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ABSTRACT OF THE THESIS

The Development of Real-Time Insulin and Calcium Optical Biosensors using Forster
Resonance Energy Transfer

by
Jessica Ngoc-Han Pham
Master of Science in Chemistry
University of California, Irvine, 2020

Professor Gregory A. Weiss, Chair

Optical FRET biosensors allow for real-time biomarker detection for healthcare
applications. In this thesis, I discuss the development of real-time FRET sensors for insulin
(Project I) and calcium (Project II) for applications in diabetes management and improved clinical
practices, respectively. Both biosensors are based on the structures of native proteins that interact
specifically with either insulin or calcium in real-time and undergo conformational changes. These
conformational changes are harnessed with fluorescent proteins and small molecules to generate a
FRET response. For the insulin biosensor (Project 1), the sensor is modelled on insulin binding
domains for the human insulin receptor (InR), whereas the calcium sensor is developed from an
existing troponin C-based FRET biosensor, Twitch-2B. Using a combination of rational design,
high diversity random mutagenesis phage display libraries and a high-throughput FRET screening
platform, libraries of InR variants are screened to identify a potential insulin sensor with specific
dose-dependent insulin binding and FRET response. Project II involves the optimization of the
Twitch-2B FRET calcium sensor for integration in implantable devices. Towards this goal, we
develop a FRET construct using SNAP- and CLIP-tags that can be stably expressed and is not

prone to photobleaching.
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INTRODUCTION

Biosensors integrate technologies from biology, chemistry, and engineering for the
detection of biomarkers associated with diseases such as cancer, kidney disease, and diabetes.!
Optical biosensors offer the advantage of providing a direct means of detection and allowing the
tunability for high sensitivity and specificity.> Specifically, Forster Resonance Energy Transfer
(FRET) can detect conformational changes that certain proteins undergo upon ligand binding. In
these instances, having fluorophore-linked proteins allows radiation-free energy transfer between
the fluorophores in close proximity to each other (i.e. within 10 nm).? This opens the door to many
healthcare applications, including real-time monitoring of metabolite levels, diagnosing
biomarker-related diseases, and determining drug effectiveness.! Our goal is to develop a real-time

optical FRET sensor for insulin and calcium detection.

Project I: Real-time insulin sensor for T1D management

In 2017, the Centers for Disease Control and Prevention reported that approximately 30.3
million people in the U.S. suffer from diabetes.* Individuals afflicted with the disease have a
shortened lifespan and live with constant awareness of its many risks, such as stroke, limb
amputation, retinopathy-induced blindness, kidney dysfunction, unconsciousness, and if left
untreated, death.>S Individuals with type 1 diabetes (T1D) cannot produce insulin due to loss of
the hormone-producing cell cluster, termed islet cells, in the pancreas. Constant monitoring of the
individuals’ glucose levels and administration of insulin is essential. Current technology is moving

towards automation of these processes through an artificial pancreas.



For glucose control in T1D individuals, the artificial pancreas consists of a continuous
glucose monitor (CGM), which measures and transmits interstitial glucose levels to the insulin
pump. The latter then delivers an appropriate insulin dosage based on the CGM data.® However,
the artificial pancreas estimates the amount of insulin on-board (IOB), or insulin active in the body,
based solely on glucose levels. Several factors can change the rate at which insulin depletes, such
as physical activity or consumption of a meal. Additionally, lack of blood circulation can cause
insulin to accumulate within the interstitial fluid and enter circulation irregularly. Such
discrepancies between the amount of insulin administered and IOB can cause dramatic fluctuations
in glucose levels, posing great risks to patients.” A direct method of monitoring insulin in

circulation would allow real-time adjustments to IOB prior to glucose level deviations.

The addition of an insulin sensor can address the limitations of the current diabetes
monitoring technology. In concert with the CGM, the insulin sensor notifies the artificial pancreas
when to administer insulin. With this goal in mind, we are developing a FRET optical biosensor
to continuously monitor insulin. The native insulin receptor (InR) provides the starting point for
our project’s “optimization through mutagenesis” approach. The InR has reversible binding with
fast kinetics and produces a conformational change that can be observed by FRET.® With directed
evolution via phage display, we aim to develop and recombinantly express an InR variant that
binds to insulin to assess binding kinetics, limit of detection, and dynamic range of sensing at

physiological concentrations.

Project II: Real-time calcium sensing for clinical applications



For sensor development, we explored a calcium sensing model system. A fluorophore-
linked calcium sensing protein, of a similar size to the InR variant, was designed to assess the
FRET-ability of the construct. Additionally, this calcium sensing project could open opportunities
to address new applications in physiology and treatment.’ Calcium level monitoring could improve
activity assessments for applications in sports medicine and physical therapy. In addition, it can
provide vital signs during organ transplantation or exchange transfusion, and managing calcium-

related diseases, such as kidney dysfunction, hyperparathyroidism, and osteoporosis.!°

Currently, endogenous calcium can be quantified by Abbott’s i-STAT® point-of-care
device. The i-STAT® measures analytes in the patient’s blood and produces results within two
minutes.”!'! Although the device provides rapid and lab-quality results, the required blood sample

%11 Tn addition to i-

limits real-time measurements and its use for neonatal and elderly patients.
STAT, continuous calcium sensors have been fabricated through the functionalization of calcium-
specific ionophores on nanorods and calcium sensing proteins.'>!3 These studies were unable to
demonstrate reversible calcium binding dynamics, dose-dependent response, or implantability of

the device.'>!3 To address these limitations, we are developing a biosensor to continuously monitor

the dynamics of calcium concentration by FRET.

Genetically encoded calcium indicators use FRET to quantify intracellular calcium by
taking advantage of the conformational change in a calcium sensing protein, calmodulin, upon
binding.!#!>1¢ In recent studies, troponin C, a calcium binding protein responsible for muscle
contraction, shows reversible binding kinetics, stability in vivo, and sensitivity to calcium
concentrations, making it an excellent candidate for this project.'® A troponin C construct, Twitch-
2B, showed the most promising results in that it is smaller, displays high FRET changes, and is

brighter than other constructs when using cpVenus“® and mCerulean3 FRET pair.!®!” For the



calcium sensor, we expressed a recombinant form of Twitch-2B with chemically linked protein

fluorophores and analyze the FRET of Twitch-2B to incorporation into an optical biosensor.

RESULTS AND DISCUSSION

Project I: Real-time insulin sensor for T1D management
1.1 Rationale for the usage of InR C4

My colleague, Sanjana Sen, designed six InR constructs based on the wild-type protein
(Figure 1A). The wild-type InR consists of a transmembrane domain and an extracellular domain,
which binds to insulin. The extracellular domain consists of a disordered region at the N-terminus
(Pre), two leucine-rich repeat domains (L1 and L2), a cysteine-rich domain (CR), two fibronectin
type-III domains (FnlII 1 and FnllI 2a), an insert domain (IDa), and a chain of carboxyl terminal
(aCT).!®1 The wild-type InR has two binding sites for insulin; the L1 domain curves towards
oCT to form the high affinity binding site 1, and the FnllI 1 domain forms the low affinity binding
site 2 (Figure 1B).2%2!-22 Qur investigation focuses on construct 4 (InR C4), as it is the most soluble
following Escherichia coli (E.coli) expression. The domain is also the smallest of the constructs

and can be displayed on M 13 phage surface (data not shown) for future evolution and engineering.



Figure 1. (A) Schematic of the wild-type InR and its six constructs. The construction of a mutagenesis library
uses InR C4, highlighted in green, as a template for directed evolution via phage display. (B) Protein structure of
the wild-type InR with the insulin binding regions shown in shades of blue. Insulin is shown in pink (PDB entry
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1.2 Construction of the error prone InR C4 library into ER2738 phage display cells

In the dimer form, InR oligomerizes, via disulfide bridges, to form a large complex. A
small protein is beneficial for biosensing purposes as it can allow ease of modification and
immobilization onto the sensor in a predefined orientation.?* To preferentially purify the monomer,
the disulfide bonds were eliminated between the InR dimers by substituting out the three disulfide-
forming cysteine residue with serines and alanines as follows: C241S, C242A, and C244S (Table

S1, S2).

Using random mutagenesis, we aim to scour the gene sequence for mutational hot spots
(regions with clustered mutations). This systematic approach allows insight into areas responsible
for increased insulin binding affinity and focused site-saturation mutagenesis. To achieve this goal,

error-prone PCR (epPCR) was used to generate random mutations throughput the length of the



InR C4 construct. The error-prone library was then subcloned into an M-13 bacteriophage vector
plasmid, phagemid (Table S2 and Figure S1A). Several epPCR conditions and ligation methods
were tested towards preparing the library (e.g. ligation independent cloning and Golden Gate
Assembly), but efficiency was low. Gibson assembly, however, yielded successful cloning of the

InR C4 error-prone library into the phagemid with greater efficiency.

With a prepared library, cellular uptake into phage display electrocompetent cells via
electroporation was required for directed evolution of the InR C4. The use of Rec A-ER2738 phage
display electrocompetent cells replaced SS320 cells to reduce gene recombination and InR gene
fragmentation that was previously observed (Figure S1B). Electroporation of the ER2738 cells
generated high titers, 10® colony forming units (cfu) of cells and 107 cfu of library-containing cells

(Figure S1C).
1.3 Identification of high-affinity insulin binders within the library

From the epPCR library, we aimed to identify InR variants that bound insulin greater than
three-fold over the background protein, bovine serum albumin (BSA). Briefly, monomeric insulin
was covalently conjugated to magnetic beads and used to select phage displayed InR C4 library
variants that bind insulin (Figure S2A). Three systematic rounds of phage display selections were
designed (Table 1). Selections using anti-FLAG isolated only full-length constructs. These
selectants were used to bind insulin for two rounds with increased stringency (washes) and varied
blocking reagents to ensure that selectants specifically bound insulin and not the blocking buffer.

In each round of selections, the ER2738 cells maintained high diversity (Figure S2B).



Table 1. Details of the selection process and the resulting titers for the InR C4 phage library.

Round Target Blocking  Washes  Cell Titers (cfu) Library Cell Titers (cfu)

1 Anti-FLAG BSA 6 1010 108
2 Insulin Casein 6 1010 107
3 Insulin HSA 9 10° 10°

After selections, 96 colonies of selectants were individually grown and screened by a
phage-based enzyme-linked immunosorbent assay (ELISA) to screen for high-affinity insulin
binders. In one approach, the wells were coated with the monomeric insulin, blocked with BSA,
and incubated with the individual selectants. Finally, a horseradish peroxidase (HRP)-conjugated
phage-specific antibody was used to detect phage with affinity for insulin (Figure 2A). This ELISA
format did not identify any insulin binders. It was hypothesized that the absence of InR variant
biding to insulin on the ELISA plate was due to the insulin being coated on the plate surface and
most of its surface being inaccessible. In an alternative format, the wells were coated with an anti-
M13 antibody, that targets the bacteriophage’s P8 protein, blocked with BSA, incubated with the
individual selectants, and exposed to biotinylated insulin in solution. A streptavidin-HRP
conjugate was used to detect binding colorimetrically (Figure 2B, S2C-D). With this method, nine
phage selectants were identified as potential high-affinity binders (Figure 2C). DNA sequences for

these mutations were then determined using Sanger sequencing.

Of the nine identified binders, only phage selectant 52 contained a full-length InR C4 DNA
sequence. Due to low-quality sequencing results, selectant 52 was deconvoluted by retransforming
and isolating the plasmids of five random colonies. Interestingly, sequencing of these colonies
identified two distinct mutational patterns. Colonies 52-1, 52-3, and 52-4 contained a STOP codon

(TGA) at position 181, which would prevent display on the phage surface whereas colonies 52-2



and 52-5 showed a second set of entirely different mutations (Figure 2D), a complete sequence
without STOP codons and with 9-10 mutations. It was concluded that the full-length sequence (52-
2) was responsible for insulin binding. Therefore, the full-length variant 52-2 was subcloned into
a pRSET vector, containing a cyan fluorescent protein (CFP) and a yellow fluorescent protein

(YFP) flanking the N- and C- terminus, respectively, to generate an InR FRET construct.

Figure 2. (A) A schematic for an ELISA assay with an insulin-coated plate. (B) Schematic for a phage-coated
assay. (C) Results from screening phage-display InR C4 library selectants for insulin binding. Colonies that bind
insulin > 2.5x over background (BSA) are considered “hits”. Colony 52 and 94 are highlighted here. (D) A 96-
well ELISA screening with phage-coated plates displaying the corresponding color change for each selectant
screened. Selectant 52 resulted in a full-length sequence and displayed two distinct mutational patterns. (E) Colony
52-2 FRET response to Humalog®.
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The FRET construct for colony 52-2 was expressed in E. coli in BL21DE3 cell lines. We
developed a mid-throughput screening assay for testing dose-dependent FRET. The assay was
developed using the insulin analog, Humalog® (Eli Lilly). Humalog® is a commonly used form
of insulin in T1D patients for real-time management of glucose and can be stored long-term

without aggregating. The results show large errors bars in the response of the peptide to varying

8



concentrations of Humalog®, but there is a difference between the lowest and highest

concentrations tested (Figure 2E).

1.4 Rationale for the creation of InR C7

From the phage display library of InR C4, the fragmented hits were further analyzed. Of
these, only colony 94 maintained the aCT, a high affinity insulin binding region (Figure 2C). From
her work with another InR construct, Sanjana Sen had found that constructs that are less than 30
amino acids show strong baseline FRET signals because of the close proximity of the FRET pair
fluorophores. Because of the flexibility of the unstructured Ida, the distance in Angstroms between
the fluorophores is unknown. Therefore, it is challenging to observe changes in FRET for different
concentrations of insulin with appropriate signal-to-noise for short constructs with <30 amino
acids. Because colony 94 has 54 amino acids and maintains the aCT, InR C7 was created for

library production and analysis (Figure 3A).

The partial IDa and the complete aCT binding domain in colony 94 was cloned into the
pRSET vector flanked with genetically encoded CFP and YFP at the N- and C-termini,
respectively. This new InR FRET construct, InR C7, was solubly expressed in BL21DE3 cell lines
and purified using Nickel-nitrilotriacetic acid (Ni-NTA) His-tag affinity purification (Figure S3A-
B). To determine whether the C-terminal binding domain of the InR was sufficient to bind insulin
specifically, the purified InR C7 was tested for binding to insulin and its homolog, IGF-I, via
ELISA. Results demonstrated that InR C7 bound insulin with greater affinity than IGF-I (Figure

3B).

After establishing that InR C7 bound insulin with some specificity, we examined whether

this binding would translate to conformational change and FRET signal. Purified InR C7 was



tested for a change in FRET signal in response to varying doses of Humalog® from 170 pM to 6
uM. The results did not show any change in FRET signal of InR C7 upon treatment with
Humalog® relative to baseline controls. The same FRET analysis was conducted with unpurified
InR C7 lysate. This experiment was performed by undergraduate student Keertna Bhuvan, who
then tested InR C7 lysate with varying doses of Humalog®. In this experiment, InR C7
demonstrated increase dose-dependent FRET in response to Humalog®. We observed that there
is a dose-dependent response between the clinically relevant concentrations of insulin (12 pM —

2nM)), although small (Figure 3C).

Figure 3. (A) Schematic of the wild-type InR protein, InR C4, and InR C7. (B) A schematic of the specificity
ELISA performed. InR C7 showed greater affinity to insulin compared to IGF-I and the background (casein). (C)
Schematic of the 96 well FRET assay method from plasmid transformation, to cell growth and protein production
in 96-deep-well plates and assay preparation. FRET response is displayed as acceptor peak values at 525 nm
normalized to donor peak (475 nm). The graph shows dose-dependent response of InR C7 to Humalog® within
physiological range (yellow box).
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1.5 Construction of the error prone InR C7 library in E. coli

While InR C7 had shown preferential binding to insulin, the magnitude of the FRET
response to varying doses of Humalog® was very small and not consistently dose-dependent. A
library of InR variants using InR C7 as a template was created via random mutagenesis by error-
prone PCR. The library was transformed into BLR (DE3) cell line. To verify the quality of the
library, random colonies were chosen for Sanger sequencing to determine what percentage of the
variant population contained random mutations (threshold >60%). Sequencing results
demonstrated a mutagenesis efficiency of 67% (4 out of 6), which was considered suitable for

further screening.

The library was prepared for FRET analysis (Figure 3C). Several screened colonies
demonstrated changes in FRET in response to varying doses (0.01 - 100 nM) of Humalog®.
Potential hits were selected based on changes in FRET responses above the largest standard
deviation (o) among all the dose responses to Humalog® by the wild-type InR C7 measured in
triplicate (Figure 4A). Ten potential hits were sequenced using Sanger sequencing. Unfortunately,
we observed that many of the potential hits had the sequence of wild-type InR C7 indicating that
the InR C7 response may be inconsistent based on factors that are uncontrolled by the current mid-
throughput assay, such as exact optical density at induction, protein concentration, and growth
effects based on plate position (Figure 4B). Two variants did demonstrate mutations very close in
proximity in the amino acid sequence. While these variants are within the noise of the other wild-
type InR C7 variant, they will be further investigated to determine whether they generate a more

consistent response to Humalog® than the wild-type InR C7.

11



Figure 4. (A) Dose-dependent response to Humalog® where the yellow box highlights the concentration of
insulin at physiological range. (B) Table of randomly sequenced colonies to determine the efficiency of the
epPCR used to generate the random mutagenesis InR C7 library. The majority of the potential hits had the
sequence of wild-type InR C7, while two exhibited mutations.
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1.6 Exploration in construct InR Pep6C7

Sanjana Sen previously worked on a Mega Random Peptide Library (MRPL) in 2017 where
she investigated six peptides from the library for their specificity to various substrates, including
insulin and IGF-I. Peptide 6 demonstrated specificity for insulin over IGF-I (Figure 5A). This
peptide is 20 amino acids long, which is too short for FRET analysis. We rationalized a new
construct that fuses peptide 6 to InR C7 to increase conformational change upon binding
Humalog® and increase the specificity for Humalog® over IGF-I. This new construct was called

InR Pep6C7 (Figure 5B).

When Pep6 was explored by Sanjana, it bound to insulin in an unknown direction. When
tethered to InR C7, the direction of Pep6 is important to ensure proper binding. Therefore, two sub
constructs were created, in which Pep6 is tethered to InR C7 in either an arbitrary forward or
reverse direction (InR Pep6C7 F and InR Pep6C7 R). CFP-InR Pep6C7 F-YFP and CFP-InR
Pep6C7 R-YFP were cloned using the existing pPRSET CFP-InR C7-YFP plasmid. Both variant

12



proteins were expressed following similar conditions to InR C7 expression (Figure S4). Initially,
these expression conditions resulted in an impure sample. SDS-PAGE analysis after purification
suggested that the protein may have degraded during the expression. Altering expression

conditions with a shorter induction time improved the protein yield and purity (Figure S4).

An insulin and IGF-I ELISA binding assay was conducted to determine whether InR Pep6C7
F or R proteins could specifically bind insulin (Figure 5C-D). InR Pep6C7 F showed preferential
binding to insulin over IGF-I, and InR Pep6C7 R did not. InR Pep6C7 F and R were then analyzed
for FRET in the presence of varying Humalog® concentrations using a fluorescence plate reader.
Unfortunately, ELISA binding results conflicted with the FRET assay, where InR Pep6C7 F did
not show a dose-dependent response to insulin, but InR Pep6C7 R did. Because of these conflicting

data, we focused our efforts on InR C7.

Figure 5. (A) Specificity assay of peptide 6 from the MRPL library. (B) Schematic of the wild-type InR, InR
C4, InR C7, and InR Pep6C7. (C) Specificity assay of InR Pep6C7 F. (D) Specificity assay of InR Pep6C7 R.
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1.7 Exploration in an IDDel construct

In order to increase the likelihood that FRET might occur upon binding, the distance between
the two high affinity binding domains, L1 and aCT were shortened by a partial deletion of the
flexible IDa. Sanjana Sen and Keertna Bhuvan rationally designed this new construct known as
IDDel (Figure 6A). Sanjana Sen and Keertna Bhuvan expressed the protein for CFP-IDDel-YFP
and conducted preliminary tests. Results demonstrated that InR C4 and IDDel demonstrated no
change in FRET signal in response to varying dose of insulin (Figure 6B). In order to improve
folding of the IDDel construct, an error-prone library of IDDel was created. The IDDel protein
was difficult to express and analyze for FRET. Conditions with glucose and PEG were tested to

optimize the expression and FRET analysis, respectively (Figure 6C).

Sanjana Sen, Keertna Bhuvan, and I worked together to screen the fluorescence of
approximately 600 variants of the library by varying Humalog® concentrations and monitoring
FRET response with a fluorescence plate reader (Figure 6D). Many of the sequences that
demonstrated a FRET response at baseline and further FRET increases with insulin very highly
fragmented and were likely responding to a change in overall crowding in solution. Two full-
length sequences demonstrated a slight dose-dependence in response to Humalog®. Interestingly,
two out of three of the mutations from these hits are located on the binding interface of InR and
insulin, in the L1 domain (Figure 6E). NDT libraries were generated of the three sites. However,
no reliable response to Humalog® was observed. Hits that are observed in 96-well format are
unable to be repeated due to plate position effects and differences in total protein concentrations.
In order to reduce variability between wells, a 24-deep-well plate will be used to assay hits in

triplicate.

14



Figure 6. (A) Schematic of the wild-type InR, InR C4, InR C7, and IDDel. (B) IDDel gives a FRET response to
Humalog®. (C) Glucose and PEG conditions were tested to optimize the protein expression. (D) Several dose-
dependent hits were obtained from the error-prone IDDel library. (E) Table of mutations for the dose-dependent
hits in 6D. R1L4S3 BI did not display any mutations because it was extremely truncated.
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Project II: Real-time calcium sensing for clinical applications

2.1 FRET studies on Twitch-2B fused between CFP and YFP

To build a calcium sensor, I cloned and expressed a
fusion protein of CFP, YFP, and Twitch-2B (CFP-Twitch-
2B-YFP) (Table S3 and Figure S5A). Former Weiss Lab
member, Dr. Gaetano Speciale, optimized the expression and
purification of the protein (Figure S5B). In the case where the

Twitch-2B protein was encapsulated in an optical fiber.
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Figure 7. YFP fluorescence decreases
over the span of one hour, showing signs
of photobleaching.
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Incubated in 3-morpholinopropane-1-sulfonic acid (MOPS) buffer with fluorescence readings
measured in ten-minute intervals (Figure 7) it was observed that the FRET signal decreased due to
loss of overall YFP fluorescence. The conditions of the experiment within the optic fiber device
permanently damaged the YFP from prolonged light exposure, a phenomenon known as
photobleaching.?* To develop a sensor for long-term use in patients, it was necessary to move away
from genetically-encoded fluorophores that are prone to photobleaching and investigate means of

the bioconjugation of stable, and high quantum yield small molecule FRET pairs.
2.2 Expression and purification of SNAP-Twitch-2B-CLIP for FRET analysis

To minimize photobleaching, we replaced the recombinant fluorophores with SNAP- and
CLIP-tags (Table S3) for post-translational modification with fluorophores (Figure 8A). These
recombinant fusion proteins are similar in size (19 kDa) and structure for ease of optimization of
expression. The CLIP-tag and the SNAP-tag originate from a DNA repair protein found in humans,
Of-alkylguanine-DNA alkyltransferase.? Fluorophores containing O%-benzylguanine (BG) or O*-
benzylcytosine (BC) chemical moieties can orthogonally and covalently bind the SNAP- and

CLIP-tag, respectively.?

We chose to label the SNAP- and CLIP-tag with BG-Alexa Fluor 488 and BC-Alexa Fluor
546, respectively. This well-established FRET pair is more photostable than CFP and YFP.
Additionally, BC-Alexa Fluor 546, is also more pH stable than YFP. Most importantly, the
fluorophores can easily be conjugated to SNAP-Twitch-2B-CLIP in a one-pot reaction. Thus, a
fused SNAP-Twitch-2B-CLIP protein bioconjugated to BG and BC fluorescent probes will serve

as a new detection platform for the calcium sensor.
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To express and purify SNAP-Twitch-2B-CLIP, the protein expression protocol for CFP-
Twitch-2B-YFP was troubleshot and optimized. Initial expressions were plagued by low yield and
loss of protein through precipitation. To accommodate the stability and functionality of the new
construct, the expression was scaled up by four to produce a sufficient amount of protein and long-
term storage was explored (Figure S6). To address stability, I experimented with three different
buffers: (1) 50 mM Tris-HCI, 300 mM NaCl, pH 7.4; (2) 50 mM NazPO4, 300 mM NaCl, pH 7.4;
(3) 50 mM HEPES, pH 7.4.13 After a week, the samples showed no evidence of precipitation.

Future expressions were carried out in HEPES buffer due to the pH stability of the buffer.

Figure 8. (A) A schematic of SNAP-Twitch-2B-CLIP undergoing site-specific tagging with the fluorophores and
producing different signals in the absence and presence of calcium. (B) SDS-PAGE gel of SNAP-Twitch-2B-CLIP
after purification. (C) Combined fluorescence gel of the site-specific tagging of the fluorophores in triplicate (left),
fluorescence gel of BG-Alexa Fluor 488 (top right), and fluorescence gel of BC-Alexa Fluor 546 (bottom right).
(D) Fluorescence graph of SNAP-Twitch-2B-CLIP with calcium and EGTA.
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Before covalently linking the protein to BG-Alexa Fluor 488 and BC-Alexa Fluor 546, an
additional purification step was required to reduce off-target bioconjugation or any hindrance in

reaction efficiency. The protein was purified by fast protein liquid chromatography system (FPLC)

17



on a Superdex75 10/300 analytical column (Figure 8B). After fluorophore tagging, further
purification was performed to remove unbound fluorophores. The fluorescence gel shows specific
tagging of SNAP and CLIP with their respective fluorophores in triplicate with increasing protein
volume (Figure 8C). Although BC-Alexa Fluor 546 was highly specific, BG-Alexa Fluor 488 also

modified residual lysate.

With the tagged SNAP-Twitch-2B-CLIP, my collaborator from Dr. Elliot Botvinick’s lab,
Dat Nguyen, analyzed the protein’s ability to FRET in response calcium. The expected FRET
results were observed in response to varying doses of calcium and ethylene glycol-bis(p-
aminoethyl ether)-N,N,N’,N -tetraacetic acid (EGTA), a calcium chelator (Figure 8D). This FRET
experiment further validated the site-specific tagging of SNAP- and CLIP-tags and demonstrate
that replacing genetically encoded fluorophores with the SNAP-CLIP system did not impact the
function of Twtich-2B as a calcium FRET sensor. We further demonstrated that the new SNAP-
Twitch-2B-CLIP FRET construct overcomes the photobleaching challenge, thereby making sensor
testing within the optical fiber device feasible. Furthermore, tests conducted by Dat Nguyen on the
optical fiber sensor demonstrated that the device protects the SNAP-Twitch-2B-CLIP construct

from proteinase K degradation and allows stable uninterrupted calcium sensing.?®

CONCLUSION AND FUTURE WORKS

For projects I and II, phage and E. coli libraries were constructed and the photostable
version of the Twitch-2B calcium sensor, SNAP-Twitch-2B-CLIP, was developed. For Project I,
InR C4 variants were tested and identified nine selectants with increased binding to insulin. Of the

nine selectants, one exhibited a mutational pattern that was hypothesized to be responsible for
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insulin binding. In addition, further constructs were explored and aided in assay development. For
Project II, conditions were varied to express and purify SNAP-Twitch-2B-CLIP that replaced CFP-
Twitch-2B-YFP. The new FRET construct overcame a serious issue of photobleaching, making
the project feasible for its application. It was speculated the site-specific tagging of the SNAP- and
CLIP-tags with Alexa Fluor dyes and its ability for FRET. The resulting protein construct is a

candidate for a continuous calcium sensor.

Future work with the biomedical engineering collaborators will focus on building a FRET
sensor for T1D. A continuation of high throughput screens for a FRET response to insulin will aid
in determining essential mutations for staggered extension PCR libraries, followed by iterative
site-saturation mutagenesis.?’ To create a more effective InR variant, additional screenings for the
selectivity of insulin over insulin-like growth factor-1, variants that are more responsive to insulin
over IGF-I will be sorted. In addition, an IGF-I sensor can be built using the hits that were selective

for IGF-I as its basis.

The described work will help build a continuous optical FRET sensor that can apply
towards effective monitoring, diagnostic, and therapeutic purposes. To make the devices practical
for health applications, we need thorough in vitro and in vivo studies at the forefront of protein
engineering and device manufacturing. This will overcome scientific challenges that often occurs
when one is unaware of the limitations of the other.?® In addition, we need to consider regulatory,
ethical, and legal challenges as the device progresses.?® Doing so will ensure the improvement of

the artificial pancreas and safety of the patients.
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