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ABSTRACT 

Although metabolic engineering has been a distinct discipline for over two decades, 

coercing simple cells to overproduce certain secondary metabolites often remains a 

significant challenge. Fortunately, advancing technologies continue to drive the field 

toward creation of increasingly sophisticated microbial production platforms for the 

generation of specialty chemicals and pharmaceuticals. The aim of the work presented 

in this dissertation is to leverage these emerging technologies for development of novel 

tools at the interface of synthetic biology, metabolic engineering, and analytical 

chemistry. First, CRISPR interference (CRISPRi) is explored and utilized as a tool for 

metabolic engineering in Escherichia coli, enabling repression of many endogenous 

genes simultaneously. Compared to previous technologies capable of achieving the 

same goal, CRISPRi is highly specific and easier to engineer, enabling quick assessment 

of metabolic engineering strategies in many host strains. Next a series of orthogonal 

promoters, regulated by CRISPRi, were constructed to facilitate orthogonal redirection 

of metabolic flux in the branched violacein pathway. This work also uncovered, for the 

first time, valuable insights about how CRISPRi orthogonality changes with context 

(copy number of DNA target site and number of mismatches between guide RNA and 

target DNA sequence). As described in the future work section of this dissertation, we 

have also begun to explore the combinatorial cloning method, Golden Gate Shuffling, 

for rapid, random assembly of CRISPR arrays, which has enabled us to experimentally 

explore repression space in E. coli at a much faster pace than in initial efforts. Finally, 

we also harness E. coli as a starting point for the chemoenzymatic preparation of heavy 

(perdeuterated) heparin. In this work, we demonstrate that stable-isotope enrichment 

of incredibly complex pharmaceuticals is readily facilitated using microbes, cultured in a 

medium enriched in the isotope of interest, for precursor generation. The research 

presented in this thesis is a significant step forward in expediting and improving our 

ability to engineer microbes to produce valuable natural products.  
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1. Introduction and Specific Aims 

1.1 Introduction 

The work presented in this thesis spans a wide range of topics related to biosynthesis of 

natural products in the workhorse microbe, E. coli. Before detailing the specific 

objectives addressed in Chapters 3-6 of this document, Chapter 2 provides background 

on state-of-the-art genetic and expression (transcription and translation modulation) 

tools that can be harnessed for improved production of valuable natural products. 

Chapters 3-4 focus on engineering the recently developed synthetic transcription factor 

known as the CRISPR/dCas9 system for metabolic engineering of heterologous small 

molecule secondary metabolite production in E. coli. Chapter 5 provides a small glimpse 

of the future of CRISPR/dCas9-based engineering in E. coli, where multiple target sites 

are simultaneously repressed in a rational-random fashion (sites chosen rationally, but 

subsets targeted in random combinations), a strategy that should enable rapid 

assessment of multiplex genetic interventions across a diverse range of hosts in a much 

shorter timeframe compared to previous technologies. Finally, Chapter 6 describes 

work capitalizing on the natural ability of E. coli to utilize simple carbon sources 

enriched in stable isotopes. Specifically, a heparosan-producing E. coli strain is grown 

on a deuterium-enriched medium (deuterated glycerol and D2O), yielding the 

perdeuterated capsular polysaccharide we refer to as heavy heparosan. We then 

convert this natural product into the valuable pharmaceutical, heparin, and we 

demonstrate a few applications of the first ever “heavy heparin.” Specific aims of the 

major sections of this work are listed and then detailed below. 

1.2 Specific Aims 

 CRISPathBrick: Modular Combinatorial Assembly of Type II-A CRISPR Arrays 
for dCas9-Mediated Multiplex Transcriptional Repression in E. coli 

The aim of this work was to explore CRISPR interference (CRISPRi), or the RNA-guided 

synthetic transcription factor known as dCas9, as a tool for metabolic engineering 

applications. Toward this end, CRISPathBrick was developed as an engineered 
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CRISPR/dCas9 system that enables combinatorial, modular construction of vectors 

capable of simultaneously silencing transcription of multiple genes in E. coli. We show 

that a single CRISPathBrick vector can be used to tune expression of plasmid-based 

genes and repress chromosomal targets in probiotic, virulent, and commonly 

engineered E. coli strains. Furthermore, we demonstrated for the first time that dCas9-

mediated repression can be harnessed to assess the effect of downregulating both 

novel and computationally predicted metabolic engineering targets, improving the yield 

of a heterologous phytochemical through repression of endogenous genes. These tools 

provide an accessible platform for rapid evaluation of multiplex metabolic engineering 

interventions, and they also demonstrate potential for facile elucidation of prokaryotic 

secondary biosynthetic pathways.  

 Rapid Generation of CRISPR/dCas9-Regulated, Orthogonally Repressible 
Hybrid T7-lac Promoters for Modular, Tuneable Control of Metabolic Pathway 
Fluxes in E. coli 

A procedure was generated for rapid construction and screening of dCas9-regulated, 

orthogonal promoter libraries. This research ultimately uncovered interesting insights 

about how mismatches between target DNA and guide RNA affect dCas9-mediated 

transcriptional repression. Contrary to prevailing reports in literature, we demonstrate 

that one mismatch between guide RNA sequence and target DNA is not sufficient to 

abolish repression. We also show for the first time that mismatch tolerance changes as 

target DNA copy changes, a finding that could be critical for design of genetic circuits 

based on minimally mismatched, dCas9-regulated orthogonal promoters. Finally, a 

subset of these refactored promoters were incorporated into the highly branched 

violacein biosynthetic pathway, where they act as orthogonal, dCas9-dependent valves 

capable of throttling and selectively redirecting carbon flux in E. coli. 

 Heavy Heparin: Preparation, Characterization, and Applications of Stable 
Isotope-Enriched Perdeutero-Heparin 

In this specific aim, a coupled microbial-chemoenzymatic production strategy was used 

to synthesize a deuterium-enriched, structurally identical analog of the incredibly 
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complex and valuable natural product and pharmaceutical compound heparin. The 

fermentation procedure utilized to generate heavy heparosan through growth on a 

deuterated medium is first described, followed by the chemoenzymatic steps required 

to generate heavy heparin. Additionally, heavy heparin and all intermediates are 

structurally characterized by NMR and LC-MS. Next, we demonstrated that the half-

lives of heavy heparin and heparin were similar to each other by performing a 

pharmacokinetics study in rabbits, indicating that heavy heparin can be used as a 

surrogate for unlabeled heparin in animal studies when endogenous heparin might 

otherwise complicate analysis. 
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2. Sensitive Cells: Enabling Tools for Static and Dynamic Control of 
Microbial Metabolic Pathways1 

2.1 Abstract 

Natural metabolic pathways are dynamically regulated at the transcriptional, 

translational, and protein levels. Despite this, traditional pathway engineering has 

relied on static control strategies to engender changes in metabolism, most likely due 

to ease of implementation and perceived predictability of design outcome. Increasingly 

in recent years, however, metabolic engineers have drawn inspiration from natural 

systems and have begun to harness dynamically controlled regulatory machinery to 

improve design of engineered microorganisms for production of specialty and 

commodity chemicals. Here, we review recent enabling technologies for engineering 

static control over pathway expression levels, and we discuss state-of-the-art dynamic 

control strategies that have yielded improved outcomes in the field of microbial 

metabolic engineering. Furthermore, we emphasize design of a novel class of 

genetically-encoded controllers that will facilitate automatic, transient tuning of 

synthetic and endogenous pathways [1]. 

2.2 Introduction 

Metabolic pathways are broadly defined as intracellular collections of chemicals, or 

metabolites, which are interconverted by complementary sets of enzymes. For at least 

two decades, metabolic engineers have sought to exert control over cellular pathways 

to perturb metabolism toward a defined objective, such as overproduction of a 

specified metabolite [2]. With growing economic and societal concern over dwindling 

resources, environmental issues, and sustainable practices, metabolic engineers have 

transformed microbes into cellular factories for conversion of renewable resources into 

                                                 

This chapter previously appeared as: Cress BF, Trantas EA, Ververidis F, Linhardt RJ, Koffas MA: Sensitive 
cells: enabling tools for static and dynamic control of microbial metabolic pathways. Curr Opin 
Biotechnol 2015, 36:205–14. 
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an impressive suite of valuable chemicals, often to replace or supplement natural 

sources.  

Overwhelmingly, simple static control strategies—permanent genetic 

modifications that impose gene expression constraints that are agnostic of variable 

intracellular conditions, like gene deletions and constitutive or inducible 

overexpressions—have been used to achieve these goals [3], but increasingly complex, 

dynamically-controlled systems have gained prevalence in recent years [4,5]. In 

contrast to static control systems, dynamic pathway control requires the presence of a 

sensor that enables automatic, genetically-encoded response to transient changes in 

the concentration of a metabolite or chemical cue. It is important to note that dynamic 

control strategies are not always preferential to static control strategies. In fact, static 

control will likely maintain an important biotechnological role for certain tasks, such as 

bioconversions that do not require co-option of limiting host cell metabolites to 

anabolize a product of interest. When engineered biosynthetic pathways involve 

metabolites whose accumulation causes toxicity, feedback inhibition, or decreased cell 

growth, however, tight dynamic control over production and consumption of these 

intermediate metabolites can prevent their accumulation, ameliorating such negative 

effects, driving increased flux through the pathway, and consequently enabling higher 

titer, yield, or productivity. Although conventional chemical induction of gene 

expression is sometimes described as dynamic control, we consider such one-time OFF-

ON chemical induction by an external inducer (IPTG, arabinose, etc.) to be a static 

strategy in the context of this review; we instead define dynamic control as engineered 

genetically encoded systems that automatically and dynamically respond to the 

concentration of specified intracellular metabolites.  

Many recent reviews have detailed traditional static control approaches [6]; 

thus, we begin by describing new genome engineering tools for deletion and 

integration of DNA (genes and pathways) that have been utilized to facilitate static 

control. We then emphasize contemporary genetic regulators that have been 

engineered for static transcriptional and translational control. Components required for 
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dynamic pathway control are discussed, and recent dynamic metabolic engineering 

examples are highlighted. We close by contrasting the roles that static and dynamic 

control will play in the future of metabolic engineering, and we highlight a class of 

highly tailorable regulators that can be adapted for dynamic control and that will likely 

be critical for engineering continuous automatic control of microbial metabolic 

pathways in the coming years. 

2.3 Genome Engineering Tools Facilitate Static Control of Metabolic 
Pathways 

Aside from episomal expression of metabolic pathways [7], one of the most commonly 

employed mechanisms to engineer endogenous metabolism is alteration of the 

chromosome by sequential deletion and insertion of genes. While these strategies have 

proven effective in many cases, achieving multiple deletions or integrations in a single 

strain is cumbersome. Therefore modern strategies have aimed at reducing labor and 

time required to engineer microbes with multiple genome manipulations [8]. Multiplex 

Automated Genome Engineering (MAGE) and its derivatives MO-MAGE (Microarray 

oligonucleotide-MAGE) [9] and CoS-MAGE (Coselection MAGE) [10] allow directed or 

adaptive replacement of DNA at multiple loci with either defined or degenerate 

templates, resulting in strains with significantly altered phenotypes.  

These tools can excel over rational, a priori strategies because of unanticipated 

factors that are difficult to account for at the design stage. MAGE has enabled 

enhanced lycopene biosynthesis in E. coli by evolving ribosome binding sites to tune 

translation of enzymes in the deoxyxylulose-5-phosphate pathway, while CoS-MAGE 

has improved indigo and indirubin production through replacement of promoters to 

alter transcription of aromatic amino acid biosynthetic pathways, both static strategies 

resulting in increased carbon flux toward a metabolite of interest. Genetic 

manipulations achieved by MAGE in distinct genomic loci of independently engineered 

strains can now be iteratively combined through transfer to a single strain using 

Conjugative Assembly Genome Engineering (CAGE) [11], a technique that was first 

demonstrated by genome-wide codon replacement achieved through collapse of 32 
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MAGE-modified E. coli genomes into a single genome using hierarchical conjugation 

[12].  

A genome editing strategy rapidly increasing in prevalence is clustered regularly 

interspaced palindromic repeats (CRISPR)/Cas9-mediated gene deletion and 

integration, a technique that is accelerating the pace of genome engineering due to 

ease of use [13]. Cas9 is an RNA-guided endonuclease that binds a target sequence 

through Watson-Crick base-pairing of a 20 bp spacer sequence at the 5’ end of a small 

guide RNA (sgRNA), creating a double stranded break (DSB) that can be used to delete 

or introduce DNA. CRISPR/Cas9-mediated chromosomal engineering has enabled 

simultaneous deletion [14] of up to 5 genes from the genome of Saccharomyces 

cerevisiae, yielding 41-fold improvement in mevalonate production [15], and 

simultaneous gene integration and deletion in diverse industrial yeast strains for 

improved lactic acid production [16]. More recently, simultaneous Cas9-mediated 

integration of fifteen DNA parts into three distinct loci of the S. cerevisiae genome was 

demonstrated for carotenoid production, followed by integration of ten genetic parts in 

two distinct loci in S. cerevisiae for improved tyrosine production [17]. An important 

feature of Cas9 genome engineering in organisms like S. cerevisiae with highly efficient 

homologous recombination systems is that multiplexed interventions can be achieved 

without the use of selective markers.  

Cas9-mediated chromosomal engineering is less efficient in organisms with low 

endogenous homology-directed repair (HDR) activity, presumably due to toxicity of 

unrepaired Cas9-induced DSBs; however, expression of λ Red machinery to increase 

recombination rate allows repair of Cas9-mediated DSBs and has enabled simultaneous 

deletion of up to 3 genes from the genome of E. coli [18,19]. Simultaneous 

combinatorial deletions have proven low efficiency so far in E. coli. Rather than suffer 

reduced editing efficiency by targeting multiple sites simultaneously, a CRISPR-Cas9 

based iterative recombineering strategy recently enabled near 100% editing efficiency 

against a single target in each of multiple successive editing rounds, allowing 

assessment of up to 33 genomic modifications for dramatic improvement of β-carotene 
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production [20]. Cas9-mediated gene deletions have also been demonstrated in other 

prokaryotes, such as four Streptomyces species [21,22], Streptococcus pneumoniae 

[19], and Tatumella citrea [18], exhibiting the tractability of Cas9 for genome editing 

and metabolic engineering in diverse chassis. 

2.4 Genetic Regulators and Applications in Static Pathway Control 

Another common strategy for pathway control involves expression of transcriptional, 

translational, and post-translational regulators designed to tune expression of genes in 

a metabolic pathway or switch them between on and off states. When their expression 

is controlled by constitutive or externally-inducible promoters, these regulators act in a 

static fashion, although it is theoretically possible to drive transcription of these 

regulators dynamically as discussed later. Significant recent progress has been made in 

harnessing natural regulatory systems to impose pathway control, primarily due to 

increased understanding of the natural systems and derivation of design principles. In 

this section, we describe transcriptional and translational regulators in the context of 

static pathway control. 

 Transcriptional Regulators 

As the initial gatekeeper of gene expression, transcription regulation can be engineered 

to encompass an incredibly large dynamic range, specified as the ratio between 

maximum and minimum expression. Traditionally, transcriptional control has been 

achieved with DNA-binding proteins, or transcription factors (TFs), that bind a promoter 

region in DNA to occlude RNA polymerase. While natural TF-promoter pairs have been 

engineered to control gene expression at the transcriptional level, control of 

transcription at multiple loci in the chromosome is hampered by the necessity to insert 

a TF operator site at each location. An alternative to protein-based control of 

transcription is non-coding RNA (ncRNA)-mediated transcriptional regulation. Modeled 

on small RNA (sRNA) from natural bacterial systems, cis- and trans-acting sRNA 

regulators have been designed for transcriptional and translational control of a wide 

range of metabolic pathways [23–26] as reviewed in detail elsewhere [27].  More 
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recently, small transcription activating RNAs (STARs) have been engineered to enable 

ncRNA-mediated gene activation (de-repression, in fact) in bacteria and in vitro, a new 

paradigm for ncRNA transcriptional regulation [28]; however, activation of host genes 

above endogenous levels has not been demonstrated with STARs and is likely not 

tenable. Despite increasing ability to design ncRNAs, synthetic metabolic pathway 

control is predominantly achieved with protein-based transcriptional repression. 

Although genome engineering should not be discounted as a metabolic 

engineering strategy, externally imposed control of endogenous metabolism from a 

plasmid based circuit can limit design complexity and expedite circuit design. A clear 

solution for regulating transcription of any target site with an external controller is to 

use a synthetic transcription factor (sTF), or a protein that can be addressed to bind any 

user-defined DNA sequence and thereby repress any promoter or gene of interest 

(Figure 2.1). This strategy enables regulation of genomic transcription without 

alteration of the endogenous promoter sequence. Zinc fingers (ZFs) and transcription 

activator-like effectors (TALEs) are two sTF classes that have been successfully 

engineered to bind a wide range of sequences, enabling both transcription repression 

and activation [29–31].  However, each ZF and TALE protein is designed to target only a 

single sequence. Therefore, while the sequence space that can be explored with a 

library of these transcription factors is greater than the existing space from a defined 

pool of natural TFs, a single ZF or TALE protein suffers the same inability of a natural TF 

to precisely target disparate operator sequences. Furthermore, TALE and ZF design and 

construction can be somewhat unpredictable and laborious, and simultaneous 

expression of multiple TALEs (> 100 kDa) or ZFs (approximately 30-40 kDa) to target 

distinct sites could lead to increased metabolic burden or toxicity as seen when 

expressing multiple distinct natural TFs in the same cell [32,33].  

The most attractive candidate for regulating transcription at multiple 

endogenous loci is an engineered CRISPR system. The prototypical CRISPR sTF is known 

as dCas9, or nuclease deficient Cas9, an RNA-guided DNA binding protein. 

Simultaneous dCas9-mediated repression of multiple genes with a CRISPR array or 



 

     10 

multiple sgRNA transcripts has been shown in many organisms, including E. coli [34,35], 

S. cerevisiae [36,37], and mammalian cells [38]. The major advantage of dCas9 is the 

capacity for a single protein to readily target multiple distinct sites, while the primary 

targeting constraint is the presence of a NGG trinucleotide known as the protospacer 

adjacent motif (PAM) at the 3’ end of the target sequence, a feature found ubiquitously 

in the genomes of most commonly engineered hosts. Further expanding the targeting 

sequence space of engineered CRISPR systems, other CRISPR systems composed of 

orthologs of Cas9 [39] with distinct PAM sequence requirements have been engineered 

for orthogonal transcriptional repression, and S. pyogenes Cas9 has recently been 

engineered for altered specificity toward non-natural PAMs [40].  

CRISPR interference (CRISPRi, also referred to as dCas9-mediated transcriptional 

repression) for metabolic engineering has only recently been reported. The first 

application of dCas9-mediated repression of endogenous targets for metabolic 

engineering demonstrated improved production of the phytochemical naringenin in E. 

coli through multiplex repression of genes competing for the limiting cofactor malonyl-

CoA [34]; this work illustrated dysregulation of the entire FadR regulon through fadR 

repression as a strategy to improve malonyl-CoA availability, and it also exemplified the 

ease of targeting essential genes for partial repression with dCas9, an advantage that 

dCas9-mediated repression holds over other gene deletion. In an earlier report, carbon 

flux was combinatorially diverted to distinct products of the exogenous violacein 

pathway in S. cerevisiae, illustrating the ability to control multiple nodes in a highly 

branched biosynthetic pathway by simultaneous transcriptional activation and 

repression using CRISPR RNA scaffolds, or an extended sgRNA encoding RNA structures 

that recruit RNA-binding modules fused to effector domains [37]. Other research 

showed that dCas9 can be readily implemented for partial repression of synthetic lethal 

pairs, or sets of genes that support growth when deleted individually but cause lethality 

when deleted together, leading to improved 4-hydroxybutyrate production in E. coli 

[41]. Finally, a distinct Type I-E CRISPR system endogenous to E. coli K-12 was 

engineered to repress transcriptional repression and was shown capable of suppressing 
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catabolism of disparate sugars [42], a strategy that could be utilized to control 

sequential order and rate of carbohydrate utilization from biomass hydrolysate 

containing mixed carbon sources. A notable disadvantage of engineered transcriptional 

repression is that the fates of all genes in an operon downstream of the target gene are 

coupled; that is, it is not possible to repress a gene in the middle of an operon without 

similarly repressing all downstream genes unless there is an intervening promoter to 

drive transcription posterior to the repressed gene (sometimes referred to as a pseudo-

operon). However, as operons typically encode genes in related pathways, repressing 

an entire operon is often consistent with the metabolic engineering goal achieved by 

repressing the single gene target [34]. 

 Translational Regulators 

Translational and post-translational regulators will ultimately enable more rapid 

response to fluctuating metabolite concentrations. Lagging design principles have 

hampered their broad implementation compared to transcriptional regulators, but 

some key examples illustrate the potential of ncRNA-based regulators for dynamic 

metabolic pathway control. Trans-acting antisense RNAs have been engineered to 

repress translation of fatty acid biosynthetic enzymes in E. coli to enhance polyphenol 

production [24,26] and to repress translation of glycolytic enzymes and aromatic amino 

acid regulatory proteins for increased production of tyrosine and cadaverine [43]. 

Furthermore, riboregulators (cognate pairs of trans-activating and cis-repressing RNAs) 

have been engineered to control flux through distinct glucose-utilization pathways [25]. 

In order for these systems to be readily retrofitted for automatic control, more effort is 

required to develop a library of functional RNA biosensors (e.g. synthetic aptamers), 

which must be obtained by brute force screens or elegant in vitro [44] or in vivo 

selections to expand the candidate ligand pool to encompass critical metabolic 

intermediates. A rigorous assessment of design principles must also be undertaken to 

ensure modularity and retention of function when these biosensors are incorporated 

into synthetic riboswitches [45]. RNA-based regulators have typically suffered from low 

dynamic range, but a novel class of riboregulators called toehold switches have recently 
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been engineered to control translation with low crosstalk and a dynamic range above 

400, on par with the dynamic range achieved by robust protein-based regulators [46]. 

While toehold switches show great promise for synthetic gene circuit design due to low 

metabolic cost and rapid dynamics, they must be integrated into the genome to control 

endogenous pathways and thus might suffer limited adoption by metabolic engineers. 

To this end, a universal strategy for protein-based modulation of translation 

using the Pumilio/FBF (PUF) domain, an RNA-binding protein that can in principle be 

engineered to bind any 8-nucleotide RNA sequence based on theoretical design rules, 

has been demonstrated in E. coli by introducing a PUF binding sequence known as the 

Nanos response element (NRE) between the RBS and start codon to block access of the 

ribosome to translational regulatory elements [47]. Importantly, this work 

demonstrated that coding sequences in a bacterial polycistronic mRNA transcript can 

be independently and specifically repressed by PUF domains, although the low dynamic 

range exhibited in this proof-of-principle limits its utility until repression can be further 

improved. The capacity to independently repress genes in the middle of an operon 

make PUF domains a critical tool for metabolic engineering when a target gene 

precedes an essential or objective-incompatible gene in an operon. PUF domains are 

analogous to the sTF proteins of the ZF and TALE class because they non-destructively 

bind a single cognate nucleic acid target based on engineered protein-nucleic acid 

contacts, and they are also amenable to fusion with effector domains for translation 

activation in eukaryotes, for example, as shown in a recent report in mammalian cells 

[48]. Despite the potential of PUF domains, they are fundamentally limited by their 

ability to bind only the single cognate target RNA sequence. We herein propose that 

PUF domains and other proteins capable of binding a user-defined RNA sequence to 

modulate translation be classified as synthetic translation factors (Figure 2.1). 

An enticing but yet unexplored paradigm for protein-mediated translational 

regulation involves engineered Type III-B CRISPR systems. Coupling this ssRNA-

shredding protein complex—which is guided by a ~40-45 bp crRNA to a complementary 

target site in ssRNA with no apparent target sequence or PAM constraint [49]—with 
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dCas9-mediated transcriptional repression should effectively abrogate leaky 

transcription, a valuable multi-tiered regulatory strategy for pathway control that 

would require no prior genome editing. In eukaryotes, such selective ssRNA cleavage 

might enable polycistron processing and novel strategies for CRISPR-mediated control 

of riboswitches and riboregulators. Furthermore, it has recently been shown that 

mutation of a key conserved aspartic acid residue in Cmr4 of the Type III-B Cmr 

complexes abrogates RNAse activity but retains RNA binding capability and specificity 

[50]. This exciting discovery paves the way for non-destructively binding any desired 

ssRNA sequence, enabling selective, independent translational modulation of coding 

sequences at any position within a polycistron. As with other DNA- and ssRNA-binding 

proteins, it is possible that fusing a series of translation effectors [51] or RNA 

processing domains to a protein in the Cmr complex would enable multiplex translation 

modulation as encoded by a program of distinct Type III-B crRNA guides.  
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Figure 2.1: Advances in synthetic regulators of genetic transcription and translation.  (a) Synthetic 
transcription factors are DNA binding proteins that modulate transcription by occluding RNA 
polymerase from the promoter or by roadblock repression if targeted downstream of a promoter. Zinc 
fingers (ZFs) and transcription activator-like effectors (TALEs) are designed to target a single site at a 
time, which limits their utility for regulating endogenous targets. dCas9 is capable of multiplex 
repression when guided to distinct promoters simultaneously by a pool of sgRNAs or processed CRISPR 
RNA (crRNA):trans-activating crRNA (tracrRNA) duplexes (see [34,52] for details on crRNA:tracrRNA). 
Each of these sTF classes has been shown amenable to fusion with effector domains to, for example, 
activate transcription at a downstream promoter in eukaryotic cells. (b) Synthetic translation factors 
modulate translation by occluding the ribosome from RBS or by degrading RNA. PUF domains have 
recently been shown to enable repression of an upstream gene in an operon without repressing the 
downstream gene and without degrading the mRNA transcript, but PUF domains are only capable of 
binding a single RNA sequence at a time; PUF domains have also been successfully fused to nuclease 
and effector domains. Although no application has been demonstrated to date, the Type III-B CRISPR 
Cmr complex has been shown to degrade target ssRNA, which could be useful for degrading mRNA 
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from leaky transcription or for processing polycistronic, structural, or actuatable RNA in synthetic 
circuits. Furthermore, an aspartate to alanine mutation in Cmr4 (purple with black dot indicates 
catalytically inactive Cmr4) abrogates RNAse activity, and we thus speculate that the Cmr complex and 
dCmr (catalytically dead Cmr) will be applied for multiplex translation modulation in the near future 
(dashed arrow).  

2.5 Automatic Dynamic Control of Metabolic Pathways 

A common theme with the aforementioned strategies is the static nature of their 

design, where the control parameters are defined a priori and transient feedback 

control of the system is not enabled. Therefore set-points must be empirically adjusted 

by tuning design parameters and then assessing performance. The primary 

disadvantage associated with these types of systems is their inability to sense 

perturbations and adjust unfavorable metabolic states toward the designed goal. 

Automatic dynamic control of biosynthetic pathways thus offers a mechanism to react 

to stochasticity and correct unexpected metabolic imbalances or disturbances; such 

tight regulation is particularly valuable when a specified metabolite is toxic, inhibits a 

pathway of interest, or directly competes with an important cellular function that is 

critical for a designed engineering outcome.  

Careful consideration must also be given to controller choice with respect to the 

time scale on which metabolite turnover occurs [4]. It is probable that engineered 

protein allostery [53,54] or enzyme degradation [55] (protein half-life tuning) would 

exert the tightest control over pathway flux. Although likely difficult to engineer, ligand-

induced reconstitution of a split enzyme [56] could be used to directly control 

metabolic flux through upstream and downstream pathways. However, design 

principles are not sufficiently established for implementing on-demand allosteric 

control of user-specified enzymes or for independently tuning degradation rates of 

multiple enzymes simultaneously. Thus regulation at the RNA level, mediated by ligand-

responsive RNA sensor-actuators (e.g. riboswitches), is desirable for dynamic pathway 

balancing particularly because it avoids uneconomical transcription steps through 

direct control of the translation rates of pathway enzymes. As with post-translational 

control, however, the small number of characterized extensible natural and engineered 

RNA sensor-actuators [57] limits utility of translational control of metabolic pathways. 
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Although transcriptional control exhibits the slowest dynamics for control of metabolic 

fluxes, well-characterized transcriptional regulators with tailorable sensors (ligand-

responsive domains) and actuators (DNA-binding domains) are abundant, making this 

class of regulator the most frequently implemented for dynamic pathway control to 

date. 

Before describing examples of engineered dynamic control systems, it is critical 

to understand the three components which must exist to exert dynamic control over 

metabolic pathways:  

1. a biosensor capable of sensing a measured variable, such as the 

concentration of an environmental factor or small molecule of interest 

2. a transducer element that physically conveys this signal to an actuator, such 

as allosteric conformational change or split protein association 

3. an actuator device that receives the transduced signal and adjusts some 

parameter in the system (a manipulated variable) in response, such as 

degradation of the measured variable or modulation of gene expression 

Natural ligand-responsive transcription factors (LRTFs) are prominent 

candidates for elements within engineered feedback controllers, because they have 

evolved as feedback regulators and thus possess the ability to fill all three roles. LRTFs 

sense ligand concentration through a metabolite binding domain (MBD), transduce the 

allosteric signal to the DNA binding domain (DBD) through a conformational change in 

the TF structure, and actuate control over transcription by then binding or dissociating 

from the cognate operator site to exert control over the nearby promoter [53]. 

Depending on the class of LRTF and the location of the operator sequence with respect 

to the regulated promoter, this actuation can either repress or activate transcription. 

Furthermore, LRTFs often exist as dual transcriptional regulators, repressing some 

genes while activating others. These features have made LRTFs attractive as integral 

components in the first wave of dynamic pathway controllers described below.  

In the archetypal implementation of automatic pathway control in E. coli, rate-

limiting genes were placed under control of a natural promoter that, in the presence of 
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a molecular indicator of excess glucose flux, acetyl phosphate, drives flux toward 

lycopene [58]. This simple case demonstrated that intracellular metabolites can be 

used not only to describe the state of a system, but also to take advantage of that state 

to improve an engineering outcome. Another significant milestone in dynamic pathway 

control involved construction of a dynamic sensor-regulator system (DSRS) for 

improved biodiesel production in E. coli [59]. In this system, a biosensor based on a 

natural acyl-CoA LRTF known as FadR was constructed to dynamically regulate enzymes 

involved in the biodiesel fatty acid ethyl ester (FAEE) pathway. Specifically, hybrid 

promoters consisting of elements from phage promoters, a natural FadR-regulated 

promoter, and the lac operator were engineered for increased dynamic range and tight 

transcription control in response to FadR binding in absence of acyl-CoAs. In the 

engineered system, expression of genes responsible for toxic intermediates was only 

de-repressed upon accumulation of fatty acids, thus driving FAEE production only when 

precursor availability was sufficent. This tight regulatory control yielded 3-fold 

improvement in biodiesel production over the unregulated strain. Furthermore, a 

strategy for natural LRTF mining and DSRS construction was demonstrated for a wide-

range of metabolite classes.  

In related work, a transcriptome-mining strategy was used to uncover stress-

responsive E. coli promoters that are activated in the presence of toxic pathway 

intermediates farnesyl pyrophosphate and HMG-CoA [60]. Candidate promoters were 

used to drive transcription of the intermediate consumption pathway to rapidly convert 

toxic intermediates into product in concert with FPP- or HMG-CoA-associated toxicity. 

This transcriptomics approach exemplifies one way to circumvent our inability to easily 

engineer de novo biosensor-actuators for a given ligand. A similar approach was applied 

in S. cerevisiae to impose negative regulation over side-product (ergosterol) formation 

through repression of the first committed gene in the pathway, squalene synthase 

(ERG9), enabling up to 5-fold improvement in the heterologous amorpha-4,11-diene 

pathway [61]. 
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A series of reports also demonstrated refactoring of the Bacillus subtilis 

malonyl-CoA responsive LRTF, FapR, to improve production of malonyl-CoA derived 

fatty acids. Malonyl-CoA is a highly regulated metabolite involved in critical cellular 

functions and required for production of many valuable secondary metabolites, and it is 

thus an important target for dynamic pathway control. In one report, a hybrid 

promoter was constructed by placing the B. subtilis fapO operator downstream of the 

PT7lac promoter, leading to transcription activation in the presence of malonyl-CoA [62]. 

In the other, a negative feedback regulatory circuit was constructed to prevent 

accumulation of excess malonyl-CoA, leading to improved fatty acid production [63]. 

Recently, FapR was also utilized in one of the first examples of an artificial dual-

regulatory system engineered in E. coli, where upstream pathway genes are repressed 

and downstream pathway genes are activated in response to malonyl-CoA 

accumulation, ultimately improving fatty acid production by 3-fold compared to the 

unregulated control strain [64]. Critically, none of these strategies have attempted to 

dynamically regulate competing side pathways, and we expect that on-demand sTFs 

will soon be incorporated into such circuits to control endogenous targets. 

2.6 Conclusion and Outlook 

Common to all of the dynamic pathway controlling circuits described so far is the 

centrality of LRTFs as feedback regulators of transcription. Other dynamic pathway 

control implementations using ON/OFF switching schemes and external cue-responsive 

controllers [65–67] are detailed in an excellent recent review [4]. Despite significant 

progress in this field, we expect that the next decade of dynamic pathway engineering 

will rely heavily on multiplexable, addressable sTFs like dCas9 to interface with 

endogenous metabolism. Furthermore, we anticipate that the common practice of 

mining [68] and harnessing natural LRTFs as sensor-actuators will gradually be 

supplanted by rational design [69] or mutagenesis [70] of LRTFs to recognize distinct 

and even non-natural ligands with high specificity. Attention should be paid to the 

effect of natural TF redesign on allosteric signaling from the MBD to DBD, as it is not yet 
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clear how mutations in the MBD affect conformational changes in the DBD upon ligand 

binding [53]. If MBD specificity can be altered in a universal manner, however, natural 

TF regulation will still be constrained by DBD specificity toward a cognate operator site; 

thus, even if design principles are elucidated to allow DBD exchange without abrogating 

allostery, a single engineered LRTF will not attain widespread addressability. To this 

end, we propose an intermediate framework for transitioning to the next generation of 

automatic pathway control circuits, where natural LRTFs control expression of a 

synthetic TF, which then imposes control over a user-defined array of endogenous 

pathways (Figure 2.2). 

  

Figure 2.2: Static and dynamic control of metabolic pathways.  (a) When pathways are controlled in a 
static manner, buildup of toxic or inhibitory intermediates or metabolites that draw carbon away from 
important cellular processes can lower productivity. (b) Implementation of automatic dynamic 
transcriptional regulation of the source and sink pathway genes for a toxic or high-demand metabolite; 
a natural transcription factor is used as a sensor-actuator that responds to change in concentration of 
the metabolite of interest, leading to improved productivity. (c) A hypothetical automatic dynamic 
control circuit based on two transcription factors. The first is a natural ligand-responsive transcription 
factor biosensor that de-represses transcription of dCas9 and the desired sink pathway upon 
accumulation of the cognate intermediate metabolite. dCas9 simultaneously represses the source 
pathway to prevent further accumulation, but it can also readily be targeted to endogenous pathways 
to dynamically tune expression as desired. 

 

Despite the increasing prevalence of dynamic control applications for metabolic 

engineering over the past decade, the limited number of reports compared to static 

control suggests a barrier to widespread adoption. Although the reasons for this trend 

are not entirely clear, we provide some potential explanations. First, the additional 

level of complexity in engineering dynamic control systems at the genetic level can lead 
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to poor design predictability. Integration of computational tools into the design-build-

test cycle for dynamic control circuits could improve outcomes and reduce design 

space, while combinatorial circuit design coupled with high-throughput screening or 

selection—a strategy that has not yet been applied for dynamic pathway control—

might prove useful for exploring parameter space and tuning circuits for defined 

objectives. Furthermore, dynamic strategies are likely most suitable for controlling 

metabolites that are toxic or highly sought-after for critical cellular processes; 

therefore, dynamic control of other metabolite classes might not yield production 

improvement over traditional static control strategies, and more work is necessary to 

predict when one control strategy maintains an advantage over the other. Finally, the 

toolbox of characterized biosensor-promoter pairs is inadequately populated, and 

additional biosensor mining, de novo design, and characterization efforts will be 

required to effectively monitor and respond to the intracellular concentration of 

metabolites in diverse biosynthetic pathways. As work in these areas rapidly advances, 

the ability to construct sensitive cells will undoubtedly transform the interface of 

synthetic biology and metabolic engineering while further driving our understanding of 

natural metabolite control systems. 
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3. CRISPathBrick: Modular Combinatorial Assembly of Type II-A CRISPR 
Arrays for dCas9-Mediated Multiplex Transcriptional Repression in E. 

coli2 

3.1 Introduction 

Programmable control over an addressable global regulator would enable simultaneous 

repression of multiple genes and would have tremendous impact on the field of 

synthetic biology. It has recently been established that CRISPR/Cas systems can be 

engineered to repress gene transcription at nearly any desired location in a sequence-

specific manner, but there remain only a handful of applications described to date. In 

this work, we report development of a vector possessing a CRISPathBrick feature, 

enabling rapid modular assembly of natural type II-A CRISPR arrays capable of 

simultaneously repressing multiple target genes in E. coli. Iterative incorporation of 

spacers into this CRISPathBrick feature facilitates the combinatorial construction of 

arrays, from a small number of DNA parts, which can be utilized to generate a suite of 

complex phenotypes corresponding to an encoded genetic program. We show that 

CRISPathBrick can be used to tune expression of plasmid-based genes and repress 

chromosomal targets in probiotic, virulent, and commonly engineered E. coli strains. 

Furthermore, we describe development of pCRISPReporter, a fluorescent reporter 

plasmid utilized to quantify dCas9-mediated repression from endogenous promoters. 

Finally, we demonstrate that dCas9-mediated repression can be harnessed to assess 

the effect of down-regulating both novel and computationally-predicted metabolic 

engineering targets, improving the yield of a heterologous phytochemical through 

repression of endogenous genes. These tools provide a platform for rapid evaluation of 

multiplex metabolic engineering interventions [1]. 

                                                 

This chapter previously appeared as: Cress BF, Toparlak ÖD, Guleria S, Lebovich M, Stieglitz JT, 
Englaender JA, Jones JA, Linhardt RJ, Koffas MAG: CRISPathBrick: Modular Combinatorial Assembly of 
Type II-A CRISPR Arrays for dCas9-Mediated Multiplex Transcriptional Repression in E. coli. ACS Synth 
Biol 2015, 4:987–1000. 
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Figure 3.1: Overview of the CRISPathBrick system. 

 

Selective and tunable perturbation of gene expression is a fundamental enabling 

technology in the fields of systems biology and synthetic biology, allowing the design of 

intricate synthetic circuits and the interrogation of complex natural biological systems. 

Until recently, however, there has been a paucity of tools to dynamically regulate 

transcription at the DNA level in a rapid, predictable, and specific manner. In the past, 

natural DNA-binding proteins have been harnessed by targeting to their cognate 

protein-binding sequences, artificially placed upstream, downstream, or within natural 

promoter sequences, to achieve transcriptional activation or repression; however, this 

method necessitates the addition of a static DNA element, or operator, near the 

promoter of interest [2]. This is especially problematic for regulation of endogenous 

genes since it requires genome engineering, a burdensome task for simultaneous 

manipulation of multiple targets. Conversely, programmable transcription factor (TF) 

proteins like zinc fingers and transcription activator like effectors (TALEs) have been 

utilized to target both natural and artificial DNA sequences for transcription 

modulation, but construction and selection of TFs is a cumbersome process that yields 

a TF capable of binding only a single target site. More elegant solutions for 

transcriptional regulation have been engineered using non-coding RNA (ncRNA) in a 
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few noteworthy instances [3–5], but, with the exception of a recent report [6], these 

systems have suffered from limited predictability, design complexity, and a small 

dynamic range [7]. While translational repression can be achieved with other 

technologies like antisense RNA (asRNA), complex biological programs can benefit 

from, and might necessitate, multilevel interactions between RNA, DNA, and regulatory 

proteins, providing a strong argument for developing tools that can readily control 

transcription. 

One such tool, based on an engineered CRISPR (Clustered Regularly Interspaced 

Short Palindromic Repeats)/Cas system, has recently been shown to achieve highly 

selective transcriptional modulation over a significant dynamic range [8,9]. Natural 

CRISPR/Cas systems are prokaryotic adaptive immune systems that target foreign DNA 

for cleavage, mediated by a class of endonucleases whose nuclease specificity is guided 

by Watson-Crick base-pairing complementarity of a ncRNA guide with the target nucleic 

acid. This highly specific and predictable targeting mechanism has been exploited to 

convert CRISPR nucleases into ncRNA-guided DNA-binding proteins through mutation 

of catalytic residues in endonuclease domains, yielding addressable protein-RNA 

platforms for engineering artificial transcription factors [10–12] and other devices 

[13,14]. Due to the limited number of interacting parts required at the targeting stage 

of immunity compared to type I and type III CRISPR/Cas systems, the model type II-A 

system from Streptococcus pyogenes was the first to be engineered for transcriptional 

silencing [8]. Mutations D10A of RuvC and H840A of HNH endonuclease domains in 

Cas9 (forming mutant dCas9), the sole RNA-guided dsDNA endonuclease in this system, 

abolished nuclease activity but maintained sequence-specific dsDNA-binding capability, 

a property of dCas9 that has been utilized to achieve transcriptional repression at 

endogenous promoters through promoter occlusion from RNA polymerase (RNAP) and 

abortion of transcription elongation (referred to as CRISPR interference, or CRISPRi). 

Two recent reports also demonstrated engineering of the orthogonal type I-E 

CRISPR/Cas system from E. coli for gene silencing [15,16]. 
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The S. pyogenes type II-A CRISPR/Cas system is composed of interacting 

elements, which can be generally classified by their involvement in either the 

adaptation or targeting stage of immunity. Elements involved in the adaptive immunity 

stage, where natural target DNA sequences are detected and incorporated into a S. 

pyogenes genomic locus known as the CRISPR array, are described in detail elsewhere 

[17]. The following constituents of the targeting stage of immunity are required for 

targeted cleavage of foreign dsDNA in the natural system: Cas9, precursor CRISPR RNA 

(pre-crRNA), trans-activating crRNA (tracrRNA), and RNAse III. Pre-crRNA is a ncRNA 

transcript of the CRISPR array, an ordered arrangement of ~30 bp ‘spacer’ sequences 

(memory of challenge from exogenous nucleic acid) uniformly interspersed with a 36 

bp ‘repeat’ sequence (Figure 3.2). Spacer sequences are identical to the complement of 

the 30 bp target dsDNA sequence known as the protospacer, which must be 

immediately flanked at the 3’ end by a 3 bp NGG sequence referred to as the 

protospacer adjacent motif (PAM) in order to anchor Cas9 to the target site. 

Protospacers are sampled from exogenous DNA and incorporated as novel spacers in 

CRISPR arrays through a process called adaptation, where spacer-acquisition is 

controlled by many factors including an indispensable AT-rich region known as the 

leader sequence and encoded immediately upstream of the first spacer [18]. In a 

process referred to as biogenesis, an anti-repeat sequence within tracrRNA molecules 

base-pairs with pre-crRNA repeats, forming RNA duplexes that are subsequently 

cleaved into stable crRNA:tracrRNA duplexes by RNAse III and trimmed in a less well-

characterized process called maturation. Complexes of Cas9 with individually 

processed, mature crRNA:tracrRNA duplexes possessing 20 bp of spacer sequence [19] 

are then guided to cognate dsDNA for target cleavage by Cas9 (or target binding in the 

case of dCas9). Maturation of crRNA:tracrRNA is presumably unaffected by 

replacement of Cas9 with dCas9, and in such a system the dCas9:crRNA:tracrRNA 

complex binds to its cognate target without cleavage [20]. In the CRISPRi system, dCas9 

is guided to its target by an artificial ncRNA that mimics the crRNA:tracrRNA duplex, 

known as a single-guide RNA (sgRNA); each sgRNA must be transcribed under control of 
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its own promoter and terminator, although creative cloning strategies have been 

devised to achieve expression of multiple sgRNAs [21,22]. Notably, Cas9-mediated 

cleavage and dCas9-mediated repression at spacer sequences within the CRISPR array 

are not possible because of the absence of the requisite PAM at the 3’ end of each 

spacer.  

Here, we present CRISPathBrick, a combinatorial cloning strategy to construct 

sets of functional type II-A CRISPR arrays bearing multiple synthetic spacers, 

accompanied by development of set of vectors capable of achieving and quantifying 

targeted, simultaneous transcriptional repression of multiple genes under the control 

of a single master regulator, dCas9 (Figure 3.1). We demonstrate, through phenotypic 

analysis, concurrent repression of distinct genomic targets, and we construct a novel 

reporter device to show that dCas9-mediated repression enables partial down-

regulation of essential genes without causing lethality, a property that will be 

extremely valuable for metabolic engineering requiring throttled flux through essential 

pathways. Finally, we utilize CRISPathBrick as a metabolic engineering tool to increase 

production of a heterologous product through targeted endogenous gene down-

regulations. 

3.2 Results and Discussion 

 CRISPathBrick Assembly Strategy  

Recently, Bikard et al. described construction of a type II-A CRISPR/dCas9 (specifically 

CRISPR02 from S. pyogenes SF370) system capable of targeting only a single site in E. 

coli at a time [23]. The topology of natural CRISPR arrays imposes unique design 

constraints that are irrelevant in most other cloning procedures but that must be given 

careful attention here to ensure modularity, to prevent improper biogenesis, and to 

guarantee successful targeting of dCas9:crRNA:tracrRNA complexes. As the target 

address is encoded within the 30 bp spacer region, this DNA element must maintain 

fidelity and cannot be altered to incorporate restriction enzyme cut sites. Furthermore, 

effects of varying the 36 bp repeat sequence are not completely understood; 
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alterations in the crRNA:tracrRNA complementarity region would presumably have 

deleterious effects on maturation and would likely hinder dCas9 functionality and 

perturb orthogonality [24,25]. We therefore sought to devise an assembly strategy that 

leaves all repeat regions and targeting spacers intact. Another constraint, which 

complicates modular construction with newer sequence homology-directed assembly 

techniques like Gibson Assembly, sequence- and ligase-independent cloning (SLIC), and 

circular polymerase extension cloning (CPEC), is that CRISPR repeat sequences within all 

DNA parts are identical and would likely make maintenance of intended order difficult 

to achieve, leading to an intolerable degree of misassemblies. Moreover, an added 

disadvantage of such assembly methods is that part termini (overlap regions) should 

not possess palindromic sequences or thermodynamically stable ssDNA secondary 

structure, a property that could prove problematic when constructing CRISPR arrays in 

a modular manner due to the presence of stable hairpins in some type I and II CRISPR 

repeats [26]. Finally, despite rapidly decreasing costs for DNA synthesis, parts 

containing complexity (repeated sequences, elements with high propensity for hairpin 

formation, or highly negative ΔG) are not amenable to many synthesis technologies; 

thus, even short repetitive parts like CRISPR arrays cannot yet be synthesized as 

inexpensive, on-demand products like gBlocks (IDT), and the cost of direct synthesis of 

combinatorial libraries is likely prohibitive for many labs. The procedure, presented 

herein, avoids the aforementioned obstacles for assembly of CRISPR arrays that are 

indistinguishable from those in natural type II-A systems with respect to organization 

and preservation of the wild-type leader sequence, natural repeat sequences, and user-

specified spacer sequences. 

Specifically, we have designed CRISPathBrick as a restriction-ligation cloning 

procedure that takes advantage of a unique non-targeting spacer, in the last position of 

the array, possessing a single BsaI (Type IIS endonuclease with a non-palindromic, 

directional recognition sequence) recognition site near the 3’ end of the bottom strand. 

As seen in Figure 3.2, the BsaI cut site lies outside of its recognition site and instead 

directs cleavage to the anterior repeat. New spacer-repeat elements are synthesized in 
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offset complementary pairs of ssDNA oligonucleotides (66 bp), where the 5’ 

phosphorylated and annealed spacer-repeat oligos—hereto referred to as spacer-

repeat brick (SRB)—possess incompatible 4 bp overhangs (sticky ends) to facilitate 

directional cloning as popularized by assembly methods like Golden Gate cloning [27] 

that use Type IIS endonucleases to maintain orientation of inserts. Ligation of the 

pCRISPathBrick vector backbone with the upstream end of the SRB creates a scarless 

junction that remains permanently locked; conversely, ligation of the backbone with 

the downstream end of the SRB reforms the entry junction, identical to that of the 

original destination vector, which can be cyclically re-digested by BsaI. In this manner, 

single SRBs can be iteratively incorporated into the growing array in a modular fashion 

analogous to ePathBrick [28] (Figure 3.2), furnishing expandable arrays with no 

intervening restriction sites. Importantly, CRISPathBrick arrays are identical to natural 

Type II-A CRISPR arrays with the exception of the final, non-targeting BsaI spacer that 

facilitates cloning, an advantage that this procedure holds over other potential 

assembly methods [15]. Although our intent is to study effects of transcriptional 

repression, we expect that this methodology could prove useful for others seeking to 

study adaptation and spacer acquisition in engineered arrays. 
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Figure 3.2: CRISPathBrick feature and assembly strategy.  (a) pCRISPathBrick harbors a type II-A CRISPR 
array and leader sequence (not shown) under control of the native promoter. The non-targeting (NT) 
spacer (rectangle) possesses a single BsaI recognition site (red font) with corresponding cut site located 
inside the anterior repeat (diamond). Each 66 bp spacer-repeat brick (SRB) is assembled by 5’ 
phosphorylation and annealing of two offset complementary ssDNA oligos. Ligation of SRB with 
pCRISPathBrick backbone creates a scarless junction between the new spacer (red highlighted text) 
and its upstream repeat, leaving the original BsaI site in place. (b) Depiction of combinatorial assembly 
of complete library of 7 CRISPR arrays, starting with a pool of 3 unique SRBs. Dashed arrows represent 
BsaI digestion and gel purification of backbone, followed by ligation with SRB.  

 Design of pCRISPathBrick and Modular Assembly of Type II-A CRISPR Arrays 

Plasmid pCRISPathBrick was modified from pdCas9 (developed by Bikard and 

colleagues [23]), a low copy plasmid encoding dCas9, tracrRNA, and a minimal type II-A 
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CRISPR array, all elements under transcriptional control of their native S. pyogenes 

SF370 constitutive promoters. To facilitate the CRISPathBrick cloning procedure, as 

described above, the original junk (placeholder) spacer was swapped with a new non-

targeting spacer possessing a single BsaI recognition site. It is important to note that 

this non-targeting spacer was designed so that no significant matches were found in 

the genomes of commonly engineered chassis E. coli strains BL21 and K-12 MG1655 to 

preclude inadvertent repression caused by guidance of dCas9 by the non-targeting 

crRNA. Spacers intended for repression were designed with two simple constraints: the 

corresponding 30 bp protospacer must be followed by the NGG PAM, a motif that is 

ubiquitous throughout the genome of all E. coli strains and within or in close proximity 

to most promoters (especially if both strands are considered), and, whenever possible, 

the protospacers should be matching in all strains that will be tested. SRBs identical to 

individual protospacers of interest were sequentially incorporated into the expanding 

pCRISPathBrick array and combined as desired through iterative rounds of restriction 

digestion and ligation, enabling customizable configuration of target sets and rapid 

manufacture of defined libraries. For example, 3 SRBs targeting distinct promoters can 

be assembled into an exhaustive array library composed of all 7 (2n-1; the sum of 

combinations excluding the empty set and ignoring order) possible combinations in 

only three rounds of cloning (Figure 3.2). In this case, three constructs targeting three 

different promoters are assembled during the first round of cloning. For the second 

round of cloning, a subset of these arrays are appended with a unique SRB to form all 

possible double combinations, while the full three-target array is assembled in the third 

and final round from a double-target array and the last SRB. Construction of three-

target comprehensive libraries can be achieved in less than one week using colony PCR 

(cPCR) to screen for positive clones from each round of ligation. As each stage of 

cloning builds upon constructs from the previous round, however, sequencing each 

round is advisable to ensure insert fidelity throughout the process. Given the small 

insert size and low plasmid copy number, we opted to screen ligations using cPCR. 
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Incorporation of a single SRB was accompanied by a concomitant increase in cPCR 

amplicon size of 66 bp (Figure 3.3). 

 

Figure 3.3: Colony PCR (cPCR) screen for CRISPathBrick constructs, demonstrating sequential insertion 
of five synthetic SRBs.  (a) Small insert size precludes ligation screening by restriction analysis, so cPCR 
is performed with a forward primer (red, top strand) designed to bind the first spacer and a reverse 
primer (red, bottom strand) designed to bind inside the non-targeting (NT) spacer. Each new SRB 
causes a 66 bp increase in PCR amplicon (red bar) length. (b) Representative 2% agarose gel with 1 Kb 
Plus ladder (1kb+) showing amplicons obtained from positive clones of CRISPathBrick arrays assembled 
with up to five SRBs. 

 Repression of Plasmid-Borne and Chromosomally-Integrated Fluorescent 

Reporter in Divergent Strains 

Plasmid-based gene expression has been a fundamental tool in the fields of 

microbiology and molecular biology for decades, owing to the ease of construction and 

ability to transfer the same plasmid to multiple strains and observe, often, qualitatively 

similar results. In certain instances, however, strain background can cause unexpected 

device output, so the option to quickly transfer a single device between distinct chassis 

is advantageous in the search for a suitable system [29]. More recent assembly 

methods that enable overexpression of multiple genes and entire biosynthetic 

pathways from a single plasmid [30–32] would be ideally complemented by a system 

enabling facile repression of numerous targets that can be rapidly programmed on a 

single plasmid and transferred to any strain of interest. Thus, to determine if 

CRISPathBrick is capable of achieving high levels of transcriptional repression in diverse 

strain backgrounds, we first assessed dCas9-mediated transcriptional repression of a 

plasmid-borne fluorescent reporter in two different E. coli strains (Figure 3.4b). 
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Subsequently, repression was compared between plasmid-borne and genome-

integrated fluorescent reporter in a single strain (Figure 3.4c). In each case, we utilized 

the same model fluorescent reporter cassette ‘T7-mCherry’ previously built in our lab 

[33] and composed of codon-optimized mCherry under transcriptional control of the 

IPTG-inducible PT7lac promoter and T7 terminator; this cassette was constructed using 

ePathBrick to facilitate transfer between platforms (plasmid vs. genome) and chassis, 

keeping all transcriptional and translational control elements constant. Notably, 

transcription from T7 promoters is controlled by T7 RNA polymerase, a single subunit 

polymerase that is structurally and evolutionarily divergent from the larger, multi-

subunit prokaryotic and eukaryotic RNA polymerases. As genes under transcriptional 

control of T7 promoters are known to be expressed at a very high rate in E. coli relative 

to endogenous genes [34], we sought to determine the capacity of CRISPathBrick to 

repress transcription from this commonly utilized, high-strength promoter. 

Plasmid-based repression was assessed against T7-mCherry in the high copy 

plasmid pETM6-mCherry through co-transformation with pCRISPathBrick programmed 

to target distinct locations at the promoter and near the start of the mCherry coding 

sequence (CDS). Various spacers were designed because it has been shown that dCas9-

mediated repression can be tuned by changing target location. The most common 

strategies for tuning dCas9-mediated repression include the following: titrating 

expression level of CRISPR machinery using an inducer, where higher levels of 

expression can lead to higher repression activity but can also cause toxicity [22]; 

altering target location, where distance from promoter and repression activity 

generally have an inverse relationship; targeting the coding or non-coding strand, 

where targeting the coding strand typically achieves better repression; and encoding 

mismatches in the crRNA with respect to its target, which relieves repression relative to 

a crRNA that is identical to its protospacer [23]. As shown in Figure 3.4b, comparable 

repression levels were achieved against IPTG-induced, T7 polymerase driven 

transcription in both chassis, and dual targeting of two nearby sites with a double-

target array increased repression of the reporter. This is consistent with previous 
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reports indicating that dCas9-mediated repression, at two nearby sites, enhances 

repression compared to targeting each site separately [8]. Critical to the value of 

CRISPathBrick, this augmented repression indicates successful processing of multi-

spacer synthetic type II-A arrays in divergent strains and simultaneous binding of dCas9 

at two distinct locations within the same nucleic acid. It is noteworthy that the effective 

number of simultaneous binding sites in a single cell for a double-target array is much 

higher than two since the reporter is expressed from a high copy plasmid (~40 copies 

per cell); thus, the synergistic repression with the dual-targeting constructs suggests 

that dCas9 was successfully guided to approximately ~80 physical binding sites.  

The T7-mCherry cassette was then integrated into the genome of E. coli 

MG1655 (DE3) in order to compare repression against an identical plasmid-borne and 

genome-based reporter construct in the same chassis. Two additional arrays were 

constructed to bind other target sites in T7-mCherry, specifically altering either the 

targeted strand or the distance from the promoter (Figure 3.4a), with the intention of 

achieving intermediate repression levels. Significantly higher repression was achieved 

against the single chromosomal reporter than against the reporter expressed from a 

high-copy plasmid, which might suggest that the ternary dCas9:crRNA:tracrRNA 

complex could become limiting as many sites are targeted. Figure 3.4c further 

demonstrates that CRISPathBrick can be used to tune expression through site selection 

and combination of targets.   
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Figure 3.4: Repression of fluorescent reporter using CRISPathBrick.  (a) Illustration of T7-mCherry, a 
cassette composed of codon-optimized mCherry under IPTG-inducible transcriptional control of PT7lac 
and a T7 terminator. T7-mCherry was cloned into plasmid pETM6 and into the genome of E. coli K-12 
MG1655. Selected protospacers (purple or orange line) and PAMs (circle at end of protospacer) are 
indicated on top or bottom strand. crRNA identical to a purple protospacer binds the bottoms strand, 
while crRNA identical to an orange protospacer binds the top strand. (b) Inter-strain assessment of 
CRISPathBrick in E. coli BL21 StarTM (DE3) and K-12 MG1655 (DE3). Repression is displayed relative to 
the negative control strain possessing pCRISPathBrick with a non-targeting spacer (gray bars). Relative 
reporter expression (red bars) was comparable between strains, and synergistic repression 
augmentation occurred when the CRISPathBrick array possessed two spacers targeting nearby target 
sites (hatched bars). (c) Repression of chromosomal (left) versus plasmid-encoded (right) target. Nearly 
complete silencing was demonstrated with a spacer targeting the chromosomal T7 consensus 
promoter sequence. Attenuated repression was achieved against the reporter expressed from a high-
copy plasmid pETM6 relative to the genomic reporter. Choice of target strand and distance from the 
promoter leads to different repression levels, enabling tunable repression. Values represent mean and 
S. E. M. of biological duplicates (BL21) or 5 biological replicates from two independent experiments 
performed on different days (MG1655). 

 Attenuation of Capsular Polysaccharide in Virulent and Probiotic E. coli Strains 

Building on the previous results demonstrating repression of an artificial, heterologous 

reporter in two commonly engineered strains, we sought to further evaluate device 

reusability and functional utility by building a single CRISPathBrick plasmid to silence 

the same endogenous virulence factor in two divergent wild-type E. coli strains, 

generating the same medically relevant phenotype. Uropathogenic E. coli (UPEC) 

serovar O10:K5:H4, commonly referred to as K5, is a virulent strain, while commensal 
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strain Nissle 1917 (serovar O6:K5:H1) is one of the oldest, most well-characterized 

probiotic strains. Despite their differences, K5 and Nissle 1917, as well as many other 

virulent E. coli strains, share a similar capsular gene cluster responsible for biosynthesis 

and export of the K5 antigen, an acidic, linear polysaccharide known as heparosan that 

forms a viscous coating around the bacteria (Figure 3.5a). Many pathogens 

biosynthesize capsular polysaccharides (CPSs)—polysaccharides that are synthesized in 

the cytosol and transported to the cell surface—which are known virulence factors that 

shield the bacteria from host immune response by hiding cell surface antigens during 

infection [35]. Deletion of genes involved in CPS biosynthesis and export has been 

utilized to create acapsular mutants for study of pathogenicity and immunogenicity 

[36,37], but a tunable system like CRISPathBrick might yield insight on host immune 

response to a range of intermediate capsule coverage levels.   

 

Figure 3.5: Repression of capsular polysaccharide (heparosan) secretion in two strains of E. coli, 
virulent strain K5 and probiotic strain Nissle 1917.  (a) Schematic representation of capsular 
polysaccharide secretion model, where export is blocked by repression of the promoter transcribing 
the kpsM-kpsT operon, genes encoding the inner membrane transporter. (b) Capsular polysaccharide 
secretion is significantly attenuated in both strains. Heparosan, which is naturally shed from the cell 
well of these strains in planktonic culture due to shear force and natural hydrolysis, is quantified in the 
supernatant. Values represent mean and S. E. M. of biological duplicates. 

 

Therefore, we attenuated capsule formation through transcriptional repression 

of promoter PkpsM (PR3), which controls expression of genes kpsM and kpsT [38]. 

Deletion from the E. coli genome of kpsT, part of an ABC membrane transporter 

required for translocation of certain CPSs to the outer membrane, is known to prevent 

export and to cause accumulation of CPS in the cytoplasm [39]. Furthermore, the 

promoter PkpsM has been shown to transcribe through the heparosan biosynthetic gene 
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cluster [38], so we anticipated that repression of this promoter would lead to reduction 

of heparosan production and secretion, qualitatively assessed as loss of capsule. It is 

noteworthy that dCas9-mediated repression should block expression of all proteins 

encoded in the operon downstream of the target site, unless there are intermediate 

promoters located downstream that can drive transcription of the following genes in 

the operon. The genomes of K5 and Nissle 1917 were sequenced [40,41], and a single 

spacer targeting PkpsM was designed in a region conserved between the two strains as 

determined by pairwise alignment in the promoter region. This spacer was 

incorporated into pCRISPathBrick, which was then transformed into E. coli K5 and Nissle 

1917. pCRISPathBrick possessing only the non-targeting BsaI spacer was transformed 

into both strains as a negative control. While K5 and Nissle 1917 grow in planktonic 

culture, heparosan is shed into the media by a combination of shear force and natural 

hydrolysis [42], enabling quantification of CPS production and export by analysis of the 

culture supernatant [43]. As exhibited in Figure 3.5, significant attenuation of capsule 

production was achieved for both K5 and Nissle 1917 compared to their respective 

control strains. These important results suggest that a single CRISPathBrick plasmid 

could be used as a tool to study host-pathogen and host-commensal interactions in a 

set of distinct wild-type strains sharing a particular virulence factor. We also expect that 

variations of this technology incorporating inducible or dynamically controlled arrays 

will create new paradigms for transient studies of host-pathogen interactions mediated 

by panels of virulence factors. 

 Combinatorial Repression of Growth by Targeting Amino Acid Biosynthesis 

Next we synthesized a set of four SRBs with spacers designed to target promoters 

driving transcription of amino acid biosynthetic genes. Targeted genes were selected 

because their deletions have been previously characterized to cause auxotrophy [44], 

creating E. coli mutants that require supplementation with the cognate amino acid for 

growth. The first SRB targets promoter PcysH to repress transcription of monocistronic 

mRNA encoding CysH, required for production of cysteine from sulfate, while the 
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second SRB targets promoter PtrpC controlling transcription of operon trpCBA encoding 

genes involved in tryptophan biosynthesis. The third SRB targets promoter ParoF to limit 

tyrosine biosynthesis through repression of the aroF-tyrA operon. The final SRB binds to 

PhisB, a promoter that drives transcription of the histidine biosynthetic operon, 

HisBHAFI. The CRISPathBrick assembly method was utilized to construct 7 plasmids 

constituting a subset of possible target combinations, and all constructs were 

transformed to assess dCas9-mediated growth repression.   

It is important to consider that, unless nearly complete transcriptional 

repression is achieved, it would be expected that cells would eventually grow as the 

pool of mRNA and protein accumulates. Indeed, some growth in defined minimal media 

without amino acid supplementation (AuxMM) is observed for the strains harboring a 

single-spacer CRISPR array targeting amino acid biosynthesis, although clear repression 

compared to growth (OD600) in AuxMM supplemented with the cognate amino acid is 

exhibited in all cases (Figure 3.6). We did not assess other potential protospacers, 

although it is possible that some might have yielded greater repression than our first 

set of selected targets. Double-target strains were then supplemented with individual 

requisite amino acids to phenotypically assess if double-target arrays achieved 

simultaneous repression of both amino acid biosynthetic pathways. Significant growth 

repression was observed for all double-target strains in media supplemented with only 

one of two cognate amino acids—media, which was sufficient to restore growth of 

each complementary single-target strain. Thus, we have established that modular 

construction of CRISPathBrick from a finite pool of SRBs can be utilized to rapidly 

generate a suite of complex phenotypes.  
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Figure 3.6: Growth suppression of E. coli through dCas9-mediated repression of amino acid 
biosynthesis. A subset of four single-target arrays and three double-target arrays were constructed 
from four SRBs targeting individual amino acid biosynthetic genes or operons; Cys = cysteine, Trp = 
tryptophan, Tyr = tyrosine, and His = histidine. Single-target strains were deficient in growth when 
minimal media was not supplemented with the cognate amino acid. Specifically, growth (OD600) of 
each single-target strain without supplementation (white fill) was normalized relative to growth of the 
control (solid fill), the same strain with supplementation of its cognate amino acid. Furthermore, all 
double-target strains (Cys-Trp, Cys-Tyr, Cys-His; hatched fill) were deficient in growth when media was 
supplemented with only one of the two required amino acids. Relative growth of each double-target 
strain was assessed for each of its two cognate amino acids, separately, by normalizing relative to 
growth of each complementary single-target, single-supplement control. Values represent mean and S. 
E. M. of biological duplicates. 

 

 Design of pCRISPReporter and Quantification of Transcriptional Repression of 

Endogenous Genes 

Rigorous part characterization is an integral element of the synthetic device assembly 

process, and precise control over expression of multiple proteins simultaneously using 

CRISPR arrays is predicated on the reliability of all individual spacers utilized during 

construction. In the absence of an observable or quantifiable phenotype corresponding 

to repression by a defined part, such as a single SRB, synthetic biologists must devise 

some metric to assess part quality. To date, dCas9-mediated repression of endogenous 

genes and promoters has primarily been evaluated by quantification of mRNA from the 

CDS of interest using qRT-PCR or RNA-seq. It is likely, however, that mRNA 
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quantification is not accurate for assessment of functional protein expression in some 

cases because it does not account for translation initiation rate, thought to be the rate-

limiting step in protein expression [45], nor does it account for unforeseen translational 

regulatory elements. Indeed, for many applications it would be more useful to evaluate 

repression in terms of protein quantity. Therefore, we have developed the fluorescent 

reporter plasmid pCRISPReporter along with a simple workflow to characterize 

individual SRBs in terms of protein abundance repression, a metric that should be more 

meaningful for immediately practical applications like metabolic engineering and for 

building predictable devices with protein-based parts. The procedure outlined here 

involves transfer of the promoter of interest and all surrounding endogenous 

transcriptional and translational control elements—from the start of the known operon 

through several N-terminal amino acids encoded in the CDS of interest—to the reporter 

plasmid to create a translational fusion of the front of the protein of interest with a 

fluorescent reporter protein. Assessment of repression of a gene in its genomic context 

is imperative when dealing with uncharacterized operons where potential for 

transcriptional read-through from unknown upstream promoters exists. Moreover, 

encompassing regions around the promoter leaves natural transcriptional regulator 

protein binding sites intact. The primary advantage over other methodologies that 

simply clone the promoter of interest upstream of an artificial CDS [15] is that, with the 

CRISPReporter approach, translation initiation rate of the fluorescent reporter fusion 

should more accurately match that of the endogenous protein since the ribosome 

binding site (RBS) and regions primarily controlling translation initiation rate (5’ 

untranslated region through the N-terminal region of the CDS) [46,47] are captured in 

the cloning process.  
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Figure 3.7: CRISPReporter feature and cloning strategy. A reporter gene is first cloned into NdeI and 
KpnI sites. Then a genomic region—containing a promoter of interest (Px) with the 5’ end of the gene 
of interest (geneX) and any surrounding transcriptional and translational control elements—is 
amplified from the genome with primers REI and REII, designed for cloning into the novel MCS 
(including rare cut-sites) to form a translational fusion of geneX with the (GGGGS)3 flexible peptide 
linker and reporter. High strength, rho-independent transcriptional terminators flanking this feature 
minimize transcriptional read-through into the reporter region from upstream on the plasmid and 
ensure proper termination of the reporter transcript. Finally, external isocaudomer sites (AvrII, XbaI, 
SpeI, and NheI), in combination with SalI, facilitate iterative combination of assembled CRISPReporter 
cassettes in a manner similar to ePathBrick27 for simultaneous quantification of repression at multiple 
target sites, where all CRISPReporter cassettes must carry unique, non-interfering reporters. 

 

The CRISPReporter cassette is illustrated in Figure 3.7. Key design features 

include transcriptional insulation with flanking high-strength, rho-independent 

transcriptional terminators [48]; a novel multiple cloning site (MCS) including rare cut 

sites for cloning of the endogenous target region; a (GGGGS)3 flexible linker peptide in-

frame with adjacent NdeI and KpnI restriction sites for insertion of a user-defined 

reporter gene; and flanking isocaudamer (AvrII, XbaI, SpeI, and NheI) and SalI sites for 

assembling multiple CRISPReporter cassettes in a manner analogous to the ePathBrick 
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assembly method [28]. The CRISPReporter cassette can be placed on any plasmid that is 

compatible with pCRISPathBrick but was inserted into pETM6 for this study, and 

mCherry was inserted as the reporter. The manually curated online database EcoCyc 

[49] was used to visualize target genes in their genomic contexts, to guide selection of 

genomic regions for cloning into pCRISPReporter, and to identify characterized 

promoters for design of spacers. Plasmids pCRISPReporter and pCRISPathBrick, 

harboring compatible origins of replication and resistance cassettes, are then co-

transformed to characterize SRBs against targets encoded within pCRISPReporter. 

 We demonstrated the characterization of an SRB targeting an essential gene 

and another SRB targeting a non-essential gene. As we expect that tuning flux through 

major pathways using constitutive repression of essential enzymes to balance growth 

and production will be one of the most important uses of dCas9-mediated repression 

for metabolic engineering, we selected the essential gene pgk (encoding 

phosphoglycerate kinase) of the glycolytic pathway as a test case. A PCR amplicon 

containing the N-terminal region of pgk downstream of gene epd and its promoter, 

Pepd, was cloned into the MCS of pCRISPReporter-mCherry because no intervening 

terminator is known to exist between epd and pgk. Although there are 3 known 

promoters (Ppgk1-3) immediately preceding the pgk CDS, PGK is also encoded as part of 

the bicistronic transcript epd-pgk. Thus accurate characterization of an SRB targeted to 

pgk requires accounting repression of lumped transcription from all of these 

promoters. A spacer was designed to bind the pgk CDS rather than the promoter, with 

the intent of achieving only intermediate transcriptional repression of this essential 

gene without significantly hindering growth. As seen in Figure 3.8, the selected spacer 

achieved two-fold repression of the PGK reporter, indicating that CRISPathBrick could 

be a useful tool when gene essentiality precludes deletion from the genome. 
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Figure 3.8: Quantification of dCas9-mediated repression of protein expression with CRISPReporter 
system. A user-defined CRISPathBrick array is co-transformed with pCRISPReporter harboring the 
cognate target region with 5’ end of gene of interest translationally fused to mCherry. Protospacers 
and PAMs are indicated as described for Figure 3.4. (a) Top: Schematic representation of dual plasmid 
reporter system, where essential glycolytic pathway gene pgk is targeted for repression in the CDS and 
rather than at the promoter to permit intermediate expression level. Bottom: Endpoint repression 
(RFU/OD650) of PGK-mCherry fusion reporter using non-targeting (NT) spacer array as a negative 
control. Approximately two-fold repression compared to control is achieved during growth on all 
carbon sources tested (LB or minimal media supplemented with glucose or glycerol) and irrespective of 
total reporter expression level.  (b) Top: Repression of non-essential dual-regulator gene fadR with 
spacer overlapping both known +1 sites. Bottom: Endpoint repression of FadR-mCherry fusion 
reporter; approximately 10-fold repression is achieved in all medias despite significant variation in 
total reporter expression level. (c) Time-course study of FadR repression using CRISPReporter system in 
minimal media supplemented with glucose. Circle and square symbols represent OD650, and bars 
represent RFU or RFU/OD650. Top: Total reporter fluorescence (RFU) indicates significant increase in 
FadR expression after transition from log phase to stationary phase (marked by vertical red dashed 
line). Bottom: Relative FadR repression (RFU/OD650) compared to non-targeting control; approximately 
10-fold to 15-fold repression sustained throughout experiment. All values represent mean and S. E. M. 
of biological duplicates. 

 

One potential application of CRISPathBrick is simultaneous repression of distinct 

native regulatory proteins, where targeting a small number of regulators would lead to 

synchronized activation and repression of a much larger pool of genes and, in turn, 

engender large coordinated perturbations of metabolism. We chose FadR as one such 

target because it is non-essential and because it controls a large regulon consisting of at 

least 13 promoters involved in transcription of at least 18 genes [49], enabling creation 

of a complex phenotype through manipulation of a single target. As the sole gene in its 

transcript, FadR is monocistronic and is immediately preceded by promoter PfadR, 



 

     49 

although experimental evidence exists for a second transcriptional start site 10 bp 

downstream of the +1 site of PfadR. Thus, the region sufficiently far upstream of the first 

promoter PfadR through several amino acids into the front end of the fadR CDS was 

cloned into the MCS of pCRISPReporter-mCherry, and an SRB designed to bind the top 

strand at a site overlapping both experimentally characterized +1 sites was cloned into 

pCRISPathBrick. Using this spacer, approximately 10-fold repression of protein 

expression was achieved throughout the duration of the time-course, but it is possible 

that higher repression could be achieved using other target sites in the promoter 

region. Notably, similar FadR repression levels were achieved irrespective of the rate of 

expression in the control strain, as demonstrated by consistent repression of 

approximately 10-fold before and after the apparent expression rate increase observed 

after the transition from exponential growth to stationary phase (Figure 3.8).  

 dCas9-Mediated Repression for Metabolic Engineering of E. coli 

An overarching challenge in metabolic engineering is to successfully balance biomass 

production with conversion of raw materials into high-value products [50]. The 

prevailing strategy to accomplish this goal has been rational selection of gene 

overexpression and deletion targets guided by pathway inspection. Increasingly, 

however, metabolic models are used to computationally identify genetic interventions 

required to meet a mathematically defined objective function, such as increased 

production of a target metabolite [51]. CRISPathBrick is ideally suited as an alternative 

to achieving multiple gene deletions in a single strain for metabolic engineering, 

because exploratory and model-guided repression of a set of endogenous genes (and 

all combinations) can be rapidly assessed in different chassis. Moreover, CRISPathBrick 

is particularly suitable for validation of predictions from contemporary algorithms 

[52,53] that are formulated to specify intermediate gene down-regulation levels 

required for maximum production. Another potential benefit of dCas9-mediated 

transcriptional repression over translational silencing strategies like antisense RNA is 

the polarity of CRISPR repression; that is, all genes downstream and under control of 
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the silenced promoter are similarly repressed [7]. As genes encoding related enzymes 

in metabolic pathways are often grouped into operons, which are frequently 

transcribed as polycistronic mRNA due to the lack of intervening terminators, targeting 

a single promoter could silence many or all of the critical enzymes in a biosynthetic 

pathway. Conversely, the disadvantage is that genes downstream of the target will be 

repressed if there is no intervening promoter, which could be problematic when 

downstream genes are essential, unrelated to the pathway of interest, or required for 

any other reason. 

Encouraged by the feasibility of repressing endogenous regulator proteins and 

disparate targets simultaneously, we examined CRISPathBrick as a metabolic 

engineering tool for production of the plant flavonoid naringenin in E. coli. Three genes 

from the heterologous flavonoid pathway encoding the enzymes 4-coumaroyl-

coenzyme A (CoA) ligase (4CL) from Vitis vinifera and chalcone synthase (CHS) and 

chalcone isomerase (CHI) from Citrus maxima were synthesized and assembled into a 

single vector using the ePathBrick assembly procedure for conversion of p-coumaric 

acid to naringenin in E. coli (Figure 3.9a). This is an interesting pathway (Figure 3.10) 

because endogenous pools of free CoA and malonyl-CoA must be co-opted by 4CL and 

CHS, respectively, drawing valuable precursors away from large endogenous sink 

pathways like fatty acid biosynthesis [54]. Indeed, malonyl-CoA has been proven to be 

the limiting factor in microbial flavonoid production [55]. We first selected FadR as a 

novel target for improving naringenin production because it is a DNA-binding 

transcriptional dual-regulator that exerts negative control over fatty acid degradation 

(β-oxidation) and positively regulates fatty acid biosynthesis [56]. Therefore we 

speculated that 10-fold repression of FadR as exhibited by CRISPReporter would lead to 

increased accumulation of malonyl-CoA through reduction in fatty-acid production and 

of acetyl-CoA, the precursor of malonyl-CoA, as a β-oxidation product [57], thus driving 

greater yield of naringenin. Recently published work using evolution-guided genome 

mutagenesis to select for high-production phenotypes supports this notion, as strains 

with improved naringenin production capacity exhibited a propensity for mutations 
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attenuating translation rate of genes in the fatty acid biosynthetic pathway [58], As 

hypothesized, FadR repression improved naringenin production by approximately 64% 

(from 7.6 mg/L to 12.5 mg/L) over the control strain possessing pCRISPathBrick with a 

non-targeting array (Figure 3.9d).  

 

Figure 3.9: Application of CRISPathBrick for metabolic engineering of naringenin production in E. coli.  
(a) Naringenin production plasmid pETM6-Vv4CL-m-CmCHS-m-CmCHI was co-transformed with 
pCRISPathBrick encoding metabolic engineering down-regulation targets. (b) Investigation of a novel 
metabolic engineering target: schematic representation of CRISPathBrick array targeting dual-
transcriptional regulator FadR. Repression of fadR transcription should lead to an increase in the 
intracellular malonyl-CoA (limiting metabolite in naringenin biosynthesis) pool through coordinated 
decrease in expression of fatty acid biosynthetic genes (green) and increase in expression of fatty acid 
degradation (β-oxidation) genes (red) belonging to the FadR regulon. (c) Simultaneous repression of 
three computationally predicted down-regulation or deletion targets, PsucA, PfumC, and the start of the 
scpC CDS, that should lead to increased malonyl-CoA production through decreased flux through the 
TCA cyle and increased availability of free CoA. (d) Volumetric production of naringenin improves 
approximately 2-fold for each strategy tested, with the triple-target CRISPathBrick array leading to the 
highest production. Values represent mean and S. E. M. of biological quadruplicates (duplicates from 
two independent experiments performed on different days). 

 

Next, in order to validate computationally predicted targets, we constructed a 

triple-target CRISPR array repressing expression of three enzymes as predicted by 

OptForce [52] and previously described by our lab [54] to augment naringenin 

production. Specifically, repression of fumarase (FumC) is thought to reduce carbon flux 

through the TCA cycle, while repression of succinyl-CoA synthetase (SucC or SucD) and 

propionyl-CoA:succinyl-CoA transferase (ScpC) should limit consumption of CoA for 

byproduct formation, freeing CoA for utilization by pyruvate dehydrogenase during 
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oxidation of pyruvate to acetyl-CoA. The spacer of the first SRB was designed to target 

the promoter PsucA, which drives expression of operon sucABCD encoding subunits of 

both the succinyl-CoA synthetase complex and the 2-oxoglutarate dehydrogenase 

complex (SucAB). Repression of the entire operon is expected to be consistent with the 

objective, as both encoded enzymes utilize CoA for undesired formation of succinyl-

CoA. The second spacer targets promoter PfumC1 to repress the monocistronic fumC 

transcript, and the third spacer targets the start of the scpC CDS, which, as the last gene 

in its operon, should not affect transcription of surrounding genes. Simultaneous 

repression of all three targets from a single CRISPR array yielded 18.9 mg/L naringenin, 

a 2.5-fold improvement in production over the non-targeting control strain (Figure 

3.9d). Hence we have shown, to the best of our knowledge, the first application of 

CRISPR/dCas9-mediated repression of endogenous targets for metabolic engineering. 
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Figure 3.10: Naringenin biosynthetic pathway from p-coumaric acid.  

 

In summary, we have presented CRISPathBrick, an assembly method to build 

functional type II-A CRISPR arrays capable of multiplex dCas9-mediated repression in 

divergent E. coli strains, and we demonstrate its utility for repressing transcription of 

endogenous genes. We have also developed the CRISPReporter system to characterize 

repression activity of individual SRB modules. The selective, predictable nature of 

CRISPR/dCas9-mediated repression will undoubtedly make it an integral component of 

synthetic circuits for the foreseeable future, but the capacity to effortlessly perturb 

multiple endogenous targets simultaneously will be pivotal for studies in many 
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disciplines, from the basic sciences to systems biology and metabolic engineering. 

Although our intent in this work was to direct dCas9 to unique target sites, it is 

conceivable that a single spacer could be designed to target more than one genomic 

site, each with a slightly different sequence, where binding strength and repression 

level would differ between sites as controlled by the number and location of 

mismatches between the mature crRNA spacer and similar target sequences. If such 

sites can be found proximal to PAMs, then dCas9-mediated repression at these 

locations could be an intriguing tool to explore metabolic space, and CRISPathBrick 

could be used to build arrays of anti-consensus spacers for synergistic repression at 

multiple disparate consensus sequence families. We further envision that the 

CRISPathBrick design principle can be extrapolated to build arrays for evolutionarily 

distinct CRISPR systems, enabling selective transient control over user-defined sets of 

endogenous genes, where each “synthetic-regulon” is controlled by its own orthogonal 

master regulator. 

3.3 Methods 

 Strain and Plasmid Construction 

Plasmids and strains used in this study are listed in Supporting Information Table 3.1 

and Table 3.2, respectively. PCR primers utilized for gene amplification and cloning are 

listed in Supporting Information Table 3.3 and were synthesized by Integrated DNA 

Technologies (IDT). pCRISPathBrick was modified from pdCas9 [23], obtained from 

Addgene, by double digestion with BsaI followed by ligation with the non-targeting 

spacer composed of two phosphorylated, annealed 35 bp offset ssDNA 

oligonucleotides with overhangs as previously described elsewhere (1xBsaI_F and 

1xBsaI_R) [23]. Specifically, BLASTN of all potential protospacers of the non-targeting 

spacer (the spacer sequence concatenated with each of four NGG PAMs: 5’- 

TGAGACCTGTCTCGGAAGCTCATAGGACTCNGG-3’, where N represents A/T/C/G) finds no 

BL21 or K-12 MG1655 genomic hits that are contiguous with the requisite PAM. The 

CRISPReporter cassette was synthesized as a gBlock (IDT, Supporting Information Table 
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3.5) and amplified with primers CRISPReporter_ApaI_F and CRISPReporter_SalI_R for 

ligation into ApaI/SalI sites of pETM6, inactivating the unneeded lacI, to form 

pCRISPathBrick. Codon-optimized mCherry was subcloned from pETM6-mCherry into 

NdeI/KpnI sites of the pCRISPReporter to form plasmid pCRISPReporter-mCherry. BL21 

StarTM (DE3) genomic DNA (gDNA) was purified with an Invitrogen PureLink Genomic 

DNA minikit and used as a template for PCR amplification of genomic promoter regions. 

pCRISPReporter-FadR_mCherry_fusion was generated by cloning of the fadR promoter 

region, PCR amplified with primers fadR_prom_PacI_F and fadR_prom_XhoI_R, into 

PacI/XhoI sites of the MCS of pCRISPReporter-mCherry. Similarly, the epd-pgk region 

was PCR amplified with primers pgk_prom_PacI_F and pgk_prom_XhoI_R for insertion 

into PacI/XhoI sites of the pCRISPReporter-mCherry MCS to create plasmid 

pCRISPReporter-PGK_mCherry_fusion. Three genes from the flavonoid pathway, 4-

coumaroyl-CoA ligase (from Vitis vinifera, GenBank accession no. JN858959), chalcone 

synthase and chalcone isomerase (both from Citrus maxima, GenBank accession no. 

GQ892059 and GU323285, respectively), were codon optimized for expression in E. coli 

and synthesized by GenScript as shown in Supporting Information Table 3.5. These 

genes were sequentially subcloned from pUC57 to pETM6 in monocistronic 

configuration using the ePathBrick procedure as described by Xu and coworkers [28] to 

yield plasmid pETM6-Vv4CL-m-CmCHS-m-CmCHI. 

All plasmids were propagated and maintained in E. coli DH5α, while 

experiments were carried out using E. coli strains DH5α (Novagen), BL21 StarTM (DE3) 

(Invitrogen), BLΔsucC, K-12 MG1655 (DE3), K-12 MG1655 JE1 (DE3), serovar O10:K5:H4, 

and Nissle 1917. E. coli K-12 MG1655 was obtained from the Coli Genetic Stock Center 

and lysogenized following commercial protocols with the λDE3 Lysogenization Kit (EMD 

Millipore) to integrate IPTG-inducible T7 polymerase into the genome. E. coli K-12 

MG1655 JE1 (DE3) was created by integration of cassette T7-mCherry from pETM6-

mCherry into the genome of K-12 MG1655 (DE3) using a previously reported method 

[59], modified slightly as described in Supporting Information Methods. E. coli BLΔsucC, 

serovar O10:K5:H4, and Nissle 1917 were obtained from lab stock from previous 
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studies [40,41,54]. All restriction enzymes (FastDigest) were purchased from Thermo 

Scientific. 

 Construction of Spacer-Repeat Bricks 

All ssDNA oligonucleotides (IDT) utilized for construction of SRBs are listed in 

Supporting Information Table 3.4. Protospacers possessing the requisite 3’ PAM 

sequence (AGG, TGG, CGG, or GGG) were identified near promoters, and 30 

nucleotides upstream of the PAM were selected as the spacer. For spacers designed to 

target in two strains, promoter regions were aligned in pair-wise fashion, and a 

conserved protospacer + PAM sequence was selected. ssDNA oligos were designed as 

shown in Figure 3.2a, where the top strand was designed as follows: 5’-AAAC-[30 bp 

spacer sequence]-[GTTTTAGAGCTATGCTGTTTTGAATGGTCCCA]-3’. The bottom strand 

was designed as follows: 5’-[GTTTTGGGACCATTCAAAACAGCATAGCTCTAAAAC]-[30 bp 

reverse complement of spacer sequence]-3’. Both oligos were 5’ phosphorylated with 

polynucleotide kinase (New England BioLabs) and annealed overnight. Assembled SRBs 

were ligated into BsaI-digested, dephosphorylated, gel-purified pCRISPathBrick 

backbone and verified with cPCR.  Prior to testing repression, CRISPathBrick arrays 

possessing synthetic SRBs were verified by sequencing. 

 Growth Conditions 

Unless otherwise specified, all strains were cultured in rich semi-defined media known 

as AMM and described previously [60] (3.5 g/L KH2PO4, 5.0 g/L K2HPO4, 3.5 g/L 

(NH4)2HPO4, 2 g/L casamino acids, 100 mL 10x MOPS mix, 1 mL 1M MgSO4, 0.1 mL 1 M 

CaCl2, 1 mL 0.5 g/L thiamine HCL, and 20 g/L glucose). 10x MOPS mix is composed of 

83.72 g/L MOPS, 7.17 g/L tricine, 28 mg/L FeSO4·7H2O, 29.2 g/L NaCl, 5.1 g/L NH4Cl, 1.1 

g/L MgCl2, 0.48 g/L K2SO4, and 0.2 mL micronutrient Stock. Micronutrient stock contains 

0.18 g/L (NH4)6Mo7O24, 1.24 g/L H3BO3, 0.12 g/L CuSO4, 0.8 g/L MnCl2, 0.14 g/L ZnSO4. 

Unless otherwise noted, all experiments were started by inoculating individual colonies 

in 1 mL of AMM with appropriate antibiotics (80 μg/mL of ampicillin, 25 μg/mL of 
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chloramphenicol) in polypropylene 48-well plates (5 mL, VWR) and growing overnight 

in an orbital shaker-incubator at 250 rpm and 37˚C. 48-well plates were always covered 

with covered with sterile, breathable rayon adhesive film (VWR) to prevent 

contamination and limit evaporation. After 12-16 h, cultures were back-diluted to an 

OD600 of 0.1 in 2 mL AMM in fresh 48-well plates and allowed to grow at 250 rpm and 

37˚C. Media for pCRISPReporter strains was altered for overnights and inoculums, 

depending on specified carbon source. Specifically, Luria Broth (LB) Lennox 

modification (Sigma) was used for growth on undefined rich media, AMM was used for 

growth on glucose, and AMM with 20 g/L glycerol substituted in place of glucose was 

utilized for growth on glycerol. Defined minimal media, AuxMM, used for growth 

repression studies was prepared as described above for AMM but excluding casamino 

acids and MOPS. Amino acid (L-tryptophan, L-tyrosine, L-histidine, and L-cysteine, 

BioUltra, Sigma) stock solutions (100 mM) were filter sterilized and added to AuxMM as 

required to a final concentration of 62.5 μM. 

 Fluorescence Assays 

Reporter strains were constructed by co-transformation of the reporter plasmid and 

the complementary pCRISPathBrick plasmid possessing the cognate SRB. For the 

chromosomally-integrated T7-mCherry reporter, no reporter plasmid transformation 

was required. All T7-mCherry cultures were simultaneously induced with 0.1 mM IPTG 

after 4-4.5 h, at early-mid log phase (OD650 of 1-1.5). CRISPReporter constructs, which 

did not require induction, were characterized in BL21 StarTM (DE3). Fluorescence and 

OD650 measurements were collected with a BioTek Synergy 4 plate reader using black-

walled 96-well polystyrene plates (Greiner Bio One) after dilution into the linear range 

of the detector. mCherry fluorescence was measured at an excitation wavelength of 

588 nm and emission wavelength of 618 nm. In all cases, fluorescence was normalized 

by OD650, and repression was calculated relative to a control strain possessing the 

identical reporter and pCRISPathBrick with a single, non-targeting spacer. Endpoint 

reporter values were obtained approximately 20 hours after inoculation. 
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 Growth Assays 

pCRISPathBrick plasmids containing the specified amino acid biosynthetic targets were 

transformed into E. coli DH5α. Individual colonies were inoculated in 5 mL LB 

supplemented with 25 μg/mL chloramphenicol and grown at 250 rpm and 37˚C 

overnight in 15 mL conical tubes. After 12-16 h of growth, cultures were pelleted and 

gently washed twice with 5 mL AuxMM without supplements to remove residual amino 

acids. The washed cultures were back-diluted to OD600 of 0.01 in 2 mL AuxMM 

supplemented with the indicated amino acid. The cultures were grown in 

polypropylene 48-well plates (5 mL) covered with sterile, breathable rayon film at 250 

rpm and 37˚C for approximately 20 h, when the OD600 was measured. 

 Metabolite Production and Quantification 

All strains were transformed with pCRISPathBrick possessing either a non-targeting 

array (negative control) or the targeting arrays as described. E. coli K5 and Nissle 1917 

cultures were inoculated from individual colonies into AMM and grown overnight. 

Cultures were back-diluted to an OD600 of 0.1 in 3 mL of AMM with appropriate 

antibiotics in 48-well plates and were grown at 37˚C. Samples were harvested after 6 h 

by centrifugation for 15 min at 5000 × g. Heparosan was quantified in the supernatant 

using disaccharide analysis as reported elsewhere [61] with modifications as described 

in Supporting Information Methods. Naringenin fermentation was performed according 

to Xu et al. [54] with modifications using BLΔsucC. Individual colonies were pre-

inoculated in LB broth with required antibiotics and grown at 250 rpm and 37˚C 

overnight. The overnight culture was inoculated into 40 mL of LB supplemented with 

0.4% (w/v) D-glucose in 125 mL shake-flasks and grown at 30˚C and 225 rpm.  When the 

culture reached OD600 of 2.0, it was further grown at 20˚C and 225 rpm for 1 h for 

acclimatization before induction with 1.0 mM of IPTG to induce the protein expression 

under same conditions for an additional 4 h. The bacterial pellet was then harvested by 

centrifugation and re-suspended in 16 mL of M9 modified medium (1 × M9 salts, 8 g/L 

glucose, 1 mM MgSO4, 0.1 mM CaCl2, 6 μM biotin, 10 nM thiamine, 0.6 mM p-coumaric 
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acid, 1 mM IPTG, 1mM).  Fermentation was performed in 125-mL flasks with orbital 

shaking at 300 rpm and 30 °C. Cell cultures were extracted with 50% ethanol after 36 h 

of fermentation, then the cell pellet was removed by centrifugation (14,000 rpm for 5 

min). The supernatant was analyzed for naringenin as described previously [62] with 

slight modifications as described in Supporting Information Methods. 

3.4 Supporting Information 

 Supporting Information Methods 

3.4.1.1 Genome Integration of T7-mCherry Cassette 

The gene encoding mCherry was integrated onto the genome of E. coli K-12 MG1655 

(DE3) using the methods described by Kuhlman and Cox [59].  The system uses 3 

plasmids to integrate DNA site-specifically into the genome of E. coli.  The helper 

plasmid, pTKRED, encodes the genes for λ-Red recombinase and the endonuclease I-

SceI, under control of the Plac and ParaBAD promoters, respectively, as well as a 

spectinomycin resistance marker and a temperature-sensitive origin of replication.  The 

“landing-pad,” plasmid, pTKS/CS contains the gene for a tetracycline resistance marker, 

TetA, flanked by I-SceI restriction sites and “landing-pad,” regions of 25 randomized 

nucleotides used for homologous recombination.  Finally, ampicillin resistant 

integration plasmid, pTKIP, contains a multiple cloning site flanked by a kanamycin 

resistance marker, all flanked by the same landing-pad regions and I-SceI restriction 

sites. 

The gene for codon-optimized mCherry, under transcriptional control of 

promoter PT7lac and T7 terminator, was amplified out of pETM6-mCherry [33] and 

cloned into the integration vector pTKIP-neo using primers For_pETM6_w/ApaI and 

Rev_pETM6_w/SalI to form plasmid pTKIP-mCherry as verified by restriction digestion.  

Next, the TetA landing pad from pTKS/CS was integrated into the atpI locus on the 

genome of E. coli MG1655 (DE3) using standard recombineering protocols.  Specifically, 

the strain was transformed with pTKRED and plated onto LB plates containing 100 

µg/mL spectinomycin at 30°C.  Next, the TetA landing-pad was amplified from pTKS/CS 
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using primers AtpI-pTKSCSfor and AtpI-pTKSCSrev, which includes 40bp of DNA 

homologous to the atpI region being replaced on the genome.  The PCR product was 

then treated with the restriction enzyme DpnI to digest any methylated parental DNA.  

The strain containing pTKRED was grown at 30°C to an OD of 0.2, where expression of 

λ-Red recombinase was induced with 2mM IPTG for 2 hours.  These cells were then 

made electrocompetent using standard protocols and electroporated with 10 µL of the 

linear landing-pad DNA and plated onto LB plates containing 100 µg/mL spectinomycin 

and 10 µg/mL tetracycline at 30°C.  Integration of the landing-pad into the atpI locus to 

create strain K-12 MG1655 (DE3) ΔatpI::[TetR] was verified by colony PCR using primers 

ChkTetAFOR and atpI/gidB_ver_R, which create an amplicon spanning the junction 

between integrated DNA and adjacent chromosomal DNA.   

Next, the landing-pad strain, K-12 MG1655 (DE3) ΔatpI::[TetR], which still carries 

pTKRED, was transformed with pTKIP-mCherry and plated onto LB plates containing 

100 µg/mL spectinomycin, 10 µg/mL tetracycline, and 25 µg/mL kanamycin and 

incubated at 30°C overnight.  Colonies from this plate were then picked, inoculated into 

2mL supplemented EZ Rich Defined Medium (Teknova) [0.5%(v/v) glycerol, 100 µg/mL 

spectinomycin, 25 µg/mL kanamycin, 2mM IPTG to induce λ-Red recombinase,  and 

0.4% arabinose to induce I-SceI], and incubated at 30°C overnight to swap the 

previously integrated TetA landing pad with the T7-mCherry-kanamycin cassette, 

creating strain K-12 MG1655 JE1 (DE3) (genotype ΔatpI::[KanR PT7lac mCherry]).  Once 

the cultures were saturated with cells, they were diluted 105x and 100 µL was plated 

onto LB containing kanamycin (25 µg/mL).  Individual colonies were then plated onto 

three separate plates, one containing kanamycin (25 µg/mL) to select for positive 

integration, one containing tetracycline (10 µg/mL) to screen against presence of the 

landing pad, and one containing ampicillin to screen against pTKIP-mCherry.  Colonies 

that passed the screen—those that only grew on the kanamycin plate—were then 

verified by colony PCR using primers sets atpI/gidB_ver_R with ChkNEOfor and 

atpI/gidB_ver_F with mCherryREV, producing amplicons which span the junctions 

between the kanamycin resistance gene and adjacent chromosomal DNA on both sides 
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of the integration.  The PCR products from both were then sequenced to confirm the 

accuracy of the integration junctions. Finally, a colony meeting the stringent criteria 

described here was further confirmed with IPTG-inducible expression of mCherry. 

3.4.1.2 Metabolite Quantification 

Naringenin production was analyzed using an Agilent 1200 series HPLC equipped with a 

ZORBAX SB-18 column (5 μm, 4.6 x 150 mm, Agilent) and a diode array detector as 

previously described [62]. Mobile phase A was acetonitrile and mobile phase B was 

water (both containing 0.1% formic acid) at a flow rate of 1 mL/min. The following 

gradient was used: 10-40% A (0-10 min) and 40-60% A (10-15 min). Naringenin was 

monitored at 280 nm and quantified by peak area integration against a standard curve 

generated with naringenin analytical standard (Sigma). 

Heparosan polysaccharide was analyzed in crude supernatant from K5 and 

Nissle 1917 cultures using an established methodology known as disaccharide analysis 

[61] with modifications. Supernatant was added to buffer containing internal standard, 

followed by addition of heparin lyase III (EC 4.2.2.8 from Flavobacterium heparinum, 

expressed and purified in-house)[63] and incubation at 33˚C overnight to achieve 

complete depolymerization of heparosan into disaccharides. Digested samples were 

analyzed by HILIC-MS/MS using a Thermo Scientific triple quadrupole mass 

spectrometer equipped with an electrospray ionization source operating in negative ion 

mode, coupled to an Agilent 1200 HPLC and autosampler. A Luna HILIC column (2.0 x 30 

mm, 200 Å, Phenomenex) was used to separate heparosan disaccharides from other 

components in the media. Mobile phase A was 5 mM ammonium acetate in LC-MS 

grade water. Mobile phase B was LC-MS grade acetonitrile with 5 mM ammonium 

acetate. Rapid separation was achieved using the following HPLC program: 30% A (0-12 

s), 30% A (12-84 s), 30-50% A (84-90 s), and 50% A (90-120 s) at a flowrate of 250 

μL/min.  Heparosan disaccharides were quantified by peak area integration (transition 

m/z 378.1→259.2) against a standard curve prepared from heparosan purified in-house 

(purity >90%) as reported previously [43]. Samples were diluted as necessary to fall 

within the linear range of the assay. 
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 Supporting Information Tables 

Table 3.1: Plasmids used in this study. 

ID Properties/Genotype Spacers in CRISPR Array Reference 

pdCas9 
pACYC184(CmR), tracrRNA, 

cas9(D10A, H840A) 

non-targeting with two 

BsaI sites from Marraffini 

et al. 

[23] 

pCRISPathBrick 
pACYC184(CmR), tracrRNA, 

cas9(D10A, H840A) 
1xBsaI This Study 

pETM6 
ColE1(AmpR), ePathBrick 

feature 
N/A [28] 

pETM6-mCherry 
ColE1(AmpR), ePathBrick 

feature, mCherry 
N/A [33] 

pCRISPReporter 
ColE1(AmpR), CRISPReporter 

feature 
N/A This Study 

pCRISPReporter-

mCherry 

ColE1(AmpR), CRISPReporter 

feature, codon optimized 

mCherry 

N/A This Study 

pCRISPReporter-

FadR_mCherry_fusion 

ColE1(AmpR), CRISPReporter 

feature, BL21 PfadR and 40 

amino acids of FadR N-

terminus translationally fused 

to codon-optimized mCherry 

through flexible (GGGGS)3 

linker 

N/A This Study 

pCRISPReporter-

PGK_mCherry_fusion 

ColE1(AmpR), CRISPReporter 

feature with BL21 Pepd and Ppgk 

promoters and 40 amino acids 

of FadR N-terminus 

translationally fused to codon-

optimized mCherry through 

flexible (GGGGS)3 linker 

N/A This Study 

pCRISPathBrick-T7 
pACYC184(CmR), tracrRNA, 

cas9(D10A, H840A) 
T7_KO (A in Figure 3.4) This Study 

pCRISPathBrick-T7_opp pACYC184(CmR), tracrRNA, T7_opp_KO (B in Figure This Study 
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cas9(D10A, H840A) 3.4) 

pCRISPathBrick-mCherry 
pACYC184(CmR), tracrRNA, 

cas9(D10A, H840A) 

mCherry_KO (C in Figure 

3.4) 
This Study 

pCRISPathBrick-

mCherry_opp 

pACYC184(CmR), tracrRNA, 

cas9(D10A, H840A) 

mCherry_opp_KO (D in 

Figure 3.4) 
This Study 

pCRISPathBrick-T7-

mCherry 

pACYC184(CmR), tracrRNA, 

cas9(D10A, H840A) 

T7_KO; mCherry_KO (A 

and C in Figure 3.4) 
This Study 

pCRISPathBrick-CysH 
pACYC184(CmR), tracrRNA, 

cas9(D10A, H840A) 
CysH_KO This Study 

pCRISPathBrick-TrpCBA 
pACYC184(CmR), tracrRNA, 

cas9(D10A, H840A) 
TrpCBA_KO This Study 

pCRISPathBrick-

AroF_TyrA 

pACYC184(CmR), tracrRNA, 

cas9(D10A, H840A) 
AroF_TyrA_KO This Study 

pCRISPathBrick-

HisBHAFI 

pACYC184(CmR), tracrRNA, 

cas9(D10A, H840A) 
HisBHAFI_KO This Study 

pCRISPathBrick-CysH-

TrpCBA 

pACYC184(CmR), tracrRNA, 

cas9(D10A, H840A) 
CysH_KO; TrpCBA_KO This Study 

pCRISPathBrick-CysH-

AroF_TyrA 

pACYC184(CmR), tracrRNA, 

cas9(D10A, H840A) 
CysH_KO; AroF_TyrA_KO This Study 

pCRISPathBrick-CysH-

HisBHAFI 

pACYC184(CmR), tracrRNA, 

cas9(D10A, H840A) 
CysH_KO; HisBHAFI_KO This Study 

pCRISPathBrick-KpsMT 
pACYC184(CmR), tracrRNA, 

cas9(D10A, H840A) 
KpsMT_KO This Study 

pCRISPathBrick-FadR 
pACYC184(CmR), tracrRNA, 

cas9(D10A, H840A) 
FadR_KO This Study 

pCRISPathBrick-PGK 
pACYC184(CmR), tracrRNA, 

cas9(D10A, H840A) 
FadR_KO This Study 

pCRISPathBrick-SucABCD 
pACYC184(CmR), tracrRNA, 

cas9(D10A, H840A) 
SucABCD_KO This Study 

pCRISPathBrick-

SucABCD-FumC 

pACYC184(CmR), tracrRNA, 

cas9(D10A, H840A) 
SucABCD_KO; FumC_KO This Study 

pCRISPathBrick-

SucABCD-FumC-ScpC 

pACYC184(CmR), tracrRNA, 

cas9(D10A, H840A) 

SucABCD_KO; FumC_KO; 

ScpC_OK 
This Study 

pUC57-Vv4CL pUC57(AmpR), Vv4CL N/A This Study 

pUC57-CmCHS pUC57(AmpR), CmCHS N/A This Study 
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pUC57-CmCHI pUC57(AmpR), CmCHI N/A This Study 

pETM6-Vv4CL 
ColE1(AmpR), ePathBrick 

feature, Vv4CL 
N/A This Study 

pETM6-CmCHS 
ColE1(AmpR), ePathBrick 

feature, CmCHS 
N/A This Study 

pETM6-CmCHI 
ColE1(AmpR), ePathBrick 

feature, CmCHI 
N/A This Study 

pETM6-Vv4CL-m-CmCHS 
ColE1(AmpR), ePathBrick 

feature, Vv4CL, CmCHS 
N/A This Study 

pETM6-Vv4CL-m-

CmCHS-m-CmCHI 

ColE1(AmpR), ePathBrick 

feature, Vv4CL, CmCHS, and 

CmCHI 

N/A This Study 

pTKRED 
pSC101(SpcR), recA, I-SceI, λ-

red genes 
N/A 

[59] 

pTKS/CS p15a(TetR) N/A [59] 

pTKIP pMB1(AmpR, KanR) N/A [59] 

pTKIP-mCherry  pMB1(AmpR, KanR), mCherry N/A This Study 

 

 

Table 3.2: Strains used in this study. 

ID Genotype Source 

E. coli DH5α™ 
F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG 

Φ80dlacZΔM15 Δ(lacZYA-argF)U169, hsdR17(rK- mK+), λ– 
Novagen 

E. coli BL21 Star™ (DE3) 
F– ompT gal dcm lon hsdSB(rB

- mB
-) galdcmrne131 λ(DE3 

[lacI lacUV5-T7 gene 1 ind1 sam7 nin5]) 
Invitrogen 

E. coli BLΔsucC BL21 StarTM (DE3) ΔsucC::FRT [54] 

E. coli K-12 MG1655 F- λ- ilvG- rfb-50 rph-1 CSCG 

E. coli K-12 MG1655 

(DE3) 
MG1655 (DE3) This Study 

E. coli K-12 MG1655 JE1 

(DE3) 
MG1655 (DE3) ΔatpI::[KanR PT7lac mCherry] This Study 

E. coli K5 (strain ATCC 

23506, serovar 

O10:K5:H4) 

unmodified ATCC 

E. coli Nissle 1917 unmodified [41] 
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(serovar O6:K5:H1) 

 

 

Table 3.3: PCR Primers used in this study. 

ID Nucelotide Sequence (5'-->3') 

CRISPReporter_ApaI_F GGAAAGGGCCCGCTGGGAGTTCGTAG 

CRISPReporter_SalI_R CCCTTGTCGACGCTTGGATTCTGC 

fadR_prom_PacI_F CGCTTTAATTAATCGGGGGACTGGCCCAAAAAATTGC 

fadR_prom_XhoI_R GGAGGACTCGAGGCCAATTAATTCTGAAAGTTCACG 

pgk_prom_PacI_F CGCTTTAATTAAACTGAAGAAGGCCGGTATCAC 

pgk_prom_XhoI_R GGGAACTCGAGGAGGTAATCTTTAACCAGACG 

For_pETM6_w/ApaI CGCGCGGGCCCATGCGTCCGGCGTAGCCTA 

Rev_pETM6_w/SalI CGCCAATCCGGATATAGTCGAC 

AtpI-pTKSCSfor 

CAAAAAGCGGTCAAATTATACGGTGCGCCCCCGTGATTTCAAACAATAA

GTACGGCCCCAAGGTCCAAACGGTGA 

AtpI-pTKSCSrev 

ATAACGTGGCTTTTTTTGGTAAGCAGAAAATAAGTCATTAGTGAAAATA

TTTGGCTTCAGGGATGAGGCGCCATC 

ChkTetAFOR CAGGTTATCTTTGCTCCTTG 

atpI/gidB_ver_R CTTCGTCAGGTGCAACATGAGC 

ChkNEOfor CTGAATGAACTGCAGGACGA 

atpI/gidB_ver_F CAGTAACTGAACGAGCAGAAG 

mCherryREV CGGATGCTTAACGTACGCTTTCG 

 

 

 

Table 3.4: CRISPathBrick oligonucleotides used in this study. 

ID Nucleotide Sequence (5'→3') 
[Proto]spacer 

Sequence (5'→3') 

PAM 
(5'→3'

) 

1xBsaI_F AAACTGAGACCTGTCTCGGAAGCTCATAGGACTCG 
N/A N/A 

1xBsaI_R AAAACGAGTCCTATGAGCTTCCGAGACAGGTCTCA 

T7_KO_F 
AAACCGATCCCGCGAAATTAATACGACTCACTATGTTT

TAGAGCTATGCTGTTTTGAATGGTCCCA CGATCCCGCGAAATT

AATACGACTCACTAT 
AGG 

T7_KO_R 
GTTTTGGGACCATTCAAAACAGCATAGCTCTAAAACAT

AGTGAGTCGTATTAATTTCGCGGGATCG 

T7_opp_K
O_F 

AAACTTCCCCTATAGTGAGTCGTATTAATTTCGCGTTT

TAGAGCTATGCTGTTTTGAATGGTCCCA TTCCCCTATAGTGAG

TCGTATTAATTTCGC 
GGG 

T7_opp_K
O_R 

GTTTTGGGACCATTCAAAACAGCATAGCTCTAAAACGC

GAAATTAATACGACTCACTATAGGGGAA 
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mCherry_K
O_F 

AAACATATGGTTTCAAAAGGCGAAGAAGACAACAGTTT

TAGAGCTATGCTGTTTTGAATGGTCCCA ATATGGTTTCAAAAG

GCGAAGAAGACAACA 
TGG 

mCherry_K
O_R 

GTTTTGGGACCATTCAAAACAGCATAGCTCTAAAACTG

TTGTCTTCTTCGCCTTTTGAAACCATAT 

mCherry_o
pp_KO_F 

AAACAATTCGTGACCATTGACGCTGCCTTCCATGGTTT

TAGAGCTATGCTGTTTTGAATGGTCCCA AATTCGTGACCATTG

ACGCTGCCTTCCATG 
TGG 

mCherry_o
pp_KO_R 

GTTTTGGGACCATTCAAAACAGCATAGCTCTAAAACCA

TGGAAGGCAGCGTCAATGGTCACGAATT 

CysH_KO_
F 

AAACGCAGTTCGTTCAGGGCGTTTAGATCGAGTTGTTT

TAGAGCTATGCTGTTTTGAATGGTCCCA GCAGTTCGTTCAGGG

CGTTTAGATCGAGTT 
TGG 

CysH_KO_
R 

GTTTTGGGACCATTCAAAACAGCATAGCTCTAAAACAA

CTCGATCTAAACGCCCTGAACGAACTGC 

TrpCBA_K
O_F 

AAACGATCTTCATGGCCATGCAGGCGCATTAACAGTTT

TAGAGCTATGCTGTTTTGAATGGTCCCA GATCTTCATGGCCAT

GCAGGCGCATTAACA 
TGG 

TrpCBA_K
O_R 

GTTTTGGGACCATTCAAAACAGCATAGCTCTAAAACTG

TTAATGCGCCTGCATGGCCATGAAGATC 

AroF_TyrA
_KO_F 

AAACATGCTCGTTTGCGATAGTTGATCCTCAGCGGTTT

TAGAGCTATGCTGTTTTGAATGGTCCCA ATGCTCGTTTGCGAT

AGTTGATCCTCAGCG 
AGG 

AroF_TyrA
_KO_R 

GTTTTGGGACCATTCAAAACAGCATAGCTCTAAAACCG

CTGAGGATCAACTATCGCAAACGAGCAT 

HisBHAFI_
KO_F 

AAACGACGGTAATTCGCAGGCAGCCGCTTAAAGAGTTT

TAGAGCTATGCTGTTTTGAATGGTCCCA GACGGTAATTCGCAG

GCAGCCGCTTAAAGA 
GGG 

HisBHAFI_
KO_R 

GTTTTGGGACCATTCAAAACAGCATAGCTCTAAAACTC

TTTAAGCGGCTGCCTGCGAATTACCGTC 

KpsMT_KO
_F 

AAACTTATTTGAAATTCCCTTTCTGATTATCTCCGTTT

TAGAGCTATGCTGTTTTGAATGGTCCCA TTATTTGAAATTCCC

TTTCTGATTATCTCC 
AGG 

KpsMT_KO
_R 

GTTTTGGGACCATTCAAAACAGCATAGCTCTAAAACGG

AGATAATCAGAAAGGGAATTTCAAATAA 

FadR_KO_
F 

AAACTGAGATTTCCATAACACAGCAAAACAAAGTGTTT

TAGAGCTATGCTGTTTTGAATGGTCCCA TGAGATTTCCATAAC

ACAGCAAAACAAAGT 
TGG 

FadR_KO_
R 

GTTTTGGGACCATTCAAAACAGCATAGCTCTAAAACAC

TTTGTTTTGCTGTGTTATGGAAATCTCA 

SucABCD_
KO_F 

AAACAGGAACCTTTAAAAACTGTCTTAGTGTCAGGTTT

TAGAGCTATGCTGTTTTGAATGGTCCCA AGGAACCTTTAAAAA

CTGTCTTAGTGTCAG 
GGG 

SucABCD_
KO_R 

GTTTTGGGACCATTCAAAACAGCATAGCTCTAAAACCT

GACACTAAGACAGTTTTTAAAGGTTCCT 

FumC_KO_
F 

AAACCTTATTATTTACCATTTGATAACAAATGTTGTTT

TAGAGCTATGCTGTTTTGAATGGTCCCA CTTATTATTTACCAT

TTGATAACAAATGTT 
TGG 

FumC_KO_
R 

GTTTTGGGACCATTCAAAACAGCATAGCTCTAAAACAA

CATTTGTTATCAAATGGTAAATAATAAG 

ScpC_KO_F 
AAACTATGCTGGATAATTTCTGCCGCTTCATTGGGTTT

TAGAGCTATGCTGTTTTGAATGGTCCCA TATGCTGGATAATTT

CTGCCGCTTCATTGG 
CGG 

ScpC_KO_
R 

GTTTTGGGACCATTCAAAACAGCATAGCTCTAAAACCC

AATGAAGCGGCAGAAATTATCCAGCATA 

 

Table 3.5: Synthesized DNA used in this study. 

ID Nucelotide Sequence (5'→3') Purpose 

CRISPReporter_g GGAAAGGGCCCGCTGGGAGTTCGTAGACGGACCTAGGT gBlock from IDT cloned 
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Block CTAGATTCAGCCAAAAAACTTAAGACCGCCGGTCTTGT

CCACTACCTTGCAGTAATGCGGTGGACAGGATCGGCGG

TTTTCTTTTCTCTTCTCAACATTACTCGCATCCATTCT

CGGCGATCGCGCGGCCGCTTTAATTAAGAATTCAAGCT

TAGATCTCAATTGCTCGAGGGCGGTGGCGGTAGTGGCG

GTGGCGGTTCCGGCGGTGGCGGTTCACATATGGCACTG

AAGGTCCTCAATCGCACTGGAAACATCAAGGTCGGGTA

CCGGAAACACAGAAAAAAGCCCGCACCTGACAGTGCGG

GCTTTTTTTTTCGACCAAAGGAGGCTGTCTCGTCTCGT

CTCACTAGTGCTAGCAACAAACGCAGAATCCAAGCGTC

GACAAGGG 

into pETM6 with ApaI-

SalI 

Vv4CL 

ATGATTAGTATTGAAACGCAAAACCCGGATGTTAGCAA

CCTGGACACCTCGCACTCTATTCCGAAAATGGCAAACC

GTATTGATGACCATGTGTTTCGTTCTAAACTGCCGGAA

ATTCCGATCAGTAACCATCTGCCGCTGCACACGTATTG

CTTCGAAAATTACTCGCAGTTTGCAGACCGTCCGTGTC

TGATTGTTGGCTCGACGAACAAAACCTATAGCTTCGCT

GAAACCCATCTGATCTCTCGCAAAGTGGGCGCAGGTTT

TGCTCACCTGGGTCTGAAACAGGGCGATGTGGTTATGA

TTCTGCTGCAAAATTGCGCGGAATTTGCCTTCAGCTTT

CTGGGTGCGTCTATGGTTGGCGCCGTCACCACGACCGC

AAACCCGTTCTACACGTCCGCGGAAATCTTCAAACAGC

TGAACGCATCAAAAGCTAAAATCGTCGTGACCCAGGCG

CAATATGTGGATAAACTGCGCGACTACCCGGATGGTCA

AGTTGCCAAAATTGGCGAAGGTTTCACGGTCATTACCA

TCGATGACCCGCCGGAAAACTGTATGCATTTTAGTGTT

GTCTCCGAAGCGAACGAAAGCGAACTGCCGGAAGTCTC

AATTAATTCGGATGACCCGGTGGCCCTGCCGTTTAGCT

CTGGTACGACCGGCCTGCCGAAAGGCGTGGTTCTGACG

CACAAATCACTGATCACCTCGGTCGCCCAGCAAGTGGA

TGGTGAAAACCCGAATCTGCATCTGACCCCGGATGACG

TCGTGCTGTGCGTGCTGCCGCTGTTCCACATTTATAGC

CTGAACTCTGTTCTGCTGTGTAGTCTGCGTGCAGGTGC

AGCAGTGCTGCTGATGCAGAAATTTGAAATTGGTACCC

TGCTGGAACTGATCCAACGTTACCGCGTGAGCGTTGCA

GCTGTTGTCCCGCCGCTGGTTCTGGCACTGGCTAAAAA

TCCGATGGTGGAATCGTTTGATCTGAGTTCCATCCGTG

TGGTTCTGAGCGGTGCAGCACCGCTGGGCAAAGAACTG

Vitis vinifera 4CL from 

GenScript, codon-

optimized for E. coli 
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GAAGCAGCTCTGCGTTCCCGCGTTCCGCAGGCAGTCCT

GGGCCAAGGTTATGGCATGACGGAAGCAGGCCCGGTGC

TGTCAATGTGCCTGGGTTTCGCTAAACAGCCGTTTCCG

ACGAAATCAGGTTCGTGTGGCACCGTCGTGCGTAACGC

GGAACTGAAAGTTGTGGATCCGGAAACCGGTTGCTCCC

TGGGCCGTAATCAGCCGGGTGAAATTTGTATCCGCGGC

CAGCAAATTATGAAAGGTTATCTGAATGATCCGGAAGC

GACGGCCTCTACCATTGACGTTGATGGCTGGCTGCATA

CCGGTGACATCGGCTACGTGGATGACGATGAAGAAGTG

TTCATTGTTGATCGCGTCAAAGAACTGATCAAATTCAA

AGGTTTTCAGGTTCCGCCGGCAGAACTGGAAGCTCTGC

TGGTGTCTCACCCGTCCATTGCCGATGCGGCCGTGGTT

CCGCAAAAAGACGATGTTGCTGGCGAAGTCCCGGTGGC

GTTCGTCGTGCGTTCTAACGGTTTTGAACTGACCGAAG

AAGCAGTGAAAGAATTCATCAGTAAACAGGTTGTCTTT

TATAAACGCCTGCATAAAGTGTACTTTGTTCACGCGAT

TCCGAAAAGCCCGTCTGGCAAAATCCTGCGTAAAGATC

TGCGCGCGAAACTGGCCGAAAAAACCCCGGAACCGAAC 

CmCHS 

ATGGCTACGGTCCAAGAAATCCGCAACGCTCAACGCGC

AGATGGTCCGGCGACGGTCCTGGCAATCGGCACGGCAA

CCCCGGCTCATAGCGTGAACCAGGCAGATTATCCGGAC

TATTACTTTCGTATTACCAAATCTGAACACATGACGGA

ACTGAAAGAAAAATTCAAACGTATGTGCGATAAAAGTA

TGATTAAAAAACGCTACATGTACCTGACCGAAGAAATC

CTGAAAGAAAACCCGAATATGTGTGCCTACATGGCACC

GAGCCTGGATGCGCGCCAGGACATTGTGGTTGTCGAAG

TTCCGAAACTGGGTAAAGAAGCGGCCACCAAAGCCATC

AAAGAATGGGGCCAACCGAAATCAAAAATTACGCACCT

GATCTTTTGCACCACGTCGGGTGTGGATATGCCGGGTG

CAGACTATCAGCTGACCAAACTGCTGGGTCTGCGTCCG

AGCGTTAAACGCTTTATGATGTACCAGCAAGGCTGCTT

CGCAGGCGGTACGGTCCTGCGTCTGGCTAAAGATCTGG

CGGAAAACAATAAAGGTGCTCGCGTTCTGGTGGTTTGT

AGTGAAATTACCGCTGTCACGTTTCGTGGTCCGGCGGA

TACCCATCTGGACTCCCTGGTTGGCCAGGCCCTGTTCG

GCGATGGTGCAGCTGCGGTTATCGTCGGCGCAGATCCG

GACACGAGTGTGGAACGTCCGCTGTATCAGCTGGTTTC

AACCTCGCAAACGATTCTGCCGGATTCCGACGGTGCGA

Citrus maxima CHS from 

GenScript, codon-

optimized for E. coli 
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TTTCGGATTGGAGCTCTATTTTCTGGATCGCACATCCG

GGCGGTCCGGCAATCCTGGACCAGGTGGAAAGCAAACT

GGGTCTGAAAGAAGAAAAACTGAAAGCTACCCGTCAAG

TCCTGTCTGAATACGGCAATATGAGTTCCGCGTGTGTG

CTGTTCATTCTGGATGAAATGCGCAAAAAATCTGCCGA

AGAAGCTAAAGCGACCACGGGCGAAGGTCTGGATTGGG

GCGTGCTGTTTGGTTTCGGTCCGGGTCTGACCGTCGAA

ACGGTCGTGCTGCACAGTGTGCCGATCAAAGCG 

CmCHI 

ATGAATCCGTCGCCGTCTGTTACCGAACTGCAAGTGGA

AAATGTCACCTTTACGCCGAGTCTGCAACCGCCGGGCT

CTACCAAATCGCATTTTCTGGGCGGTGCAGGTGAACGT

GGCCTGGAAATCGAAGGCAAATTTGTTAAATTCACCGC
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TGGCAGGCAAATGGAAAGGCAAAACCGCCGGTGAACTG

ACGGAATCTGTCGAATTTTTCCGCGATGTGGTTACCGG

CCCGTTTGAAAAATTCATGAAAGTGACCATGATCCTGC

CGCTGACGGGTGCGCAGTATTCAGAAAAAGTTGCTGAA

AATTGCATGGCGATTTGGAAATTTTTCGGCATCTACAC

CGATGCAGAAGCTAAAGCGATTGAAAAATTTACGGAAG

TGTTCAAAGACGAAATTTTTCCGCCGGGCAGCTCTATC

CTGTTCACCCAAAGTTCCGGTTCGCTGACGATTTCATT

TTCGAAAGATGGCAGCATCCCGAAAGACGGTGTCGCGG

TGATTGAAAACAATCTGCTGAGCGAAGCCGTTCTGGAA

TCTATGATCGGTAAAAACGGCGTCAGTCCGGCGGCCAA

AAAATCCCTGGCCGAACGTCTGTCAGCACTGCTGAATG

TTGCTTCCGACAAAATGAAA 

Citrus maxima CHI from 

GenScript, codon-

optimized for E. coli 
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4. Rapid Generation of CRISPR/dCas9-Regulated, Orthogonally 
Repressible Hybrid T7-lac Promoters for Modular, Tuneable Control of 

Metabolic Pathway Fluxes in Escherichia coli3 

4.1 Introduction 

Robust gene circuit construction requires use of promoters exhibiting low crosstalk. 

Orthogonal promoters have been engineered utilizing an assortment of natural and 

synthetic transcription factors, but design of large orthogonal promoter-repressor sets 

is complicated, labor-intensive, and often results in unanticipated crosstalk. The 

specificity and ease of targeting the RNA-guided DNA-binding protein dCas9 to any 20 

bp user-defined DNA sequence makes it a promising candidate for orthogonal 

promoter regulation. Here, we rapidly construct orthogonal variants of the classic T7-

lac promoter using site-directed mutagenesis, generating a panel of inducible hybrid 

promoters regulated by both LacI and dCas9. Remarkably, orthogonality is mediated by 

only 2-3 nucleotide mismatches in a narrow window of the RNA:DNA hybrid, 

neighboring the  protospacer adjacent motif. We demonstrate that, contrary to many 

reports, one PAM-proximal mismatch is insufficient to abolish dCas9-mediated 

repression, and we show for the first time that mismatch tolerance is a function of 

target copy number. Finally, these promoters were incorporated into the branched 

violacein biosynthetic pathway as dCas9-dependent switches capable of throttling and 

selectively redirecting carbon flux in E. coli. We anticipate this strategy is relevant for 

any promoter and will be adopted for many applications at the interface of synthetic 

biology and metabolic engineering [1]. 

Cells control gene expression with a variety of freely diffusing, natural 

transcriptional, translational, and post-translational control elements [2]. Until recently, 

however, harnessing these regulators to engineer cells and design complex, layered 

genetic circuits has been complicated by the limited number of easily implemented and 

                                                 

This chapter previously appeared as: Cress BF, Jones JA, Kim DC, Leitz QD, Englaender JA, Collins SM, 
Linhardt RJ, Koffas MAG: Rapid generation of CRISPR/dCas9-regulated, orthogonally repressible hybrid 
T7-lac promoters for modular, tuneable control of metabolic pathway fluxes in Escherichia coli. Nucleic 
Acids Res 2016, doi:10.1093/nar/gkw231. 
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characterized orthogonal regulators, or regulatory parts that do not exhibit crosstalk. A 

particularly attractive control point for synthetic gene regulation is at the 

transcriptional level.  If discrete ON/OFF transcription states can be maintained by a 

regulatory part (primarily mediated by low OFF state transcription or “low-leakiness” 

during repression), then the added complexity of accounting for differential RNA 

accumulation, disparate translation rates, and other unforeseen factors at the 

translational and post-translational levels between circuit parts can be reduced or even 

neglected. Natural and synthetic transcription factors (sTFs) have been successfully 

applied to repress transcription from a promoter of interest in the context of 

increasingly complex genetic circuits. However, unanticipated interactions between 

transcriptional regulators and a non-cognate operator site—another transcriptional 

regulator’s cognate operator—are problematic from a design perspective because they 

can lead to the unpredictable behavior of a synthetic genetic circuit composed of 

interconnected and layered parts. Thus, a core tenet of robust gene circuit design is the 

utilization of independent orthogonal control elements (including promoters and 

transcription factors) to improve predictability of a genetic circuit in disparate 

environments or contexts. 

Impressive work, particularly that performed in the past five years, has attempted 

to address this problem by characterizing and refactoring natural and synthetic 

orthogonal regulators. Characterization in a cellular context includes quantification of 

at least two metrics: 

1. The repressor dynamic range is the ratio of reporter gene expression between 

the de-repressed state (in absence of the cognate repressor) and the 

repressed state (in presence of the cognate repressor). 

2. The orthogonality is quantified as the ratio of repression fold achieved by a 

cognate repressor versus unintended repression caused by a non-cognate 

repressor, and this metric needs to be determined for each repressor against 

all non-cognate promoters in a library.  
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Two primary approaches are taken for construction of orthogonal transcriptional 

regulator libraries. First, the coupling of bioinformatics and DNA synthesis has enabled 

so-called “part mining”, where homologs of well-characterized natural transcription 

factors are scraped from sequence databases, synthesized as DNA parts, and 

characterized in vivo with respect to dynamic range and orthogonality. Alternatively, 

with the increased ease of engineering zinc finger proteins (ZFPs) and transcription 

activator-like effectors (TALEs) to bind a user-defined DNA sequence, orthogonally 

regulated promoters have been generated de novo by placing ZFP or TALE binding 

sequences in the vicinity of a target promoter to prevent RNA polymerase from 

promoter recognition or halt the progression of RNA polymerase during transcription 

elongation (commonly referred to as roadblocking) [3–5]. However, ZFP and TALE 

repressors, also known as sTFs, exhibit high cross-reactivity, and significant effort is 

required to screen for a subset of orthogonal sTFs [6]. The RNA-guided DNA-binding 

protein dCas9 is an excellent alternative candidate for construction of orthogonal 

promoter-repressor sets.  

Although dCas9 has been used as a multiplexing master transcriptional repressor 

against disparate promoters for many applications [7–10], only a few very recent 

examples have demonstrated rational promoter refactoring to enable orthogonal 

dCas9-mediated transcriptional repression controlled by small guide RNA (sgRNA)-

promoter sets [6,11]. These strategies invoke the reasonable assumption that more 

mismatches between the RNA guide and DNA target sequence will decrease binding 

frequency and strength relative to a complementary RNA:DNA heteroduplex. In one 

iteration, an E. coli σ70 promoter constitutively driven by RNAp was manually 

redesigned to create five promoters, each possessing a unique 13 bp sequence or 

“sgRNA operator” between the -35 and -10 elements [6]. In a second example, the 

strong promoter PL from phage lambda and commonly engineered promoters PBAD, Plac, 

and PluxI were refactored by placing a protospacer adjacent motif (PAM)-proximal 20 bp 

dCas9 operator either upstream of the -35 site or downstream of the transcriptional 

start site; dCas9 operators and cognate sgRNAs were computationally designed to 
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increase mismatches between sgRNAs and non-cognate operator sequences, thus 

decreasing potential for crosstalk between non-cognate promoters [11]. Another 

variation utilized three randomly designed sequences as operators for dCas9 binding to 

create a set of three orthogonal promoters [9]. In all of these cases, orthogonality was 

mediated by de novo sequence design with the intention of maximizing mismatches 

between sgRNA and non-cognate dCas9-binding sequences. 

In contrast, we sought to generate orthogonally regulated promoters by both 

exploring and exploiting a reported property of dCas9-mediated transcriptional 

repression.  Specifically, it has been shown in several works [12–14] that a single 

nucleotide mismatch between guide RNA and target DNA significantly attenuates or 

even abolishes dCas9-mediated repression, especially if the mismatch occurs in the 10-

12 nucleotide sequence proximal to the PAM (previously dubbed as the seed region) 

[15]. In the prevailing model of dCas9-mediated RNA:DNA hybridization, deduced from 

guide RNA-dCas9 co-crystal structure in apo and DNA-bound states, nucleation of 

RNA:DNA heteroduplex annealing occurs at two solvent-exposed nucleotides at the 

PAM-proximal 3’ end of the RNA targeting sequence (also known as the spacer) [16]. 

Therefore, we hypothesized that a small number of mismatches in this region 

immediately adjacent to the PAM, hereafter referred to as the PAM-proximal seed 

nucleation region (PPSNR), would be sufficient to mediate orthogonality by impeding 

hybridization nucleation. As described below, we show that 2-3 mismatched 

nucleotides in the PPSNR can abrogate crosstalk between otherwise identical target 

sites, indicating that the prevailing strategy of maximizing mismatches across the entire 

dCas9 binding site is not necessary and that a simpler strategy can be employed to 

engineer orthogonality. Moreover, we demonstrate that constraining random 

mutations to a short segment of contiguous nucleotides in the seed region—rather 

than across the entire 20 bp dCas9-binding site as done in other work—facilitates fast 

learning about how mismatch count and nucleotide identity affects repression 

attenuation. 
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Toward this objective, we present a method for rapid construction and 

characterization of orthogonal CRISPR spacer-promoter pair libraries based on a small 

number of site-directed mutagenesis-mediated mismatches in the PPSNR (Figure 4.1). 

The classic promoter PT7-lac was utilized as a platform due to the high specificity of T7 

RNA polymerase for the consensus T7 promoter sequence and due to its orthogonality 

to prokaryotic and eukaryotic promoters and polymerases, permitting high 

transcription rates upon induction with IPTG. Furthermore, the T7 promoter is a 

frequently engineered promoter that has found biotechnological and metabolic 

engineering applications in a wide range of hosts, including diverse bacterial species, 

yeast, and even mammalian cells [17,18]. Recently, our lab reported construction of a 

PT7-lac library for optimizing metabolic pathways using mutant promoters, with 

randomly mutated transcription strength-determining sequences, exhibiting a wide 

range of transcription rates [19]. Additionally, we demonstrated that dCas9 can 

effectively silence transcription by occlusion of T7 RNA polymerase (RNAp) from its 

cognate consensus binding site sequence in PT7-lac [7]. Using this system, we probe the 

limits of PPSNR mismatch-mediated dCas9 repressor orthogonality and expose a clear 

boundary separating well-behaved non-cognate interactions from those exhibiting 

significant crosstalk. For the first time, we also show that crosstalk increases when 

number of target sites decrease, a property that reduces extensibility of minimally 

mismatched dCas9 repressor-promoter pairs but that could also be exploited as a 

design parameter. We believe that this critical discovery will have significant impact on 

de novo design of dCas9-based promoters in the future, because it illustrates that the 

context of a dCas9-based promoter (promoter copy number and number of competing 

sites relative to the intracellular concentration of dCas9) specifies the number of 

mismatches required to ensure orthogonality. Despite this important finding, we 

validate the utility of a well-behaved, orthogonal subset of minimally mismatched (only 

2-3 bp) repressor-promoter pairs by using them as genetically encoded metabolic 

valves capable of orthogonally and dramatically redirecting metabolic flux at specified 

nodes in the highly branched five gene violacein biosynthetic pathway.  
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Figure 4.1: Pipeline for rapid generation and characterization of orthogonal dCas9-repressible 
promoter libraries.  (A) Random mutagenesis of PPSNR (green) of protospacer (gray) near or within 
promoter (top) followed by promoter strength screen (bottom). (B) Select promoter mutants 
encompassing desired expression range (top), sequence selected promoters (middle), and construct 
cognate CRISPR-dCas9 repressor plasmids containing a single spacer CRISPR array (bottom). Sequences 
for promoters developed in this work are detailed in Figure 4.2A (C) Co-transform reporter and 
repressor plasmid pairs (top) for combinatorial repression screen (bottom). 

4.2 Materials and Methods 

 Strain and Plasmid Construction 

A promoter library was constructed by site-directed mutagenesis (QuikChange II, 

Agilent) of a high strength PT7-lac promoter variant from our previous work known as PC4 

[19]. Vector pETM6-C4-mCherry was used as a template to facilitate immediate 

screening of promoter strengths using in vivo fluorescence quantification (Figure 4.1A). 

Forward and reverse mutagenesis primers (IDT) were designed with four degenerate 

nucleotides overlapping part of the well-established transcription strength determining 

region of the consensus T7 promoter, a region conveniently situated immediately 

upstream of a PAM. PCR product was treated with DpnI (FastDigest, Thermo Scientific) 

to digest template plasmid prior to transformation into DH5α. Cells were plated on LB 

agar plates containing 80 μg/mL ampicillin and allowed to incubate at 37˚C for 16 h. All 

colonies were scraped from the plate, and the mutagenized plasmid DNA library was 

harvested by miniprep of the pooled colonies. The library was then transformed into 

BL21 StarTM (DE3), and 276 individual colonies were inoculated into media for 

fluorescence assay as described below. Mutants covering a wide range of expression 
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levels were selected for promoter sequencing, and those with identical sequences or 

unintended mutations were discarded. See Table 4.1 for list of all plasmids constructed 

and utilized in this work, which have been made available to the community through 

Addgene (plasmids #73418-73440, 66530, 66533, and 66536). 

Cognate CRISPR-dCas9 repressor plasmids (containing dCas9, tracrRNA, and a 

single spacer CRISPR array) for each corresponding promoter variant were constructed 

(Figure 4.1B) using Golden Gate assembly as described before [20]. Two 35 bp 

complementary and slightly offset oligonucleotides (IDT) containing the spacer 

sequence for dCas9 targeting were phosphorylated with PNK (NEB) and annealed (37˚C 

for 30 minutes, 98˚C for 5 minutes, ramp down to 25˚C over 15 min) to build inserts for 

each repressor variant. See Table 4.2 for a list of all primers and oligonucleotides used 

in this work. Phosphorylated and annealed inserts were individually cloned into 

recipient plasmid pdCas9 [21] at two adjacent BsaI sites in the minimal, single-spacer 

CRISPR array using a one-pot Golden Gate reaction with BsaI (New England BioLabs) 

and T7 ligase (Epicentre Biotechnologies). Plasmid pdCas9 was a gift from Luciano 

Marraffini (Addgene plasmid # 46569). After confirmation by Sanger sequencing, 

chemically competent BL21 StarTM (DE3) containing each of 11 promoter variants 

driving mCherry expression were prepared. Each of 12 CRISPR plasmids, 11 repressors 

plus the non-targeting (NT) spacer control plasmid pdCas9, was transformed into each 

individual mutant promoter strain, yielding a defined dual-plasmid strain library of 132 

members (11 promoters × 12 CRISPR plasmids) as shown in Figure 4.1C. All 12 CRISPR 

plasmids were additionally transformed into E. coli JE1 harboring a single genomic copy 

of the PT7-lac-mCherry cassette, and they were also co-transformed into MG1655 (DE3) 

(parent strain of JE1) with high copy plasmid pETM6-mCherry (ColE1 origin) possessing 

the same PT7-lac-mCherry cassette for direct comparison of non-cognate repression of 

PT7-lac at different target copy number. Fluorescence quantification for every strain was 

performed as described in detail below. 

Violacein pathway variants driven by orthogonal promoters developed in this 

work were constructed using the ePathBrick [22] restriction-ligation pathway cloning 
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procedure as described in Supplementary Methods. Non-targeting spacer control 

plasmid pdCas9 and orthogonal repressors G6, 4A6, and 3A2 were individually co-

transformed with each violacein pathway variant into BL21 StarTM (DE3). All cloning and 

plasmid maintenance was performed in DH5α. Cloning and site-directed mutagenesis 

were verified by Sanger sequencing, while ePathBrick subcloning was verified by 

restriction digestion. See Table 4.3 for a list of all strains constructed in this work. 

 Fluorescence Assay 

Unless otherwise noted, all liquid cultures were incubated at 37˚C and 250 rpm in 1 mL 

semi-rich defined media (AMM [7] supplemented with 2% glucose and appropriate 

antibiotics) in polypropylene 48 deep-well plates (5 mL, VWR) covered with breathable 

rayon film (VWR). Glycerol stocks of expression strains containing either a single 

reporter plasmid (promoter screening) or both a reporter plasmid (or genomic cassette) 

and a CRISPR-dCas9 repressor plasmid (repressor screening) were streaked onto LB 

agar plates containing appropriate antibiotics (80 μg/mL ampicillin and 25 μg/mL 

chloramphenicol as necessary). Individual colonies were inoculated into a single well of 

a polypropylene 48 deep well plate. Overnights were allowed to grow 14 h in a rotary 

shaker before subculturing at 1:50 dilution into fresh media in a new 48 deep well 

plate. Following 4 h of growth, cultures were induced near mid-log phase with 0.1 mM 

IPTG and grown under the same conditions overnight. Cognate repressor and non-

targeting control strains were also grown for the same period of time without induction 

to check for leaky expression in absence of IPTG (Figure 4.15). Endpoint mCherry 

fluorescence (excitation wavelength of 588 nm and emission wavelength of 618 nm) 

and OD650 measurements were obtained in 96-well black clear bottom plates (Nunc 

Products) on a Biotek Synergy 4 instrument 20 h post-induction (Table 4.4 and Figure 

4.9). Cultures were diluted into the linear range as necessary. Endpoint fluorescence 

quantification experiments were reproduced in four independent experiments on 

different days. Transient post-induction expression data obtained for all cognate 

repressor and non-targeting control strains is shown in Figure 4.14. Qualitative 

endpoint fluorescence images of mCherry from liquid cultures (experiment performed 



 

     84 

on fifth independent day) were taken in either 96-well or 384-well black clear bottom 

plates (Nunc Products) on a Typhoon Trio Plus Imager flatbed scanner (GE Healthcare) 

with excitation at 532 nm (green laser) and emission filter set to 610 nm bandpass (610 

BP 30). 

 Violacein Pathway Metabolite Production and Quantification 

Violacein production and quantification were performed as recently described by our 

lab [19]. Briefly, BL21 StarTM (DE3) glycerol stocks containing both a violacein pathway 

variant and a CRISPR repressor plasmid or negative control repressor plasmid (G6, 4A6, 

3A2, or NT) were streaked onto LB agar plates containing appropriate antibiotics. 

Individual colonies were inoculated into 48 deep well plates and grown overnight for 14 

h, when they were subcultured at 1:50 dilution into 2 mL fresh media. At 3.5 h post-

inoculation, the temperature was reduced from 37˚C to 20˚C to allow cultures to 

acclimate prior to induction with 1 mM IPTG at 4.5 h post-inoculation. Each strain was 

assessed in biological triplicate, and cultures were sampled at 16 hours post-induction. 

Aliquots (1.5 mL) of each culture were centrifuged for 5 min at 21 000 × g and 

supernatant was removed to quantify the fold changes of violacein and the pathway 

side-products in cell pellets.  Cell pellets were then extracted by addition of 500 μL 

methanol containing 1% (v/v) acetic acid, followed by brief vortexing and boiling for 5 

min. Cell debris was pelleted by centrifugation at 21 000 × g for 10 min, and extracts 

were analyzed as previously reported by our lab [19] using an Agilent 1200 series HPLC 

equipped with a ZORBAX SB-C18 StableBond analytical column (150 mm × 5 mm, 5 μm) 

maintained at 30 °C and a diode array detector (DAD). Mobile phase A was acetonitrile 

and mobile phase B was water (both containing 0.1% formic acid). The following 

gradient was used at a flow rate of 1 mL/min: 0 min, 5% A; 1 min, 5% A; 5 min, 45% A; 

7 min, 55% A; 9 min, 95% A; 10 min, 5% A; 12 min, 5% A. Proviolacein (7.1 min), 

prodeoxyviolacein (7.8 min), violacein (8.1 min) and deoxyviolacein (9.3 min) were 

analyzed by peak area integration at 600 nm, 610 nm, 565 nm, and 565 nm, 

respectively. Injection volume was 50 μL and was adjusted as necessary to fall within 

the linear response range of the assay. 
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4.3 Results and Discussion 

 Generation of dCas9-Repressible PT7-lac Library using Site-Directed Mutagenesis 

Site-directed mutagenesis was performed on the first four nucleotides of the five bp 

transcription strength-determining region of the T7 promoter to create a panel of 

useful PT7-lac variants covering a wide range of transcriptional strengths. Mutations in 

this 5 bp motif have been shown to dramatically alter transcriptional strength without 

altering T7 RNA polymerase specificity toward the promoter, a property that is instead 

controlled by a 6 bp sequence upstream of the strength-determining region (Figure 

4.2A) [23,24]. The four randomized nucleotides were selected because they also 

correspond to critical elements required for dCas9-targeting. As seen in Figure 4.2A, a 

conveniently situated PAM-proximal protospacer (dCas9 target) exists in the consensus 

PT7-lac sequence, spanning both the transcription rate-determining region and the 

transcriptional start site. The first three mutagenized nucleotides correspond to the 

three bp PPSNR, while the fourth mutagenized nucleotide should not affect 

orthogonality since it constitutes the first base pair of the PAM, a region not involved in 

base-pairing during dCas9-mediated RNA:DNA hybridization (Figure 4.2D). Thus, 

randomization of this precise four bp sequence facilitates control of two important 

parameters, the maximum expression level of distinct promoter variants in the absence 

of LacI/dCas9 (unrepressed state) and the orthogonality between promoter variants in 

the presence of dCas9 (repressed state). 
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Figure 4.2: Hybrid promoter library design. (A) Site-directed mutagenesis of (red) four nucleotides was 
used to construct a randomized library of classic promoter PT7-lac (top) variants (bottom), each with 
different transcription strengths. Sequences affecting T7 RNAp specificity and strength (black, top); 
sequences mediating dCas9 binding (green, bottom) and orthogonality (blue). (B) Expression strengths 
of selected unrepressed promoter mutants in absence of cognate repressor but in presence of dCas9, 
tracrRNA, and a non-targeting crRNA control. (C) Endpoint fold repression of cognate dCas9 repressors 
relative to the non-targeting control repressor. (D) Schematic representation of dCas9-binding and 
orthogonality model. PPSNR hybridizations for the defined library are shown in Table 4.8. All 
measurements were performed in four independent experiments on different days (n = 4). Values 
represent mean endpoint expression level or endpoint repression percentage relative to the non-
targeting repressor control strain, and error bars represent SEM. 

 

Transcription strengths of promoter variants were initially screened by 

quantification of mCherry fluorescence in the absence of dCas9, and a subset of 11 

promoters, including two from our previous work (PC4 and PG6), covering an expression 

(fluorescence normalized by cell density) range of greater than ten-fold were selected 
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for repression studies (Figure 4.2B). In future applications, the wide expression range 

spanned by this defined library will facilitate transcriptional balancing within a genetic 

circuit through random screening or rational selection of promoter mutants with 

known strengths in a manner akin to recent efforts in metabolic pathway balancing 

[19,25]. While some high-strength promoter variants developed here could potentially 

cause metabolic burden in the host cell (PC4 and P3F2, for instance) [26], promoter 

choice will ultimately be guided by a user’s intended application. 

Importantly, the benefit of utilizing dual regulators in this hybrid promoter 

architecture is twofold. First, LacI is used as a master repressor that permits 

coordinated transcription across all promoter variants upon addition a single external 

inducer, IPTG, an important feature for metabolic engineering when production 

capacity of a biosynthetic pathway is highly sensitive to induction timing. Second, since 

dCas9-mediated repression has been shown to be non-cooperative [6], use of the 

cooperative repressor LacI prevents leakiness in its bound (repressed) state, while 

dCas9 acts as a slightly leaky (Figure 4.15) but highly selective multiplexing repressor. 

Future efforts to engineer cooperativity for dCas9-mediated transcriptional repression 

in prokaryotes could reduce this leakiness and could obviate the need for a dual 

regulatory architecture when coordinated induction across many promoters is not 

required. 

 Quantitative Measurement of dCas9-Mediated Transcriptional Repression 
Activity 

Combinatorial repression activity assays were performed for 11 spacer sequences 

against all cognate (perfectly complementary) and non-cognate (mismatched) 

promoters to generate what we hereby define as a CRISPoRthogonality matrix, 

tabulating the endpoint repression percentage achieved in 121 (112) defined strains 

relative to 11 non-targeted control strains (Figure 4.3B). A fluorescence image of the 

121 member library is shown in Figure 4.3A. Promoter-repressor pairs are notated in 

this work as Rx:Py, or repressor x against promoter y. As expected, all repressors 

exhibited significant repression against their cognate promoters, Rx:Px, with a dynamic 
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range of greater than 10-fold on average and up to 15-fold for some cognate promoter-

repressor pairs (Figure 4.2C and Table 4.6). Contrary to observations in other works, 

however, some spacers exhibited substantial repression against mismatched, non-

cognate promoters, especially those possessing only a single mismatch (Figure 4.3C). 

 

Figure 4.3: CRISPoRthogonality matrix.  (A) Fluorescence image of E. coli cultures expressing mCherry 
from representative repression activity experiment. Strains harboring cognate promoter-repressor 
pairs are seen on the diagonal from upper left to lower right, and non-cognate pairs on the off-
diagonal. 3 bp nucleotide sequences of 5’ to 3’ RNA PPSNR (top) and 3’ to 5’ DNA complement PPSNR 
(left) are shown. (B) Endpoint repression activity presented as percent repression relative to non-
targeting repressor control strain possessing the same promoter variant. Non-cognate repression is 
seen in many cases but appears qualitatively symmetric (Rx:Py repression activity suggests the 
presence of Ry:Px repression activity). (C) Number of mismatches between repressor RNA and target 
DNA, where the presence of 0-1 mismatches (gray) leads to high repression relative to the presence of 
2-3 mismatches (white). Values represent mean of measurements performed in four independent 
experiments on different days (n = 4). Mean and SEM values are tabulated in Table 4.5. 

 A Single Mismatch in the PPSNR is Not Sufficient to Abolish dCas9-Mediated 
Repression 

A common inference from CRISPRi mismatch studies has been that a single mismatch is 

sufficient to significantly attenuate or abolish dCas9-mediated repression [9,12–14]. 

However, the existence of well-documented off-target effects, or the ability of Cas9 to 

cut slightly mismatched targets such as those containing indels relative to the guiding 

RNA sequence [27–29], indicates that Cas9 tolerates mismatches to some unknown 

extent. Despite this knowledge, it was surprising to measure dramatic repression for a 

substantial proportion of non-cognate interactions—often within 20% of cognate 
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repression, and sometimes equivalent—as seen in the CRISPoRthogonality matrix in 

Figure 4.3. Since theoretical models for predicting the effect of mismatches on dCas9-

mediated hybridization and subsequent transcriptional repression activity are nascent 

[30,31], we explored factors that could potentially explain strength of non-cognate 

repression. First, we expected that high non-cognate repression was likely enabled by 

tolerance for a low number of mismatches and posited that an inverse relationship 

might exist between number of mismatches and repression activity. This notion is 

supported by the qualitative symmetry of repression activity across the diagonal of the 

CRISPoRthogonality matrix as seen in Figure 4.3B and the fact that a corresponding 

matrix tallying the number of PPSNR mismatches (Table 4.9) is symmetric, (Rx:Py and 

Ry:Px share the same number of mismatches). Indeed, it can be discerned by 

comparison of Figure 4.3B and Figure 4.3C that promoter-repressor pairs with 0-1 

mismatches exhibit the highest repression and that, in general, the number of 

mismatches between CRISPR RNA and target DNA is a good qualitative predictor for the 

existence of non-cognate repression in our system. Perhaps unexpectedly, repression 

activity is not well correlated between matched off-diagonal pairs (e.g. RC4:P1D4 versus 

R1D4:PC4) in the case of single mismatches (1 mm) that achieve intermediate repression 

levels, but the inverse relationship between number of mismatches and repression 

activity can be visualized in Figure 4.4A by the movement of clusters toward the origin 

as mismatch number increases. When all promoter-repressor pairs are grouped by 

number of mismatches, ratios of mean repression fold between 0 mm and 1 mm pairs 

(~2x) and between 1 mm and 2 mm pairs (~5x) are statistically significant (Figure 4.4B). 

Conversely, ratio of mean repression fold between 2 mm and 3 mm pairs is statistically 

indistinguishable. Another point that should not be discounted is that, as demonstrated 

in Figure 4.4A, single mismatches in the PPSNR can achieve a wide range of repression 

activities (~30-90%) and could be used to tune transcription strength in trans (and even 

dynamically) as a complement to traditional promoter strength tuning achieved 

through promoter mutagenesis. 
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 Given the wide distribution of repression levels achieved by non-cognate pairs, 

we also attempted to infer the effect of several factors on mismatch tolerance. In this 

dataset, mismatch configuration, or position ignoring nucleotide identities, was not 

sufficient to explain mismatch tolerance (Figure 4.10). Furthermore, as certain 

mismatches have been shown to stabilize DNA:DNA [32], RNA:RNA [33], and even 

RNA:DNA [34,35] duplexes, the effect of nucleotide pair identity on mismatch tolerance 

was also assessed by considering only single mismatch cases in order to preclude 

interaction effects stemming from more than one mismatch that could otherwise 

confound inferences. In this dataset, single rU•dC/rC•dT mismatches were found to 

attenuate repression fold change approximately 3.1x relative to other single mismatch 

types, while rU•dT (rU•rU in RNA duplexes are stabilizing in some cases [33]) and 

rT•dG/rU•dG (wobble base pair) mismatches were found to increase repression fold 

change approximately 2.5x relative to other mismatch types (Figure 4.11); despite the 

statistical significance found here, we caution that these results should not be 

interpreted as general design rules until larger sample sizes are assessed against 

diverse target sequences, especially because mismatch stability is often dependent 

upon position in a duplex and identity of neighboring nucleotides. Finally, while 

reconciliation of repression data with theoretical predictions of dCas9:RNA:DNA 

stability (free energy of dCas9-mediated formation of an R-loop, or the three-stranded 

structure composed of the RNA:DNA hybrid and the displaced ssDNA complement) is 

tempting, there is a dearth of structural and thermodynamic data impeding accurate 

prediction of mismatched RNA:DNA hybridization free energy. Although stabilities of 

RNA:DNA heteroduplexes exclusively composed of Watson-Crick base-pairs and a few 

mismatch types are known, prediction of hybridization free energy for RNA:DNA 

heteroduplexes with loops (bulges and mismatches), non-Watson-Crick base pairs 

(wobble or other non-canonical pairs), and terminal mismatches is an open problem 

[36]. If these data were abundant, however, we speculate that a model of RNA:DNA 

hybridization free energy accounting for these factors might be used to better predict 

R-loop stability and thereby dCas9-mediated repression activities [30]. In summary, the 
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best predictor of repression strength inferred from this dataset is number of 

mismatches, where a clear boundary between high and low repression is established 

between one and two PPSNR mismatches, respectively, and three PPSNR mismatches 

are sufficient to abrogate dCas9-mediated transcriptional repression in the specified 

context. 

 Target Copy Number Affects Mismatch Tolerance 

Synthetic parts are commonly moved between the genome and plasmids with different 

replication origins of defined copy number to facilitate construction of genetic circuits. 

As reported frequently in recent years, this strategy effectively alters part response by 

titrating part copy number relative to other interacting parts, culminating in 

undesirable gene circuit dynamics [37–39]. Therefore truly robust parts are those that 

exhibit similar characteristics (or response curves) when expressed at distinct copy 

numbers, for instance, when moved from a single copy in the genome to a very high 

copy plasmid. Until a generally applicable method has been developed to stabilize 

performance of any part between different expression contexts (an impressive feat that 

could be considered a grand challenge of synthetic biology), it is instructive to 

investigate the effect of altered copy number on newly designed parts. In previous 

work, we have shown that cognate repression fold change increases 1-2 orders of 

magnitude (64x) against a genome-based PT7-lac-mCherry cassette (one copy) relative to 

an identical plasmid-based cassette (ColE1 origin, ~40 copies), suggesting that dCas9 or 

targeting RNA is limiting when target copy number is high [7]. Therefore, in an effort to 

understand if the minimum number of mismatches necessary to abrogate repression 

changes with target copy number, we compared repression activity of all non-cognate 

repressors against this genome-based and plasmid-based PT7-lac-mCherry cassette. As 

seen in Figure 4.4C, some non-cognate repressors showed very high repression activity 

against the single genomic reporter compared to the reporter plasmid. After pooling 

the non-cognate repression activities by number of mismatches, it is apparent that 

repression strength increases with decreasing number of mismatches, and that the 

boundary separating high and low activity non-cognate repressors against the single 
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genomic target exists between two and three mismatches (Figure 4.4D) versus one and 

two mismatches for the average plasmid-based target (Figure 4.4B). This represents an 

increase in tolerance of at least one additional PPSNR mismatch against a single copy 

target compared to a high copy target. Although rules governing this shift in mismatch 

tolerance should be further investigated, this important first indication that mismatch 

tolerance is a function of target copy number suggests that mismatch number is critical 

for tuning orthogonality between similar promoters in different expression contexts. 

 

Figure 4.4: Effect of mismatches on repression activity.  (A) Endpoint repression percentage by 
mismatch count. Each point represents cross-part repression for a two part subset (RX:PY on one axis 
and its inverse pair RY:PX on the other). Cognate interactions with 0 mm (red circles) include subset [C4 
3A2] (purple circle, no PPSNR mismatches but possesses distinct nucleotide in first base of PAM). 
Mismatch number increases from left to right: 1 mm (green diamonds), 2 mm (blue squares), and 3 
mm (orange triangles). Mmeasurements performed in four independent experiments on different days 
(n = 4), and error bars show SEM. (B) Pooled data from A. Mean fold change ratios are highly significant 
between 0 mm to 1 mm (1.9x, ** α < 0.01) and between 1 mm to 2 mm (5x, *** α < 0.001), while 
repression activity between 2 mm and 3 mm is statistically indistinguishable (one-way Welch’s 
ANOVA, Games-Howell post-hoc comparison for unequal sample sizes and variances). Values 
represent mean fold repression from all tested pairs grouped by 0, 1, 2, and 3 mismatches (n = 13, 18, 
54, and 36, respectively), and error bars represent SEM. (C) Fold repression of non-cognate repressors 
against consensus PT7-lac–mCherry expression cassette harbored on plasmid (red) or genome (gray). 
Values are mean of five independent biological replicates (n = 5), and error bars represent SEM. (D) 
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Data from C pooled by number of mismatches. Mean fold change ratio of ~6.5x for 2 mm repressors 
against same target at different copy numbers is statistically significant (* one-tailed t-test with 
Welch’s correction for unequal variances, p = 0.048), while statistically indistinguishable for 3 mm 
repressors. Fold repression ratio of ~21x is seen for the only 1 mm repressor assessed against PT7-lac; 
however, sample size is too low (n = 1) to make general inferences. Values are mean fold change of 
repressors grouped by 1, 2, or 3 mm (n = 1, 7, and 3, respectively), and error bars represent SEM. 

 Quantification of Orthogonality within Part Subsets 

Although non-orthogonal interactions were uncovered throughout the library, several 

subsets with high average orthogonality (mean of all non-cognate orthogonality values) 

can be ascertained. We quantify orthogonality of each promoter-repressor interaction 

in the full library (Table 4.7), and we illustrate that selection of appropriate promoter-

repressor subsets simply through manual inspection improves mean orthogonality 

while simultaneously reducing orthogonality variance amongst the subset relative to 

the full set (subset [C4 3F2 1B6 4F2] in Figure 4.5C). Minimum orthogonality—fold 

change between on-target effect against a part and the strongest off-target effect 

observed for that part within the subset, also referred to as orthogonal range [40]—is 

also higher for many subsets relative to the full set. Compared to average 

orthogonality, minimum orthogonality is a critical metric for selecting well-behaved 

parts subsets, because it ensures that individual parts otherwise contributing to high 

average orthogonality are ranked low if even a single unintended interaction is 

detected that could lead to undesired crosstalk in a genetic circuit. Systematically 

assessing and ranking all possible subset combinations of all possible subset sizes by 

minimum orthogonality threshold (Figure 4.5A), we find 10 subsets of three promoter-

repressor pairs and two subsets of four promoter-repressor pairs exhibiting a minimum 

orthogonality of 8x, all of which possess a mean orthogonality of 11-14x (Figure 4.5B, 

Table 4.10, and Figure 4.12).  
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Figure 4.5: Orthogonal subset analysis. (A) Orthogonality metrics for “best” subset (possessing highest 
minimum orthogonality) of each subset size (k) from the full set of cognate promoter-repressor pairs (n 
= 11). Symbols represent mean orthogonality (blue circles), minimum orthogonality of best subset (red 
squares), and minimum orthogonality of two parts subsets (green triangle and purple diamond) further 
used in this work. (B) Tabulation of distinct parts sets of stated size meeting specified orthogonality 
criteria (top) and orthogonality metrics for the best subset within each subset size (bottom, k = 3-7). 
(C) Subset [C4, 3F2, 1B6, 4F2] (purple diamond in A) with mean orthogonality of 9.3 and minimum 
orthogonality of 6.3 is highlighted as an example subset with high average unrepressed promoter 
strength. In this case, minimum orthogonality (strongest non-cognate effect in the subset) is set by the 
interaction between P4F2 and R1B6. 

 

While we note that other work, including our own [7], has demonstrated greater 

dynamic range of dCas9-mediated repression (which augments orthogonal range) in 

certain contexts, particularly against low-copy target sites, we stress that there are 
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trade-offs between dynamic range, orthogonality, toxicity, and intended application of 

transcription factors [41]. Specifically, we suspect that increased expression of dCas9 or 

guide RNA (crRNA and tracrRNA in this system) might improve repression dynamic 

range against the T7 promoter and any strong promoter on a high copy plasmid with a 

trade-off of introducing toxicity or growth burden during overexpression of dCas9 and 

other CRISPR elements as previously described elsewhere [6]. Alternatively, if dCas9 

could be engineered to act as a cooperative DNA-binding protein like natural 

transcription factors, higher repression activity could likely be attained with lower 

expression of dCas9 and other CRISPR elements, reducing the negative effects of dCas9 

overexpression on cell growth. To frame our work, a recently published example of 

engineered dCas9-based repressors against PBAD, Plac, and PluxI achieved similar 

repression levels to this effort, and this level was adequate to generate functional 

double and triple inverter circuits [11]. Therefore, given our interest in development of 

practical tools at the interface of synthetic biology and metabolic engineering [42], we 

opted to showcase the remarkable functionality and extraordinary orthogonality of 

these minimally-mismatched dCas9 repressor-promoter sets in E. coli by implementing 

facile control over the flow of carbon toward several distinct, brilliantly colored 

metabolites in the violacein pathway. 
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 Orthogonal Hybrid dCas9-T7-lac Promoters Act as Independent Metabolic 
Switches 

 

Figure 4.6: The parts set used in this work includes (A) three orthogonal hybrid promoters with 
minimum orthogonality of ~10x, three dCas9 sTFs RG6 (red), R4A6 (yellow), R3A2 (green), and five 
violacein biosynthetic genes VioABCDE (gray) were used to construct four pathway variants, each 
possessing orthogonal promoters at carefully selected nodes in the branched violacein pathway. (B) 
Ensemble of the violacein biosynthetic pathways and metabolites. Colored nodes represent the major 
violacein pathway metabolites prodeoxyviolacein (olive green), proviolacein (cyan), deoxyviolacein 
(pink), and violacein (violet), while gray nodes represent precursor and intermediate metabolites.  
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The five gene violacein pathway (Figure 4.6B and Figure 4.16 for more detail) is 

becoming a valuable model pathway for proof-of-principle demonstrations of tools at 

the interface of synthetic biology and metabolic engineering [8,43–46] due to its 

exceedingly branched nature and aptitude for simultaneous high level production of 

multiple distinctly colored metabolites. Accordingly, an orthogonal subset of refactored 

promoters developed in this work (PG6, P4A6, and P3A2) were incorporated into key 

nodes in the violacein biosynthetic pathway to demonstrate their ability to act as 

dCas9-dependent valves capable of throttling or selectively redirecting carbon flux, and 

the entire set of parts utilized in this system are shown in Figure 4.6A. The following 

four pathway variants were constructed using ePathBrick [22] in monocistronic 

configuration, where transcription of each gene is driven by one of the aforementioned 

dedicated PT7-lac-dCas9 hybrid promoters and terminated with the classic T7 terminator.  

1. pETM6-G6-VioABE 

2. pETM6-G6-VioABECD 

3. pETM6-G6-VioABE-4A6-VioC 

4. pETM6-G6-VioABE-4A6-VioC-3A2-VioD 

Pathway variants 1 and 2, driven entirely by PG6, were constructed to illustrate 

orthogonality of the G6 promoter to non-cognate R4A6 and R3A2 at the level of 

metabolite production. As seen in Figure 4.7A and Figure 4.7B, the final product of the 

three-gene VioABE pathway, prodeoxyviolacein (green), is repressed by the cognate G6 

repressor approximately 40-fold compared to the non-targeting control strain. 

Critically, R4A6 and R3A2 do not exhibit repression of prodeoxyviolacein production in this 

system. Furthermore, the major products of the full pathway PG6-VioABECD, violacein 

(purple), deoxyviolacein (reddish-purple), and proviolacein (bluish-purple), are 

repressed by the cognate repressor RG6 approximately 10-fold to 20-fold compared to 

the non-targeting control strain. Similarly, high-capacity production of these three 

major products is retained in the PG6-driven pathway despite the presence of R4A6 and 

R3A2 (Figure 4.7C and Figure 4.7D). It should be noted that prodeoxyviolacein was not 

detected by HPLC in either of the cultures expressing VioD, possibly due to decreased 
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accumulation of the intermediate protodeoxyviolaceinic acid in presence of two 

enzymes (VioC and VioD), which would likely hamper spontaneous (non-enzymatic) flux 

toward prodeoxyviolacein. 

 

Figure 4.7: Demonstration of orthogonality on metabolite level (A) using minimal three gene VioABE 
pathway. (B) Minimal crosstalk by non-cognate repressors (top) and high repression fold change by 
cognate repressor RG6 (bottom) against G6-VioABE pathway generating prodeoxyviolacein, with real 
cultures shown in inset of bar graph. Faded pathway segments represent intended effect of dCas9-
mediated repression. (C) Demonstration of orthogonality using full five-gene pathway G6-VioABECD. 
The three major metabolites of this pathway variant are not repressed by non-cognate repressors R4A6 
or R3A2 (D, top), but they are strongly repressed by the cognate repressor RG6 (D, bottom). Values 
represent mean fold repression of biological triplicates, and error bars represent SEM (n = 3). Dashed 
lines in bar graphs represent baseline production for non-targeting control strain. Insets are 
photographs of representative induced E. coli cultures in presence of indicated repressor. 

 

Pathway variants incorporating distinct promoters were constructed to 

demonstrate that orthogonal dCas9 promoters can be utilized as independent 

metabolic switches. Pathway variant 3 consists of vioABE driven by PG6 and a genetically 
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encoded switch, vioC driven by P4A6, yielding metabolites deoxyviolacein and 

prodeoxyviolacein when not repressed. As seen in Figure 4.8A and Figure 4.8B, 

repression of the committed gene vioA and the following two genes, vioBE, with RG6 

leads to nearly complete repression of both metabolites as visualized by the neutral 

culture color and by HPLC analysis. Additionally, carbon flux diversion in this pathway 

yields a visually striking color difference (from reddish-purple to green) when the R4A6 

switch is used to shunt flux from deoxyviolacein (80% decrease) to prodeoxyviolacein 

(440% increase). The dramatic color differences between these cultures is exemplified 

in Figure 4.13. As P3A2 is not present in this pathway variant, R3A2 should not decrease 

deoxyviolacein production. In fact, deoxyviolacein production remains constant in the 

presence of R3A2 compared to the non-targeting control strain as expected and shown 

in Figure 4.8A, with a comparatively slight increase in prodeoxyviolacein production. 
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Figure 4.8: Orthogonal control over choice of natural product biosynthesis in E. coli.  (A) Differential 
throttling and redirection of carbon flux using distinct dCas9 repressors against a single 4 gene 
pathway, G6-VioABE-4A6-VioC. (B) Nearly complete repression of both metabolites by RG6 (top), 
repression of deoxyviolacein and redirection toward prodeoxyviolacein by R4A6 repression of VioC 
(middle), and minimal change in production compared to non-targeting control using R3A2 in absence of 
P3A2 (bottom). (C) Dramatic reduction or diversion of metabolism with different dCas9 repressors 
against a single five-gene pathway, G6-VioABE-4A6-VioC-3A2-VioD. (D) Again, RG6 significantly 
represses production of all metabolites (top), while R4A6 drives carbon toward proviolacein (middle) 
and R3A2 increases production of prodeoxyviolacein by repression of VioD (bottom). Values represent 
mean fold repression of biological triplicates, and error bars represent SEM (n = 3). Dashed lines in bar 
graphs indicate complete repression. Insets are photographs of representative induced E. coli cultures 
in presence of indicated repressor. 
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Finally, pathway variant 4 extends variant 3 by addition of P3A2-driven vioD. As 

seen for pathway variant 2, inclusion of all five genes leads to accumulation of 3 

metabolites, violacein, deoxyviolacein, and proviolacein, while RG6 again leads to near 

complete repression of all three compounds (Figure 4.8C and Figure 4.8D). Although 

culture color differences are not as visually striking as in pathway variant 3, both R4A6 

and R3A2 switches lead to significant attenuation of side products with concomitant 

increases in production of proviolacein and deoxyviolacein, respectively, of greater 

than ten-fold. 

4.4 Conclusion 

In this work, we present a method for rapid construction and screening of orthogonal 

dCas9-repressor promoter pairs for synthetic biology and metabolic engineering 

applications. Compared to the other methodologies presented to date, both of which 

maximize guide RNA:target DNA mismatches to force orthogonality, our strategy 

achieves mismatch-mediated orthogonality by introducing a small number of random 

PPSNR mismatches that also allow for exploration of the boundary between orthogonal 

and non-orthogonal promoter-repressor pairs. Although this procedure was developed 

using PT7-lac, we anticipate that the protocol can be applied to any promoter of interest, 

in any host organism that is responsive to dCas9-mediated transcriptional regulation. If 

orthogonal promoters of similar strength are desired, a dCas9 operator could be placed 

immediately downstream of any promoter (rather than utilizing an existing operator 

within the promoter sequence) to limit the effect of PPSNR mutagenesis on promoter 

strength. 

Advantages of our methodology include rapid library generation in a single site-

directed mutagenesis step, followed by upfront screening of functional promoters 

possessing a useful range of de-repressed transcription strengths. This is analogous to 

the classic strategy of generating promoter strength libraries with site-directed 

mutagenesis, except it capitalizes on the introduced mutations to direct orthogonality 

between non-cognate dCas9 repressor sequences. As all steps in this screening process 
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utilize standard techniques and equipment available to most laboratories, the whole 

procedure can be easily and cost-effectively reproduced by any researcher in less than 

three weeks and would thereby enable rapid expansion of the number of characterized 

orthogonal promoter-repressor sets available to the synthetic biology community. 

Furthermore, we anticipate that this methodology will facilitate high-throughput 

assessment of dCas9-mediated hybridization of mismatched RNA:DNA heteroduplexes 

in vivo that, when coupled with next generation sequencing and FACS, would generate 

very large datasets from which sequence-specific mismatch design principles could be 

more adequately garnered for de novo design of orthogonal promoters regulated by 

dCas9 and other inactivated CRISPR nucleases [47] and, potentially, for evasion of off-

target Cas9-induced double stranded breaks [28]. 

Conversely, there are potential limitations with this methodology. Despite 

selecting only three PPSNR nucleotides for mutagenesis (discounting the single 

mutated nucleotide in the PAM since it does not affect orthogonality), the theoretical 

library size of sequences (43 = 64) and cognate/non-cognate promoter-spacer pairs (642 

= 4096) generated by this strategy is much larger than most labs can realistically screen 

without robotic liquid handling instrumentation. However, by manually selecting 

promoters with useful expression levels upfront, many non-functional promoter 

sequences are likely culled from the library at this stage. As evidenced by this work, 

subsets of 5-10 orthogonal promoter-spacer pairs for use in modestly sized genetic 

circuits should nevertheless be readily attainable from a single round of screening 10-

20 promoter-spacer pairs without appealing to liquid handlers. Additionally, 

mutagenesis library sizes could be constrained by intelligent primer design with mixed 

base degeneracy rather than complete A/T/C/G degeneracy, a strategy that might also 

deliberately bias libraries toward more orthogonal outcomes as design principles are 

realized. Finally, it is conceivable that layering of minimally mismatched orthogonal 

promoters in a genetic circuit might attenuate the repression capacity of cognate dCas9 

repressors, since the increased number of similar but non-cognate promoter sequences 

could act as low-affinity, high-concentration decoys that partially sequester or titrate a 
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repressor away from its cognate promoter [48]. Until layering of these parts in higher 

order circuits has been addressed experimentally, however, we expect that such 

conveniently reconfigurable orthogonal promoters will be tremendously useful for 

construction of low-complexity circuits and development of functional tools with 

applications at the confluence of synthetic biology and metabolic engineering. 

4.5 Supplementary Information 

 Supplementary Methods 

4.5.1.1 Construction of Violacein Pathway Variants with ePathBrick 

Violacein pathway variants were assembled in monocistronic form (each gene flanked 

by its own promoter and terminator) using the restriction digestion-ligation subcloning 

procedure known as ePathBrick and described elsewhere [22]. FastDigest restriction 

enzymes and T4 Rapid DNA Ligation kit were purchased from Thermo. After each round 

of subcloning, vectors were confirmed by double digestion, cutting once inside the 

insert and once inside the backbone. Subcloning steps performed include the following: 

1. Pseudoalteromonas luteoviolacea strain B violacein genes vioA, vioB, vioC, 

vioD, and vioE [19,49] were first subcloned from their storage vectors 

pETM6-vioA, pETM6-vioB, pETM6-vioC, pETM6-vioD, and pETM6-vioE 

(ePathOptimize) into a pETM6 T7 promoter variant plasmid pETM6-G6-

mCherry, pETM6-4A6-mCherry, or pETM6-3A2-mCherry using 5’ digestion 

with NdeI and 3’ digestion with either XhoI or SpeI to replace mCherry with 

the respective violacein gene.  

2. pETM6-G6-vioAB was subcloned from pETM6-G6-vioA (ApaI/NheI) and 

pETM6-G6-vioB (ApaI/AvrII).  

3. pETM6-G6-vioABE was subcloned from pETM6-G6-vioAB (ApaI/NheI) and 

pETM6-G6-vioE (ApaI/AvrII).  

4. pETM6-G6-vioCD was subcloned from pETM6-G6-vioC (ApaI/NheI) and 

pETM6-G6-vioD (ApaI/AvrII).  
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5. pETM6-G6-vioABECD was subcloned from pETM6-G6-vioABE (ApaI/NheI) and 

pETM6-G6-vioCD (ApaI/AvrII).  

6. pETM6-G6-vioABE-4A6-vioC was subcloned from pETM6-G6-vioABE 

(ApaI/NheI) and pETM6-4A6-vioC (ApaI/AvrII).  

7. pETM6-4A6-vioC-3A2-vioD was subcloned from pETM6-4A6-vioC (ApaI/NheI) 

and pETM6-3A2-vioD (ApaI/AvrII).  

8. pETM6-G6-vioABE-4A6-vioC-3A2-vioD was subcloned from pETM6-G6-vioABE 

(ApaI/NheI) and pETM6-4A6-vioC-3A2-vioD (ApaI/AvrII). 

 Supplementary Tables 

 

Table 4.1: Plasmids used in this study 

ID Properties/Genotype 
Spacer in 
CRISPR array Reference 

pETM6-mCherry ColE1(AmpR), ePathBrick feature, PT7-lac-mCherry N/A [50] 

pETM6-C4-mCherry ColE1(AmpR), ePathBrick feature, PC4-mCherry N/A This study 

pETM6-G6-mCherry ColE1(AmpR), ePathBrick feature, PG6-mCherry N/A This study 

pETM6-3F2-
mCherry 

ColE1(AmpR), ePathBrick feature, P3F2-mCherry N/A This study 

pETM6-3H5-
mCherry 

ColE1(AmpR), ePathBrick feature, P3H5-mCherry N/A This study 

pETM6-1B6-
mCherry 

ColE1(AmpR), ePathBrick feature, P1B6-mCherry N/A This study 

pETM6-4F2-
mCherry 

ColE1(AmpR), ePathBrick feature, P4F2-mCherry N/A This study 

pETM6-5F5-
mCherry 

ColE1(AmpR), ePathBrick feature, P5F5-mCherry N/A This study 

pETM6-1D4-
mCherry 

ColE1(AmpR), ePathBrick feature, P1D4-mCherry N/A This study 

pETM6-4A6-
mCherry 

ColE1(AmpR), ePathBrick feature, P4A6-mCherry N/A This study 

pETM6-3A2-
mCherry 

ColE1(AmpR), ePathBrick feature, P3A2-mCherry N/A This study 

pETM6-1E4-
mCherry 

ColE1(AmpR), ePathBrick feature, P1E4-mCherry N/A This study 

pdCas9 pACYC184(CmR), tracrRNA, cas9(D10A, H840A) non-targeting 
with two BsaI 
sites 

[21] 

pdCas9-M-C4 pACYC184(CmR), tracrRNA, cas9(D10A, H840A) C4 This study 

pdCas9-M-G6 pACYC184(CmR), tracrRNA, cas9(D10A, H840A) G6 This study 

pdCas9-M-3F2 pACYC184(CmR), tracrRNA, cas9(D10A, H840A) 3F2 This study 
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pdCas9-M-3H5 pACYC184(CmR), tracrRNA, cas9(D10A, H840A) 3H5 This study 

pdCas9-M-1B6 pACYC184(CmR), tracrRNA, cas9(D10A, H840A) 1B6 This study 

pdCas9-M-4F2 pACYC184(CmR), tracrRNA, cas9(D10A, H840A) 4F2 This study 

pdCas9-M-5F5 pACYC184(CmR), tracrRNA, cas9(D10A, H840A) 5F5 This study 

pdCas9-M-1D4 pACYC184(CmR), tracrRNA, cas9(D10A, H840A) 1D4 This study 

pdCas9-M-4A6 pACYC184(CmR), tracrRNA, cas9(D10A, H840A) 4A6 This study 

pdCas9-M-3A2 pACYC184(CmR), tracrRNA, cas9(D10A, H840A) 3A2 This study 

pdCas9-M-1E4 pACYC184(CmR), tracrRNA, cas9(D10A, H840A) 1E4 This study 

pETM6-vioA ColE1(AmpR), ePathBrick feature, PT7-lac-vioA N/A [19] 

pETM6-vioB ColE1(AmpR), ePathBrick feature, PT7-lac-vioB N/A [19] 

pETM6-vioC ColE1(AmpR), ePathBrick feature, PT7-lac-vioC N/A [19] 

pETM6-vioD ColE1(AmpR), ePathBrick feature, PT7-lac-vioD N/A [19] 

pETM6-vioE ColE1(AmpR), ePathBrick feature, PT7-lac-vioE N/A [19] 

pETM6-G6-vioA ColE1(AmpR), ePathBrick feature, PG6-vioA N/A This study 

pETM6-G6-vioB ColE1(AmpR), ePathBrick feature, PG6-vioB N/A This study 

pETM6-G6-vioC ColE1(AmpR), ePathBrick feature, PG6-vioC N/A This study 

pETM6-G6-vioD ColE1(AmpR), ePathBrick feature, PG6-vioD N/A This study 

pETM6-G6-vioE ColE1(AmpR), ePathBrick feature, PG6-vioE N/A This study 

pETM6-4A6-vioC ColE1(AmpR), ePathBrick feature, P4A6-vioC N/A This study 

pETM6-3A2-vioD ColE1(AmpR), ePathBrick feature, P3A2-vioD N/A This study 

pETM6-G6-vioAB ColE1(AmpR), ePathBrick feature, PG6-vioA, PG6-
vioB, monocistronic configuration 

N/A This study 

pETM6-G6-vioCD ColE1(AmpR), ePathBrick feature, PG6-vioC, PG6-
vioD, monocistronic configuration 

N/A This study 

pETM6-G6-vioABE ColE1(AmpR), ePathBrick feature, PG6-vioA, PG6-
vioB, PG6-vioE, monocistronic configuration 

N/A This study 

pETM6-G6-
vioABECD 

ColE1(AmpR), ePathBrick feature, PG6-vioA, PG6-
vioB, PG6-vioE, PG6-vioC, PG6-vioD, monocistronic 
configuration 

N/A This study 

pETM6-G6-vioABE-
4A6-vioC 

ColE1(AmpR), ePathBrick feature, PG6-vioA, PG6-
vioB, PG6-vioE, PG6-vioC, monocistronic 
configuration 

N/A This study 

pETM6-4A6-vioC-
3A2-vioD 

ColE1(AmpR), ePathBrick feature, P4A6-vioC, P3A2-
vioD, monocistronic configuration 

N/A This study 

pETM6-G6-vioABE-
4A6-vioC-3A2-vioD 

ColE1(AmpR), ePathBrick feature, PG6-vioA, PG6-
vioB, PG6-vioE, P4A6-vioC, P3A2-vioD, 
monocistronic configuration 

N/A This study 

  

 

Table 4.2: Primers and oligonucleotides used in this study 

ID Nucleotide Sequence (5'→3') 
Cognate [Proto]spacer 
Sequence (5'→3') 

Cognate PAM 
(5'→3') 

SDM_F 

CCCGCGAAATTAATACGACTCACTA

NNNNGGAATTGTGAGCGGATAACAA

TTCCC 
N/A N/A 

SDM_R 

GGGAATTGTTATCCGCTCACAATTC

CNNNNTAGTGAGTCGTATTAATTTC

GCGGG 
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C4_KO_F 
AAACATCCCGCGAAATTAATACGAC

TCACTATCAG 
ATTAATACGACTCACTATCA AGG 

C4_KO_R 
AAAACTGATAGTGAGTCGTATTAAT

TTCGCGGGAT 

G6_KO_F 
AAACATCCCGCGAAATTAATACGAC

TCACTATTTG 
ATTAATACGACTCACTATTT CGG 

G6_KO_R 
AAAACAAATAGTGAGTCGTATTAAT

TTCGCGGGAT 

3F2_KO_F 
AAACATCCCGCGAAATTAATACGAC

TCACTAACGG 
ATTAATACGACTCACTAACG TGG 

3F2_KO_R 
AAAACCGTTAGTGAGTCGTATTAAT

TTCGCGGGAT 

3H5_KO_F 
AAACATCCCGCGAAATTAATACGAC

TCACTATCCG 
ATTAATACGACTCACTATCC CGG 

3H5_KO_R 
AAAACGGATAGTGAGTCGTATTAAT

TTCGCGGGAT 

1B6_KO_F 
AAACATCCCGCGAAATTAATACGAC

TCACTAATTG 
ATTAATACGACTCACTAAAT GGG 

1B6_KO_R 
AAAACAATAAGTGAGTCGTATTAAT

TTCGCGGGAT 

4F2_KO_F 
AAACATCCCGCGAAATTAATACGAC

TCACTACTTG 
ATTAATACGACTCACTACTT AGG 

4F2_KO_R 
AAAACAAGAAGTGAGTCGTATTAAT

TTCGCGGGAT 

5F5_KO_F 
AAACATCCCGCGAAATTAATACGAC

TCACTATGTG 
ATTAATACGACTCACTATGT GGG 

5F5_KO_R 
AAAACACAAAGTGAGTCGTATTAAT

TTCGCGGGAT 

1D4_KO_F 
AAACATCCCGCGAAATTAATACGAC

TCACTAACAG 
ATTAATACGACTCACTAACA AGG 

1D4_KO_R 
AAAACTGTAAGTGAGTCGTATTAAT

TTCGCGGGAT 

4A6_KO_F 
AAACATCCCGCGAAATTAATACGAC

TCACTACCCG 
ATTAATACGACTCACTACCC GGG 

4A6_KO_R 
AAAACGGGAAGTGAGTCGTATTAAT

TTCGCGGGAT 

3A2_KO_F 
AAACATCCCGCGAAATTAATACGAC

TCACTATCAG 
ATTAATACGACTCACTATCA TGG 

3A2_KO_R 
AAAACTGAAAGTGAGTCGTATTAAT

TTCGCGGGAT 

1E4_KO_F 
AAACATCCCGCGAAATTAATACGAC

TCACTATACG 
ATTAATACGACTCACTATAC AGG 

1E4_KO_R 
AAAACGTAAAGTGAGTCGTATTAAT

TTCGCGGGAT 

 

Table 4.3: Strains used in this study 

ID Genotype Source 

E. coli DH5α™ F- Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 hsdR17 
(rK–, mK+) phoA supE44 λ– thi-1 gyrA96 relA1 

Novagen 

E. coli BL21 Star™ (DE3) F- ompT hsdSB (rB
-mB

-) gal dcm rne131 (DE3) Invitrogen 

E. coli K-12 MG1655 (DE3) K-12 F– λ– ilvG– rfb-50 rph-1 (DE3) [7] 

E. coli K-12 MG1655 JE1 (DE3) MG1655 (DE3) ΔatpI::[KanR PT7-lac-mCherry]  [7] 
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Table 4.4: Normalized fluorescence data. Values represent mean RFU/OD650 ± SEM of independent 
experiments on different days (n = 4). First column quantifies expression of each promoter in presence 
of dCas9, tracrRNA, and a non-targeting (NT) spacer. 

  

Repressor Variant 

 

  NT C4 3F2 3H5 1B6 4F2 5F5 1D4 4A6 3A2 1E4 G6 

P
ro

m
o

te
r 

V
a
ri

a
n

t 

C4 

3935.
3 
± 

130.4 

412.5 
± 

26.2 

3656.
1 
± 

162.5 

2108.
8 

± 78 

4054.
2 
± 

109.9 

3843.
2 
± 

154.4 

3928.
3 

± 4.8 

1545.
5 
± 

53.3 

3909.
6 
± 

61.3 

734.7 
± 6.6 

3876.
1 
± 

114.7 

3963.
9 
± 

41.4 

3F2 

3853.
5 
± 

87.1 

3777.
5 
± 

183.5 

268.4 
± 

10.6 

3811.
4 

± 3.3 

3679.
9 
± 

16.6 

3741.
3 
± 

84.6 

3743.
3 
± 

38.4 

619.1 
± 

15.3 

3654 
± 42 

3693.
8 
± 

39.5 

3870.
7 
± 

43.9 

3641.
6 
± 

21.9 

3H5 
2369 

± 
85.9 

673 
± 

32.6 

2814.
6 
± 

75.7 

217.9 
± 3.1 

2953.
2 

± 5.4 

2808.
1 
± 

69.9 

2891.
4 

± 4.9 

2800.
9 

± 6.7 

393.1 
± 

42.6 

763.2 
± 5.2 

374.1 
± 6 

2701.
2 
± 

51.8 

1B6 

2183.
4 
± 

88.6 

2293.
5 
± 

90.9 

2251.
2 

± 71 

2333.
3 
± 

45.4 

321.5 
± 2.9 

2168.
5 
± 

47.7 

746.3 
± 

12.4 

2306.
2 
± 

32.6 

2340.
3 
± 

11.9 

2497.
8 

± 9 

2403.
6 
± 

38.1 

1535.
3 

± 22 

4F2 

2349.
4 
± 

81.9 

2219 
± 

94.1 

2260 
± 

59.1 

2261.
7 
± 

19.5 

1851.
4 
± 

15.8 

295.8 
± 

14.8 

2227.
2 

± 17 

2305.
8 
± 

35.5 

2128.
7 

± 4.6 

2255.
2 
± 

16.9 

2440.
8 
± 

34.9 

558.5 
± 7.5 

5F5 

2030.
1 
± 

27.8 

1975.
1 
± 

64.4 

1977 
± 

41.5 

1942.
2 
± 

19.9 

1988.
6 
± 

42.1 

1989.
6 
± 

15.8 

281.1 
± 4.6 

2065.
9 
± 

42.7 

2181 
± 2.7 

1917.
2 

± 2 

2008.
7 

± 8.8 

1308.
4 
± 

16.8 

1D4 

1766.
9 
± 

27.1 

178.8 
± 6.7 

116.7 
± 1.3 

1598.
4 

± 7.9 

1442.
1 

± 5.2 

1655.
3 
± 

41.6 

1805.
3 
± 

15.8 

100.1 
± 1 

1722.
5 
± 

11.6 

182.1 
± 5 

1575.
1 
± 

12.5 

1749.
7 
± 

29.2 

4A6 

1569.
9 
± 

19.8 

1573.
6 
± 

18.1 

1619.
9 

± 4.9 

188.7 
± 4.5 

1741.
8 
± 

40.3 

1446.
3 

± 5.1 

1948.
7 
± 

35.6 

1822.
2 
± 

26.8 

126.1 
± 3.7 

1580.
3 
± 

17.9 

1587.
2 
± 

47.8 

1701.
6 

± 1 

3A2 
938.5 

± 
10.7 

79.9 
± 0.7 

827.9 
± 

18.7 

312.4 
± 7.9 

956.8 
± 

21.9 

917.4 
± 

30.6 

904.4 
± 0.9 

237.5 
± 5.2 

959.2 
± 

40.4 

71.5 
± 2.6 

737 
± 8.4 

857.4 
± 

17.9 

1E4 
946.1 

± 
11.7 

897 
± 

14.1 

915.9 
± 4.3 

561.1 
± 8.2 

911 
± 

13.3 

861.5 
± 1.4 

893 
± 

21.9 

863.7 
± 

19.1 

938.2 
± 8.9 

839.2 
± 5.1 

216.5 
± 3.1 

830.5 
± 9.8 

G6 
335.4 
± 5.2 

328.5 
± 3.7 

340.1 
± 5.9 

341.2 
± 8 

244.5 
± 9.4 

64.6 
± 0.7 

69.2 
± 0.8 

338.4 
± 4 

346.6 
± 0.5 

296.4 
± 2.7 

315.9 
± 

14.4 

31.4 
± 1.4 

 

 

 

 

Table 4.5: Repression percent data. Values represent mean repression percent ± SEM of independent 
experiments on different days (n = 4) relative to same promoter in presence of non-targeting 
repressor. 

  
Repressor Variant 

 
 

C4 3F2 3H5 1B6 4F2 5F5 1D4 4A6 3A2 1E4 G6 
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P
ro

m
o

te
r 

V
ar

ia
n

t 

C4 
89.5 
± 6.4 

7.1 
± 0.4 

46.4 
± 2.3 

-3 
± -0.1 

2.3 
± 0.1 

0.2 
± 0 

60.7 
± 2.9 

0.7 
± 0 

81.3 
± 2.8 

1.5 
± 0.1 

-0.7 
± 0 

3F2 
2 

± 0.1 
93 

± 4.2 
1.1 
± 0 

4.5 
± 0.1 

2.9 
± 0.1 

2.9 
± 0.1 

83.9 
± 2.8 

5.2 
± 0.1 

4.1 
± 0.1 

-0.4 
± 0 

5.5 
± 0.1 

3H5 
71.6 
± 4.3 

-18.8 
± -0.8 

90.8 
± 3.5 

-24.7 
± -0.9 

-18.5 
± -0.8 

-22.1 
± -0.8 

-18.2 
± -0.7 

83.4 
± 9.5 

67.8 
± 2.5 

84.2 
± 3.3 

-14 
± -0.6 

1B6 
-5 

± -0.3 
-3.1 

± -0.2 
-6.9 

± -0.3 
85.3 
± 3.5 

0.7 
± 0 

65.8 
± 2.9 

-5.6 
± -0.2 

-7.2 
± -0.3 

-14.4 
± -0.6 

-10.1 
± -0.4 

29.7 
± 1.3 

4F2 
5.6 

± 0.3 
3.8 

± 0.2 
3.7 

± 0.1 
21.2 
± 0.8 

87.4 
± 5.3 

5.2 
± 0.2 

1.9 
± 0.1 

9.4 
± 0.3 

4 
± 0.1 

-3.9 
± -0.1 

76.2 
± 2.8 

5F5 
2.7 

± 0.1 
2.6 

± 0.1 
4.3 

± 0.1 
2 

± 0.1 
2 

± 0 
86.2 
± 1.8 

-1.8 
± 0 

-7.4 
± -0.1 

5.6 
± 0.1 

1.1 
± 0 

35.6 
± 0.7 

1D4 
89.9 
± 3.7 

93.4 
± 1.8 

9.5 
± 0.2 

18.4 
± 0.3 

6.3 
± 0.2 

-2.2 
± 0 

94.3 
± 1.7 

2.5 
± 0 

89.7 
± 2.8 

10.9 
± 0.2 

1 
± 0 

4A6 
-0.2 
± 0 

-3.2 
± 0 

88 
± 2.4 

-10.9 
± -0.3 

7.9 
± 0.1 

-24.1 
± -0.5 

-16.1 
± -0.3 

92 
± 3 

-0.7 
± 0 

-1.1 
± 0 

-8.4 
± -0.1 

3A2 
91.5 
± 1.3 

11.8 
± 0.3 

66.7 
± 1.9 

-2 
± -0.1 

2.2 
± 0.1 

3.6 
± 0 

74.7 
± 1.9 

-2.2 
± -0.1 

92.4 
± 3.6 

21.5 
± 0.3 

8.6 
± 0.2 

1E4 
5.2 

± 0.1 
3.2 
± 0 

40.7 
± 0.8 

3.7 
± 0.1 

8.9 
± 0.1 

5.6 
± 0.2 

8.7 
± 0.2 

0.8 
± 0 

11.3 
± 0.2 

77.1 
± 1.4 

12.2 
± 0.2 

G6 
2.1 
± 0 

-1.4 
± 0 

-1.7 
± 0 

27.1 
± 1.1 

80.8 
± 1.5 

79.4 
± 1.6 

-0.9 
± 0 

-3.3 
± -0.1 

11.6 
± 0.2 

5.8 
± 0.3 

90.6 
± 4.3 

 

Table 4.6: Fold repression data. Values represent mean fold repression ± SEM of independent 
experiments on different days (n = 4) relative to same promoter in presence of non-targeting 
repressor. 

  
Repressor Variant 

 
 

C4 3F2 3H5 1B6 4F2 5F5 1D4 4A6 3A2 1E4 G6 

P
ro

m
o

te
r 

V
ar

ia
n

t 

C4 
9.5 

± 0.7 
1.1 

± 0.1 
1.9 

± 0.1 
1 

± 0 
1 

± 0.1 
1 

± 0 
2.5 

± 0.1 
1 

± 0 
5.4 

± 0.2 
1 

± 0 
1 

± 0 

3F2 
1 

± 0.1 
14.4 
± 0.7 

1 
± 0 

1 
± 0 

1 
± 0 

1 
± 0 

6.2 
± 0.2 

1.1 
± 0 

1 
± 0 

1 
± 0 

1.1 
± 0 

3H5 
3.5 

± 0.2 
0.8 
± 0 

10.9 
± 0.4 

0.8 
± 0 

0.8 
± 0 

0.8 
± 0 

0.8 
± 0 

6 
± 0.7 

3.1 
± 0.1 

6.3 
± 0.3 

0.9 
± 0 

1B6 
1 

± 0.1 
1 

± 0 
0.9 
± 0 

6.8 
± 0.3 

1 
± 0 

2.9 
± 0.1 

0.9 
± 0 

0.9 
± 0 

0.9 
± 0 

0.9 
± 0 

1.4 
± 0.1 

4F2 
1.1 

± 0.1 
1 

± 0 
1 

± 0 
1.3 
± 0 

7.9 
± 0.5 

1.1 
± 0 

1 
± 0 

1.1 
± 0 

1 
± 0 

1 
± 0 

4.2 
± 0.2 

5F5 
1 

± 0 
1 

± 0 
1 

± 0 
1 

± 0 
1 

± 0 
7.2 

± 0.2 
1 

± 0 
0.9 
± 0 

1.1 
± 0 

1 
± 0 

1.6 
± 0 

1D4 
9.9 

± 0.4 
15.1 
± 0.3 

1.1 
± 0 

1.2 
± 0 

1.1 
± 0 

1 
± 0 

17.6 
± 0.3 

1 
± 0 

9.7 
± 0.3 

1.1 
± 0 

1 
± 0 

4A6 
1 

± 0 
1 

± 0 
8.3 

± 0.2 
0.9 
± 0 

1.1 
± 0 

0.8 
± 0 

0.9 
± 0 

12.5 
± 0.4 

1 
± 0 

1 
± 0 

0.9 
± 0 

3A2 
11.7 
± 0.2 

1.1 
± 0 

3 
± 0.1 

1 
± 0 

1 
± 0 

1 
± 0 

4 
± 0.1 

1 
± 0 

13.1 
± 0.5 

1.3 
± 0 

1.1 
± 0 

1E4 
1.1 
± 0 

1 
± 0 

1.7 
± 0 

1 
± 0 

1.1 
± 0 

1.1 
± 0 

1.1 
± 0 

1 
± 0 

1.1 
± 0 

4.4 
± 0.1 

1.1 
± 0 
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G6 
1 

± 0 
1 

± 0 
1 

± 0 
1.4 

± 0.1 
5.2 

± 0.1 
4.8 

± 0.1 
1 

± 0 
1 

± 0 
1.1 
± 0 

1.1 
± 0.1 

10.7 
± 0.5 

 

 

 

Table 4.7: Orthogonality data. Values represent mean orthogonality relative to the promoter in the 
same row. 

  
Repressor Variant 

 
 

C4 3F2 3H5 1B6 4F2 5F5 1D4 4A6 3A2 1E4 G6 

P
ro

m
o

te
r 

V
ar

ia
n

t 

C4 1.00 8.86 5.11 9.83 9.32 9.52 3.75 9.48 1.78 9.40 9.61 

3F2 14.08 1.00 14.20 13.71 13.94 13.95 2.31 13.62 13.76 14.42 13.57 

3H5 3.09 12.92 1.00 13.55 12.89 13.27 12.86 1.80 3.50 1.72 12.40 

1B6 7.13 7.00 7.26 1.00 6.74 2.32 7.17 7.28 7.77 7.48 4.77 

4F2 7.50 7.64 7.65 6.26 1.00 7.53 7.80 7.20 7.62 8.25 1.89 

5F5 7.03 7.03 6.91 7.07 7.08 1.00 7.35 7.76 6.82 7.15 4.65 

1D4 1.79 1.17 15.96 14.40 16.53 18.03 1.00 17.20 1.82 15.73 17.48 

4A6 12.48 12.85 1.50 13.81 11.47 15.46 14.45 1.00 12.53 12.59 13.50 

3A2 1.12 11.58 4.37 13.38 12.83 12.65 3.32 13.41 1.00 10.31 11.99 

1E4 4.14 4.23 2.59 4.21 3.98 4.12 3.99 4.33 3.88 1.00 3.84 

G6 10.46 10.83 10.87 7.79 2.06 2.20 10.78 11.04 9.44 10.06 1.00 

 

 

Table 4.8: Hybridization sequences. crRNA PPSNR in 5’ to 3’ direction (top) and target DNA 
PPSNR complement in 3’ to 5’ direction (bottom). See legend below table, where red text 
represent the sequences shown in the table. 

  

Repressor Variant 

 
 

C4 3F2 3H5 1B6 4F2 5F5 1D4 4A6 3A2 1E4 G6 

P
ro

m
o

te
r 

V
ar

ia
n

t 

C4 
UCA 

AGT 

ACG 

AGT 

UCC 

AGT 

AAU 

AGT 

CUU 

AGT 

UGU 

AGT 

ACA 

AGT 

CCC 

AGT 

UCA 

AGT 

UAC 

AGT 

UUU 

AGT 

3F2 
UCA 

TGC 

ACG 

TGC 

UCC 

TGC 

AAU 

TGC 

CUU 

TGC 

UGU 

TGC 

ACA 

TGC 

CCC 

TGC 

UCA 

TGC 

UAC 

TGC 

UUU 

TGC 

3H5 
UCA 

AGG 

ACG 

AGG 

UCC 

AGG 

AAU 

AGG 

CUU 

AGG 

UGU 

AGG 

ACA 

AGG 

CCC 

AGG 

UCA 

AGG 

UAC 

AGG 

UUU 

AGG 

1B6 
UCA 

TTA 

ACG 

TTA 

UCC 

TTA 

AAU 

TTA 

CUU 

TTA 

UGU 

TTA 

ACA 

TTA 

CCC 

TTA 

UCA 

TTA 

UAC 

TTA 

UUU 

TTA 

4F2 
UCA 

GAA 

ACG 

GAA 

UCC 

GAA 

AAU 

GAA 

CUU 

GAA 

UGU 

GAA 

ACA 

GAA 

CCC 

GAA 

UCA 

GAA 

UAC 

GAA 

UUU 

GAA 

5F5 
UCA 

ACA 

ACG 

ACA 

UCC 

ACA 

AAU 

ACA 

CUU 

ACA 

UGU 

ACA 

ACA 

ACA 

CCC 

ACA 

UCA 

ACA 

UAC 

ACA 

UUU 

ACA 
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1D4 
UCA 

TGT 

ACG 

TGT 

UCC 

TGT 

AAU 

TGT 

CUU 

TGT 

UGU 

TGT 

ACA 

TGT 

CCC 

TGT 

UCA 

TGT 

UAC 

TGT 

UUU 

TGT 

4A6 
UCA 

GGG 

ACG 

GGG 

UCC 

GGG 

AAU 

GGG 

CUU 

GGG 

UGU 

GGG 

ACA 

GGG 

CCC 

GGG 

UCA 

GGG 

UAC 

GGG 

UUU 

GGG 

3A2 
UCA 

AGT 

ACG 

AGT 

UCC 

AGT 

AAU 

AGT 

CUU 

AGT 

UGU 

AGT 

ACA 

AGT 

CCC 

AGT 

UCA 

AGT 

UAC 

AGT 

UUU 

AGT 

1E4 
UCA 

ATG 

ACG 

ATG 

UCC 

ATG 

AAU 

ATG 

CUU 

ATG 

UGU 

ATG 

ACA 

ATG 

CCC 

ATG 

UCA 

ATG 

UAC 

ATG 

UUU 

ATG 

G6 
UCA 

AAA 

ACG 

AAA 

UCC 

AAA 

AAU 

AAA 

CUU 

AAA 

UGU 

AAA 

ACA 

AAA 

CCC 

AAA 

UCA 

AAA 

UAC 

AAA 

UUU 

AAA 

  

                crRNA: 5'-CACTANNNNGG-3' 

complement target DNA: 3'-GTGATNNNNCC-5' 

 

Table 4.9: Number of PPSNR mismatches 

  
Repressor Variant 

 
 

C4 3F2 3H5 1B6 4F2 5F5 1D4 4A6 3A2 1E4 G6 

P
ro

m
o

te
r 

V
ar

ia
n

t 

C4 0 2 1 3 3 2 1 2 0 2 2 

3F2 2 0 2 2 3 3 1 2 2 3 3 

3H5 1 2 0 3 3 2 2 1 1 1 2 

1B6 3 2 3 0 2 2 2 3 3 2 2 

4F2 3 3 3 2 0 2 3 2 3 3 1 

5F5 2 3 2 2 2 0 3 3 2 2 1 

1D4 1 1 2 2 3 3 0 2 1 3 3 

4A6 2 2 1 3 2 3 2 0 2 2 3 

3A2 0 2 1 3 3 2 1 2 0 2 2 

1E4 2 3 1 2 3 2 3 2 2 0 2 

G6 2 3 2 2 1 1 3 3 2 2 0 

 

Table 4.10: Best parts subsets with minimum orthogonality of 8x, as ranked by highest minimum 
orthogonality. 

Cognate 

Pairs in 

Subset 

(k) 

Parts Set 

Minimum 

Orthogona

lity 

Mean 

Orthogona

lity 

Max 

Orthogon

ality 

Minimum 

Repressio

n Fold 

Change 

Mean 

Repressio

n Fold 

Change 

Max 

Repressio

n Fold 

Change 

CV (%) 

Orthogona

lity 

3 

[3F2 4A6 3A2] 11.5 12.9 13.7 12.4 13.3 14.3 6.35 

[3F2 4A6 G6] 10.8 12.5 13.6 10.6 12.4 14.3 10.2 

[3F2 3H5 G6] 10.8 12.4 14.2 10.6 11.9 14.3 11.1 

[1D4 4A6 G6] 10.7 14.0 17.4 10.6 13.5 17.6 20.5 

[3H5 1D4 G6] 10.7 13.3 17.4 10.6 13.0 17.6 20.5 
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[C4 4A6 G6] 9.47 11.0 13.4 9.54 10.8 12.4 14.4 

[4A6 3A2 G6] 9.44 11.9 13.4 10.6 12.0 13.1 12.9 

[3F2 3A2 G6] 9.44 11.8 13.7 10.6 12.7 14.3 13.8 

[C4 3F2 4A6] 8.86 11.8 14.0 9.54 12.1 14.3 18.4 

[C4 3F2 G6] 8.86 11.2 14.0 9.54 11.5 14.3 18.8 

4 
[3F2 4A6 3A2 G6] 9.44 12.3 13.7 10.6 12.6 14.3 11.1 

[C4 3F2 4A6 G6] 8.86 11.6 14.0 9.54 11.7 14.3 15.8 

 

 Supplementary Figures 

 

Figure 4.9: Normalized fluorescence. Bars represent mean of normalized endpoint fluorescence 
(RFU/OD650) and error bars represent SEM of 4 biological replicates from independent experiments 
performed on different days (n = 4). Hatched bars represent expression in the presence of a non-
targeting control repressor (NT), while red bars represent expression in presence of the cognate 
repressors and black in presence of non-cognate repressors. Order of bars in each promoter variant set 
is NT, C4, 3F2, 3H5, 1B6, 4F2, 5F5, 1D4, 4A6, 3A2, 1E4, and G6. 
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Figure 4.10: Mismatch position and configuration tolerance.  (A) Box plot showing fold repression for 
all non-cognate interactions grouped by mismatch configuration type, or positions of mismatches in 
the PPSNR (and neglecting nucleotide identities). Top and bottom of each box represents upper and 
lower quartile, center line represents median, and error bars represent maximum and minimum 
values. We also considered the possibility that dCas9-mediated hybridization of RNA and DNA might 
tolerate mismatches in certain combinations of locations more than others. This hypothesis was tested 
by performing ANOVA with Welch’s correction for unequal variances and sample sizes on (B) single 
mismatch configurations (C) and on double mismatch configurations. However, differences in mean 
repression fold change between single mismatch configurations were found to be insignificant, as were 
those between double mismatch configurations (α = 0.05). Interval plots B and C show mean 
repression, and error bars represent 95% confidence intervals. 
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Figure 4.11: Single mismatch nucleotide identity tolerance. We investigated dCas9-mediated 
repression tolerance to mismatches of specific nucleotide pairs (neglecting mismatch position). To 
decouple the effect of nucleotide pair identities from number of mismatches, we only assessed 
interactions with a single mismatch (n = 18). (A) Many single mismatches are tolerated, maintaining 
high repression activity relative to the non-targeting control repressor. In particular rU•dC/rC•dT 
mismatches exhibited the strongest ability to attenuate repression, while rU•dT and rG•dT/rU•dG 
mismatches were tolerated to a greater extent. (B) Fold repression of non-cognate, 1 mm interactions 
as grouped by mismatch nucleotide identity, pooling mismatches independently of strand (i.e. rA•dG 
and rG•dA are assumed to contribute similarly to mismatch tolerance, an assumption that should be 
validated in future work). (C) In this particular system, rU•dC/rC•dT mismatches are not tolerated as 
well as other mismatch types, leading to statistically significant (*) repression attenuation of 3.1x, on 
average, relative to all other mismatch nucleotide identities (one-tailed t-test with Welch’s correction, 
p = 2.16E-4), suggesting that incorporation of rU•dC/rC•dT mismatches could be used as a design 
parameter to improve orthogonality. (D) Furthermore, rU•dT and rG•dT/rU•dG mismatches lead to a 
statistically significant increase in repression of 2.5x relative to all other mismatch types (one-tailed t-
test with Welch’s correction, p = 1.51E-2). We caution, however, that these might not be general rules 
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for altering dCas9-mediated repression strength, but they are intriguing avenues for additional 
investigation. 

 

 

Figure 4.12: Systematic assessment of intra-subset orthogonality. (A) Histograms tallying the number 
of subsets exhibiting an average orthogonality or (B) minimum orthogonality of 0-15. Subset size 
increases from 3 promoter-repressor pairs (top left) to 11 pairs (bottom right).  

 

 

Figure 4.13: Orthogonal carbon flux redirection exemplified by IPTG-induced E. coli cultures expressing 
the four gene deoxyviolacein-prodeoxyviolacein pathway  (larger volumes of cultures from Figure 
4.8A). Each of the cultures shown contains an identical plasmid pETM6-G6-VioABE-4A6-VioC with a 
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distinct CRISPR/dCas9 repressor plasmid. Carbon flux into the unrepressed pathway with a non-
targeting repressor plasmid (far left) is throttled by RG6 repression of VioABE (middle left), diverted 
from deoxyviolacein to prodeoxyviolacein through R4A6 repression of VioC (middle right), and affected 
insignificantly by orthogonal repressor R3A2 (far right). Although the color difference between violacein, 
proviolacein, and deoxyviolacein is difficult to discern visually (see Figure 4.8C; all three are shades of 
violet), the color difference between prodeoxyviolacein (green) and deoxyviolacein (reddish-violet) is 
striking as seen here.  
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Figure 4.14: Transient expression of dCas9-targeted and untargeted hybrid promoters. Expression of 
refactored promoters in presence (gray squares) and absence (red circles) of cognate CRISPR/dCas9 
repressor. Symbols represent mean of normalized fluorescence (RFU/OD650) and error bars represent 
SEM of 3 independent biological replicates (n = 3). 

 

Figure 4.15: Effect of IPTG on expression of hybrid promoters. Endpoint expression of refactored 
promoters in presence (+) and absence (-) of IPTG and/or cognate CRISPR/dCas9 repressor. Red 
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(completely derepressed) and gray (repressed only by dCas9) bars represent mean of normalized 
fluorescence (RFU/OD650) and error bars represent SEM of independent biological replicates (n = 3 in 
absence of IPTG; n = 4 in presence of IPTG). 

  

 

Figure 4.16: Violacein pathway ensemble and metabolite structures  (PDVA = protodeoxyviolaceinic 
acid; PVA = protoviolaceinic acid). 
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5. CRISPRi Conclusions and Future Work 

5.1 CRISPRi Conclusions 

The field of metabolic engineering is entering a new era in which readily addressable 

synthetic transcription factors like RNA-guided dCas9 are opening new possibilities for 

dynamic regulation and for rapid assessment of multiplexed genetic interventions to 

alter the metabolic landscape in both workhorse and previously intractable microbes. 

Toward this end, our group has focused on three major applications of CRISPRi-enabled 

metabolic engineering.  

In a Chapter 3, we developed a modular assembly method for traditional 

restriction-ligation cloning of type II-A CRISPR array libraries for multiplex, 

combinatorial dCas9-mediated transcriptional repression. Importantly, we 

demonstrated for the first time that dCas9 can be utilized for metabolic engineering in 

E. coli, leading to enhancement of flavonoid titers through simultaneous repression of 

an endogenous transcription factor and several central carbon enzymes, including 

partial downregulation of a synthetic lethal pair. Furthermore, we showed that this 

system could be utilized to generate complex phenotypes (such as dual amino acid 

bradytrophs), and we also demonstrated that a single plasmid can be used to attenuate 

virulence genes in disparate E. coli lineages by repressing capsular polysaccharide 

secretion in both probiotic strain Nissle 1917 and pathogenic strain K5.  

Second, we constructed orthogonal variants of the classic T7-lac promoter using 

site-directed mutagenesis, generating a panel of inducible hybrid promoters regulated 

by both LacI and dCas9 and covering a wide expression range. Remarkably, dCas9 

orthogonality in our system is mediated by only 2-3 nucleotide mismatches in a narrow 

window of the RNA:DNA hybrid, neighboring the protospacer adjacent motif (PAM). 

We demonstrate that, contrary to many reports, one PAM-proximal mismatch is 

insufficient to abolish dCas9-mediated repression, and we show that mismatch 

tolerance and orthogonality is dependent upon target copy number. Finally, a subset of 

these refactored promoters were incorporated into the highly branched violacein 
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biosynthetic pathway, where they act as orthogonal, dCas9-dependent valves capable 

of throttling and selectively redirecting carbon flux in E. coli. 

Finally, as described in the Future CRISPRi Work section below, we have recently 

expanded upon this work by adapting Golden Gate Shuffling for assembly of natural 

type II-A CRISPR arrays, enabling randomized one-pot assembly of array libraries 

simultaneously repressing all combinations of a user-defined set of target genes. We 

test this method for combinatorial repression of multiple target sites in a genome-

integrated fluorescent reporter and demonstrate significant repression improvement 

with 3 target sites in a single open reading frame. We also test the assembly method 

for rapid combinatorial repression of multiple orthogonal promoters generated in 

Chapter 4, which enables randomized attenuation and redirection of flux in the 

violacein pathway. Critically, while there are pitfalls to this methodology (such as the 

potential for leaky repression), we believe that this method excels over the commonly 

utilized strategy of deleting multiple genes in a single strain, because the plasmid 

libraries generated here can be transformed into a variety of host strains for rapid 

evaluation of target combinations in distinct production chassis. 

5.2 Future CRISPRi Work 

As described in Chapter 3, CRISPathBrick assembly enables modular construction of 

defined libraries of CRISPR arrays. There are a few limitations to this approach that are 

worth noting. First of all, oligonucleotides required for CRISPathBrick SRBs are 66 bp in 

length, and a significant proportion (approximately 25-30%, data not shown) of colony 

PCR-positive plasmids have a single point mutation or indel in the SRB, which is only 

discovered upon sequencing. This is likely due to the difficulty DNA synthesis 

companies (IDT, in our case) face when performing quality control on long 

oligonucleotides approximately 60 bp or larger, with increased propensity for error 

increasing rapidly as oligo size increases. In fact, IDT recommends PAGE purification on 

the 66 bp oligos used to construct SRBs, but this extra step is prohibitively expensive. 
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Another limitation of CRISPathBrick is the necessity to clone in a sequential manner, 

which requires time-consuming restriction digestions followed by gel purifications. 

 Over the latter part of the past decade, the field of synthetic biology has 

benefited tremendously from development of rapid, efficient, and combinatorial 

cloning methods that can assemble multiple parts in a single reaction. One such 

method is known as Golden Gate cloning, and it has been described in detail elsewhere 

[1,2]. In brief, primers are designed to amplify a DNA sequence (or part) of interest, and 

both primers include the same Type IIS restriction site on the outside edge of the 

amplicon, such that digestion with the cognate enzyme releases the original restriction 

site from the amplicon and generates any user-defined sticky end. This facilitates one-

pot assembly of multiple DNA fragments, whose digested overhangs have been 

designed to align in a preset manner. The key to the one-pot reaction that has made 

Golden Gate assembly so practical is that ligase and the Type IIS enzyme(s) of choice 

are added to the reaction together, and temperature is cycled to alternate between 

optimal ligation and digestion temperatures. Once matching sticky ends at a designed 

junction have ligated, there is no longer a restriction site present to enable digestion at 

that spot. It has been reported that Golden Gate assembly can be used to clone up to 9 

inserts at once [3]. One limitation of Golden Gate cloning is that efficiency of ligation 

decreases with increasing number of parts to be assembled. 

In our search to find an assembly strategy capable of assembling CRISPR arrays in a 

single reaction, we ruled out some potential methods due to impracticality. Gibson 

assembly has proven useful for cloning multiple parts, but we are concerned that the 

requisite exonuclease step will chew back the short annealed oligonucleotides too far, 

causing misassemblies or preventing assembly altogether. On the other hand, Golden 

Gate assembly appears to be a feasible option, but there are potential limitations that 

need to be addressed. First, it has been suggested that Golden Gate assembly requires 

gel purification or PCR cleanup of amplicons prior to the one-pot reaction to prevent 

residual polymerase and dNTPs from filling in the sticky ends generated by the 

restriction enzyme. The size of individual part amplicons required to construct CRISPR 
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arrays with Golden Gate assembly would be approximately 60-90 bp. This size is 

relatively impractical to gel purify on an agarose gel, and it is on the lower limit for 

most PCR cleanup kits, although adding isopropanol to the loading buffer can improve 

recovery of fragments in this size range. Furthermore, it was unclear if PCR for 

amplification of 60-90 bp pieces across the hairpin-prone CRISPR repeats was practical. 

Our ultimate goal is to assemble multiple spacers and their surrounding repeat 

regions into a single CRISPR array in a one-pot reaction. We would also like to extend 

this method to randomly assemble CRISPR arrays from a pool of candidate spacers. This 

random assembly method could likely be used to construct a complete library 

containing all combinations of at least five candidate spacers in a one-pot reaction, 

which could then, for example, be transformed directly into a range of host strains and 

screened or selected for a phenotype of interest. Rather than taking two full weeks to 

assemble 4 or 5 SRBs into a complete library with CRISPathBrick, that same library 

could be assembled in one step, saving a tremendous amount of time and effort, as 

long as the cloning is efficient enough to meet an excess of the theoretical library size, 

accounting for potential background.  

This section will describe our preliminary results applying a modified one-pot 

Golden Gate Shuffling [4] technique to assemble randomized Type II-A CRISPR array 

libraries, where each array in the library contains spacers randomly incorporated from 

a rationally selected set of spacer options. We demonstrate that the configuration 

(order of spacers within the array) of any randomly assembled library member array 

can be initially validated by colony PCR to assess library distribution. We then exhibit 

the utility of this assembly technique, which we have dubbed CRISPRandomizer, to 

rapidly explore repression space in two proof of principle demonstrations. In the first, 

three target sites within the T7-mCherry fluorescent described previously are randomly 

targeted at all possible target site combinations, and the corresponding fluorescence 

repression is quantified. In the second, three orthogonal promoters in the violacein 

pathway described in Chapter 4 are randomly targeted in all possible combinations to 

redirect carbon flux, which is exemplified at the phenotype level by shade and intensity 
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of culture color (formally characterized by identity and quantity of violacein pathway 

metabolites produced). After successfully exploring repression space against a 

fluorescent reporter and a heterologous, plasmid-based secondary metabolite 

pathway, we seek to test CRISPRandomizer against the genome of distinct E. coli strains 

that have been engineered to produce naringenin, as we expect that different host 

backgrounds could affect production levels, especially during randomized repression of 

competing pathways. 

 CRISPRandomizer: One-Pot Golden Gate Shuffling Assembly of Type II-A 
CRISPR Arrays 

The first step of CRISPRandomizer is to clone all individual 35 bp synthetic spacers into 

a single array spacer in the donor vector pdCas9 using a standard Golden Gate reaction 

as performed in Chapter 4. Once sequence verified, repression achieved by individual 

spacers can be quantified using the CRISPReporter procedure, qRT-PCR, or by directly 

assessing phenotype improvement. Then, individual spacer parts are PCR amplified 

with segments of the neighboring repeat regions, flanked by BsaI restriction sites, such 

that the sticky ends generated will match the sticky ends of the intended neighboring 

digested spacer amplicons. A detailed schematic of this process is shown in Figure 5.1. 

A key guideline of this procedure is that the sticky ends generated at each junction 

must be unique and must only match the sticky overhang intended neighbor. Although 

many Golden Gate protocols suggest gel purification or PCR cleanup improves assembly 

efficiency, we found that mixing the PCR products directly, without purification, leads 

to dramatic increase in number of colonies without a loss in assembly fidelity. This is 

potentially due to the significant loss of small PCR products associated with most PCR 

cleanup (spin-column) kits. Using PCR product directly has pitfalls, such as inability to 

appropriately measure concentration of amplicon to ensure parts are mixed in 

equimolar concentration prior to assembly. However, if inconsistent amplification 

between spacers is a concern, the small amplicons can be semi-quantified by intensity 

on a 2.4% agarose gel prior to mixing for assembly. 
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Figure 5.1: PCR primer design for one-pot CRISPRandomizer assembly of a five spacer Type II-A CRISPR 
array. Red text indicates BsaI restriction site. Yellow highlight is dummy insert that will be excised 
during reaction. Green highlights are primers, where the 5’ end of each must contain a properly 
positioned BsaI site, and the 3’ end must possess overlap with the designated spacer to prevent 
binding the downstream repeat region. Other highlights of identical color indicate compatible sticky 
ends after BsaI digestion. Spacer position A and B are defined by the overhangs that they generate, but 
any spacer of interest can be inserted into any position as long as primers are designed as shown here.
  

The number of spacers utilized for array assembly can be altered by mixing and 

matching different primer sets. For instance, although we have demonstrated 

successful construction of a 5 spacer array with the primers shown in Figure 5.1 (data 

not shown), we commonly drop 2 primer sets (4 primers total) out of the assembly to 

construct 3 spacer arrays as shown in the following sections. All spacers intended for 
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position A of the array should be PCR amplified with primer set A, all those intended for 

position B should be amplified with primer set B, and so on. Each primer must also 

extend into the intended spacer sequence to prevent binding to the downstream (3’) 

repeat region; we arbitrarily opted for 8 bp overlap with the spacer region in all of our 

primer designs. 

 To perform CRISPRandomizer, a standard Golden Gate reaction is prepared with 

pdCas9 backbone and the same composition as described in Chapter 4, but a mixture of 

all PCR amplicons of interest is added to the reaction in place of the single spacer. 

Temperature cycling parameters are also the same as those used in Chapter 4. 

Following temperature cycling and inactivation, the reaction is treated with 

PlasmidSafe exonuclease to remove any remaining linear backbone, inactivated again, 

and then transformed into DH5α for library distribution determination or into a 

production strain for direct assessment of the CRISPRandomizer library on phenotype. 

 Validation of Random Assembly and Fidelity with Colony PCR 

The configuration of CRISPRandomizer library individuals can be quickly determined by 

colony PCR (cPCR). A colony is picked and aliquoted to multiple PCR tubes, the number 

of which equals the number of spacer members utilized in the assembly. A generic 

forward primer that binds upstream of the CRISPR array is added to each reaction, and 

a specific reverse primer (the reverse oligo utilized to build the synthetic spacer) that 

will only anneal to the spacer of interest is added only to its respective cPCR reaction. 

Following cPCR, the reactions are run on a 2% agarose gel, and the position of each 

spacer within an array can be deduced as illustrated in Figure 5.2. Alternatively, spacer 

configuration can be directly determined by Sanger sequencing, but this increases time 

and cost. 
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Figure 5.2: cPCR screen to deduce sequence of spacers in dual-spacer arrays (defined Golden Gate, not 
CRISPRandomizer) composed of spacers targeting the T7 promoter (T7) and mCherry (mCh). 

 Repression Activity Depends on Position of Spacer within CRISPR Array 

The prospect of simultaneously targeting many sites might evoke the following 

question: is there a position-dependent effect on repression achieved by a particular 

spacer? To date, there is only one study that has evaluated position dependence of 

CRISPR arrays for gene repression, albeit with a different class of CRISPR system, and 

the effect of spacer position on repression efficiency was found to be negligible [5]. To 

address this question for Type II-A CRISPR arrays, we have utilized defined Golden Gate 

assembly (not CRISPRandomizer) to individually construct six defined CRISPR arrays 

shown in Figure 5.3a, each possessing a T7-targeting spacer at different positions 

within the array and non-targeting spacers in all other positions. Following 

transformation of these plasmids into MG1655 JE1 (DE3) possessing a genome-

integrated copy of the T7-mCherry cassette described in Chapter 3, mCherry 

fluorescence repression efficiency was assessed by comparing repression achieved by 

each array relative to a non-targeting array similar to the methods described in 

previous chapters. As seen in Figure 5.3b, fluorescence repression was very high for all 
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spacer positions. However, a small but statistically significant gradual decrease in 

repression activity is seen as the T7 spacer moves from a position at the 5’ end to one 

at the 3’ end (Figure 5.3c). Given the very high repression seen for all positions, we 

expect that this position dependence might not affect repression capabilities against 

endogenous targets, but this data is a clear indication that position-dependent effects 

should be monitored. 

 

Figure 5.3: Interrogation of position-dependent repression activity.  (a) Defined 3-spacer CRISPR arrays 
with a T7-targeting spacer incorporated in different positions. (b) Expression of the genome-integrated 
fluorescent reporter mCherry is significantly reduced by all CRISPR array configurations. (c) Fold 
repression of mCherry expression, when plotted on a log-scale, indicates that spacers incorporated at 
the 3’ end of an array might suffer reduced repression activity relative to those incorporated at the 5’ 
end. Values and error bars represent mean and SEM of biological triplicates (n = 3). 

 CRISPRandomizer against a Fluorescent Reporter Cassette 

Next, CRISPRandomizer assembly was performed in order to repress a T7-mCherry 

expression cassette by combinatorially targeting three sites, one on the promoter and 
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two in the open reading frame (Figure 5.4a). Figure 5.4b demonstrates how 

CRISPRandomizer inserts are built by PCR with properly selected primers, while Figure 

5.4c illustrates how sticky overhangs will selectively align to guide spacers only to their 

intended configuration, as constrained by the primer sequences used to build the parts. 

Figure 5.4d shows the complete library of eight 3-spacer arrays that would be expected 

following this particular CRISPRandomizer assembly design. 

 

Figure 5.4: CRISPRandomizer assembly strategy for randomized repression at three target sites in a 
fluorescent reporter cassette.  (a) T7 promoter-driven IPTG-inducible mCherry fluorescent reporter 
cassette with approximate dCas9/CRISPRandomizer target sites indicated for T7 (dark red), mCh 
(bright red), and mCh2 (light pink) spacers. (b) CRISPRandomizer begins with PCR of single-spacer 
arrays to generate parts. Primers (color-coded) define ligation junction and thus define final 
orientation of spacers. Gray spacer indicates non-targeting sequence. (c) One-pot assembly cycles 
between restriction digestion and ligation. Only color coded sticky ends can ligate together. (d) 
Complete library for three potential targets (23 = 8 possibilities), where the array with three gray 
spacers is non-targeting. 

 

 The assembled CRISPRandomizer library was transformed into both E. coli 

MG1655 JE1 (DE3), possessing a single T7-mCherry cassette in its genome, and MG1655 

(DE3) harboring ~40 copies of the T7-mCherry cassette on pETM6. 24 randomly 
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selected colonies from each transformation were screened for mCherry fluorescence as 

described in previous chapters. Following inoculation of experimental cultures in 

triplicate, the remainder of the overnight cultures were streaked onto LB plates with 

appropriate antibiotics for cPCR and miniprepped for sequencing. After ~20 h 

induction, expression levels were quantified on a plate reader as described before. As 

seen in Figure 5.5, the entire 8 member CRISPRandomizer library was obtained (Figure 

5.5c), although one of the library members was absent from MG1655 (DE3) (Figure 

5.5d). This implies that there could be a bias in the library distribution or assembly 

efficiency, although reproduction will be required to confirm this. Figure 5.5b shows a 

representative cPCR screen of a colony that possessed all three targeting spacers (T7, 

mCh, and mCh2). As consistent with results in Chapters 3-4, dCas9-mediated repression 

is higher when target DNA copy number is lower. Interestingly, however, we see in this 

work that simultaneously targeting 3 sites in the same genome-integrated open reading 

frame leads to dramatic increase in repression activity relative to targeting 1 or 2 sites 

(Figure 5.5e). 



 

     134 

 

Figure 5.5: CRISPRandomizer results for mCherry repression against genome integrated cassette and 
pETM6 (high copy) based cassette.  (a) Set of 24 randomly picked colonies (shown in duplicates) 
induced in liquid culture for repression quantification against pETM6 cassette. (b) Example cPCR screen 
of representative colony from library that was found to possess a T7, mCh, and mCh2 spacer. 
Expression for each array in the library, as verified by cPCR and sequencing, in E. coli K-12 with (c) 
genome-integrated reporter and (d) plasmid-based reporter. Expression fold change relative to non-
targeting control for (e) genomic cassette and (f) plasmid-based cassette. Hatched bar indicates point 
mutation found during sequencing. Fold = #### indicates array was not found in screen of 24 library 
members, indicating bias in library distribution. 
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 CRISPRandomizer against Violacein Pathway Redirects Carbon Flux 

Following demonstration of CRISPRandomizer for exploration of repression space 

against a fluorescent reporter, we next sought to test repression against a metabolic 

pathway. As discussed in Chapter 4, the branched violacein pathway is a valuable 

pathway for proof-of-principle applications at the interface of synthetic biology and 

metabolic engineering. Thus, CRISPRandomizer assembly was performed as shown in 

Figure 5.6a in order to combinatorially and orthogonally repress all branch points in the 

violacein pathway (Figure 5.6b) through the orthogonal promoters developed in 

Chapter 4. Following transformation of the library into BL21 Star (DE3) possessing 

pETM6-G6-VioABE-4A6-VioC-3A2-VioD, expression of the violacein pathway was carried 

out as described in earlier chapters. As seen in Figure 5.6c, significant attenuation and 

diversion of metabolic flux can be discerned by the change in color and intensity of E. 

coli cultures. Work to sequence, assess library distribution, and quantify flux redirection 

is ongoing. 

 After establishing that CRISPRandomizer assembly is a very useful tool for 

assessing combinatorial knockdowns, we are now constructing arrays designed to 

repress endogenous target genes at sites with conserved sequences across a wide 

range of E. coli strains, all of which have previously been shown to lead to improved 

naringenin production in E. coli BL21 Star (DE3). With this new platform, we plan to 

transform our CRISPRandomizer library for naringenin improvement into many 

different strains to assess if host background impacts production capability. 

Furthermore, we are also assessing novel downregulation target combinations for 

improvement of other natural products, a task that is dramatically accelerated by this 

novel assembly technique. 
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Figure 5.6: CRISPRandomizer for flux redirection in the branched violacein biosynthetic pathway using 
orthogonally regulated promoters. (a) CRISPRandomizer library of 3-spacer arrays possessing a spacer 
for orthogonal promoters PG6 (blue), P4A6 (red), P3A2 (yellow), or for a non-targeting (gray) option at 
each position (library size is 23 = 8 possible arrays). (b) BL21 possessing the pETM6-G6-VioABE-4A6-
VioC-3A2-VioD pathway from Chapter 4 was transformed with the CRISPRandomizer library. (c) 
Representative 48-deep well plate of 36 randomly picked colonies that were replicated in 3 plates (2 of 
which are not shown), cultured, and induced with IPTG to turn on violacein production. Significant 
repression and redirection of flux can be seen by the different colors in each well. 

  



 

     137 

5.3 References 

1.  Engler C, Kandzia R, Marillonnet S: A one pot, one step, precision cloning 

method with high throughput capability. PLoS One 2008, 3:e3647. 

2.  Kirchmaier S, Lust K, Wittbrodt J: Golden GATEway cloning--a combinatorial 

approach to generate fusion and recombination constructs. PLoS One 2013, 

8:e76117. 

3.  Engler C, Marillonnet S: Golden Gate cloning. Methods Mol Biol 2014, 1116:119–

131. 

4.  Engler C, Gruetzner R, Kandzia R, Marillonnet S: Golden gate shuffling: a one-pot 

DNA shuffling method based on type IIs restriction enzymes. PLoS One 2009, 

4:e5553. 

5.  Luo ML, Mullis AS, Leenay RT, Beisel CL: Repurposing endogenous type I CRISPR-

Cas systems for programmable gene repression. Nucleic Acids Res 2015, 

43:674–81. 

 



 

     138 

6. Heavy Heparin: Preparation, Characterization, and Applications of 
Stable Isotope-Enriched Perdeutero-Heparin4 

6.1 Introduction 

Heparin is a widely used anticoagulant polysaccharide pharmaceutical that is currently 

produced primarily from porcine intestinal extract [1,2]. It has been one of the most 

effective and widely used drugs of the past century, with over 1 million doses sold daily 

in the U.S. and a market of size nearly $10 billion [3,4]. Production of this 

polysaccharide drug from animal sources has several drawbacks, as exemplified by a 

worldwide heparin contamination crisis in 2008, where the animal-sourced heparin 

supply chain from China was adulterated with oversulfated chondroitin sulfate and led 

to the deaths of 100 people in the United States [5]. Furthermore, heparin supplied in 

this manner is subject to potential contamination by prions and mammalian viruses. To 

circumvent these problems, our lab has recently demonstrated the ability to prepare 

bioengineered heparin from non-animal sources using heparosan produced by E. coli K5 

as a starting material combined with chemoenzymatic methods [6]. Heparosan, the 

non-sulfated polysaccharide and biosynthetic precursor to heparin is naturally 

produced by certain strains of bacteria as a capsular polysaccharide that coats the 

outer leaflet of the outer cell membrane [7]. High cell-density fermentation of these 

wild-type strains enables high-level production of heparosan from cheap carbon 

sources like glycerol and glucose. This precursor is then converted to heparin through 

chemical modification followed by enzymatic epimerization and sulfonation achieved 

by a series of five biosynthetic enzymes.  

Heparin and its less sulfated counterpart heparan sulfate (HS) belong to a class of 

polysaccharides known as glycosaminoglycans (GAGs), linear acidic polysaccharides 

composed of a core repeating disaccharide consisting of a uronic acid and an amino 

sugar. Chondroitin sulfate and hyaluronan are also GAGs, but while chondroitin and 

                                                 

Portions of this chapter have been submitted as: Cress BF, Bhaskar U, Vaidyanathan D, Cai C, Li G, Liu X, 
Fu L, Sun X, Lin L, M-Chari V, et al.: Heavy heparin: preparation, characterization, and applications of 
stable isotope-enriched perdeutero-heparin. Nat Methods 2016. 
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heparin are sulfated, hyaluronan is not. In particular, heparin/HS and chondroitin 

sulfate exhibit a high degree of heterogeneity within a chain since GAG synthesis is a 

non-template driven process controlled by the action of many processing enzymes, and 

therefore molecular weight, total sulfation, and disaccharide composition are highly 

variable. Heparin is naturally biosynthesized on a tetrasaccharide linker attached to a 

core protein as it transits the Golgi [8]. The repeating 1,4 glycosidically linked 

heparosan copolymer, consisting of D-glucuronic acid and  N-acetyl-D-glucosamine, is 

synthesized from the tetrasaccharide linker by stepwise addition of uridine 

diphosphate (UDP)-activated sugars. As these additions are catalyzed by exostosin 

glycosyltransferases (EXT) [9], the bifunctional enzyme N-deacetylase/N-

sulfotransferase (NDST), C5 epimerase, and 2-, 6-, and 3-O-sulfotransferases (OSTs) 

sequentially modify the growing chain. Whereas complete modification of the chain 

yields heparin, with an N- and O-sulfo group containing, iduronic-rich (highly-

epimerized) GAG, partial modification yields heparan sulfate, a chain rich in O-sulfo, N-

acetyl-D-glucosamine, and D-glucuronic acids [10]. 
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Figure 6.1: Bioengineered heparin production scheme. Heparosan is harvested from E. coli K5 
fermentation, chemically de-N-acetylated and N-sulfonated with NaOH and trimethylamine-sulfur 
oxide complex, respectively, and then consecutively treated with C5 epimerase and 2OST-1, 6OST-1 
and 6OST-3, and 3OST-1 enzymes that have been expressed in E. coli.  

 

The established process for chemoenzymatic preparation of bioengineered heparin 

from bacterial heparosan is outlined in Figure 6.1. Before the polysaccharide is 

recognized as a substrate for downstream enzymes, it must first be de-N-acetylated 

and N-sulfonated. Although most heparin biosynthetic enzymes have been successfully 

expressed in active form in E. coli, NDST has not been successfully engineered to 

express in active form in a bacterial host. Therefore, heparosan is chemically de-N-

acetylated with NaOH and N-sulfonated with trimethylamine-sulfur oxide complex. All 

subsequent steps in the process are carried out by enzymes expressed in E. coli. 
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Simultaneous treatment of this chemically-derived intermediate with C5 epimerase and 

2OST-1 yields undersulfated heparin that can be more extensively sulfated by the 

action of 6OST-1 and 6OST-3. Finally, the last step in preparation of bioengineered 

heparin involves 3OST-1, which is required to generate the antithrombin III 

pentasaccharide binding site that is critical for anticoagulant activity. A crucial feature 

of the bioengineered heparin chemoenzymatic process is utilization of a cofactor 

recycling system that replenishes the expensive activated sulfate donor 3'-

phosphoadenosine-5'-phosphosulfate (PAPS) that is required in nearly all enzymatic 

steps. Briefly, an inexpensive sulfate donor known as para-nitrophenyl sulfate (PNPS) is 

used to regenerate PAPS through the action of arylsulfotransferase-IV (AST-IV), also 

produced in E. coli, which enables utilization of only a catalytic amount of PAPS, 

drastically reducing cost and enabling scalability.  

The ability to synthesize heparin in the lab at milligram scale enables creative 

control over parameters that are not available to most labs working with heparin. 

Specifically, in this work we demonstrate for the first time the preparation of heavy 

heparin, or stable-isotope enriched perdeutero-heparin from microbially produced 

heavy heparosan (Figure 6.2). Whereas our lab has previously synthesized 13C/15N 

labeled heparin in a similar manner [11], there are some advantages to deuterium 

enrichment. In particular, and as described in the future work section, we anticipate 

that valuable structural information can be gained utilizing contrast variation small-

angle neutron scattering (SANS) for large protein-heparin complex structures that are 

recalcitrant to crystallization. Furthermore, uniform deuterium labeling of the C5 

position of glucuronic/iduronic acid residues in heparin and its precursors would enable 

assay of C5 epimerase activity against these molecules by LC-MS, as hydrogen will 

exchange with deuterium at the C5 position of uronic acid residues in certain 

intermediates if the reaction is performed in H2O. Thus, heavy heparin and its 

precursors could be utilized as drop-in reagents for LC-MS based epimerase activity 

assays. Finally, we demonstrate an application of heavy heparin by monitoring its 
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clearance from rabbit plasma following IV administration, and we show that it exhibits 

the same in vivo half-life as unlabeled heparin [12].  

 

Figure 6.2: Chemoenzymatic modification scheme for generation of non-anticoagulant perdeutero-
heparin. Green represents exchangeable proton/deuteron while red represents nonexchangeable 
proton/deuteron. Modifications in the disaccharide structure are represented in blue. 

 

6.2 Materials and Methods 

 Deuterium-Enriched Growth of E. coli K5 for Production of Perdeutero-
Heparosan 

We first sought to utilize E. coli as a platform to biosynthesize perdeutero-heparosan to 

prepare stable isotope-enriched perdeutero-heparin. It has been reported that E. coli 

can be grown in fully deuterated media (D2O and fully deuterated carbon source) [13], 

although some degree growth deficiency is often exhibited. Perdeutero-heparosan was 

thus prepared by fermentation of E. coli strain ATCC 23506 (serovar O10:K5:H4) using 

deuterated glycerol as the sole carbon source. Exclusive incorporation of non-
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exchangeable deuterium atoms in the heparosan backbone was achieved by 

supplementing M9 media with 20 g/L deuterated glycerol in which all nonexchangeable 

hydrogen atoms are replaced by deuterium atoms. Deuterated minimal media 

consisted of 564 mg M9 salts, 12.04 mg MgSO4 (Sigma), 0.55 mg CaCl2 (Sigma) and 750 

μL glycerol-1,1,2,3,3-d5 (Sigma) in 50 mL D2O and was sterilized with a 0.22 μm Steriflip-

GP filter (Millipore). A single colony was inoculated from the stock LB agar plate into 3 

mL deuterated minimal media and grown for 24 h in an incubator shaker at 37˚C and 

220 rpm. The 3 mL seed culture was utilized to inoculate the remaining 47 mL of sterile 

deuterated minimal media at an OD600 of 0.05, and the culture was grown in a 250 mL 

baffled shake flask for 48 h in an incubator shaker at 37˚C and 220 rpm, reaching a final 

OD600 of 1.65. M9 media, at 3 mL, containing glycerol-1,1,2,3,3-d5 and non-deuterated 

glycerol at 10 g/L in D2O was tested separately to investigate generation of 

perdeuterated heparosan. 

 Purification of Perdeuterated Heparosan and Perdeuterated Non-
Anticoagulant Heparin 

The culture was pelleted by centrifugation at 4,816 x g for 10 min. As heparosan is 

secreted into the media, the cell pellet was discarded, and the culture supernatant was 

used for further purification. The culture supernatant was concentrated using a pre-

washed 3 kDa Amicon Ultra-15 centrifugal filter unit at 4,000 x g. Retentate containing 

heavy heparosan was desalted on the spin column by four rounds of resuspension in 15 

mL of DI water followed by centrifugation and overnight lyophilization. Presence of 

impurities, as detected during NMR, led to an additional purification step involving 

anion exchange on DEAE Sepharose fast flow resin (GE Lifesciences). Retentate was 

loaded onto the DEAE resin in batch mode and a four-step salt elution (100 mM, 200 

mM, 500 mM, and 1 M NaCl in 20 mM sodium acetate, pH 5) was carried out to recover 

the bound polysaccharide. Briefly, 4 mL diethylaminoethyl (DEAE) resin was washed 

and equilibrated using three column volumes of binding buffer (20 mM sodium acetate, 

pH 5) in a 25 mL polypropylene gravity flow column (BioRad). Post-dialysis retentate 

was mixed with 10 mL of binding buffer and was loaded onto the column with 
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overnight incubation at room temperature with shaking. The column was washed with 

20 mL of binding buffer to remove non-specific binding components, and 10 mL buffer 

1 (100 mM NaCl in 20 mM sodium acetate, pH 5) was applied to the column three-

times and collected. The remaining three higher salt concentration buffers were 

similarly applied and collected in order of increasing NaCl concentration. Carbazole 

assay was performed on all fractions and confirmed nearly all perdeuterated heparosan 

eluted with 500 mM NaCl, while BCA protein assay detected less than 10 μg/mL total 

protein contaminant in this fraction. The fraction containing perdeuterated heparosan 

was concentrated and desalted on a pre-washed 3 kDa spin column following the 

previously described method and lyophilized overnight. 2.1 mg of dry perdeuterated-

heparosan was obtained from 46 mL culture with a volumetric productivity of 45.7 

mg/L. 

Similarly, perdeuterated non-anticoagulant heparin obtained after enzymatic 

modifications was purified using weak anion exchange chromatography on DEAE resin. 

The final product, obtained after enzymatic treatments with C5 epimerase and 2-O-

sulfotransferase followed by 6-O-sulfotransferase-1 and -3, was boiled and centrifuged 

to remove denatured enzymes. Clarified supernatant was then dialyzed using a 3 kDa 

Amicon ultracentrifugation device and was washed 5-times with DI water. The dialyzed 

sample was then loaded onto 5 mL of DEAE resin, which has been equilibrated with 3-

column volumes of equilibration buffer in a 25 mL polypropylene gravity flow column. 

The column was washed with 4-column volumes of equilibration buffer followed by 

elution with 4-column volumes of elution buffer (2 M NaCl in 20 mM sodium acetate, 

pH 5). Collected fractions containing product were combined, dialyzed and lyophilized 

for further analysis. 

 Chemical De-N-Acetylation and N-Sulfonation of Perdeuterated Heparosan 

Preparation of recombinant heparin biosynthetic enzymes in E. coli has been described 

elsewhere [6]. Perdeuterated heparosan (2.1 mg) was dissolved in 2 M NaOH (0.35 mL) 

(Sigma Aldrich, USA) solution and incubated at 60 °C for 6 h. The reaction solution was 

then cooled in an ice bath and 3 M HCl (0.233 mL) (Sigma Aldrich, USA) was slowly 
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added to neutralize the solution. Volume of reaction mixture was increased to 1 mL by 

addition of DI water. Na2CO3 (6 mg) was added, and the solution was heated to 45 °C. 

Sulfur trioxidetrimethylamine complex (2 mg x 3) was added to the solution at 0, 2 and 

4 h intervals and the reaction mixture was maintained at 45 °C for 12 h. The sample was 

then diluted with 1 mL of 16% NaCl (Sigma Aldrich, USA) followed by addition of 9 mL 

of methanol and stored at 4 °C overnight in an explosion-proof refrigerator to facilitate 

precipitation. N-deacteylated/N-sulfonated perdeuterated heparosan was recovered as 

a pellet after centrifugation at 12000 x g. The pellet was re-solubilized in DI water and 

dialyzed against DI water using a 3 kDa ultrafiltration membrane (Millipore, USA). The 

retentate was lyophilized to obtain N-deacetylated/N-sulfonated deuterated heparosan 

(perdeuterated NSH). 

 Enzymatic C5 Epimerization/2-O-Sulfonation of Perdeuterated NSH 

It was necessary to perform the epimerization in deuterated solvent to prevent 

hydrogen/deuterium exchange during C5 epimerization. Thus, perdeuterated NSH (2 

mg) was dissolved in 10 mL of 50 mM MES (Sigma) in D2O at pH 7.0, which was adjusted 

using DCl (Sigma) and NaOD (Sigma). C5-Epimerase (6 mg in 500 μL) was added into the 

solution and incubated at 37 °C for 2 h at 220 rpm in an orbital shaker (C24 Incubator, 

New Brunswick Scientific, USA). Both 2OST (6 mg in 500 μL) and AST-IV (6 mg in 500 μL) 

were added to the reaction solution along with 1 mL of 4 mM PNPS in 50 mM MES, pH 

7.0, buffer in D2O and 2 mL of 3 mM PAPS solution. The reaction volume was adjusted 

to 20 mL by addition of 5.5 mL of 50 mM MES, pH 7.0, in D2O. The reaction mixture was 

incubated at 37 °C for 36 h at 220 rpm in an orbital shaker. After 36 h, 5 μg in 50 μL was 

collected for further analysis and the remaining solution was purified. The reaction 

mixture was boiled for 15 min and centrifuged at 4000 x g to remove precipitated 

enzymes. Clarified supernatant was then dialyzed using 3 kDa centrifugal ultrafiltration 

device (Millipore) using 50 mM MES, pH 7.0, in D2O. The retentate was again 

enzymatically modified using the same method described above. At the end of second 

round of C5-epimerization and 2-O-sulfonation, the polysaccharide was purified using 

dialysis and used for the next step. 
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 Enzymatic 6-O-Sulfonation of Perdeuterated NSH 

Epimerized, 2-O-sulfonated perdeuterated NSH obtained as retentate after dialysis was 

diluted using 5 mL of 50 mM MES, pH 7, in DI water. Next, 4.7 mg of 6OST-1 , 6 mg of 

6OST-3, 6 mg AST IV, 1.5 mL of 3 mM PAPS solution and 1 mL of 40 mM PNPS in 50 mM 

MES (pH 7) was added to the reaction mixture and the final volume adjusted to 15 mL 

using 50 mM MES 75 (pH 7). The reaction mixture was incubated at 37 °C for 36 h at 

220 rpm in an orbital shaker. After 36 h, 5 μg in 50 μL was collected for further analysis 

and the remaining solution was boiled and purified using dialysis. This 6-O-sulfonation 

step was repeated again using the same method. 

 Scale-Up and Enzymatic 3-O-Sulfonation of Non-Anticoagulant Heavy Heparin 

Production and purification of non-anticoagulant heavy heparin was repeated following 

the above procedures on a larger scale, generating 30 mg non-anticoagulant heavy 

heparin similar in disaccharide content to the previous batch following enzymatic 6-O-

sulfonation. Non-anticoagulant heavy heparin (3 mg) was utilized for chemoenzymatic 

production of heavy heparin disaccharide standards as described in the section below. 

An additional 5 mg non-anticoagulant heavy heparin was treated with 3OST-1, 

prepared in-house, following the same conditions as for 6OST treatment, yielding 

approximately 5 mg final heavy heparin product containing the critical antithrombin III 

binding site. 

 NMR Analysis 

Due to the nearly uniform enrichment, no signals were observed by 1H nuclear 

magnetic resonance (NMR) spectroscopy. The perdeuterated samples were instead 

analyzed by 2H and 13C NMR, and experiments were performed on Bruker Advance II 

600 MHz spectrometer (Bruker BioSpin, Billerica, MA) with Topsin 2.1.6 software 

(Bruker). For one-dimensional 2H-NMR spectra, the sample was dissolved in 0.5 mL of 

10 % D2O (99.996 %, Sigma Chemical Company) in DI water. For one-dimensional 13C-

NMR , the sample was dissolved in 0.5 mL D2O (99.996 %, Sigma Chemical Company) 

and freeze-dried repeatedly to remove the exchangeable protons, then re-dissolved in 
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0.4 mL D2O and transferred to NMR microtubes (outside diameter, 5 mm, Norell 

(Norell, Landisville, NJ) ). The conditions for one-dimensional 2H-NMR spectra were as 

follows: 256 scans, acquisition time of 0.55 s, and relaxation delay of 8.00 s with 

temperature maintained at 298 K. The conditions for one-dimensional 13C spectra were 

as follows: 24576 scans, acquisition time of 0.27 s, and relaxation delay of 7 s, 1H and 2H 

decoupling were applied. 

 LC-MS Disaccharide Analysis of Depolymerized Perdeuterated Polysaccharides 

Perdeuterated GAG sample (20 μg at 0.2 mg/mL) was treated with heparin lyase I, II, 

and III (3 m-unit each in 10 μL of sodium phosphate (5 mM, pH 7.1) buffer) in 100 μL 

water and incubated at 35˚C overnight. The mixture was filtered using 10,000 MWCO 

centrifugal filters and the disaccharides were recovered and collected from the flow-

through and lyophilized. 

Derivatization of unsaturated disaccharides with 2-aminoacridine (AMAC) was 

performed as described before [14]. The freeze-dried digested sample containing GAG-

derived disaccharides (~5 μg) or a mixture of 8 heparin disaccharide standards (5 μg/ 

per each disaccharide) was added to 10 μL 0.1 M AMAC solution in acetic acid 

(AcOH)/dimethyl sulfoxide (DMSO) (3:17, v/v) and mixed by vortexing for 5 min. Next, 

10 μL of 1 M NaBH3CN was added in the reaction mixture and incubated at 45 °C for 4 

h. Finally, the AMAC-tagged disaccharide mixtures were diluted to different 

concentrations (0.5-100 ng) using 50 % (v/v) aqueous DMSO and LC-MS analysis was 

performed. 

Liquid chromatography mass spectrometry (LC-MS) analyses were performed on 

an Agilent 1200 LC/MSD instrument (Agilent Technologies, Inc. Wilmington, DE) 

equipped with a 6300 ion-trap and a binary pump. The column used was a Poroshell 

120 C18 column (3.0 × 150 mm, 2.7 μm, Agilent, USA) at 45 °C. Eluent A was 80 mM 

ammonium acetate solution and eluent B was methanol. Solution A and 15 % solution B 

was flowed (150 μL/min) through the column for 5 min followed by linear gradients 15-

30% solution B from 5 to 30 min. The column effluent entered the electrospray 

ionization-MS source for continuous detection by MS. The electrospray interface was 
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set in negative ionization mode with a skimmer potential of -40.0 V, a capillary exit of -

40.0 V, and a source temperature of 350 °C, to obtain the maximum abundance of the 

ions in a full-scan spectrum (300-1200 Da). Nitrogen (8 L/min, 40 psi) was used as a 

drying and nebulizing gas. 

 Animal Studies 

Heparin and heavy heparin were mixed at 10% heavy heparin by mass. The heparin 

mixture was administered intravenously (IV bolus) to three New Zealand White rabbits 

at a dose of 6.4 mg/kg. Samples were collected from each rabbit at different intervals 

over 2 h. Plasma samples were diluted appropriately where anti-Xa activity was 

measured in triplicate. Remaining plasma was utilized for pharmacokinetic (PK) studies. 

 Anticoagulant Activity Measurement 

Samples were analyzed on an ACL8000 coagulation analyzer (Instrumentation 

Laboratory, Bedford MA) using the HemosIL Heparin kit (Instrumentation Laboratory, 

Bedford MA) to determine anti-factor Xa activity. The kit was diluted following 

manufacturer’s instructions. "USP Heparin Sodium for Assays RS" was used as the 

standard for the assays. 

 Quantification of Heparin and Heavy Heparin in Plasma 

A multiple reaction monitoring (MRM) LC-MS/MS assay, developed to simultaneously 

quantify heparin and heavy heparin from plasma by tracking TriS disaccharide 

transitions in a manner similar to that published previously by our group [15], was used 

to obtain PK data. LC was performed on an Agilent 1200 LC system at 45 °C using an 

Agilent Poroshell 120 ECC18 (2.7 μm, 3.0 × 50 mm) column. Mobile phase A (MPA) was 

50 mM ammonium acetate aqueous solution, and mobile phase B (MPB) was methanol. 

The mobile phase passed through the column at a flow rate of 300 μL/min. The 

gradient was 0-10 min, 5-45% B; 10-10.2min, 45-100%B; 10.2-14min, 100%B; 14-22min, 

100-5%B.  Injection volume was 4 μL. 
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A triple quadrupole mass spectrometry system equipped with an ESI source 

(Thermo Fisher Scientific, San Jose, CA) was used a detector. The online MS analysis 

was performed in MRM mode. MS parameters were set as follows: negative ionization 

mode with a spray voltage of 3000 V, a sheath gas pressure of 40 (arb. units), an aux 

gas pressure of 45 (arb. units), a vaporizer temperature of 300 ℃, and a capillary 

temperature of 270 ℃. A collision energy of 20 V and tube lens voltage of -70 V was 

utilized for both MRM transitions, normal TriS (transition m/z 770→690) and heavy TriS 

(transition m/z 781→621), as TriS was the main disaccharide component of both 

heparins. 

6.3 Results and Discussion 

 NMR Analysis 

13C-NMR analysis was performed on perdeuterated products at each intermediate step 

(Figure 6.4), and 2H-NMR was performed only on perdeutero-heparosan and 

perdeutero NSH (Figure 6.3). As a result of chemical de-N-acetylation and N-sulfonation 

the C2 signal shifts to lower field in case of non-deuterated N-sulfoheparosan in 

comparison to non-deuterated heparosan. A similar shift in C2 signal to lower field is 

observed in case of perdeuterated N-sulfoheparosan in comparison to perdeuterated 

heparosan. The 2H spectrum for perdeuterated N-sulfoheparosan revealed negligible 2H 

signal of CD3 of the N-acetyl group thereby confirming the nearly complete N-

sulfonation of perdeuterated heparosan to perdeuterated N-sulfoheparosan.  
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Figure 6.3: 2H spectra for perdeuterated heparosan and perdeuterated N-sulfoheparosan. 

 

Analysis of 2-O-sulfo perdeuterated N-sulfoheparosan (NSH) using NMR focuses 

on a decrease in the signal for (C2, NS) and (C1, GlcA) and an increase in the signal for 

(C1, IdoA). The 13C spectrum for 2-O-sulfo perdeuterated NSH reveals the nearly 

complete disappearance of signal from (C1, GlcA), suggesting high levels of C5 

epimerization. NMR analysis of perdeuterated heparin obtained after DEAE purification 

confirmed the generation of a product similar to porcine intestinal heparin. 
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Figure 6.4: 13C NMR analysis of all stages of all perdeuterated compounds. Non-deuterated heparosan 
(top) and non-deuterated USP heparin (bottom) are shown for comparison. 

 

 LC-MS Disaccharide Analysis of Chemoenzymatic Products 

Due to the polydispersity and heterogenous composition of heparin and its precursors, 

the full-length polysaccharide chains are typically depolymerized into disaccharides by 

GAG lyases prior to analysis by LC-MS. Often, the resulting unsaturated disaccharides 

are also labeled through their reducing ends with fluorescent tags, such as AMAC, to 

facilitate chromatographic separation and even to enable or enhance detection of 

disaccharides by altering spectroscopic properties. This methodology is commonly 

referred to as disaccharide analysis, and was utilized to characterize products at all 

steps in the chemoenzymatic heavy heparin production scheme. 

We performed disaccharide analysis on heparosan produced by E. coli grown in 

normal medium (H2O and glycerol), mixed medium (H2O and glycerol-1,1,2,3,3-d5), and 

heavy medium (D2O plus glycerol-1,1,2,3,3-d5) to determine whether or not it was 

necessary to grow E. coli in D2O. Disaccharide analysis of the products generated by the 

three different media revealed different levels of incorporation of deuterium in 
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polysaccharide chains (Figure 6.5). As expected, the control heparosan sample 

generated using H2O and non-deuterated glycerol afforded the protium  heparosan 

disaccharide (m/z 571.1) as the primary component, while the heparosan sample 

generated using D2O and glycerol-1,1,2,3,3-d5 yielded the perdeuterated heparosan 

disaccharide (m/z 585.2) as the major component. Interestingly, H2O-based media with 

glycerol-1,1,2,3,3-d5 produced heparosan of intermediate molecular mass with a highly 

variable incorporation of deuterium. These results suggest that to produce deuterium 

enriched polysaccharides in E. coli must include D2O to guarantee full enrichment. Thus, 

further experiments were carried out using D2O and glycerol-1,1,2,3,3-d5 medium. 

 

 

Figure 6.5: Mass spectra for heparosan disaccharides obtained using media with different deuterium 
content.  (A) Control; H2O and non-deuterated glycerol (B) H2O and glycerol-1,1,2,3,3-d5 (C) D2O and 
glycerol-1,1,2,3,3-d5. 
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Extracted ion chromatogram of digested perdeuterated heparosan purified using 

weak anion exchange (DEAE) resin confirmed the structure of perdeuterated 

heparosan, as shown by the presence of only heavy 0S disaccharide. Similarly, 

perdeuterated NSH obtained after chemical N-deacteylation and N-sulfonation showed 

the presence of NS disaccharide as the major disaccharide (~99%). The 2-O-sulfonation 

of perdeuterated NSH was carried out in two separate steps with AMAC labeled 

disaccharide analysis performed at the end of each run. The disaccharide composition 

confirmed the presence of NS2S disaccharide resulting from enzymatic C5 

epimerization/2-O-sulfonation. While NS2S was the major disaccharide present after 

the first enzymatic treatment (~74.34%), there was a significant amount of NS 

disaccharide (~25%) still present, thereby requiring a second enzymatic treatment. At 

the end of second enzymatic modification, the NS2S disaccharide content was further 

increased to ~92%. 6-O-sulfonation of perdeuterated 2-O-sulfonated N-sulfonated 

heparosan was carried out in three separate steps as described in the methods section. 

The disaccharide composition of the final non-anticoagulant heavy heparin product is 

shown in Figure 6.6. Trisulfated disaccharide was the major disaccharide (~66.4%), 

followed by NS2S and NS (~19.8%) with significant NS6S (~8.6%) disaccharides. The 

trisulfated disaccharide content of perdeuterated non-anticoagulant heparin product 

was similar to commercial USP heparins. 
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Figure 6.6: Disaccharide analysis of final non-anticoagulant heavy heparin.  (a) Extracted ion 
chromatogram of AMAC-labelled 8 HS/HP disaccharide standards. (b) Extracted ion chromatogram of 
AMAC-labeled heavy heparin-derived disaccharides. (c) Disaccharide composition by mass percent; 
showing USP heparin and heavy heparin. 

 

A highly trisulfated non-anticoagulant perdeuterated heparin was generated 

through the nearly complete C5-epimerization/2-O-sulfonation and 6-O-sulfonation. 

This work demonstrates the feasibility of preparing heavy heparin from microbially 

produced perdeutero-heparosan, and we expect that this methodology can be applied 

to produce the heavy GAGs chondroitin sulfate and hyaluronan, as well as other 

medically relevant microbial polysaccharides like polysialic acid, lipopolysaccharides, 

and many classes of capsular/exopolysaccharides. 

 Preparation of Heavy Heparin Disaccharide Standards 

LC-MS analysis of pharmaceutical compounds in biological samples can be complicated 

by variations introduced during sample extraction and preparation between technical 

and biological replicates, particularly when the tissue of interest is recalcitrant to 

processing. Spiking a structurally identical, stable isotope-labeled internal standard (SIL-
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IS) into a drug prior to administration, or even into a biological sample prior to sample 

processing, can compensate for variability during extraction, chromatographic 

separation, electrospray ionization, and matrix-induced ion suppression. Thus, assays 

using an appropriate SIL-IS are often preferred over structural analogs as internal 

standards, as they benefit from improved accuracy, precision, and reproducibility [16]. 

Toward this end, we prepared perdeuterated heparin disaccharide standards, which 

can be utilized as SIL-IS during bioanalysis of heparin and heparan sulfate. 

Following chemoenzymatic preparation of non-anticoagulant heavy heparin, 3 mg 

of the resulting product was depolymerized into disaccharides with heparin lyases I, II, 

and III, AMAC-labeled, and subjected to LC-MS analysis alongside heparin disaccharide 

standards. Heavy 0S, 2S, 6S, NS2S, NS6S, and TriS disaccharides were confirmed with 

matched retention times and an appropriate increase in molecular weight compared to 

heparin disaccharides (Figure 6.7). These heavy disaccharide standards are likely to be 

useful for reducing variability during heparin and heparan sulfate extraction from 

biological tissues. 
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Figure 6.7: Confirmation of chemoenzymatically prepared heavy heparin disaccharide standards by 
disaccharide analysis.  (a) Mass spectra of all AMAC-labeled disaccharides are shown. Heparin dp2 
standards (top) and heavy heparin dp2 standards (bottom) are stacked. (b) Tabulation of AMAC-
labeled heparin and heavy heparin dp2 standard retention times and m/z values. 

 Heavy Heparin and Heparin Pharmacokinetics are Similar 

Stable isotope-labeled internal standards that are identical to biomolecules naturally 

present in animals could prove valuable as metabolic tracers, because they can be 

easily distinguished from the endogenous biomolecule by mass spectrometry. We next 

performed a PK study of heavy heparin and the unlabeled, structurally similar 

bioengineered heparin by IV administration to rabbits to test the utility of heavy 

heparin as a metabolic tracer. A mixture of bioengineered heparin and heavy heparin 

was administered by IV bolus to three New Zealand White rabbits to assess whether or 

not heavy heparin was cleared from plasma at a similar rate as heparin. Plasma samples 

were collected several times over a 2 h period and assessed by MRM LC-MS/MS 

analysis (monitoring the major disaccharide component of heparin, TriS) to directly 

quantify heparin and heavy heparin plasma concentration over time. 

As seen in Figure 6.8, the experimentally determined half-lives for heavy heparin 

and heparin (6 min) in this study were similar to one another and comparable to 

previously determined values [17]. This finding indicates that heavy heparin can be 

used as a surrogate for heparin in animal studies, opening new avenues of investigation 

to study heparin catabolism without interference from endogenous heparin. Given the 

recent surge of interest in deuterated drugs [18–20] we were interested whether 

heparin and heavy heparin showed comparable PK.  It has been reported that drugs 

that are oxidateively metabolized often show different PK values than their deuterated 

counterparts [19]. Heparin is known to be cleared through a non-oxidative mechanism 

[21], so it was not surprising that perdeuteration did not confer an elongated half-life 

on heparin. Alternatively, the half-life of Low-molecular weight heparins, a class of 

drugs chemically or enzymatically prepared from heparin, can be cleared by oxidative 

mechanisms [21], and thus might show extended half-lives if perdeuterated due to a 
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kinetic deuterium isotope effect [22], making heavy low-molecular weight heparins a 

potentially valuable and yet unexplored class of pharmaceuticals.  

 

Figure 6.8: in vivo heavy heparin studies in New Zealand White rabbits.  (a) Pharmocokinetics (PK), or 
plasma concentration over time, of heparin (red circles) and heavy heparin (blue squares) as quantified 
by LC-MS. (b) Pharmacodynamics (PD) study to confirm biological activity of administered heparin. 
Anti-factor Xa activity measured over time. Symbols and error bars represent mean and SEM of 
biological triplicates (n = 3). Lines represent fit of first order decay to mean values. 

6.4 Conclusions and Future Directions 

In this work, we have successfully synthesized heavy heparin through a 

chemoenzymatic production scheme, followed by in-depth structural characterization. 

Additionally, heavy heparin was utilized in a rabbit PK study, from which the in vivo 

half-life of heavy heparin was found to behave similarly to heparin, indicating that 

heavy heparin can be utilized as a surrogate for heparin IV administration in animal 

studies. 

In future work, we will utilize heavy NSH as a reagent to monitor C5 epimerase 

activity by LC-MS. We also intend to monitor exchange of deuterium and hydrogen in 

real-time at the C5 position of the uronic acid residue using 1D NMR, potentially 

enabling an NMR-based kinetic assay for C5 epimerase. Moreover, we also plan to spike 

heavy heparin disaccharide standards (SIL-IS) to reduce variation between samples 

during analysis of heparin content in biological tissues. Finally, while preliminary SANS 

of heavy heparin (data not shown) demonstrated that heavy heparin scatters, greater 

quantities and, if possible, reduced polydispersity will be required to gain valuable 

information from contrast variation SANS studies of heparin in complex with proteins.  
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