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Figure 1-1: Basics of GPCR signaling. All graphics were created in BioRender. (A) An
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lead to a decrease in CAMP concentration. CAMP can activate PKA which regulates other
proteins through phosphorylation. (C) Regulated by GRK a GPCR will be phosphorylated,

often in the C-terminal tail region, which recruits the beta-arrestin protein leading to
internalization of the receptor. Beta-arrestin binding also serves to block G-protein binding....... 3

Figure 1-2: Schematic for the design of real-time sensors that modify a GPCR IL3. All
graphics were created in BioRender. Showing the GPCR as a “flat” 7 transmembrane protein,

it is easier to identify the third intracellular loop (IL3), and this design will remove the native

IL3 residues and insert cpGFP. The conformational change induced by agonist binding will

also change the conformation of cpGFP leading to increased fluorescence............cccocevveivervennnnn 9

Figure 1-3: Schematic for the design of Tango and iTango2 integrator sensors. All
graphics were created in BioRender. (A) Schematic of the Tango assay components. The
Tango design use the protein-protein interaction of an activated GPCR and beta-arrestin to
bring a protease (TEVp) and its cleavage site (TEVcs) in proximity. When the TEVCcS is
cleaved, it releases a transcription factor (tTA) that will localize to the nucleus and express a
reporter gene such as a FP for fluorescent readout. Therefore fluorescence is only possible
when the modified GPCR is signaling. (B) Schematic of the iTango2 assay components. To
add light gating the TEVp is split into two fragments and the TEVcs is caged by a LOV
domain. The LOV domain will only reveal/”uncage” the TEVcs when exposed to blue light.
Then the TEVp will only be reconstituted when the GPCR beta-arrestin takes place. Therefore,
both agonist stimulation and light stimulation are needed to release the transcription factor
(tTA) to the nucleus and see reporter gene EXPreSSION. ....c.vcveieerueereereesiearieseesreeseesreesseessesseesees 11

Figure 1-4: Original SPOTIT and SPOTall comparison. (A) Schematic of the design of
MOR-SPOTIT and B2AR-SPOTall. In SPOTIT the Nb39 inhibits cpGFP fluorophore
maturation until agonist recruits it to the active MOR. In SPOTall a second nanobody, Nb80,
will sterically block Nb39-cpGFP interaction by being recruited to the active B2AR. (B)
Representative fluorescence images of MOR-SPOTIT and B2AR-SPOTall in HEK293T cells.
CpGFP, cpGFP fluorescence. Anti-FLAG, immunostaining. (C) Quantification of the
experiment in 1-4A comparing MOR-SPOTIT2 and B2AR-SPOTall. All were stimulated with
their respective agonists (10 uM fentanyl or isoproterenol) for 24 hours. The numbers above
each bracket in black are the SBR between stimulated and unstimulated conditions. The
number in blue is the fold-difference between B2ZAR-SPOTall and MOR-SPOTIT. All
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significance was calculated using a two-tailed Welch’s t-test. Stars indicate the degree of
significance as follows *, P<0.05, **, P<0.01, ***, P<0.001, **** P<0.0001. Dots on the plot
indicate the mean of three technical replicates. n = 3. The thick horizontal bar is the mean of

the three technical replicates and the error bars are the SEM. ........cccoovviieiiiiiiie 16

Figure 2-1: Design of the chimeric nanobody-based SENSIT. (A) Schematic of the design
of SENSIT. The bifunctional chimeric nanobody inhibits circularly permuted (cpGFP)
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allowing cpGFP to mature and fluoresce. (B) Crystal structure of nanobody 39 (Nb39) showing
how each loop region was defined. PDB: 5C1M. (C) Crystal structure of nanobody 80 (Nb80)
bound to B2AR Nb80 loop 3 position highlighted. Numbers on the expanded Nb80 view refer
to the positions that were screened for replacement. PDB: 3P0G (D) Quantification of the
original testing of each Nb39 loop at Nb80 position 3 in comparison to previous generation
integrators mu opioid receptor (MOR)-SPOTIT and B2AR-SPOTall. All were stimulated with
their respective agonists (10 uM fentanyl or isoproterenol) for 24 hours. The numbers above
each bracket are the SBR between stimulated and unstimulated conditions. All significance
was calculated using a two-tailed Welch’s t-test. Stars indicate the degree of significance as
follows *, P<0.05, **, P<0.01, ***, P<0.001, ****, P<0.0001. Dots on the plot indicate the
mean of three technical replicates. n = 3. The thick horizontal bar is the mean of the three
technical replicates and the error bars are the SEM. ........cccooiiiiiiiiii 29

Figure 2-2: Finding the best Nb80 positions to replace and the best cpGFP variant for
SENSIT. (A) Quantification of an experiment replacing each Nb80 position listed in (S1A)
with Nb39 loop 8 to determine the optimal insertion position. MOR-SPOTIT was stimulated
with 10 uM fentanyl for 24 hours and B2ZAR-SPQOTall and all chimeric nanobody SENSIT
were stimulated with 10 uM isoproterenol for 24 hours. (B) Quantification of the MOR-
SPOTIT1 with a truncated cpGFP, MOR-SPOTIT2 with an improved YNSH-cpGFP, B2AR-
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*** P<0.001, **** P<0.0001. Dots on the plot indicate the mean of three technical replicates.
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Figure 2-3: Loop deletion study. (A) Schematic of the experimental design for testing Nb39
with loop deletions of 4 core residues from each loop region. (B) Defining which residues from
each Nb39 were deleted in the loop deletion experiment Figure 2-3C. Red corresponds to

deleted residues. (C) Loop core residue deletion study, showing fluorescence imaging
quantification of the experiment described in the Figure 2-3A. All significance was calculated
using a two-tailed Welch’s t-test. Stars indicate the degree of significance as follows *, P<0.05,
** P<0.01, ***, P<0.001, **** P<0.0001. Dots on the plot indicate the mean of three

technical replicates. n = 3. The thick horizontal bar is the mean of the three technical replicates
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Figure 2-4: Probing the amino acid sequence of the chimeric nanobody compared to
wtNb80 sequence. (A) Probing the amino acid sequence effect of the grafted Nb39 loop 7 in



chimeric Nb80/Nb39 and wtNb80 position 3 residues. Fluorescence imaging quantification.
B2AR-SENSIT chimeric nanobody mutants were stimulated with 10 uM isoproterenol for 24
hours. The numbers above each bracket are the SBR between stimulated and unstimulated
conditions. All significance was calculated using a two-tailed Welch’s t-test. Stars indicate the
degree of significance as follows *, P<0.05, **, P<0.01, *** P<0.001, **** P<0.0001. Dots

on the plot indicate the mean of three technical replicates. n = 3. The thick horizontal bar is the
mean of the three technical replicates and the error bars are the SEM. (B) Nb39 and Nb80
sequence alignment where Nb39 loops are highlighted in yellow and Nb80 loops are

highlighted in gray. Labels identify each Nb39 loop and Nb80 position. The red box highlights
the Nb80 point mutation from FIQUIE 2-4A. ........cco s 32

Figure 2-5: Determining if Nb39 loop sequences can function as peptides. (A) Schematic of
the experimental design for testing if Nb39 loops as peptides alone can still inhibit cpGFP. (B)
Fluorescence imaging quantification of the experiment described in the Figure 2-5A. All
significance was calculated using a two-tailed Welch’s t-test. Stars indicate the degree of
significance as follows *, P<0.05, **, P<0.01, ***, P<0.001, **** P<0.0001. Dots on the plot
indicate the mean of three technical replicates. n = 3. The thick horizontal bar is the mean of

the three technical replicates and the error bars are the SEM...........ccccooeiieiiiiiiicce e, 33

Figure 2-6: Directed evolution of the chimeric Nb80/Nb39 portion of B2ZAR-SENSIT. (A)
Schematic for the evolution platform in HEK293T cells infected with lentivirus containing the
B2AR-SENSIT library DNA (SENSIT*). FACS selection parameters are for high cpGFP from
B2AR-SENSIT, and high mCherry, the expression marker. (B) Schematic for the library
design with targeted mutations of the chimeric Nb80/Nb39 loop that binds to B2AR. Eight
residues of the chimeric nanobody binding loop were targeted for site-saturated mutagenesis
generating a library with single point mutations possible at each position. PDB: 5C1M. (C)
FACS selection schematics for sorting strategy 1. Includes a round 1 with 24-hour drug
stimulation sorting followed by a round 2 with 5-minute drug stimulation sorting.
Representative gating mechanism is shown. (D) Quantification of the chimeric Nb80/Nb39
single mutants identified through directed evolution compared to the starting point B2ZAR-
SENSIT1.0. The numbers above each bracket are the SBR between stimulated and
unstimulated conditions. All significance was calculated using an unpaired two-tailed
Student’s t test. Stars indicate the degree of significance as follows *, P<0.05, **, P<0.01, ***,
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Figure 2-7: Identifying the best chimeric nanobody for the final B2ZAR-SENSITL1.1. (A)
Fluorescence imaging quantification of Nb80 position 2 replacement with each of the eight
NDb39 loops. All were stimulated with their respective agonists (10 uM fentanyl or
isoproterenol) for 24 hours. (B) Table summarizing the SBRs for the best chimeric Nb80/Nb39
along with MOR-SPOTIT2 and B2AR-SPOTall with 1-hour and 24-hour stimulation.
Stimulation is same as described in (A). (C) Fluorescence imaging quantification of SENSIT
variants using the P2L8 nanobody and its mutants, E106G, E106S and E106S/Y107R. For (A)
and (C): All significance was calculated using a two-tailed Welch’s t-test. Stars indicate the
degree of significance as follows *, P<0.05, **, P<0.01, ***, P<0.001, **** P<0.0001. The
numbers above each bracket are the SBR between stimulated and unstimulated conditions.



Dots on the plot indicate the mean of three technical replicates. n = 3. The thick horizontal bar
is the mean of the three technical replicates and the error bars are the SEM. ...........ccccceevveinennnns 37

Figure 2-8: Directed evolution of the SENSIT cpGFP. (A) Schematic for the library design
strategy behind cpGFP evolution. Using the cpGFP including the YNSH residues (shown in
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mutation compared to the unmutated YNSH-cpGFP. Column 2 is the fold change for number
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Quantification of the comparison of new cpGFP mutants to B2ZAR-SENSIT1.1, as well as the
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Nb80/Nb39 P2L8 with E106S/Y107R) with YNSH. The numbers above each bracket are the
SBR between stimulated and unstimulated conditions. All significance was calculated using a
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Figure 3-1: Characterization of B2ZAR-SENSIT1.1. (A) Schematic describing position 2 of
Nb80 and sequence of Nb39 loop 8. The final chimeric nanobody in B2ZAR-SENSIT1.1 also
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stimulated with 10 uM isoproterenol. Twenty-four hours after stimulation, cells were fixed,
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expression level from immunostaining. mCherry, protein expression level. DAPI is a nuclear
stain. (C) Selectivity characterization of B2AR-SENSITL1.1. The numbers above each bracket
are the SBR between stimulated and unstimulated conditions. (D) Dose response
characterization. ECsg displayed with the 95% confidence interval. (E) Temporal kinetic study
of B2ZAR-SENSIT1.1. “s”, seconds, “m”, minutes, “h”, hours. The numbers above each bracket
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Figure 3-2: Application of B2ZAR-SENSITL1.1 in vivo. (A) Representative fluorescence
images of B2AR-SENSIT1.1 in the rat neuronal culture cells. Scale bar indicates 100 pm.
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fixed, and imaged at pH 11. GFP, cpGFP fluorescence. mCherry, protein expression level. (B)
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on the plot indicate the mean of three technical replicates. n = 3. The thick horizontal bar is the
mean of the three technical replicates and the error bars are the SEM. (C) Fluorescence images
of B2AR-SENSIT1.1 in mouse brain slices. Scale bar indicates 500 um. GFP, cpGFP
fluorescence. mCherry, protein expression level. Local stereotactic injection to the LHA
administer either 10 mM epinephrine or saline blank. Mice were sacrificed twenty-four hours
after stimulation. (D) Quantification of B2ZAR-SENSIT1.1 in mouse brain. The number above
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area. All significance was calculated using a two-tailed Welch’s t-test. Stars indicate the degree
of significance as follows *, P<0.05, **, P<0.01, ***, P<0.001, **** P<0.0001. The thick
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bracket are the SBRs between stimulated and unstimulated conditions. (D) Dose response
characterization for BLAR-SENSIT. ECs displayed with the 95% confidence interval. (E)
Representative fluorescence images of BLAR-SENSIT in HEK293T cells. Scale bar, 20 pm.
Cells were stimulated with 10 uM isoproterenol. Twenty-four hours after stimulation, cells
were fixed and imaged at pH 11. GFP, cpGFP fluorescence. mCherry, protein expression level
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loop 8 (“L” = loop). MOR-SPOTIT was stimulated with 10 uM fentanyl for 24 hours and
CHRM2-SPOTall and all chimeric nanobody SENSIT were stimulated with 10 puM iperoxo for
24 hours. (C) Representative fluorescence images of CHRM2-SENSIT in HEK293T cells.
Scale bar, 20 um. Cells were stimulated with 50 uM iperoxo. Twenty-four hours after
stimulation, cells were fixed and imaged at pH 11. GFP, cpGFP fluorescence. mCherry, protein
expression level from ribosomal skip sequence P2A followed by mCherry. (D) Temporal
Kinetics study of CHRM2-SENSIT. Drug was washed away after a variable incubation time
and then allowed to incubate for 24 hours before fixation. “s”, seconds, “m”, minutes, “h”,
hours. The numbers above each bracket are the SBRs between stimulated and unstimulated
conditions. (E) Fluorescence images for (D) characterizing temporal kinetics of CHRM2-

Xii



SENSIT stimulation. Each time point indicates how long drug was present before being

washed away. (F) Dose response curve of iperoxo with CHRM2-SENSIT. ECsg displayed with
the 95% confidence interval. For (B) (D) and (F): All significance was calculated using a two-
tailed Welch’s t-test. Stars indicate the degree of significance as follows *, P<0.05, **, P<0.01,
*** P<0.001, ****, P<0.0001. Dots on the plot indicate the mean of three technical replicates.

n = 3. The thick horizontal bar is the mean of the three technical replicates and the error bars
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Abstract

Studying neurotransmitter localization at cellular resolution at large brain volumes still
remains challenging with the current available genetically encoded tools. Integrator sensors
based on G protein-coupled receptors (GPCRs) offer one genetically encoded design approach to
address this limitation. Based on the SPOTIT motif this thesis will focus on the development of
Single-chain Expressing Neurotransmitter Sensing Integrator Tool (SENSIT). This required the
development of conformation specific GPCR binders that also could inhibit circularly permuted
GFP (cpGFP) fluorophore maturation.

I achieved this by grafting loop regions from nanobody 39 (Nb39) into other nanobody or
protein scaffolds, calling these chimeric nanobodies or chimeric GPCR binders. Based on the
beta-2 adrenergic receptor (B2AR)-based SENSIT design, | studied the Nb39 loop regions to
determine what portion of the amino acid sequence was most vital for cpGFP fluorophore
maturation inhibition. Then I performed mammalian cell directed evolution of the chimeric
nanobody to improve the original B2ZAR-SENSIT design. With the evolved nanobody for B2AR-
SENSIT, I characterized sensors for epinephrine with B2ZAR-SENSIT and norepinephrine with
beta-1 adrenergic receptor (BLAR)-SENSIT. To test the generalizability of the SENSIT design, |
next engineered a chimeric nanobody based on a conformation specific nanbobody, Nb9-8, for
the muscarinic acetylcholine receptor M2 (CHRM2) to develop an acetylcholine sensor
CHRM2-SENSIT. Finally, I further demonstrated the generalizability of the SENSIT strategy by
creating a chimeric miniGs to design B2ZAR-SENSIT2.0.

Overall, this thesis outlines a new generalizable integrator sensor design strategy that will
allow for the development of sensors for diverse neurotransmitters. In addition, this work
establishes a mammalian cell-based directed evolution platform to improve SENSIT and
analogous sensors. With further optimization of the fluorophore maturation time, SENSIT offers
the potential for studying and mapping complex neural circuits across large brain volumes and in

deep tissue.
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Chapter 1 G Protein-Coupled Receptor Signaling and Current Methods for Detecting
Related Ligands

Multicellular organisms require chemical means for cells to communicate with other cells
and regulate individual internal processes in response to their environment. This regulation is
often achieved by cellular receptor proteins that transduce an extracellular chemical signal into
an internal response. The largest family of receptor proteins are known as G protein-coupled
receptors (GPCRs), which generally bind a ligand, causing a conformational change and
allowing a G protein to bind.! Then, the G protein carries out varying downstream signaling
effects. Due to their prevalence and importance in the body, GPCRs constitute a large percent of
drug targets.2 Therefore, understanding GPCR signaling is critical for unraveling the effects in
physiological processes and successfully targeting related disease states.

Many approaches have been applied to studying GPCR ligands, signaling, and activity.
Pharmacological approaches add a drug to a system and study its effect, but this method lacks
specificity to understand which cell types, and further which receptors, were perturbed. Other
traditional physiological or electrochemical approaches such as microdialysis or cyclic
voltammetry can help identify ligands that are present, and even fluctuations in concentration,
but cannot link ligand presence back to a particular cell or GPCR.3 In response to the limitations
of these approaches, researchers developed genetically encoded tools which offer much desired
cellular specificity and cellular resolution when paired with powerful imaging techniques.?® These
methods can provide detail about how, when or where an endogenous ligand or potential drug
affects a particular GPCR.

This introduction will encompass the function of GPCRs, their relevance, traditional
methods for GPCR ligand detection, and finally the design of GPCR-based genetically encoded
tools. Many genetically encoded tools have been developed and applied extensively, so this
introduction chooses to focus on representative examples that demonstrate current protein

engineering principles for designing tools to study GPCR ligands.



1.1 G Protein-Coupled Receptor Signaling

GPCRs are seven-transmembrane domain receptors with an extracellular ligand binding
pocket and an intracellular G-protein binding pocket. GPCR signaling starts when a ligand, also
known as an agonist, binds and induces a conformational change (Figure 1-1A and 1-1B). This
active state conformational change reveals a binding pocket for the heterotrimeric G protein
complex, composed of an a, B, and y subunit each of which can uniquely contribute to signaling.*
In the classical GPCR signaling pathway the Ga subunit of the stimulatory or inhibitory family
(Gas or Gai respectively) interact with adenyl cyclase which converts ATP to a second
messenger molecule known as cyclic AMP (cAMP).> The second messenger cAMP then
activates protein kinase A (PKA) which regulates other proteins through phosphorylation.® This
process, from agonist binding down to final effects of the signaling, is also known as a signaling
cascade due to the amplification inherent in taking one ligand and producing many second
messengers which then can each activate/deactivate many proteins within the cell.

Additionally, there are two other major Ga subunit families, Gog11 and Ga/13, which
have unique signaling pathways relying on other second messengers or protein interactions.
Gog11 signaling activates phospholipase-Cp that produces diacylglycerol and inositol 1,4,5-
trisphospate (IP3).” Second messenger IP3 stimulates local CaZ* release that together with
diacylglycerol activates protein kinase C-alpha (PKC-a).8 Dissimilarly, Go12/13 activates a
GTPase RhoA which regulates downstream kinases.® It is also worth mentioning that the G and
Gy subunits are involved in their own signaling pathways that lead to different downstream
effects.10

GPCR signaling is regulated through GPCR kinases (GRKS) that phosphorylate
intracellular loops or the C-terminal tail of the GPCR. GRK activity may lead to the
recruitment of B-arrestins that sterically block G-protein binding or lead to receptor
internalization (Figure 1-1C).%2 This process is known as desensitization, as the available
population of receptors on the cell membrane is depleted reducing the signaling effect.
Desensitization makes a cell “less sensitive” toward a GPCR ligand as there are less GPCRs
available to bind and activate a signaling cascade. Many of the tools I will discuss in this work

rely on these basic signaling properties of GPCRs.
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Figure 1-1: Basics of GPCR signaling. All graphics were created in BioRender. (A) An inactive receptor that has
no agonist bound and is not recruiting a G-protein. G-proteins are membrane associated. (B) Upon agonist binding a
conformational change allows for G protein binding. The Ga domain will interact with adenylyl cyclase, if it is
stimulatory class (Gas) then it will lead to the increase of cAMP concentration. If it is the inhibitory class (Ga;) then
it will lead to a decrease in cAMP concentration. CAMP can activate PKA which regulates other proteins through
phosphorylation. (C) Regulated by GRK a GPCR will be phosphorylated, often in the C-terminal tail region, which
recruits the beta-arrestin protein leading to internalization of the receptor. Beta-arrestin binding also serves to block
G-protein binding.

1.1.1 Pharmacological Significance

GPCRs are the largest membrane receptor family in the human genome and consequently
control a vast array of processes in the body. Therefore, modulating GPCR signaling has massive
potential for therapeutic benefits.1® Currently, GPCRs are the most frequently targeted protein
family for approved drugs.? Some of the most extensively studied GPCRs, the beta-adrenergic
receptor family, are targets for many common medications such as albuterol for asthma, and
beta-blockers (beta-adrenergic receptor partial agonists or antagonists) such as carvedilol and

propranolol to treat high blood pressure and many heart-related conditions.® 14. 15

1.1.2 GPCRs’ Role in Neurotransmission

GPCRs are expressed nearly ubiquitously in the body, including in the brain. In the
brain, nerve cells communicate to each other at a cellular junction known as a synapse.*’
Chemicals released into the synapse must travel from the pre-synaptic neuron to interact with a

receptor protein on the post-synaptic neuron, and such chemicals are known as
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neurotransmitters.’” A more specific type of neurotransmitter is a neuromodulator, which can be
released at a synapse, but may diffuse to further targets and may use less direct signaling to
modulate neurotransmission.'® Some neurochemicals fall under both definitions, but
neurotransmitter is a broader term. Many neurotransmitters interact with GPCRs in the synapse,
therefore understanding neurotransmission requires an understanding of which neurotransmitters
may interact with a GPCR and what resulting activity occurs within the neuron. Many of the
genetically encoded tools I will discuss have been applied to neuroscience research efforts.
Indeed, the final application of my work aims to help elucidate the localization of various
neurotransmitters, primarily adrenergic receptor agonists epinephrine and norepinephrine (also
known as adrenaline and noradrenaline).

Epinephrine is a neurotransmitter released from the brainstem, as well as a neurohormone
(a neurochemical that acts on distant peripheral targets) produced at the adrenal medulla.t®
Norepinephrine is a common neurotransmitter produced primarily in the locus coeruleus that
diffuses broadly and can interact with both neuronal and glial cells.2° Norepinephrine also serves
as a neurohormone produced at the adrenal medulla, with recent efforts to elucidate its role in
neurodegenerative disease.?! Both epinephrine and norepinephrine are part of the “stress axis”
and chronic or long-term elevated stress levels have been linked to a variety of illnesses such as

cardiovascular disease, immune dysregulation, cancer, and psychiatric disorders.?2-25

1.2 Existing Tools for GPCR Ligand Neurotransmitter Detection

Though GPCR ligand detection tools are not limited to studying neurotransmitters, I will
focus on this application as it is a major focus for my own work. This section will cover some of
the traditional detection methods and highlight why genetically encoded tools were developed as
alternative and complementary methods. Then, | will discuss protein engineering efforts towards
two classes of genetically encoded fluorescent GPCR ligand detection tools, separated by their
readout, being either transient “real-time” sensors or permanent marking “integrator” sensors.
This introduction will not be fully inclusive of each of these existing methods, as the goal is to
focus on methodologies widely employed in the field. Further, in order to increase relevance, |

will highlight examples relevant to epinephrine and norepinephrine where possible.

1.2.1 Non-genetically Encoded Methods



Non-genetically encoded methods are extremely established within neuroscience research
and there is a vast body of work that has iterated on these methodologies. Here, I will focus on
some of the most broadly applied for in vivo neurotransmitter detection: microdialysis and fast-
scan cyclic voltammetry (FSCV). Method development for neurotransmitter detection often
focuses on the need for spatial resolution, referring to how accurately the method can pinpoint
the area of localization, and temporal resolution, or how accurately the method can determine
when that neurotransmitter was present, particularly in relation to a neuronal signaling event or
behavior. Therefore, | will discuss the advantages and disadvantages of microdialysis and FSCV
in relation to their spatial and temporal resolution, as well as molecular specificity, sensitivity,

and in vivo applicability.

1.2.1.1 Microdialysis

Microdialysis mimics the natural activity of capillaries by using a semipermeable
membrane across which neurotransmitters can selectively diffuse. Once the dialysate is
collected, it can be paired with liquid chromatography or mass spectrometry for simultaneous
sampling of many soluble chemicals with highly sensitive and specific identification.26 27
Microdialysis is not limited to studying endogenous molecules and has even been applied for
delivery of compounds.2® This technique remains widely applied for studying neurotransmitters
in vivo because of the modularity, where any neurotransmitter may be detected determined by
region of probe insertion and the sample analysis method.22-32 This gives researchers a wealth
and breadth of information about many neurochemical interactions when compared to highly
specific sensors such as will be described in the following sections.

This method remains limited by its low spatial and temporal resolution. The
microdialysis probe samples a local tissue environment and lacks cellular resolution, and the
sampling time to collect enough dialysate for further analysis is on the scale of minutes. Lastly,
the procedure for installing the probe is quite invasive, since the probes are often large, and

probe insertion can compromise the affected area.3?

1.2.1.2 Fast-Scan Cyclic Voltammetry
Voltammetry is a technique that can measure electrically active chemicals by detecting
their oxidation and reduction at a fixed voltage, and cyclic voltammetry applies linearly cycled

potential. FSCV boasts the ability to rapidly oxidize and reduce electroactive chemicals at the



electrode providing it with sub-second temporal resolution.34 Comparatively, FSCV probes are
smaller and therefore less invasive than microdialysis probes.3> With the ability to monitor
neurotransmitter dynamics in vivo while also distinguishing between the neurotransmitters
present, FSCV remains a key technique for studying neurotransmission.36-38

Being reliant on a probe FSCV still suffers from lack of cellular or subcellular resolution.
In addition, it cannot easily distinguish between structurally similar chemicals that have similar
redox potentials, such as dopamine and norepinephrine, and the method cannot be expanded to

many important neurotransmitters that are not electroactive, such as acetylcholine.®®

1.2.2 Genetically Encoded Real-Time Sensors

Genetically encoded sensors offer many advantages to address needs left by non-
genetically encoded methods. First, they offer cellular or subcellular spatial resolution and
through tailored delivery methods and the use of promoters can target specific cell types. Second,
they can be expressed for days or months which increases the options for experimental design.
Third, by taking advantage of the natural biochemical toolkit protein engineers can create highly
specific sensors for particular neurotransmitters or neuromodulators of interest. This section
discusses real-time sensors, which provide high temporal resolution by directly reporting on

signaling dynamics.

1.2.2.1 Fluorescence Resonance Energy Transfer Sensors

Fluorescence (also known as Forster) Resonance Energy Transfer (FRET) is a distance-
dependent process by which an excited donor molecule transfers energy to an acceptor group
leading to fluorescence emission. FRET partners can be any two chromophores that have a
sufficient overlap between the donor emission and acceptor absorption, and the need for
proximity allows for the design of sensors that will only fluoresce when the chromophores are
brought into proximity, which can be induced through protein-protein interactions or
conformational changes within the protein.

One such FRET design used the parathyroid hormone receptor (PTHR) as well as alpha-
2A adrenergic receptor (a2aAR) and modified them by adding a CFP to the intracellular loop 3
(IL3) and a yellow FP (YFP) at the C-terminus. The best FRET sensors generated were referred
to as PTHR-cam and a2aAR-cam, and both reported a decrease in FRET signal upon agonist

binding, proposed to be due to the movement of IL3 away from the C-terminus. In the same



study, to determine the order of B-arrestin2 binding compared to agonist binding, they also
generated a PTHR-CFP C-terminal and a -arrestin2-YFP.40

To study the conformational change of the beta-2 adrenergic receptor (B2AR), one group
introduced a tetracysteine motif (CCXXCC) into the IL3 of B2AR as well as cyan fluorescent
protein (CFP) to the B2AR C-terminus. A membrane-permeable biarsenical fluorophore called
F1AsH (fluorescein with As(III) substituents on the 4’- and 5°- positions) was then added to cell
culture and interacted with the tetracysteine motif, setting up a FRET donor-acceptor pair related
to the conformational change undergone by IL3 when B2AR binds an agonist.!

FRET sensors are highly modular, as moving the position of the acceptor-donor pair
gives spatial information about the molecular interactions taking place either within a GPCR or
between the GPCR and its binding partners, such as B-arrestin. These sensors also have high
spatial and temporal resolution and can report on the kinetics of agonist induced conformational
change. However, the norepinephrine sensors discussed above lack in vivo characterization or
struggle in vivo due to low signal-to-noise ratio (SNR) and narrow dynamic range, meaning
there is only a small difference between the agonist-bound signal and the no agonist-bound

signal.

1.2.2.2 Cell-based Neurotransmitter Fluorescent Engineered Reporters

To distinguish between dopamine and norepinephrine during neuronal signaling, the cell-
based neurotransmitter fluorescent engineered reporters (CNiFERSs) were developed.#? In this
system, a HEK293 cell stably expresses a GPCR of interest and a genetically encoded FRET -
based Ca?* indicator called TN-XXL. For the sensor to function, the GPCR of interest must bind
to Gq proteins, as a downstream consequence of that signaling is calcium release. To detect
dopamine, the D2 dopaminergic receptor (D2DR) was selected, alongside a chimeric Ggis. This
chimeric G protein has a Gaq sequence with the five C-terminal residues changed to Gai,
allowing D2DR coupling. To detect norepinephrine, the a1a adrenergic receptor (a1aAR) was
selected as it already binds Gq proteins.

The D2-CNiFER and a1a-CNIiFER were characterized in vivo by injecting the cells into
the substantia nigra (SN) and locus coeruleus (LC) and then stimulating the regions with
implanted electrodes. Reporting high sensitivity and temporal resolution, CNiFERs were applied
to behavioral studies in mice to simultaneously track dopamine and norepinephrine, where they

also developed a murine receptor-based acetylcholine CNiFER (M1-CNiFER).42 43 However,
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because CNIFERs are part of an exogenous cell line, they can only report on volume
transmission, when the neurotransmitter diffuses into the extracellular space losing spatial
resolution. Additionally, the in vivo procedures are quite invasive, requiring CNiFER injection

as the system relies on stably expressing cell lines to incorporate all components.

1.2.2.3 Bioluminescence Resonance Energy Transfer and Split Protein NanoL.uc Sensors

Some sensors rely on bioluminescence as opposed to fluorescence, and luciferases are
enzymes that provide bioluminescence. Bioluminescence offers the advantage of needing no
light excitation making it less invasive and often have excellent SNR because of the extremely
low to completely negligible background.** An engineered deep sea shrimp luciferase named
NanoLuc was introduced to GRK3 as an energy donor to the fluorescence acceptor Venus (a
YFP) added to the GB1y> complex leading to bioluminescence resonance energy transfer
(BRET).#> 46 This system was deemed NanoBRET, and can study downstream GPCR signaling
rather than direct ligand binding or localization. Downstream effects are reliant on ligand
binding. NanoBRET was applied to study muscarinic acetylcholine receptors, noting biased G
protein signaling differences between acetylcholine and two strong synthetic agonists.

In a different study, NanoLuc was modified to make the split protein NanoLuc Binary
Technology (NanoBiT).#” In this system NanoLuc is split into two components with low affinity
for each other, large BiT (LgBiT) and small BiT (SmBIT), and requires induced proximity to
reconstitute NanoLuc. To track agonist binding, the SmBIT was added to the C-terminus of
various GPCRs and LgBiT was attached to various Ga proteins, So bioluminescence only occurs
when the GPCR becomes activated by an agonist. This assay has been reported for use in high-
throughput screening, where it could distinguish between full and partial agonism, identify
biased agonists, and de-orphanize uncharacterized GPCRs.

These highly sensitive assays were designed primarily for in vitro work, but they have
high spatial resolution afforded by being genetically encoded. Additionally, they are highly
modular for many GPCRs. In the case of split NanoLuc the native GPCR structure is only
minorly perturbed as SmBIT is a short peptide sequence. The temporal resolution is controlled
by NanoLuc enzyme turnover, mainly consumption of exogenously added substrate that will run
out before the enzyme is degraded. NanoBRET reports millisecond resolution, but split NanoLuc

does not initially characterize sensor kinetics. Applying these systems in vivo requires NanoLuc



substrate addition where bioluminescence readout has lower spatial resolution but deeper tissue

penetration.

1.2.2.4 GPCR Conformational Change Paired to Circularly Permuted GFP Sensors

One class of real-time sensors modifies IL3 of a GPCR introducing a circularly permuted
GFP (cpGFP) so that agonist binding induces conformational changes in the GPCR, resulting in
a change in the chromophore environment of cpGFP (Figure 1-2). This directly pairs agonist
binding to the level of fluorescence hence these sensors report on the increase of fluorescence
upon agonist binding denoted as AF/Fmax (F=fluorescence).

The first example is dLight1, named for its ability to detect dopamine. In the same paper,
the general design strategy was expanded to the beta-2 (B2AR), beta-1 (B1AR), and alpha-2
adrenergic receptors (A2AR) for norepinephrine, the mu (MOR) and kappa opioid receptors
(KOR) for opioid peptides, 5-hydroxytryptamine receptor-2A (5SHT2A) for serotonin, and
melatonin type-2 receptor (MT2) for melatonin.*® This demonstrates the generalizability of the
design strategy due to the conserved conformational change position among GPCRs. Pairing
dLightl with red-shifted calcium indicators allowed for linking dopamine release dynamics with
neuronal activity. The same IL3 replacement strategy was also applied for the GPCR activation-
based (GRAB) sensors. Following the design of GRABpa for dopamine detection, the GRABNE
for norepinephrine detection was also reported.*® Light and GRAB sensors have both reported
detecting optogenetically stimulated neurotransmitter concentrations as well as endogenous

release concentrations.

Figure 1-2: Schematic for the design of real-time

Agrist sensors that modify a GPCR IL3. All graphics were
e created in BioRender. Showing the GPCR as a “flat” 7
transmembrane protein, it is easier to identify the third
intracellular loop (IL3), and this design will remove the
native IL3 residues and insert cpGFP. The conformational
change induced by agonist binding will also change the
conformation of cpGFP leading to increased fluorescence.

Agonist

Modified IL3
Increased

cpGFP fluorescence

The Light and GRAB sensors have been heavily characterized in vivo where they report
rapid Kinetics capable of reporting on highly specific neurotransmitter dynamics at cellular
resolution. One of the major limitations remains the huge engineering effort required for each

sensor, and consequently each neurotransmitter. Although the design is generalizable, not every
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receptor immediately creates an applicable sensor. Additionally, monitoring the sensor dynamics
still requires the installation of an imaging probe, which is both invasive and limits the area of

imaging to a very targeted region determined by the probe.

1.2.3 Genetically Encoded Integrator Sensors

Though real-time sensors provide high temporal resolution and can report on GPCR
system dynamics, additional information can be gained by sensors capable of permanently
labeling a cell. Such a permanent label could be explained as “integrating signal over time”,
hence the term integrator sensors. Being genetically encoded, they offer many of the same
advantages outlined in the prior section 1.2.2., such as high spatial resolution, cell-type
specificity, as well as specificity and sensitivity encoded by the modified GPCRs. This section

will discuss relevant integrator sensors applied for studying GPCR ligand interaction.

1.2.3.1 Tango and iTango Assays

The Tango assay is named for “dance” between two protein interaction partners, such as
the GPCR and arrestin.>° The Tango system has three main components. First is the modified
GPCR with a C-terminal tobacco etch virus cleavage site (TEVcs) and transcriptional activator
tTA (tetracycline-controlled transcriptional activator TetR-VP16). Second is a B-arrestin2 protein
linked to the TEV protease (TEVp) which will recognize and cleave the TEVcs when brought
into proximity to the GPCR C-terminus by [-arrestin2. Third the reporter gene gives the assay its
readout, when the tTA is released by TEVcs cleavage it will localize to the nucleus and interact
with a tTA dependent gene for expression of a luciferase (Figure 1-3A). Though the initial
design started with the arginine vasopressin receptor 2 (AVPR2) it was expanded to over 89
GPCRs including D2DR and KOR, which normally have weak arrestin recruitment but were
further modified with AVPR2 C-terminal tail residues, as well as the adrenergic receptor family
such as 02AAR, B1AR, and B2AR. The design modularity also allowed for Tango assays for
receptor tyrosine kinases and steroid hormone receptors, relying on unique protein-protein

interactions.
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Figure 1-3: Schematic for the design of Tango and iTango2 integrator sensors. All graphics were created in
BioRender. (A) Schematic of the Tango assay components. The Tango design use the protein-protein interaction of
an activated GPCR and beta-arrestin to bring a protease (TEVp) and its cleavage site (TEVcS) in proximity. When
the TEVCcs is cleaved, it releases a transcription factor (tTA) that will localize to the nucleus and express a reporter
gene such as a FP for fluorescent readout. Therefore fluorescence is only possible when the modified GPCR is
signaling. (B) Schematic of the iTango2 assay components. To add light gating the TEVp is split into two fragments
and the TEVcs is caged by a LOV domain. The LOV domain will only reveal/”uncage” the TEVcs when exposed to
blue light. Then the TEVp will only be reconstituted when the GPCR beta-arrestin takes place. Therefore, both
agonist stimulation and light stimulation are needed to release the transcription factor (tTA) to the nucleus and see
reporter gene expression.

To adapt Tango for the study of neurotransmission, neural circuitry, and animal behavior
the inducible Tango (iTango) system was developed, adding temporal control through light-
activated domains and used split TEVp for protein interaction-dependence.®! The first iTango
design expanded to four necessary components. The modified GPCR C-terminus includes CIBN
(a truncated cryptochrome-interacting basic-helix-loop-helix1), AsSLOV2 (Avena sativa
phototropinl light-oxygen-voltage 2 domains) with a modified Ja-helix sterically blocking
TEVcs access, and finally tTA. Then B-arrestin2 is attached to a split N-terminal TEVp fragment
called TEV-N. In order to reconstitute TEVp, the C-terminal TEV-C is attached to CRY2PHR
(cryptochrome 2 photolyase homology region). The final component is the reporter gene, which
can express secreted alkaline phosphatase (SEAP) or EGFP. CRY2PHR and CIBN dimerize with
blue light stimulation, and AsLOV2 undergoes a conformational change with blue light
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stimulation to allow access to the TEVcs. iTango2 simplifies the initial design reducing itto 3
components by excluding CIBN and CRY2PHR, where TEV-N is included in the GPCR
component and p-arrestin2 is linked to TEV-C (Figure 1-3B). The blue light control or “gating”
adds some temporal resolution to the Tango system. Now iTango2 is only “on” and expressing
reporter gene during the period of light irradiation. iTango2 also has high sensitivity for GPCR
ligands of interest as it takes advantage of the signal amplification from the signaling cascade.
Altogether, iTango2 marked an improvement in the spatial and temporal resolution of Tango as
well as improving the SNR which allowed for extensive in vivo applications primarily detecting
dopamine. However, due to the reliance on translation of the reporter gene, the timescale for

initial readout still requires hours.

1.2.3.2 Specific Protein Association Tool Giving Transcriptional Readout with Rapid Kinetics

In SPARK (Specific Protein Association tool giving transcriptional Readout with rapid
Kinetics), a protein-protein interaction (PPI) is light gated with the use of the eLOV (evolved
LOV) domain blocking or “caging” TEVcs access attached to a transcription factor, Gal4, all
linked to protein A while protein B is linked to the TEVp.52 In this system both PPl and blue
light stimulation are needed to release the transcription factor which can activate a reporter gene.
The first PPI pair tested was B2AR as protein A and B-arrestin2 as protein B while the reporter
gene expressed a Citrine FP or a luciferase. The initial publication demonstrates the versatility of
SPARK by swapping out protein A and B for 12 total PPI pairs. Studying arrestin recruitment,
SPARK reported on PPI dynamics by controlling the window in which light was applied, noting
a temporal resolution of 5 minutes, and noting different strengths of arrestin recruitment between
Class A and Class B GPCRs. One of the unique advantages SPARK highlights is for directed
evolution of PPI through fluorescence activated cell sorting (FACS), something only possible
with the persistent fluorescent labeling of an integrator sensor.

SPARK was benchmarked against iTango2 reporting a higher SNR potentially due to the
background from iTango2’s split TEVp fragments’ natural affinity as well as slow reversibility.
SPARK uses a truncated TEVp, to reduce its background activity. A strength of any reporter
gene-based system that I did not address is that it can be changed from a readout focused protein
(FP or luciferase) to a protein for effecting the cell, such as for rescue or further investigation.

The need for three different genetically encoded components to be introduced does present a
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challenge for application in vivo as it requires achieving the right ratios of each protein
component to the other for high SNR.

1.2.3.3 Cleavage of Leucine Zipper-caged APEX for Protease Detection

The integrators | have discussed so far all detect PPI, which can be applied to measure
GPCR ligand interactions by measuring PPI between the downstream signaling cascade partners,
primarily B-arrestin. As the name Cleavage of Leucine zipper-caged APEX for Protease
detection (CLAPon) implies, this system was designed initially for protease activity detection but
was also adapted to detect PP1.53 CLAPon is a single protein chain sensor that relies on the
evolved split enhanced ascorbate peroxidase (APEX) which when reconstituted can catalyze the
reaction of Amplex UltraRed to fluorescent resorufin or label proximal proteins with biotin.>
The smaller half of APEX, termed EX, was sterically blocked from the larger half, AP, using
acid-base coils (the leucine zipper-caging) that block the favored reconstitution surface. EX and
the acid-base coils are connected at a critical junction by TEVcs so that in the presence of TEVp
the APEX can reconstitute and turnover. In addition to track the expression of the construct AP
is connected to acid-base coils by a linker containing EGFP.

To adapt CLAPon for PPI detection, the single-chain CLAPon was attached to the C-
terminus of B2AR, D1 dopamine receptor (D1DR), fly leucokinin receptor (LKR), and MOR.
Then B-arrestin was linked to truncated TEVp. The final version was named PPI-CLAPonl1.1. To
introduce light gating the LOV domain was added at the TEVcs location, and this tool was
named LiPPI-CLAPon (Light and PPI-CLAPon). There are temporal resolution concerns due to
the reconstitution of split APEX and the kinetics of TEVp and TEVcs cleavage, also limiting this
to the minute time scale for readout. However, that is still a vast improvement on the timescale
requirements of transcriptional readout systems. The different types of substrates for labeling
also offer different spatial resolution, with Amplex UltraRed being more sensitive for ligand (in
the case of B2AR based PPI-CLAPon) but only having cellular resolution while biotin paired to
streptavidin-647 could show subcellular resolution overlapping with internalized B2AR-CLAPon
expression marker EGFP. APEX-based labeling will continue to be challenging to apply in vivo
due to reliance on peroxide which is toxic to living cells, and availability of the heme cofactor,

which varies across cellular compartments.
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1.2.3.4 Bimolecular Fluorescence Complementation and Self-Labelling Enzymes

Above, iTango2 and CLAPon could be categorized as complementation methods as they
rely on the reconstitution (or complementation) of protein fragments to reform a functional
protein. Bimolecular fluorescence complementation (BiFC) takes place when the non-fluorescent
protein fragments reconstitute and become fluorescent upon protein assembly. It is a simple
method capable of detecting PPI by fusing the non-fluorescent components to interacting
proteins of interest. This allows for subcellular resolution of the PPI but it has minute to hour
long temporal resolution due to the speed of the fluorophore assembly chemical reaction. It is
important to know that formation of the fluorophore is irreversible, giving BiFC the integrator
permanent fluorescence as opposed to FRET reporting on dynamics.

In comparison to FRET, BiFC can detect lower concentrations of protein complexes and
has more multiplexing potential since one BiFC is reliant on only one fluorophore. Additionally,
BiFC could be more flexible for protein orientation, and protein fragments should be less
perturbative to the fusion partner proteins of interest than entire FPs.>> An example is the
development of split superfolder GFP, into the two fragments GFP 1-10 (amino acids 1-214) and
GFP 11 (amino acids 215-230).56 GFP 1-10 was initially insoluble and through directed
evolution an optimized version with 12 mutations in comparison to superfolder GFP, called
GFP1 -10 OPT. One group developed a tool called GRASP (GFP reconstitution across synaptic
partners) based on the split superfolder GFP to label synaptic contacts demonstrated in C.
elegans.>’

A related design is the development of TagBiFC which rather than applying a split FP
uses a split self-labelling enzyme, HaloTag, to conjugate fluorescent HaloTag ligand dyes which
allows for single-molecule imaging in live cells.5® Another split HaloTag system using a
different split site was applied to studying GPCR ligand interactions through GPCR C-terminal
linked to the circularly permuted HaloTag (cpHalo) and B-arrestin linked to the HaloTag peptide
fragment (Hpep), while also developing a calcium indicator version applied in vivo (called

Caprola for “Calcium dependent protein labeling”).5°

1.2.3.5 Single-Chain Protein-Based Opioid Transmission Indicator Tool and Related Designs
The final integrator design I will discuss is the foundation of my thesis work, a single-
chain protein-based opioid transmission indicator tool (SPOTIT). Rather than relying on

intermolecular interactions with a GPCR and arrestin as in many of the prior sections, SPOTIT’s
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function primarily relies on the addition of nanobody 39 (Nb39), an active conformation specific
G-protein mimetic for the MOR.® The MOR C-terminus is modified to link cpGFP and Nb39,
where Nb39 has two functions. In the inactive state, Nb39 interacts with cpGFP and stops
fluorophore maturation from occurring, but in the presence of ligand, Nb39 is recruited to the
active receptor, allowing cpGFP to mature (Figure 1-4A). The integrator nature of SPOTIT
arises from the irreversibility of fluorophore maturation. SPOTIT fluorescence relies on the
speed of fluorophore maturation which has been found to take many hours in the SPOTIT
system. SPOTIT could be applied to whole-brain mapping of neural circuitry, as it can be widely
expressed and analyzed ex vivo. As a single genetic construct it increases the robustness and
scalability in vivo.

To address the need for better temporal control, MAturation-based Protease-gated
Indicator Tool (MAPIT) was developed, using a second redundant Nb39 attached to the first
Nb39 by a linker containing a TEVcs.%! Then protease expression is controlled by small
molecule addition of either rapamycin to reconstitute a split TEVp or doxycycline which controls
transcription of the TEVp through the TetOn system.

Another major limitation of SPOTIT is the lack of generalizability because Nb39 is
specific to MOR and has only successfully been applied to develop a KOR-SPOTIT and DOR-
SPOTIT. The first method to expand SPOTIT for detecting other neurotransmitters was SPOTall
(SPOTIT for all GPCRs) which adds a second active conformation specific nanobody, Nb80,
that binds to active B2AR.52 In this system the cpGFP Nb39 interaction is interrupted in the
active state by steric hindrance, but this mechanism proved to result in lower signal and smaller
SBR (Figure 1-4A, 1-4B, and 1-4C)..

This led to the development of Single-chain Protein-based Ligand Indication through a
Chimerically Engineered Integrator Tool (SPLICEIT) which creates chimeric GPCRs that have
the MOR intracellular surface for binding to Nb39 and the membrane and extracellular regions
of the GPCR of interest for binding to a different neurotransmitter.63 SPLICEIT was best
demonstrated for dopamine detection in the DRD3-SPLICEIT, relying on the dopamine receptor
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D3. This strategy still requires extensive protein engineering design for each new chimeric

receptor, which serves as a key limitation.
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Figure 1-4: Original SPOTIT and SPOTall comparison. (A) Schematic of the design of MOR-SPOTIT and
B2AR-SPOTall. In SPOTIT the Nb39 inhibits cpGFP fluorophore maturation until agonist recruits it to the active
MOR. In SPOTall a second nanobody, Nb80, will sterically block Nb39-cpGFP interaction by being recruited to the
active B2AR. (B) Representative fluorescence images of MOR-SPOTIT and B2AR-SPOTall in HEK293T cells.
cpGFP, cpGFP fluorescence. Anti-FLAG, immunostaining. (C) Quantification of the experiment in 1-4A comparing
MOR-SPOTIT2 and B2AR-SPOTall. All were stimulated with their respective agonists (10 uM fentanyl or
isoproterenal) for 24 hours. The numbers above each bracket in black are the SBR between stimulated and
unstimulated conditions. The number in blue is the fold-difference between B2AR-SPOTall and MOR-SPOTIT. All
significance was calculated using a two-tailed Welch’s t-test. Stars indicate the degree of significance as follows *,
P<0.05, **, P<0.01, ***, P<0.001, **** P<0.0001. Dots on the plot indicate the mean of three technical replicates.
n = 3. The thick horizontal bar is the mean of the three technical replicates and the error bars are the SEM.

1.3 Need for New Tools

There is currently a need for sensors that can study neurotransmitters across large brain
volumes. An ideal sensor for this application will be modular, sensitive, and robust in vivo with
appropriate spatial and temporal resolution. SPOTIT’s single-chain design limits complications
of balancing multiple genetic component expression. For modularity, SPOTall and SPLICEIT
offer options to expand the SPOTIT sensor toolkit for more GPCR ligand detection, to
epinephrine, acetylcholine, and dopamine primarily, however, these require time-intensive

design for each new sensor.

16



My thesis work focuses on the design of chimeric G protein mimetics to generalize
SPOTIT further. First, I needed to better understand the mechanism by which Nb39 inhibits
cpGFP fluorophore maturation so | developed a panel of experiments to home in on what regions
of Nb39, but not structurally similar Nb80, could inhibit cpGFP. This led to the first chimeric
nanobody design, where a singular loop region of Nb39 replaces a single Nb80 loop position.
The resulting platform | named Single-chain Expressing Neurotransmitter Sensing Integrator
Tool (SENSIT) and focuses on the design of chimeric nanobodies, reporting the improved
B2AR-SENSIT, in comparison to B2AR-SPOTall, that can specifically detect epinephrine. Then
| used directed evolution of the chimeric nanobody to improve B2AR-SENSIT further.

In my third chapter I will show the work done in characterizing B2ZAR-SENSIT1.1, that
incorporates the evolved chimeric nanobody variant. | used the same evolved chimeric nanobody
to develop BLAR-SENSIT for specific detection of norepinephrine. Then generalizability of
chimeric nanobody design was applied to nanobody9-8 for the muscarinic acetylcholine receptor
2 (CHRM2), and further expanded to generate chimeric miniG proteins that could be highly
modular.

In my last chapter I will focus on future work that could improve SENSIT for in vivo
applications. | separated my discussion into ways that we could target each component of
SENSIT the receptor, the cpGFP, and the chimeric GPCR binder. | propose many directed

evolution strategies based on my directed evolution platform in mammalian cell. |
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Chapter 2 Chimeric Nanobody Design, Mechanistic Study, and Directed Evolution

SPOTIT was originally intended to be a real-time sensor design where rather than
modulating cpGFP conformation with IL3 insertion, cpGFP conformation would be controlled
by an active state specific nanobody. However, it was discovered that on the same protein chain
NDb39 was capable of inhibiting cpGFP fluorophore maturation, creating the integrator sensor
motif discussed in my introduction. The specifics of the Nb39-cpGFP interaction have remained
elusive, as finding a molecular scale explanation would likely require structural studies and the
applications of the motif remain limited to sensor design.

The two primary nanobodies I discuss in my work, Nb39 and Nb80, were developed as
crystallization chaperones for structural studies, and were produced through immunization of
[lamas using purified GPCRs.54 65 Therefore, development of new conformation specific
nanobodies remains challenging and there is a limited pool of available nanobodies to work with.
Another limitation with nanobodies such as Nb39 and Nb80 is that they are highly specific for
the receptor used in the immunization, MOR and B2AR respectively. Though we have
demonstrated that Nb39 shows some interaction with the KOR and DOR as well, these
nanobodies are still highly specific to structurally similar receptors in the same family. With both
the development difficulty and high specificity of Nb39, the SPOTIT motif is limited to
application based on opioid receptors.

To expand the generalizability of the fluorescent integrator sensor platform, the idea of

chimeric nanobodies arose.! Though still limited by receptor specificity and lack of conformation

1 Chapter 2 was largely adapted from the following publication:

Putansu, A., Soloweij, I, Rivett-Trznadel, H., Lakkanasirorat, B., Moran, L., Kroning, K., Liu,
J., Li, X, Li, P., and Wang, W. “SENSIT, a modular single-chain fluorescent integrator platform
for GPCR ligands.” (Manuscript under revision).
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specific scaffolds, they could be an interesting platform to discover more about the Nb39-cpGFP
interaction. An ideal chimeric nanobody needs to maintain the cpGFP fluorophore maturation
inhibition property, but be able to bind preferentially to the active conformation of the GPCR of
interest. This led to the first chimeric nanobody designs of the chimeric Nb80/Nb39, also
referred to by shorthand chNb80/39. From here | used this design to determine which Nb39 loop
regions could contribute to cpGFP fluorophore maturation inhibition as well as which regions of
Nb80 served as the best positions for replacement. Then | tried to determine what parts of the
sequence and structure of these loop regions contributed to cpGFP inhibition using a TEV
protease based system such as in the design of SPOTon.52 Finally, to address limitations with the
initial chNb80/39 | performed directed evolution in HEK293T cells and identified a mutant with
improved signal to background ratios (SBRS) at shorter agonist stimulation times, an important

improvement for animal experiment application.
2.1 Materials and Methods

2.1.1 Plasmids and Cloning

Constructs were cloned into an ampicillin-resistant adeno-associated viral vector or
lentiviral vector with a CAG promoter. Standard cloning procedures were employed, using a Q5
polymerase PCR amplification, NEB restriction enzyme digest, and Gibson assembly. DNA was

transformed via heat shock transformation into XL-1 blue competent cells.

2.1.2 Supernatant Lentivirus Preparation
To prepare lentivirus, 2.5 pg viral construct DNA, 0.25 pg pVSVG, and 2.25 pg A8.9
were incubated with serum free DMEM and mixed before adding PEI max solution and

incubating for at least 10 minutes at RT before addition of complete media. Complete media

Aubrey Putansu wrote the entirety of the above article, with editing from Isabel Soloweij,
Hannah Rivett-Trznadel, Benya Lakkanasirorat, Lexie Moran, Kayla Kroning, Gwen Shingles,
Jiahui Ding, Professor Peng Li, and Professor Wenjing Wang. The loop deletion experiment was
conceptualized by Jiying Liu. | was assisted in all flow cytometry experiments by Benya
Lakkanasirorat. Hannah Rivett-Trznadel conducted all the of cpGFP directed evolution

experiments.
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contains 450 mL DMEM (Invitrogen), 450 mL MEM (Invitrogen), 100 mL FBS, 20 mL 1M
HEPES buffer (Invitrogen), 10 mL penicillin/streptomycin (Invitrogen). One T25 of HEK293T
cells at approximately 60-80% confluence was then incubated with the viral DNA transfection
mixture for 48 hours. Then media was collected and aliquoted into 500 pL, flash frozen in liquid

nitrogen, and then stored at -80°C.

2.1.3 B2ZAR-SENSIT HEK293T Library and Frozen Cell Stock Preparation

Targeted mutagenesis was carried out using primers with mixed bases (IDT) at specified
codon positions. Each separate codon position mutation was transformed into XL-1 blue
competent cells and then all colonies that grew were harvested and miniprepped. The DNA from
each miniprep was then combined to constitute the library DNA which would be prepared as
described above in lentivirus preparation. A T75 of HEK293T cells at 25% confluence were
incubated for 48 hours with an appropriate volume of supernatant lentivirus to achieve a
multiplicity of infection of ~30% ensuring cells only took up a single plasmid. Following
infection the cells were split for library selection while some were split for long term storage. To
prepare long term frozen HEK293T cell stocks a T150 of library infected cells were lifted with
0.25% trypsin (Invitrogen) and then quenched with 30mL complete media (prepared as described
above). Cells were then centrifuged at 1200xg for 3min and media aspirated. The cell pellet was
resuspended in 15mL of 10% v/v DMSO in FBS and aliquoted into 1mL cryotubes and frozen
slowly using Mr. Frosty Freezing Container (ThermoFisher) kept at -80°C overnight. Samples

are then moved to a liquid nitrogen dewar next day.

2.1.4 B2AR-SENSIT HEK?293T Library Selection via FACS

Library size for B2ZAR-SENSIT chimeric Nb80/39 mutants is 160 variants (20 AA x 8
positions) as each construct is a single mutant. Single HEK293T cells were selected by
consecutive gates according to Supplementary Figure 3. Library samples were analyzed and
sorted with a BD FACSDiscover S8 Cell Sorter (BD Biosciences) equipped with 488 nm
excitation and 561 nm excitation and algorithmically optimized filter bandwidths as follows Blue
488-nm laser — 16 Blue detectors, covering 495-860 nm and Y/G 561-nm laser — 12 Yellow-
green detectors, covering 570-860 nm. All HEK293T cells were collected into 5 mL complete
media. Immediately after sorting, cells were grown at 37 °C approximately 7-10 d. Number of

cells collects for each round was as follows:
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Strategy 1 Round 1 twenty-four-hour stimulation:
5,155 cells sorted out of 7,315,878 events total
Strategy 1 Round 2 five-minute stimulation:
6,557 cells sorted out of 6,569,966 events total
Strategy 2 Round 1 five-minute stimulation:
3,214 cells sorted out of 10,155,373 events total

Library size for B2ZAR-SENSIT cpGFP evolution is 203 (8000) variants due to 20 AA at
3 simultaneous mutation positions. Single HEK293T cells were selected by consecutive gates
according to [Supplementary Figure 4]. Library samples were analyzed and sorted with a BD
FACSDiscover S8 Cell Sorter (BD Biosciences) equipped with 488 nm excitation and 561 nm
excitation and algorithmically optimized filter bandwidths as follows Blue 488-nm laser — 16
Blue detectors, covering 495-860 nm and Y/G 561-nm laser — 12 Yellow-green detectors,
covering 570-860 nm. All HEK293T cells were collected into 5 mL complete media.
Immediately after sorting, cells were grown at 37 °C approximately 7-10 d. Number of cells

collected for the single sorting round was as follows:

Sorted 43,584 cells and 10,022,153 events total

The total number of cells far sorted and collected each round far exceeds library size,
because it is important for HEK cell health to collect a sufficient amount to grow well after
sorting. The number of rounds was also kept limited to improve cell health and avoid

inconsistencies due to poor cell health.

2.1.5 Confocal Microscopy of HEK293T

All images were fixed cells in 100 mM CAPS 100 mM NacCl buffer kept at pH 11, except
for images taken in the pH titration. Confocal imaging was performed on a Nikon inverted
confocal microscope with 20x air objective and 60x oil immersion objective, outfitted with a
Yokogawa CSU-X1 5000RPM spinning disk confocal head, and Ti2-ND-P perfect focus system
4, a compact 4-line laser source: 405 nm (100 mW) 488 nm (100 mW), 561 nm (100mW), and
640-nm (75 mW) lasers. The following combinations of laser excitation and emission filters

were used for various fluorophores: EGFP/Alexa Fluor 488 (488 nm excitation; 525/36
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emission), mCherry (568 nm excitation; 605/52 emission), Alexa Fluor 647 (647 nm excitation;
705/72 emission), and differential interference contrast (DIC). The acquisition time was 500ms
at 30% laser intensity. The camera unit is an ORCA-Flash 4.0 LT + sSCMOS camera. All images
were taken with either the 20x or 60x objectives. To interface with the microscope and take
images we used the Nikon NIS-Elements hardware control software and images were processed

with NIS-Elements General Analysis 3 software.

2.1.6 Analysis of HEK293T Cell Images

All HEK293T cell experiments were done with three technical replicates meaning three
wells per condition. Then ten images were taken per well, and the fluorescence mean intensity
value was measured and taken from the NIS-Elements General Analysis 3 software. To
determine the optimal threshold value for counting true signal above autofluorescence of the
cells, we chose ten points devoid of cells on the plate and multiplied this background
autofluorescence by 2. The same threshold is used for all conditions in a single experiment. Two
values were taken from the cell images that have fluorescence values above the threshold, the
mean intensity value and the total object area. The total object area is defined as the area of cells
that are within the threshold value. Then the mean intensity is the count of fluorescence intensity
from cells within the total object area. If the system did not use a co-expression of mCherry we
then would multiply the total object area by the mean intensity value to calculate the sum
intensity. Background subtraction for HEK293T experiments used the mean intensity of the plate
without any cells present and multiplied by the total object area within the threshold, and then
subtracted this from the sum intensity.

If the system did use a co-expression of mCherry we chose to normalize the fluorescent
signal of the sensor cpGFP to the mCherry to account for differences in expression between
wells and conditions. For this calculation we took the mean intensity and subtracted the
background mean intensity, then multiplied by the total object area for each channel separately.
To get the normalized signal we divided the cpGFP sum intensity with background subtraction
by the mCherry sum intensity with background subtraction.

For HEK293T, the sum intensity of the 10 images from each technical replicate were
averaged and plotted as one point on the graph. All images were included in analysis, unless they

were blurry, had autofluorescent artifacts, or were primarily devoid of cells.
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For all experiments, Prism GraphPah software was used for plotting, as well as

performing unpaired Welch’s t tests to calculate significance.

2.1.7 B2AR-SENSIT Initial Testing and Engineering

Twenty to twenty-four hours after transfection with 100 ng B2ZAR-SENSIT DNA,
HEK293T cells were stimulated with 100 pL of isoproterenol diluted in complete media, for a
final concentration of 10 uM within the well. No drug conditions had an equal volume of only
complete media. Twenty-four hours after stimulation cells were fixed, immunostained, and
imaged with a CAPS pH 11 buffer. These images were taken with #1.5 glass bottom plates
(Cellvis) at 60x objective.

Immunostaining was done with 1mg/mL antibody/dye diluted 1000x in 1% w/v BSA in
PBS. The first antibody incubation was 60 minutes on a shaker with chicken anti-GFP (Abcam),
and the second antibody incubation was 60 minutes on a shaker with goat anti-chicken Alexa
Fluor 647 (Abcam) and DAPI nuclear stain (Bio-Rad). Immunostaining was not done for

following experiments that have mCherry co-expression.

2.1.8 Protease Based Nb39 Mechanistic Studies

Some constructs described in Figure 2-3 and 2-5 no longer contain a GPCR domain and
therefore do not require stimulation. Therefore, twenty to twenty-four hours after transfection
with protease cpGFP-mutant Nb39 or cpGFP-NDb39 loop peptides DNA, HEK293T cells were
fixed, immunostained, and imaged at 20x with a CAPS pH 11 buffer.

2.2 Initial B2ZAR-SENSIT Chimeric Nanobody Design

The SENSIT approach utilizes native GPCRs, ensuring proper receptor trafficking and
enabling the detection of a range of neuromodulators. Additionally, SENSIT employs bifunctional
chimeric binder proteins engineered to maintain high selectivity for activated GPCRs while
simultaneously modulating the fluorophore maturation of cpGFP. Mechanistically, agonist
binding induces a conformational change in the GPCR that competitively recruits the chimeric
binder, thereby relieving the inhibition of the cpGFP fluorophore maturation (Figure 2-1A).

To develop the SENSIT platform, we selected the beta-2 adrenergic receptor (B2AR) as a
proof-of-concept, leveraging the availability of Nb80, a nanobody that specifically targets the
receptor’s active conformation. 8 We sought to design chimeric Nb80 by grafting a cpGFP

fluorophore maturation inhibition motif from Nb39 into Nb80. Since it was unknown how
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nanobody 39 (Nb39) inhibits fluorophore maturation, we focused on Nb39’s loop regions, where
most of the sequence variability among nanobodies arises from as opposed to the more conserved
structural beta-sheets (Figure 2-1B).%6 Additionally, to preserve binding affinity and
conformational specificity of Nb80 for the activated B2AR, it was important to only slightly alter
Nb80. Therefore, we chose to substitute one loop region of Nb80 with each of the eight Nb39
loops (Figure 2-1B and 2-1C). The specific residues for Nb80 positions and Nb39 loops are defined
in Appendix Figure A-1.
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Figure 2-1: Design of the chimeric nanobody-based SENSIT. (A) Schematic of the design of SENSIT. The
bifunctional chimeric nanobody inhibits circularly permuted (cpGFP) fluorophore maturation until agonist binding
recruits the nanobody to the active GPCR, allowing cpGFP to mature and fluoresce. (B) Crystal structure of
nanobody 39 (Nb39) showing how each loop region was defined. PDB: 5C1M. (C) Crystal structure of nanobody 80
(NDb80) bound to B2ZAR Nb80 loop 3 position highlighted. Numbers on the expanded Nb80 view refer to the
positions that were screened for replacement. PDB: 3P0G (D) Quantification of the original testing of each Nb39
loop at Nb80 position 3 in comparison to previous generation integrators mu opioid receptor (MOR)-SPOTIT and
B2AR-SPQOTall. All were stimulated with their respective agonists (10 uM fentany!l or isoproterenol) for 24 hours.
The numbers above each bracket are the SBR between stimulated and unstimulated conditions. All significance was
calculated using a two-tailed Welch’s t-test. Stars indicate the degree of significance as follows *, P<0.05, **,
P<0.01, ***, P<0.001, **** P<0.0001. Dots on the plot indicate the mean of three technical replicates. n = 3. The
thick horizontal bar is the mean of the three technical replicates and the error bars are the SEM.
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We screened several positions within Nb80 for Nb39 loop replacement and found that
grafting at positions 2 and 3 yielded favorable SBRs and the highest activation (Figure 2-2A).
These replacements were likely successful due to their location at the B2AR—NDb80 interface. We
hypothesize steric hindrance occurs upon receptor activation preventing the chimeric nanobody
from interacting with the cpGFP, allowing the fluorophore to mature.

Nb80 Position 3 appeared the most promising in initial screening, so we focused on
position 3 for more extensive screening. Among the eight B2ZAR-SENSIT designs with Nb39
loop grafting at Nb80 position 3, five exhibited B2AR agonist dependent fluorescence activation
(Figure 2-1D). For further characterization and optimization, we selected the chimeric Nb80
position 3 replaced with Nb39 loop 7 (P3L7). P3L7 has comparable brightness to MOR-
SPOTIT2 and a robust signal to background ratio (SBR) of 10.5, calculated as activation signal
divided by background signal (Figure 2-1D). This sensor was named B2AR-SENSIT1.0.
Because evaluating subsequent optimization strategies required only a single representative
sensor, we selected B2ZAR-SENSIT1.0 for further development, recognizing that P3L2 and P3L3

(Figure 2-1D) remain promising candidates with comparable or better SBRs.

2.2.1 Selecting the Best cpGFP Variant
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Figure 2-2: Finding the best Nb80 positions to replace and the best cpGFP variant for SENSIT. (A)
Quantification of an experiment replacing each Nb80 position listed in (S1A) with Nb39 loop 8 to determine the
optimal insertion position. MOR-SPOTIT was stimulated with 10 uM fentanyl for 24 hours and B2AR-SPOTall and
all chimeric nanobody SENSIT were stimulated with 10 pM isoproterenol for 24 hours. (B) Quantification of the
MOR-SPOTIT1 with a truncated cpGFP, MOR-SPOTIT2 with an improved YNSH-cpGFP, B2ZAR-SPOTall with
the original truncated cpGFP and B2AR-SENSIT with and without the YNSH cpGFP variant. For (A) and (B): The
numbers above each bracket are the SBR between stimulated and unstimulated conditions. All significance was
calculated using an unpaired two-tailed Welch’s t-test. Stars indicate the degree of significance as follows *, P<0.05,
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** P<0.01, ***, P<0.001, ****, P<0.0001. Dots on the plot indicate the mean of three technical replicates. n = 3.
The thick horizontal bar is the mean of the three technical replicates and the error bars are the SEM.

During the initial design of MOR-SPOTIT we found that adding back four residues

(YNSH) from EGFP to the N-terminus of cpGFP greatly improved the maximum signal, so
MOR-SPOTIT2 cpGFP contains YNSH.10 We probed the effect of adding back the YNSH

residues on the N-terminus of cpGFP for SENSIT, believing it could increase the brightness of

B2AR-SENSIT1.0. However, adding YNSH increased background without increasing maximum
brightness in B2AR-SENSIT (Figure 2-2B). We believe this could be because cpGFP folds
differently in MOR-SPOTIT than in B2ZAR-SENSIT. The cpGFP’s fluorophore is sensitive to its

immediate environment as a result of circular permutation, so even slight differences in the
structural environment between MOR-SPOTIT’s and B2AR-SENSIT’s cpGFP could lead to this
difference. Therefore, we continued with B2ZAR-SENSIT1.0, without YNSH in cpGFP.

2.3 Mechanistic Interrogation of cpGFP Maturation Inhibition

While the mechanism by which Nb39 inhibits cpGFP fluorophore maturation remained

elusive, the design of chimeric nanobodies provides a new platform to interrogate this process.

We investigated the Nb39 and cpGFP interaction in a simplified GPCR-free system that still

allows for controlled removal of Nb39 from cpGFP. This was achieved by fusing Nb39 and

cpGFP via a linker containing the tobacco etch virus protease (TEVp) cleavage site (TEVcS)
based on the SPOTon design (Figure 2-3A).%2 In the absence of TEVp, the tethered Nb39 inhibits

cpGFP fluorophore maturation. When TEVp is coexpressed, the TEVcs is cleaved and the

weakly bound Nb39 dissociates, allowing the cpGFP fluorophore to mature.
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Figure 2-3: Loop deletion study. (A) Schematic of the experimental design for testing Nb39 with loop deletions of
4 core residues from each loop region. (B) Defining which residues from each Nb39 were deleted in the loop
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deletion experiment Figure 2-3C. Red corresponds to deleted residues. (C) Loop core residue deletion study,
showing fluorescence imaging quantification of the experiment described in the Figure 2-3A. All significance was
calculated using a two-tailed Welch’s t-test. Stars indicate the degree of significance as follows *, P<0.05, **,
P<0.01, ***, P<0.001, ****, P<0.0001. Dots on the plot indicate the mean of three technical replicates. n = 3. The
thick horizontal bar is the mean of the three technical replicates and the error bars are the SEM.

The results from replacing Nb80 position 3 with single Nb39 loops showed that multiple
Nb39 loops were capable of fluorophore maturation inhibition. To further investigate the effect
of Nb39 loops, we deleted three to four residues from each Nb39 loop region to fully disrupt the
structure of these loop regions (Figure 2-3B). We hypothesized that if any loop deletion mutant
abolished the capability of Nb39 to inhibit cpGFP fluorophore maturation, that construct would
always be fluorescent, even if TEVp did not remove the Nb39 variant. Interestingly, none of the
loop deletion mutants increased the background fluorescence in the no TEVp condition,
indicating a single loop deletion is not sufficient to disrupt Nb39’s fluorophore maturation
inhibition capability (Figure 2-3C). This is consistent with our previous Nb39 loop grafting
experiment (Figure 2-1D), in which multiple Nb39 loops grafted alone into Nb80 exhibit cpGFP
fluorophore inhibition abilities. Therefore, deleting one loop at a time in Nb39 did not abolish
fluorophore maturation inhibition abilities, because other Nb39 loops are able to compensate and

still inhibit the fluorescence.
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Figure 2-4: Probing the amino acid sequence of the chimeric nanobody compared to wtNb80 sequence. (A)
Probing the amino acid sequence effect of the grafted Nb39 loop 7 in chimeric Nb80/Nb39 and wtNb80 position 3
residues. Fluorescence imaging quantification. B2AR-SENSIT chimeric nanobody mutants were stimulated with 10
pM isoproterenol for 24 hours. The numbers above each bracket are the SBR between stimulated and unstimulated
conditions. All significance was calculated using a two-tailed Welch’s t-test. Stars indicate the degree of
significance as follows *, P<0.05, **, P<0.01, *** P<0.001, **** P<0.0001. Dots on the plot indicate the mean of
three technical replicates. n = 3. The thick horizontal bar is the mean of the three technical replicates and the error
bars are the SEM. (B) Nb39 and Nb80 sequence alignment where Nb39 loops are highlighted in yellow and Nb80
loops are highlighted in gray. Labels identify each Nb39 loop and Nb80 position. The red box highlights the Nb80
point mutation from Figure 2-4A.
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The chNb80/39 in B2AR-SENSITL1.0 enables the probing of individual loops to study
their specific roles in inhibiting cpGFP fluorophore maturation. We next examined the role of
chNb80/39 P3L7 loop composition. We designed a series of B2ZAR-SENSIT1.0 mutants by
systematically reverting chNb80/39 back to the wild type Nb80 (wtNb80) counterpart, as shown
in Figure 2-4A. The chimeric Nb80/Nb39 (chNb80/39) mutant with only 2 amino acids at the
two ends of the loop reverted to wtNb80 residues already exhibited high background without
stimulation (Figure 2-4A, first mutant), suggestive of a weakened ability for inhibiting cpGFP
fluorophore maturation. Further mutations resulted in even higher background. Notably, the
chNDb80/39 mutant with only the first and last residue of P3L7 showed low background
fluorescence without stimulation (Figure 2-4A). This result suggests that the first and last residue
of Nb39 loop 7 likely play a role in the cpGFP fluorophore maturation inhibition.

In addition, sequence alignment of Nb80 and Nb39 showed a highly conserved loop
sequence differing by only one amino acid (Figure 2-4B). This led us to include a wtNb80
mutant that had this P87H single point mutation to resemble Nb39 loop 7 (Figure 2-4A). This
mutant exhibited high background with an SBR of ~ 2 (Figure 2-4A, last mutant), suggesting
weak inhibition. As a control for the Nb80 P87H mutant we also compared to wtNb80 in the
SENSIT system. Intriguingly, we found that wtNb80 also exhibits weak inhibition fairly similar
to the P87H mutant (Figure 2-4A). A nanobody such as Nb80 may already contribute to cpGFP
fluorophore maturation inhibition, although Nb39 and chimeric nanobodies with Nb39 loops
clearly have a stronger influence. This finding indicates that the cpGFP inhibition is dependent

on the loop composition as well as position in the nanobody.
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Figure 2-5: Determining if Nb39 loop sequences can function as peptides. (A) Schematic of the experimental
design for testing if Nb39 loops as peptides alone can still inhibit cpGFP. (B) Fluorescence imaging quantification
of the experiment described in the Figure 2-5A. All significance was calculated using a two-tailed Welch’s t-test.
Stars indicate the degree of significance as follows *, P<0.05, **, P<0.01, ***, P<0.001, ****, P<0.0001. Dots on
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the plot indicate the mean of three technical replicates. n = 3. The thick horizontal bar is the mean of the three
technical replicates and the error bars are the SEM.

Since loop positioning is critical, we next investigated whether the nanobody scaffold
itself is essential for inhibiting cpGFP fluorophore maturation. Using the TEVcs fusion system,
we replaced the chimeric nanobody with the Nb39 loop residues expressed as an unstructured
peptide (Figure 2-5A). As expected, these constructs exhibited high background fluorescence
(Figure 2-5B), suggesting the peptide sequence without the structural constraints of the
nanobody scaffold could no longer inhibit cpGFP fluorophore maturation.

In summary, these mechanistic studies suggested the critical importance of the loop

positioning, structure, and sequence for inhibition of cpGFP fluorophore maturation.
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2.4 Mammalian Cell-based chNb80/Nb39 Directed Evolution Efforts and chNb80/Nb39

Variants Rescreening
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Figure 2-6: Directed evolution of the chimeric Nb80/Nb39 portion of B2ZAR-SENSIT. (A) Schematic for the
evolution platform in HEK293T cells infected with lentivirus containing the B2AR-SENSIT library DNA

(SENSIT*). FACS selection parameters are for high cpGFP from B2AR-SENSIT, and high mCherry, the expression
marker. (B) Schematic for the library design with targeted mutations of the chimeric Nb80/Nb39 loop that binds to

B2AR. Eight residues of the chimeric nanobody binding loop were targeted for site-saturated mutagenesis

generating a library with single point mutations possible at each position. PDB: 5C1M. (C) FACS selection
schematics for sorting strategy 1. Includes a round 1 with 24-hour drug stimulation sorting followed by a round 2
with 5-minute drug stimulation sorting. Representative gating mechanism is shown. (D) Quantification of the
chimeric Nb80/Nb39 single mutants identified through directed evolution compared to the starting point B2AR-
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SENSIT1.0. The numbers above each bracket are the SBR between stimulated and unstimulated conditions. All
significance was calculated using an unpaired two-tailed Student’s t test. Stars indicate the degree of significance as
follows *, P<0.05, **, P<0.01, ***, P<0.001, ****, P<0.0001. Dots on the plot indicate the mean of three technical
replicates. n = 3. The thick horizontal bar is the mean of the three technical replicates and the error bars are the
SEM.

We previously observed that B2ZAR-SENSIT1.0 requires one day (24-hours) of agonist
stimulation to achieve high SBRs, while 1 hour of drug stimulation leads to low activation and
SBRs. This long stimulation time requirement would greatly limit B2ZAR-SENSIT’s applications
in animal models, as epinephrine release is transient. To address this limitation, we employed
directed evolution to further improve B2AR-SENSIT’s response time to agonist stimulation.

We opted to use mammalian cell-based directed evolution methods (Figure 2-6A) to
ensure efficient membrane trafficking of B2ZAR-SENSIT and introduced a P2A sequence
followed by mCherry to monitor sensor expression. For the library design, we sought to improve
the binding between B2AR and chNb80/39 by targeting the loop that directly binds B2AR’s
intracellular G-protein binding pocket. We used site-saturation random mutagenesis to generate a
library of single mutants for each residue of chNb80/39 loop 4 (Figure 2-6B). A B2AR-SENSIT
library was then prepared in lentivirus for infection in HEK293T cells, with subsequent agonist
stimulation and fluorescence-activated cell sorting (FACS) (Figure 2-6A).

In the first round of sorting, we stimulated the cells expressing the library of SENSIT
mutants with agonists for 24 hours and then selected the population with the highest
GFP/mCherry ratios, about 0.1% of the total population (Figure 2-6C, top row). In the second
round, we stimulated the cells with agonists for only 5 minutes for an additional round of
positive selection (Figure 2-6C, bottom row). The gating strategy for the second round can be
found in Appendix Figure A-2A. A stricter strategy was also implemented, in which the original
library was stimulated for 5 minutes only followed by positive sorting (Appendix Figure A-2B).
Both sorted libraries were analyzed using next generation sequencing to identify enriched
mutants (Appendix Figure A-2C).

We characterized nine of the highest enriched mutants with 1 hour and 24 hour
stimulation with isoproterenol. Compared to B2ZAR-SENSIT1.0, most of these mutants exhibited
simultaneous increases or decreases in both background and activation signal (Figure 2-6D).
Notably, two mutants, E106G and E106S, showed 1 hour stimulation SBRs of 2.5 and 2.2,
respectively, a notable increase from the 1.8 SBR observed with B2AR-SENSIT1.0 (Figure 2-

6D). Another variant, Y107R, showed the largest increase in activation signal but also a
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significant increase in background signal (Figure 2-6D). We hypothesized a combination of
E106G or E106S and Y107R could enhance the activation signal while retaining a good SBR.
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Figure 2-7: ldentifying the best chimeric nanobody for the final B2AR-SENSITL1.1. (A) Fluorescence imaging
quantification of Nb80 position 2 replacement with each of the eight Nb39 loops. All were stimulated with their
respective agonists (10 uM fentanyl or isoproterenol) for 24 hours. (B) Table summarizing the SBRs for the best
chimeric Nb80/Nb39 along with MOR-SPOTIT2 and B2AR-SPOTall with 1-hour and 24-hour stimulation.
Stimulation is same as described in (A). (C) Fluorescence imaging quantification of SENSIT variants using the
P2L8 nanobody and its mutants, E106G, E106S and E106S/Y107R. For (A) and (C): All significance was calculated
using a two-tailed Welch’s t-test. Stars indicate the degree of significance as follows *, P<0.05, **, P<0.01, ***,
P<0.001, **** P<0.0001. The numbers above each bracket are the SBR between stimulated and unstimulated
conditions. Dots on the plot indicate the mean of three technical replicates. n = 3. The thick horizontal bar is the
mean of the three technical replicates and the error bars are the SEM.

In parallel to the mammalian cell-based directed evolution, we rescreened chNb80/39
designs by replacing Nb80 position 2 with each Nb39 loop (Figure 2-7A and Appendix Figure
A-3A). Notably, Nb39 loop 5 at Nb80 position 2 exhibited a SBR of 13.9, much higher than the
SBR of 1.6 when at Nb80 position 3 (Figure 2-1D and 2-7A). This underscores that the position

of Nb39 loop insertion is critical for inhibiting fluorophore maturation. Insertion of Nb39 loops 7
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and 8 at Nb80 position 2 and 3 all yielded high SBRs, with the best SBR of 22.2 resulting from
NDb80 position 2 with Nb39 loop 8 insertion (P2L8) (Figure 2-7A).

To select the chNb80/39 with the best sensitivity to agonist stimulation time, we
characterized the top five chNb80/39 variants from both position 2 and 3, using 1-hour and 24-
hour agonist stimulation (Figure 2-7B and Appendix Figure A-3B). Among these variants, P2L8
exhibited a high SBR of 3.27 after 1 hour of drug stimulation compared to the SBR of 2.0 for
B2AR-SENSIT 1.0 P3L7 insertion. P2L8 also showed the highest overall SBR of 26.7 with 24-
hour agonist stimulation (Figure 2-7B).

Building on the chimeric nanobody rescreening and the directed evolution results, we
introduced the single mutations E106G and E106S, as well as the double mutation E106S and
Y107R into the P2L8-SENSIT variant. We characterized their SBRs across a series of agonist
stimulation times ranging from 30 seconds to 24 hours (Figure 2-7C). The E106S/Y107R double
mutant exhibited the highest activation signal with 5 minutes of stimulation and a strong SBR of
7.5 with 24 hour stimulation (Figure 2-7C). We designated this improved variant as B2AR-
SENSIT1.1.

2.4.1 Directed Evolution of cpGFP in SENSIT

In addition to evolving the chNb80/39 we utilized another approach for increasing the
SBR at lower agonist stimulation times, by evolving the cpGFP with YNSH simultaneously
targeting the first 3 residues (YNS) for site-saturated mutagenesis (Figure 2-8A). We
hypothesized that YNSH were at a critical position for effecting cpGFP’s fluorophore, but that a
different amino acid sequence than YNSH could improve the SBR. After one round of sorting, a
greater difference in the no drug versus plus drug library was observed, so we analyzed these
cells using next-generation sequencing (Figure 2-8B and 2-8C). Among the mutants we chose to
focus on the GHA and ENG sequences, from initial screening of the top variants. We tested these
mutants in B2AR-SENSIT 1.1 (which does not contain YNSH residues) compared to SENSIT
variants with YNSH-cpGFP and B2AR-SENSIT1.0 P3L7 chimeric nanobody or the B2AR-
SENSIT1.1 P2L8 chimeric nanobody. Neither sequence improved the SBR at 1 hour in
comparison to B2AR-SENSIT1.1 (Figure 2-8D). Therefore, we proceeded with characterization
of B2AR-SENSIT1.1.
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Figure 2-8: Directed evolution of the SENSIT cpGFP. (A) Schematic for the library design strategy behind
cpGFP evolution. Using the cpGFP including the YNSH residues (shown in blue, yellow, orange, and pink
respectively), the circled YNS residue positions were randomized for site-saturated mutagenesis. Model cpGFP is an
Alphafold 3 predicted structure. (B) Representative flow cytometry plots from FACS where the upper right quadrant
represents the population of interest. The number above this quadrant is the percent of the total cell population
present within that quadrant. (C) Table summarizing next generation sequencing results for the cpGFP directed
evolution. Column 1 is the identified amino acid sequence mutation compared to the unmutated YNSH-cpGFP.
Column 2 is the fold change for number of times this sequence appears compared to the most common unmutated
sequence. (D) Quantification of the comparison of new cpGFP mutants to B2AR-SENSIT1.1, as well as the B2AR-
SENSIT1.0 (chimeric Nb80/Nb39 P3L7) with YNSH and B2AR-SENIST1.1 (chimeric Nb80/Nb39 P2L8 with
E106S/Y107R) with YNSH. The numbers above each bracket are the SBR between stimulated and unstimulated
conditions. All significance was calculated using a two-tailed Welch’s t-test. Stars indicate the degree of
significance as follows *, P<0.05, **, P<0.01, ***, P<0.001, ****, P<0.0001. Dots on the plot indicate the mean of
three technical replicates. n = 3. The thick horizontal bar is the mean of the three technical replicates and the error
bars are the SEM.

2.5 Discussion of SENSIT Development and Key Insights into Nb39-cpGFP Interaction

In this chapter, I introduce SENSIT, a highly modular single-chain fluorescent integrator
platform that establishes a new design paradigm for genetically encoded neuromodulator
sensing. The key innovation is a bifunctional, conformation-specific binding protein in which
ligand recognition and fluorescent signal integration are unified by grafting a cpGFP fluorophore

maturation—inhibitory motif into a defined structural loop. This architecture encodes the sensing
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logic directly within a modular binding scaffold, eliminating the need for additional
conformation specific nanobodies (as in SPOTall) or chimeric receptor design (as in SPLICEIT).

Beyond tool development, the SENSIT platform enabled mechanistic interrogation of
cpGFP fluorophore maturation inhibition, revealing that both the amino acid composition of the
inhibitory loop and its structural context within the grafted protein critically influence sensor
function. These findings establish design rules for engineering fluorophore maturation—based
integrators and inform future optimization strategies.

Finally, I established a protocol for direct directed evolution of the entire sensor in
mammalian cell, a challenging system due to limitations of library size and also the time required
to passage after sorting and prepare for further sorting and analysis. To increase the applicability

of the SENSIT platform, directed evolution will be required.
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Chapter 3 SENSIT Characterization, Expansion to other GPCRs, and Design of Chimeric
MiniG

In this chapter I will discuss my work in characterizing the best experimental parameters
for B2AR-SENSITL1.1 application, from HEK cell culture to rat neuronal culture, to mouse brain.
Then, I will demonstrate the generalizability through design and characterization of BIAR-
SENSIT, CHRM2-SENSIT, and B2AR-SENSIT2.0 which relies on a unique chimeric G protein
mimetic, the engineered miniG protein.2 This shows that the chimeric nanobody design principle
can be expanded beyond nanobody scaffolds, and that one Nb39 loop region is sufficient for

cpGFP inhibition even in a larger protein than a nanobody.
3.1 Materials and Methods

3.1.1 B2AR-SENSIT Agonist Exposure Experiment
Twenty to twenty-four hours after transfection with B2ZAR-SENSIT DNA, HEK293T
cells were stimulated with 100 uL of isoproterenol diluted in complete media, for a final

concentration of 10 uM within the well. Cells were incubated for 30s, 5 min, 1 h, 3 h, 6 h,and 24

2 Chapter 3 was largely adapted from the following publication:

Putansu, A., Soloweij, I., Rivett-Trznadel, H., Lakkanasirorat, B., Moran, L., Kroning, K., Liu,
J., Li, X, Li, P., and Wang, W. “SENSIT, a modular single-chain fluorescent integrator platform
for GPCR ligands.” (Manuscript under revision).

Aubrey Putansu wrote the entirety of the above article, with editing from Isabel Soloweij,
Hannah Rivett-Trznadel, Benya Lakkanasirorat, Lexie Moran, Kayla Kroning, Gwen Shingles,
Jiahui Ding, Professor Peng Li, and Professor Wenjing Wang. Isabel Solowiej conducted the
neuron and animal experiments for B2ZAR-SENSIT1.1. Xiaoyan Li did all the cloning of the

miniG constructs. Lexie Moran completed the B2ZAR-SENSIT2.0 miniG cell culture experiment.
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h. After the incubation time cells were washed twice with complete media and left in media for
24 hours. The cells were then fixed and imaged at 20x with a CAPS pH 11 buffer.

3.1.2 B2AR-SENSIT Maturation Experiment

Twenty to twenty-four hours after transfection with B2AR-SENSIT DNA, HEK293T
cells were stimulated with 100 uL of isoproterenol diluted in complete media, for a final
concentration of 10 uM within the well. Then cells were fixed after stimulation at each time
point 1 h, 3 h, 6 h, 8 h, and 24 h to capture fluorophore maturation progress. For the 0 h time
point the cells were never stimulated but fixed at the same time as the 24 h condition. After
fixation, plates were stored in PBS buffer until the day of imaging awaiting the 24 h condition.
The cells were then imaged at 20x with a CAPS pH 11 buffer.

3.1.3 B2AR-SENSIT pH Titration

Twenty to twenty-four hours after transfection with B2ZAR-SENSIT DNA, HEK293T
cells were stimulated with 100 uL of isoproterenol diluted in complete media, for a final
concentration of 10 uM within the well. Twenty-four hours after stimulation cells were fixed and
imaged in a range of buffers to cover distinct pH ranges; 1x PBS for pH 6 and 7, 100 mM Tris
for pH 7.5, 8, and 9, and 100 mM CAPS for pH 10 and 11.
B2AR-SENSIT Selectivity

Twenty to twenty-four hours after transfection with B2ZAR-SENSIT DNA, HEK293T
cells were stimulated with 100 uL of selected drug for panel which included isoproterenal,
epinephrine, norepinephrine, dopamine, serotonin, and butoxamine and each was diluted in
complete media. The final well concentration was 10 uM for each. Twenty-four hours after

stimulation cells were fixed and imaged with a CAPS pH 11 buffer.

3.1.4 B2AR-SENSIT Dose Response

Twenty to twenty-four hours after transfection with B2AR-SENSIT DNA, HEK293T
cells were stimulated with varying concentrations of epinephrine or norepinephrine to achieve
the following final well concentrations; 500 pM, 1 nM, 5 nM, 10 nM, 50 nM, 100 nM, 500 nM, 1
UM, 5 uM, 10 pM, 50 uM, 100 pM, 500 pM, and 1 mM. Due to the sensitivity for isoproterenol
the final well concentrations were adjusted to the following; 50 pM, 100 pM, 500 pM, 1 nM, 5
nM, 10 nM, 50 nM, 100 nM, 500 nM, 1 pM, 5 uM, 10 pM, 50 pM, and 100 pM. All
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preparations were diluted in complete media. Twenty-four hours after stimulation cells were
fixed and imaged with a CAPS pH 11 buffer.

3.1.5 Rat Neuronal Culture

E18 Sprague-Dawley Rat Whole Brain (TransnetY X, Cat no. SDEWB) was dissociated
with L-Cys-activated papain solution pH 6.5 containing 2 mL of L-Cysteine (Sigma, Cat no.
30089) and 100 pL papain (Sigma, Cat no. P3125). After dissociation, 1x105 neuronal cells were
plated into each well of a 48 well plate precoated with 400 pL of poly-D-lysine (0.1 mg/mL,
Sigma, Cat no. P7280) and laminin (3 ug/mL, Sigma, Cat no. L2020) premixed solution.
Neuronal cells were cultured at 37 C under 5% CO2 in plating medium and maintained by
replacing 300 pL of old media with 500 pL of fresh neurobasal medium (NGM) every 4 days.
The plating medium contained Neurobasal Plus Medium (Gibco), 2 % B27 supplement (Thermo
Fisher Scientific), 1% GlutaMAX (Gibco), and 24% complete growth media. The NGM
contained Neurobasal Plus Medium, 2% B27 supplement, and 1% GlutaMAX.

3.1.6 Viral Transduction of Neuronal Cultures

At DIV6, neuronal cultures were transduced with the addition of up to 1 pL concentrated
B2AR and B1AR SENSIT AAV per well. The plate was returned to incubate at 37 C under 5%
CO2.
Neuronal Culture Stimulation and Fixation

At DIV13 (7 days post transduction), neurons were stimulated by 1 uM isoproterenol
(Sigma, Cat no. 16504) or equivalent volume of NGM and allowed to incubate for 24 hours at 37
C under 5% CO2. Following the incubation, neuronal cells were fixed for 30 minutes on ice with
fixation solution comprised of 4% paraformaldehyde, 25 mM HEPES, 10 mM EGTA, 2 mM
MgCI2, and 0.12 M sucrose at pH 7.3. Wells were washed once with PBS prior to addition of
200 pL pH 11.0 CAPS buffer and imaging.

3.1.7 B1AR- and CHRM2-SENSIT Characterization

B1AR-SENSIT characterization followed an identical procedure to B2ZAR-SENSIT,
transfecting with 100 ng DNA and using 10 M isoproterenol to stimulate for agonist exposure
time experiment. Selectivity panel drug concentrations were 10 M. All dose response curves
ranged from 500 pM to 1 mM with the same intervals as described above for B2ZAR-SENSIT

dose response.
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CHRM2-SENSIT characterization followed an identical procedure, transfecting with 100
ng DNA but instead stimulating with 50 uM iperoxo for agonist exposure time experiment.
Selectivity panel drug concentrations were 100 uM. All dose response curves ranged from 500
pM to 1 mM with the same intervals as described above for B2ZAR-SENSIT dose response.

All images were fixed and taken at 20x with a CAPS pH 11 buffer.

3.1.8 Concentrated AAV Preparation for Stereotactic Injection

To prepare AAV1/2 concentrated virus, 5.2 pg viral construct DNA, 4.35 ug AAV1, 4.35
Hg AAV2, 10.4 ug DF6 were incubated with serum free DMEM and mixed before adding PEI
max solution and incubating for at least 10 minutes at RT before addition of DMEM, MEM, and
FBS media. Four T150 flasks of HEK293T cells at approximately 80% confluence were then
incubated with the viral DNA transfection mixture for 48 hours. Media was aspirated and the cell
pellet was collected via cell scraping, collecting in DPBS, and centrifugation at 1,200 rpm. The
DPBS is aspirated and the pellet is resuspended in 20 mL tris buffer containing 20 mM Tris 100
mM NaCl pH = 8.0. Freshly made 10% wi/v sodium deoxycholate (Sigma-aldrich) in H20 was
added to a final concentration of 0.5%, then benzonase nuclease (Sigma-aldrich) to a final
concentration of 50 units per mL. This solution was incubated for 1 hour at 37 oC and cleared of
cellular debris via centrifugation at 10,000 rpm for 10 minutes. The supernatant was loaded onto
a pre-equilibrated, with 10 mL 150 mM NaCl, 20 mM Tris, pH=8.0 solution, HiTrap heparin
column via peristaltic pump. The column was washed with 20 mM Tris pH 8.0 buffer with the
following salt gradient of with 1 mL 200 mM NaCl then 1 mL 300 mM NacCl. The virus was
eluted with 20 mM Tris pH 8.0 buffer and a salt gradient of 1.5 mL 400 mM NaCl, 3 mL 450
mM NacCl, and 1.5 mL 500 mM NacCl . Eluted virus was concentrated down with Amicon ultra
centrifugal units at 6,000 rpm. 1ImL of sterile DPBS, 35 mM NacCl, 5% glycerol was added to the
centrifugal filter unit and centrifuged at 8,000 rpm until a final volume of 100-200 pL was
achieved. The concentrated AAV was aliquoted into 10 pL and stored at -80 oC.

Viral titer was determined using SYBR Green quantitative PCR master mix protocol
(Fisher Scientific) with measurements taken on an Applied Biosystems StepOnePlus Real-Time

PCR System Thermal Cycling Block.

3.1.9 B2AR-SENSIT Mouse Testing
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3.1.9.1 Mouse lines:

All procedures were conducted in accordance with NIH guidelines for the care and use of
laboratory animals and were approved by the University of Michigan University Committee on
the Use and Care of Animals. Mice were housed on a 12-h light/dark cycle with ad libitum
access to food and water. All mouse strains used were on a C57BL/6J genetic background, and

both male and female animals were included in the study.

3.1.9.2 Stereotactic injection:

Adult mice were anesthetized with isoflurane (3% for induction, 1.5% for maintenance)
for bilateral stereotactic injection. Animals received 5 mg/kg of preemptive analgesic carprofen
prior to placement in the stereotactic frame (David Kopf Instruments) and body temperature was
maintained at 35 to 37 °C using a feedback-controlled heating pad (Physitemp, TCAT-2LV). The
following coordinates were used for injections; LHA: 0.95 mm from midline, —1.40 mm
posterior to bregma, and —5.25 mm ventral from bregma. Then, 1000 nL of the AAV1/2-CAG-
B2AR SENSIT virus was injected into the LHA at a rate of 60 nL/min. After injection, the

pipette was left in the brain for 10 min to allow for pressure to equalize.

3.1.9.3 Drug administration and histology:

Seven days post intracerebral viral vector delivery, 1000 nL of 10 mM of epinephrine
drug or a saline control was injected locally into the LHA via stereotactic injection at 80 nL/min.
After drug injection, the pipette was left in the brain for 5 minutes to allow for pressure to
equalize. Twenty-four hours following drug injection, the mice were deeply anesthetized and
transcardially perfused with 10 mL PBS followed by 10 mL 4% paraformaldehyde (PFA,
Electron Microscopy Science, 15713). The brain tissue was extracted and postfixed in 4% PFA
overnight. The tissue was cryopreserved in 30% sucrose for 48 hours and then embedded into
optimum cutting temperature compound (OCT). The brain was sectioned into serial slices
through the LHA at 40 microns with a Leica cryostat CM3050 S.

3.1.10 MiniGs-SENSIT Initial Testing and Engineering
Twenty to twenty-four hours after transfection with 100 ng Mini-Gs variant DNA,
HEK293T cells were stimulated with 100 uL of isoproterenol diluted in complete media, for a

final concentration of 10 uM within the well. No drug conditions had an equal volume of only
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complete media. Twenty-four hours after stimulation cells were fixed, immunostained, and
imaged at 20x with a CAPS pH 11 buffer.

Immunostaining procedure is identical to B2ZAR-SENSIT characterization.

3.1.11 Confocal Microscopy of HEK293T and Mouse Brain

All images were fixed cells in 100 mM CAPS 100 mM NacCl buffer kept at pH 11, except
for images taken in the pH titration. Confocal imaging was performed on a Nikon inverted
confocal microscope with 20x air objective and 60x oil immersion objective, outfitted with a
Yokogawa CSU-X1 5000RPM spinning disk confocal head, and Ti2-ND-P perfect focus system
4, a compact 4-line laser source: 405 nm (100 mW) 488 nm (100 mW), 561 nm (100mW), and
640-nm (75 mW) lasers. The following combinations of laser excitation and emission filters
were used for various fluorophores: EGFP/Alexa Fluor 488 (488 nm excitation; 525/36
emission), mCherry (568 nm excitation; 605/52 emission), Alexa Fluor 647 (647 nm excitation;
705/72 emission), and differential interference contrast (DIC). The acquisition time was 500ms
at 30% laser intensity. The camera unit is an ORCA-Flash 4.0 LT + sCMOS camera. All images
were taken with either the 20x or 60x objectives. To interface with the microscope and take
images we used the Nikon NIS-Elements hardware control software and images were processed
with NIS-Elements General Analysis 3 software.

For the mouse brain slices, sections were washed in 0.1% PBS Tween 20 three times
before staining with DAPI dihydrochloride (Invitrogen) diluted 1:5,000 in PBS. After washing in
0.1% PBS Tween 20 three times, sections were then imaged as described above at 10x, with pH
11 buffer.

3.1.12 Confocal Microscopy of Neuron Culture

Neuronal cells were imaged with a Nikon inverted confocal microscope with the 10x air
objective outfitted with a Yokogawa CSU-X1 5000RPM spinning disk confocal head, and Ti2-
ND-P perfect focus system 4, a compact 4-line laser source: 405 nm (100 mW) 488 nm (100
mW), 561 nm (100mW), and 640-nm (75 mW) lasers. The combinations of laser excitation and
emission filters were used as follows: EGFP (488 nm excitation; 525/36 emission), mCherry
(568 nm excitation; 605/52 emission), and differential interference contrast (DIC). All images

were taken with a 500 ms acquisition time, 50% laser intensity, and an ORCA-Flash 4.0 LT +
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SCMOS camera. All images were collected and processed using the Nikon NIS-Elements

software.

3.1.13 Analysis of HEK293T and Neuron Cell Images

All HEK293T cell experiments were done with three technical replicates meaning three
wells per condition. Then ten images were taken per well, and the fluorescence mean intensity
value was measured and taken from the NIS-Elements General Analysis 3 software. To
determine the optimal threshold value for counting true signal above autofluorescence of the
cells, we chose ten points devoid of cells on the plate and multiplied this background
autofluorescence by 2. The same threshold is used for all conditions in a single experiment. Two
values were taken from the cell images that have fluorescence values above the threshold, the
mean intensity value and the total object area. The total object area is defined as the area of cells
that are within the threshold value. Then the mean intensity is the count of fluorescence intensity
from cells within the total object area. If the system did not use a co-expression of mCherry we
then would multiply the total object area by the mean intensity value to calculate the sum
intensity. Background subtraction for HEK293T experiments used the mean intensity of the plate
without any cells present and multiplied by the total object area within the threshold, and then
subtracted this from the sum intensity.

If the system did use a co-expression of mCherry we chose to normalize the fluorescent
signal of the sensor cpGFP to the mCherry to account for differences in expression between
wells and conditions. For this calculation we took the mean intensity and subtracted the
background mean intensity, then multiplied by the total object area for each channel separately.
To get the normalized signal we divided the cpGFP sum intensity with background subtraction
by the mCherry sum intensity with background subtraction.

For HEK293T and rat neuronal culture experiments, the sum intensity of the 10 images
from each technical replicate were averaged and plotted as one point on the graph. All images
were included in analysis, unless they were blurry, had autofluorescent artifacts, or were
primarily devoid of cells.

For mouse brain slice analysis, we manually defined 4 regions of interest (ROI) per
injection site for 3 brain slices per mouse giving a total of 24 ROI per mouse. We then pulled the
ROI statistics focusing on the mean intensity and area of each ROI per channel. Background was

calculated from taking the mean fluorescence intensity per channel from 5 random non-
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expressing brain slice regions. The background value was then multiplied by area and subtracted
from the ROl mean intensity times area to give the average sum fluorescence intensity. Because
the mCherry expression marker was present we calculated the normalized signal as described
prior. We plotted all normalized signal values for each condition.

For all experiments, Prism GraphPah software was used for plotting, as well as

performing unpaired Welch’s t tests to calculate significance.

3.2 Characterization of B2ZAR-SENSIT1.1

B2AR-SENSITL1.1 contains the P2L8 chNb80/39 with the E106S/Y107R mutation
(Figure 3-1A). To characterize the membrane-trafficking of B2AR-SENSIT1.1 we performed
immunostaining of the sensor expressed in HEK cells. B2ZAR-SENSIT1.1 exhibited efficient
membrane-trafficking (Figure 3-1B).

Next, we characterized the selectivity of B2AR-SENSIT1.1 by screening a panel of
ligands, including isoproterenol (a strong synthetic agonist), epinephrine (the native agonist),
norepinephrine (another native but weaker agonist), the antagonist butoxamine and several non-
activating molecules. As expected, B2ZAR-SENSIT1.1 showed selective activity similar to B2AR
(Figure 3-1C and Appendix Figure A-4A).57

To evaluate the sensitivity of B2AR-SENSIT1.1 to various agonists, we generated dose
response curves for isoproterenol, epinephrine, and norepinephrine. Agonist was present for a
full 24 hours in every concentration condition. B2ZAR-SENSIT1.1 preferentially detected
epinephrine (EC50 = 225 nM) with 19-fold higher sensitivity than norepinephrine (EC50 = 4.45
uM) (Figure 3-1D, and Appendix Figure A-4B and A-4C). As expected, the sensor was most
sensitive to the potent synthetic agonist isoproterenol with an EC50 of 45.5 nM (Figure 3-1D and
Appendix Figure A-4D).

To characterize the temporal kinetics of B2ZAR-SENSIT1.1, we conducted a time-course
experiment by exposing the sensor to agonist for varying durations, while agonist concentration
was held constant. While B2AR-SENSIT1.1 exhibited the expected positive correlation between
exposure time and activation signal, it notably achieved a robust SBR of 2.5 after only 5 minutes
of isoproterenol stimulation (Figure 3-1E and Appendix Figure A-5A).

We next characterized the fluorophore maturation time for B2ZAR-SENSIT1.1. In this
study, all samples were stimulated at the same time, and isoproterenol was present for the

entirety of the experiment, but we varied the time at which the cells are fixed to terminate further
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maturation. We tried 1, 3, 6, and 8 hours as well as the standard timepoint for fixation of 24
hours post stimulation. Higher activation signals were observed at longer stimulation times,
mirroring the trends of previously published SPOTIT sensors (Figure 3-1F and Appendix Figure
A-5B).

B2AR-SENSIT 1.1

Anti-GFP mCherry DAPI

+iso

—iso

>
5 —3-9—|; £ 2 osy ECS0:225nM 0.4 EC50: 4.45 yM 0.5 225/00‘7’5351 '2"\1"
8 o6 , s (95% CI: 146 to . (95% CI: 2.83 to f (95% CI: 31.2to
T & 8 345 nM) 03 04 654 nM) .
E ] .
5 E —ns T > 0s 03
G 04 [ns 0 o 53 0.2
gE ns £5 02
o - S E 02
5 02 5 01 0.1
™ J_—E :
© N = w 0.0+ L e e Y e e B X T T T T ™
0.0 T o 43 21012 34 43 24012 3 4 5 -4 3 22 1 0 1 2 3
2 & &
&Qg‘(_\\(\a \o®°¢'\\°®<\(\°® &S
RO P T & Log ([Epinephrine] / uM) Log ([Norepinephrine] / M) Log ([Isoproterenol] / uM)
‘b& o @Q\ R OQ‘
&
fix
E add drug wash fix F G

\

v ¥ { '
15+
pKa :8.55 —— plus drug

6.1 1.5
10 ————>
I T (95% Gl : ~ nodrug
08 24 % . 10l 818t0907)
 « 1.0 E
. 2.5 .
o] [ 2 os 0.5
— 2 E
. -
lend /‘/./_—.——I
0.0+ T T T T 1 0.0 T
0 5 10 15 20 25

I

o
a

Normalized GFP signal

=)
Y

GFP signal normalized by
mCherry
o
Normalized GFP signal

e
o

0 30s 5m 1h 3h 24h

hours of stimulation pH

Figure 3-1: Characterization of B2AR-SENSITL1.1. (A) Schematic describing position 2 of Nb80 and sequence of
Nb39 loop 8. The final chimeric nanobody in B2AR-SENSITL.1 also includes the E106S/Y107R mutations in Nb80
position 4. PDB: 5C1M. (B) Representative fluorescence images of B2AR-SENSIT1.1 in HEK293T cells. Scale bar,
20 pum. Cells were stimulated with 10 uM isoproterenol. Twenty-four hours after stimulation, cells were fixed,
immunostained, and imaged at pH 11. cpGFP, cpGFP fluorescence. Anti-GFP, protein expression level from
immunostaining. mCherry, protein expression level. DAPI is a nuclear stain. (C) Selectivity characterization of
B2AR-SENSIT1.1. The numbers above each bracket are the SBR between stimulated and unstimulated conditions.
(D) Dose response characterization. ECsg displayed with the 95% confidence interval. (E) Temporal kinetic study of
B2AR-SENSITI.1. “s”, seconds, “m”, minutes, “h”, hours. The numbers above each bracket are the SBRs between
stimulated and unstimulated conditions. (F) Fluorophore maturation time characterization of B2ZAR-SENSIT1.1.
After a variable stimulation time (0, 1, 3, 6, 8 and 24 hours), cells were immediately fixed and stored until imaged.
For (C-F): All significance was calculated using a two-tailed Welch’s t-test. Stars indicate the degree of significance
as follows *, P<0.05, **, P<0.01, ***, P<0.001, ****, P<0.0001. Dots on the plot indicate the mean of three
technical replicates. n = 3. The thick horizontal bar is the mean of the three technical replicates and the error bars are
the SEM. (G) pKa determination for B2ZAR-SENSIT1.1. pKa is displayed with a 95% confidence interval. To
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monitor the same fluorophores over various pH ranges, we imaged one field of view at pH 6, 7, 8, 8.5, 9. 10 and 11.
Dots on the plot indicate the mean of three replicates. n = 3.

The pKa for the cpGFP in SPOTIT sensors was found to be higher than EGFP,
necessitating imaging of the fixed cells and tissues at higher pH. Therefore, we performed pH
titrations of B2ZAR-SENSIT1.1 from pH 6 to 11 using fluorescence imaging of fixed cells. B2ZAR
SENSITL1.1 showed a pKa of 8.6, and consequently, SENSIT imaging should be done at pH 11
to ensure all fluorophores are deprotonated for the maximum fluorescence intensity (Figure 3-1H
and Appendix Figure A-6A). In addition, mCherry fluorescence is also increased at pH 11 as

shown in Appendix Figure A-6B.

3.2.1 B2AR-SENSIT Characterization in Rat Neurons and Mouse Brain
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Figure 3-2: Application of B2ZAR-SENSIT1.1 in vivo. (A) Representative fluorescence images of B2AR-
SENSIT1.1 in the rat neuronal culture cells. Scale bar indicates 100 pm. Cells were stimulated with 1 pM
isoproterenol. Twenty-four hours after stimulation, cells were fixed, and imaged at pH 11. GFP, cpGFP
fluorescence. mCherry, protein expression level. (B) Quantification of B2AR-SENSIT1.1 rat neuronal culture
experiment. The concentrated AAV used to infect the neurons was either undiluted (1x) or diluted by half (0.5x) or
one quarter (0.25x). The numbers above each bracket are the SBR between stimulated and unstimulated conditions.
All significance was calculated using a two-tailed Welch’s t-test. Stars indicate the degree of significance as follows
*, P<0.05, **, P<0.01, ***, P<0.001, ****, P<0.0001. Dots on the plot indicate the mean of three technical
replicates. n = 3. The thick horizontal bar is the mean of the three technical replicates and the error bars are the
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SEM. (C) Fluorescence images of B2AR-SENSIT1.1 in mouse brain slices. Scale bar indicates 500 pm. GFP,
cpGFP fluorescence. mCherry, protein expression level. Local stereotactic injection to the LHA administer either 10
mM epinephrine or saline blank. Mice were sacrificed twenty-four hours after stimulation. (D) Quantification of
B2AR-SENSIT1.1 in mouse brain. The number above the bracket is the SBR between the stimulated and
unstimulated condition. Each dot on the plot indicates the normalized GFP signal at a single region of interest in an
expressing brain slice area. All significance was calculated using a two-tailed Welch’s t-test. Stars indicate the
degree of significance as follows *, P<0.05, **, P<0.01, ***, P<0.001, ****, P<0.0001. The thick horizontal bar is
the mean and the error bars are the SEM.

Prior to conducting animal experiments, B2ZAR-SENSIT1.1 was tested in rat neuronal
cultures with different dilutions of concentrated adeno-associated virus (AAV) 1/2 mixed
serotype. We chose to use the chicken beta-actin promoter (CAG) for expression of B2AR-
SENSITL1.1 in both neuron and glial cells to maximize sensor expression. Interestingly, the 0.25x
dilution (1:4) viral infection condition showed the best SBR of 13.2 (Figure 3-2A and 3-2B).

With the success of B2AR-SENSIT1.1 in neurons we proceeded to application in mouse
brain. AAV containing B2ZAR-SENSIT1.1-p2a-mCherry was injected bilaterally into the lateral
hypothalamic area (LHA) and allowed to express for seven days. Epinephrine was administered
by stereotactic injection to the LHA and mice were anesthetized 24 hours after stimulation for
brain removal. B2ZAR-SENSIT exhibited a SBR of 1.4, showing a fluorescence increase in the
presence of epinephrine stimulation (Figure 3-2C and 3-2D). This demonstrates that B2AR-
SENSITL1.1 can be applied to detect epinephrine at large brain volumes. However, the SBR is
low likely because the brief agonist exposure in the brain, due to rapid epinephrine clearance,
limits sensor activation. Further directed evolution efforts as well as experimental optimization
could improve B2AR-SENSIT1.1 for this application.

3.3 Characterization of BLAR-SENSIT

Given the importance of norepinephrine as a neuromodulator, we adapted the SENSIT
platform for norepinephrine detection by leveraging the high-affinity binding of Nb80 for beta-1
adrenergic receptor (B1AR). We generated BIAR-SENSIT by replacing the B2AR in B2AR-
SENSIT1.1 with B1AR (Figure 3-3A), and evaluated its activity and selectivity. We screened a
panel of ligands, including known agonists for BLAR (norepinephrine, epinephrine, and
isoproterenol) and non-activating compounds (dopamine and serotonin) (Figure 3-3B). As
expected, the sensor responded exclusively to the known agonists.

We next characterized the temporal kinetics of BLAR-SENSIT. Similar to B2AR-

SENSITL1.1, the sensor showed increasing SBRs with longer agonist stimulation time. Notably,
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B1AR-SENSIT achieved an SBR of 4.6 after only 30 seconds of isoproterenol exposure (Figure
3-3C and Appendix Figure A-7A). Dose response curve characterization revealed that BLAR-
SENSIT exhibits a 5-fold preference for norepinephrine (EC50 of 959 nM) over epinephrine
(EC50 of 5.65 uM) (Figure 3-3D and Appendix Figure A-7B). Finally, we assessed the
membrane trafficking for BLAR-SENSIT, confirming that it localizes to the membrane

efficiently (Figure 3-3E).
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Figure 3-3: Characterization of BLAR-SENSIT. (A) Schematic showing the design of BLAR-SENSIT. (B)
Selectivity of BLAR-SENSIT. The numbers above each bracket are the SBRs between stimulated and unstimulated
conditions. (C) Temporal kinetics study of BLAR-SENSIT. Drug was washed away after a variable incubation time,
and then allowed to incubate for 24 hours before fixation. “s”, seconds, “m”, minutes, “h”, hours. The numbers
above each bracket are the SBRs between stimulated and unstimulated conditions. (D) Dose response
characterization for BLAR-SENSIT. ECs displayed with the 95% confidence interval. (E) Representative
fluorescence images of BLAR-SENSIT in HEK293T cells. Scale bar, 20 um. Cells were stimulated with 10 pM
isoproterenol. Twenty-four hours after stimulation, cells were fixed and imaged at pH 11. GFP, cpGFP fluorescence.
mCherry, protein expression level from ribosomal skip sequence P2A followed by mCherry. For (B-D): All
significance was calculated using a two-tailed Welch’s t-test. Stars indicate the degree of significance as follows *,
P<0.05, **, P<0.01, ***, P<0.001, **** P<0.0001. Dots on the plot indicate the mean of three technical replicates.

n = 3. The thick horizontal bar is the mean of the three technical replicates and the error bars are the SEM.

3.4 Characterization of CHRM2-SENSIT

To adapt the SENSIT platform to other neuromodulators, we designed another chimeric
nanobody based on Nb9-8, a nanobody for muscarinic acetylcholine receptor 2 (CHRM2).%8 The
Nb39 loop 8 was grafted to various loop positions of Nb9-8. The Nb9-8 loop 8 was specifically
excluded as it is essential for CHRM2 binding (Figure 3-4A). Among these variants, the loop 3
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replacement yielded the highest SBR of 12.5 when stimulated with iperoxo, exhibiting
significantly higher fluorescence than our previous CHRM2-SPOTall (Figure 3-4B and 3-4C).52
This sensor version was designated CHRM2-SENSIT.
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Figure 3-4: Characterization of CHRM2-SENSIT. (A) Schematic displaying the design of Nb9-8 highlighting
each loop region as well as the best site (loop 3) that was replaced with Nb39 loop 8. PDB: 4MQS. (B)
Quantification of the Nb9-8 each loop replacement with Nb39 loop 8 (“L” = loop). MOR-SPOTIT was stimulated
with 10 uM fentanyl for 24 hours and CHRM2-SPOTall and all chimeric nanobody SENSIT were stimulated with
10 uM iperoxo for 24 hours. (C) Representative fluorescence images of CHRM2-SENSIT in HEK293T cells. Scale
bar, 20 um. Cells were stimulated with 50 uM iperoxo. Twenty-four hours after stimulation, cells were fixed and
imaged at pH 11. GFP, cpGFP fluorescence. mCherry, protein expression level from ribosomal skip sequence P2A
followed by mCherry. (D) Temporal kinetics study of CHRM2-SENSIT. Drug was washed away after a variable
incubation time and then allowed to incubate for 24 hours before fixation. “s”, seconds, “m”, minutes, “h”, hours.
The numbers above each bracket are the SBRs between stimulated and unstimulated conditions. (E) Fluorescence
images for (D) characterizing temporal kinetics of CHRM2-SENSIT stimulation. Each time point indicates how
long drug was present before being washed away. (F) Dose response curve of iperoxo with CHRM2-SENSIT. ECs
displayed with the 95% confidence interval. For (B) (D) and (F): All significance was calculated using a two-tailed
Welch’s t-test. Stars indicate the degree of significance as follows *, P<0.05, **, P<0.01, ***, P<0.001, ****
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P<0.0001. Dots on the plot indicate the mean of three technical replicates. n = 3. The thick horizontal bar is the
mean of the three technical replicates and the error bars are the SEM.

The temporal kinetics study showed that CHRM2-SENSIT performs best with long
agonist stimulation time (Figure 3-4D and 3-4E), similar to B2AR-SENSIT. Dose-response
characterization of CHRM2-SENSIT revealed a low sensitivity to iperoxo, a potent muscarinic
receptor agonist (EC50 of 18.9 uM, Figure 3-4F and Appendix Figure A-8A) and negligible
activation for acetylcholine (Appendix Figure A-8B and A-8C). The significantly reduced
sensitivity of CHRM2-SENSIT likely stems from the chimeric nanobody destabilizing the
overall sensor structure. Further engineering efforts could focus on stabilizing the nanobody
framework to enhance expression level and stabilization of the activated-state complex of the
sensor. Despite this limitation, CHRM2-SENSIT further demonstrated the chimeric nanobody
design is generalizable beyond just Nb39 and Nb80. We have included the annotated amino acid

sequence of all final SENSIT constructs in Appendix Figure A-9.

3.5 Design of Chimeric MiniG Protein SENSIT

To further expand the versatility of the SENSIT platform, we employed G-protein mimics
as the bifunctional protein scaffold, to both inhibit the cpGFP fluorophore maturation and bind to
the activated receptor. Unlike nanobodies, which require specific engineering for individual
GPCRs, these mimics recognize a broad range of receptors upon agonist stimulation, offering a
more universal approach to sensor design.%°

As a proof-of-concept, we utilized the B2AR and the engineered alpha domain of the Gs
protein, known as miniGs.” To develop the bifunctional miniGs, we selected three loop positions
proximal to the GPCR-G protein interface for grafting the Nb39 sequences (Figure 3-5A). At each
position, we evaluated the insertion of either Nb39 loop 2 or loop 8, designating the resulting
sensors as B2ZAR-SENSIT2.0 (Figure 3-5A). Notably, several of these chimeric miniGs-variants
yielded high SBRs comparable to that of B2AR-SENSIT1.1 (Figure 3-5B and 3-5C). B2AR-
SENSIT2.0 exhibited lower overall activation than B2ZAR-SENSIT1.1, likely due to reduced
stability of the chimeric protein, so future engineering efforts should focus on stabilizing the
miniGs framework to enhance performance. Doing so would allow SENSIT design for any GPCR
that binds the Gs-protein.
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Figure 3-5: Design of the chimeric miniG protein B2AR-SENSIT2.0. (A) Schematic for the design strategy of
miniGs based B2AR-SENSIT2.0. Three positions on miniG (A, B or C) were replaced with either Nb39 loop2 or
Nb39 loop 8. PDB : 5G53. (B) Quantification of miniGs position (A, B, or C) replacement with Nb39 loop 2 or 8 in
comparison to B2AR-SENSIT1.1. All sensors were stimulated with 10 uM isoproterenol for 24 hours. All
significance was calculated using a two-tailed Welch’s t-test. Stars indicate the degree of significance as follows *,
P<0.05, **, P<0.01, ***, P<0.001, **** P<0.0001. Dots on the plot indicate the mean of three technical replicates.
n = 3. The thick horizontal bar is the mean of the three technical replicates and the error bars are the SEM. (C)
Representative fluorescence images of B2AR-SENSIT2.0 from experiment described in prior figure panel (3-5B) in
HEK?293T cells. Scale bar, 60 um. Cells were stimulated with 10 uM isoproterenol. Twenty-four hours after
stimulation, cells were fixed, immunostained and imaged at pH 11. GFP, cpGFP fluorescence. Anti-GFP, protein
expression level from immunostaining.

3.6 Discussion of the SENSIT platform

In this chapter I highlighted the properties of B2ZAR-SENSIT, selective for epinephrine
(EC50 225 nM), and BIAR-SENSIT, selective for norepinephrine (EC50 959 nM). To our
knowledge, these represent the first genetically encoded single-chain fluorescent integrator
sensors capable of selectively detecting epinephrine and norepinephrine, two closely related
catecholamines that have historically been difficult to distinguish in vivo. Together, these sensors
provide a new opportunity to study the spatial organization and integration of adrenergic

signaling.
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Importantly, SENSIT is generalizable due to the robustness of the Nb39 loop insertion
strategy. | demonstrate this by extending the platform to a muscarinic acetylcholine receptor
sensor (CHRM2-SENSIT) and, more broadly, by converting mini-G proteins into SENSIT-style
integrators. While the current CHRM2-SENSIT preferentially detects potent synthetic ligands,
established directed evolution strategies—successfully applied here to B2ZAR-SENSIT—provide
a clear path toward improving acetylcholine sensitivity. The demonstration of miniG-based
SENSIT designs further suggests that this platform can be expanded across GPCR families
using, miniGs, miniGi, and miniGq scaffolds, substantially broadening the repertoire of
detectable ligands.

At present, SENSIT sensors require extended agonist stimulation and are not yet sensitive
enough to detect endogenous ligand release in vivo. These limitations reflect engineering
challenges rather than conceptual constraints and are well suited to iterative optimization through
expanded mutational libraries, multi-site randomization, and refinement of GPCR—binder
interactions. Improving sensitivity is expected to simultaneously reduce required stimulation
times and enable endogenous neuromodulator detection. Another current limitation when
applying SENSIT is the lack of temporal control, leading to the potential for high background
accumulation and low temporal resolution. To address this B2ZAR-SENSIT could be incorporated
into the MAPIT design, adding temporal control via doxycycline induced protease expression.
An alternative approach could put B2ZAR-SENSIT expression under control of the tamoxifen-
inducible Cre/loxP system.31 This would also allow integrator sensor signal accumulation under
a specified experimental timeframe. A final consideration is the limitations of imaging at pH 11,
as brain slices cannot be mounted and preserved, since the slices need to be imaged with high pH
buffer. In addition, when using other fluorophores in conjunction with SENSIT, such as for
immunostaining, it is important to understand their properties at pH 11.

In summary, SENSIT establishes a new, generalizable architecture for genetically
encoded fluorescent integrator sensors, exemplified by an improved epinephrine integrator,
B2AR-SENSIT. By designing modular conformation-specific binding proteins, SENSIT opens a
path toward development of integrator sensors for diverse GPCR ligands. With continued
optimization, this platform has the potential to enable large-volume mapping of neuromodulator

localization and signaling integration across complex neural circuits.
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Chapter 4 Summary and Future Directions

The major results of my thesis work have been explained in detail in Chapters 2 and 3;
here I would like to highlight the most important conclusions and findings. Then I’d like to
discuss how SENSIT fits into the current need in our field, before expanding on necessary

improvements, how to implement those improvements, and future applications.

4.1 Summary of Research Results

| designed a generalizable single-chain integrator sensor platform using chimeric
nanobodies, reliant on disordered loop regions of Nb39 for cpGFP fluorophore maturation
inhibition and started with replacing loop regions in Nb80. This led to an improved epinephrine
sensor, B2ZAR-SENSIT1.0, compared to prior generation B2AR-SPOTall likely due to a simpler
SPOTIT type activation mechanism. | used chimeric nanobodies to better inform design of other
chimeric G-protein mimetics, through use of a TEVp cleavage system as well as mutating the
chNDb80/39. | also established a mammalian cell-based directed evolution platform for SENSIT
evolution, wherein | evolved the chNb80/39 and developed B2ZAR-SENSIT1.1 with a higher
SBR at lower agonist stimulation times than B2ZAR-SENSIT1.0.

To demonstrate the applicability, | characterized B2ZAR-SENSIT1.1 in HEK293T cells,
rat neuronal culture, and mouse brain. | also developed BLAR-SENSIT using the evolved
chNDb80/39, which is selective for norepinephrine. Then, | illustrated the design strategy for other
chimeric nanobodies, using Nb9-8 to develop CHRM2-SENSIT. Finally, | expanded beyond
nanobody scaffolds to a structural distinct miniGs, a G-protein mimetic that can bind to Gs
coupled receptors, and proved that the Nb39 loop replacement design for cpGFP inhibition is not
limited to nanobodies. Together this work offers a unique strategy for single-chain integrator

design based on modular chimeric conformation-specific binders.

4.2 Novelty and Expected Impact
The SPOTIT family of sensors has been extensively iterated on, as evidenced in my

introduction chapter. The novelty of SENSIT lies in the design strategy, for the first time we

59



were able to remove the cpGFP inhibition feature from Nb39 and apply it to other conformation-
specific binders. This contributed to the design of B2AR-SENSIT1.1 for epinephrine detection
and B1AR-SENSIT for norepinephrine detection, which are too my knowledge the first
integrator sensors capable of distinguishing these very structurally similar catecholamines. Then
in the case of miniG proteins, which are active-state GPCR binders that interact with a class of
GPCRs, SENSIT provides a truly generalizable and efficient engineering strategy to target many
GPCR ligands of interest.

With further optimization that | will detail in the next section SENSIT can be applied for
neurotransmitter localization mapping across large brain volumes. This will amplify our current

understanding of the impacts of certain neurotransmitters signaling in complex neural circuits.

4.3 Future Directions

Currently SENSIT cannot detect endogenous neurotransmitters, and | believe the reason
is two-fold. First, B2AR and BLAR-SENSIT have high nanomolar ECso, while CHRM2-SENSIT
cannot currently detect acetylcholine at biologically relevant concentrations. Therefore,
sensitivity to the native ligand must be improved. Second, all SENSIT constructs show a
preference for long agonist stimulation times, meaning the ligand must be continuously present
for the best SBR. In mouse brains, an endogenous neurotransmitter will diffuse rapidly or
undergo reuptake at the synapse, meaning it will not be present for extended amounts of time.
This need for continual stimulation is most likely due to the instability of activation complex
formed for SENSIT, because the affinity of the chimeric binders to the activated GPCR likely
decreased due to the loop grafting. All components of SENSIT have been heavily modified from
their native protein structure, consequently these proteins tend to be less stable as well.

I will discuss strategies for further improving sensitivity and reducing agonist stimulation
time in the SENSIT platform, dividing the following sections by what protein component of
SENSIT the strategy focuses on. In short, mammalian cell-based directed evolution would be
critical for evolving the entire SENSIT construct for optimal protein folding and membrane
trafficking. Finally, I will pivot to discuss what could be done to better understand the Nb39

cpGFP intramolecular interaction that results in fluorophore maturation inhibition.

4.3.1 Focusing on the GPCR
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Sensitivity and agonist stimulation time may both be improved by evolving the GPCR in
SENSIT for tighter binding of the agonist of interest to increase the stability of the active GPCR
conformation. This can be done through targeted mutagenesis in the ligand binding pocket
targeting residues that interact with the agonist. This targeted mutagenesis strategy will be
benefited by available crystal or cryo-EM structures for the GPCR being evolved, in the case of
B2AR there are currently many published, including bound to epinephrine.® 773 There are also
published structures for BLAR and CHRM2.88.74. 75

The binding pocket could also be targeted for random mutagenesis to create new
interactions at specific positions to bind the agonist tighter. This approach would be most
beneficial for GPCRs lacking a published structure. However, predictive structural software,
such as AlphaFold for generating a structure prediction and Rosetta for predicting ligand
binding, could help further inform either strategy though will be most beneficial in the case of a
less characterized GPCR."6 77

Another approach could focus on targeted mutagenesis of the conformation specific
binder binding pocket. All the nanobodies I have used in designing SENSIT were developed for
the purpose of stabilizing the active state for crystallization of GPCRs. However, in designing
chimeric nanobodies some of that binding affinity was likely reduced. Then the intracellular
binding pocket could be mutated to strengthen its binding to the chimeric nanobody.

For selection, | would follow a similar directed evolution strategy as described in Chapter
2, where | would stimulate the HEK cells expressing the SENSIT library for a shorter amount of
time, such as 5 minutes, and select cells with higher fluorescence. In a separate experiment, we
could sort the same libraries by decreasing the agonist concentration to increase selection
pressure. Cells with higher fluorescence at lower agonist concentrations will be selected. This
selection strategy could be used in the directed evolution of SENSIT libraries based on cpGFP
and the chimeric binders as well.

Alternatively, with the introduction of chimeric miniG proteins, it would be possible to
design sensors with a large array of GPCRs within the same agonist family to screen for
improved sensitivity and agonist stimulation time. For example, with the design of a miniGi or
miniGq, it would be possible to create an alpha-adrenergic receptor-based SENSIT. These would
likely behave differently than B2ZAR-SENSIT1.1 or BLAR-SENSIT, and these new sensor

variants could provide alternative starting points for directed evolution.
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4.3.2 Focusing on the cpGFP

One unique property of cpGFP in SENSIT is the hours of time needed for fluorophore
maturation. The parent protein of cpGFP, EGFP, takes around 25 minutes to form its fluorophore
after expression.”® This is likely due to the highly irregular environment cpGFP is expressed in,
sandwiched between a GPCR and a chimeric GPCR binder. Additionally, the fluorophore in
cpGFP is intentionally exposed to the environment through its circular permutation.

In chapter 2, our preliminary work towards evolving cpGFP we wanted to identify a
cpGFP mutant that would have an improved SBR when stimulated with drug for shorter periods
of time, to address the long agonist stimulation need in SENSIT. Unfortunately, the library
design strategy targeting the N-terminal residues did not lead to identifying an improved variant.
This was a matter of needing a different library design strategy. Rather than targeting N-terminal
residues, it could be important to focus on internal facing beta-barrel residues that interact with
the fluorophore for targeted mutagenesis. This could be informed by crystal structures of the
genetically encoded calcium indicator GCaMP, as well as structural studies of EGFP.7%-81

Finally, other FPs could be tested in SENSIT. There is already published work on red-
SPOTIT, a red fluorescent protein integrator sensor. Intriguingly that design required the use of
the entire calcium detecting O-Gecol, not just the red FP, circularly permuted mApple.®? There
is current work in the lab on a new red FP SPOTIT variant, as well. There is a precedent for
exploring other FPs showing that fluorophore inhibition is not unique to Nb39 and cpGFP. It
would be useful to find other FP variants that could be inhibited by Nb39 or the chimeric
conformation specific GPCR binders described in this thesis. These could provide starting points

for further engineering and expand the multiplexing options of SENSIT.

4.3.3 Focusing on the Chimeric Binder

The nanobodies I focused on, Nb39, Nb80, and Nb9-8 all bind to their receptor in a
unique way. Targeted mutagenesis needs to be tailored to the binding surface of each nanobody.
Nb9-8 and Nb80 bind similarly, so a similar targeted mutagenesis strategy could be applied to
Nb9-8 loop 8. For targeting the most important nanobody loop for binding within the evolved
chNDb80/39, the Nb80 position 4, future work could generate randomized libraries of two
positions rather than a single position.

Nb6B9, an engineered Nb80 mutant identified through directed evolution that was used

for obtaining a crystal structure of epinephrine bound B2AR™L, could be used for chimeric
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nanobody design for B2ZAR-SENSIT. This nanobody is reported to have a near tenfold binding
affinity improvement over Nb80 due to its reduced dissociation rate and it could stabilize the
activated complex formed in B2AR-SENSIT in the presence of agonists. Specifically, the
reduction in dissociation rate could be critical, as longer chimeric nanobody binding would give
cpGFP more time to begin fluorophore maturation leading to lower agonist stimulation time
requirements for SENSIT.

One rational design approach I did not try was the incorporation of multiple loops of
Nb39 into a scaffold, I believe this could improve inhibition but may further perturb the binder
structure the loops are introduced into. It would be important to find the right balance between
introducing Nb39 loops and maintaining desirable sensor properties. This approach may be even
more important for the miniG scaffold because it is larger than a nanobody, and Nb39 loop
positioning will be critical.

Thinking of Nb39 loop replacement, targeted mutagenesis of the chimeric Nb39 loop
itself could be beneficial to balance the inhibition and conformation specific binding of the
chimeric binders. This approach would not be limited to nanobodies but could be one potential
starting point for the directed evolution of B2ZAR-SENSIT2.0 which uses chimeric miniGs.

In future work, one could also design chimeric miniG proteins for all reported miniG
variants that cover all the major G protein families.®? It will be important to identify the strongest
chimeric miniG sensor starting point for further engineering efforts.

Finally, I believe random mutagenesis of the entire chimeric miniGs (or other potentially
identified miniG) could be a strong starting library design strategy. However, the C-terminal
region of Ga protein and miniG known as the a-5 helix, is extremely critical for GPCR binding.
This region should most likely be excluded from random mutagenesis to avoid losing

conformation specific binding altogether.

4.3.4 Further Elucidating the Nb39 cpGFP Fluorophore Maturation Inhibition Mechanism
Translating and evolving the Nb39 loop chimeric GPCR binders will be greatly enhanced
by a more mechanistic understanding of how Nb39 and cpGFP interact. Currently AlphaFold
cannot accurately predict a structure of SENSIT. Structural studies would be necessary for fully
understanding how Nb39 and cpGFP interact in a single-chain sensor context. | would

recommend using B2AR-SENSIT1.1 for X-ray crystallography or cryo-EM, however, it would
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be necessary to develop a protein purification system. The purification could be guided by
published B2AR purification methodologies which already include B2AR plus nanobody.

4.3.5 Future Applications

Throughout my work | have focused on SENSIT as a tool for neuroscience research and
extensively discussed its limitations and need for further development to meet the demands for
that application. However, SENSIT is not limited as a sensor for expression in the brain. Using a
different promoter or expression system it could be introduced into an organ, such as the heart, to
study the localization of epinephrine and norepinephrine.

Additionally, B2ZAR-SENSIT1.1 could be adapted for a high throughput screening
platform for novel beta-adrenergic receptor agonists or antagonists since it maintains similar
selectivity to the native receptor as shown in the characterization in Chapter 3. This would avoid
a lot of the limitations of applying SENSIT in vivo as background accumulation would be on a

shorter timescale during assay screening.
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Appendix A: Additional Data

Nb80 Position 1(S25 to N32) :

SGSIFSIN

Nb80 Position 2(H52 to T57) :

HSGGST

Nb80 Position 3(D72 to T77) :

DNAANT

Nb80 Position 4(D99 to Y107) :

DYGAVLYEY

Nb39 Loop 1(V14 to L20) :
VRPGGSL

Nb39 Loop 2(V25 to Y32) :
VDSERTSY

Nb39 Loop 3(R39 to R45) :

RAPGKER
Nb39 Loop 4(151 to P58) :
ITWSGIDP

Nb39 Loop 5(Y60 to F68) :

YADSVADRF

Nb39 Loop 6(D73 to T78) :

DVANNT

Nb39 Loop 7(M83 to A92) :

MNSLKHEDTA

Nb39 Loop 8(R99 to Y113) :
RAPVGSQSSSPYDYDY

Appendix Figure A-1: Defining the amino acids of the Nb80 positions and Nb39 loops. (A) Amino acid
sequence of wtNb80 used in B2AR-SPOTall and basis of design of the chimeric nanobody. Listed positions and
amino acids that were replaced with Nb39 loops. (B) Amino acid sequence of wtNb39 used in MOR-SPOTIT and
basis of design of the chimeric nanobody. Listed amino acid sequences for loop 1 through 8.
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Appendix Figure A-2: Further information on the directed evolution of B2AR-SENSIT chimeric Nb80/39. (A)
Gating strategy for the Strategy 1 second round of sorting. Strategy 1 involved an initial round of sorting where cells
were stimulated with 10 uM isoproterenol for 24 hours then sorted. The second round of sorting using the cells from
the first round were stimulated with 10 uM isoproterenol for 5 minutes then drug was washed away and cells were
incubated for 24 hours before sorting. Numbers within the gate correspond to percent of total cell population present
within the gate. (B) Gating strategy for the Strategy 2 sorting that was only one round. Cells were stimulated with 10
M isoproterenol for 5 minutes then drug was washed away and cells were incubated for 24 hours before sorting.
Numbers within the gate correspond to percent of total cell population present within the gate. (C) Tables
summarizing next generation sequencing results for the top 10 reads from sorting Strategy 1 and 2. The first column
is the percent of total reads corresponding to that base pair sequence. The second column is the amino acid sequence
arising from the base pair sequence. Red corresponds to an amino acid mutation from the Nb80 position 4 sequence.
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A All Nb39 loops replace Nb80 Position 2

M-SPOTIT2 B2AR-SPOTall Nb39 Loop 1 Nb39 Loop 2 Nb39 Loop 3
GFP  Anti-GFP GFP  Anti-GFP Anti-GFP GFP  Anti-GFP

+drug . .. .. ..

Nb39 Loop 4

GFP Anti-GFP

Nb39 Loop 5 Nb39 Loop 6 Nb39 Loop 7 Nb39 Loop 8

Loy
+drug 2 A

B M-SPOTIT2 B2AR-SPOTall P2L5 P2L8

Anti-GFP Anti-GFP Anti-GFP Anti-GFP

24 hour
stim

P3L2 P3L3 P3L8
Anti-GFP Anti-GFP Anti-GFP

24 hour
stim

1 hour
stim

Appendix Figure A-3: Images from experiments found in Figure 2-7 selecting the best chimeric nanobody.
(A) Representative fluorescence images of all Nb39 loops replacing Nb80 position 2, from experiment found in
Figure 2-7A. (B) Representative fluorescence images of selecting the best chimeric Nb80/Nb39 considering position
2 and 3, from experiment found in Figure 2-7B. For (A) and (B) : 24 hours after stimulation, cells were fixed,

immunostained, and imaged at pH 11. GFP, cpGFP fluorescence. Anti-GFP, protein expression level from
immunostaining. Scale bar, 60 pm.

1 hour
stim
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No drug Butoxamine Serotonin Dopamine Norepinephrine Epinephrine Isoproterenol

e . . . . . . -

Epinephrine Dose Response
No drug 500 pM 1 nM 10 nM 50 nM 100 nM 500 nM 1uM 5uM 10 yM 50 uM 100 pM 500 pM

mcherry..............-

Norepinephrine Dose Response
No drug 500 pM 1nM 10 nM 50 nM 100 nM 500 nM 1uM 10 uM 50 uM 100 uM 500 pM

Isoproterenol Dose Response
Nodrug 50 pM 100 pM 500 pM 1nM 10 nM 50 nM 100 nM 500 nM 10 uM 50 uM 100 pM

Appendix Figure A-4: Images from experiments found in Figure 3-1 characterizing B2AR-SENSIT1.1. (A)
Fluorescence images for Figure 3C characterizing B2AR-SENSIT1.1 selectivity. Cells were stimulated with 10 uM
of each indicated agonist. (B) Fluorescence images for Figure 3D characterizing B2AR-SENSIT1.1 sensitivity to
epinephrine. Cells were stimulated with indicated concentration of epinephrine. (C) Fluorescence images for Figure
3D characterizing B2AR-SENSIT1.1 sensitivity to norepinephrine. Scale is same as images in (B). Cells were
stimulated with indicated concentration of norepinephrine (D) Fluorescence images for Figure 3D characterizing
B2AR-SENSITL1.1 sensitivity to isoproterenol. Scale is same as images in (B). Cells were stimulated with indicated
concentration of norepinephrine. For (A-D): 24 hours after stimulation, cells were fixed and imaged at pH 11. GFP,
cpGFP fluorescence. mCherry, protein expression level from ribosomal skip sequence P2A followed by mCherry.
Scale bar, 60 um.
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Appendix Figure A-5: Images from experiments found in Figure 3-1 characterizing B2AR-SENSIT1.1
Continued. (A) Fluorescence images for Figure 4E characterizing temporal Kinetics of B2ZAR-SENSIT1.1
stimulation. Each time point indicates how long drug was present before being washed away. Cells were fixed 24
hours after stimulation and imaged at pH 11. (B) Fluorescence images for Figure 4F characterizing fluorophore
maturation time of B2AR-SENSIT1.1. All samples were stimulated at the same time, but the time point refers to
when the sample was fixed. All were imaged at pH 11. For (A and B): GFP, cpGFP fluorescence. mCherry, protein
expression level from ribosomal skip sequence P2A followed by mCherry. Scale bar, 60 um. (C) Quantification of
an experiment to show how fixation impacts fluorophore maturation. One condition was imaged twice, immediately
after fixation at 8 hours and again 24 hours later and compared to a condition that was fixed and imaged after 24
hours. The numbers above each bracket are the SBR between stimulated and unstimulated conditions. All
significance was calculated using a two-tailed Welch’s t-test. Stars indicate the degree of significance as follows *,
P<0.05, **, P<0.01, ***, P<0.001, ****, P<0.0001. Dots on the plot indicate the mean of three technical replicates.
n = 3. The thick horizontal bar is the mean of the three technical replicates and the error bars are the SEM.
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Appendix Figure A-6: B2AR-SENSIT1.1 pKa characterization images and mCherry fluorescence. (A)
Fluorescence images for Figure 4G characterizing B2AR-SENSIT1.1 cpGFP pKa. Cells were fixed 24 hours after
stimulation, and imaged at varying pH. GFP, cpGFP fluorescence. mCherry, protein expression level from
ribosomal skip sequence P2A followed by mCherry. Scale bar, 60 um. (B) Fluorescence of B2AR-SENSIT1.1
mCherry. To monitor the same fluorophores over various pH ranges, we imaged one field of view at pH 6, 7, 8, 8.5,
9. 10 and 11. Dots on the plot indicate the mean of three replicates. n = 3, and the error bars are the SEM.

intensity

Average sum fluorescence
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Drug Washed Away After:
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GFP
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B Norepinephrine Dose Response
Nodrug  500pM  1nM 10 nM 50nM  100nM 500 nM 10pM 50 uM 100pM 500 uM  1mM

Appendix Figure A-7: Images from Figure 3-3 characterizing BLAR-SENSIT. (A) Fluorescence images for
Figure 5B characterizing BLAR-SENSIT selectivity. Each time point indicates how long drug was present before
being washed away. (B) Fluorescence images for Figure 5D characterizing BLAR-SENSIT sensitivity to
norepinephrine. For (A) and (B): 24 hours after stimulation, cells were fixed and imaged at pH 11. GFP, cpGFP
fluorescence. mCherry, protein expression level from ribosomal skip sequence P2A followed by mCherry. Scale bar,
60 pm.
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Appendix Figure A-8: Expanded characterization of CHRM2-SENSIT. (A) Fluorescence images for Figure
S10F characterizing CHRM2-SENSIT sensitivity to iperoxo. 24 hours after stimulation, cells were fixed and imaged
at pH 11. GFP, cpGFP fluorescence. mCherry, protein expression level from ribosomal skip sequence P2A followed
by mCherry. Scale bar, 60 um. (B) Selectivity characterization of CHRM2-SENSIT. The numbers above each
bracket are the SBRs between stimulated and unstimulated conditions. (C) Acetylcholine dose response
characterization for CHRM2-SENSIT. ECsq displayed with the 95% confidence interval. For (B) and (C): All
significance was calculated using a two-tailed Welch’s t-test. Stars indicate the degree of significance as follows *,
P<0.05, **, P<0.01, ***, P<0.001, **** P<0.0001. Dots on the plot indicate the mean of three technical replicates.
n = 3. The thick horizontal bar is the mean of the three technical replicates and the error bars are the SEM.
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A - Lucy Tag - - CpGFP

AAA : ggﬁgpzzg AAA - chimeric protein
AAA - Linker BR - o2a

B - B2AR-SENSITL1.1 amino acid sequence

GQPGNGSAFLLAPNRSHAPDHDVTQQORDEVWVVGMGIVMSLIVLAIVFGNVLVITAIAKFERLQTVTNYFITSL 100
ACADLVMGLAVVPFGAAHILMKMWTFGNFWCEFWTSIDVLCVTASIETLCVIAVDRYFAITSPFKYQSLLTKNKARVI ILMVWIVSGLTSFLPIQMHWYR 200
ATHQEAINCYANETCCDFFTNQAYAIASSIVSFYVPLVIMVFEVYSRVFQEAKRQLOKIDKSEGRFHVQNLSQVEQDGRTGHGLRRSSKFCLKEHKALKTL 300

GIIMGTFTLCWLPFFIVNIVHVIQDNLIRKEVY ILLNWIGYVNSGFNPLIYCRSPDFRIAFQELLCFPLKMRMERQGAP 400
500

600

LKEDIQVQLQE SGGGLVQAGGSLRLSCAASGSIFSINTMGWYRQAPGKQRE LVAATRAPVGQS SSPYDYDYNYANSVKGR 700
FTISRDNAANTVYLQMNS LKPEDTAVYYCNVKDYGAVLYSRDYWGQGTQVTVSSTG 800
900
1000

C - B1AR-SENSIT amino acid sequence

NNSTNSSNNSLALTS PYKTFEVVFIVLVAGSLSLVTIIGNILVMVSIKVNRHLOTVNNYFLFSLACADLIIGVFE 100
SMNLYTLYTVIGYWPLGPVVCDLWLALDYVVSNASVMNLLI ISFDRYFCVTKPLTY PVKRT TKMAGMMIAAAWVLSFILWAPAILFWQFIVGVRTVEDGE 200
CYIQFFSNAAVTFGTAIAAFYLPVIIMTVLYWHISRASKSRIKKDKKE PVANQDPVSPSLVQGRIVKPNNNNMPS SDDGLEHNKIQNGKAPRDPVTENCV 300
QGEEKESSNDSTSVSAVASNMRDDEI TQDENTVSTS LGHSKDENSKQTCIRIGTKT PKSDSCTPTNTTVEVVGSSGONGDEKQNIVARKIVKMTKQPAKK
KPPPSREKKVTRT ILAILLAFIITWAPYNVMVLINTFCAPCIPNTVWT IGYWLCYINSTINPACYALCNAT FKKT FKHLLMCHYKNIGATRGAP; 500

LKEDIQVQLOE SGGGLVQAGDSLRLSCAASGFDFDNFDDYAIGWFRRAPVGQSSSPYDYDYEGVS 800
CIDPSDGSTIYADSAKGRFTISSDNAENTVYLQMNS LKPEDTAVYVCSAWT LEHSDEYWGQGTQVTVSSTG 900

D - CHRMZ2-SENSIT amino acid sequence

GAGVLVLGASEPGNLSSAAPLPDGAATAARLLVPASPPASLLPPASESPEPLSQQWTAGMGLLMALIVLLIVAG 100
NVLVIVAIAKTPRLQTLTNLFIMSLASADLVMGLLVVPFGATIVVWGRWEYGSFFCELWTSVDVLCVTASIETLCVIALDRYLAITSPFRYQSLLTRARA 200
RGLVCTVWAISALVSFLPILMHWWRAES DEARRCYNDPKCCDFVTNRAYAIASSVVSFYVPLCIMAFVYLRVFREAQKQVKKI DS CERRFLGGPARPPSP 300
SPSPVPAPAPPPGPPRPAAAAATAPLANGRAGKRRP SRLVALREQKALKTLGI IMGVFTLCWLPFFLANVVKAFHRELVPDRLFVFFNWLGYANSAFNPI 400

IYCRSPDFRKAFQGLLCFPLKMRMERQGAP 500
600

LKEDIQVQLQESGGGLVQAGGSLRLSCAA 700
SGSIFSINTMGWYRQAPGKQRELVAAIRAPVGQSSSPYDYDYNYANSVKGRETISRDNAANTVYLOMNSLKPEDTAVY YCNVKDYGAVLY SRDYWGQGTQ 800

VTVSST S 900
1000

Appendix Figure A-9: Annotated amino acid sequences for B2AR-, BIAR-, and CHRM2-SENSIT. (A) Key
for color annotation on amino acid sequences. (B) B2AR-SENSIT1.1 amino acid sequence. (C) BLAR-SENSIT
amino acid sequence. (D) CHRM2-SENSIT amino acid sequence.
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