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ABSTRACT

Enzyme Encapsulation, Biosensing Endocrine Disrupting Chemicals, and Bio-
Therapeutic Expression Platforms Using Cell-Free Protein Synthesis

Seung Ook Yang
Department of Chemistry and Biochemistry, BYU
Doctor of Philosophy

Cell-free protein synthesis (CFPS) is a powerful protein expression platform
where protein synthesis machinery is borrowed from living organisms. Target proteins
are synthesized in a reaction tube together with cell extract, amino acids, energy source,
and DNA. This reaction is versatile, and dynamic optimizations of the reaction conditions
can be performed. The “open” nature of CFPS makes it a compelling candidate for many
technologies and applications.

This dissertation reports new and innovative applications of CFPS including 1)
enzyme encapsulation in a virus-like particle, 2) detection of endocrine disrupting
chemicals in the presence of blood and urine, and 3) expression of a multi-disulfide bond
therapeutic protein.

Two major limitations of enzymes are their instability and recycling difficulty. To
overcome these limitations, we report the first enzyme encapsulation in the CFPS by
immobilizing in a virus-like particle using an RNA aptamer. This technique allows
simple and fast enzyme production and encapsulation

We demonstrate, for the first time, the Rapid Adaptable Portable In vitro
Detection biosensor platform (RAPID) for detecting endocrine disrupting chemicals
(EDCs) in human blood and urine samples. Current living cell-based assays can take a
week to detect EDCs, but RAPID requires only 2 hours. It utilizes the versatile nature of
CFPS for biosensor protein complex production and EDC detection.

Biotherapeutic protein expression in E. coli suffers from inclusion body
formation, insolubility, and mis-folding. Since CFPS is not restricted by a cell wall,
dynamic optimization can take place during the protein synthesis process. We report the
first expression of full-length tissue plasminogen activator (tPA) using CFPS.

These research works demonstrate the powerful and versatile nature of the CFPS.

Keywords: Seung Ook Yang, cell-free protein synthesis, enzyme encapsulation, enzyme
immobilization, endocrine disrupting chemicals, RAPID, blood, urine, therapeutic protein, tissue
plasminogen activator
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1 INTRODUCTION

1.1 Background

Cell-free protein synthesis (CFPS) is the production of proteins using biological protein
synthesis machinery from living cells but without the use of the living cells. Components of the
CFPS reaction consist of cell extract, energy source, salts, amino acids, and desired DNA. CFPS
has many advantages over in vivo protein synthesis: 1) Cell extract preparation together with
protein synthesis takes only 2 days while in vivo expression may take 1-2 weeks.'? 2) CFPS is
not restricted by the cell wall. This environment allows direct accessibility, optimization, and
dynamic control on protein synthesis.>* 3) Toxicity is not a concern in the CFPS. Some proteins
are toxic to the host cells,”® whereas CFPS can produce toxic proteins without concerns of cell
death.’ 4) Unnatural amino acids can be introduced while synthesizing proteins.”” Both the
modified aminoacyl tRNA synthetase and unnatural amino acids can be incorporated in CFPS
reactions for many applications. 5) It enables post translational modifications (PTM). CFPS

reactions possess PTM abilities, such as glycosylation and phosphorylation.!%!!

Today, common extracts are prepared from Escherichia coli (E. coli), rabbit reticulocytes,
wheat germ, and insect cells.! Among those, cell lysate from the E. coli is the most commonly
used extract for its cost-effective, robust, less time/labor intensive, and high expression level

nature to synthesize proteins. CFPS based on E. coli cell extracts have shown potential to express

12-13 4

difficult-to-synthesize proteins, such as membrane proteins, multi-disulfide bond proteins,* !



proteins with post-translational modification,'! cytotoxic proteins,’ metallic holoenzymes,'>1¢

and virus-like particles.!”!® Also, the robust nature of CFPS allows changes in reaction
temperature,* ! time,!! pH," and redox potential.* ¥ Many industries favor these advantages

and the versatile nature of the CFPS.

Our lab has been leveraging on the advantages of the CFPS to harness innovative industrial
technologies, with a couple of them being introduced here. We expressed cytotoxic cancer
biotherapeutic (onconase) in CFPS? and tested the robust nature of the CFPS. Onconase is a
ribonuclease that is effective against many types of cancers.??? Expression and purification of
onconase from oocytes of the Northern Leopard Frog is time and labor intensive.?* 2*2* Previous
attempts to express the enzyme using E. coli cells resulted in the formation of inclusion bodies.
In our CFPS reaction, we simply added an additional amount of tRNAs to the onconase synthesis
reaction at every 15 or 30 min. The onconase production level was 56-fold greater than that of
conventional CFPS reaction with over 95% solubility. Lyophilized CFPS was used in onconase
production for potential rapid, mobile, and on-demand therapeutics synthesis purposes. The
lyophilized CFPS performed as well as or better than the standard CFPS reaction with the added

tRNAs.

Site-specific covalent immobilization was achieved to enhance enzyme stability.
Immobilization allows enzymes to overcome their limitations like being unable to recover and be
reused,? resulting in a significant decrease in the cost of enzymes used. T4 lysozyme was used
as a model enzyme. Amber codon usage enabled the incorporation of an unnatural amino acid (p-
propargyloxyphenylalanine, pPa) in a site-specific manner. Covalent immobilization of the pPa
incorporated T4 lysozyme to the superparamagnetic beads was done via a click reaction between

the azide group of the bead and the 1, 3-dipolarophiles of the pPa incorporated T4 lysozyme.



Immobilized T4 lysozyme showed enhanced stability against freeze-thaw and post-urea

incubation tests.

We seek to expand areas of research using CFPS. Here, we report new industrial

applications of CFPS.
1.2 Archive of Research Projects

Although demands for the powerful and robust nature of in vitro protein production system
are rising,’¢ there is still high potential in the unexplored CFPS utilizations and technologies. In

this work, we aim to explore promising areas of CFPS and exploit its open and robust nature.

1.2.1 Simple Two-step in vitro Enzyme Encapsulation using CFPS
This chapter introduces a new application of CFPS in target enzyme encapsulation. This
is the first time CFPS system is utilized for target enzyme encapsulation. A simple two-step

CFPS is required for this work.

1" Step: Optimization of Target Enzyme Production - Candida antarctica lipase B (CalB)
possesses multi-disulfide bonds. Attempts to express CalB in conventional in vivo E. coli
resulted in the formation of inclusion bodies and non-functional CalB. To enhance correct
folding and the solubility of functional CalB, cell extract containing overexpressed GroEL/ES

and optimized glutathione buffer mix were added to the CalB’s CFPS reaction.

21 Step: Expression of Capsid Protein with CalB from the Step I — Bacteriophage QB
capsid was expressed in the 2" CFPS. The overexpressed GroEL/ES and the glutathione buffer
mix was not needed; instead, crude CalB solution from the step 1 and an RNA aptamer were

added to the 2" CFPS. 5’end and 3’ end of the aptamer had affinities towards the CalB and



capsid, respectively. During the expression and assembly of the capsid, the enzyme is guided by
the aptamer for encapsulation. The nickel affinity purified capsid contained functional CalB, and

the encapsulated enzyme showed stability against both temperature and protease inactivation.

1.2.2 Cell-free Protein Synthesis Approach to Biosensing hERB-specific Endocrine
Disruptors
This chapter discusses the open and robust nature of CFPS that allows the detection of
endocrine disrupting chemicals. CFPS expressed a nuclear hormone receptor protein complex
(hERB) in the presence of varying concentrations of ligands with no decrease in its activity.
Human blood and urine samples decreased CFPS reaction activity significantly. The addition of
RNAse inhibitor to the CFPS regained its activity. Limit of detection, EC50, z’ factor, and signal

to noise/background were calculated and reported.

1.2.3 Multi-disulfide Bond Protein Expression in CFPS

This chapter introduces the first attempt to express the full-length tissue-plasminogen
activator (tPA) in CFPS. tPA possesses 17 disulfide bonds and is difficult to express the
functional protein. Truncated tPA or the protease domain alone have been expressed in the CFPS
reaction. Many attempts to produce functional tPA in E. coli suffer from inclusion body
formation and mis-folding. We introduced disulfide bond protein C (DsbC) to our CFPS reaction
of tPA in addition to the overexpressed GroEL/ES and the glutathione buffer mix. DsbC is
believed to help correct disulfide bonds of the tPA. Nickel affinity column purified the non-

glycosylated tPA, and the pure enzyme possessed minor activity.



2 SIMPLE IN VITRO TWO-STEP ENZYME ENCAPSULATION IN CELL-FREE

PROTEIN SYNTHESIS

2.1 Introduction

Here, we demonstrate a simple two-step in vitro enzyme encapsulation in the capsid of
bacteriophage QP using cell-free protein synthesis (CFPS) with Candida antarctica lipase B (CalB)
as a guest enzyme (Figure 2-1). The first step requires the cell-free synthesis of the target enzyme.
The expressed enzymes are directly transferred to the second cell-free synthesis, VLP expression.

Purification of the target enzyme is not needed, and the encapsulation is target enzyme specific
Step1: CFPS (5 hrs) Step2: CFPS (3 hrs)
Enzyme Synthesis VLP Synthesis & Encapsulation

Cel Enleme Cell Capsid RNA
Extract Energy D Extract Energy DNA Aptamer

' Ui

—_—
Transfer

IAVA

Figure 2-1 Enzyme Encapsulation Using Two-step Cell-free Protein Synthesis CFPS-based
enzyme encapsulation targets enzyme specific reaction via RNA aptamer. 5’-and 3’-end of the aptamer
sequences target enzymes with a specific peptide tag and the interior surface of the VLP, respectively.



due to RNA aptamer. We also demonstrate a controlled enzyme encapsulation efficiency by simply
adding a varying amount of CalB to the Q virus-like particle (VLP)’s CFPS reaction. CFPS is a
robust protein expression system and is not confined within the cell wall. Guest molecules can be
easily introduced** to achieve dynamic optimization in the CFPS.?”?® To facilitate functional CalB
encapsulation, the optimized CalB product from the CFPS and an RNA aptamer are directly added
to the CFPS reaction of the Qf capsid. Encapsulated CalB possesses similar kinetic parameters to

the free CalB, but shows higher stability against high temperatures and a protease.

Enzymes can catalyze a wide variety of biochemical reactions and are used in many
different industries, such as biofuel,?® detergent,*® brewing,*! dairy,*? food processing,** molecular
biology,* paper,®® and personal care industries.*® Although they are rapid, specific, biodegradable,
and cost/energy efficient, they are unstable to small changes in temperature and pH. Expensive

enzyme production and short longevity are additional concerns

Scientists have been developing ways to overcome those limitations, such as adsorption,”

39-41 42-43
t,

38 covalent bonding,”® entrapmen cross linking,*>** and encapsulation.® *44¢ Out of all those
methods, enzyme encapsulation is particularly interesting for many reasons: 1) multiple enzymes
can be introduced in a single step,*’ 2) encapsulated enzymes are stable,*® *® 3) native structure

d,44-48

(activity) of enzyme is maintaine and 4) it is a cost effective method.*

Nature has been adopting target enzyme encapsulation in microcompartments. Bacterial
microcompartments (BMCs) encapsulate enzymes and other proteins in their protein shells. Their
diameter varies between 40 and 200 nm.>*>} The protein shell serves as a selective permeable
membrane.>*>* Enzymes and proteins found in the BMCs carry out specific chemical, often
sequential, reactions.’® Despite the advantages, the capsid assembly can be complicated as it

requires multiple protein shells.>” Also, only a few capsid-guest enzyme interactions have been

6



identified.>® ¥°

Viruses evolve to encapsulate specific guest molecules, such as nucleic acids (DNA and
RNA) and enzymes. Their genetic materials are protected by capsids. Nanotechnologists are
interested in mimicking BMCs using virus-like particles (VLP) due to its well-known specific

interaction between its protein shell and guest molecules for selective encapsulation,*® self-

d,46’ 60 45-47

assembly of capsi confined space for chemical reaction, and guest molecule protection

ability. 46

To date, three VLPs have been extensively used for target enzyme encapsulation, including
Cowpea chlorotic mottle virus (CCMV),* bacteriophage QP,*® and bacteriophage P22.4>47 Each
VLP utilizes a unique method to encapsulate guest enzymes. CCMV can exist in an assembled
(pH 5) or a disassembled state (pH 7.5).°"-%3 Minten and colleagues prepared two coiled-coil motifs
for target enzyme encapsulation, each having seven amino acids repeat. The first and penultimate
residues of the repeat were charged molecules with either all glutamate (E-coil) or lysine (K-
coil).? The K-coil is fused to the capsid and enzymes for the E-coil. The coiled-coil (in vitro)
method utilizes heterodimer-forming coils attached to both guest enzyme and CCMYV coat protein

to link the two proteins (pH 7.5) prior to the capsid assembly (pH 5).61-93

Bacteriophage P22 utilizes scaffolding proteins for enzyme sequestration. Target enzymes
were fused to the N-terminus of the scaffolding protein (SP), and the fusion protein was guided to

the lumen of the P22 capsid during the capsid assembly via C-terminus of the SP.*>4’

RNA aptamer-guided enzyme encapsulation was done with bacteriophage Qp capsid.
Hairpin loop forming RNA sequence from the Qf binds specifically to the interior surface of the

QP capsid.**% Fiedler and colleagues made an RNA aptamer by fusing an arginine rich (Rev) tag



binding sequence and the hairpin loop sequence to the 5’-end and 3’-end of the Q capsid template,
respectively.* The RNA aptamer was transcribed during in vivo capsid translation. The Rev-tag
fused guest enzymes were encapsulated via the RNA aptamer during in vivo protein expression

and capsid assembly process.

We used the Qp capsid for such nanotechnology because 1) it can be expressed in both E.
coli*s and cell-free protein synthesis (CFPS),!® 2) the expressed QB can readily form a capsid
consisting of 180 monomers (T = 3) with an average of 27 nm diameter,*® 3) five-/three-fold axis®
and large six-fold axis pores* of QP allow small molecules like substrates to penetrate through the
capsid, 4) the QP capsid possesses binding specificity towards the RNA of the bacteriophage,®*%
and 5) QP capsid is stabilized by disulfide bonds and is stable against high temperatures and acidic
conditions.®’ In addition, P22 capsid is not stable against high temperatures.*> Heating the capsid
at 75°C for 20 min could cause capsid expansion with large 10-nm holes at every five-fold vertices,
and capsid subunits could be released from the assembly.*®%* CCMYV is unstable against pH. High
pH at 7.5 and above will disassemble the capsid.®'"®* Purification of both the capsid and guest

enzymes are crucial steps for enzyme encapsulation, which can be time consuming and labor

intensive.

CFPS based in vitro enzyme encapsulation using QP capsid overcomes the major
limitations that previous in vivo enzyme encapsulation possesses. CFPS can control the amount of
guest enzymes introduced to the capsid assembly. Previous in vivo enzyme encapsulation using
QP capsid could not control the amount of guest enzymes due to its co-production with the
capsid.*® Although varying amount of enzymes were encapsulated, encapsulation efficiency
seemed to be complicated as it was affected by media components and magnesium concentration.

Significant amounts of encapsulated enzymes, even when missing either RNA aptamer or Rev-tag,



indicates that the title “RNA-directed packaging of enzymes” is misleading. On the other hand,
our CFPS-based enzyme encapsulation is solely affected by our RNA aptamer design. The
arginine-rich peptide (Rev) tag targeting DNA sequence and the QP targeting sequence are fused
to 5’- end and 3’-end of the QB DNA template, respectively. The aptamer is amplified using PCR.
The RNA aptamer is transcribed by T7 RNA polymerase. Also, enzyme encapsulation efficiency
in CFPS is controlled only by the amount of enzymes introduced. No significant enzyme

encapsulation occurs in the absence of an RNA aptamer.

2.2 Results and Discussion

2.2.1 Simple Purification of Bacteriophage Qp: Spin His-column
The conventional ways of purifying virus-like particles (VLPs) are by using either

sucrose density gradient or size exclusion columns. While both methods are excellent in VLP

A FT W1 W2 W3 E1 E2 E3 B
R o e T = 8

10%

Figure 2-2 Simple Purification of Qf VLP and TEM Image of the Pure VLP A six-Histidine
tag fused VLP was purified by an increasing concentration of imidazole using a Spin-His column. Size
and shape of the VLP was analyzed by TEM. A Each fraction of the Nickel column purification process
was loaded on a Native gel. FT: flow through, W1: washing step 1, W2: washing step 2, W3: washing
step 3, E1: elution with 40 mM imidazole, E2: elution with 100 mM imidazole, and E3: elution with 500
mM imidazole. B TEM image of the pure Qf VLP. Spherical shaped VLP had a mean diameter of 30 nm.

9



Table 2-1 Details on Size, Activity, and Encapsulation Efficiency

% Mean Diameter Specific Activity Average Number of Rev-CalB
Soluble (umole/min/mg) Encapsulation
Protein Per
Amount of Rev-CalB Added
VLP 89.5% | 33.3+0.7 nm (DLS) n/d n/a
30.2+0.4nm
(TEM)
Rev-CalB 93.8% n/a 4.3 x1071 +0.064 n/a
Rev-CalB + VLP | 84.4% 27.0+2nm 2.2 x1071 £0.022 6.5+2 /1.7%x 10%* ng
(TEM) 35+1/1.4x10%ng
1.0+0.7/84 % 10% ng

purification, they are time consuming, labor intensive, sensitive to vibration, jolt, and tilt. Here,
Nickel affinity column purification of a six-Histidine tag fused Qp purification is demonstrated.
It is a simple and fast capsid purification by a spin His-column. The average concentration of the
soluble capsid was 650 ng/uL from 500 pL reaction, and pure capsids showed greater than 76%
recovery. Samples from the spin His-column were further analyzed using Native gel analysis as
shown in Figure 2-2A. The first third of the gel is 4% acrylamide and the rest is 10%. As
proteins migrate in the gel, unassembled capsid species will migrate to the interface of the 4%
and 10% polyacrylamide. Fully assembled VLPs will remain on the top of the gel. The native
PAGE results were in line with our hypothesis. The size and shape of pure capsids were
measured with dynamic light scattering (DLS) and transmission electron microscope (TEM) as
shown in Figure 2-2B and Table 2-1. Almost all pure-capsids were 33 nm diameter with DLS
analysis. The TEM image showed circular and fully assembled VLPs with a mean diameter of 30

nm.
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2.2.2 Rev-CalB Expression
Candida antarctica lipase B (CalB) is one of the most widely used lipases due to its region-

479 stability,”® compatibility with organic solvents,”! and wide variety of

/enantio selectivity,
substrate selectivity.”! CalB belongs to the o/B-hydrolase family’ and possesses a catalytic triad,

that consists of Ser-His-Asp.”® There are 317 amino acids in the polypeptide chain with a

molecular mass of about 33 kDa, and three disulfide bridges stabilize the conformation.”

Many eukaryotic microorganisms’>’’ have been used for the expression and protein
engineering of the lipase.”®*” There have been attempts to synthesize CalB in E. coli periplasm’"
81 and cytoplasm.®? However, such methods have disadvantages like low soluble lipase yield and
inclusion body formation, the latter being a result of using temperatures higher than 20°C in E.
coli expression system.** In addition, CalB expression at a low temperature of 20°C takes about

two days to get a usable amount of soluble lipase.

To improve soluble yield of the recombinant lipase in the cell-free system, an E. coli
strain that has overexpressed GroEL and GroES was prepared as described in the previous in
vitro CalB expression.* A glutathione buffer (5 mM) was added to the CalB CFPS reaction at a
fixed ratio between glutathione oxidized (GSSG) and reduced (GSH)* at 30°C. More than 93%
of the recombinant lipase was soluble, and the mean soluble yield was 306.8 ng/uL. from a 70 uLL

reaction.

2.2.3 Two-Step Rev-CalB Encapsulation
To facilitate RNA aptamer-guided enzyme encapsulation, an arginine rich peptide (Rev)
tag was fused to the N-terminus of the CalB. Rev-CalB (non-pure) CFPS reaction was directly

transferred to the cell-free reaction of the Qp capsid (step 2) along with an RNA aptamer. The
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Figure 2-3 Filled Capsid vs Empty Capsid =~ RNA aptamer played a major role in target enzyme
encapsulation. A Autoradiogram analysis on the encapsulated enzyme and empty capsids. The target
enzyme encapsulation was guided by the RNA aptamer as the radiolabeled Rev-CalB protein band
appeared. B TEM image of the filled vs empty capsids. Negatively stained protein samples showed less
stained inner capsids for the filled compared to the empty.

concentration of soluble capsid produced in the presence of Rev-CalB and RNA aptamer was
400 ng/pL in 160 pL CFPS reaction. The capsid production level decreased when Rev-CalB and
RNA aptamer were introduced to the capsid CFPS. This phenomenon was likely due to the
existence of GSSG and GSH from the Rev-CalB cell-free reaction (step 1). When capsid was
produced with a buffer containing a mixture of GSSG and GSH, the amount of soluble CP

production decreased.

For enzyme encapsulation, a fixed amount of RNA aptamer (10 pg) was added to the
capsid CFPS reaction (step 2). After purification of the capsid, autoradiogram analysis showed
that there is a significant difference between Rev-CalB encapsulation, with and without the RNA
aptamer. The capsid CFPS with RNA aptamer sample had the Rev-CalB protein band while the

capsid CFPS without the aptamer showed no Rev-CalB protein band (Figure 2-3A).

To see if guest molecules were randomly encapsulated during the capsid assembly,
capsid was expressed in a cell extract where the sfGFP was overexpressed with a concentration

of 2.0 mg/mL. Expressed capsids were purified via a size exclusion column. The chromatogram
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showed that only the free sfGFP containing fractions showed a fluorescent signal, which

indicates chances for guest molecules to be encapsulated without an affinity to the capsid are
very low (Figure 2-4).

We tested enzyme encapsulation efficiency by adding various amounts of Rev-CalB but a
fixed amount of RNA aptamer. Densitometry analysis showed that the higher the amount of Rev-
CalB, the higher the number of enzyme encapsulation (Table 2-1). More than 1.7 X 10! pg of

the enzyme significantly decreased total soluble VLP production (data not shown). Also, lower
than 8.4 x 10! pg of enzyme did not show a detectable amount of protein band in densitometry
analysis. An average of 6.5 Rev-CalB per capsid was the maximum encapsulation when 6 uM of
the enzyme was present. Our results showed that only 28% of the total amount of Rev-CalB
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Figure 2-4 Size Exclusion Purification of Qf VLP Assembled from CFPS Reaction with sfGFP

The VLP was expressed and assembled in the CFPS reaction where high concentration of sfGFP was
present. The VLP expressed CFPS reaction was loaded on a size exclusion column (Sephacryl S400 HR)
and purified by size. Each fraction collected 4 mL of the sample. The orange line represents absorbance
at 280 nm and indicates protein content, while the blue line represents the fluorescence and indicates GFP
content.
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added were encapsulated, as the rest were found in the flow through sample. This is presumably
due to steric hindrance. As the CalB is encapsulated, it inhibits the capsid assembly when an
upper limit is reached. It is possible that the length of the aptamer may play a role in
encapsulation efficiency as it is 646 nucleotides long. Shorter aptamers may help sequestering
more guest enzymes. Another possible explanation is that the total capsid protein production
level significantly drops upon transferring the CalB CFPS reaction. In addition, the CFPS
reaction contains the glutathione buffer mix, and it reduces the soluble capsid production level
(results not shown). Enzymes that do not require the glutathione buffer mix may increase the

maximum encapsulation efficiency.

For TEM analysis, both samples were negatively stained with 0.2% phosphotungstic acid.
Although the filled capsid showed a less stained inner surface, it was difficult to distinguish the
filled from the empty capsids, which is in accord with previously reported data (Figure 2-3.B).%
Both capsids had a mean diameter of 27 nm, similar to a previous report (Table 1).%

2.2.4 Enzyme Activity

To test the functional capabilities of the encapsulated lipases, activities of both free and
encapsulated enzymes were compared using the chromogenic substrate 4-nitrophenyl octanoate
(Figure 2-5).% The kinetic data from standard Michaelis-Menten analysis showed that both the
free and encapsulated enzymes possess similar parameters with kc./Km values of 3.1 X
103M~1s 1 and 2.4 x 103M~1s~1 for the free and the encapsulated lipases, respectively
(Figure 2-5). They differ by less than a factor of two. The enzyme’s turnover numbers were
7.1 X 10~1s71and 3.3 x 10715~ for the free and the encapsulated, respectively. The observed

kecar and kcai/Km values for both the free and the encapsulated enzymes were compatible to those
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Figure 2-5 Kinetic Parameters of Free CalB and Encapsulated CalB Activity of both free

and encapsulated CalB was measured with 4-Nitrophenyl octanoate as a substrate at 37°C. A Free
enzyme. B Encapsulated enzyme

reported for hydrolysis of 4-nitrophenyl ester substrates.®* Specific activity of both the free and
the encapsulated enzymes were 4.3 X 10~ ! and 2.2 x 10~! pmole/min/mg, respectively.
Decreased Km values were observed upon encapsulation. One possible explanation is that the
structure of the Rev-CalB was slightly altered upon encapsulation, causing its substrate affinity
to become stronger, thus making it harder for the enzyme to release the product. Decreased Ky

and activity of an enzyme upon encapsulation was seen in a previous study as well.*®

Despite a
decrease in activity, all encapsulated enzymes are assumed to be active, and the substrate and
product are assumed to freely enter and exit the capsid through the fixed pores. Note that there

was no detectable activity for the empty capsid (results not shown), which indicates the product

conversion is solely contributed by the encapsulated lipase.
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2.2.5 Enzyme Stability

VLP served as a shelter for the encapsulated Rev-CalB, and improved the resistance of
CalB to high temperatures and a protease degradation. For the temperature inactivation test, both
free and encapsulated enzymes were incubated at varying temperatures (37, 60, 75, and 90 °C)
for 20 minutes before 1 hour incubation at the optimum temperature of 37 °C (Figure 2-6A).%
Activities after each temperature stress were normalized by the activity at the optimum
temperature. Almost all activity of the free enzyme was lost at 60 °C and above while the
encapsulated enzyme maintained its full activity until 90 °C where it decreased only by 20%. The
melting temperature of CalB is 57.7 °C.% We assumed that the free Rev-CalBs were denatured at
60 °C and above, and were subject to random aggregation. Returning to the enzyme’s optimum
temperature did not help its functionality, likely due to the loss of structure. On the other hand,
encapsulated enzymes were immobilized at the inner surface of the capsid via the RNA aptamer.
The capsid possesses a high melting temperature range of 85 — 100 °C.*" It is assumed that the
capsid protected the enzymes, and the enzymes seldom participated in aggregation due to the
immobilization. When temperature returned to the optimum, enzymes retained its structure and

gained its functionality.

VLP-protection of Rev-CalB was also tested by protease treatment. Both free and
encapsulated enzymes were incubated at 37 °C with varying incubation times with proteinase K
(Figure 2-6B). All activities were normalized by the activity before protease addition. Free
enzyme activity dropped by a factor of 2 after 1 hour incubation of proteinase K, and only about
20% of the activity remained after 5 hour incubation with the protease. However, the
encapsulated enzyme maintained its full activity over a 5 hour incubation with the protease.

These data indicate that VLP provides protection and stability to guest molecules. Although there
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Figure 2-6 Protease and Temperature Inactivation Tests of the Free and Encapsulated Enzymes
Both enzymes were exposed to high temperatures or proteinase K for the stability test. A High
temperature inactivation. An immediate decrease in activity is observed for the free enzyme, while the
encapsulated enzyme was stable even at 90°C. B Protease inactivation. Unlike the free enzyme, the
encapsulated enzyme showed activity even after the protease degradation.

was slight decrease in activity upon encapsulation, it was compensated by an increase in

stability.

2.3 Conclusion and Future Directions

Here we have developed a simple in vitro two-step enzyme encapsulation method using
CFPS. CFPS allows easy access to the Rev-CalB expression for optimization. The designed
method does not require guest enzyme purification. The amount of guest enzymes for
encapsulation determine encapsulation efficiency. The activity of the enzyme is largely intact

upon encapsulation, and are stable against high temperatures and a protease.

A potential future direction for this research will be the increasing of the maximum
encapsulation efficiency by optimizing the size of the RNA aptamer. The RNA aptamer used for

the Rev-CalB encapsulation consists of the Qp capsid sequence. This element can be removed
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for it has no affinity to the Rev tag nor the capsid. On the other hand, different enzymes that do

not require the glutathione buffer mix can be used.

Encapsulation of multiple enzymes for sequential reactions will be the next exciting
future step. This study will enable us to understand enzymes in crowded cellular-like
environments. Much like the carboxysome, a new biomimetic catalytic material can be

constructed as well.

2.4 Materials and Methods

2.4.1 Extract Preparation

E. coli extract was prepared as previously reported using BL21 Star™ (DE3) E. coli
strain purchased from Invitrogen (Carlsbad, CA).%® Briefly, start culture of E. coli BL21 Star™
(DE3) strain grew in 5 mL of LB media for overnight with temperature of 37 °C at 280 rpm. The
culture was transferred to 100 mL of LB media and grew until ODsoo reached 2.0. The 105 mL
culture was then transferred to 1 L media in Tunair flask. The addition of 1 mM of Isopropyl B-
D-1-thiogalactopyranoside (IPTG) took place upon reaching 0.6 of ODsoo to overexpress T7
RNA polymerase. Cells were harvested at the end of the exponential growth phase using
centrifugation at 6000 RCF for 10 min at 4 °C. Cells were washed with icy Buffer A (10 mM
Tris-acetate pH 8.2, 14 mM magnesium acetate, 60 mM potassium glutamate, and 1 mM
dithiothreitol (DTT)) by centrifugation at 6000 RCF for 10 min at 4 “C. Cells were re-suspended
with the buffer A (g of cell/mL of buffer A), and protein synthesis machinery was extracted
using EmulsiFlex French Press homogenizer at 20000 psi. The homogenized cells were

centrifuged at 12000 RCF for 30 min at 4 °C to clear the lysate. The supernatant was incubated
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in a shaking incubator for 30 min at 280 rpm at 37 °C. The extract was flash-frozen in liquid

nitrogen for one min before being stored at - 80 °C freezer.

Preparation of the cell extract for Candida antarctica lipase B (CalB) production was
identical to the normal cell extract preparation described above, except BL21 Star™ (DE3) E.
coli strain harboring pOFX-GroEL/ES plasmid a kind gift from Dr. Dong-Myung Kim
(Chungnam National University, South Korea), and spectinomycin (100 pg/ml) was added to

each culture media.

2.4.2 Cell-free Protein Synthesis

The CFPS reaction of bacteriophage Qf} coat protein (CP) was carried out in a 2.0 ml size
eppindorf tube at 37 °C for 3 hours, with PANOXxSP as an energy source. Each reaction
contained 25% reaction volume of the cell extract, 1.2 nM plasmid, 12 to 15 mM magnesium
glutamate, 1 mM 1,4-Diaminobutane, 1.5 mM Spermidine, 33.33 mM phosphoenolpyruvate
(PEP), 10 mM ammonium glutamate, 175 mM potassium glutamate, 2.7 mM potassium oxalate,
0.33 mM nicotinamide adenine dinucleotide (NAD), 0.27 mM coenzyme A (CoA), 1.2 mM
ATP, 0.86 mM CTP, 0.86 mM GTP, 0.86 mM UTP, 0.17 mM folinic acid, and 2 mM of all 20

amino acids except glutamic acid.

Rev-CalB expression was identical to CP expression, except the cell extract had
overexpressed GroEL and GroES. A 5 mM glutathione buffer (GSSG : GSH =4 : 1) was also

added to the CFPS reaction at 30°C for 5 hours.
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2.4.3 Measuring Protein Concentration

Protein concentration was determined as previously described.® Briefly, 5 uM of
radiolabeled (U-14C) Leucine (PerkinElmer, Waltham, MA) was added to the CFPS reaction. 3
uL of the CFPS reaction was spotted on each of the three separate pieces of Whatman 3MM
chromatography paper and dried at 37°C. Spotted papers were placed in a beaker on ice and
covered with 5% (v/v) TCA at 4°C to precipitate the proteins onto the filter paper for 15 min.
The solution was exchanged with fresh TCA solution three times. Following the TCA washing
steps, the papers were dried at 37°C. Radioactivity of both TCA-precipitated and non-TCA-
precipitated samples was measured using a LS6500 Multipurpose Scintillation Counter
(Beckman Coulter, Brea, CA). The fraction of incorporated leucine in washed and unwashed
protein were used to determine the amount of protein synthesized. Soluble yields were
determined by sample centrifugation at 4°C and 17,000 x g for 15 min, followed by TCA-

precipitation and scintillation counting of the supernatants.

2.4.4 Bacteriophage Qp Coat Protein Purification

Cell-free reaction that produced Qf coat protein was inserted into a dialysis tubing bag
(Spectra/Por, Rancho Dominguez, CA) with molecular weight cut off of 6-8 kDa. The sample
was immediately dialyzed against 300 mL NET buffer (150 mM NaCl and 20 mM Tris-HCI, pH
7.8) for 18 h at 4°C with three buffer exchanges. Dialyzed samples were loaded directly onto the
HisPur™ Ni-NTA spin column (Thermo Scientific, Rockford, IL) that was pre-equilibrated with
NET buffer containing 10 mM imidazole. The column was equilibrated with sample proteins for
30 min at 4°C. The column was washed with a NET buffer containing 10 mM imidazole (1.2
mL). Capsids were eluted with a NET buffer containing 500 mM imidazole (300 uL). Eluted

samples were concentrated during dialysis in 500 mL NET buffer containing 40% glycerol.
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2.4.5 Lipase Activity

All experiments were run in triplicate, and all kinetic data were analyzed with respect to
the enzyme concentration. The activity and kinetics of free Rev-CalB (8.2 nM) and encapsulated
Rev-CalB (2.13 nM) were analyzed with the substrate 4-nitrophenyl octanoate (Sigma Aldrich,
Milwaukee, Wisconsin) using Synergy™ Mx (BioTek, Winooski, Vermont). Enzyme kinetics
were determined by using varying concentrations of the substrate (10, 42.8, 85.7, 171.4, 300,
400, 600 uM) that were prepared in a substrate buffer (0.4 M DMSN. 0.2% triton x-100. 1x PBS)
by serial dilutions. 1 pL of each varying substrate concentration were added to 70 pL of lipase
reaction solution (0.4 M DMSN. 0.2% triton x-100. 1x PBS, pH 7.0) at 37°C and read
immediately. The absorbance was read at 410 nm wavelength for hydrolyzed substrate, 4-
Nitrophenol. Measurements were repeated at 20 sec intervals for 20 min after 30 sec of shaking.
The rate of substrate hydrolysis was determined at each substrate concentration using molar

extinction coefficient of 17800 M-'cm™ at 410 nm.

2.4.6 Thermal Stability

Enzymes were incubated at specific temperatures (37, 60, 75, and 90°C) for 20 min using
a thermocycler (Biorad, Hercules, CA), followed by incubation at 37°C for an hour before the
activity test. 1 uL of 12 mM substrate was added to each 70 pL lipase reaction solution. The
substrate working concentration was 171.4 uM. Lipase concentrations of both free and

encapsulated were 8.2 pM and 2.13 uM, respectively.

2.4.7 Protease Stability
To test enzyme stability against proteases, Proteinase K was purchased from
Thermofischer Scientific (Fairlawn, NJ). 100 puL stock solution was prepared in NET buffer
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containing 40% glycerol with 20 mg of Proteinase K powder (0.2 mg/uL). The stock protease
solution was diluted to a concentration of 0.002 mg/uL by serial dilution using the lipase reaction
solution. Both free and encapsulated Rev-CalB were pre-incubated at 37°C for an hour before
adding the protease. They were then incubated with Proteinase K for 0, 30, 60, 180, and 300 min
at 37°C. After the protease incubation, activity of the enzymes was measured with the substrate

as described in 2.9.5.

2.4.8 Protein Separation and Autoradiography to Determine the Ratio of Capsid and
Rev-CalB

Cell-free reaction product was subject to SDS-PAGE with 10% bis-tris gels (Invitrogen,
Carlsbad, CA) for protein separation and stained with SimplyBlue SafeStain (Invitrogen). The
PAGE gels were dried on a Whatman 3MM chromatography paper at 80°C for 2 hours using a
vacuum pump. The dried gels were exposed to Kodak BioMax MR autoradiography film
(Rochester, NY) for 10 days. Densitometry measurements were performed using Imagel
software (National Institutes of Health). The capsid and Rev-CalB have different molecular
weights (14 kDa - monomer and 37 kDa, respectively) and are found at different location in
SDS-PAGE gel. Both capsid and enzyme are incorporated with C!*-leucine, and relative band

intensities were used to measure the number of enzyme encapsulated per capsid.

2.4.9 Transmission Electron Microscopy (TEM)
Protein samples were dried on the formvar-coated copper grid (Electron Microscopy
Sciences, Hatfield, PA) for 1 minute. The dried samples were soaked with 2% phosphotungstic

acid for 1 minute and then dried. The images were digitally captured by Tecnai T-12 and Tecnai
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T-20 TEM (FEI, Hillsboro, OR; Gatan, Pleasanton, CA) at 120 kV and 200 kV acceleration

voltage, respectively. ImagelJ software®® sized images and scale bars.

2.4.10 Dynamic Light Scattering (DLS)
VLP’s diameter was analyzed using DLS, 90Plus Particle Size Analyzer (Brookhaven
Instruments, Holtsville, NY). Brookhaven Particle Size Analyzing software was used to calculate

the mean diameters of VLPs.
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3 CELL-FREE PROTEIN SYNTHESIS APPROACH TO BIOSENSING HUMAN

ESTROGEN RECEPTOR BETA SPECIFIC ENDOCRINE DISRUPTORS

3.1 Introduction

Unintentional as well as intentional discharge of harmful chemicals into the environment
has been the conventional reality of industrialized society for hundreds of years. In recent decades,
an increasing wealth of evidence has shown a certain class of chemicals known as Endocrine
Disrupting Chemicals (EDCs) to be harmful. Over 20 years ago, the EPA defined an EDC to be
“an exogenous agent that interferes with the production, release, transport, metabolism, binding,
action, or elimination of natural hormones in the body responsible for the maintenance of
homeostasis and the regulation of developmental processes.””! That same year, the EPA developed
a screening program to identify potential EDCs. ° Since that time, the EPA has screened 52 of the
estimated 87,000 EDCs. °? Studies detect significant levels of EDCs in air, land, drinking water,
food, fuels, personal care products, pharmaceuticals, and synthetic hormones, and suggest that
EDC exposure likely contributes to acute and chronic conditions including cancer, diabetes,
obesity, metabolic syndrome, infertility, learning disabilities, and permanent brain damage.”** A

recent report estimated an EDC-exposure disease burden of $340 billion USD in the United States

and $209 billion USD in the EU. *°

One class of EDC’s known as xenoestrogens (XEs) interferes specifically with the function

of estrogen. Research has linked exposure to XEs with obesity and birth defects including DNA

24



methylation and placental alteration. °*%° Bisphenol A (BPA) is a XE that has been used in plastic
consumer products since 1957. Recent statements from the National Institute of Health!?’ and the
National Toxicology program'®! based on extensive literature review indicate that exposure to BPA
may cause altered prostate, neurodevelopmental, and behavioral disorders.”® 1> Research has
linked BPA to the inhibition of downstream function in pituitary cells, decreased sperm viability,
recurrent miscarriages, obesity, and ovarian dysfunction.!®? Additional studies linked BPA to
emotional and behavioral problems in children. '® Evidence shows that exposure to Estradiol (E2),
104

another common XE, affects primary and secondary sex characteristics of aquatic wildlife.

Diarylpropionitrile (DPN) is another XE with a high selectivity for ER beta.

Recent advances in biosensor technology incorporating new developments in material
science, genetic engineering, and synthetic biology enable unprecedented detection of EDCs *.
Many in vitro models facilitate the study of the mechanisms of action of EDCs. '% EDCs have
been measured in urine, human serum, blood, fetal cord serum, and maternal placenta serum. %
LC/MS and GC/MS are common techniques used to detect EDCs. Other efforts in biosensing
EDCs utilize impedimetric response elements '’ and DNA aptamer optical-based biosensors.!%®
These novel approaches show promise for future applications in characterization of EDCs, yet they
are often time and labor intensive and in many instances, cost prohibitive. For example, LC/MS
and GC/MS methods require trained technicians and significant equipment capital investment

(~$190,000). Even when equipment is available, a simple urine test costs about 40 USD. 03 106,

109-111

Among the most common methods for detecting XEs are whole-cell bioassays that utilize

yeast, E. coli, and human cell lines."">!!3 These methods are reliable and sensitive, but their
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complicated laboratory procedures and long assay durations indicate that a technology more

suitable for rapid and in-field XE detection would be highly advantageous.

Detecting interactions with the human estrogen receptor (hER) is of particular
pharmaceutical interest. The World Health Organization lists estrogen receptor modulators as
“essential medicines” to treat infertility.!'* Selective Estrogen Receptor Modulators (SERM’s)
currently treat a variety of conditions associated with postmenopausal women’s health, including
infertility and breast cancer, and have even inhibited the Ebola virus.!'>"''® A rapid screening
technology for estrogen receptor modulators would be an invaluable tool to characterize, classify,

and discover estrogen receptor-linked medicines.

In a previous study, we demonstrated a Rapid Adaptable Portable In-vitro Detection
biosensor platform (RAPID) for determining EDC activity.!!” This biosensor platform relies on
exploiting the basic cellular mechanism of EDC activity in the following manner: an
allosterically activated fusion protein containing the ligand-binding domain of a nuclear hormone
receptor (NHR) indicates the presence of ligands when synthesized in a cell free environment. If
EDC ligands are present, they will bind to the NHR and produce a colorimetric signal. Unlike
many emerging biosensor technologies, the RAPID biosensor is not analyte-specific. Rather, the
sensor produces a straightforward colorimetric response in real-time if any chemical that
interacts with the NHR is present in the sample. Our previous work demonstrated the utility of
this biosensor to detect and screen EDCs that interact with the Human Thyroid beta receptor
(hTR-B). In this work, we employ the Human Estrogen Receptor beta (hER- ) to expand the
detection capabilities of the RAPID biosensor to include XEs. We further demonstrate increased
yield of the biosensor protein in human blood and urine samples by adding RNAse inhibitors to

the open and robust CFPS-biosensor reaction.
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3.2 Results and Discussion

3.2.1 RAPID Biosensor Design for the hERp

Previously, we introduced the RAPID biosensor for detecting ligands that interact with the
human thyroid receptor B (hTRP). The modular nature of this biosensor makes it a very flexible
platform for expanding the applications of the biosensor to many other nuclear hormone receptors.
Here we used this feature to quickly engineer the biosensor for biosensing hERP-specific
endocrine disruptors.

The biosensor protein construct consists of four domains. These domains include 1)
maltose binding domain; 2) mini-intein domain; 3) NHR ligand binding domain; and 4) the
reporter enzyme. To adopt the biosensor for hERB-Specific ligands, we replaced the hTRf with

hERp binding domain resulting in the fusion protein illustrated in Figure 3-1.

A. B. Test Sample hERS
Biosensor Construct Specific EDC
s b [P7
- - o or
- Urine 6 9 )™\
y : g Protein Synthesis Reagents

hERB Receptor "7 hERR Receptor Biosensor DNA ()
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Protein Synthesis Reagents
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Biosensor DNA ) /
Energy Source  § Mo Color Changs
Figure 3-1 RAPID Biosensor Protein Complex Specific for the hER-f The RAPID protein

complex changes its conformation slightly upon binding to hER-f specific ligands and enhances the
reporter enzyme’s ability to hydrolyze its substrate. The colorimetric assay can be measured only when
hER-p specific ligands are present.
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Figure 3-2 CFPS of the Biosensor Fusion Protein Protein production yield increases over the

CFPS reaction time. The solubility level stays relatively constant with increasing protein concentration.
(Bars represent total protein yield, error bars represent the standard deviation, and dashed line represents
solubility percentage.)

It was hypothesized that the biosensor goes to the same conformational change as
previously observed for hTRP. This conformation change transfers to the reporter enzyme (-

lactamase) and makes it more accessible, which results in increased activity.

3.2.2  Cell-free Protein Synthesis of the Reporter Fusion Protein
The fusion protein, MBP-IN-hERB-Ic-B-lac, was expressed using CFPS system. The total
protein production and solubility percentage were measured using incorporated C'* radiolabeled
leucine as described in the materials and methods section. The results, as illustrated in Figure 3-
2, showed successful expression of this 120 kD protein up to 650 pg/mL in 3 hr with an average

solubility of 75%.

3.2.3 Hormone Biosensor Assay
The hormone biosensor assay includes a two-step processes: 1) expression of MBP-In-
hTRB-Ic-B-lac construct using CFPS in the presence of the ligands; and 2) performing nitrocefin

colorimetric activity assay.
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The biosensor was assessed in the presence of four endocrine disrupting compounds
including E2, DPN, BPA, and TRIAC (Figure 3-3). E2, DPN, and BPA are known EDCs for
estrogen nuclear hormone receptor with different binding affinity levels, all of which produced
dose response graphs with excellent quality (Z' factor was between 0.5 to 1). The ECso for E2,

DPN, and BPA were 124, 71, and 1443 nM, respectively, which corresponds well with our previous
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Figure 3-3 Dose-response graphs and statistical analysis results for the RAPID biosensor in the

presence of E2, DPN, BPA, and TRIAC

The EC50 represents half-maximal effective

concentration, Z' factor represents assay quality, S/N is signal to noise ratio, S/B is signal to background
ratio, and LOD is limit of detection. The solid line represents fitted nitrocefin conversion values, the
square markers represent the measured values, and the error bars represent one standard deviation for

n=2.




study using a similar in vivo bacterial biosensor, 150, 170, and 1700 nM, respectively.!!® The
negative control, TRIAC (a known EDC against hTR but not hER), didn’t generate a statistically

significant result, which indicates the specificity of the assay.

The total time to perform the biosensor assay was 2.5 hr (2 hr performing CFPS and 30
reading colorimetric assay), which is an order of magnitude less than our bacterial biosensor and
other cell based nuclear hormone receptor biosensor with the same level of sensitivity. Also our
CFPS-based-estrogen-specific biosensor could detect estrogen-receptor-specific EDCs. The limit
of detection of each EDC varied from one another over the nM scale and relates to the EDC’s
binding efficiency and toxicity level. In case of BPA, FDA banned BPA-based baby plastic
products including bottles, sippy cups, and infant formula packaging since 2012. BPA became a
serious threat to human. While the EPA establishes the NOAEL (No Observed Adverse Effect
Level) for BPA at 50 pg/kg of body weight/day, experts continue to debate the exact definition of
a “safe” exposure threshold for BPA.!"” With the current analytical method, as low as 0.4 nM of
BPA can be detected.!?’ Efforts to improve the sensitivity level of the sensor will further enhance

its utility.

3.2.4  Optimizing CFPS for Human Samples
In this work, we optimized the CFPS system to improve the performance of the system in
the presence of human samples. Although a low amount of protein synthesis level is sufficient for
biosensor assay, increasing the protein production yield in the presence of higher concentration of
samples can result in improving the limit of detection EDCs and hormones in blood and urine

samples.
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Figure 3-4 Effect of urea on CFPS of GFP CFPS activity level starts decreasing at urea
concentration higher than 0.1 M. Error bars represent one standard deviation for n=3.

For the urine sample, it is hypothesized that urea is the main component that hinders
protein synthesis. The urea concentration in human samples is in a range of 0.1 ~0.8 M!2!-122
with an average of 0.22 M.'?* To see the effect of urea in CFPS, we performed CFPS with the
model protein GFP in the presence of urea at concentrations between 0.001 to 1 M as shown in
Figure 3-4. The results revealed that 0.1 M urea doesn’t have significant effect on CFPS
performance. Even at 0.5 M urea, still 40% protein synthesis capability was retained. Note that

our previous result showed 10% urine, containing ~0.02 M urea, can eliminate CFPS.!>* So, the

result suggested that urea in urine is not the main component that inactivates the CFPS activity.

We then hypothesized that there is a potential of RNAse activity in both urine and blood
samples according to the literature, which can hinder protein synthesis.'?*"1?” To test this
hypothesis, murine RNase inhibitor was added to the CFPS of GFP in addition to the urine and
blood and containing as shown in Figure 3-5. Results revealed significant improvement in
protein synthesis. For instance, for 20% by volume urine sample, the GFP production yield was
jumped from less than 10% to more than 30%. The improvement was more significant for blood
sample, as 10% by volume blood eliminated protein synthesis, but even 45% by volume blood in

CFPS containing RNAse inhibitor retained 50% protein synthesis yield. The results correlate
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Figure 3-5 Effect of RNase inhibitor on CFPS of GFP in presence of urine (left chart) and blood
(right chart) The dark bars in both graphs represent the improving effect of RNase inhibitor on protein
production of CFPS in presence of both urine and blood. The error bars represent one standard deviation
for n=3.

with the expected high RNAse activity in the blood sample and lesser activity in the urine
sample. Using RNAse inhibitor in CFPS gives us the ability of adding up to 25% and 45% by
volume urine and blood, respectively, and produces a sufficient amount of protein for biosensor
assay. These higher volume percentage of samples help to detect lower concentration of ligands
in samples. Note that RNAse concentration of human samples vary from person to person. Both
urine and blood samples for this experiment were from different donors compared to our

124 while

previous study. 1% urine could reduce the CFPS activity by 80% in our previous data
the same amount of urine reduced CFPS activity by only 20% in this study. With blood sample,

even 1% could reduce more than 50% CFPS activity in this study while the same amount did not

have much effect on our previous CFPS activity.

3.2.5 NHR RAPID Biosensor Performance in Human Samples
We chose 10% and 20% by volume of urine and blood, respectively, to investigate the
robustness of biosensor assay in the presence of these human samples. The results, Figure 3-6,
showed that biosensor assay can generate dose response with ECso of 15 and 35 nM for E2 in

presence of urine and blood, respectively, and the assay quality was excellent for both samples
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Figure 3-6 Dose-response graph and statistical analysis results for the RAPID biosensor in the
presence of E2 and 20% by volume blood and 10% by volume urine. The solid line represents fitted
nitrocefin conversion values, the square markers represent the measured values, and the error bars
represent one standard deviation for n=2.

(Z'=0.78). The ECsois lower than the assay without urine and blood (Figure 3-3), which is
similar to the result we observed for raw sewage in our previous study with thyroid nuclear
hormone receptor biosensor.!?* It is hypothesized that lower CFPS yields can increase sensitivity
by reducing the background. However, the signal to background is also reduced (compare Figure

3-5 and 3-6)

33 Conclusion and Future Directions

Here we demonstrated EDC detection in human blood and urine samples using our
RAPID biosensor platform. The RAPID platform with human estrogen receptor f (hER) binds
well with known hERB EDCs. E2 detection in human blood and urine samples were aided by

RNAse inhibitor.
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Continued pursuit of this research is being carried out in Dr. Bradley Bundy’s lab with

emphasis on increasing the sensitivity of the RAPID biosensor.

34 Materials and Methods

All ligands were purchased from Sigma-Aldrich: diarylpropionitrile (DPN), bisphenol A
(BPA), B -estradiol (E2), and triac. The blood was purchased from Innovative Research (Peary
Ct, Novi, MI). The human donor urine was donated by the BY U health center. Nitrocefin was

purchased from Cayman Chemical.

3.4.1 Biosensor Design and Construction
The pDB-MI (CI)-hERB-B-lac construct borrowed the template of our previous biosensor
construct. The pDB vector that encodes for the biosensor protein complex possess four domains:

maltose binding domain (MBD), human B -estrogen receptor (hER- B ), B -lactamase, and two
inteins between MBD or CBD and hER- B , and hER- B and B -lactamase. This construct

utilizes the T7 promoter to express proteins of interest. The construction of the vector is

explained in our previous study

3.4.2 Hormone Biosensor Assay

The Hormone biosensor assay was performed in 2 stages. Stage 1: CFPS of the biosensor
protein in 96 well plate for 20 min in the presence of 0 to 10 uM TRIAC, T3, or E2 dissolved in
Dimethyl sulfoxide (DMSO). For consistency all CFPS reactions were adjusted to have 5 volume
percent DMSO. Stage 2: After 20 min, the reactions were diluted 104-fold into PBS buffer, of

which 25 ul was transferred into each well of a UV-transparent Corning® 96 well plate. The
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104-fold CFPS dilution was introduced for optimal signal clarity and to eliminate overflow
readings of our assay instruments, and was used in all experiments. To each well, 175 ul of 228.6
UM nitrocefin in PBS was additionally added to the wells at the same time to achieve a final
nitrocefin concentration of 200 uM. The plates were then directly quantified via plate reader
(BioTek Synergy Mx) for a nitrocefin-based beta-lactamase activity assay '*®. Specifically, the
absorbance was read at 390 and 490 nm wavelengths for unreacted and reacted substrate
nitrocefin, respectively. Measurements were repeated at 1 min intervals, with 10 sec shaking at
each interval to mix, for 15 min. At the end of the assay, the absorbance was read at 760 nm to
provide a relative background level for the assay. The rate of nitrocefin conversion was
determined at each ligand concentration using the time course measurements, and the resulting

rates were used to determine the half maximal effective ligand concentration (EC50).

3.43 Detection of Endocrine Disrupting Chemicals in Human Samples Using

Biosensor Proteins

Each CFPS reaction containing EDC’s and blood or urine was 8-fold diluted with PBS.
This diluted CFPS reaction was further diluted with PBS and nitrocefin mixture (final 32- and
64-fold dilution for urine and blood, respectively). Both initial and Final nitrocefin concentration

was 20 mM and 114.3 nM, respectively. The activity of the reporter protein ( B -lactamase) was

measured by plate reader (BioTek Synergy Mx) using both 390 and 490 nm wavelengths for
substrate and product, respectively. Also 760 nm wavelength was used as a relative background.
Samples were agitated for 10 seconds before the absorbance was measured each minute for 40 to
60 minutes. The rate of the reporter protein activity was used to determine half maximal effective

ligand concentration (EC50).
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3.4.4  Analysis of Hormone Biosensor Assay Results

Nitrocefin conversion value (NCV) was calculated based on the equation 3-1. A390,
A490, and A760 were used for the yellow nitrocefin substrate, red converted product by -
lactamase, and background absorbance, respectively. To maximize the signal to noise ratio, each
time point with the maximum difference between the negative control’s NCV and the maximum
ligand concentration was selected to get the dose response curve. To calculate the half maximal
effective concentration, the Four-Parameter Logistic Function (equation 3-2) was used. %
Parameters “a”, “b”, and “k” define lower/upper plateau values of the function and the slope
factor, respectively.

Equation 3-1

A490—-A760 (median of all reaction wells)
A390—-A760 (median of all reaction wells)

Nitrocefin conversion value (NCV) =

Equation 3-2

b—a

Predicted NCV = a +
1+ (exp(k(log(ligand concentration) — 1og(EC50))))

The normalized percent dose response was calculated using equation 3-3.
Equation 3-3

Normalized td _ NV -minNCV. o
ormatize percen ose Tesponse = max NCV — min NCV 0

The overall quality of the assays was determined by Z’ factor, S/N, and S/B parameters.
These parameters were calculated using previously studied method.'3%13! The limit of detection
(LOD) was calculated by addition of 3SD (standard deviation) of the background signal to the

mean of the background signal, which is based on IUPAC methodology.'*
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4 MULTI-DISULFIDE BOND PROTEIN EXPRESSION IN CELL-FREE

PROTEIN SYNTHESIS

4.1 Introduction

Biosimilars are biological products approved for usage based on its highly similar
functions with FDA-approved biological products (reference products). Recently, the Patient
Protection and Affordable Care Act (Affordable Care Act) replaced the Public Health Service
Act (PHS Act) for biosimilars to get faster licensing through a part of the Biologics Price
Competition and Innovation Act law.'* This movement encourages pharmaceutic companies to
speed up biosimilar production. Although a significantly high amount of time and money is
required, development and introduction of biosimilars into the market is beneficial in terms of
cost savings, increased patient accessibility, and biosimilar innovation. Biosimilars are
introduced in the market with prices 10-30% lower than that of reference products.'** In the US,
there is an estimated cost saving of up to $378 billion over the next 20 years with the

introduction of biosimilar to the market.!

Tissue plasminogen activator (tPA) is a commercially available reference product. It is a
serine protease that activates plasmin to dissolve various blood plasma proteins including fibrin
blood clot. It has a total of 35 cysteine residues, allowing the formation of 17 disulfide bonds, '3

138 and consists of 527 amino acids with five domains (such as Kringle I, Finger, EGF,

thrombolytic Kringle II, and protease domains).!*? It also treats stroke, the third leading cause of

37



death in US.'*° The mortality rate of ischemic stroke patients has a range of 13 and 15% within
30 days.'*! Currently, tPA is produced in CHO cells, but is not cost effective.!*? Other eukaryotic
cell expression of the tPA struggle due to poor export, hyperglycosylation, and incorrect
folding.'#1% Attempts to produce tPA in periplasm of E. coli suffered from rare codon usage,
mis-folding, and loss of function.'*’-'3¥ Also, an engineered E. coli (Origami B, DE3 strain)
where two thioredoxins (TrxA and TrxC) and three glutaredoxins were oxidized, was used to
express a full length of tPA."*® However, there was no mention of the amount of tPA produced

and specific activity of it.

Here we demonstrate the expression of tPA in our E. coli cell based cell-free protein
synthesis (CFPS) using a buffer containing glutathione mix and prokaryotic disulfide bond C
(DsbC) protein. DsbC is a disulfide bond isomerase and acts as a chaperon. It plays a role in
proper protein folding by breaking the protein’s non-native disulfide bonds.!#6-148 tPA expression

in the CFPS, specific activity, and blood clot lysis assay are discussed.

4.2 Results and Discussion

4.2.1 tPA Expression and Activity
To facilitate expression and proper folding of tPA, the glutathion buffer (described in
Chapter 2) and the cell extract that contains overexpressed GroEL/ES and DsbC were added to
the reaction. We first expressed tPA at 30°C for 5 hours in comparison to 37°C expression.
Concentration of the DsbC added was 3.2 uM for both expressions. Only 32% and 36% of total
protein produced at 37°C and 30°C, respectively, were soluble. Increased amounts of DsbC (6.5

uM) resulted in maximum total and soluble protein yields. Interestingly, CFPS reaction at 37°C
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Figure 4-1 Purification and Activity of tPA  Nickel affinity column purified tPA was separated by
the SDS-PAGE and was exposed to the autoradiography film. It was also tested with a blood clot lysis
assay. A Autoradiogram analysis showed both a full-length (63 kDa) and truncated tPA (about 40 kDa).
B The CFPS expressed tPA lysed blood clot. *** =P <0.005, ** =P <0.05, and * =P <0.1.

showed about 33% increase in both total and soluble tPA expressions. More than 84% of total
proteins were soluble with the total soluble yield of 350 ng/uL in 70 uL reaction. The
autoradiography analysis of pure tPA that was radiolabeled with C'*-Leu showed two protein

bands that were exposed to the autoradiogram film (Figure 4-1).

Native tPA possesses a total of three glycosylation sites, namely, Asn 117, 184, and
448.'¥ Studies have shown that native tPA gets cleaved by serine proteases to form a disulfide
bond linked two-chain tPA when glycosylation is missing at Asn 184.1°%-152 E. coli also has
serine proteases'>’ that cleave non-glycosylated tPA. Therefore, some of the expressed tPA was
cleaved by the E. coli serine proteases, and the truncated tPA, cleaved at a location

corresponding to Arg?’>-Ile?’® peptide bond,'*! was held by a nickel column. During the
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purification process, slight basic condition buffer might reduce the disulfide bond, and the first

275 amino acid fragment could be eluted out.

The pure tPA was subject to its specific activity measurement using fluorogenic AMC
substrate.!>* The specific activity of the tPA was 3.0 X 103 umole/min/mg, which is slightly over
0.5% of the known activity of tPA.!*® Previous studies revealed that non full-length tPA
possesses compatible activity'*® !5 compared to the full-length tPA, or 2-4-fold higher activity
than that of the single chain tPA.">® One possible explanation is that only 0.5% of all pure tPAs
are folded correctly. tPA possesses 17 disulfide-bonds, so proper folding is challenging even
with DsbC in E. coli cell extract.'*® Another reasoning is that they are correctly folded, but

glycosylation is needed.

4.2.2  Blood Clot Lysis

Blood clot lysis activity of the pure tPA was tested (Figure 4). Three water samples were
prepared with varying tPA concentrations (1.9, 0.43, and 0 uM). Each sample was added to
coagulated blood for the lysis test. After overnight incubation at 37°C, non-coagulated blood was
cleared, and weights of the rest were measured. The highest amount of clot lysis resulted from
the sample with 1.9 uM tPA. About 30% of the coagulated blood was lysed by that amount of
protease. The clot lysis activity of the 1.9 uM and 0.43 uM samples were significantly different
(p <0.05). However, there was no significant difference between the 0.43 uM sample and the
control. Based on the specific activity of the pure tPA, longer incubation may be required to

carry out more significant clot lysis.
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4.3 Conclusion and Future Directions

Our CFPS based tPA production level was 0.35 mg/mL, the highest of all reported
studies with the full-length tPA production using E. coli cell extract. Endogenous serine
proteases in the E. coli cell extract might have interacted with the expressed tPA and cleaved Arg
(275)-1le bond of the tPA.'** The expressed tPA had a lower activity, possibly because
glycosylation is missing, and/or only a small fraction of the expressed tPA was properly folded.

Blood clot lysis assay showed that the expressed tPA could un-coagulate blood.

Studies showed that the locations of glycosylation determine the tPA activity.!**137 Using
the open nature of the CFPS, fusion of polyethylene glycol (PEG) on glycosylation sites by using

unnatural amino acids can help increase the activity.

4.4 Materials and Methods

4.4.1 Extract Preparation
The preparation of cell extract of E. coli StarTM (DE3) strain harboring pOFX-
GroEL/ES and pET-DsbC was identical to conventional extract preparation discussed in the

chapter 2.9.1 with addition of spectinomycin (100pg/mL) and ampicillin (100 pg/mL).

4.4.2  Cell-free Protein Synthesis
The CFPS reaction of tPA was identical to the Qp capsid except the cell extract had
overexpressed GroEL/ES and DsbC. A 5 mM glutathione buffer (GSSG : GSH =4 : 1) was also

added to the CFPS reaction at 37°C for 3 hours.
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4.4.3 Measuring Protein Concentration

Chapter 2.9.3 explains the through process of measuring protein concentration

4.4.4  tPA Purification
The expressed tPA was dialyzed in the NET buffer (pH 6.7). The rest process was the

same as described in 2.9.4.

4.4.5 tPA Activity
The SensoLyte AMC tPA activity assay kit was purchased from AnaSpec (Fremont, CA).
The reaction buffer, AMC substrate, and standard AMC (fluorescence) were provided in the kit.
Standard curve was plotted with varying concentration of the standard AMC. Pure tPA was
added 1x reaction buffer that was provided to make total 50 pL. of enzyme solution. 50 pL of the
AMC substrate solution was added directly to the enzyme solution for the activity measurement.

Fluorescence was monitored at excitation/emission = 354/442 nm.

4.4.6 Blood Clot Lysis Assay
Blood for the clot lysis assay was a donation from the BYU student health center.
Aliquots of the blood were coagulated in the incubator at 37 °C for three hours. Non-coagulated
blood was removed using an aspirator. Weight of the blood was measured before the incubation
with tPA enzyme solution (1.9, 0.43, and 0 uM) in 100 pL of water. After 16 hours incubation
with the tPA enzyme solution, the non-coagulated part was removed by using the aspirator, and

the weight of the blood was measured. The % clot lysis was calculated using the equation 4-1.

Equation 4-1
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Weight of Blood (Before Lysis) — Weight of Blood (After Lysis)
Weight of Blood (Before Lysis)

% clot lysis = %X 100%
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S CONCLUSION

We demonstrated three applications of cell-free protein synthesis (CFPS): enzyme
encapsulation, biosensing endocrine disrupting chemicals, and expression of a multi-disulfide
bond protein. In each area of research, unique characteristic of CFPS was emphasized. CFPS
provided a less time consuming and labor intensive platform for enzyme encapsulation. The
conventional methods of both in vivo and in vitro enzyme encapsulation require fermentation and
lysing cells. Purification steps for protein shells and guest enzymes are also important parts of
enzyme encapsulation, which can take days or a week. CFPS-based simple in vitro enzyme

encapsulation skipped the fermentation and guest enzyme purification steps, which saved time.

The open nature of CFPS enabled the expression of biosensor protein complex and
selective detection of endocrine disrupting chemicals (EDCs) in the presence of blood and urine.
EDC:s did not fail the CFPS reaction of the biosensor protein complex, and the expressed protein
folded correctly to specifically bind to the EDCs. EDC-bound protein complex had enzymatic
activity against the substrate for the reporter enzyme. In addition, both blood and urine had
RNAse activities, which is detrimental to our CFPS reaction. Addition of the RNAse inhibitor

enabled CFPS to overcome nuclease activities that were found in blood and urine.

Expressions of functional bio-therapeutic proteins that have multi-disulfide bonds require
a post translational modification system. Human protein expression in E. coli cells is difficult as

they lack post translational modification function. CFPS can mimic the advanced cell-like
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protein expression reaction with the help of a protein disulfide bond isomerase (DsbC),
GroEL/ES, and a glutathione buffer mix. Both DsbC and GroEL/ES served as chaperonin-like
proteins. The glutathione buffer mix changes the redox potential of the CFPS reaction. The
buffer mix changed the CFPS reaction to a more oxidizing condition to facilitate disulfide bond

formation.
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APPENDIX A. SUPPLEMENTARY MATERIAL FOR CHAPTER 2

This supplementary material contains information about expression level of the guest

enzyme and capsid, RNA aptamer design, and purification process of the capsid.

A.1 RNA Aptamer Transcription
The infectious bacteriophage QP encapsulates single-stranded RNA via a strong affinity

between a hairpin loop on the RNA and residues on the interior surface of the QP coat protein.®®
This interaction is conserved even when recombinant Q3 coat protein is expressed to form virus-
like particles.®* In addition to the hairpin loop, an RNA aptamer was developed to possess a high
affinity to bind specifically to an arginine-rich peptide (Rev) from HIV-1."5® In order to make an
RNA aptamer, Rev recognition sequence was inserted just upstream of the Qf coat protein
region, and the hairpin loop forming sequence was inserted just downstream of the Qp coat

protein region (Figure A-1). The polymerase chain reaction (PCR) amplified the whole linear
RNAaptamer_QB_F

5’ TAATACGACTCACTATAGG GAGGGGAGATACCAGCTTATTCAATTGTATTCTCCGTGGTTTAATCAGAGTAGAGGAGCTGACTCCTTTGGT
T7 Promoter Rev-Responsive Element, Arginine rich peptide (Rev) tag binding sequence

TGGACTACGTGGAGGTGCTCTTAGATAGTAAGTGCAATCT ATGGCAAAACTGGAAACTGTGACTC 3’
5’ QB Annealing Sequence

RNAaptamer QB_R

5’ CAAAAAACCCCTCAAGACCCGTTTAGAGGCCCCAAGGGGTTATGCTAG GACCCTGGCACCGTCCCAGGGGAAGATGCTGTCTTAGACAT
T7 Terminator Hairpin Loop Forming Sequence

Figure A-1 Primers for the RNA aptamer design QP capsid DNA sequence was used as a
template for the RNA aptamer. The upstream of the capsid sequence possesses Rev tag binding
sequence, while the hairpin loop sequence was fused to the downstream of the capsid sequence. The
melting temperature of both primers were 56°C and 54.9°C for RNAaptamer QP F and RNAaptamer
QPB_R, respectively. Only 3 pL of 10 uM of both primers were added to the PCR reaction to avoid primer
dimer formation while 1 pL of the DNA template (pY71-Qp) was added to the reaction.
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Figure A-2 Rev-CalB CFPS expression Rev-CalB was expressed in the CFPS where
overexpressed GroEL/ES and a buffer containing mixture of glutathione oxidized (GSSG) and reduced
(GSH). 70 uL CFPS reaction resulted in an average 306.8 ng/uL of the enzyme production. Higher
than 93% of the enzyme produced were soluble.

DNA containing T7 promoter, Rev recognition, QP coat protein, the hairpin loop, and T7
terminator sequence. T7 RNA polymerase transcribed the linear DNA. Isopropanol precipitation
method purified a pure RNA aptamer, and the RNA was reconstituted with RNAse free water

until the usage.

A.2 CalB Optimization

To optimize soluble CalB production, bacterial chaperonine protein (GroEL/ES) and a
glutathione buffer mix (5 mM of GSSG and GSH) were added to the CFPS reaction. Total
reaction time was five hours at 30°C to reduce the formation of inclusion bodies and enhance

correct folding of the protein (Figure A-2).

A.3 Capsid Protein Production with a Buffer Mix Containing GSSG and GSH
QP capsid production was optimized without a buffer containing GSSG and GSH. The
capsid can not be produced without the glutathione buffer mix for CalB encapsulation because

the buffer was transferred with the enzyme from “step 1. Upon transferring the CFPS reaction
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Figure A-3 Glutathion mixture affects CFPS of Qp coat protein Expression of Qf coat protein in
the CFPS is decreased by a factor of two upon introducing the mixture of glutathione oxidized (GSSG)
and reduced (GSH).

of CalB to the capsid CFPS reaction, the total capsid production level dropped due to the

glutathione buffer (Figure A-3).

A.4 Guest Enzyme Containing Capsid Purification Process
A hexa-Histidine (Hisex) tag fused capsid was purified by a His column (Figure A-4). Not

all the capsids bound to the nickel affinity column, because some capsids are missing the Hisex-
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Figure A-4 Rev-CalB Containing Qp Capsid Purification SDS-PAGE gel was exposed to an
autoradiography film to show where both the enzyme and the capsid were eluded. Almost all capsid
and enzyme complex eluted out at 500 mM imidazole containing buffer. The capsid without the Q-His
did not bind to the nickel affinity column so was the non-encapsulated Rev-CalB.
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tag, or have a lower number of tags. Most of the Rev-CalB enzymes (non-encapsulated) were
found in the flow through fraction. Almost all capsids containing Rev-CalB were eluted out with

a buffer containing 500 mM imidazole.
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