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ABSTRACT

Opioids are a class of drugs highly valued for their potent analgesic properties;
however, they are also highly addictive and cause severe side effects. Alternative manufacturing methods may be the disruption needed to overcome the cost
and availability issues associated with naloxone, the opioid overdose antidote.
Toward this need, we propose the development of a biosynthetic route of naloxone production with morphine as the precursor. In this work, we produced
morphine dehydrogenase - an enzyme that catalyzes the oxidation of morphine
to morphinone - by cell free protein synthesis (CFPS), taking advantage of the
speed of CFPS compared to cell-based culture. To supplement our constraintbased metabolic modeling and detect compounds of interest with rigor, we developed a method for absolute quantification of metabolites and nucleotide sugars by reversed-phase liquid chromatography-mass spectrometry. Finally, we
have characterized and begun modeling a microreactor with an eye toward its
future use as our main bioprocessing platform. Taken together, we have developed a rapid protocol for expression of what could serve as the first enzyme in a
novel biosynthetic pathway and laid the groundwork for reactor optimization.
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CHAPTER 1
INTRODUCTION

1.1
1

Evolution of cell free protein synthesis

Cell free biology is an emerging technology for research, and the point of care

manufacturing of a wide array of macromolecular and small molecule products. A distinctive feature of cell free systems is the absence of cellular growth
and maintenance, thereby allowing the direct allocation of carbon and energy
resources toward a product of interest. Moreover, cell free systems are more
amenable than living systems to observation and manipulation, hence allowing
rapid tuning of reaction conditions. Recent advances in cell free extract preparation and energy regeneration mechanisms have increased the versatility and
range of applications that can be produced cell free. Thus, the cell free platform has transformed from merely an investigative research tool to become a
promising alternative to traditionally used living systems for biomanufacturing
as well as biological research. In combination with the rise of synthetic biology,
cell free systems today have not only taken on a new role as a promising technology for just in time manufacturing of therapeutically important biologics and
high-value small molecules, but have also been utilized for applications such as
biosensing, prototyping genetic parts, and metabolic engineering. They have
also been used as educational tools at the high school and undergraduate levels for understanding synthetic biology due to their ease of use, rapid response
times, and the availability of commercial kits for different cell free platforms in1

Adapted with permission from Vilkhovoy, M.; Adhikari, A.; Vadhin, S.; Varner,
J. D. The Evolution of Cell Free Biomanufacturing.
Processes 2020, 8 (6), 675.
https://doi.org/10.3390/pr8060675.
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cluding E. coli, Chinese Hamster Ovary (CHO), HeLa, and plant cells [4, 30, 55].
Thus, cell free technologies are promising tools that will likely be at the center
of many future synthetic biology applications.
Arguably, today the most widely used cell free technology is cell free protein
synthesis (CFPS), an in vitro platform for protein transcription (TX) and translation (TL). The role of CFPS in research is not new (Fig. 1.1); cell free systems
have been used for decades to explore fundamental biological mechanisms. For
example, some of the first uses of CFPS were in the 1950s by Borsook [15] and
Winnick [186] who used animal tissue homogenates to study how amino acids
were incorporated into proteins. A few years later, Staphylococcus aureus extracts
were used to confirm amino acid incorporation [47]. In 1956, the role of adenosine triphosphate (ATP) in protein production was discovered using rat liver
extracts [68], and Nirenberg and Matthaei [105, 122] demonstrated templated
translation i.e., the now familiar codon code, using E. coli cell free extracts (this
work later led to a Nobel Prize in 1968). What arguably could be recognized
as the first precursor to modern cell free transcription and translation applications was developed in 1967 by Lederman and Zubay [95]; they developed a
coupled transcription-translation bacterial extract that allowed DNA to be used
as a template. Shortly after, Spirin and coworkers improved cell free extract
protein production with a continuous exchange of reactants and products, allowing the system to run for tens of hours; however, these systems could only
synthesize a single product and were energy limited [159]. More recently, energy efficiency of E. coli CFPS was improved by generating ATP with substrate
level phosphorylation [90] and oxidative phosphorylation in the Cytomim system [82, 83, 80]. The use of glucose as an energy source was also explored [20].
Since oxidative phosphorylation is a membrane associated process, the study of

2

Swartz and colleagues revealed that membrane dependent energy metabolism
can be activated in a cell free system, suggesting complex metabolism is still occurring. Another platform, myTXTL [48], uses a different metabolic process that
couples ATP regeneration and inorganic phosphate recycling to extend the duration of protein production. Synthetic genetic circuitry can also be constructed
to control gene expression using a variety of approaches. Bacteriophage RNA
polymerases are commonly used in CFPS for transcription. However, the use
of a vast array of bacterial regulatory elements based on the sigma factor family
has recently been explored, allowing multi-layer genetic cascades to be easily
implemented [148, 150, 48]. Lastly, cell free systems have also been used as educational tools, at the high school and undergraduate levels, for understanding
synthetic biology owing to their ease of use and rapid response times [4, 30].
Commercial kits are available for research and educational applications generated from different organisms, including E. coli, Chinese Hamster Ovary (CHO),
HeLa, and plant cells [55]. Thus, the developments in CFPS have expanded its
repertoire of applications, enabling it as a viable alternative to living systems for
not only investigative research but also bioengineering and biomanufacturing
on both small and large scales.
In this review, we discuss the evolution of cell free technologies, particularly, advancements in extract preparation, cell free protein synthesis and cell
free metabolic engineering applications. We then conclude with a discussion
of the mathematical modeling of cell free systems. Mathematical modeling of
cell free processes could be critical to determining performance bottlenecks, and
estimating the costs of cell free manufactured products.

3

1950
Borsook & Winnick
Amino acid incorporation

1988
Spirin
Increased CFPS duration

2011
Meier
ATP synthase expression

2001
Swartz
PANOx (phosphoenolpyruvate)

1961
Nirenberg & Matthaei
Genetic code

2004
Jewett & Swartz
Cytomim (pyruvate)

2016
Collins
Portable cell free bio-manufacturing
2019
Luo
Cell free DASH platform

2014
Collins
Paper-based biosensors

2020
Varner
Integrated CFPS kinetic modeling

2010
1950

1970

1956
Zamecnik
ATP’s role in protein production
1967
Lederman & Zubay
Coupled TXTL extract

1990

2020

2001
Shimizu
Reconstituted PURE system

2018
Varner
Integrated CFPS constraint based
modeling

2005
Calhoun & Swartz
PANOx (glucose)

2012
2016
DeLisa
Noireaux
2008
Glycosylation in E. coli cell- All E. coli myTXTL
Jewett & Swartz
free extract
Cytomim oxidative phosphorylation
2010 2011
Noireaux Zhang
sigma-factor genetic system GCPR expression

Figure 1.1: Time line for milestones in the evolution of cell free systems since
1950 until now. Abbreviations: cell free protein synthesis (CFPS), G-coupled
protein receptor (GCPR), transcription and translation (TXTL).

1.2

Origin and preparation of cell free extracts

There are two broad classes of cell free systems: crude cell lysates and reconstituted systems. While crude extract-based systems, commonly prepared from
E. coli, S. cerevisiae, rabbit reticulocytes, wheat germ and insect cells [139], consist of the biocatalysts remaining after cell lysis, reconstituted systems are well
defined, prepared using only the factors essential for protein synthesis: purified enzymes, tRNAs, ribosomes, amino acids and energy molecules. The first
purified extract of this kind, the Protein synthesis Using Recombinant Elements
(PURE) system, was developed by Shimizu et al. in 2001 [147]. A similar system,
based on Thermus thermophilus, was later developed by Zhou et al. [197]. Other
specialized systems based on PURE have also been developed [76, 124, 112, 51].
These specialized systems have been utilized in applications including the synthesis of disulfide-bonded functional aglycosylated Immunoglobulin G (IgG)
4

and G-protein coupled receptors, and the study of the effects of liposomes on
the solubility of aggregation-prone membrane proteins. Such reconstituted systems offer two main advantages over crude extracts. First, they are a valuable
research tool for studying biological processes including protein expression and
folding in the context of a completely defined reaction mixture. For example,
given the precise knowledge and control of the components in the reconstituted system, it is possible to study the role of individual additions such as
chaperones, translation elongation factors, ribosome release factors, and other
molecules. Li et al., in a study analyzing the influence of such additions in the
PURE system, showed that the efficiency of protein synthesis was limited by
translation elongation capacity, ribosome release and ribosome recycling. When
the authors changed the ratio of elongation factors, release factors and recycling
factors to ribosome concentration to more closely resemble in vivo conditions,
a 5-fold improvement in the yield of firefly luciferase reporter protein was observed [97]. The second advantage of reconstituted systems, such as the PURE
system, is that they do not contain proteases and nucleases, further improving
the production of many proteins [163]. Despite these advantages, reconstituted
systems suffer from two major drawbacks: higher cost ($0.99/µL for a PURE
reaction vs. $0.15–0.57/µL for a crude extract reaction; price for commercial kits
[55]), and typically lower yields [67]. In this regard, crude cell extracts prevail;
they are less expensive, especially for reactions carried out in larger scales [163].
They also offer more complex metabolic capabilities that can be exploited for
energy regeneration, extending the duration of protein synthesis. Toward these
advantages, the preparation of crude cell free extracts, which has undergone a
significant evolution since the early applications in the 1950s and 1960s, is now
an area of considerable focus.

5

Cell free extracts are commonly derived from crude cell extracts, where the
cell’s transcription and translation machinery is retained while cellular debris
and chromosomal DNA are discarded (Fig. 1.2). Cells are typically grown until they reach exponential phase, when they are harvested and lysed commonly
using a high pressure homogenizer or a specialized bead mill [152]. Early extracts were prepared by centrifugation of lysates at 30000×g followed by the
addition of a mixture of amino acids, adenosine triphosphate (ATP) and other
energy molecules, salts, and buffer [199, 135]. In the early 2000s, several changes
were made by different research groups to make the extract preparation protocol more efficient including centrifugation at a lower rate (12000×g), the use of
shake flask fermentation, and the overexpression of the T7 RNA polymerase in
the commercial BL21 (DE3) E. coli strain during extract preparation [89, 98, 92].
Alternatives to the high pressure homogenization step, which include the use
of bead vortex mixing [152] or lytic enzymes [35], have also been recently explored. It is also possible to delete or overexpress certain genes in the source
cell to yield customized cell free extracts. For example, the Swartz group made
several gene deletions in E. coli A19 cells before harvesting and extract preparation, improving the protein yield in the extract by up to 250% [21, 108]. More
recently, a new extract design scheme was implemented by the Jewett lab to
combinatorially mix different extracts, each containing a unique overexpressed
enzyme, to construct a full biosynthetic pathway [38]. The same group also
optimized the extract preparation procedure to better accommodate the use of
genetic circuits [154]. These developments show that the extract preparation
process can be modified depending on the end goal. However, there are still
important unanswered questions in extract preparation. For instance, it still remains to be explored how one can selectively delete enzymes only in cell free

6

extracts. Continued research in this area could pave the way for minimal extracts highly optimized for a known application.
Prepare and
store extract

Extract Preparation

Remove cellular
debris and
chromosomal DNA

Cell Lysis

Energy substrates
DNA plasmid
Target
Protein

Freeze
dry
Rehydrate molecular
instructions

Freeze-dried
pellets

Target
Protein

Freeze
dry
Freeze-dried
DNA constructs

Figure 1.2: Schematic of cell free protein synthesis. Cell extract is prepared by
cell lysis and cellular debris and chromosome DNA is removed. An energy
source along with necessary amino acids, nucleotides, and cofactor are added
to the cell free reaction. Template DNA of the target protein is added. The
target protein is then easily purified from the cell free system. Alternatively, cell
free extract can be freeze dried into pellets and paired with lyophilized DNA.
Through the simple addition of water, proteins can be manufactured on site and
on demand. Figure adapted from [23, 132].

1.3

1.3.1

Applications of cell free technologies

Cell free production of biologics and specialized proteins

Cell free protein synthesis (CFPS) has been utilized in a wide range of applications from the production of pharmaceutical proteins [100, 53, 117] to the production of libraries for protein evolution and structural genomics [166]. Complex post-translational modifications that are typically difficult to carry out using bacterial extracts have also recently been achieved in cell free. For example,
N-linked glycoproteins have been produced in an E. coli-based cell free extract
7

with the addition of a purified oligosaccharyltransferase (OST) and its lipidlinked oligosaccharides (LLOs) [56]. A single pot glycoprotein synthesis system was also developed, potentially allowing for the production of personalized
protein therapeutics [79]; in this system, the OSTs and LLOs were expressed in
the E. coli host strain which resulted in glycosylation-competent lysates. Other
specialized proteins have also been produced in cell free systems. The ability to
add membrane mimics such as surfactants or liposomes to the extract as stability agents has allowed the production of membrane proteins [134, 106, 181, 151].
Vaccines [160, 117], protein assemblies [81, 46, 37], and proteins incorporating
non-natural amino acids [6, 5, 103] have also been synthesized using CFPS systems. Disulfide-bonded proteins and antibodies have also been synthesized by
adding components that facilitate the formation of these bonds to the mixture
such as glutathione reductase, thioredoxin reductase, iodoacetamide, and disulfide isomerase (DsbC) [163, 136, 192, 112]. Cytosol-penetrating antibodies have
also been synthesized [109]. The cell free synthesis of onconase, a cytotoxic cancer therapeutic, has also been demonstrated [143]. Point-of-care protein manufacturing is also possible when microfluidic reactors are used. Compared to
batch reactions, continuous flow microreactors typically offer users more precise control over mixing [64, 107]. An automated on-chip CFPS reactor has been
developed that runs transcription and translation reactions simultaneously but
in separate compartments [50]. Each process can be optimized independently
and the quasi-continuous supply of new mRNA from the TX chamber to the
TL chamber allows a longer CFPS reaction and increases protein yield. Other
microfluidic platforms integrate purification methods like dialysis and affinity
chromatography [118, 113]. For example, cecropin B, an antimicrobial peptide
that is widely used to control biofilm-associated diseases, has been produced

8

at a clinically relevant dose in a few hours using a microfluidic device with
on-chip protein purification [113]. A continuous exchange microfluidic reactor
using nanofabricated membrane to allow for extended reaction times and improved yields has also been developed with the goal of producing single dose
therapeutic proteins at the point-of-care [171]. Moreover, cell free extracts can
be lyophilized and stored at -80◦ C for more than a year without degradation
[163]. They can then be rehydrated with water and then incubated using the
body’s heat to activate the extract components, highlighting the portability and
versatility of the cell free platform [153].
Lastly, while the majority of CFPS has been carried out in small scales,
there have been continued efforts to scale-up the technology. For example,
the scalability of cell free systems has been explored in a few academic studies [180, 164, 193, 127]. Moreover, there are a few examples of industrial-scale
cell free protein production for high-value products such as antibodies and cytokines [193, 191], and a few examples of industrial implementations of the technology, most notably by the clinical stage company, Sutro Biopharma and the
GreenWorX platform of GreenLight Biosciences. Continued research in the area
of scale-up will potentially accelerate industrial adaptation.

1.3.2

Cell free systems in synthetic biology

Applications of cell free systems in synthetic biology are varied, from diagnostics to fundamental discovery and prototyping. Biosensing is an area where
cell free systems have recently proven to be useful. They possess a unique advantage over whole cells because of their ability to detect species that are cyto-
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toxic or impermeable to the cell wall [153]. These systems have been deployed
to detect pathogens such as norovirus [102], Ebola virus [130] and Zika virus
[131]. In addition, initial studies have showed that paper-based cell free sensors can detect the presence of heavy metals such as mercury and drugs such as
γ-hydroxybutyrate, by utilizing the transcriptional regulators, MerR and BlcR,
respectively [54]. The portability offered by these systems further underscores
their usefulness in the field. CFPS has also been used in the development of minimal cells, the simplest cellular mimics that consist of only the genes essential for
survival. Minimal cells are often described as biological analogs to the hydrogen
atom which has served to uncover many fundamental phenomena in chemistry
[111]. Their bottom-up construction has been made possible mainly by the advancements in two areas: compartmentalization strategies and programmable
genetic circuits [49, 48, 75, 125, 88]. Toward this goal, proteins have been expressed in compartments such as liposomes [133, 48], phospholipid vesicles
[150, 125] and hydrogel particles [196], and genetic circuits that encode oscillations [168, 119], negative feedback loops [85], or riboswitches acting as regulatory elements [104] have been developed in CFPS systems. Interacting minimal
cells have also been developed [3]. Recently, the construction of dynamic biomaterials powered by artificial metabolism was also demonstrated by Hamada
and coworkers, with applications ranging from locomotion, pathogen detection
and hybrid nanomaterials [62]. Cell free systems have also been used for prototyping novel genetic parts or circuits before using them in vivo. Prototyping can
be done more efficiently in cell free systems because of the tighter control over
plasmid dosage, inducer concentrations, pH, temperature and salt concentrations [153]. The ability to use linear PCR templates in cell free further accelerates
this process [153]. Moreover, developments in experimental setup and analysis
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techniques such as the use of acoustic liquid-handling robots [110], real-time fluorescent reporters [120], microfluidics [33], and droplet-based expression [142]
have allowed the prototyping to be carried out in high-throughput rates [153].
The relative ease of manipulating cell free systems makes them attractive tools
for investigating complex processes.

1.3.3

Cell free metabolic engineering (CFME)

Cell free systems have gained wide interest in metabolic engineering applications, primarily to circumvent the significant barriers of traditional in vivo processes [57]. For example, a major challenge in in vivo metabolic engineering is
achieving high flux through synthetic pathways of interest. This is because cells
have their own objectives e.g., growth or maintenance, which drives metabolic
flux away from desired pathways. The complexity of living cells also makes
computational modeling and optimization of metabolic flux difficult [39]. Cell
free systems, on the other hand, can be accurately modeled and the reaction
environment tuned according to the bio-synthetic needs. They offer many advantages for the study, manipulation and modeling of metabolism. Central
amongst these is direct access to metabolites and the biosynthetic machinery
without the interference of a cell wall. This allows interrogation of the chemical
microenvironment while the biosynthetic machinery is operating, potentially at
a fine time resolution. Eliminating the need to maintain cell viability also allows
the full allocation of energy resources to the production of products of interest.
Because of these benefits, various metabolic engineering endeavors have been
made in both purified and crude cell extracts with promising results.
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Several strategies have been implemented in CFME to increase flux through
enzymatic pathways and improve product yield. For example, Opgenorth and
coworkers [128] designed a molecular purge valve consisting of an NAD+ dependent reductase enzyme, an NADP+ -dependent reductase enzyme, and a
NADH-specific oxidase to manage the flux of reducing equivalents. This valve
was utilized to produce valuable compounds such as polyhydroxybutyrate bioplastic and prenylated natural products [128, 129, 173]. The authors carried out
efficient synthesis of cannabinoids: up to 1.25 g/L and 1.74 g/L of the cannabinoid precursors, cannabigerolic acid and cannabigerovarinic acid, respectively,
were synthesized, then converted in a 1-step reaction using cannabidiolic acid
synthase, to cannabidiolic acid and cannabidivarinic acid, respectively [173].
The use of co-immobilized enzymes has also been demonstrated in vitro, allowing their reuse over more than 7 cycles and highlighting an important step
toward large-scale application [28]. In this study, the regulation and identification of inhibitors of the amorpha-4,11-diene (AD) biosynthetic pathway was
also carried out, increasing the AD synthesis rate up to 5.7 µmol/L · min, an approximately 3-fold increase from their previous work (2 µmol/L · min) [29]. Other
important products such as ethanol [59], n-butanol [94], and ethyl(S)-2-ethoxy3-(p-methoxyphenyl)propanoate (EEHP) [13], along with next generation devices such as an aerobic enzymatic fuel cell from glucose has also been demonstrated [198]. A majority of CFME approaches described thus far have used purified enzymes to form biosynthethic pathways. Recently, Dudley and coworkers implemented a novel technique, combining six crude E. coli lysates (each enriched with a unique pathway enzyme) at equal ratios, and one lysate (enriched
with three unique pathway enzymes) to construct a complete 20-step enzymatic
pathway of limonene synthesis from glucose [40]. This system achieved a pro-
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ductivity of 3.8 mg/L · h limonene, just two-fold less than the in vivo pathway
[8]. In another novel approach, Yi and coworkers [189] used a hybrid system
consisting of E. coli and cyanobacteria Synechocystis sp. PCC6803 cell lysates
to demonstrate the synthesis of (R,R)-2,3-butanediol (2,3-BD) from starch, utilizing the presence of starch-degrading enzymes in the cyanobacterial lysate.
Thus, cell free technologies have found wide use for the production of highvalue small molecule products, at least in the context of research.
Metabolic engineering approaches have also been used to improve cell free
protein synthesis. Calhoun and Swartz [19], for example, performed chromsosomal deletions in the source cells to address the problem of cell free amino acid
degradation. Gene overexpression approaches have also been used to improve
protein yields [184, 16]. CFME has also been used to address certain bottlenecks
in CFPS such as the need for energy and cofactor regeneration in cell extracts.
One of the early examples involved adding oxalate, CoA and NAD+ to inhibit a
futile cycle while producing ATP from pyruvate [91]. More involved metabolic
pathways, including the activation of glycolysis and oxidative phosphorylation,
have been utilized in different extracts [82, 19, 20, 80]. These efforts have paved
the way for the use of cheaper energy sources (glucose, pyruvate or glutamate)
and nucleotides (NMP) as well as increased the duration of the protein synthesis reactions. Similarly, a novel non-oxidative glycolysis pathway has been
designed, enabling 100% conservation of carbon in sugar catabolism to acetylCoA [14]. However, despite these achievements and the advantages of cell free
over in vivo processes, a fundamental challenge remains: the optimization of cell
free production systems. Due to the complexity and immense interconnectivity
of metabolic networks, even for simple prokaryotic organisms like E. coli, optimizing network operation toward a desired function is often not intuitive [12].
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To this end, the systems-level analyses offered by various mathematical modeling tools, developed for application to in-vivo metabolic optimization problems,
could prove indispensable for the systematic design of cell free system operation.

1.4

1.4.1

Mathematical modeling of cell free systems

Cell free transcription and translation models

If cell free systems are to become a mainstream technology for advanced applications such as point of care therapeutic manufacturing [132], we must first
understand the performance limits of these systems [80]. A critical tool towards
this goal is mathematical modeling. There have been several mathematical
models of cell free protein synthesis, with the majority of these models exclusively focusing on transcription and translation (TXTL) processes. These models are mostly systems of ordinary differential equations (ODEs) based upon
saturation or Hill-like kinetic expressions. As an early example, Karzbrun and
coworkers developed a coarse-grained model of transcription and translation
for E. coli cell free extract [87]. To simplify calculations, this model was based on
four enzymes and ten parameters. Transcription and translation processes were
assumed to follow Michaelis-Menten kinetics. The authors noted that the protein synthesis rate of their system began to exponentially decay after 1 hour, so
their study focused on the first hour of the cell free experiment. This decay was
attributed to resource depletion and waste accumulation, an important practical consideration regardless of cell free system used. Stögbauer and coworkers

14

developed a model that accounts for resource consumption and degradation
and identified the bottleneck of protein synthesis [162]. Variables representing
transcription and translation resources were added to the model, but the exact
identities and quantities of these resources were beyond the scope of the study.
The authors attempted to use Hill functions to better predict saturation effects
of mRNA and their protein of interest but found that the optimized Hill coefficients were close to one, resulting in Michaelis-Menten-like approximations.
Protein yield was determined to be a function of template DNA concentration.
This work also found that NTP depletion was not the reason for protein synthesis rate decay; for the specific extract used, ribosome degradation was to blame
for rate decay. More recently, Neiß and coworkers published a comprehensive
experimentally validated model that identified limiting factors of cell free protein synthesis [121]. An unusual characteristic of this model was the hybrid
black box approach: transcription processes were simplified, while the model
for translation was detailed. The entire model was a large system of differential algebraic equations (DAEs); a system of eight algebraic equations and over
400 ODEs. Using sensitivity analysis, Neiß found that cell free protein synthesis
rates were limited by concentrations of tRNA and elongation factor Tu. A model
that captured resource competition in genetic networks was published by Gyorgy and Murry [60]. For a two-protein expression system, simulations that
considered both products agreed with experimental data. This model also predicted possible product concentrations in multiple-protein expression systems,
and compared different cell free extracts. The authors concluded that resource
competition was a key consideration in the design of synthetic gene circuits.
The cell free protein synthesis models discussed thus far have been based on experiments in which DNA/protein components were used to construct genetic
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networks. However, RNA genetic circuitry has also been explored in the cell
free platform, and mathematical models for the system have been developed.
Transcriptional regulating RNAs are of interest because they bypass the need
for regulatory proteins [101]. In the context of circuit design, regulatory RNAs
have been used to create various logic gates and cascades [17, 27]. The first experimentally validated model of a synthetic RNA circuit was published by Hu
and coworkers [72]. The model contained 8 ODEs and 13 previously unknown
parameters. These parameters were estimated based on results from sensitivity
analysis guided experimental design. Taken together, models of transcription,
translation, resource competition, and gene regulatory circuits have provided
useful information for optimizing cell free biomanufacturing or designing new
systems; however, they have each provided an incomplete representation of
cell free protein synthesis. CFPS does not just rely on transcription and translation processes, but instead depends upon central carbon metabolism and other
metabolic pathways to meet energy and carbon precursor requirements. Thus,
more sophisticated models are needed that integrate metabolic pathways with
transcription and translation processes. Ultimately, an integrated framework
could provide insights into the limitations of CFPS, and generate strategies for
improving CFPS performance metrics such as carbon yield, energy efficiency
and productivity.

1.4.2

Metabolic modeling frameworks

Traditional approaches to metabolic modeling, which were first developed to
describe living cells, could also be applied to cell free systems, thereby addressing an important current limitation. Decades before the genomics revolution,
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mechanistically structured in vivo metabolic models arose from the desire to predict microbial phenotypes resulting from changes in intracellular or extracellular states [45]. The single cell E. coli models of Shuler and coworkers pioneered
the construction of large-scale, dynamic metabolic models that incorporated
multiple regulated catabolic and anabolic pathways constrained by experimentally determined kinetic parameters [36]. Shuler and coworkers generated many
single cell kinetic models, including single cell models of eukaryotes [161, 187],
minimal cell architectures [25], and DNA sequence based whole-cell models of
E. coli [9]. As biological understanding grew, metabolic models became less
reductionist and more detailed. Next generation models described cellular processes such as RNA synthesis, chromosome synthesis, regulated catabolic and
macromolecular synthesis pathways in detail using ordinary differential equations [172]. For example, Karr et al. (2012) developed a whole cell model of
Mycoplasma genitalium, accounting for all genes and their interactions in the cell
[86]. The model, which was constructed with independent sub-models describing different components of the cell, successfully described the full cellular life
cycle at the level of single molecules. However, while undoubtedly important
tools, traditional metabolic modeling approaches are often complex, nonlinear
and require the estimation of a large number of unknown parameters; a difficult
process because of the inherent noisiness of biological data, and the computational burden of repeatedly solving the model equations. To overcome such
obstacles, constraint based methods were developed to describe metabolic networks with only a limited need for kinetic parameters [174].
Stoichiometric reconstructions of microbial metabolism, popularized by constraint based approaches such as flux balance analysis (FBA), have become
standard tools to interrogate metabolism [96]. FBA and metabolic flux anal-
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ysis (MFA) [185], as well as convex network decomposition approaches such
as elementary modes [146] and extreme pathways [145], model intracellular
metabolism using the biochemical stoichiometry and other constraints such as
thermodynamic feasibility [66, 63] under pseudo steady state conditions. Constraint based approaches use linear programming [31] to predict productivity
[174, 144], yield [174], mutant behavior [42], and growth phenotypes [126] for
biochemical networks of varying complexity, including genome scale networks.
Constraint based models have also been used to identify strategies for the overproduction of desired compounds. These strategies include genetic knockouts
or the addition of heterologous enzyme pathways to an organism’s metabolic
network and have been used in developing useful bacterial strains for the production of biofuels [10], high-value chemicals [114, 158, 190] and pharmaceuticals [138, 44]. Stoichiometric reconstructions have been expanded to include
the metabolic demands for protein synthesis; Allen and Palsson developed sequence specific constraint based models, based upon the DNA and protein sequences of interest, where transcription and translation processes were integrated with metabolism [7]. Since the early work of Allen and Palsson, sequence
specific constraint based models have been expanded to the genome-scale with
detailed descriptions of gene expression (ME-Model) [170, 96, 126] and protein structures (GEM-PRO) [195, 26]. These expansions have greatly increased
the scope of questions stoichiometric reconstructions can explore. For example, constraint based methods, which are powerful tools to estimate the performance of metabolic networks, could potentially predict nonintuitive strategies
to optimize the interaction between metabolism and gene expression in cell free
applications. Thus, the use of integrated constraint based models for cell free
optimization studies is a promising future research direction.
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1.4.3

Emergence of integrated cell free models

Modeling the integration of cell free transcription and translation processes with
metabolic pathways remains in its infancy, with only a few published mathematical models [32, 178, 71]. Horvath and coworkers developed an ensemble of
dynamic E. coli CFPS models using parameters estimated from measurements
of metabolite, amino acid, and protein concentrations from CFPS reactions conducted using the PANOx-SP system [71]. This work built upon the hybrid cell
free modeling approach of Wayman and colleagues, which integrated kinetic
modeling with a rule-based description of allosteric control [183]. By simulating reaction group knockouts, Horvath et al. suggested that cell free metabolism
and protein synthesis were strongly coupled with oxidative phosphorylation
and glycolytic flux. On the other hand, to circumvent computationally expensive parameter estimation, Vilkhovoy and coworkers [178] developed an experimentally validated constraint-based model of CFPS which integrated the
expression of a model protein product with the supply of metabolic precursors and energy (Fig. 1.3). This model coupled transcription and translation
processes with available resources using only six adjustable parameters. Model
analysis suggested protein expression in the PANOx-SP system was translationally limited. Further, the same modeling approach, using only a limited number of experimentally derived parameters, also described protein expression in
the myTXTL system, thereby underscoring the power and versatility of the approach. Taken together, the incorporation of complex metabolism with genetic
regulatory networks using constraint based modeling is a promising approach
to simulate cell free systems. Unfortunately, despite these early studies, there
remains an unmet need for comprehensive metabolic models of cell free reactions. However, as experimental methods are developed for cell free e.g., [176],
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and benchmark cell free data sets are published, we expect the metabolic modeling community will address this shortcoming.
Metabolism
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Figure 1.3: Schematic of the integration of transcription and translation processes with metabolism. Transcription and translation processes demand
macromolecular precursors (e.g. NTPS, amino acids and cofactors) from
metabolism for gene expression. The target protein in turn can affect enzymatic
flux (orange arrow) or the target protein is synthesized as a product (green arrow). The integrated framework is represented as a stoichiometric matrix of
metabolites participating in certain reactions, where the flux is estimated subject to constraints, a pseudo-steady state assumption and an objective function.
Figure adapted with permission from [178].

1.5

Conclusion

Cell free systems have evolved from an investigative tool used since the early
1950s to a sophisticated platform useful for a variety of bioengineering, biomanufacturing, and synthetic biology applications. With the recent advances in extract preparation, improvements in energy regeneration mechanisms, and the
ability to perform high throughput continuous reactions in microfluidic chips,
cell free systems are emerging as a viable alternative to traditional living cells in
several application areas. For example, they have become a valuable investiga20

tive tools for metabolic engineering research, given their tunability and the unfettered access to metabolism without the interference of the cell wall. However,
the optimization of cell free applications remains an important challenge. Toward this challenge, mathematical and computational modeling is a critical tool
that could move the platform forward. Models facilitate the understanding of
the role of systems-level parameters and interactions, and they also promote the
generation of metabolic engineering strategies, for example assisting in making
the appropriate genetic manipulation for a desired function, which is not always intuitive. The broad review of literature presented here has highlighted
several experimental and computational opportunities that could be addressed
in future work. For example, a more detailed description of transcription and
translation reactions has been utilized in genome scale metabolic engineering
models e.g., O’Brien et al [126]. These template reactions could be adapted to a
cell free system, allowing us to consider important facets of protein production,
such as the role of chaperones in protein folding. In addition, post-translational
modifications such as glycosylation that are important for the production of
therapeutic proteins could also be included in the next generation of cell free
models. Finally, constraint based modeling could be extended to multi-protein
synthetic circuits, RNA circuits or small molecule production. There are also opportunities to explore with regard to the preparation and manipulation of cell
extracts. For example, enabling selective enzyme deletions directly in cell free
extracts, without having these deletions stem from the extract preparation process, could be a game changing technology. Taken together, continual advancements in modeling and experimental design have paved the way for cell free
systems to become valuable tools for molecular biology research, and a promising platform for manufacturing of valuable biotherapeutics and chemicals.
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However, while the popularity of cell free systems has grown dramatically
in the research community, the platform still faces important challenges for
biomanufacturing applications, in particular scale-up, the high cost of extracts,
and limited post-translational modification capability. While mammalian and
insect cell free systems have post-translational modification machinery, these
types of extracts are expensive compared to their bacterial counterparts. Toward this challenge, DeLisa and coworkers [56, 79] recently expressed N-linked
glycoproteins in E. coli cell free extracts, opening up possibilities for the production of therapeutically-relevant proteins in bacterial extracts, which have better
overall protein yields, are relatively inexpensive, and have easier extract preparation protocols. There have also been studies on the possible scale-up of protein
synthesis by several research groups, and a few startup biotechnology companies. However, this remains a critical and underserved topic area. Another
possible challenge to using cell free systems for applications such as biosensors, on-demand therapeutics, or even industrial production, is the inability to
achieve 100% lysis of cells during the extract preparation process, resulting in
residual contaminating cells. Addressing this concern could be important to
meet various Food and Drug Administration (FDA) regulations. Toward this
challenge, Smith and coworkers assessed decontamination strategies, and have
shown that sterile filtration and lyophilization effectively removes cell contamination without affecting the protein synthesis capabilities of the system [156].
Thus, while there remain important challenges to be overcome, it is encouraging that several research groups have worked toward addressing the challenges
faced by the the platform. However, continued research and development is
important to further improve the capabilities of cell free technology.
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1.7

Abbreviations

The following abbreviations are used in this manuscript:

CFPS

cell free protein synthesis

TXTL

transcription and translation

DNA

deoxyribonucleic acid

RNA

ribonucleic acid

NMP

nucleoside monophosphate

NTP

nucleoside triphosphate

ATP

adenosine triphosphate

GTP

guanosine triphosphate

NAD

nicotinamide adenine dinucleotide

CoA

coenzyme A

mRNA

messenger RNA

tRNA

transfer RNA

PURE

Protein synthesis Using Recombinant Elements

ODE

ordinary differential equation

CFME

cell free metabolic engineering

FBA

flux balance analysis

MFA

metabolic flux analysis

ME

metabolic engineering

PCR

polymerase chain reaction
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CHAPTER 2
ABSOLUTE QUANTIFICATION OF CENTRAL CARBON METABOLITES
AND NUCLEOTIDE CHARGED SUGARS BY REVERSED-PHASE LIQUID
CHROMATOGRAPHY-MASS SPECTROMETRY

2.1
1

Abstract

Cell-free protein synthesis (CFPS) is a widely used research tool in systems

and synthetic biology; however, if CFPS is to become a mainstream technology for applications such as point-of-care manufacturing, we must understand
the performance limits of these systems. Toward this question, we developed
a robust protocol to quantify 40 compounds involved in glycolysis, the pentose phosphate pathway, the tricarboxylic acid cycle, energy metabolism and
cofactor regeneration in CFPS reactions. The method uses internal standards
tagged with 13C-aniline, while compounds in the sample are derivatized with
12C-aniline. The internal standards and sample were mixed and analyzed by
reversed-phase liquid chromatography-mass spectrometry (LC/MS). The coelution of compounds eliminated ion suppression, allowing the accurate quantification of metabolite concentrations over 2-3 orders of magnitude where the
average correlation coefficient was 0.988. Five of the forty compounds were
untagged with aniline, however they were still detected in the CFPS sample
and quantified with a standard curve method. The chromatic run takes approximately 10 minutes to complete. In summary, we developed a fast, robust
method to separate, and accurately quantify 40 compounds involved in CFPS
1

Adapted with permission from Vilkhovoy, M.; Dai, D.; Vadhin, S.; Adhikari, A.; Varner, J.
D. Absolute Quantification of Cell-Free Protein Synthesis Metabolism by Reversed-Phase Liquid
Chromatography-Mass Spectrometry. JoVE 2019, No. 152, 60329.
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in a single LC/MS run. Taken together, the method is a robust and accurate
approach to characterize cell free metabolism, so that ultimately, we can understand and improve the yield, productivity and energy efficiency of cell free
systems.

2.2

Introduction

Cell-free protein synthesis has become a widely used tool in systems and synthetic biology, and a promising technology for point-of-use manufacturing of
biomolecules. Cell-free systems offer many advantages compared to in vivo
processes, such as direct access to metabolites and the biosynthetic machinery
without the interference of a cell wall or the complications associated with cell
growth [69]. However, a fundamental understanding of the performance limits
of cell free processes has been lacking. High-throughput methods for metabolite quantification are valuable because they can help characterize metabolism,
they are important to our understanding of the systems, and are critical to
the construction of robust metabolic computational models useful in process
optimization[178, 175, 71]. Common methods used to determine metabolite
concentrations include Nuclear Magnetic Resonance (NMR), Fourier transforminfrared spectroscopy (FT-IR), enzyme-based assays, and mass spectrometry
(MS)[61, 34, 140, 169]. However, these methods are often limited by their inability to efficiently measure multiple compounds at once and sample size
requirements. For example, enzyme-based assays can often only be used to
quantify a single compound in a run, and are limited when the sample size
is small, such as in cell-free protein synthesis reactions (typically run on a 1015 µL scale). Meanwhile, NMR requires a high abundance of metabolites for
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detection and quantification[34]. Toward these shortcomings, chromatography
methods in tandem with mass spectrometry (LC/MS) provide several advantages, including sensitivity and the capability of measuring multiple species
simultaneously[41]; however, the analytical complexity increases considerably
with the number and diversity of species being measured. It is important, therefore, to develop methods that fully realize the high-throughput potential of
LC/MS systems. Compounds in a sample are separated by liquid chromatography and identified through mass spectrometry. The signal of the compound
depends on its concentration and ionization efficiency, where the ionization can
vary between compounds and may also depend on the sample matrix.
Achieving the same ionization efficiency between the sample and standards
is a challenge to using LC/MS to quantify analytes. Further, quantification becomes more challenging with metabolite diversity due to signal splitting and
heterogeneity in proton affinity and polarity[74]. Lastly, the co-eluting matrix
of the sample can also affect the ionization efficiencies of the compounds. To
address these issues, metabolites can be chemically derivatized, increasing the
separation resolution, and the sensitivity and detection by the LC/MS system,
while simultaneously decreasing signal splitting in some cases[74, 73]. Chemical derivatization works by tagging specific functional groups of metabolites
to adjust their physical properties like charge or hydrophobicity to increase
ionization efficiency[73]. Various tagging agents can be used to target different functional groups like amines, hydroxyls, phosphates, carboxylic acids, etc.
Aniline, one such derivatization agent, targets multiple functional groups at
once, and adds a hydrophobic component into hydrophilic molecules, increasing their separation resolution and signal[188]. To address the co-eluting matrix
ion suppression effect, Yang and coworkers developed a technique based on
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Group Specific Internal Standard Technology (GSIST) labeling where standards
are tagged with 13C aniline isotopes and mixed with the sample[188, 77]. The
metabolite and corresponding internal standard have the same ionization efficiency since they co-elute, and their intensity ratio can be used to quantify the
concentration in the experimental sample.
In this study, we developed a protocol to detect and quantify 40 compounds
involved in glycolysis, the pentose phosphate pathway, the tricarboxylic acid
cycle, energy metabolism and cofactor regeneration in cell-free protein synthesis reactions. The method is based on the GSIST approach, where we used 12Caniline and 13C-aniline to tag, detect, and quantify metabolites using reversedphase LC/MS. The linear range of all compounds spanned 2-3 orders of magnitude with an average correlation coefficient of 0.988. This protocol was adapted
to detect and quantify 5 nucleotide sugars and used to determine in vivo. In
conjunction, we used a commercially available method by Waters to tag, detect
and separate all 20 amino acids in the cell-free extract. This method had a linear range for 2 orders of magnitude and an average correlation coefficient of
0.999. Thus, the method is a robust and accurate approach to interrogate cell
free metabolism, and possibly whole-cell extracts.

2.3

2.3.1

Results

Aniline tagged metabolites

As a proof-of-concept, we used the protocol to quantify metabolites in myTXTL,
a commercially available E. coli based CFPS system (Arbor Biosciences) express-
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Figure 2.1: Schematic of workflow for aniline tagging. The cell-free protein synthesis reaction is de-proteinized and tagged with 12C-aniline, while a standard
stock mixture is tagged with 13C-aniline. Both mixtures are then mixed at a 1:1
volumetric ratio and analyzed by LC/MS.
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ing green fluorescent protein (GFP). The CFPS reaction (14µL) was quenched
and de-proteinized with ethanol. The CFPS sample was then tagged with 12Caniline, while standards were tagged with 13C-aniline. The tagged sample and
standards were then combined and injected into the LC/MS (Fig. 2.1). The
protocol detected and quantified 40 metabolites involved in central carbon and
energy metabolism using internal standards, while a standard curve for 5 of the
metabolites that were not tagged with aniline was also developed (Fig. 2.2 and
Table 2.1). The diverse metabolites involved in these pathways were a class of
phosphorylated sugars, phosphocarboxylic acids, carboxylic acids, nucleotides,
and cofactors. The derivatization with aniline introduced a hydrophobic moiety into hydrophilic molecules which facilitated more effective separation using reversed-phase chromatography[188]. In addition, the method enabled the
separation of structural isomer pairs such as glucose 6-phosphate and fructose
6-phosphate in a single LC/MS run. Each compound’s mass over charge (m/z)
ratio and retention time were identified prior to the experiment by injecting
1mM of one compound at a time and comparing the mass spectrum to the blank
(Table 2.2).
The limit of detection and range of linearity for all compounds was estimated by producing a standard curve that ranged from 0.10 µM to 400 µM (Table 2.1). The average correlation coefficient (R2 ) for all compounds was 0.988
and most compounds had a linear range of 3-orders of magnitude. Three compounds had notable saturation effects, especially alpha-ketoglutarate which had
a linear range from 0.1 µM to 25 µM. Isocitrate and citrate also had saturation
effects above 100 µM.
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Figure 2.2: Mass chromatogram from a single LC/MS run of a 40µM standard
mixture of 40 metabolites. Peaks were identified by their retention time and m/z
values for each compound. Complete compound names and their abbreviations
are listed in Table 2.1.
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Table 2.1: Each compound’s corresponding limit of detection, range of linearity
and correlation coefficient identified from standard curves.
Peak

Metabolite

Abbreviation

KEGG ID

Limit of
Detection (µM)

Limit of Linear
Range (µM)

R2

1

Glycerol 3-phosphate

Gly3P

C00093

0.1

400

0.995

2

Nicotinamide adenine dinucleotide

NAD

C00003

0.39

400

0.993

3

Glucose

GLC

C00031

0.1

400

0.997

4

Sedoheptulose 7-phosphate

S7P

C05382

0.16

400

0.988

5

Fructose 6-phosphate

F6P

C00085

0.1

400

0.986

6

Guanosine monophosphate

GMP

C00144

0.39

100

0.992

7

Ribulose 5-phosphate

RL5P

C00199

0.39

400

0.996

8

Cytidine monophosphate

CMP

C00055

0.1

100

0.992

9

Lactate

LAC

C00186

0.1

400

0.988

10

Adenosine monophosphate

AMP

C00020

0.1

100

0.992

11

Uridine monophosphate

UMP

C00105

0.1

100

0.997

12

Nicotinamide adenine dinucleotide phosphate

NADP

C00006

0.34

400

0.950

13

3-Phosphoglyceric acid

3PG

C00197

0.1

100

0.996

14

Cytidine diphosphate

CDP

C00112

0.39

400

0.997

15

Guanosine diphosphate

GDP

C00035

1.5625

400

0.984

16

Adenosine diphosphate

ADP

C00008

0.39

400

0.995

17

Uridine diphosphate

UDP

C00015

0.39

400

0.991

18

Flavin adenine dinucleotide

FAD

C00016

0.1

400

0.958

19

Fructose 1,6-bisphosphate

F16P

C05378

0.39

400

0.989

20

Gluconate 6-phosphate

6PG

C00345

0.39

400

0.989

21

Nicotinamide adenine dinucleotide reduced

NADH

C00004

0.39

100

0.972

22

Glucose 6-phosphate

G6P

C00668

0.1

400

0.984

23

Ribose 5-phosphate

R5P

C00117

0.39

100

0.999

24

Erythrose 4-phosphate

E4P

C00279

0.39

400

0.979

25

Cytidine triphosphate

CTP

C00075

6.25

100

0.998

26

Guanosine triphosphate

GTP

C00044

6.25

100

0.993

27

Oxalacetate

OAA

C00036

0.56

400

0.997

28

Alpha-ketoglutarate

aKG

C00026

0.1

25

0.979

29

Uridine triphosphate

UTP

C00075

1.5625

400

0.998

30

Adenosine triphosphate

ATP

C00002

1.5625

400

0.991

31

Fumarate

FUM

C00122

1.5625

100

0.999

32

Pyruvate

PYR

C00022

0.39

400

0.993

33

Malate

MAL

C00149

0.1

400

0.991

34

D-glyceraldehyde 3-phosphate

GAP

C00118

0.1

100

0.974

35

Acetyl-coenzyme A

ACA

C00024

0.1

100

0.991

36

Nicotinamide adenine dinucleotide phosphate reduced

NADPH

C00005

0.14

100

0.990

37

Phosphoenolpyruvate

PEP

C00074

0.1

100

0.962

38

Succinate

SUCC

C00042

0.1

320

0.999

39

Isocitrate

ICIT

C00311

0.39

100

0.998

40

Citrate

CIT

C00158

0.1

100

0.981
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Table 2.2: Each compound’s corresponding peak number, retention time, m/z
value for 12C, 13C, and unlabeled, cone voltage, and MS species.
Peak

Metabolite

1

Gly3P

C00093

Retention
Time (min)
3.85

2

NAD

C00003

3.96

3

GLC

C00031

4.06

289.9

4

S7P

C05382

5.41

364

5

F6P

C00085

5.48

6

GMP

C00144

5.57

7

RL5P

C00199

8

CMP

C00055

KEGG ID

12C m/z

13C m/z

nonlabel m/z

CV

MS Species

153

10

M – H2O – H

698

10

M + Cl – H

296

15

M + A + Cl - H

370

10

M+A–H

334

340

10

M+A–H

437.05

443

10

M+A–H

5.58

304

310

10

M+A–H

5.59

397.09

403

10

M+A–H

9

LAC

C00186

5.77

164.05

170

10

M+A–H

10

AMP

C00020

5.85

421.1

427.1

10

M+A–H

11

UMP

C00105

5.88

398.07

404

10

M+A–H

12

NADP

C00006

6.39

10

M - H2O – H

13

3PG

C00197

6.63

242

248.06

15

M + A – H2O – H

14

CDP

C00112

6.72

477

483

10

M+A–H

15

GDP

C00035

6.87

517

523

10

M+A–H

16

ADP

C00008

6.94

501

507

10

M+A–H

17

UDP

C00015

6.97

478

484

10

M+A–H

18

FAD

C00016

7.03

15

M–H

19

F16P

C05378

7.1

395.95

402.1

10

M + A – H2O – H

20

6PG

C00345

7.11

425.1

437

10

M + 2A – H

21

NADH

C00004

7.23

633.13

639.08

10

M + A + H2O – nicotinamide – H

22

G6P

C00668

7.32

409.1

421.1

10

M + 2A – H

23

R5P

C00117

7.54

379.1

391.1

15

M + 2A – H

24

E4P

C00279

7.71

348.9

361

10

M + 2A – H

25

CTP

C00075

7.84

557

563

5

M+A–H

26

GTP

C00044

7.93

597

603

5

M+A–H

27

OAA

C00036

7.94

281

293

25

M + 2A – H

28

aKG

C00026

7.95

295

307.1

15

M + 2A – H

29

UTP

C00075

7.97

558

564

10

M+A–H

30

ATP

C00002

8.03

581

587

15

M+A–H

31

FUM

C00122

8.09

265

277.1

10

M + 2A – H

32

PYR

C00022

8.09

162

168

25

M+A–H

33

MAL

C00149

8.09

283.06

295.15

10

M + 2A – H

34

GAP

C00118

8.09

319

331.1

5

M + 2A – H

35

ACA

C00024

8.16

10

M – H2O – H

36

NADPH

C00005

8.23

694.92

700.82

10

M + A – nicotinamide – H

37

PEP

C00074

8.28

317

329.1

20

M + 2A – H

38

SUCC

C00042

8.64

267.07

279.1

15

M + 2A – H

39

ICIT

C00311

10.13

398

416

10

M + 3A – H2O – H

40

CIT

C00158

10.46

416.1

434.06

20

M + 3A – H

724

784.15

790

A: represents aniline group under MS Species
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2.3.2

Amino Acid Analysis

As a proof-of-concept, we applied a commercially available protocol (Waters Corp.) to quantify amino acids in myTXTL, a commercially available E.
coli based CFPS system (Arbor Biosciences) expressing green fluorescent protein (GFP). The CFPS reaction (14µL) was quenched and de-proteinized with
ethanol. The de-proteinized sample was then tagged with AccQ-Tag Ultra
Derivatization Kit (Waters Corp), separated by reverse-phase liquid chromatography and detected with a TUV at 260nm (Fig. 2.3). The accQ-Tag contained
17 of the 20 amino acids in the amino acid hydrolysate standard. The stock
mixture was supplemented with the three missing amino acids: L-glutamine,
L-asparagine, and L-tryptophan at the same concentration as the other amino
acids. The limit of detection and limit of the linear ranges was determined to
range from 0.781 to 50 µM with an average correlation coefficient of 0.999 (Table 2.3). The only exception was L-cysteine which had a linear range of 0.391
to 25 µM with a correlation coefficient of 0.999. L-cysteine had a lower limit
of linear range since it’s concentration was half of all the other amino acids in
the amino acid hydrolysate standard mixture. Amino acids in the sample were
identified by their retention time and compared to the standard and quantified
by standard curve method.

2.3.3

Nucleotide charged sugars

We developed a protocol for the detection and quantification of five nucleotide
charged sugars (Fig. 2.4). Nucleotide charged sugars are important precursors
for glycoproteins which are products of interest to be produced in CFPS [79].
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Thr
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0.25

Ser

Ile
Leu
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Met

Cys

Tyr
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Intensity (A.U.)
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Time (min)

Figure 2.3: Amino acid chromatogram tagged and separated by reverse-phase
liquid chromatography and detected with a TUV at 260nm. Peaks were identified by their retention time.
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Table 2.3: Each amino acid’s retention time separated by reverse-phase liquid
chromatography and detected by TUV at 260nm with the corresponding limit
of detection, linear range, and correlation coefficient.
Limit of Linear
Range (µM)

R2

0.781

50

0.999

2.893

0.781

50

0.999

C00065

3.694

0.781

50

0.999

Gln

C00064

3.788

0.781

50

0.999

L-arginine

Arg

C00062

3.92

0.781

50

0.999

L-glycine

Gly

C00037

4.082

0.781

50

0.999

L-aspartate

Asp

C00049

4.500

0.781

50

0.999

L-glutamate

Glu

C00025

5.009

0.781

50

0.999

L-threonine

Thr

C00188

5.363

0.781

50

0.999

L-alanine

Ala

C00041

5.834

0.781

50

0.999

Lproline

Pro

C00148

6.419

0.781

50

0.999

L-cysteine

Cys

C00097

7.192

0.391

25

0.999

L-lysine

Lys

C00047

7.250

0.781

50

0.999

L-tyrosine

Tyr

C00082

7.501

0.781

50

0.999

L-methionine

Met

C00073

7.611

0.781

50

0.999

L-valine

Val

C00183

7.680

0.781

50

0.999

L-isoleucine

Ile

C00407

8.340

0.781

50

0.999

L-leucine

Leu

C00123

8.438

0.781

50

0.999

L-phenylalanine

Phe

C00079

8.573

0.781

50

0.999

L-tryptophan

Trp

C00078

8.629

0.781

50

0.999

Amino Acid

Retention
Time (min)

Abbreviation

KEGG ID

L-histidine

His

C00135

2.565

L-asparagine

Asn

C00152

L-serine

Ser

L-glutamine
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Limit of
Detection (µM)

Table 2.4: Each compound’s retention time and mass over charge ratio with the
corresponding limit of detection, linear range, and correlation coefficient.
Limit of Linear
Range (µM)

R2

0.2

20

0.999

604.01

0.2

20

0.999

1.670

564.96

0.2

20

0.999

1.671

606.00

0.2

20

0.996

Retention
Time (min)

Nucleotide Sugar

Abbreviation

CMP-Sialic Acid

CMP-Neu5AC

1.562

613.10

GDP-D-Mannose

GDP-D-Man

1.656

UDP-a-D-Galactose

UDP-a-D-Gal
UDP-Hex

UDP-N-acetyl-D-glucosamine/galactosamine

m/z

Limit of
Detection (µM)

The retention time and mass over charge ratio for each compound were determined individually from standards. The range from 0.2 to 20 µM had a linear
coefficient of 0.999 for all compounds except UDP-Hex which had a linear coefficient of 0.996 (Table 2.4). Three of the five nucleotide sugars (CMP-Sialic Acid,
GDP-D-Mannose, and UDP-a-Galactose) had unique mass over charge ratios
that allowed for their detection and quantification. Because UDP-N-acetyl-Dglucosamine and galactosamine had the same retention time of 1.671 minutes
and the same m/z of 606.0, they were not distinguishable for individual quantification. Due to this, the compounds were mixed at a 1:1 ratio to be used for
quantification in biological samples. This protocol has been used to determine
the corresponding concentrations of nucleotide sugars in E. coli lysate (Fig. 2.5)
[116] and intracellular levels in mammalian cell lines (data not shown).

2.4

Discussion

Cell-free systems have no cell wall, thus there is direct access to metabolites and
the biosynthetic machinery without the need for complex sample preparation.
However, despite this, very little work has been done to develop thorough and
robust protocols to quantitatively interrogate cell-free reaction systems. In this
study, we developed a fast, robust method to quantify metabolites in cell-free re37

UDP-Hex

1.00

0.75

Intensity (A.U.)

UDP-a-D-Gal

GDP-D-Man

0.50

CMP-Neu5Ac
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0.00
0.00
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Figure 2.4: Nucleotide charged sugars chromatogram separated by reversephase liquid chromatography and detected by mass-spectrometry according to
each compounds mass over charge ratio. Peaks were identified by their retention time and selective ion recording.
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Figure 2.5: Concentrations of in vivo sialic acid in glycoengineered E. coli,
adapted with permission from [116].
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action mixtures and potentially in whole-cell extracts. Individual quantification
of metabolites in complex mixtures, such as those found in cell-free reactions,
or whole-cell extracts, is challenging for several reasons. Central amongst these
reasons is chemical diversity. The array of functional groups simultaneously
present in these mixtures, such as carboxylic acids, amines, phosphates, hydroxyls, etc. greatly increases the analytical complexity. To circumvent this, we
used an aniline derivatization method in combination with 13C internal standard to introduce hydrophobic components to the metabolite mixtures. Using
this method, we robustly detected and quantified 40 metabolites in a cell-free
reaction in a single LC/MS run. While we demonstrated this technique in a
cell-free reaction mixture, it could also likely be applied to whole-cell extracts,
thus, potentially allowing the absolute quantification of intracellular metabolites concentrations. The latter application has relevance to a variety of important questions in biotechnology and human health.
The method presented here was based on a previous technique (GSIST) that
was applied to whole-cell extracts of the yeast S. cerevisiae[188, 77]. In this
study, we expanded upon which compounds could be detected and quantified
to include all 12 nucleotides (xMP, xDP, xTP, where x is A, C, G and U). Addition of these compounds could have important biological implications. For example, these nucleotides are heavily involved in transcription and translation
processes, which is one of the central processes of interest in CFPS applications,
and more generally the compounds are important in a variety of physiological
functions. In addition, we were able to detect acetic acid which is an important metabolite when examining overflow metabolism. However, we did not
include it in the study because there was a significant reduction of signal in multiple compounds, especially NADH and NADPH, when acetic acid was added
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to the standard mixture. Acetic acid had a high limit of detection of 612 µM,
thus at these high levels it had a negative effect on the other metabolites’ signals. Despite this, acetic acid can still be detected and quantified in samples by
creating a standard curve with just acetic acid in the vial. Acetic acid had a m/z
value of 134.0, retention time of 5.78 minutes, and a linear range from 612 µM to
5000 µM (R2 = 0.986) when tagged with 12C-aniline. The remaining metabolites
did not alter each other’s ion signal and represent a comprehensive mixture to
characterize CFPS metabolism.
Taken together, we developed a fast, robust protocol for the characterization
and absolute quantification of 40 compounds involved in glycolysis, the pentose phosphate pathway, the tricarboxylic acid cycle, energy metabolism and
cofactor regeneration in CFPS reactions. The method relied on internal standards tagged with 13C-aniline, while the sample was tagged with 12C-aniline.
The internal standards and sample compounds co-eluted and eliminated ionsuppression effects which enabled accurate quantification of individual metabolites in complex metabolite mixtures. We identified a total of 40 compounds (41,
if including acetic acid) that can be detected and quantified in a cell-free reaction mixture; however, the list of metabolites could be further expanded and adjusted towards the particular biochemical process of interest. Thus, the method
provides a robust and accurate approach to characterize cell free metabolism,
which is potentially critical to improving the yield, productivity and energy efficiency of cell free processes.
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2.5

2.5.1

Materials and Methods

Aniline derivatization

Materials and Reagents: All metabolite standards, aniline, N-(3-dimethylaminopropyl)N’-ethylcarbodiimide hydrochloride (EDC), tributylamine (TBA), triethyamine
(TEA), HPLC grade acetonitrile, and HPLC grade water were purchased from
Sigma-Aldrich (St. Louis, MO). Sedoheptulose 7-Phosphate was purchased
from Carbosynth (Compton, UK). All materials and equipment are listed in Table A.1 in the appendix.
LC-MS: The UPLC-ESI-MS system consisted of a UPLC system (Acquity HClass, Waters) and an electrospray ionization (ESI) source mass spectrometer
(QDA detector, Waters). The system was controlled by Empower 3 software
(Waters). The autosampler was set at 10

◦

C. Separation were performed on a

Acquity BEH C18 Column (1.7 µm, 2.1 mm x 150 mm, Waters). The elution
started from 95% mobile phase A (5 mM TBA aqueous solution, adjusted to pH
4.75 with acetic acid) and 5% mobile phase B (5 mM TBA in Acetonitrile), raised
to 70% B in 10 minutes, further raised to 100% B in 2 minutes, and then held at
100% B for 3 minutes and returned to initial conditions over 1 minute and held
for 9 minutes to re-equilibrate the column. The flow rate was set at 0.3 mL/min
with injection volume as 5 µL. The column was preconditioned by pumping the
starting mobile phase mixture for 10 minutes, followed by the gradient protocol
specified above 3 times prior to any injections. LC-ESI-MS chromatograms were
acquired in negative ion mode under the following conditions: capillary voltage
of 10 V, dry temperature at 520◦ C, and an acquisition range of m/z 100-800.
Selected ion recordings were specified for each metabolite and are listed in Table
42

2.2.
Labeling protocol: A solution of 6.0 M 12C-aniline was prepared by combining 550 µL of aniline with 337.5 µL if water and 112.5 µL of 12 M hydrochloric
acid and vortexed.A solution of 6.0 M 13C-aniline solution was prepared by
combing 250 mg 13C-aniline with 132 µL water and 44 µL of 12 M hydrochloric
acid and vortexed. Store aniline solutions at 4 ◦ C for upto 2 months. EDC at
200.0 mg/mL was prepared freshly in HPLC grade water. A 50 µL sample solution with 35 standards was prepared in water at 40 µM. 5 µL of 13C-aniline was
added to the sample solution followed by 5 µL of 200 mg/mL EDC. The CFPS
sample was de-proteinized by the addition of 100% ice-cold ethanol at a 1:1
volumetric ratio and centrifuged at 12,000 x g for 15 minutes at 4◦ C. The supernatant was transferred into a new centrifuge tube and 6 µL was used for aniline
tagging. The volume was brought upto 50 µL with water and 5 µL of 12Caniline and 5 µL of 200 mg/mL EDC was added to the reaction. Both sample
and standard mixtures were vortexed with gentle shaking at ambient temperature ( 22 °C) for 2 h. The labeling reaction was stopped by the addition of 1.5 µL
of triethylamine. The mixture was centrifuged at 13,500 xg for 3 minutes. The
supernatant of the sample and the standard were combined at a 1:1 volumetric
ratio into an autosample vial for injection into the LC-MS. The solution mixture
was injected at 5 µL and the 12C-aniline m/z tagged values were recorded. The
sample was injected again at the same volume and the 13C-aniline mz values
were recorded (Table 2.2). The QDa detector is unable to record both the 12C
and 13C m/z values at the same time since it cannot handle that amount of data
acquisition. Thus, the sample is injected twice to record the sample intensities
followed by the standard intensities.
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Standard curve preparation: Prepare a series of dilutions in water of the untagged metabolites (NAD, NADP, FAD, acetyl-CoA and glycerol 3-phosphate)
ranging from 0.4 to 400 µM with a volume of 50 µL. Add 5 muL of 12-C aniline and 5 µL of 200 mg/ml EDC and vortex at room temperature for 2 hours.
Add 1.5 µL of triethylamine and centrifuge at 13,500 x g for 3 minutes. Transfer
the standard into an auto-sample vial and inject into the LC-MS. The untagged
metabolites follow the same procedure as the sample to replicate the sample
matrix in order to maintain a similar ionization efficiency.
Quantification of metabolites:

The mass-chromatogram peak for each

metabolite is integrated and the area is used to quantify the amount in the sample by the following equation:

C x,i =

A x,i
C std,i D
A std,i

(2.1)

where C x,i is the concentration of the unknown sample for metabolite i, A x,i
is the integrated area of the unknown metabolite i, A std,i is the integrated area
of the internal standard of metabolite i, C std,i is the concentration of the internal
standard of metabolite i, and D is the dilution factor.
Untagged metabolites are quantified by the standard curve method where
the integrated area of a standard is associated with the known concentration.
A standard curve is developed for the series of different concentrations and is
used to quantify the unknown amounts in the sample.
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2.5.2

Amino acid derivatization

Amino Acid labeling protocol: A solution containing a mixture of 20 amino
acids is drivatized with a Waters AccQ-Tag Ultra amino acid analysis kit (Waters). The sample is prepared by taking 10 µL of a mixture of 20 amino acids
and adding 70 µL of a buffer solution (Waters) followed by 20 µL of a reagent
(Waters). The solution is then kept in a water bath at 55 °C for 10 minutes. The
solution is then separated by reverse-phase liquid chromatography with a Acquity Amide C18 Column (2.1 mm x 150 mm, Waters) and analyzed with a TUV
detector at 260 nm. The gradient protocol is available from Waters Corporation.
Amino acid are detected and quantified based on known retention times (Fig.
2.3).

2.5.3

Nucleotide charge sugar detection

Nucleotide charge sugar protocol: Nucleotide charged sugars were purchased
from CarboSynth (Newbury, UK). Standards were dissolved in water individually and injected into an UPLC-ESI-MS (Waters) to determine their corresponding retention times and mass over charge ratios (m/z). The UPLC-ESI-MS system consisted of a UPLC system (Acquity H-Class, Waters) and an electrospray
ionization (ESI) source mass spectrometer (QDA detector, Waters). The system
was controlled by Empower 3 software (Waters). The autosampler was set at
10 ◦ C. Separation were performed on a Acquity BEH C18 Column (1.7 µm, 2.1
mm x 150 mm, Waters). Separation were performed on a Acquity BEH C18 Column (1.7 µm, 2.1 mm x 50 mm, Waters). The elution started from 95% mobile
phase A (5 mM TBA aqueous solution, adjusted to pH 4.75 with acetic acid) and
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5% mobile phase B (5 mM TBA in Acetonitrile), raised to 57% B in 2 minutes,
further raised to 100% B in 0.5 minutes, and then held at 100% B for 2 minutes
and returned to initial conditions over 0.1 minute and held for 4 minutes to
re-equilibrate the column. The flow rate was set at 0.6 mL/min with injection
volume as 5 µL. The column was preconditioned by pumping the starting mobile phase mixture for 10 minutes, followed by the gradient protocol specified
above 2 times prior to any injections. LC-ESI-MS chromatograms were acquired
in negative ion mode under the following conditions: capillary voltage of 10 V,
dry temperature at 520◦ C, and an acquisition range of m/z 100-800. Selected
ion recordings were specified for each metabolite and are listed in Table 2.4.

Detection and quantification of in vivo sialic acid

For detection and quantification of nucleotide sugars, E. coli cells of interest
were pelleted to an equivalent A600 of ∼ 30, resuspended in 1 mL ultrapure
water and lysed by sonication. Following centrifugation at 30,000 × g, the supernatant was collected and analyzed within 4 h. Cleared E. coli lysates were
diluted twofold in ultrapure water and injected into an UPLC-ESI-MS system
(Waters) for analysis. The protocol developed for nucleotide sugars was followed. Selected ion recordings were specified for CMP-NeuNAc. A standard
curve was generated using commercial CMP-NeuNAc (CarboSynth).
2

2

Adapted with permission from Natarajan, A.; Jaroentomeechai, T.; Cabrera-Sánchez, M.;
Mohammed, J. C.; Cox, E. C.; Young, O.; Shajahan, A.; Vilkhovoy, M.; Vadhin, S.; Varner, J. D.;
Azadi, P.; DeLisa, M. P. Engineering Orthogonal Human O- Linked Glycoprotein Biosynthesis
in Bacteria. Nature Chemical Biology 2020, 16 (10), 1062–1070. https://doi.org/10.1038/s41589020-0595-9.
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CHAPTER 3
STEP-RESPONSE DETERMINATION AND CELL FREE PROTEIN
SYNTHESIS ON A CONTINUOUS FLOW MICROREACTOR

3.1

Abstract

Cell free protein synthesis (CFPS) has been utilized in a wide range of applications from the production of pharmaceutical proteins [100, 53, 117] to the production of libraries for protein evolution and structural genomics [166]. While
most applications reported in the literature have been performed as batch reactions, continuous flow microreactors typically offer users more precise control
over mixing [64, 107] and more efficient heat and mass transfer [33, 113, 11].
In this work, we investigated the step-response of a commercially available
micromixer and used it to run CFPS reactions of enhanced green fluorescent
protein (eGFP). We conducted step-response experiments, which consisted of
changing the volumetric flow rate roughly instantaneously, and observed a
qualitatively CSTR-like response. While the protein yield of the chip was 10% of
the batch reactions, this experiment established the possibility of CFPS on this
particular set up. Taken together, we have characterized a microfluidic mixer
chip and confirmed its ability to support CFPS.
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3.2
1

Introduction

Cell free protein synthesis (CFPS) has been utilized in a wide range of applica-

tions from the production of pharmaceutical proteins [100, 53, 117] to the production of libraries for protein evolution and structural genomics [166]. While
most applications reported in the literature have been performed as batch reactions, continuous flow microreactors typically offer users more precise control
over mixing [64, 107] and more efficient heat and mass transfer [33, 113, 11]. An
automated on-chip CFPS reactor has been developed that runs transcription and
translation reactions simultaneously but in separate compartments [50]. Other
microfluidic platforms integrate purification methods like dialysis and affinity
chromatography [118, 113]. A continuous exchange microfluidic reactor using
nanofabricated membrane to allow for extended reaction times and improved
yields has also been developed with the goal of producing single dose therapeutic proteins at the point-of-care [171]. Point-of-care protein manufacturing,
which is especially relevant in remote or low-resource settings, is also possible when microfluidic reactors are used. Cell free extracts can be lyophilized or
stored at -80◦ C for more than a year without degradation [163] and then be rehydrated with water to activate the extract components, highlighting the portability and versatility of the cell free platform [153]. In this work, we investigated
the step-response of a commercially available micromixer and used it to run
CFPS reactions of enhanced green fluorescent protein (eGFP).
Although our end goal was on-chip CFPS, we began by studying the on-chip
performance of a simpler enzyme catalyzed pathway. To establish a calibration
1

Portions adapted with permission from Vilkhovoy, M.; Adhikari, A.; Vadhin, S.;
Varner, J. D. The Evolution of Cell Free Biomanufacturing. Processes 2020, 8 (6), 675.
https://doi.org/10.3390/pr8060675.
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curve for the fluorescent reporter species resorufin, the fluorometric Amplex
Red Glucose/Glucose Oxidase Assay Kit (Invitrogen, San Diego, CA, USA) was
run as batch reactions in a 96-well plate according to manufacturer instructions.
This protocol was adapted for use on a commercially available 18.7 µL dualinlet microreactor fabricated from glass (Micronit Microtechnologies, NL). The
assay consists of two coupled reactions: the oxidation of glucose to gluconolactone and H2 O2 , which is involved in the oxidation of Amplex Red to fluorescent
resorufin (Fig. 3.1). While the geometry of the micromixer chip does not include
a circulating region, we were curious to see if it behaved more like a continuous
stirred-tank reactor (CSTR) than a plug flow reactor (PFR) (Fig. 3.4). We conducted step-response experiments, which consisted of changing the volumetric
flow rate roughly instantaneously, and observed a qualitatively CSTR-like response.
Once we established that a simple enzymatic assay could be run on-chip,
we wanted to determine if CFPS was possible on the same chip. Our group
has previously used the commercially available CFE myTXTL 2.0 (ArborBiosciences, Ann Arbor, MI, USA) to produce eGFP in batch reactions and gather
metabolite, amino acid, mRNA, and protein data for FBA models of metabolism
[179]. We ran new reactions on-chip to compare the yield of the chip and batch
reactors. Total volumetric flow rate was 4.675 L/h to achieve a residence time
of 4h for comparison to 4h batch reactions. This reaction duration was selected
as it has previously yielded good results. While the protein yield of the chip
was 10% of the batch reactions, this experiment established the possibility of
CFPS on this particular set up. Taken together, we have characterized the stepresponse of a microfluidic mixer chip and confirmed its ability to support CFPS.
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Figure 3.1: Coupled assay reactions catalyzed by glucose oxidase and
horseradish peroxidase (HRP), from [1]

3.3

3.3.1

Results

Step-response of microreactor

The resorufin concentration response to flow rate changes was similar to stepup-step-down response in continuous stirred tank reactors (CSTRs) (Fig. 3.2).
For each flow rate, relative fluorescence units (RFU) and thus resorufin concentration of collected samples showed oscillatory behavior over several reactor
volumes, confirming the reactor was at steady state. For each flow rate change,
the resorufin concentration settled within 2τ of the new flow rate. Substrate and
reaction mixture (containing enzymes and probe) were infused at equal flow
rates by syringe pumps (Fig. 3.4). The initial and step-down total volumetric
flow rate was set at 149.6 µL/hr for a residence time of 7.5 minutes. The step-
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up total volumetric flow rate was 313.6 µL/hr giving a residence time of 3.0
minutes. Samples were collected every 0.4 reactor volumes.
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Figure 3.2: Changes in outlet resorufin concentration in response to flow rate
changes. Data points represent the mean of three fluorescence readings. Error
bars show standard deviation.

3.3.2

On-chip CFPS of enhanced GFP (eGFP)

Although eGFP production was significantly lower than in batch, this experiment demonstrated that we have the capability for on-chip CFPS (Fig. 3.3).
For the batch reactions, mean yield was 0.30 ± 0.019 mg/mL, which is on the
order of magnitude of the 1.5 mg/mL maximum yield advertised by the manufacturer (ArborBioscience, Ann Arbor, MI). The chip reactions resulted in approximately 10% of the batch yield, with a mean of 0.032 ± 0.0082 mg/mL. At
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least three replicates were performed for each reactor condition and residence
or incubation times were 4h for all experiments.
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0
Batch
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Figure 3.3: GFP yield of batch and chip reactions. Data points represent the
mean of three biological replicates. Error bars show standard deviation.
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3.4

Discussion

Our data suggest that, while this microreactor has the geometry of a PFR, it may
be better represented by a model of n CSTRs. The response curve had a transition period on its way to steady state rather than a time-delayed step change,
which is qualitatively more similar to the response of a CSTR than a PFR. While
microfluidic systems offer improved heat and mass transfer compared to the
macroscale, turbulent mixing does not occur due to small Reynolds numbers
[182, 18]. However, serpentine channels such as the one in our micromixer have
been used to introduce chaotic advection in aqueous droplets in oil continuous
phase [18, 157]. We hypothesize that chaotic advection caused by the serpentine
geometry allowed the single phase flow in our study to become well-mixed earlier compared to flow in a straight PFR. Real-time fluorescence monitoring of
the reactions may provide some insight into the relationships between degree
of mixing, spatial position in the flow channel and time elapsed.
To further investigate our microreactor, we plan to model the system as a
set of ordinary differential equations (ODEs) representing a CSTR and compare
the simulated results to the experimental results. Parameters will be taken from
literature or estimated (as in Table 5.1). The ODEs will be solved for a starting
glucose concentration of 100 mM and varying dilution terms. We are interested
to see if this microreactor can be modeled as a series of n CSTRs instead of a
PFR, which would reduce the model complexity. To write the mass balances for
this setup as a CSTR, we assumed that the reaction was well-mixed. Further
experiments may contradict this assumption, indicating that a plug flow model
is more suitable. With an accurate model, we will be able to optimize the conditions for on-chip CFPS to achieve better yields so that this technology will be a
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feasible point-of-care solution.

3.5

3.5.1

Materials and Methods

Step-response of microreactor

A standard curve for the fluorometric Amplex® Red Glucose/Glucose Oxidase
Assay Kit (Invitrogen, San Diego, CA, USA) was created based on 100 µL reactions in 96-well plates following kit protocols. This protocol was migrated to a
CSTR setup on a commercially available 18.7 µL dual-inlet microreactor fabricated from glass (Micronit Microtechnologies, The Netherlands). Substrate and
reaction mixture (containing enzymes and probe) were infused at equal flow
rates by syringe pumps (Fig. 3.4). Samples were collected at 0.4-reactor volume
intervals and placed on ice to stop the reaction. These were then diluted with
assay buffer to a final volume of 100 µL for fluorescence readings at λex 560 ±
12 nm, λem 585 nm on the Varioskan LUX plate reader (Thermo Fisher Scientific,
Waltham, MA).

3.5.2

On-chip CFPS of eGFP

For each batch reaction, CFE and plasmid were combined in an Eppendorf tube
to create a 12 µL reaction with a plasmid concentration of 5nM. For the chip
reaction, plasmid was infused from one syringe pump and CFE from another.
Total volumetric flow rate was 4.675 µL/h to achieve a residence time of 4h. This
reaction duration was selected as it has previously yielded detectable metabo55

Figure 3.4: Experimental setup. Blue food dye was used to highlight fluid path.
Inset: closeup of microreactor chip.
lite, amino acid, mRNA, and protein levels. All CFPS reactions were incubated
at 29°C. Metabolites were quantified by LC-MS after aniline derivatization [78].
Amino acid levels were determined using the AccQTag Amino Acid kit (Waters, Milford, MA, USA). Protein levels were detected via fluorescence using a
Varioskan Lux (Thermo Fisher Scientific). The eGFP product was quantified ap-
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proximately 1 h after completion of CFPS or stored at -80°C and quantified at
a later time, well beyond the 8 minute maturation time of eGFP [149]. mRNA
levels were measured by RT qPCR using the TaqMan RNA-to-CtTM 1-Step Kit
(Applied Biosystems, Waltham, MA, USA). All CFPS reactions were performed
in triplicate, then each replicate was analyzed in triplicate.
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CHAPTER 4
CELL FREE PROTEIN SYNTHESIS OF MORPHINE DEHYDROGENASE

4.1

Abstract

Opioids are a class of drugs highly valued for their potent analgesic properties;
however, they are also highly addictive and cause severe side effects, including death as a result of respiratory depression. The Centers for Disease Control
and Prevention estimate that 130 Americans die daily from opioid overdoses
and that the number of opioid overdose deaths in 2017 represents a six-fold increase compared to 1999 [2]. Alternative manufacturing methods may be the
disruption needed to overcome the cost and availability issues associated with
naloxone, the opioid overdose antidote. Toward this need, we propose the development of a biosynthetic route of naloxone production with morphine as the
precursor. In this work, we produced morphine dehydrogenase - an enzyme
that catalyzes the oxidation of morphine to morphinone - by cell free protein
synthesis (CFPS), taking advantage of the speed of CFPS compared to cell-based
culture. Taken together, we have developed a rapid protocol for expression of
an enzyme that could serve as the first enzyme in a novel biosynthetic pathway
for the production of naloxone.

4.2

Introduction

Opioids are a class of drugs highly valued for their potent analgesic properties;
however, they are also highly addictive and cause severe side effects, including
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death as a result of respiratory depression. The Centers for Disease Control and
Prevention estimate that 130 Americans die daily from opioid overdoses and
that the number of opioid overdose deaths in 2017 represents a six-fold increase
compared to 1999 [2]. These overdoses include the misuse of both legal and illicit opioids. The opioid antagonist naloxone has been used in the US since 1971
as an overdose antidote [141]. Unfortunately, naloxone’s 30 - 60 minute duration
of action means that patients often require multiple doses, and the layperson’s
access may be limited by the high cost of autoinjectors with a two-pack costing
over $4000 [2, 58]. Accessible, point-of-care manufacturing may be the disruption needed to overcome the cost and availability issues. Toward this need, we
propose the development of a biosynthetic route of naloxone production.
This work introduces the use of biocatalysts as an alternative production
method for naloxone, a small molecule µ-opioid receptor (MOR) antagonist.
Naloxone is usually semisynthesized from naturally derived opiates, such as
morphine, thebaine, or oripavine [43]. There is currently no known fully biosynthetic pathway for naloxone production; however, we have identified enzymes
of interest from existing literature. This study focused on morphine dehydrogenase (MDH), a component of a bioluminescent heroin biosensor designed by
Rathbone et al.(1996) [137] including heroin esterase from Rhodococcus sp. H1,
morphine dehydrogenase (MDH) from P. putida M10, and luciferase from V. harveyi [22, 99]. This biosensor relies on heroin esterase to convert heroin to morphine and MDH to convert morphine into morphinone, with luciferase acting
as the reporter [137, 70]. We chose morphine as our starting compound because
it is the major degradation product of heroin in the human body [70], allowing
us flexibility to adapt this work from a biomanufacturing blueprint to a potential detoxification method (Fig. 4.1). In this work, we turned to cell free protein
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synthesis as a platform for rapid expression of our desired enzyme.
Cell free protein synthesis (CFPS) has been used since the mid-20th century
to produce proteins without the constraints of living cells. In 1961, Nirenberg
and Matthaei used bacterial cell extract to crack the genetic code [123]. CFPS is
now commonly used to produce pharmaceutical proteins, develop large protein
libraries for protein evolution studies, and produce high-value small molecule
products [24]. The platform has advantages over in vivo protein production.
The lack of a living cell to support allows metabolism to be optimized toward
the product of interest [24]. Without a cell membrane or wall, or intracellular compartments, the extract composition can be directly altered and sample
acquisition for analysis is simplified. Finally, the use of cell free extract (CFE)
allows the bypassing of gene cloning, reducing the duration of the experiment
from the order of days to the order of hours. While CFPS has historically suffered from low product yield, short reaction duration, and poor energy substrate cost effectiveness, these metrics have improved since the mid-1990s to
make CFPS a feasible method for the production of a variety of proteins and
small molecule products [24, 165, 194]. In this work, we used CFPS to produce
an enzyme - morphine dehydrogenase - that could serve as the first enzyme in
a novel biosynthetic pathway for the production of naloxone from morphine.

Figure 4.1: Morphine dehydrogenase as the catalyst of the first step in our proposed morphine to naloxone biosynthetic pathway
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4.3

Results

While the protein continued to accumulate, mRNA concentrations peaked at 4h
of incubation (Figs. 4.2, 4.3). The protein yield at 6h was 0.59 ± 0.003 mg/mL,
which is on the order of magnitude suggested by the CFE manufacturer (ArborBioscience, Ann Arbor, MI). The protein product appears pure; there are
no contaminating bands on SDS-PAGE gel images (Fig. 4.4). The calculated
molecular weights (MW) of the 4h and 6h product were 33.4 kDa and 33.3 kDa,
respectively. These are within 0.9% error of our expected MW of 33.1 kDa for
6xHis-tagged MDH. The peak and subsequent decline of mRNA concentration
indicate degradation; however, since the protein continued to accumulate, we
can assume that protein degradation is not a significant concern at this range of
incubation periods.
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Figure 4.2: mRNA concentration vs. time. Lower mRNA level at 6h indicates
degradation. Points represent the mean of three biological replicates and error
bars represent the standard deviation.
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Figure 4.3: Protein yield of CFPS reaction. Values are estimated from analysis
of gel images and relative to a standard curve of protein ladder band intensity.
Points represent the mean of three biological replicates and error bars represent
the standard deviation.
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Figure 4.4: SDS-PAGE gels of purified MDH

4.4

Discussion

In this work, we were able to achieve a reasonable yield of MDH from our cell
free system within the relatively short production time of 6h. Nonetheless, this
study could be improved in a few ways. First, an absolute quantification of
protein yield would be preferable to the current relative quantification method.
During this study, we discovered that the Qubit Protein Assay (Invitrogen) is
not compatible with samples containing imidazole, which interferes with the
fluorescence signal measured in the assay. Alternative assays that could be
tested include Bradford, BCA, or Lowry protein assays. Determining an absolute concentration of our MDH product would also allow us to determine
its catalytic activity by using it in an enzyme activity assay. While it would be
ideal to test its activity on morphine, that requires various licenses because it
is a Schedule II controlled substance. To determine catalytic activity, the puri-
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fied MDH will be substituted for the supplied enzyme in an aldose reductase
activity kit, as it is part of that enzyme family. We could also extend incubation
times to find an optimal duration that balances product yield and experimental feasibility. Additionally, metabolite values for different time points could be
determined and used in metabolic modeling to optimize reaction conditions. Finally, gel resolution could be improved by eluting from the purification column
with less buffer to collect a more concentrated protein sample.

4.5

4.5.1

Materials and Methods

Cell Free Protein Synthesis

Cell free protein synthesis (CFPS) reactions of 12 µL volume each were performed in 1.5 mL Eppendorf tubes in triplicate. Linear DNA coding for Cterminally 6xHis-tagged MDH (Twist Bioscience, San Francisco, CA) and NEBExpress GamS Nuclease Inhibitor (New England BioLabs, Ipswich, MA) were
added to myTXTL Sigma 70 Master Mix (ArborBiosciences, Ann Arbor, MI).
GamS was present in the reaction at 5 µM and linear template at 10 nM. The
CFPS reactions were incubated at 29 °C. At least three biological replicates were
performed for each time point.

4.5.2

mRNA and Protein Analysis

Following each CFPS run, the total RNA was extracted from 1 µL of the reaction mixture using PureLink RNA Mini Kit (Thermo Fisher Scientific, Waltham,
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MA) and stored at -80°C. Gene expression levels were determined by quantitative reverse transcriptase-PCR using AppliedBiosystems™ TaqMan™ RNA-toCT™ 1-Step Kit (Thermo Fisher Scientific) in combination with custom primers
and probe (Integrated DNA Technologies, Coralville, IA). For gene, primer, and
probe sequences, see Fig. 4.5 and Table 4.1. An mRNA standard curve was used
to determine absolute mRNA concentrations for each of the samples. Three
technical qPCR replicates were performed for each biological replicate sample
and standard. The mRNA standard was prepared as follows: 15 separate CFPS
reactions for 10 nM of linear template were carried out for 4h. Total RNA was
extracted using the combined reaction volume. This was followed by the removal of 16S and 23S rRNA using the MICROBExpress™ Bacterial mRNA Enrichment Kit (Life Technologies Corporation). The mRNA standard concentration was determined using the Qubit™ RNA assay kit (ThermoFisher Scientific).
At the end of the CFPS run, 5 µL of each reaction was diluted in 45 µL of
Ultrapure water. Protein purification was performed on this diluted mixture
using NEBExpress® Ni Spin Columns (New England BioLabs) under native
conditions. Eluates were stored at -80 °C until retrieved for quantification. SDSPAGE on AnyKD Mini Protean TGX Stain-Free Precast Gels (Bio-rad Laboratories, Hercules, CA) was performed to confirm the molecular weight of the expressed protein. Molecular weight calculations were based on standard curves
of log MW vs Rf of the ladder proteins (Precision Plus Protein Unstained Standards*, Bio-rad Laboratories). These MW standard curves had R2 values of at
least 0.99. Gel imaging was performed on a ChemiDoc MP (Bio-rad Laboratories). ImageJ (available at https://imagej.nih.gov/ij/) was used to compute the
protein yield relative to the amounts in ladder bands by creating linear standard curves of peak area vs. protein amount. Standard curves had R2 values of
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at least 0.99.
Table 4.1: Sequences of primers and probe used in qPCR assay of MDH gene
expression, where 6-FAM is the 5’ fluorophore, Iowa Black® FW (3IABkFQ) is
the 3’ quencher, and ZEN™ is the internal quencher
Forward primer

5’-TCA ACT GCG ACT ATG GTT ACG-3’

Reverse primer

5’-GAT CGT GGC GTT CCA ATC T-3’

Probe

5’-/56-FAM/ATT TGT ATC /ZEN/ TGC TGC ACT GGC
CGA /3IABkFQ/-3’
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11/8/2020 7:57:20 PM

morA_C6His (1035 bp)
TGAGCTAACACCGTGCGTGTTGACAATTTTACCTCTGGCGGTGATAATGGTTGCAGCTAGCAATAATTTTGTTTA
OR2OR1

UTR

ACTTTAAGAAGGAGATATACCATGGCCGGAAAAAGCCCTCTCATCAACTTGAATAATGGCGTGAAAATGCCGGCA
UTR

morA_6His

CTAGGTCTCGGAGTGTTCGCTGCGTCCGCCGAAGAGACCGCCTCCGCCATCGCGTCGGCAATCTCCAGTGGCTAC
morA_6His

CGTCTGATCGACACCGCCAGGTCGTATAACAATGAGGCTCAGGTCGGTGAAGGCATCCGCAACAGCGGCGTGGAT
morA_6His

CGCGCCGAGATGTTCGTCACCACAAAGCTGTTCAACTGCGACTATGGTTACGAGAGGGCGCTCAGGGCATTCGAC
morA_6His

GAAAGCCTCGGCAGGTTGGGGCTCGACTATGTCGATTTGTATCTGCTGCACTGGCCGACCAAAGATTGGAACGCC
morA_6His

ACGATCCAGTCCTGGAAGGCGGCGGAGAAAATTCTTGGTGACGGGCGTGCGCGCGCGATCGGTGTATGCAACTTC
morA_6His

CTGGAGGATCAACTGGACGAGCTGATCGCGGCAAGTGACGTCGTGCCGGCGGTCAACCAGATCGAGCTGCACCCC
morA_6His

TATTTCGCGCAGAAGCCGCTGCTGGCGAAGAACAGGGCGCTCGGCATCGTCACGGAGGCTTGGTCGCCGATCGGC
morA_6His

GGTGCCATCAACGATGGCGATGGGGACAATCATGGCGGCAGGAAGCACCCGCTGACCGATCCGGTCATCACCACT
morA_6His

ATCGCCGAAGCCCATGGTAGATCTGCCGCGCAGGTGATCTTGCGCTGGCACTTCCAGAACGATGTCGTTGCAATT
morA_6His

CCGAAGTCAGTCAACCCCGAGCGCATTGCCAAGAATATTGACGTGTTCGATTTCGCGCTTAGCGACGCTGAGATG
morA_6His

GCGCAGCTAGACGAGCTGGATACAGGGGTGCGCATCGGCCCTGATCCGCGCGACGTGGACACTAGCAGCTTTGCC
morA_6His

GAATTTGTTCATCATCACCATCACCACTGACAAAGCCCGCCGAAAGGCGGGCTTTTCTGT
morA_6His

T500

Figure 4.5: Annotated sequence for C-terminal 6xHis-tagged morphine dehydrogenase. OR2OR1 serves as the promoter for σ70 transcription factor.
https://benchling.com/svadhin/f/lib_4F0aCeNT-mdh/seq_cHI3OsFf-mora_c6his/edit

68

1/1

CHAPTER 5
CONCLUSION AND FUTURE DIRECTIONS

In this work, we developed a rigorous chromatographic method for the absolute quantitation of central carbon metabolites and nucleotide sugars. This
method has been applied to metabolomic and glycosylation studies [177, 116].
We have also begun the modeling of a microfluidic reactor to optimize the process for on-chip, point-of-care manufacturing by cell free protein synthesis. Finally, we have expressed and purified the first enzyme of our proposed novel
naloxone biosynthesis pathway. Taken together, we have laid the groundwork
for a point-of-care biomanufacturing system for the opioid overdose antidote
naloxone.

5.0.1

Future Directions

Modeling of the microreactor

To further investigate our microreactor, we plan to model the system as the following set of ordinary differential equations (ODEs):
S

R

X
d x̂i X
=
v j D̂ j x̂i j +
σir r̂r
dτ
j=1
r=1

(5.1)

where x̂i is the dimensionless concentration of species i obtained by dividing the
concentration by a characteristic enzyme concentration, τ is dimensionless time
obtained by multiplying time by a characteristic rate constant k, S represents the
number of streams, v j is a direction parameter, D̂ j is the dimensionless dilution
rate of stream j obtained by dividing the dilution term by k, R is the number
of reactions, σir is the stoichiometric coefficient of species i for reaction r, and
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Enzyme
Glucose
oxidase

Substrate

Horseradish
peroxidase

Amplex
Red+H2 O2

Parameters
kcat = 297.05 s-1
KM = 18.4 mM

β-D-glucose

kcat = 240 s-1
KM = 0.081 mM

References
[93, 115, 155]
[93, 115, 155, 65,
167, 84]
[52]
[52]

Table 5.1: Kinetic parameters for Amplex Red glucose assay. Values for glucose
oxidase are medians of references cited.
r̂r is the dimensionless reaction rate obtained by dividing kr Er f ( x̂) by kE. f ( x̂) is
the saturation expression from Michaelis Menten kinetics. Parameters will be
taken from literature or estimated (as in Table 5.1). The ODEs will be solved
for a starting glucose concentration of 100 mM and varying dilution terms. We
are interested to see if this microreactor can be modeled as a series of n CSTRs
instead of a PFR, which would reduce the model complexity. To write the mass
balances for this setup as a CSTR, we assumed that the reaction was well-mixed.
Further experiments may contradict this assumption, indicating that a plug flow
model is more suitable. With either resultant model, we will be able to optimize
the conditions for on-chip CFPS to achieve better yields so that this technology
will be a feasible point-of-care solution.

Further studies of naloxone pathway enzymes and pathway prediction

In this work, we were able to achieve a reasonable yield of MDH from our cell
free system within the relatively short production time of 6h. Nonetheless, this
study could be improved in a few ways. First, an absolute quantification of
protein yield would be preferable to the current relative quantification method.
During this study, we discovered that the Qubit Protein Assay (Invitrogen) is
not compatible with samples containing imidazole, which interferes with the
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fluorescence signal measured in the assay. Alternative assays that could be
tested include Bradford, BCA, or Lowry protein assays. Determining an absolute concentration of our MDH product would also allow us to determine
its catalytic activity by using it in an enzyme activity assay. While it would be
ideal to test its activity on morphine, that requires various licenses because it
is a Schedule II controlled substance. To determine catalytic activity, the purified MDH will be substituted for the supplied enzyme in an aldose reductase
activity kit, as it is part of that enzyme family. We could also extend incubation
times to find an optimal duration that balances product yield and experimental feasibility. Additionally, metabolite values for different time points could be
determined and used in metabolic modeling to optimize reaction conditions. Finally, gel resolution could be improved by eluting from the purification column
with less buffer to collect a more concentrated protein sample.
Since our ultimate goal is a full pathway from morphine to naloxone, we
plan to adapt this method to other enzymes as we predict our pathway. Pathway planning will involve both retrosynthetic analysis and computer aided
route planning, where applicable. We are currently developing a deep learning
model for single step prediction of metabolic pathways. We hope to extend this
work to make multi-step pathway predictions and to identify which enzymes
are responsible for the reaction by using prior knowledge of existing alternative
paths.1

1

Adapted with permission from Wani, A. A.; Zhang, Z.; Vadhin, S.; Dammalapati, S.; Varner,
J. D. Computer Aided Retrosynthesis of Metabolic Pathways. In preparation.
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APPENDIX A
SUPPLEMENTAL INFORMATION
Table A.1: List of materials and equipment used to quantify cell-free protein
synthesis metabolites with aniline tagging and internal standards
Material/Equipment
12C Aniline
13C labeled aniline
3-Phosphoglyceric acid
Acetic Acid
Acetonitrile, LCMS
Acetyl-coenzyme A
Acquity UPLC BEH C18 1.7 µM, 2.1 x 150 mm Column
Adenosine diphosphate
Adenosine monophosphate
Adenosine triphosphate
Alpha-ketoglutarate
Citrate
Cytidine diphosphate
Cytidine monophosphate
Cytidine triphosphate
D-glyceraldehyde 3-phosphate
Erythrose 4-phosphate
Ethanol
Fisher Scientific accuSpin Micro 17 Centrifuge
Flavin adenine dinucleotide
Fructose 1,6-bisphosphate
Fructose 6-phosphate
Fumarate
Gluconate 6-phosphate
Glucose
Glucose 6-phosphate
Glycerol 3-phosphate
Guanosine diphosphate
Guanosine monophosphate
Guanosine triphosphate
Hydrochloric acid
Isocitrate
Lactate
Malate
myTXTL - Sigma 70 Master Mix Kit
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
Nicotinamide adenine dinucleotide
Nicotinamide adenine dinucleotide phosphate
Nicotinamide adenine dinucleotide phosphate reduced
Nicotinamide adenine dinucleotide reduced
Oxalacetate
Phosphoenolpyruvate
Pyruvate
Ribose 5-phosphate
Ribulose 5-phosphate
Sedoheptulose 7-phosphate
Succinate
Tributylamine
Triethylamine
ultrapure water
Uridine diphosphate
Uridine monophosphate
Uridine triphosphate
VWR Heavy Duty Vortex
Water, LCMS
Waters Acquity H UPLC Class Quaternary Solvent Manager
Waters Acquity H UPLC Class Sample Manager FTN
Waters Acquity Qda detector
Waters Empower 3
Waters LCMS Total Recovery Vial

Company
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
FisherScientific
JT BAKER
Sigma-Aldrich
Waters
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
FisherScientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
ArborBiosciences
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
CarboSynth
CarboSynth
Sigma-Aldrich
Sigma-Aldrich
FisherScientific
FisherScientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
VWR
JT BAKER
Waters
Waters
Waters
Waters
Waters
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Catalog Number
242284
485797
P8877
AC222140010
9829-03
A2056
186002353
A2754
A1752
A2383
K1128
251275
C9755
C1006
C9274
39705
E0377
EX0276
F6625
F6803
F3627
F8509
P7877
G8270
G7879
G7886
G7127
G8377
G8877
258148
I1252
L1750
02288
507024
03449
43410
N5755
481973
N8129
O4126
P0564
P5280
R7750
MR45852
MS07457
S3674
90780
O4884
10977-015
U4125
U6375
U6625
9831-03

186000384c

Comments/Description
Aniline 12C
Aniline 13C6
3PG
ACE
ACN
ACA
Column
ADP
AMP
ATP
aKG
CIT
CDP
CMP
CTP
GAP
E4P
EtOH
Centrifuge
FAD
F16P
F6P
FUM
6PG
GLC
G6P
Gly3P
GDP
GMP
GTP
HCl
ICIT
LAC
MAL
Cell-free protein synthesis
EDC
NAD
NADP
NADPH
NADH
OAA
PEP
PYR
R5P
RL5P
S7P
SUCC
TBA
TEA
water
UDP
UMP
UTP
Vortex
WATER
LCMS
LCMS
LCMS
Software
LCMS Vial
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