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ABSTRACT

Cell-free platforms have been key in the rapid advancement of synthetic biol-

ogy. They enable the design of metabolic pathways for the production of any

desired proteins. Cell-free systems also present many advantages over tradi-

tional in vivo systems such as higher synthesis rates, direct manipulation of the

chemical environment, and the ability to even produce proteins toxic to cells. In

this study, we made use of the PURE cell-free system to construct a genetic cir-

cuit to sense glucose by use of a transcription factor, GntR. Towards this aim, we

performed tests of its repression and de-repression characteristics on a reporter

with a promoter construct containing the GntR operator site. The Pareto Opti-

mal Ensemble Technique was used to determine the parameters of the model for

the simulation of this circuit. This work helps to provide a cell-free alternative

for rapid point-of-care detection of glucose for diabetics. Additionally, in light

of the recent Covid-19 pandemic, we made use of the myTXTL cell-free system

to study some key SARS-CoV-2 proteins. We synthesized the viral host transla-

tion inhibitor protein, nsp1 in cell-free and tested its effectiveness to inhibit the

translation of a reporter in the same cell-free system. Further, we developed a

model to simulate the effect of the RNA-dependent RNA Polymerase (RdRp)

on viral protein replication in the myTXTL cell-free system. This work paves a

way for simulating the effect of RdRp on viral infection in host cells.
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CHAPTER 1

INTRODUCTION

1.1 Cell-free protein synthesis

Cell-free systems (CFS) have recently evolved into key platforms for synthetic

biology applications. Cell-free systems present many advantages over tradi-

tional in vivo systems. Since cell-free systems don’t require cellular growth and

maintenance, they can allow for higher synthesis rates by allocating more re-

sources towards production of the desired product. The lack of cellular growth

also means that they can be used for the production of proteins that are oth-

erwise difficult to produce due to their toxicity to cells. It is also possible to

directly observe and manipulate the chemical environment of cell-free systems

allowing for rapid tuning of the reaction conditions [46, 92, 179].

This chapter is adapted with permission from the study of my colleagues

Vilkhovoy et al. at the VarnerLab [179]. Cell-free systems have historically been

used as investigative tools for Molecular Biology research. Some of the first

examples of their use were in the 1950s by Borsook [15] and Winnick [190] to

study the incorporation of amino acids into proteins. The work of Gale et al. to

study the effect of nucleic acids in protein synthesis made use of Staphylococcus

aureus extract [40]. Even the famous Nirenberg and Matthaei experiments in the

early 1960s to discover the genetic code was performed using E. coli cell-free

extracts [100, 117].

One of the first precursors to modern cell-free transcription and translation

(TXTL) platforms was developed by Lederman and Zubay [84] who developed
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a coupled transcription-translation bacterial extract that allowed DNA to be

used as a template to directly synthesize proteins. In 1988, Spirin et al. de-

veloped a continuous cell-free system with a continuous flow of the feeding

buffer and a continuous removal of the protein product. They were able to run

their system for tens of hours [155]. The Swartz lab improved the energy effi-

ciency of E.coli based CFPS by generating ATP with substrate-level phosphory-

lation [77]. And this was further improved by oxidative phosphorylation in the

Cytomim system that they developed [67–69]. Then the Noireaux lab developed

the myTXTL platform that couples ATP regeneration with inorganic phosphate

recycling thereby further boosting the protein production [42].

Cell-free platforms can also be used to design synthetic genetic circuits to

control gene expression. Bacteriophage-encoded RNA polymerases (RNAP)

such as T7, T3, and SP6 RNAP are commonly used in CFPS for their higher tran-

scription efficiency [118,143]. The use of bacterial regulatory elements based on

the sigma factor family has allowed for the implementation of multi-layer ge-

netic cascades in which the protein produced in each stage is the input that is

required to promote or inhibit the following stage [2, 42, 118, 143, 144].

1.2 Types of Cell-free systems

Cell-free systems can be broadly classified into two major classes: crude cell

lysate-based systems and reconstituted systems. Cell lysate-based systems have

been in use for the major part of the history of cell-free systems. These are

prepared by the lysis of cells where the cell’s transcription and translation ma-

chinery is retained while cellular debris and chromosomal DNA are discarded.
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This is followed by the addition of necessary components such as amino acids,

energy sources, salts, and buffers. They can be prepared from a variety of

cells such as cells from bacteriae, protozoa, plants, insects, and mammals. E.

coli , S. cerevisiae, HeLa, rabbit reticulocytes, wheat germ, and High Five in-

sect cells are commonly used cells for the preparation of such cell-free extracts

[9, 35, 42, 127, 132, 149, 193].

Figure 1.1: Cell-free system based on cell lysate. The Cell-free lysate is prepared
by the lysis of cells followed by removal of cellular debris and chromosome
DNA. The energy sources, amino acids, nucleotides, and cofactors are added
to this to prepare the cell-free extract. The template DNA can be added to it
immediately to express the target protein. Alternatively, the cell-free extract can
be freeze-dried as pellets for storage or transportation along with lyophilized
DNA constructs. These can be rehydrated through the simple addition of water
for the synthesis of target proteins. [179]

On the other hand, reconstituted systems are well defined, and are prepared

using a ”bottom-up” approach where the factors essential for protein synthe-

sis such as the purified enzymes, tRNAs, ribosomes (either prokaryotic or eu-

karyotic), amino acids, NTPs, and other energy molecules are reconstituted into

a system. The PURE (Protein synthesis Using Recombinant Elements) system

developed by Shimizu et al. was one of the first reconstituted cell-free sys-

tems [142].
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Both classes of cell-free systems tend to have their own set of benefits and

drawbacks. Crude cell extracts tend to be less expensive and have higher yields

than reconstituted systems [46]. They also offer more complex metabolic capa-

bilities that can be exploited for energy regeneration, that allow for larger-scale

reactions and extend the duration of protein synthesis [56, 160].

Reconstituted systems also have their own advantages. For one, since the

reconstituted systems are prepared from individual components, their exact

composition is known and they can be used for studying biological processes

including protein expression and folding in the context of a completely defined

system. For instance, Li et al. showed that the efficiency of the PURE system

could be improved up to 5 fold by adding or adjusting a variety of factors that

affect transcription and translation, such as elongation factors, ribosome recy-

cling factors, release factors, chaperones, BSA and tRNAs. showed that the ef-

ficiency of protein synthesis was limited by translation elongation capacity, ri-

bosome release, and ribosome recycling [90]. Reconstituted systems such as the

PURE system can also be reconstituted in such a way that they do not contain

proteases and nucleases, to further improve protein production [142, 160].
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1.3 Applications of Cell-free platforms

Figure 1.2: Cell-free systems and their applications. The left-hand side of the
image indicates the components needed for a cell-free system and the right-
hand side indicates the various fields in which cell-free systems can be applied.
[170]

Cell-free systems have found many roles in synthetic biology ranging from

portable diagnostics to fundamental discovery and prototyping. Cell-free sys-

tems have been very useful for the development of biosensors because of their

unique advantages over cell-based sensors. They can be used to detect cell wall-

impermeable or cytotoxic analytes, and they are immune to issues like muta-

tions and plasmid loss [149]. Cell-free biosensors can be lyophilized (freeze-

dried) which allows them to maintain their activity for months for use in
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portable diagnostics. They can then be transported to the desired location, rehy-

drated with water for field use [121,160]. Low-cost cell-free paper-based biosen-

sors have been utilized for the detection of viruses such as norovirus, Ebola

virus, and Zika virus [97, 121, 122]. Hamada et al. made use of cell-free plat-

forms for the bottom-up construction of dynamic biomaterials with emergent

locomotion behavior powered by artificial metabolism. These could have appli-

cations in pathogen detection, and as scaffolds for hybrid nanomaterials [51].

Cell-free systems have a huge scope for both small-scale prototyping of bio-

logical processes and larger-scale bioengineering efforts. Because of their abil-

ity to allow for direct manipulation of the chemical environment, prototyping

is more efficient in cell-free systems. They can also be used to prototype in-

dividual genetic parts such as promoters or complex genetic designs in vitro

before implementing them in vivo. Moreover, the genetic constructs need not

be assembled into plasmids as cell-free systems even allow for the use of lin-

ear DNA [149]. Cell-free systems can also be used to analyze how individual

genetic parts function together in synthetic genetic circuits by considering each

individual part as a logic gate. A number of cell-free genetic circuits have been

assembled and prototyped using this strategy including sigma factor-based cas-

cades, RNA transcriptional cascades, RNA single input modules, and feed-

forward/feedback loops [2, 42, 118, 162, 163].

Developments in experimental setup and analysis techniques such as the

use of real-time fluorescent probes for mRNA measurement, automated liquid-

handling robotic systems for rapid screening of cell-free reactions, microflu-

idic devices, and cell-sized droplet-based expression have all improved the effi-

ciency of prototyping in cell-free systems [25, 106, 107, 115, 133, 149].
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1.3.1 Production of Biologics and Specialized Proteins

CFPS can be utilized for the production of biologics and other specialized pro-

teins such as membrane proteins [44,93,113,145,160,185]. The ease of rapid par-

allel assay and screening with cell-free systems makes them important for the

production of libraries for protein engineering and post-genomic research [164].

Recently, cell-free systems have also been used to achieve proteins with complex

post-translational modifications such as N-linked glycoproteins [47]. A single-

pot glycoprotein synthesis system has also been developed by Jaroentomeechai

et al. that allows for on-demand biomanufacturing of glycoproteins [65]. Even

proteins incorporating noncanonical amino acids have been synthesized using

CFPS systems [6, 99].

By constructing cell-free systems in microfluidic devices, we can achieve

point-of-care (POC) production of proteins. Continuous flow microfluidic re-

actors offer more precise control over mixing when compared to batch reactors

[53,102]. Georgi et al. have developed an automated, microfluidic CFPS reactor

called the TRITT (Transcription - RNA Immobilization and Transfer - Transla-

tion) platform that runs both transcription and translation reactions in separate

compartments [43]. The quasi-continuous transfer of mRNA to the translation

chamber allows for longer CFPS reactions and better protein yield. Microfluidic

platforms can also be constructed with integrated purification methods such as

dialysis and affinity chromatography [107, 114].
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1.3.2 Metabolic Engineering

Cell-free systems possess many advantages over in vivo systems for metabolic

engineering applications. The cells in vivo systems have their own objec-

tives such as growth or maintenance, which uses up more resources and

drives metabolic flux away from the desired pathways making it challenging

to achieve high flux in those pathways. On the other hand, in cell-free systems,

the allocation of resources to the production of desired products can be maxi-

mized [48]. The complexity of living cells also makes computational modeling

and optimization of metabolic flux difficult [32]. Cell-free systems, on the other

hand, can be accurately modeled and the reaction environment can be directly

manipulated and tuned according to the bio-synthetic needs.

Metabolic engineering in cell-free systems has been used to increase flux

through enzymatic pathways and improve product yield for the production

of high-value small molecule products such as cannabinoids, polyhydroxybu-

tyrate bioplastic, isobutanol, ethanol, limonene, etc. [8,33,49,82,120,174]. It has

also been used to handle bottlenecks in CFPS such as the need for energy and

cofactor regeneration in the system [14, 18, 68, 77].

1.4 Mathematical Modeling of Cell-free systems

There have been several mathematical models of CFPS. Most of these models

focus on the TXTL processes and are mostly systems of ordinary differential

equations (ODEs) based on saturation or Hill-like equations.

Karzbrun et al. derived a coarse-grained model comprising the entire en-
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dogenous transcription, translation, as well as mRNA and protein degradation

machinery for an E.coli cell-free extract [74]. To simplify calculations, this model

was based on four enzymes and ten relevant rate constants. Transcription and

translation processes were assumed to follow Michaelis–Menten kinetics. They

assumed that the protein expression was governed by zeroth-order degradation

and noted that the expression followed a sharp transition from undetectable lev-

els to constant-rate accumulation, without reaching steady state. However, their

study only focused on the first hour of the reaction as the protein synthesis rate

of their system began to exponentially decay after that. This sudden decay was

assumed to be due to resource depletion and waste accumulation.

Stögbauer et al. developed a model that accounted for resource consumption

and degradation [157]. The model predicts that the protein yield depends on the

experiment timing in addition to template DNA concentration. They attempted

to use Hill functions to better predict the observed saturation effects of mRNA

and protein, but the optimized Hill coefficients were close to one, effectively

reducing the Hill equation to Michaelis–Menten equation. They identified ribo-

somal degradation as the cause for the cessation of cell-free protein synthesis in

the specific reconstituted system that they used.

More recently, Neiß et al. developed a comprehensive experimentally val-

idated model that was able to identify the major limiting factors of cell-free

protein synthesis - the supply of ternary complexes consisting of EFTu and

tRNA [116]. This model used an unusual hybrid black-box approach: Although

the translation processes were well detailed, the transcription processes were

simplified. The entire model was a large system of differential algebraic equa-

tions - a system of eight algebraic equations and over 400 ODEs. Gyorgy and
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Murry’s model explicitly included competition for shared resources in genetic

networks [50]. This model also predicted possible product concentrations in

multiple-protein expression systems. The authors illustrated that resource com-

petition was a key consideration in genetic circuit design.

Genetic circuits based on regulation by RNA have also been explored and

mathematical models for such systems have been developed for cell-free plat-

forms. Transcriptional regulatory RNAs are of interest because they bypass the

need for regulatory proteins and they have been used to create various logic

gates and cascades [17, 21, 60, 94]. Hu et al. developed an experimentally val-

idated model of a synthetic RNA circuit that contained 8 ODEs and 13 previ-

ously unknown parameters which were estimated from sensitivity analysis [60].

Although these models of transcription, translation, resource competition, and

gene regulatory circuits have provided useful information for optimizing cell-

free biomanufacturing, more sophisticated models integrating metabolic path-

ways are necessary.

1.4.1 Metabolic Modeling

Traditional approaches to metabolic modeling, which were first developed to

describe living cells, could also be applied to cell-free systems. Mechanistic in

vivo metabolic models arose from the desire to predict microbial phenotypes

resulting from changes in intracellular or extracellular states [38]. The Shuler

lab constructed large-scale, dynamic metabolic models for single-cells that in-

corporated multiple regulated catabolic and anabolic pathways constrained by

experimentally determined kinetic parameters [31, 156, 192], minimal cell archi-
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tectures [19], and DNA sequence-based whole-cell models of E. coli [10]. Next-

generation metabolic models described cellular processes such as RNA synthe-

sis, chromosome synthesis, and regulated catabolic and macromolecular syn-

thesis pathways in detail using ODEs [171]. Karr et al. even developed a whole-

cell computational model of the life cycle of the human pathogen Mycoplasma

genitalium that includes all of its molecular components and their interactions

inside the cell.

However, traditional metabolic modeling approaches are often complex and

nonlinear and require the estimation of a large number of unknown param-

eters. This is a difficult process because of the inherent noisiness of biolog-

ical data and the computational complexity involved in the repeated solving

of the model equations. To overcome such obstacles, constraint-based meth-

ods were developed to describe metabolic networks with only a limited need

for kinetic parameters [175]. Constraint-based approaches such as Flux Bal-

ance Analysis (FBA) have been used for the stoichiometric reconstructions of

metabolism [88]. FBA, Metabolic Flux Analysis (MFA), and convex network

decomposition approaches such as elementary modes and extreme pathways

have been developed to model intracellular metabolism using the biochemi-

cal stoichiometry and other constraints such as thermodynamic feasibility un-

der pseudo-steady-state conditions [52, 55, 137, 139, 189]. Such constraint-based

approaches use linear programming to predict productivity, mutant behavior,

and growth phenotypes for biochemical networks of even genome-scale net-

works [34, 119, 135, 175]. The objective function used in such constraint-based

approaches in a cell-free system is the maximization of the desired protein yield.

These stoichiometric reconstructions have been expanded to even include
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the metabolic demands for protein synthesis. One of the earliest such mod-

els were the sequence-specific constraint-based models developed by Allen and

Palsson, which depended on the DNA and protein sequences of interest and

the TXTL processes were integrated with metabolism [7]. Since then, sequence-

specific constraint-based models have been expanded to the genome-scale with

detailed descriptions of gene expression (ME-model) and protein structures

(GEM-PRO) [7, 20, 88, 119, 201]. These developments have greatly expanded

the scope of stoichiometric reconstructions. Constraint-based methods can be

potentially used to predict non-intuitive strategies to optimize the interaction

between metabolism and gene expression in cell-free platforms. Thus, the

use of integrated constraint-based models for cell-free optimization studies is

a promising future research direction.
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1.4.2 Integrated cell-free models

Figure 1.3: The integration of metabolism with transcription and translation
(TXTL) processes: The TXTL processes utilize the macromolecular precursors
from metabolism (such as NTPs, amino acids, and cofactors) for gene expres-
sion. The integrated framework can be represented as a stoichiometric matrix
of metabolites participating in certain reactions, along with a description of the
metabolic demands for protein expression. By applying a pseudo-steady-state
assumption, making use of various constraints and an objective function, the
metabolic fluxes in the system can be estimated. In the case of cell-free systems,
the objective function is the maximization of target protein yield. [177]

Although CFPS also depends on central carbon metabolism and other metabolic

pathways and doesn’t just rely on TXTL processes, very few mathematical mod-

els have managed to integrate cell-free TXTL processes with metabolic path-

ways [24, 59, 181]. Wayman et al. developed a hybrid cell-free modeling ap-

proach of Wayman that integrated kinetic modeling with a rule-based descrip-

tion of allosteric control [186]. Horvath et al. developed an ensemble of dynamic

E. coli CFPS models on top of this, using parameters estimated from measure-

ments of metabolite, amino acid, and protein concentrations from CFPS reac-

tions conducted using the PANOx-SP cell-free system [59]. By simulating re-

action group knockouts, they suggested that cell-free metabolism and protein
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synthesis were strongly coupled with oxidative phosphorylation and glycolytic

flux. Vilkhovoy et al. developed an experimentally validated constraint-based

model of CFPS [181] to circumvent computationally expensive parameter esti-

mation. This model integrated the expression of a model protein product with

the supply of metabolic precursors and energy (Figure 1.3). This model coupled

TXTL processes with the available resources using only six adjustable parame-

ters. Model analysis suggested that protein expression in the PANOx-SP system

was translationally limited. Further, the same modeling approach was also able

to describe protein expression in the myTXTL system using only a limited num-

ber of experimentally derived parameters. Taken together, the incorporation of

complex metabolism with genetic regulatory networks using constraint-based

modeling is a promising approach to simulate cell-free systems.
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CHAPTER 2

DEVELOPMENT OF A GLUCONATE-RESPONSIVE TRANSCRIPTION

FACTOR-BASED GENETIC CIRCUIT IN A RECONSTITUTED CELL-FREE

SYSTEM

2.1 Introduction

Diabetes mellitus is a group of metabolic diseases that can be characterized by

chronic hyperglycemia occurring due to imperfect insulin synthesis, insulin ac-

tion, or both [76]. Diabetes is increasing at an alarming rate globally. According

to International Diabetes Federation, about 463 million adults were living with

diabetes in 2019 and this number is expected to grow to 700 million by 2045 [1].

There are two main classes of the disease: (i) Type 1 diabetes occurs due to the

destruction of β cells of the pancreas causing the body to produce little to no

insulin [26, 30]. (ii) Type 2 diabetes is the more prevalent one where the body

doesn’t utilize the insulin well and may also not produce insulin [76].

Insulin is a hormone necessary to prevent blood sugar levels from rising too

high (hyperglycemia) by allowing adipose tissues to take up glucose. Glucagon

is a counter-regulatory hormone for insulin that stops blood sugar levels from

dropping too low (hypoglycemia) by breaking down glycogen to produce glu-

cose [70]. Cell-free systems can be engineered to create an input-responsive,

on-demand, protein synthesis system. In this work, we propose a genetic glu-

cose sensor circuit to direct the downstream synthesis of insulin or glucagon.

This circuit can be used for POC treatment of diabetes.

A number of effective metabolic engineering strategies have made use of
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the advances in promoter engineering to dynamically regulate the expression

of pathway enzymes to optimize product yields [28, 58, 80, 91]. Allosteric tran-

scription factors (aTFs) are a core component of this. An aTF is a protein that

binds to the operator sequence of a DNA and prevents transcription. Upon

binding to a specific ligand, the aTF undergoes a conformational change that al-

ters its affinity for an operator DNA sequence [167]. Ligand binding leads to the

release of the aTF from the operator, allowing the RNA polymerase holoenzyme

to effectively bind to the promoter and increase the transcription rate. aTFs have

been co-opted for use as gene expression switches [96].

Figure 2.1: In this image, the first box indicates the components involved in
an aTF regulated circuit: the RNA polymerases, aTFs, and DNA transcription
templates. The second box indicates the circuit in the absence of the ligand. In
the presence of the ligand, the aTF will no longer bind to the operator sequence
and allows expression of the downstream reporter as shown in the third box.
[72]

More recently, aTFs have been increasingly leveraged for use in POC biosen-

sors. CFPS is a favorable platform for implementing biosensors because of its

portability, ability to manipulate the reaction environment in real-time, and tol-

erance to cytotoxic environments. aTFs can be used to ’sense’ a specific molecule

(the ligand that suppresses it) by altering the gene expression of a downstream

reporter protein. By monitoring the signal from the reporter, it would be pos-

sible to determine the amount of ligand present in the system. Such biosensors

have recently been used for detecting ions, biomarkers, and antibiotics (See Fig-

ure 2.1) [72, 153, 182].
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The ability to sense glucose concentration in the bloodstream and direct the

synthesis of either insulin or glucagon (or a combination of both) via the use of

genetic circuits is very attractive, and given the advanced state of cell-free sys-

tems, it is an achievable feat. Toward this aim, it is important to first construct a

transcriptional unit that can effectively respond to varying levels of glucose or

its derivatives that can act as its proxy.

We aim to design a biosensing system that has the ability to sense glucose

concentration in the bloodstream and direct the synthesis of either insulin or

glucagon hormone (or a combination of both). In order to achieve this, we need

to construct a transcriptional unit that can effectively respond to variation in the

concentration of glucose or its derivatives (such as D-gluconate) that can act as

its proxy.

We plan to study the effectiveness of aTFs towards this purpose. An aTF

has a DNA binding region at the N-terminal and a ligand-binding region at the

C-terminal. Studies on the Gluconate operon transcriptional repressor (GntR)

family of E. coli and B. subtilis have shown that two derivatives of glucose, D-

glucono-1,5-lactone and D-gluconate, can bind to GntR protein at the C-terminal

and as an anti-repressor [39, 124, 130, 148, 173]. Since our biosensor should be

able to sense the presence of glucose in the system we decided to make use of

the GntR family in the biosensor.

In this work, we aimed to first construct a promoter (incorporating the op-

erator sequence of GntR) that can be efficiently used in an E. coli-based CFPS.

Toward this aim, we first cloned the GntR operator sequence to a bacteriophage

lambda promoter (P70) developed by Noireaux and coworkers [143]. Next, we

added a reporter protein gene downstream of this modified promoter to easily

17



characterize the promoter dynamics.

Earlier work done by my colleague, Abhinav Adhikari in the VarnerLab

made use of a deGFP reporter constructed with an mP70 promoter. This work

studied the repression and de-repression performance of GntR in the myTXTL

system. However, the D-gluconate was consumed by the metabolism in the

myTXTL system resulting in poor de-repression. So in this work, we plan to

make use of the PURE cell-free system which lacks the metabolic capability to

unintentionally consume D-gluconate. The PURExpress system also makes it

easier to purify the protein products. Since all the components of the system

(other than the ribosomes) are his-tagged, protein products in the native form

(with no His tag) can be purified easily and rapidly through ultrafiltration (to re-

move the ribosomes) followed by the use of Ni-NTA affinity column (to remove

the His-tagged components).

In addition to this, we also changed the reporter protein. We use the Yellow

Fluorescent Protein, Venus, instead of deGFP because Venus is a much brighter

reporter protein in this system, the time it took to reach maximum growth was

similar to different mutated GFP variants [87].

The CFPS reactions to express Venus were carried out either in the absence

or presence of the GntR repressor gene. We characterized the repression and de-

repression characteristics (using D-gluconate) in the PURExpress reconstituted

system based on PURE. Taken together, our results show that the GntR protein

effectively represses the expression of the Venus reporter protein, and that the

addition of D-gluconate is able to inhibit this repression.
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2.2 Materials and Methods

2.2.1 mP70 promoter construction

The first step in constructing the promoter responsive to D-gluconate levels was

to include the operator sequence for the E.coli GntR in the promoter region.

The sequences of the operator and the repressor were obtained from the litera-

ture [124]. The 16 bp E. coli GntR operator sequence (ATGTTACCCGTATCAT)

was added between the -35 and -10 regions of mutated bacteriophage lambda

promoter (P70) developed by Noireaux and coworkers [143]. This modified P70

promoter with added GntR operator site was named mP70. The -10 binding site

of the RpoD holoenzyme was altered from GATAAT in the original promoter to

TATCAT in the mP70. The gene sequence of the reporter protein, Venus, was

added downstream of this modified promoter. On the other hand, the GntR

repressor gene was cloned downstream of the original P70 promoter. The ter-

minator and 5’ UTR for the DNA with the mP70 promoter were identical to that

of the DNA with the P70 promoter. The full constructs were ordered as linear

DNA fragments, with 150-200 bp flanker sequences on both ends, from Twist

Bioscience and Integrated DNA Technologies.

2.2.2 Synthetic Circuits Architecture

The three genetic circuits (C1, C2, and C3) used in this study were based upon

the bacterial sigma factor regulatory system. Sigma factor 70 (σ70) was the pri-

mary driver of each circuit. The E.coli RNA Polymerase Holoenzyme is the core

enzyme saturated withσ70 and allows for RNA synthesis fromσ70 specific pro-
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moters. In C1, σ70 induced Venus (YFP) expression was explored in the absence

of additional regulators (Figure 2.2(a)). In C2, σ70 induced the expression of

GntR and Venus (Figure 2.2(b)). The GntR protein repressed the mP70 promoter

of Venus, thereby down-regulating Venus transcription. In C3, D-gluconate was

introduced into the circuit (Figure 2.3). D-gluconate suppresses the binding of

GntR to the mP70 promoter. This de-represses the Venus transcription. Study-

ing C1 allows us to estimate parameters governing the interaction of σ70 with

the mP70 promoter. Whereas, the C2 allows us to characterize the strength of

the transcriptional repression by GntR. Finally, C3 allows us to characterize the

de-repression effect D-gluconate has on GntR.

(a) (b)

Figure 2.2: (a) C1 Circuit: σ70 induces Venus expression (b) C2 Circuit: σ70
induces the expression of GntR and Venus. The GntR protein once expressed
represses the mP70 promoter of Venus.
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Figure 2.3: C3 circuit: σ70 induces the expression of GntR and Venus. The
GntR protein once expressed represses the mP70 promoter of Venus. In the
presence of a high concentration of D-Gluconate, the binding of GntR to mP70
gets repressed thereby de-repressing Venus transcription

2.2.3 Cell-Free Protein Synthesis Reactions

The cell-free protein synthesis (CFPS) reactions were carried out using the PUR-

Express In Vitro Protein Synthesis Kit (New England Biolabs Inc) in 120 µL 384-

well plates (Thermofisher NUNC, flat-bottom) in Varioskan Lux plate reader

at 37°C. The working volume of all the reactions was 25 µL, composed of the

PURE solutions A and B (17.5 µL), RNase inhibitor, Murine (0.5 µL), NEB E.coli

RNA Polymerase holoenzyme (2 µL), the linear DNA: Venus (7 nM), GntR (10

nM). The E. coli RNA Polymerase, Holoenzyme is the core enzyme saturated

with sigma factor 70 and initiates RNA synthesis from sigma 70 specific pro-

moters. The full constructs were ordered as linear DNA fragments, with 150-

200 bp flanker sequences on both ends, from Twist Bioscience and Integrated

DNA Technologies. For the control reactions without GntR, an equal volume

of nuclease-free water was used in its stead. For the de-repression reactions,
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D-gluconate (10 mM) was added while maintaining the same total volume.

2.2.4 mRNA Quantification

Following each CFPS run, the total RNA was extracted from 5 µL reaction mix-

ture using PureLink RNA Mini Kit (Thermo Fisher Scientific) and stored at

−80°C. The quantitative RT-PCR reactions were done using Applied Biosystems

TaqMan RNA-to-CT 1-Step Kit and Custom TaqMan Gene Expression Assays

(Thermo Fisher Scientific). An mRNA standard curve was used to determine

absolute mRNA concentrations for each of the samples. The mRNA standards

were prepared as follows: separate CFPS reactions for 5 nM of DNA (Venus and

GntR) were carried out for 2 hr. Total RNA was extracted using the full reac-

tion volume. This was followed by the removal of 16S and 23S rRNA using the

MICROBExpress Bacterial mRNA Enrichment Kit (Life Technologies Corpora-

tion). Lastly, the MEGAclear Kit (Life Technologies Corporation) was used to

further purify the mRNA. The mRNA concentrations were determined using

the Qubit™ RNA assay kit (ThermoFisher Scientific). At least three technical

replicates were performed for each standard.

2.2.5 Protein Quantification

Venus (Yellow Fluorescent Protein) fluorescence was measured using the Var-

ioskan Lux plate reader at 513 nm (excitation) and 531 nm (emission). The flu-

orescence was measured with 25 µL for each of the mixtures. For all measure-

ments, at least three biological replicates were performed. A protein standard

22



curve was used to determine the absolute protein concentrations for each of the

samples. The standard curve was prepared by using Venus standards of known

Relative Fluorescence Units (RFU). An SDS-PAGE of these standards along with

a Protein ladder of samples with known concentrations was performed at 300V

until the dye fronts reached the bottom of the gel. The SDS-PAGE was per-

formed in a Mini-PROTEAN Tetra Cell (Bio-Rad Laboratories) using Any kD™

Mini-PROTEAN® TGX Stain-Free™ Protein Gels, 15 well, 15 µl gels (Bio-Rad

Laboratories). This was followed by staining the gel with Bio-Safe™ Coomassie

Stain (Bio-Rad Laboratories). The stained gel was visualized using the Chemi-

Doc MP and then the concentrations were measured using Image Lab software.

2.2.6 Estimation of model parameters

To model the circuit, the mRNA and protein balances for mRNA mi and protein

pi are described using the following balance equations

ṁi = rX,iui − θm,imi (2.1)

ṗi = rL,iwi − θp,i pi (2.2)

where rX and rL are the transcription and translation rates and θm and θp are the

respective degradation rates. Here, wi and ui are the control functions modeled

as:

ẇi = −

(
ln(2)
τL,1/2

)
wi (2.3)

ui =

∑
j∈χ W j f j(...)∑
i∈Ci

Wi fi(...)
(2.4)

Wi denotes the weight of configuration i and fi is the binding function modeled

as a hill function. The rate of transcription rX, ju j was modeled as the product of a
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kinetic limit, rX, j, and a control term u j ∈ [0, 1]. The kinetic limit of transcription

was derived from elementary reactions leading to the formation of m j, as previ-

ously done by McClure [101]. The kinetic limit of transcription was formulated

as:

rX, j = Vmax
X, j

 G j

τX, jKX, j +
(
τX, j + 1

)
G j

 (2.5)

where the initiation time constant τX, j, and saturation constant KX, j were exper-

imentally measured by McClure [101]. The maximum transcription rate, Vmax
X, j ,

was given by:

Vmax
X, j =

[
RX,T

(
v̇X

lG, j

)]
(2.6)

where RX,T is the RNA polymerase concentration (nM), v̇X is the RNA poly-

merase elongation rate (nt/h) and lG, j is the length of gene j in nucleotides (nt).

By analogy, the kinetic limit of translation was formulated as:

rL, j = Vmax
L, j

 xmRNA

τL, jKL, j +
(
τL, j + 1

)
xmRNA

 (2.7)

where xmRNA is the mRNA concentration and Vmax
L, j is the maximum translation

rate which was formulated as:

Vmax
L, j =

[
KPRL,T

(
v̇L

lP, j

)]
(2.8)

The model previously used by Adhikari [2] was extremely effective in capturing

the expression dynamics of mRNA and protein in synthetic cell-free circuits, but

it suffered from one major drawback. The parameters related to the Gibbs free

energy of binding between RNAP and other genes in the systems were over-

estimated. This was primarily due to the lack of literature that provides the

constraints for ∆G. Since the Gibbs free energy of binding drives the weight of

a particular configuration, any overestimation will lead to a high background

expression. This will affect the transcription rate which will thereby affect the
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translation rate and the protein expression. Therefore, to address this issue,

we revised the model by changing the way the control function for transcrip-

tion is formulated. A similar modeling approach as previously mentioned was

adopted but the control functions were formulated as -

ui =

∑
j∈χ W j f j(...)∑
i∈Ci

Wi fi(...)
(2.9)

where W was formulated as-

Wi = exp
(
−∆Ei

kbT

)
(2.10)

This had a two-fold advantage. Firstly, there were literature estimates available

for difference in binding energy (∆E) from Bintu and coworkers [12], in refer-

ence units, as multiples of Boltzmann constant (kb) and temperature (T). More-

over, this formulation was much closer to the statistical mechanics approach we

have undertaken to represent the configurations.
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2.3 Results and Discussion

Figure 2.4: Venus protein expression without GntR (C1 - Red), Venus repression
by GntR (C2 - Blue), and de-repression by D-gluconate (C3 - Green). The shaded
regions represent one standard deviation of the experimental measurements

We first tested the performance of linear DNA with the mP70-Venus construct

(7 nM) in the PURExpress system (C1 circuit) in order to obtain a standard

for comparison for the repression and de-repression characteristics. In order

to characterize the repression by Gntr, we made use of the C2 circuit. We ex-

pressed two linear DNA fragments: E. coli GntR (10 nM) and mP70-Venus (7

nM). For the control case, the GntR DNA was excluded from the reaction mix-

ture. While the Venus concentration in the control case steadily increased, it

reached a steady plateau in approximately 4 hours in the +GntR reaction (well

before the -GntR control plateaus) and had a significant reduction in Venus ex-

pression. This showed that GntR was indeed repressing Venus expression.
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In order to test the de-repression characteristic of GntR, we added 10mM

of D-gluconate (approximately 9 times the value of its KD established in litera-

ture [23]) along with GntR and Venus (C3 circuit). Although the Venus concen-

tration was not as high as in the case of the C1 circuit, it was appreciably higher

compared to when D-gluconate was not added (C2 circuit).

2.3.1 Parameter Estimation

(a) (b)

Figure 2.5: Model simulations versus experimental measurements for σ70 in-
duced Venus expression for the C1 circuit. (a) Simulated and measured Venus
mRNA concentration versus time. (b) Simulated and measured Venus protein
concentration versus time. The black points indicate the experimental values
while the black curve is the predicted curve. The shaded region denotes the
95% confidence interval of the predicted curve. The error bars denote one stan-
dard deviation of the experimental data

Parameter estimation for the C1 circuit was set up as a multi-objective opti-

mization problem with two objectives. One objective was the minimization of

the error between experimental and simulated values of Venus mRNA, and the

other for the corresponding Venus protein measurements. The algorithm was

run for 20 generations and produced an ensemble of 187 parameter sets, of the
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11 unknown model parameters. The criterion for a parameter ensemble selec-

tion was a Pareto rank of 2 or below. The parameters generated for the C1 circuit

were able to create a good fit with the experimental data (Figure 2.5).

(a) (b) (c)

Figure 2.6: Model simulations versus experimental measurements for the C2
circuit. (a) Simulated and measured Venus mRNA concentration versus time.
(b) Simulated and measured Venus protein concentration versus time. (c) Sim-
ulated and measured Gntr mRNA concentration versus time. The black points
indicate the experimental values while the black curve is the predicted curve.
The shaded region denotes the 95% confidence interval of the predicted curve.
The error bars denote one standard deviation of the experimental data

In the case of the C2 circuit, the multi-objective optimization problem had

three objectives: Minimization of error between experimental and simulated

values of (i)Venus protein (ii) Venus mRNA, and (iii) GntR mRNA. The algo-

rithm was run for 10 generations to estimate 22 unknown model parameters

and estimated an ensemble of 565 parameter sets that had a Pareto rank of 2

or below. Although less effectively than for the C1 circuit, the model was able

to capture the mRNA concentration profile for Venus fairly well. The model

accurately captured the mRNA concentration profile of GntR and protein ex-

pression of Venus. Taken together, the model is able to simulate the repression

of mP70-Venus in the presence of GntR in a PURE system.
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2.3.2 Future Directions

The D-gluconate levels at the different time points can be measured by Liq-

uid Chromatography/Mass Spectrometry (LCMS) using our lab’s published

derivatization protocol [180]. D-gluconate acts as a dynamic second messen-

ger for D-glucose concentration in myTXTL cell-free extracts. We used the

gluconate-responsive transcription factor GntR as the key transcription element

for the glucose sensor circuit. Thus, information about the background D-

gluconate concentration, and its temporal evolution in response to changes in

glucose concentration, is critical to the glucose-sensing capability of the pro-

posed circuit. We also need to construct a dose-response curve to study the

de-repression of GntR in the circuit at different concentrations of D-gluconate.

This would be necessary to better optimize the switch behavior of the circuit.

Secondly, in order to fully characterize repression and de-repression, we

plan to use different concentrations of the DNA construct with the mP70 pro-

moter and the GntR protein to perform Electrophoretic Mobility Shift Assays

(EMSA) in order to determine the binding parameters between Gntr protein and

mP70. We also plan to do end point measurements of the reporter fluorescence

for these concentrations. We also plan to implement real-time measurement of

mRNA to get more mRNA measurements making it easier to develop accurate

models [115].

Thirdly, we also plan to use different GntR constructs derived from P. aerug-

inosa and B. subtilis and test their effectiveness in repressing reporter fluores-

cence. The P. aeruginosa construct was shown to be partly responsive to D-

glucose, eliminating the need for a proxy, D-gluconate [23]. We are also in the

process of testing the effectiveness of a circuit which uses promoters recognized
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by T7 polymerase instead of the E. coli RNAP. The T7 polymerase provides a

two-fold advantage over the E. coli RNAP: It synthesizes RNA at a much higher

rate [161]; It is inherently present in the PURE system and doesn’t need to be

added separately [142].

Fourthly, we plan to develop a mathematical model for the C3 circuit to take

into effect the presence of D-gluconate in the system to effectively characterize

transcription and translation behavior. We would have to estimate the model

parameters using multi-objective optimization similar to how they were deter-

mined for C1 and C2 circuits. Such a model would also help guide our future

experiments based on this system.

Lastly, we also plan to further engineer the GntR protein (and the promoter

region) to enable more efficient repression and derepression properties. Muta-

tions in the C-terminal region of GntR have been shown to affect its ability to

bind to D-gluconate while mutations in the N-terminal region affect operator

binding properties [196, 197]. On the basis of these details, we plan to gen-

erate a library of GntR protein with random mutations in the C-terminal and

N-terminal regions via error-prone PCR in order to discover GntR mutants that

have good operator binding strength, while still being effectively antagonized

by D-gluconate.

Once we have accomplished these, we can test the circuit with fluorescent

labeled insulin and glucagon. The ultimate aim is to make use of this transcrip-

tional unit to construct a viable glucose biosensor (Figure 2.7) that is capable

of producing insulin at high glucose (gluconate) levels and glucagon at high

glucose (gluconate) levels.
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Figure 2.7: Schematic of a glucose biosensor: σ70 induces the expression of
GntR, σ28, insulin and α-σ28 which is downstream to insulin. σ28 induces ex-
pression of glucagon while α-σ28 inhibits the P28 promoter thereby inhibiting
the expression of glucagon. When the gluconate levels are high, insulin will
be expressed along with σ28. At low gluconate levels, only glucagon will be
expressed
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CHAPTER 3

I(NSP)ECTION OF THE SARS-COV-2 NSP1’S HOST-TRANSLATION

EFFECT IN A CELL-FREE SYSTEM

3.1 Introduction

The SARS-CoV-2 virus which is the cause of the unprecedented Covid-19 pan-

demic belongs to the class of coronaviruses. Coronaviruses are enveloped

viruses with a positive-sense single-stranded RNA genome. This mRNA con-

tains a 5’ cap structure along with a 3’ poly (A) tail allowing it to serve as the

genetic material as well as the messenger RNA which translates to the pro-

teins [36, 183].

The SARS-CoV-2 has a genome of ∼30 kb. It possesses 14 Open Reading

Frames (ORFs) encoding for a total of 27 known proteins [75,78,131]. The over-

lapping ORFs ORF1a and ORF1ab located at the 5’ terminal of the genome en-

code the pp1a and pp1ab polyproteins respectively. The translation of ORF1ab

is mediated by a -1 ribosomal frameshift at the overlap of these two ORFs

[37, 183]. The other ORFs are located at the 3’ terminal and encode for the 4

structural proteins (Spike protein (S), Small Envelope protein (E), Matrix pro-

tein (M), Nucleocapsid (N)) and 8 accessory proteins (3a, 3b, p6, 7a, 7b, 8b, 9b,

ORF14) [183, 184, 191].

The pp1a and pp1ab polyproteins together contain 15 functional non-

structural proteins (nsp) (nsp11 is a 13 amino acid cleavage product that isn’t

known to have any function [109, 159]). These nsps are released from pp1a and

pp1ab upon proteolytic cleavage by nsp3 and nsp5 [37, 183].

32



The non-structural protein 1 (nsp1), also known as the host shutoff factor, is

encoded by the gene closest to the 5’ end of the viral genome and is one of the

first proteins to be expressed after the virus infects a host cell [138,198]. It is one

of the most important nsps that is necessary for the propagation of the virus.

It inhibits host gene expression and helps the virus suppress the host immune

response [110, 159, 169, 183].

In other coronaviruses like the SARS-CoV and MERS-CoV, the nsp1 inhibits

host translation by forming a complex with the 40S ribosomal unit which ren-

ders this inactive for host translation [66,108,110,111,138,165,169,198]. Further,

this also causes a selective endonucleolytic cleavage in the 5’ untranslated re-

gion (UTR) of the host mRNA [61, 108, 169]. This promotes degradation of the

host mRNA while the viral mRNA remains intact.

The SARS-CoV-2 nsp1 has ∼84% amino acid sequence similarity with its

SARS-CoV homolog [134, 150, 159, 169]. Such high sequence similarity sug-

gests that they share common properties and functions. The SARS-CoV-2 nsp1

binds to the human 40S ribosomal subunit to shut off host translation. The

protein inserts its C-terminal domain into the mRNA entry channel of the ri-

bosome (at the 18S ribosomal RNA), where it interferes with the host mRNA

binding [11, 83, 138, 150, 169]. A stem-loop structure of SARS-CoV-2 mRNA

5’UTR has been observed that is recognized by nsp1. This recognition en-

ables selective translation of the viral mRNA while still inhibiting host trans-

lation [134,138,150,169]. Thus, nsp1 also helps to boost viral protein production

by hijacking more of the cellular machinery for translation of viral proteins [11].

This recognition also protects the viral mRNA from the possible mRNA degra-

dation activity of the nsp1 [61, 73, 165].
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Type I interferon (IFN) induction and signaling represents one of the major

innate antiviral defense mechanisms and many viruses have developed strate-

gies to evade this immune response [54,110]. The expression of these IFNs trig-

gers innate antiviral immune responses which help to suppress the viral repli-

cation. Coronavirus infections are sensed by RIG-I (Retinoic acid–Inducible

Gene I)-like receptors (RLRs), which activate this IFN-based defense mecha-

nism [129, 150, 154, 169]. nsp1’s translation inhibition functions interfere with

the production of these proteins by shutting down the host translation machin-

ery. Thus by affecting the translation of antiviral defense factors such as IFN-β

or RIG-I, nsp1 effectively weakens the innate immune response [166, 169].

Its central role in the suppression of host translation and the immune re-

sponse makes nsp1 a viable target for the development of anti-viral drugs and

further studies. In this work, we aimed to produce the SARS-CoV-2 nsp1 using

E.coli-based CFPS. Secondly, we wanted to test the potential of nsp1 to inhibit

host translation in the same cell-free system (See Figure 3.1). And then math-

ematically model the effect of nsp1 on the host translation if it turned out to

demonstrate statistically significant inhibition.

Figure 3.1: Circuit representing coexpression of nsp1 along with a reporter pro-
tein. The nsp1 binds to the ribosomes and selectively prevents translation of the
reporter protein. This circuit doesn’t include the potential mRNA degradation
activity of nsp1 [61, 73, 165]. (Created with BioRender.com)
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To this purpose, we designed a DNA construct that was ”reverse-translated”

from the sequence of the protein [200]. We used a P70 promoter sequence, along

with its 5’ UTR, as it is optimized to maximize expression in the E. coli-based

myTXTL Cell-free system [42]. We also carried out an assay to test the ability of

nsp1 to inhibit translation of dual emission Green Fluorescent Protein (deGFP)

(which would take the place of a host protein) in myTXTL extract.

3.2 Materials and Methods

3.2.1 Cell-Free Protein Synthesis Reactions

The cell-free protein synthesis (CFPS) reactions were carried out using the

myTXTL Sigma 70 Master Mix (Arbor Biosciences) in 1.5 mL Eppendorf tubes.

The working volume of all the reactions was 12.8 µL, composed of the Sigma 70

Master Mix (9 µL), GamS nuclease inhibitor (0.8 µL), and the nsp1 linear DNA

fragments (3 µL - 9.38nM). The full constructs were ordered as linear DNA frag-

ments, with 150-200 bp flanker sequences on both ends, from Twist Bioscience

and Integrated DNA Technologies. The CFPS reactions were incubated at 29°C.

The CFPS runs were carried out in triplicate for 2hr, 4hr, 8hr, and 16hr time

points. Following each CFPS run, the samples were stored at -80°C.

3.2.2 mRNA Quantification

Following each CFPS run, the total RNA was extracted from 5 µL reaction mix-

ture using PureLink RNA Mini Kit (Thermo Fisher Scientific) and stored at
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−80°C. The quantitative RT-PCR reactions were done using Applied Biosystems

TaqMan RNA-to-CT 1-Step Kit and Custom TaqMan Gene Expression Assays

(Thermo Fisher Scientific). An mRNA standard curve was used to determine

absolute mRNA concentrations for each of the samples. The mRNA standards

were prepared as follows: CFPS reaction for 5 nM of nsp1 DNA was carried out

for 2 hr. Total RNA was extracted using the full reaction volume. This was fol-

lowed by the removal of 16S and 23S rRNA using the MICROBExpress Bacterial

mRNA Enrichment Kit (Life Technologies Corporation). Lastly, the MEGAclear

Kit (Life Technologies Corporation) was used to further purify the mRNA. The

mRNA concentrations were determined using the Qubit™ RNA assay kit (Ther-

moFisher Scientific). At least three technical replicates were performed for each

standard.

3.2.3 Protein Quantification

Following each CFPS run, 2 µL of each sample was extracted and added to

4 µL of water. And an equal amount of 2x Laemmli sample buffer (with 2-

mercaptoethanol as a reducing agent) was added to these. An SDS-PAGE of

10µL of each of these diluted samples along with a Protein ladder of sam-

ples with known concentrations was performed at 300V until the dye fronts

reached the bottom of the gel. This was followed by staining the gel with Bio-

Safe™ Coomassie Stain (Bio-Rad Laboratories). The SDS-PAGE was performed

in a Mini-PROTEAN Tetra Cell (Bio-Rad Laboratories) using Any kD™ Mini-

PROTEAN® TGX Stain-Free™ Protein Gels, 15 well, 15 µl gels (Bio-Rad Labo-

ratories). The stained gel was visualized using the ChemiDoc MP and then the

concentrations were measured using Image Lab software.
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3.2.4 Coexpression of deGFP with nsp1

The cell-free protein synthesis (CFPS) reactions were carried out using the

myTXTL Sigma 70 Master Mix (Arbor Biosciences) in 120 µL 384-well plates

(Thermofisher NUNC, flat-bottom) in Varioskan Lux plate reader at 29°C. The

working volume of all the reactions was 14.1 µL, composed of the myTXTl ex-

tract (9 µL), GamS nuclease inhibitor (0.6 µL), the linear DNA: deGFP (3 µL -

4.26 nM), nsp1 (1.5 µL - 4.26 nM). Two sets of control reactions were also run.

In one, instead of nsp1, an equal volume of water was used. And in the other,

equal volume and concentration of nsp8 linear DNA construct was used instead

of nsp1. nsp8 was chosen as a control as it has a size similar to that of nsp1 but

doesn’t inhibit translation unlike nsp1 (though it could affect protein trafficking

to the cell membrane) [11]. The Cell-free reactions were carried out in dupli-

cates for 16hr. deGFP fluorescence was measured using the Varioskan Lux plate

reader at 488 nm (excitation) and 535 nm (emission) at 5 min time intervals. In

order to confirm the expression of these proteins, following the CFPS run, 2 µL

of each sample was extracted and diluted with 3 µL of water. Following this 5

µL of 2x Laemmli sample buffer was added to these and an SDS-Page of these

samples was performed at 200V until the dye fronts reached the bottom of the

gel. This was followed by Coomassie staining of the gel and visualization using

the Image Lab software.

3.2.5 Qualitative testing of nsp1 binding with E.coli Ribosomes

We ran a CFPS reaction of His6-tagged nsp1 in myTXTL. The working volume

of the reaction was 12.5 µL, composed of the Sigma 70 Master Mix (9 µL), GamS

37



nuclease inhibitor (0.5 µL), and the nsp1 linear DNA fragments (3 µL - 9.6nM).

The CFPS reactions were incubated at 29°C for 12hr. Then we purified the His6-

tagged nsp1 using Ni-NTA affinity column. Meanwhile, we separated the E.coli

Ribosomes from the PURExpress In Vitro Protein Synthesis Kit (New England

Biolabs Inc). Then these ribosomes were added to half the volume of the puri-

fied nsp1 proteins and allowed to mix well at 29°C for 15 minutes. Then this

sample was loaded into a gel along with pure nsp1 protein samples and a Pro-

tein ladder for an SDS-PAGE run. The ribosomes and its subunits are expected

to be retained at the top while the nsp1 should be able to pass through. After

the SDS-PAGE run, the gel was stained with Bio-Safe™ Coomassie Stain (Bio-

Rad Laboratories) and the stained gel was visualized using the ChemiDoc MP.

The concentration of nsp1 in each well was measured using Image Lab software

(and adjusted for the dilution of nsp1 in the channel with the ribosomes).

3.3 Results and Discussion

(a) (b)

Figure 3.2: Gene expression of nsp1. The points denote the mean, while the
error bars denote one standard deviation calculated from three replicates
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We were able to successfully synthesize SARS-CoV-2 nsp1 in myTXTL extract.

With a starting concentration of 9.38 nM, we were able to obtain up to an aver-

age of 2.18 µM of nsp1 protein after a CFPS run of 16hr. The mRNA concentra-

tion peaked at about 1010 nM at the 4hr measurement point and continued to

decline after that (Figure 3.2).

(a)

(b)

Figure 3.3: Coexpression of deGFP with nsp1: (a) RFU measurements of deGFP
when coexpressed with nsp1 (Red). The controls: expression of deGFP alone
(Blue), expression of deGFP along with nsp8 (Green). The shaded regions indi-
cate one standard deviation (b) SDS-PAGE Analysis of these samples to confirm
the production of all the proteins. The gels have been Coomassie-stained

From Figure 3.3, we can observe that although coexpressing nsp1 along with

deGFP does reduce the synthesis of deGFP, there isn’t a very significant differ-

ence from just expressing deGFP by itself. In addition to that, coexpressing

deGFP with a control gene coding for the nsp8 protein with a molecular weight

(∼ 22.8kDa) just slightly higher than nsp1 (∼ 19.77kDa) [200] also reduces the

production of deGFP. This is despite the fact that the nsp8 doesn’t inhibit host

translation [11]. This decrease in the production of deGFP in presence of nsp1

or nsp8 can be better explained by a competition for the metabolic resources

caused by the introduction of their genes.
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This also goes to prove that nsp1 doesn’t affect the prokaryotic ribosomes.

Unlike the larger mammalian 80S ribosome made up of 60S and 40S subunits,

the prokaryotic 70S ribosome is made up of 50S and 30S subunits. The nsp1

which binds to the mRNA entry channel of the 40S subunit doesn’t bind to

the corresponding region in the prokaryotic 30S subunit. Therefore, it doesn’t

actually inhibit translation in the E.coli based myTXTL system.

Figure 3.4: Rudimentary nsp1-70S Ribosome binding assay: The third channel
contains pure nsp1. The first and second channels contain nsp1 mixed with
two times its volume of purified 70S ribosomes solution. In other words, the
concentration of nsp1 in the third channel is thrice the concentration of nsp1
in the first two. Measurement of the fluorescence of the nsp1 bands show that
the normalized concentration of nsp1 in all wells are approximately the same
indicating that there is negligible binding of nsp1 with these ribosomes

We used a rudimentary binding assay to test the binding of nsp1 with E.coli

ribosomes. Ribosomes treated with nsp1 proteins were loaded on two channels

of a gel alongside a different channel containing pure nsp1. The channels are

expected to retain the ribosomes, their subunits, and any nsp1 bound to it at

the top but allow the free unbound nsp1 to pass through [4]. The results of

the SDS page show a negligible difference between the channel with just nsp1

and the channels with nsp1 and the ribosome. The channel with only nsp1 had

116.4 ng/µL of nsp1 while the ones where it was treated with ribosome had
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an average of 106 ng/µL of nsp1 (See Figure 3.4). If nsp1 had bound to the

ribosome, we would have seen a significantly reduced concentration.

These results combined confirm that nsp1 doesn’t bind/shows negligible

binding to E.coli ribosomes. Conversely, this does prove that we can still synthe-

size nsp1 using myTXTL cell-free extracts and that this synthesis can be mod-

eled.

3.3.1 Future Directions

There are several directions for this work that can be pursued. First, in order

to better characterize this system, we can use the obtained data to fit the pa-

rameters for nsp1 gene expression (transcription and translation behavior) in

myTXTL using the Pareto Optimal Ensemble Technique. Second, in order to

better determine the binding between E.coli ribosomes and nsp1, we can make

use of better assays such as Sucrose gradient centrifugation can be used. Lastly,

we can repeat these experiments with a mammalian cell-free extract. The nsp1

should be able to bind to the 40S ribosomal subunits of the 80S mammalian

ribosomes present in these.

We could also analyze nsp1’s binding to ribosomes in cell-free systems based

on different mammalian cells such as Rabbit reticulocytes, CHO cells, and HeLa

cells [46]. It would also be interesting to study nsp1’s inhibition effects in cell-

free extracts prepared from human cell lines of different systems/organs. Cells

from human lungs are primarily affected by the SARS-CoV-2 virus infection,

so human lung cell lines should theoretically provide the best environment for

the growth of the virus [136, 141, 172]. We could compare lung-based cell-free
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extracts from Calu-3 cells, A549 cells, or HF10B4 cells [103, 188], with other hu-

man cell-free extracts like HeLa cells, HEK 293 cells, and K562 cells [16,187,199],

to observe if there are any noticeable differences between nsp1’s effect in these

systems.

With these cell-free systems, we can also study the host translation inhibition

of nsp1 and create a mathematical model for the system. Since the 5’UTR of the

viral genome helps it bypass nsp1’s translation inhibition and is necessary for

viral replication, the nsp1 gene can be designed with this 5’UTR. The nsp1 can

be used as a global translation inhibitor to terminate the production of proteins

in a suitable cell-free system.
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CHAPTER 4

MODELING THE EFFECT OF THE RNA-DEPENDENT RNA

POLYMERASE IN VITRO

4.1 Introduction

The SARS-CoV-2 is a coronavirus and like all coronaviruses, it is a positive-sense

single-stranded RNA virus ((+)ssRNA). In other words, its genome consists of

a single strand of positive-sense RNA (which goes in the 5’ to 3’ direction) [36,

169,183,184]. This RNA genome serves as the template for both translation and

RNA replication.

Coronaviruses use an RNA-dependent RNA polymerase (RdRp) for the

replication of their genome. The SARS-CoV-2 RdRp forms a complex made of

multiple non-structural proteins (nsps). The core of the RdRp is the nsp12 cat-

alytic subunit [5]. The nsp12 contains an N-terminal nidovirus RdRp-associated

nucleotidyltransferase (NiRAN) domain, an interface domain, and a C-terminal

RdRp domain [57, 86, 125]. The RdRp domain consists of fingers, palm, and

thumb subdomains [41, 178]. However, nsp12 has little processivity by itself

and in order to function properly, it requires the accessory subunits, nsp7 and

nsp8 [41,45,79,158,195]. The nsp7 and nsp8 subunits bind to the thumb, and an

additional copy of nsp8 binds to the fingers domain [41,79]. The nsp7-nsp8 het-

erodimer is believed to be capable of de novo initiation and has been proposed

to function as an RNA primase to synthesize small primers that are further ex-

tended by the nsp12 [13, 62, 79, 168].

The RdRp also coordinates with many accessory factors such as the nsp13
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and the nsp14 in order to carry out its functions [22, 98, 152, 194]. The nsp13

is a helicase that is essential for unwinding the RNA complex after replica-

tion in a 5’ −→ 3’ direction [63, 64, 85, 140]. Besides this, nsp13 also displays

5’-triphosphatase activity, which suggests a possibility that it is involved in

mRNA capping [22,63,64]. The nsp14 which possesses an N-terminal exonucle-

ase (ExoN) domain, together with its co-factor nsp10, forms plays an important

role as a proofreading machinery during viral replication [29, 105, 151, 152].

Once the virus enters the host cells, its positive-sense RNA (+mRNA) is able

to act as a template immediately without having to undergo any modification.

This allows the RdRp to use it to synthesize complementary negative-sense

RNA (-mRNA), immediately. The initiation of synthesis occurs at the 3’ end

of the template and proceeds in the 5’−→3’ direction [178]. This complementary

strand that is synthesized is then, itself, able to act as a template for the pro-

duction of new positive-stranded viral genomes. Meanwhile, the positive-sense

RNA is also translated using the cellular machinery. These newly synthesized

proteins and viral genome are further packaged and released from the cell ready

to infect more host cells. The -mRNA does not translate for proteins (or trans-

lates to garbage proteins) [89, 123, 128] (See Figure 4.1).

The key role that RdRp plays in viral replication makes it a promising an-

tiviral drug target [202]. Drugs such as Favipiravir, Remdesivir, and Galidesivir

are being developed to treat viral infection by inhibiting the effects of RdRp

[3, 81, 112]. For instance, Remdesivir is a nucleoside analog that gets incor-

porated into RNA when the viral genome is being replicated. This creates a

translocation barrier that the RdRp encounters after the addition of three more

nucleotides following remdesivir causing the RdRp to stall [45, 81].
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Figure 4.1: Replication strategy of a (+)ssRNA virus: The viral genome is trans-
lated using cellular machinery. This genome also acts as a template for the pro-
duction of complementary -mRNA. This complementary strand then acts as a
template for the production of a new viral genome (+mRNA). (Image adapted
from [89])

The RdRp of some viruses have been studied to require the presence of cer-

tain sequences in the RNA analogous to the DNA promoter-specific transcrip-

tion by DNA-dependent RNA polymerases [147]. However, in the case of the

SARS-CoV-2, although nsp12 can distinguish RNA from DNA, no specific in-

teractions have been observed between base pairs of RNA and residues from

nsp12, which suggests that RdRp binding may be RNA sequence-independent

[71, 195]. In the event that the activity of the SARS-CoV-2 RdRp is sequence-
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dependent, then the 5’UTR and 3’UTR of the genome must be highly con-

served in order for the RdRp to produce the complementary RNA strand from

the viral genome and also produce the viral genome from this complementary

strand [95]. This also indicates that the RdRp can be harnessed to boost the

production of any desired proteins.

In this work, we aimed to simulate the effect of RdRp in a cell-free system. To

this purpose, we introduce the RdRp into a simple genetic circuit in a myTXTL

based cell-free system and simulate its effect to amplify mRNA concentration

and thereby improving protein production. We also attempted to produce the

subunits of the RdRp complex using myTXTL in order to study its effects in

primer extension and expression of a reporter protein.

4.2 Materials and Methods

4.2.1 Model Derivation

In a typical gene expression system, the overall flow of information starts from

the coding region of DNA, which is read by the RNA polymerase, to produce a

messenger RNA molecule (Transcription - TX) which is then read by a ribosome

to produce a protein (Translation - TL). Along the way, both the mRNA and the

protein can degrade (at different rates) [177]

If we consider a system with N genes general, the gene expression of each

gene Gi is described by two differential equations: one for the rate of change

of mRNA ’i’ concentration (ṁi), and one for the rate of change of protein ’i’
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concentration (ṗi):

ṁi = rX,iūi − (µ + θm,i)mi + λi (4.1)

ṗi = rL,iw̄i − (µ + θp,i)pi (4.2)

The term rX,iūi (nM/hr) denotes the regulated production rate of mRNA ’i’ by

transcription. It is the product of the kinetic limit of transcription rX,i (nM/hr)

and a transcriptional control term ūi Similarly, the term rL,iw̄i (nM/hr) denotes

the regulated production rate of protein ’i’ translation. It is the product of the

kinetic limit of translation rL,i (nM/hr) and a translational control term w̄i. The

term λi denotes the unregulated rate of transcription (the leak for gene Gi). The

ū and w̄ terms describe the control logic of the cell for transcription and transla-

tion respectively. These terms are dimensionless, and bounded between 0 and

1. The term µ denotes the dilution term (hr−1), while the terms θm,i and θp,i the

first-order mRNA degradation rate constant (hr−1) and protein degradation rate

constant (hr−1) respectively. [2, 177]

Since this reaction is in a cell-free system, the dilution (µ) term can be re-

moved and we assume no leak (λi). So these can be removed to modify the

equations to :

ṁi = rX,iūi − θm,imi (4.3)

ṗi = rL,iw̄i − θp,i pi (4.4)
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Figure 4.2: Introduction of RdRp into a genetic circuit: RdRp uses the +mRNA
as a template for the production of a complementary -mRNA and uses the -
mRNA as a template for the production of +mRNA. Meanwhile, the +mRNA is
also translated to synthesize proteins (Created with BioRender.com)

In order to study the effect of the RdRp, we modified the mRNA rate equa-

tion to include the transcription by RdRp. In this case, we assumed the RdRp to

be a complex of nsp7, nsp8, nsp12, and nsp13. The changes brought by RdRp

can be applied for both +mRNA and -mRNA :

ṁ+
i = rX,iūi − θm,im+

i + f (m−i ,Rd) (4.5) ṁ−i = −θm,im−i + f (m+
i ,Rd) (4.6)

For the +mRNA, this additional function f (m−i ,Rd) is a function of -mRNA con-

centration (m−i ) and RdRp concentration (Rd), while for the -mRNA, this function

f (m+
i ,Rd) depends on +mRNA concentration (m+

i ) and RdRp concentration. This

is because -mRNA acts as a template for the production of +mRNA using RdRp

and vice versa (See Figure 4.2).

In the case of the -mRNA production there is no term representing normal

transcription from a gene. This is because there is no gene that codes the -mRNA

here. The only source for -mRNA is from RdRp transcription with +mRNA as a
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template.

We considered the transcription of the mRNA using RdRp to be analogous

to that of DNA-Dependent RNA Polymerase. The RdRp forms a complex with

the mRNA. However, unlike in the transcription involving RNAPII, there is no

open or closed complex here as the template here is an mRNA which is single-

stranded. This process also involves abortive initiations where the RdRp starts

transcription but aborts after a few nucleotides producing subgenomic RNA

(sgmRNA). [146] These can be represented by the following set of equations:

m+
i + Rd ⇐⇒ (m+

i : Rd)

(m+
i : Rd) −→ m+

i + Rd + sgmRNA−

(m+
i : Rd) −→ m+

i + Rd + m−i

m−i + Rd ⇐⇒ (m−i : Rd)

(m−i : Rd) −→ m−i + Rd + sgmRNA+

(m−i : Rd) −→ m−i + Rd + m+
i

Consider the second set of reactions where +mRNA (m+
i ) is produced from

-mRNA (m−i ) and RdRp (Rd). The rate constants for these reactions can be de-

noted by :

k∗E,i : Rate constant for transcription elongation

kA : Rate constant for abortive initiation

k+ & k− : ON/OFF rate constants for RdRp-mRNA complex.

We assume that these are going to be the same for the RdRp interactions

with both +mRNA and -mRNA. In this case, the rate of change of the complex

concentration (m−i : Rd) is given by the following equation :

d(m−i : Rd)
dt

= k+(m−i )(Rd) − k−(m−i : Rd) − kA(m−i : Rd) − k∗E,i(m
−
i : Rd) (4.7)

At Steady State, (m−i : Rd) = K−1(m−i )(Rd) where K−1 =
k+

k− + kA + k∗E,i
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In order to make this model more computationally simple, we are going to

assume some amount of compartmentalization in the model. We assume that

at pseudo-steady state conditions, RdRp is going to be equally divided between

binding to -mRNA and +mRNA. This is will indeed be valid if the rate constants

are the same for the interactions of RdRp with both RNAs. Assume that the total

RdRp concentration available for binding with either one of these at a given time

point = RT
d , i.e., this is half the total amount of RdRp in the system.

RT
d = Rd + (m−i : Rd) = Rd + K−1(m−i )(Rd) ⇒ Rd =

RT
d

1 + K−1m−i
(4.8)

f (m−i ,Rd) = r+
X,i = k∗E,i(m

−
i : Rd) = k∗E,im

−
i

(
RT

d

K + m−i

)
So, this new term can be replaced in equation (4.5) to give :

ṁ+
i = rX,iūi − θm,im+

i + k∗E,im
−
i

(
RT

d

K + m−i

)
(4.9)

Similarly for -mRNA,

ṁ−i = −θm,im−i + k∗E,im
+
i

(
RT

d

K + m+
i

)
(4.10)

By solving the ODEs (4.9) and (4.10), it is possible to obtain the concentration of

+mRNA ’i’ at any point of time.

At Steady State,

m+∗
i =

1
θm,i

[
rX,iūi + k∗E,im

−∗
i

(
RT

d

K + m−∗i

)]
m−∗i =

1
θm,i

[
k∗E,im

+∗
i

(
RT

d

K + m+∗
i

)]

Here m+∗
i and m−∗i represent the steady state concentrations of +mRNA and -

mRNA respectively.

50



Combining these two equations, we get the following equation to denote the

steady state concentration of the +mRNA ’i’,

m+∗
i =

1
θm,i

rX,iūi + k∗E,i

(
1
θm,i

[
k∗E,im

+∗
i

(
RT

d

K + m+∗
i

)])  RT
d

1 +

(
1
θm,i

[
k∗E,im

+∗
i

(
RT

d
K+m+∗

i

)])



We can use equations (4.9) and (4.10) to modify the concentration of +mRNA

at any point of time. Then using this modified +mRNA concentration, we can

use the normal set of translation equations with the same translation parame-

ters to get the temporal variations in the concentration of the proteins. Since

only the +mRNA concentration has been affected by the presence RdRp (the -

mRNA doesn’t code for any protein), that is the only factor that will affect the

translation.

4.2.2 Control functions, Transcription and Translation Kinetic

Limits

The control functions, wi and ui are the control functions modeled as:

ẇi = −

(
ln(2)
τL,1/2

)
wi (4.11)

ui =

∑
j∈χ W j f j(...)∑
i∈Ci

Wi fi(...)
(4.12)

Wi denotes the weight of configuration i and fi is the binding function modeled

as a hill function.
∑

j∈χ W j f j(...) is the sum of all possible promoter configura-

tions leading to transcription, while
∑

i∈Ci
Wi fi(...) is the sum of all possible con-

figurations for the Gene ’i’. The weights Wi are related to the Gibbs energy of

51



configuration ’i’:

Wi = exp
(
−∆Gi

RT

)
(4.13)

The rate of transcription rX, ju j was modeled as the product of a kinetic limit,

rX, j, and a control term u j ∈ [0, 1]. The kinetic limit of transcription was derived

from elementary reactions leading to the formation of m j, as previously done by

McClure [101]. The kinetic limit of transcription was formulated as:

rX, j = Vmax
X, j

 G j

τX, jKX, j +
(
τX, j + 1

)
G j

 (4.14)

where the initiation time constant τX, j, and saturation constant KX, j were exper-

imentally measured by McClure [101]. The maximum transcription rate, Vmax
X, j ,

was given by:

Vmax
X, j =

[
RX,T

(
v̇X

lG, j

)]
(4.15)

where RX,T is the RNA polymerase concentration (nM), v̇X is the RNA poly-

merase elongation rate (nt/h) and lG, j is the length of gene j in nucleotides (nt).

By analogy, the kinetic limit of translation was formulated as:

rL, j = Vmax
L, j

 xmRNA

τL, jKL, j +
(
τL, j + 1

)
xmRNA

 (4.16)

where xmRNA is the mRNA concentration and Vmax
L, j is the maximum translation

rate which was formulated as:

Vmax
L, j =

[
KPRL,T

(
v̇L

lP, j

)]
(4.17)

4.2.3 Building the model

A preliminary sequence-specific model was generated on Julia using the Gene

Regulatory Network Generator - JuGRN [176]. This model takes into account
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the transcription and translation parameters and solves for the protein expres-

sion as an FBA problem [181]. This model was modified to account for the ef-

fect of RdRp. The parameters for the model were obtained from BioNumbers or

Vilkhovoy, et al [104,181]. Arbor Biosciences’s myTXTL extract was chosen to be

the cell-free extract used in this model. These model equations were solved nu-

merically using the Rosenbrock23 routine of the DifferentialEquations.jl pack-

age [126]. The model code and parameters used in this chapter are available in

the following Github repository: https://github.coecis.cornell.edu/

am3246/RdRp

4.2.4 Cell-Free Protein Synthesis Reactions

The cell-free protein synthesis (CFPS) reactions were carried out using the

myTXTL Sigma 70 Master Mix (Arbor Biosciences) in 1.5 mL Eppendorf tubes.

The working volume of all the reactions to synthesize nsp12 or nsp13 was 17 µL,

composed of the Sigma 70 Master Mix (9 µL), T7 RNA polymerase DNA (1.5 µL

- 0.225 nM), and the plasmids (6.5 µL - 7.65 nM) which were constructed with

a T7 promoter. The working volume of all the reactions to synthesize nsp7 or

nsp8 was 12.8 µL, composed of the Sigma 70 Master Mix (9 µL), GamS nuclease

inhibitor (0.8 µL) and the linear DNA fragments (3 µL). These full constructs

were ordered as linear DNA fragments, with 150-200 bp flanker sequences on

both ends, from Twist Bioscience and Integrated DNA Technologies. The CFPS

reactions were incubated at 29°C. The CFPS runs were carried out in triplicate

for 2hr, 4hr, 8hr, and 16hr time points. Following each CFPS run, the samples

were stored at -80°C.
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4.2.5 mRNA Quantification

Following each CFPS run, the total RNA was extracted from 5 µL reaction mix-

ture using PureLink RNA Mini Kit (Thermo Fisher Scientific) and stored at

−80°C. The quantitative RT-PCR reactions were done using Applied Biosystems

TaqMan RNA-to-CT 1-Step Kit and Custom TaqMan Gene Expression Assays

(Thermo Fisher Scientific). An mRNA standard curve was used to determine

absolute mRNA concentrations for each of the samples. The mRNA standards

were prepared as follows: separate CFPS reactions for 5 nM of DNA (nsp7,

nsp8) were carried out for 2 hr. Total RNA was extracted using the full reac-

tion volume. This was followed by the removal of 16S and 23S rRNA using the

MICROBExpress Bacterial mRNA Enrichment Kit (Life Technologies Corpora-

tion). Lastly, the MEGAclear Kit (Life Technologies Corporation) was used to

further purify the mRNA. The mRNA concentrations were determined using

the Qubit™ RNA assay kit (ThermoFisher Scientific). At least three technical

replicates were performed for each standard.

4.2.6 Protein Quantification

Following each CFPS run, 2 µL of each sample was extracted and added to

4 µL of water. And an equal amount of 2x Laemmli sample buffer (with 2-

mercaptoethanol as a reducing agent) was added to these. An SDS-PAGE of

10µL of each of these diluted samples along with a Protein ladder of sam-

ples with known concentrations was performed at 300V until the dye fronts

reached the bottom of the gel. This was followed by staining the gel with Bio-

Safe™ Coomassie Stain (Bio-Rad Laboratories). The SDS-PAGE was performed
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in a Mini-PROTEAN Tetra Cell (Bio-Rad Laboratories) using Any kD™ Mini-

PROTEAN® TGX Stain-Free™ Protein Gels, 15 well, 15 µl gels (Bio-Rad Labo-

ratories). The stained gel was visualized using the ChemiDoc MP and then the

concentrations were measured using Image Lab software.

4.3 Results and Discussion

(a) (b)

Figure 4.3: Temporal variation of N mRNA and protein when expressed along-
side RdRp. The blue curves represent the expression when the model doesn’t
account for the effect of RdRp, while the orange curves account for the RdRp
feedback to amplify mRNA and thereby amplify protein expression

We used the developed model to simulate the effect of RdRp on an arbitrarily

chosen SARS-CoV-2 protein with a comparatively low half-life - the nucleocap-

sid (N) protein of the SARS-CoV-2. The simulation used 5 nM each of DNA

coding for nsp1 and RdRp. The simulation was run for a 30hr reaction time

with two different models - One assumed a normal reaction where the effect of

RdRp wasn’t accounted for, and the other accounted for the RdRp’s ability to

amplify mRNA and thereby amplify protein expression. From Figure 4.3, we

can observe that including the effect of RdRp on mRNA amplification does sig-
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nificantly boost mRNA and thereby protein production. When we need to fit

the model with experimental measurements, this model can easily be verified

by replacing the chosen protein with a reporter protein such as deGFP.

We were able to synthesize the nsp7 (∼ 10.2 kDa) and nsp8 (∼ 22.8 kDa)

proteins using the myTXTL cell-free system. With a starting concentration of

9.38nM of the nsp7/nsp8 DNA, we were able to obtain up to an average of

29.98 µM of nsp7 protein and 6.96 µM of nsp8 protein after a CFPS run of 16hr.

The mRNA concentration peaked at the 4hr measurement point and continues

to decline after that for both (Figures 4.4 and 4.5).

(a) (b)

Figure 4.4: Gene expression of nsp7. The points denote the mean, while the
error bars denote one standard deviation calculated from three replicates
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(a) (b)

Figure 4.5: Gene expression of nsp8. The points denote the mean, while the
error bars denote one standard deviation calculated from three replicates

However, we were not able to synthesize the larger nsp12 (∼ 106.2 kDa) and

nsp13 (∼ 67.8 kDa) subunits. Quantitative RT-PCR mRNA measurements of

nsp12 and nsp13 CFPS samples after a 12 hour run revealed that only 0.58 nM

of nsp12 mRNA and 2.97 nM of nsp13 mRNA was present. This explains the

absence of protein and helps us narrow down the cause. We suspect the issue

to be due to the presence of RNases (Ribonucleases) that are causing a higher

degradation rate for mRNA than expected.

4.3.1 Future Direction

The model is still in its nascent stages and requires a lot of tweaking in order

to make it more accurate. For one, currently, the model only takes into consid-

eration the effect of RdRp and doesn’t account for the formation of the RdRp

complex along with nsp7, nsp8, and nsp13. The model will need to account for

the parameters involved in the formation of this complex and the stability of

the complex in addition to the stability of the individual subunits. We could
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also explore building a model using FBA (Flux Balance Analysis) instead of the

ODE-based model.

Secondly, several model parameters need to be determined using experi-

mental data. The viral non-structural proteins involved with RdRp have al-

ready been successfully synthesized in E. coli cells [22,27,194]; So, it follows that

it should still be theoretically possible to synthesize them in a E. coli-based cell-

free extract. However, since we were unable to synthesize the larger nsp12 and

nsp13 in our myTXTL system, we need to inspect other methods to synthesize

them. Towards this aim, we can explore the use of other systems using extracts

from other organisms such as the mammalian HeLa cell-free extract. The suc-

cessful production of certain therapeutic proteins is often based on a synthesis

setup that is closely related to in vivo conditions [199]. In the case it proves to

be futile to synthesize the proteins in vivo, we could make use of traditional in

vivo systems for the production of these proteins, but later assemble them for

study in a cell-free system.

Lastly, once the binding parameters for the system are determined, it would

be feasible to apply this model to cell-based systems to predict the spread of

viral infection in human cells. If this approach is successful, it will shed light on

the viral replication kinetics of all ssRNA viruses.
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CHAPTER 5

CONCLUSION

We have constructed a promising transcriptional unit based on a gluconate-

responsive allosteric transcription factor, GntR, that can be utilized to ”sense”

glucose via its proxy, D-gluconate. The E. coli GntR combined with the mP70

promoter construct showed promising repression and de-repression results in

the PURE system, which did not have metabolic side reactions that consumed

D-gluconate. Taken together we have constructed a promising transcriptional

unit that can ”sense” glucose via its proxy, D-gluconate. We aim to integrate

this unit in a more complex genetic circuit to fully utilize its glucose-sensing po-

tential to direct downstream synthesis of proteins such as insulin and glucagon

for the management of diabetes. Second, we expressed the SARS-CoV-2 host

shutoff factor, nsp1 in the myTXTL cell-free system and demonstrated that it

does not bind the E.coli ribosomes. Thereby rendering its host translation inhi-

bition ineffective in the E.coli-based cell-free system. Lastly, we also developed

a mathematical model to study the effect of the SARS-CoV-2 RNA-dependent

RNA polymerase (RdRp) on the production of a desired protein in the myTXTL

cell-free system. Through simulations using the model built on a JuGRN back-

bone, we demonstrated that the presence of RdRp can amplify the mRNA in the

system, thereby boosting protein production. We also postulate that RdRp can

be harnessed to improve the production of desired proteins.
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