTTTTTACGAGCAATAAGCTTGTCCGAATTTCTTTTT

GGTAAAATTGACTCCTTGGAGAATCCGCCTGTCTGTACT

TCTGTTTTCTTGACAATATTGACTTGGGGCATGGACAAT

ACTTTGCGCACTGTGGCAAAATCTCGCCCTTTATCCCAG

ACAATTTCTCCAGTTTCCCCATTAGTTTCGATTAGAGGG

CGTTTGCGAATCTCTCCATTTGCAAGTGTAATTTCTGTT

TTGAAGAAGTTCATGATATTAGAGTAAAAGAAATATTTT

GCGGTTGCTTTGCCTATTTCTTGCTCAGACTTAGCAATC

ATTTTACGAACATCATAAACTTTATAATCACCATAGACA

AACTCCGATTCAAGTTTTGGATATTTCTTAATCAAAGCA

GTTCCAACGACGGCATTTAGATACGCATCATGGGCATGA

TGGTAATTGTTAATCTCACGTACTTTATAGAATTGGAAA

TCTTTTCGGAAGTCAGAAACTAATTTAGATTTTAAGGTA

ATCACTTTAACCTCTCGAATAAGTTTATCATTTTCATCG

TATTTAGTATTCATGCGACTATCCAAAATTTGTGCCACA

TGCTTAGTGATTTGGCGAGTTTCAACCAATTGGCGTTTG

ATAAAACCAGCTTTATCAAGTTCACTCAAACCTCCACGT

TCAGCTTTCGTTAAATTATCAAACTTACGTTGAGTGATT

AACTTGGCGTTTAGAAGTTGTCTCCAATAGTTTTTCATC

TTTTTGACTACTTCTTCACTTGGAACGTTATCCGATTTA

CCACGATTTTTATCAGAACGCGTTAAGACCTTATTGTCT

ATTGAATCGTCTTTAAGGAAACTTTGTGGAACAATGGCA

TCGACATCATAATCACTTAAACGATTAATATCTAATTCT

TGGTCCACATACATGTCTCTTCCATTTTGGAGATAATAG

AGATAGAGCTTTTCATTTTGCAATTGAGTATTTTCAACA

GGATGCTCTTTAAGAATCTGACTTCCTAATTCTTTGATA

CCTTCTTCGATTCGTTTCATACGCTCTCGCGAATTTTTC
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Name Type and 
source 

Parts DNA sequence (5’-3’) 

TGGCCCTTTTGAGTTGTCTGATTTTCACGTGCCATTTCA

ATAACGATATTTTCTGGCTTATGCCGCCCCATTACTTTG

ACCAATTCATCAACAACTTTTACAGTCTGTAAAATACCT

TTTTTAATAGCAGGGCTACCAGCTAAATTTGCAATATGT

TCATGTAAACTATCGCCTTGTCCAGACACTTGTGCTTTT

TGAATGTCTTCTTTAAATGTCAAACTATCATCATGGATC

AGCTGAATAAAATTGCGATTGGCAAAACCATCTGATTTC

AAAAAATCTAATATTGTTTTGCCAGATTGCTTATCCCTA

ATACCATTAATCAATTTTCGAGACAAACGTCCCCAACCA

GTATAACGGCGACGTTTAAGCTGTTTCATCACCTTATCA

TCAAAGAGGTGAGCATATGTTTTAAGTCTTTCCTCAATC

ATCTCCCTATCTTCAAATAAGGTCAATGTTAAAACAATA

TCCTCTAAGATATCTTCATTTTCTTCATTATCCAAAAAA

TCTTTATCTTTAATAATTTTTAGCAAATCATGGTAGGTA

CCTAATGAAGCATTAAATCTATCTTCAACTCCTGAAATT

TCAACACTATCAAAACATTCTATTTTTTTGAAATAATCT

TCTTTTAATTGCTTAACGGTTACTTTTCGATTTGTTTTG

AAGAGTAAATCAACAATGGCTTTCTTCTGATCACCTGAA

AGAAATGCTGGTTTTCGCATTCCTTCAGTAACATATTTG

ACCTTTGTCAATTCGTTATAAACCGTAAAATACTCATAA

AGCAAACTATGTTTTGGTAGTACTTTTTCATTTGGAAGA

TTTTTATCAAAGTTTGTCATGCGTTCAATAAATGATTGA

GCTGAAGCACCTTTATCGACAACTTTTTCAAAATTCCAT

GGGGTAATTGTTTCTTCAGACTTCCGAGTCATCCATGCA

AAACGACTATTGCCACGCGCCAATGGACCAACATAATAA

GGAATACGAAAAGTCAAGATTTTTTCAATCTTCTCACGA

TTGTCTTTTAAAAATGGATAAAAGTCTTCTTGTCTTCTC

AAAATAGCATGCAGCTCACCCAAGTGAATTTGATGGGGA

ATAATGCCGTTGTCAAAGGTCCGTTGCTTGCGCAGCAAA

TCTTCACGATTTAGTTTCACCAATAATTCCTCAGTACCA

TCCATTTTTTCTAAAATTGGTTTGATAAATTTATAAAAT

TCTTCTTGGCTAGCTCCCCCATCAATATAACCTGCATAT

CCGTTTTTTGATTGATCAAAAAAGATTTCTTTATACTTT

TCTGGAAGTTGTTGTCGAACTAAAGCTTTTAAAAGAGTC

AAGTCTTGATGATGTTCATCGTATAATTTAATCATTGAA

GCTGATAGGGGAGCCTTAGTTATTTCAGTATTTACTCTT

AGGATATCTGAAAGTAAAATAGCATCTGATAAATTCTTA

GCTGCCAAAAACAAATCAGCATATTGATCTCCAATTTGC

GCCAATAAATTATCTAAATCATCATCGTAAGTATCTTTT

GAAAGCTGTAATTTGGTATCTTCTGCCAAATCAAAATTT
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Name Type and 
source 

Parts DNA sequence (5’-3’) 

GATTTAAAATTAGGGGTCAAACCCAATGACAAAGCAATG

AGATTCCCAAATAAGCCATTTTTCTTCTCACCGGGGAGC

TGAGCAATGAGATTTTCTAATCGTCTTGATTTACTCAAT

CGTGCAGAAAGAATCGCTTTAGCATCTACTCCACTTGCG

TTAATAGGGTTTTCTTCAAATAATTGATTGTAGGTTTGT

ACCAACTGGATAAATAGTTTGTCCACATCACTATTATCA

GGATTTAAATCTCCCTCAATCAAAAAATGACCACGAAAC

TTAATCATATGCGCTAAGGCCAAATAGATTAAGCGCAAA

TCCGCTTTATCAGTAGAATCTACCAATTTTTTTCGCAGA

TGATAGATAGTTGGATATTTCTCATGATAAGCAACTTCA

TCTACTATATTTCCAAAAATAGGATGACGTTCATGCTTC

TTGTCTTCTTCCACCAAAAAAGACTCTTCAAGTCGATGA

AAGAAACTATCATCTACTTTCGCCATCTCATTTGAAAAA

ATCTCCTGTAGATAACAAATACGATTCTTCCGACGTGTA

TACCTTCTACGAGCTGTCCGTTTGAGGCGAGTCGCTTCC

GCTGTCTCTCCACTGTCAAATAAAAGAGCCCCTATAAGA

TTTTTTTTGATACTGTGGCGGTCTGTATTTCCCAGAACC

TTGAACTTTTTAGACGGAACCTTATATTCATCAGTGATC

ACCGCCCATCCGACGCTATTTGTGCCGATAGCTAAGCCT

ATTGAGTATTTCTTATCCAT 

(Scar/Spacer, mutation) 

Reverse RBS 

B0034 

 

AGATCCTTTCTCCTCTTT 

 

(Scar/Spacer) 

 

tetR/tetA 

promoters 

 

AGATCTTTTCAATTCTTTTCTCTATCACTGATAGGGAGT

GGTAAAATAACTCTATCAACGATAGAGTGTCAACAAAAA

TTAGGAATTAATG 

(mutation) 

tetR CDS 

 

 

 

ATGTCAAGATTAGATAAAAGTAAAGTGATTAACAGCGCA

TTAGAGCTGCTTAATGAGGTCGGAATCGAAGGTTTAACA

ACCCGTAAACTCGCCCAGAAGCTAGGTGTAGAGCAGCCT

ACATTGTATTGGCATGTAAAAAATAAGCGGGCTTTGCTC

GACGCCTTAGCCATTGAGATGTTAGATAGGCACCATACT

CACTTTTGCCCTTTAGAAGGGGAAAGCTGGCAAGATTTT

TTACGTAATAACGCTAAAAGTTTTAGATGTGCTTTACTA

AGTCATCGCGATGGAGCAAAAGTACATTTAGGTACACGG

CCTACAGAAAAACAGTATGAAACTCTCGAAAATCAATTA

GCCTTTTTATGCCAACAAGGTTTTTCACTAGAGAATGCA

TTATATGCACTCAGCGCTGTGGGGCATTTTACTTTAGGT

TGCGTATTGGAAGATCAAGAGCATCAAGTCGCTAAAGAA
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Name Type and 
source 

Parts DNA sequence (5’-3’) 

GAAAGGGAAACACCTACTACTGATAGTATGCCGCCATTA

TTACGACAAGCTATCGAATTATTTGATCACCAAGGTGCA

GAGCCAGCCTTCTTATTCGGCCTTGAATTGATCATATGC

GGATTAGAAAAACAACTTAAATGTGAAAGTGGGTCTTAA 

(mutation) 

Terminator 

L3S3P22 

TACTAGAGCCAATTATTGAAGGCCGCTAACGCGGCCTTT

TTTTGTTTCTGGTCTCCC 

(Scar/Spacer) 

BioBrick 

Suffix 

TACTAGTAGCGGCCGCTGCAG 
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Supplementary Table 5: Sequences of activator generator and reporter 

used in this study 

Name Type and 
source 

Parts DNA sequence (5’-3’) 

PspFΔHTH::

λN22plus  

Composite 

Module 

(This 

study) 

RBS B0032 TCACACAGGAAAGTACTAG 

 

(Scar/Spacer) 

pspFΔHTH::λ

N22plus   

CDS  

ATGGCAGAATACAAAGATAATTTACTTGGTGAGGCGAA

CAGCTTTCTCGAAGTGCTGGAACAGGTTTCGCATCTCG

CACCGCTGGACAAACCGGTGCTCATCATCGGCGAACGC

GGCACCGGTAAAGAGCTGATTGCCAGCCGCCTGCATTA

TCTCTCCTCCCGTTGGCAAGGGCCGTTTATTTCCCTTA

ACTGCGCGGCGTTAAATGAAAATCTGCTGGATTCCGAA

CTGTTTGGTCACGAAGCGGGGGCGTTTACCGGTGCGCA

AAAACGTCATCCAGGGAGATTTGAACGTGCCGACGGCG

GTACGCTATTTCTTGATGAACTCGCTACGGCACCGATG

ATGGTGCAGGAGAAATTATTGCGCGTGATTGAGTACGG

TGAACTGGAGCGCGTTGGCGGCAGCCAACCATTGCAGG

TGAATGTGCGGTTGGTATGCGCGACGAATGCCGATCTC

CCGGCGATGGTCAATGAAGGCACTTTTCGCGCTGACCT

GCTCGACCGACTGGCTTTTGATGTTGTACAACTGCCAC

CACTGCGCGAGCGCGAAAGCGACATAATGTTGATGGCA

GAATACTTTGCCATCCAGATGTGTCGGGAAATCAAGCT

GCCTCTGTTCCCGGGGTTTACGGAGCGCGCCAGAGAAA

CATTGCTGAATTATCGTTGGCCGGGAAATATTCGTGAA

TTGAAAAACGTGGTGGAACGTTCAGTGTATCGCCACGG

CACCAGCGATTATCCGCTTGATGACATCATTATTGATC

CCTTTAAACGGCGTCCGCCTGAAGACGCTATCGCCGTT

TCAGAAACCACCTCGCTTCCAACACTGCCGCTGGATTT

ACGTGAGTTTCAGATGCAGCAGGAAAAAGAGTTGCTGC

AACTCAGTTTGCAAATGAATGCACGCACACGCCGCCGC

GAACGTCGCGCAGAGAAACAGGCTCAATGGAAAGCAGC

AAATTAA 

(λN22plus) 

Terminator 

L3S3P22  

 

 

TACTAGAGCCAATTATTGAAGGCCGCTAACGCGGCCTT

TTTTTGTTTCTGGTCTCCC 

(Scar/Spacer) 

Reporter 

with 

sfGFP::ASV 

Composite 

Module 

(This 

RiboJ AGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCG

TGAGGACGAAACAGCCTCTACAAATAATTTTGTTTAAC

TAGAG 
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tag study) RBS B0030 ATTAAAGAGGAGAAATACCAT  

(Scar/Spacer) 

sfgfp  

CDS 

ATGCGTAAAGGCGAAGAGCTGTTCACTGGTGTCGTCCC

TATTCTGGTGGAACTGGATGGTGATGTCAACGGTCATA

AGTTTTCCGTGCGTGGCGAGGGTGAAGGTGACGCAACT

AATGGTAAACTGACGCTGAAGTTCATCTGTACTACTGG

TAAACTGCCGGTACCTTGGCCGACTCTGGTAACGACGC

TGACTTATGGTGTTCAGTGCTTTGCTCGTTATCCGGAC

CATATGAAGCAGCATGACTTCTTCAAGTCCGCCATGCC

GGAAGGCTATGTGCAGGAACGCACGATTTCCTTTAAGG

ATGACGGCACGTACAAAACGCGTGCGGAAGTGAAATTT

GAAGGCGATACCCTGGTAAACCGCATTGAGCTGAAAGG

CATTGACTTTAAAGAAGACGGCAATATCCTGGGCCATA

AGCTGGAATACAATTTTAACAGCCACAATGTTTACATC

ACCGCCGATAAACAAAAAAATGGCATTAAAGCGAATTT

TAAAATTCGCCACAACGTGGAGGATGGCAGCGTGCAGC

TGGCTGATCACTACCAGCAAAACACTCCAATCGGTGAT

GGTCCTGTTCTGCTGCCAGACAATCACTATCTGAGCAC

GCAAAGCGTTCTGTCTAAAGATCCGAACGAGAAACGCG

ATCATATGGTTCTGCTGGAGTTCGTAACCGCAGCGGGC

ATCACGCATGGTATGGATGAACTGTACAAAAGGCCTGC

TGCAAACGACGAAAACTACGCTGCATCAGTTTAA 

(ASV tag) 

Terminator 

L3S3P21 

 

TAATACTAGAGCCAATTATTGAAGGCCTCCCTAACGGG

GGGCCTTTTTTTGTTTCTGGTCTCCC 

(Scar/Spacer) 

RiboJ Insulator AGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGTGAGGACGAAACA

GCCTCTACAAATAATTTTGTTTAA 
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Supplementary Table 6: Sequences of gRNA, mRNA and related 

elements used in this study 

Part 
name 

Type and 
source 

DNA sequence (5’– 3’) 

sgRNA-

LEA2 

sgRNA 

(Previous study) 

CTAGAAGTTATTATATAGTTCGGTCGTTTGAGAGCTAGGGCCCTGAAG

AAGGGCCCTAGCAAGTTCAAATAAGGCTAGTCCGTTATCAACTTGGGC

CCTGAAGAAGGGCCCAAGTGGCACCGAGTCGGTGCTTTTTTTGAAGCT

TCTCGGTACCAAATTCCAGAAAAGAGGCCTCCCGAAAGGGGGGCCTTT

TTTCGTTTTGGTCC 

(Scar/Spacer, UAS, sgRNA scaffold (Double BoxB), 

Terminator L3S2P21) 

 

sgRNA-

LEA2-ex2 

sgRNA 

(This study) 

CTAGAAGTTATTATATAGTTCGGTCGTTTGAGAGCTAGAAATAGCAAG

TTCAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTC

GGTGCgggccctgaagaagGGCCCTAGCAAGTTCAAATAAGGCTAGTC

CGTTATCAACTTGGGCCCTGAAGAAGGGCCCAAGTGGCACCGAGTCGG

TGCTTTTTTTTACTAGAGCTCGGTACCAAATTCCAGAAAAGAGGCCTC

CCGAAAGGGGGGCCTTTTTTCGTTTTGGTCC  

(Scar/Spacer, UAS, sgRNA scaffold (Double BoxB), 

Terminator L3S2P21) 

 

sgRNA-

LEA2-ex3 

sgRNA 

(This study) 

CTAGAAGTTATTATATAGTTCGGTCGTTTGAGAGCTAGAAATAGCAAG

TTCAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTC

GGTGCgggccctgaagaagGGCCCAAGGCTAGGGCCCTGAAGAAGGGC

CCGCAGGGCCCTGAAGAAGGGCCCTTTTTTTTACTAGAGCTCGGTACC

AAATTCCAGAAAAGAGGCCTCCCGAAAGGGGGGCCTTTTTTCGTTTTG

GTCC 

(Scar/Spacer, UAS, sgRNA scaffold (Triple BoxB), 

Terminator L3S2P21) 

 

sgRNA-

LEB3-ex2 

sgRNA 

(This study) 

CTAGAGCATAGTTCGTTTCCCATGTTTGAGAGCTAGAAATAGCAAGTT

CAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGG

TGCgggccctgaagaagGGCCCTAGCAAGTTCAAATAAGGCTAGTCCG

TTATCAACTTGGGCCCTGAAGAAGGGCCCAAGTGGCACCGAGTCGGTG

CTTTTTTTTACTAGAGCTCGGTACCAAATTCCAGAAAAGAGGCCTCCC

GAAAGGGGGGCCTTTTTTCGTTTTGGTCC 

(Scar/Spacer, UAS, sgRNA scaffold (Double BoxB), 

Terminator L3S2P21) 

 

sgRNA-

LEB3-ex3 

sgRNA 

(This study) 

CTAGAGCATAGTTCGTTTCCCATGTTTGAGAGCTAGAAATAGCAAGTT

CAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGG
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Part 
name 

Type and 
source 

DNA sequence (5’– 3’) 

TGCgggccctgaagaagGGCCCAAGGCTAGGGCCCTGAAGAAGGGCCC

GCAGGGCCCTGAAGAAGGGCCCTTTTTTTTACTAGAGCTCGGTACCAA

ATTCCAGAAAAGAGGCCTCCCGAAAGGGGGGCCTTTTTTCGTTTTGGT

CC 

(Scar/Spacer, UAS, sgRNA scaffold (Triple BoxB), 

Terminator L3S2P21) 

 

crRNA-

LEA2-WT 

crRNA 

(This study) 

CTAGAAGTTATTATATAGTTCGGTCGTTTTAGAGCTATGCTGTTTTGT

ACTAGAGCCAATTATTGAAGGCCGCTAACGCGGCCTTTTTTTGTTTCT

GGTCTCCC 

(Scar/Spacer, UAS, repeat, Terminator L3S3P22) 

 

crRNA-

LEA2-d1 

crRNA 

(This study) 

CTAGAAGTTATTATATAGTTCGGTCGTTTTAGAGCTTTGCTGTTTTGT

ACTAGAGCCAATTATTGAAGGCCGCTAACGCGGCCTTTTTTTGTTTCT

GGTCTCCC 

(Scar/Spacer, UAS, repeat, Terminator L3S3P22) 

 

crRNA-

LEA2-d2 

crRNA 

(This study) 

CTAGAAGTTATTATATAGTTCGGTCGTTTTAGAGCATTGCTGTTTTGT

ACTAGAGCCAATTATTGAAGGCCGCTAACGCGGCCTTTTTTTGTTTCT

GGTCTCCC 

(Scar/Spacer, UAS, repeat, Terminator L3S3P22) 

 

crRNA-

LEA2-d3 

crRNA 

(This study) 

CTAGAAGTTATTATATAGTTCGGTCGTTTTAGAGGATTGCTGTTTTGT

ACTAGAGCCAATTATTGAAGGCCGCTAACGCGGCCTTTTTTTGTTTCT

GGTCTCCC 

(Scar/Spacer, UAS, repeat, Terminator L3S3P22) 

 

crRNA-

LEA2-d4 

crRNA 

(This study) 

CTAGAAGTTATTATATAGTTCGGTCGTTTTAGACGATTGCTGTTTTGT

ACTAGAGCCAATTATTGAAGGCCGCTAACGCGGCCTTTTTTTGTTTCT

GGTCTCCC 

(Scar/Spacer, UAS, repeat, Terminator L3S3P22) 

 

crRNA-

LEA2-U1 

crRNA 

(This study) 

CTAGAAGTTATTATATAGTTCGGTCGTTTTTGACGATTGCTGTTTTGT

ACTAGAGCCAATTATTGAAGGCCGCTAACGCGGCCTTTTTTTGTTTCT

GGTCTCCC 

(Scar/Spacer, UAS, repeat, Terminator L3S3P22) 

 

crRNA-

LEA2-U2 

crRNA 

(This study) 

CTAGAAGTTATTATATAGTTCGGTCGTTTATGACGATTGCTGTTTTGT

ACTAGAGCCAATTATTGAAGGCCGCTAACGCGGCCTTTTTTTGTTTCT

GGTCTCCC 
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Part 
name 

Type and 
source 

DNA sequence (5’– 3’) 

(Scar/Spacer, UAS, repeat, Terminator L3S3P22) 

 

crRNA-

LEA2-U3 

crRNA 

(This study) 

CTAGAAGTTATTATATAGTTCGGTCGTTAATGACGATTGCTGTTTTGT

ACTAGAGCCAATTATTGAAGGCCGCTAACGCGGCCTTTTTTTGTTTCT

GGTCTCCC 

(Scar/Spacer, UAS, repeat, Terminator L3S3P22) 

 

crRNA-

LEA2-U4 

crRNA 

(This study) 

CTAGAAGTTATTATATAGTTCGGTCGTAAATGACGATTGCTGTTTTGT

ACTAGAGCCAATTATTGAAGGCCGCTAACGCGGCCTTTTTTTGTTTCT

GGTCTCCC 

(Scar/Spacer, UAS, repeat, Terminator L3S3P22) 

 

crRNA-

LEA2-U5 

crRNA 

(This study) 

CTAGAAGTTATTATATAGTTCGGTCGAAAATGACGATTGCTGTTTTGT

ACTAGAGCCAATTATTGAAGGCCGCTAACGCGGCCTTTTTTTGTTTCT

GGTCTCCC 

(Scar/Spacer, UAS, repeat, Terminator L3S3P22) 

 

crRNA-

LEA2-U5A 

crRNA 

(This study) 

CTAGAAGTTATTATATAGTTCGGTCAAAAATGACGATTGCTGTTTTGT

ACTAGAGCCAATTATTGAAGGCCGCTAACGCGGCCTTTTTTTGTTTCT

GGTCTCCC 

(Scar/Spacer, UAS, repeat, Terminator L3S3P22) 

crRNA-

LEA2-U5C 

crRNA 

(This study) 

CTAGAAGTTATTATATAGTTCGGTCCAAAATGACGATTGCTGTTTTGT

ACTAGAGCCAATTATTGAAGGCCGCTAACGCGGCCTTTTTTTGTTTCT

GGTCTCCC 

(Scar/Spacer, UAS, repeat, Terminator L3S3P22) 

 

crRNA-

LEA2-U5T 

crRNA 

(This study) 

CTAGAAGTTATTATATAGTTCGGTCTAAAATGACGATTGCTGTTTTGT

ACTAGAGCCAATTATTGAAGGCCGCTAACGCGGCCTTTTTTTGTTTCT

GGTCTCCC 

(Scar/Spacer, UAS, repeat, Terminator L3S3P22) 

 

crRNA-

LEB3-WT 

crRNA 

(This study) 

CTAGAGCATAGTTCGTTTCCCATGTTTTAGAGCTATGCTGTTTTGTAC

TAGAGCCAATTATTGAAGGCCGCTAACGCGGCCTTTTTTTGTTTCTGG

TCTCCC 

(Scar/Spacer, UAS, repeat, Terminator L3S3P22) 

 

tracrRNA-

WT 

tracrRNA 

(This study) 

CTAGAGGAACCATTCAAAACAGCATAGCAAGTTAAAATAAGGCTAGTC

CGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCGGGCCCTGAAGA

AGGGCCCAAGGCTAGGGCCCTGAAGAAGGGCCCGCAGGGCCCTGAAGA

AGGGCCCTTTTTTTTACTAGAGCCAATTATTGAAGGCCGCTAACGCGG
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Part 
name 

Type and 
source 

DNA sequence (5’– 3’) 

CCTTTTTTTGTTTCTGGTCTCCC 

(Scar/Spacer, Scaffold, anti-repeat, bulge, 

Terminator L3S3P22) 

 

tracrRNA-

d1 

tracrRNA 

(This study) 

CTAGAGGAACCATTCAAAACAGCAAAGCAAGTTAAAATAAGGCTAGTC

CGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCgggccctgaaga

agGGCCCAAGGCTAGGGCCCTGAAGAAGGGCCCGCAGGGCCCTGAAGA

AGGGCCCTTTTTTTTACTAGAGCCAATTATTGAAGGCCGCTAACGCGG

CCTTTTTTTGTTTCTGGTCTCCC 

(Scar/Spacer, Scaffold, anti-repeat, bulge, 

Terminator L3S3P22) 

 

tracrRNA-

d2 

tracrRNA 

(This study) 

CTAGAGGAACCATTCAAAACAGCAATGCAAGTTAAAATAAGGCTAGTC

CGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCgggccctgaaga

agGGCCCAAGGCTAGGGCCCTGAAGAAGGGCCCGCAGGGCCCTGAAGA

AGGGCCCTTTTTTTTACTAGAGCCAATTATTGAAGGCCGCTAACGCGG

CCTTTTTTTGTTTCTGGTCTCCC 

(Scar/Spacer, Scaffold, anti-repeat, bulge, 

Terminator L3S3P22) 

 

tracrRNA-

d3 

tracrRNA 

(This study) 

CTAGAGGAACCATTCAAAACAGCAATCCAAGTTAAAATAAGGCTAGTC

CGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCGGGCCCTGAAGA

AGGGCCCAAGGCTAGGGCCCTGAAGAAGGGCCCGCAGGGCCCTGAAGA

AGGGCCCTTTTTTTTACTAGAGCCAATTATTGAAGGCCGCTAACGCGG

CCTTTTTTTGTTTCTGGTCTCCC 

(Scar/Spacer, Scaffold, anti-repeat, bulge, 

Terminator L3S3P22) 

 

tracrRNA-

d4 

tracrRNA 

(This study) 

CTAGAGGAACCATTCAAAACAGCAATCGAAGTTAAAATAAGGCTAGTC

CGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCGGGCCCTGAAGA

AGGGCCCAAGGCTAGGGCCCTGAAGAAGGGCCCGCAGGGCCCTGAAGA

AGGGCCCTTTTTTTTACTAGAGCCAATTATTGAAGGCCGCTAACGCGG

CCTTTTTTTGTTTCTGGTCTCCC 

(Scar/Spacer, Scaffold, anti-repeat, bulge, 

Terminator L3S3P22) 

 

tracrRNA-

U1 

tracrRNA 

(This study) 

CTAGAGGAACCATTCAAAACAGCAATCGAAGTAAAAATAAGGCTAGTC

CGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCGGGCCCTGAAGA

AGGGCCCAAGGCTAGGGCCCTGAAGAAGGGCCCGCAGGGCCCTGAAGA

AGGGCCCTTTTTTTTACTAGAGCCAATTATTGAAGGCCGCTAACGCGG
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Part 
name 

Type and 
source 

DNA sequence (5’– 3’) 

CCTTTTTTTGTTTCTGGTCTCCC 

(Scar/Spacer, Scaffold, anti-repeat, bulge, 

Terminator L3S3P22) 

 

tracrRNA-

U2 

tracrRNA 

(This study) 

CTAGAGGAACCATTCAAAACAGCAATCGAAGTATAAATAAGGCTAGTC

CGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCGGGCCCTGAAGA

AGGGCCCAAGGCTAGGGCCCTGAAGAAGGGCCCGCAGGGCCCTGAAGA

AGGGCCCTTTTTTTTACTAGAGCCAATTATTGAAGGCCGCTAACGCGG

CCTTTTTTTGTTTCTGGTCTCCC 

(Scar/Spacer, Scaffold, anti-repeat, bulge, 

Terminator L3S3P22) 

 

tracrRNA-

U3 

tracrRNA 

(This study) 

CTAGAGGAACCATTCAAAACAGCAATCGAAGTATTAATAAGGCTAGTC

CGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCGGGCCCTGAAGA

AGGGCCCAAGGCTAGGGCCCTGAAGAAGGGCCCGCAGGGCCCTGAAGA

AGGGCCCTTTTTTTTACTAGAGCCAATTATTGAAGGCCGCTAACGCGG

CCTTTTTTTGTTTCTGGTCTCCC 

(Scar/Spacer, Scaffold, anti-repeat, bulge, 

Terminator L3S3P22) 

 

tracrRNA-

U4 

tracrRNA 

(This study) 

CTAGAGGAACCATTCAAAACAGCAATCGAAGTATTTATAAGGCTAGTC

CGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCGGGCCCTGAAGA

AGGGCCCAAGGCTAGGGCCCTGAAGAAGGGCCCGCAGGGCCCTGAAGA

AGGGCCCTTTTTTTTACTAGAGCCAATTATTGAAGGCCGCTAACGCGG

CCTTTTTTTGTTTCTGGTCTCCC 

(Scar/Spacer, Scaffold, anti-repeat, bulge, 

Terminator L3S3P22) 

 

tracrRNA-

U5 

tracrRNA 

(This study) 

CTAGAGGAACCATTCAAAACAGCAATCGAAGTATTTTTAAGGCTAGTC

CGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCGGGCCCTGAAGA

AGGGCCCAAGGCTAGGGCCCTGAAGAAGGGCCCGCAGGGCCCTGAAGA

AGGGCCCTTTTTTTTACTAGAGCCAATTATTGAAGGCCGCTAACGCGG

CCTTTTTTTGTTTCTGGTCTCCC 

(Scar/Spacer, Scaffold, anti-repeat, bulge, 

Terminator L3S3P22) 

 

tracrRNA-

ESI 

tracrRNA 

(This study) 

ACTAGTGAGACCCGGAACCATTCAAAGCTTTAAGGCTAGTCGGTCTCA

CGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCGGGCCCTGAAGA

AGGGCCCAAGGCTAGGGCCCTGAAGAAGGGCCCGCAGGGCCCTGAAGA

AGGGCCCTTTTTTTTACTAGAGCTCGGTACCAAATTCCAGAAAAGAGG
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Part 
name 

Type and 
source 

DNA sequence (5’– 3’) 

CCTCCCGAAAGGGGGGCCTTTTTTCGTTTTGGTCC 

(Scar/Spacer, Scaffold, BsaI site, Terminator 

L3S2P21) 

 

tracrRNA-

R1 

tracrRNA 

(This study) 

CTAGAGGAACCATTCCTTGTAGATGAACAAGTGCCGTTAAGGCTAGTC

CGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCGGGCCCTGAAGA

AGGGCCCAAGGCTAGGGCCCTGAAGAAGGGCCCGCAGGGCCCTGAAGA

AGGGCCCTTTTTTTTACTAGAGCTCGGTACCAAATTCCAGAAAAGAGG

CCTCCCGAAAGGGGGGCCTTTTTTCGTTTTGGTCC 

(Scar/Spacer, Scaffold, anti-repeat, bulge, 

Terminator L3S2P21) 

 

tracrRNA-

R2 

tracrRNA 

(This study) 

CTAGAGGAACCATTGCTCGGAGGAGGCCAAGTCCAGCTAAGGCTAGTC

CGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCGGGCCCTGAAGA

AGGGCCCAAGGCTAGGGCCCTGAAGAAGGGCCCGCAGGGCCCTGAAGA

AGGGCCCTTTTTTTTACTAGAGCTCGGTACCAAATTCCAGAAAAGAGG

CCTCCCGAAAGGGGGGCCTTTTTTCGTTTTGGTCC 

(Scar/Spacer, Scaffold, anti-repeat, bulge, 

Terminator L3S2P21) 

 

tracrRNA-

R3 

tracrRNA 

(This study) 

CTAGAGGAACCATTAGGTGGTCTTGACCAAGTAGCGTTAAGGCTAGTC

CGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCGGGCCCTGAAGA

AGGGCCCAAGGCTAGGGCCCTGAAGAAGGGCCCGCAGGGCCCTGAAGA

AGGGCCCTTTTTTTTACTAGAGCTCGGTACCAAATTCCAGAAAAGAGG

CCTCCCGAAAGGGGGGCCTTTTTTCGTTTTGGTCC 

(Scar/Spacer, Scaffold, anti-repeat, bulge, 

Terminator L3S2P21) 

 

tracrRNA-

R2L1 

tracrRNA 

(This study) 

CTAGAGGAACCATTCTCGGAGGAGGCCAAGTCCAGCTAAGGCTAGTCC

GTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCGGGCCCTGAAGAA

GGGCCCAAGGCTAGGGCCCTGAAGAAGGGCCCGCAGGGCCCTGAAGAA

GGGCCCTTTTTTTTACTAGAGCTCGGTACCAAATTCCAGAAAAGAGGC

CTCCCGAAAGGGGGGCCTTTTTTCGTTTTGGTCC 

(Scar/Spacer, Scaffold, anti-repeat, bulge, 

Terminator L3S2P21) 

 

tracrRNA-

R2L3 

tracrRNA 

(This study) 

CTAGAGGAACCATTCGGAGGAGGCCAAGTCCAGCTAAGGCTAGTCCGT

TATCAACTTGAAAAAGTGGCACCGAGTCGGTGCGGGCCCTGAAGAAGG

GCCCAAGGCTAGGGCCCTGAAGAAGGGCCCGCAGGGCCCTGAAGAAGG

GCCCTTTTTTTTACTAGAGCTCGGTACCAAATTCCAGAAAAGAGGCCT
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Part 
name 

Type and 
source 

DNA sequence (5’– 3’) 

CCCGAAAGGGGGGCCTTTTTTCGTTTTGGTCC 

(Scar/Spacer, Scaffold, anti-repeat, bulge, 

Terminator L3S2P21) 

 

tracrRNA-

R2L5 

tracrRNA 

(This study) 

CTAGAGGAACCATTGAGGAGGCCAAGTCCAGCTAAGGCTAGTCCGTTA

TCAACTTGAAAAAGTGGCACCGAGTCGGTGCGGGCCCTGAAGAAGGGC

CCAAGGCTAGGGCCCTGAAGAAGGGCCCGCAGGGCCCTGAAGAAGGGC

CCTTTTTTTTACTAGAGCTCGGTACCAAATTCCAGAAAAGAGGCCTCC

CGAAAGGGGGGCCTTTTTTCGTTTTGGTCC 

(Scar/Spacer, Scaffold, anti-repeat, bulge, 

Terminator L3S2P21) 

 

tracrRNA-

R2L7 

tracrRNA 

(This study) 

CTAGAGGAACCATTGGAGGCCAAGTCCAGCTAAGGCTAGTCCGTTATC

AACTTGAAAAAGTGGCACCGAGTCGGTGCGGGCCCTGAAGAAGGGCCC

AAGGCTAGGGCCCTGAAGAAGGGCCCGCAGGGCCCTGAAGAAGGGCCC

TTTTTTTTACTAGAGCTCGGTACCAAATTCCAGAAAAGAGGCCTCCCG

AAAGGGGGGCCTTTTTTCGTTTTGGTCC 

(Scar/Spacer, Scaffold, anti-repeat, bulge, 

Terminator L3S2P21) 

 

tracrRNA-

R2L9 

tracrRNA 

(This study) 

CTAGAGGAACCATTAGGCCAAGTCCAGCTAAGGCTAGTCCGTTATCAA

CTTGAAAAAGTGGCACCGAGTCGGTGCGGGCCCTGAAGAAGGGCCCAA

GGCTAGGGCCCTGAAGAAGGGCCCGCAGGGCCCTGAAGAAGGGCCCTT

TTTTTTACTAGAGCTCGGTACCAAATTCCAGAAAAGAGGCCTCCCGAA

AGGGGGGCCTTTTTTCGTTTTGGTCC 

(Scar/Spacer, Scaffold, anti-repeat, bulge, 

Terminator L3S2P21) 

 

tracrRNA-

R2L11 

tracrRNA 

(This study) 

CTAGAGGAACCATTGCCAAGTCCAGCTAAGGCTAGTCCGTTATCAACT

TGAAAAAGTGGCACCGAGTCGGTGCGGGCCCTGAAGAAGGGCCCAAGG

CTAGGGCCCTGAAGAAGGGCCCGCAGGGCCCTGAAGAAGGGCCCTTTT

TTTTACTAGAGCTCGGTACCAAATTCCAGAAAAGAGGCCTCCCGAAAG

GGGGGCCTTTTTTCGTTTTGGTCC 

(Scar/Spacer, Scaffold, anti-repeat, bulge, 

Terminator L3S2P21) 

 

tracrRNA-

R3L1 

tracrRNA 

(This study) 

CTAGAGGAACCATTGGTGGTCTTGACCAAGTAGCGTTAAGGCTAGTCC

GTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCGGGCCCTGAAGAA

GGGCCCAAGGCTAGGGCCCTGAAGAAGGGCCCGCAGGGCCCTGAAGAA

GGGCCCTTTTTTTTACTAGAGCTCGGTACCAAATTCCAGAAAAGAGGC
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Part 
name 

Type and 
source 

DNA sequence (5’– 3’) 

CTCCCGAAAGGGGGGCCTTTTTTCGTTTTGGTCC 

(Scar/Spacer, Scaffold, anti-repeat, bulge, 

Terminator L3S2P21) 

 

tracrRNA-

R3L3 

tracrRNA 

(This study) 

CTAGAGGAACCATTTGGTCTTGACCAAGTAGCGTTAAGGCTAGTCCGT

TATCAACTTGAAAAAGTGGCACCGAGTCGGTGCGGGCCCTGAAGAAGG

GCCCAAGGCTAGGGCCCTGAAGAAGGGCCCGCAGGGCCCTGAAGAAGG

GCCCTTTTTTTTACTAGAGCTCGGTACCAAATTCCAGAAAAGAGGCCT

CCCGAAAGGGGGGCCTTTTTTCGTTTTGGTCC 

(Scar/Spacer, Scaffold, anti-repeat, bulge, 

Terminator L3S2P21) 

 

tracrRNA-

R3L5 

tracrRNA 

(This study) 

CTAGAGGAACCATTGTCTTGACCAAGTAGCGTTAAGGCTAGTCCGTTA

TCAACTTGAAAAAGTGGCACCGAGTCGGTGCGGGCCCTGAAGAAGGGC

CCAAGGCTAGGGCCCTGAAGAAGGGCCCGCAGGGCCCTGAAGAAGGGC

CCTTTTTTTTACTAGAGCTCGGTACCAAATTCCAGAAAAGAGGCCTCC

CGAAAGGGGGGCCTTTTTTCGTTTTGGTCC 

(Scar/Spacer, Scaffold, anti-repeat, bulge, 

Terminator L3S2P21) 

 

tracrRNA-

R3L7 

tracrRNA 

(This study) 

CTAGAGGAACCATTCTTGACCAAGTAGCGTTAAGGCTAGTCCGTTATC

AACTTGAAAAAGTGGCACCGAGTCGGTGCGGGCCCTGAAGAAGGGCCC

AAGGCTAGGGCCCTGAAGAAGGGCCCGCAGGGCCCTGAAGAAGGGCCC

TTTTTTTTACTAGAGCTCGGTACCAAATTCCAGAAAAGAGGCCTCCCG

AAAGGGGGGCCTTTTTTCGTTTTGGTCC 

(Scar/Spacer, Scaffold, anti-repeat, bulge, 

Terminator L3S2P21) 

 

tracrRNA-

R3L9 

tracrRNA 

(This study) 

CTAGAGGAACCATTTGACCAAGTAGCGTTAAGGCTAGTCCGTTATCAA

CTTGAAAAAGTGGCACCGAGTCGGTGCGGGCCCTGAAGAAGGGCCCAA

GGCTAGGGCCCTGAAGAAGGGCCCGCAGGGCCCTGAAGAAGGGCCCTT

TTTTTTACTAGAGCTCGGTACCAAATTCCAGAAAAGAGGCCTCCCGAA

AGGGGGGCCTTTTTTCGTTTTGGTCC 

(Scar/Spacer, Scaffold, anti-repeat, bulge, 

Terminator L3S2P21) 

 

tracrRNA-

R3L11 

tracrRNA 

(This study) 

CTAGAGGAACCATTACCAAGTAGCGTTAAGGCTAGTCCGTTATCAACT

TGAAAAAGTGGCACCGAGTCGGTGCGGGCCCTGAAGAAGGGCCCAAGG

CTAGGGCCCTGAAGAAGGGCCCGCAGGGCCCTGAAGAAGGGCCCTTTT

TTTTACTAGAGCTCGGTACCAAATTCCAGAAAAGAGGCCTCCCGAAAG
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Part 
name 

Type and 
source 

DNA sequence (5’– 3’) 

GGGGGCCTTTTTTCGTTTTGGTCC 

(Scar/Spacer, Scaffold, anti-repeat, bulge, 

Terminator L3S2P21) 

 

tracrRNA-

Ar1 

tracrRNA 

(This study) 

CTAGAGGAACCATTAGCTGCAATGGCGCAAGTACCGGTAAGGCTAGTC

CGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCGGGCCCTGAAGA

AGGGCCCAAGGCTAGGGCCCTGAAGAAGGGCCCGCAGGGCCCTGAAGA

AGGGCCCTTTTTTTTACTAGAGCTCGGTACCAAATTCCAGAAAAGAGG

CCTCCCGAAAGGGGGGCCTTTTTTCGTTTTGGTCC 

(Scar/Spacer, Scaffold, anti-repeat, bulge, 

Terminator L3S2P21) 

 

tracrRNA-

Ar2 

tracrRNA 

(This study) 

CTAGAGGAACCATTAATGGTAATGTTGCAAGTATATCTAAGGCTAGTC

CGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCGGGCCCTGAAGA

AGGGCCCAAGGCTAGGGCCCTGAAGAAGGGCCCGCAGGGCCCTGAAGA

AGGGCCCTTTTTTTTACTAGAGCTCGGTACCAAATTCCAGAAAAGAGG

CCTCCCGAAAGGGGGGCCTTTTTTCGTTTTGGTCC 

(Scar/Spacer, Scaffold, anti-repeat, bulge, 

Terminator L3S2P21) 

 

mRFP mRNA 

(This study) 

CTAGAGATTAAAGAGGAGAAATACTAGATGGTGAGCAAGGGCGAGGAG

GATAACATGGCCATCATCAAGGAGTTCATGCGCTTCAAGGTGCACATG

GAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAG

GGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAG

GGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATG

TACGGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCGACTAC

TTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAAC

TTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCACTTCAG

GACGGCGAGTTCATCTACAAGGTGAAGCTGCGCGGCACCAACTTCCCC

TCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCC

TCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAG

CAGAGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCTGAGGTCAAG

ACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAAC

GTCAACATCAAGTTGGACATCACCTCCCACAACGAGGACTACACCATC

GTGGAACAGTACGAACGCGCTGAGGGCCGCCACTCCACCGGCGGCATG

GACGAGCTGTACAAGTAACCAATTATTGAAGGGGAGCGGGAAACCGCT

CCCCTTTTTTTGTTTCTGGTCTCCC 

(Scar, coding, Terminator L3S3P00) 
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Part 
name 

Type and 
source 

DNA sequence (5’– 3’) 

mRFP-

DetRBS 

mRNA 

(This study) 

CTAGAGGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAG

TTCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAG

TTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAG

ACCGCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGG

GACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAGGCCTACGTGAAG

CACCCCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGC

TTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACC

GTGACCCAGGACTCCTCACTTCAGGACGGCGAGTTCATCTACAAGGTG

AAGCTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAG

AAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGAC

GGCGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGGC

GGCCACTACGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCCC

GTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAGTTGGACATCACC

TCCCACAACGAGGACTACACCATCGTGGAACAGTACGAACGCGCTGAG

GGCCGCCACTCCACCGGCGGCATGGACGAGCTGTACAAGTAACCAATT

ATTGAAGGGGAGCGGGAAACCGCTCCCCTTTTTTTGTTTCTGGTCTCC

C 

(Scar, partial coding, Terminator L3S3P00) 
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Supplementary Table 7: Sequences of σ54-dependent promoters and 

Anderson promoters used in this study 

Part 
name 

Type and 
source 

DNA sequence (5’– 3’) 

PpspA-

LEA2B2 

σ54-dependent 

promoter 

 

(This study) 

AGTTATTATATAGTTCGGTCCGGTTTGAGACGTTGTTTTGCGGTTAG

TGTAATTCGCTAACTCATCCTGGCATGTTGCTGTTGATTCTTCAATC

AGATCTTTATAAATCAAAAAGATAAAAAATTGGCACGCAAATTGTAT

TAACAGTTCAGCAGGACAATCCTGAACGCAAA 

(-24 Box, -12 Box, TTS, UAS) 

 

PpspA-R1 σ54-dependent 

promoter 

 

(This study) 

CCCAGGACTCCTCACTTCAGCGGTTAGTGTAATTCGCTAACTCATCC

TGGCATGTTGCTGTTGATTCTTCAATCAGATCTTTATAAATCAAAAA

GATAAAAAATTGGCACGCAAATTGTATTAACAGTTCAGCAGGACAAT

CCTGAACGCAAA 

(-24 Box, -12 Box, TTS, UAS) 

 

PpspA-R2 σ54-dependent 

promoter 

 

(This study) 

TAATGCAGAAGAAGACCATGCGGTTAGTGTAATTCGCTAACTCATCC

TGGCATGTTGCTGTTGATTCTTCAATCAGATCTTTATAAATCAAAAA

GATAAAAAATTGGCACGCAAATTGTATTAACAGTTCAGCAGGACAAT

CCTGAACGCAAA 

(-24 Box, -12 Box, TTS, UAS) 

 

PpspA-R3 σ54-dependent 

promoter 

 

(This study) 

TGAAGGACGGCGGCCACTACCGGTTAGTGTAATTCGCTAACTCATCC

TGGCATGTTGCTGTTGATTCTTCAATCAGATCTTTATAAATCAAAAA

GATAAAAAATTGGCACGCAAATTGTATTAACAGTTCAGCAGGACAAT

CCTGAACGCAAA 

(-24 Box, -12 Box, TTS, UAS) 

 

PpspA-Ar1 σ54-dependent 

promoter 

 

(This study) 

GTCCTGGAACCGCTCGGCATCGGTTAGTGTAATTCGCTAACTCATCC

TGGCATGTTGCTGTTGATTCTTCAATCAGATCTTTATAAATCAAAAA

GATAAAAAATTGGCACGCAAATTGTATTAACAGTTCAGCAGGACAAT

CCTGAACGCAAA 

(-24 Box, -12 Box, TTS, UAS) 

 

PpspA-Ar2 σ54-dependent 

promoter 

 

(This study) 

TTCACTTTGTAATGAGATACCGGTTAGTGTAATTCGCTAACTCATCC

TGGCATGTTGCTGTTGATTCTTCAATCAGATCTTTATAAATCAAAAA

GATAAAAAATTGGCACGCAAATTGTATTAACAGTTCAGCAGGACAAT

CCTGAACGCAAA 

(-24 Box, -12 Box, TTS, UAS) 

J23106 Anderson 

promoter 

TTTACGGCTAGCTCAGTCCTAGGTATAGTGCTAGC 
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Chapter 5: Discussion 

5.1. Design of novel CRISPRa 

In this research, we designed and applied a novel CRISPR activation 

(CRISPRa) system in bacteria, which enriches the types of CRISPRa, 

permits new applications of CRISPRa, and redefines the programmability of 

the CRISPR/Cas9 system.  

To help readers understand the research background, in the first chapter, I 

introduced the concept and principle of CRISPR - a prokaryotic adaptive 

immune system. Then I briefly summarized different types of CRISPR 

regulation and their applications. Among these, we focused on the 

development history and logic of the prokaryotic CRISPRa system. It is easy 

to see that the existing bacterial CRISPRa methods can be seen as 

programmable two-hybrid systems and three-hybrid systems achieved by 

CRISPR. Essentially, they depend on the inherent modularity of the 

prokaryotic gene activation mechanism. Compared with CRISPRa for 

eukaryotes, the development and application of prokaryotic CRISPRa has 

been a relatively long process. This is related to the limited engineerability of 

the gene activation mechanism in bacteria 1, 2. In addition to employing 

activators that are functional in the two-hybrid system, finding suitable gene 

activation modules for CRISPRa often requires trial and error 1, 2. 

We have developed a novel prokaryotic CRISPRa system that can efficiently 

activate σ54-dependent promoters, which fills the gap of programmable σ54-

dependent activation in prokaryotes 2.  

In the process of developing this method, we discovered some interesting 

facts. 

First, we discovered some phenomena that have not been observed or 

attracted attention before. For instance, the DNA double helix structure may 
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affect the spatial relationship between the activator and RNA polymerase, 

subsequently further affecting the efficiency of CRISPRa. This phenomenon 

has great significance in artificially established gene activation systems. For 

CRISPRa, it means that the choice of CRISPR target site can affect the 

activation at a resolution of 1 base pair. Prior to this research, it was thought 

that the available target area of bacterial CRISPRa was narrow, mainly 

because the activator directly interacts with the RNA polymerase, which lacks 

a relatively flexible interaction mechanism 1. Our research indicates that the 

flexible DNA loop may indeed contribute to a wider effective target region, but 

with the DNA helical structure, the highly effective target regions will appear 

as a discontinuous distribution, and the spacing between adjacent highly 

effective target areas is consistent with the DNA spiral cycle (10 bp) 2. After 

our publication, the same phenomenon was also reported in other prokaryotic 

CRISPRa devices 3. We also found that dxCas9(3.7) and dCas9 have 

different tolerance to mismatches in the stem structure near the tetraloop of 

the sgRNA scaffold. Further, dxCas9(3.7) and dCas9 may have different 

affinities for sgRNA. dxCas9 was evolved from SpdCas9 as a version with 

expanded PAM compatibility 4. We unexpectedly discovered that it can 

reduce the excessive sensitivity to sgRNA in the inducible CRISPRa system. 

For CRISPRa with inducible sgRNA circuits, the leakiness of sgRNA 

transcription could easily cause undesired basal activation, which was 

significantly improved by employing dxCas9 

Second, we proposed some design methods for CRISPRa. For example, we 

adjusted the affinity between dCas9 and sgRNA by introducing mismatches 

into the sgRNA scaffold, thereby changing the dynamic characteristics of the 

CRISPRa system. For the same purpose, we can also interfere with the 

transcription of sgRNA by adding a terminator immediately downstream of 

the promoter to the sgRNA generator, which thereby regulates the range of 
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sgRNA transcription output. Both of the above methods improved the 

dynamic range of CRISPRa to some extent. 

Third, we encountered some inspiring or inexplicable phenomena needing 

further study. For instance, we noticed that the substructures of the σ54-

dependent promoter seem to be modular. When we recombine the core 

regions (which bind σ factor and RNA polymerase) and the DNA loop 

fragments from various σ54-dependent promoters, the influence from one 

fragment seems to have a fixed profile, when combined with another 

fragment. This suggests that these two fragments may independently affect 

the function of the promoter. However, the sample size of the above 

experiment is still low, which is not enough to draw any conclusions. In 

addition, in activating promoters PnifJ and PnifH, the wild type activator NifA 

could achieve much higher activation efficiency than we achieved by 

CRISPRa; it is not clear what caused this difference. 

In addition to the above points, our results could inspire the development of 

novel CRISPRa systems. Eukaryotic-like gene activation in prokaryotes also 

exists in σ70 -dependent promoters. Our research proves that the eukaryotic-

like activation of σ70 may also be feasible 5.  

5.2. Application of novel CRISPRa 

In my research, I demonstrated the application potential of CRISPRa from 

two aspects: industrial application and basic research.  

For industrial application, I designed a multi-gene expression profile 

screening method for synthetic biologists. As a PhD student, this inspiration 

mainly comes from my fear of labor-intensive large library construction. In our 

time, the behaviour of de novo designed multi-genic circuits is still difficult to 

predict on a quantitative level. Adjusting and screening the expression profile 

of multi-gene circuits is an important step in optimization work. The basic 
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idea of the optimization is to design a library containing a large number of 

gene circuits, each of which has a specific multi-gene expression profile. 

Scientists could thus select one or several candidates with the strongest 

function from the library 6.  

The above strategy has several flaws. The first is that the library construction 

requires a high investment of manpower and financial resources. Secondly, 

the quality of the library is not easy to control, and depends on factors such 

as the experimental operation, the length of the circuits, or the number of 

genes. The third is that once the library is constructed, it is difficult to adjust 

the global gene expression level. If the existing candidates in the library 

cannot cover the potential optimal expression range, the library needs to be 

expanded. Finally, some libraries do not have a switch design. Those genes 

that cause growth burden or toxic effects may lead to failures during the 

library construction. 

In order to solve the above issues, and to simplify the gene expression profile 

screening, I proportionally transferred the gene expression profile in the 

multi-gene circuit to the transcription profile of multi-sgRNA. In the CRISPRa 

reaction, sgRNA can be the only factor determining the orthogonality of the 

activation effect on different targets. Therefore, the transcription profile of a 

set of sgRNA can be projected by CRISPRa onto the transcription profile of a 

set of corresponding promoters. This strategy separates the diversity of gene 

expression profiles from the multi-gene circuits themselves. When scientists 

need to screen the multi-gene expression profile of a certain circuit, they only 

need to construct a silent circuit. When the circuit is co-transformed with a 

multi-sgRNA library, the sgRNA library will give the target circuit diverse 

expression profiles by CRISPRa. At the same time, the global activation level 

can be controlled by dxCas9 induction or activator induction, which can 

prevent the expression of one or more genes in the target circuit from 
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missing the optimal value, and can flexibly avoid undesired cell growth 

burden or toxicity. 

Conveniently, the sgRNA library carrying the diversity of gene expression 

profiles can be reused, which means that standardized production of libraries 

is possible. No matter what the target circuit is, as long as it is used in 

combination with a pre-made sgRNA library, it can easily achieve gene 

expression profile diversity. The production of sgRNA libraries can be carried 

out on a large scale under quality controllable conditions 5. 

To utilize our CRISPRa device for basic research, I employed it to explore an 

ignored programmability of the CRISPR/Cas9 system. The programmability 

of crRNA-tracrRNA matching is a valuable feature that has been ignored for 

a long time. Although there are many methods to study this topic, CRISPRa 

undoubtedly provides a convenient reporting system. I reengineered our 

eukaryotic-like CRISPRa system into a crRNA-tracrRNA co-activated 

CRISPRa device. This device allows us to reprogram the complementary 

pairing regions of crRNA and tracrRNA, and to reflect the effect of the 

crRNA-tracrRNA pairing sequence on the CRISPR complex through 

CRISPRa output. 

This study revealed the surprising programmability of crRNA. In addition to 

the spacer region, the repeat region where crRNA pairs with tracrRNA is also 

highly programmable. This gives the entire crRNA high programmability. 

Based on this discovery, as long as appropriate DNA target and tracrRNA 

are designed, many endogenous RNAs in cells can be used as crRNAs to 

participate in the function of the CRISPR complex. We successfully hijacked 

the endogenous mRNA in E. coli through the above principles and activated 

the corresponding reporter gene. Without any gene editing, it successfully 

coupled the function of the inherent arsenic sensor in E. coli and the function 

of the artificial circuit. 
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Figure 1. Design of a high-throughput, rapid detection tool for environmental 

microbiota. The cell-free system can be dried and stored on the chip. Each 

micro-reaction well on the chip contains a specific promoter UAS and 

tracrRNA. Therefore, the cell-free reaction system in each well can be 

activated by a specific RNA molecule which works as crRNA. The 16S rRNA 

of bacteria in the environment can be amplified by universal primers, and the 

amplified rRNA samples will be added to all wells. After a short time of 

incubation, the fluorescent signal can be quickly read by a portable device. 

 

The above technology raises the possibility of a novel programmable RNA 

sensor. With the unique dual recognition characteristics, it has a higher 

specificity than the DNA recognition of CRISPR/Cas9 complex. In the future, 

we expect that this sensor can be combined with a cell-free system for low-

cost, high-throughput, and rapid detection of the environmental RNA or gut 

microbiota (Figure 1). 
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This research also raises many new questions. For example, when mRNA 

works as crRNA, will RNase III process the mRNA? Does the translation 

process affect the mRNA-mediated CRISPR? I hope to have the opportunity 

to solve these problems in the future. 

In short, this research mainly revolves around the design and application of a 

novel prokaryotic CRISPRa system, and has achieved some positive results. 

These results are both practical and enlightening. I hope they can help 

scientists deepen their understanding of CRISPRa, σ54 activation 

mechanism, and crRNA-tracrRNA pairing, and also help researchers to 

create useful tools for industrial application. 
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