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ABSTRACT

This work develops and applies the first genetically encoded drug biosensors in
newly designed cellular and behavioral assays addressing substance abuse disor-
ders. The work develops methods in protein engineering, optical physiology, and
computational ethology. A capstone study provides a general means to develop
opioid biosensors and demonstrates the utility of continuous fentanyl monitoring
alongside behavior. This work provides a framework to optimize CNS drug dosing
for well-being assessed via ethologically relevant tasks.

Chapter 1: Continuous monitoring & substance use disorders
This chapter argues for continuous, in situ monitoring for the life sciences, particu-
larly in neurobiology. Opioid use disorder is an exemplary case for this work, given
the correlation between pharmacokinetics and tolerance, withdrawal, and overdose.
A technology map analysis shows that biosensor design is a bottleneck for continuous
monitoring methods, accentuating the need for molecular engineering approaches
such as protein engineering.

Chapter 2: iNicSnFR and “inside-out pharmacology
This publication reports the evolution of the first genetically encoded fluorescent
drug sensor, a biosensor of nicotine, iNicSnFR, and introduces the concept of sub-
cellular pharmacokinetics via optical physiology. Prior biophysical studies implied
nicotine engaged the nicotinic acetylcholine receptor in “inside-out” effects: chap-
eroning, matchmaking, and escorting within neurons. This work directly shows
the requisite first step: nicotine rapidly (~seconds) equilibrates in the endoplas-
mic reticulum. A critical technical advance was optimizing biosensor localization
within organelles and correcting for pH artifacts to enable quantitative imaging ex-
periments. Based on these results, a dynamical simulation indicated that a single
cigarette would maintain activation of the “inside-out” pathway until the next smok-
ing session. This outcome blurs the conventional views of “acute” and “chronic”
effects and explains, in part, a mechanism for instantiating nicotine dependence.

Chapter 3: iS-methadoneSnFR, acid trapping, and “location bias
This publication introduces the first biosensor of an opioid, S-methadone, and reveals
an acid-trapping effect in the Golgi apparatus. Methadone is clinically administered
as a racemate salt, the only commercially available formulation. We developed a
chiral resolution method to separate isomers and then employed protein engineering
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to develop a sensitive and selective biosensor of S-methadone. Recent findings
have shown that opioid receptors can signal from within endosomes and the Golgi
apparatus. iS-methadoneSnFR was used to demonstrate an acid trapping effect in
the Golgi apparatus where S-methadone was concentrated 3-4x compared to the
extracellular concentration. This result enriches our view of “location bias” for
opioid agonism and encourages similar studies for other ligands and their GPCRs.

Chapter 4: A library screening approach for iDrugSnFRs
This publication introduces a method for discovering new “biosensor x drug” hit
pairs by constructing protein and drug libraries and utilizing robotic liquid han-
dling methods. This approach extends the substrate scope for genetically encoded
biosensors beyond the conventional scope attributed to naturally occurring binding
protein-ligand interactions.

Chapter 5: A perspective piece on cannabis vapor self-administration
This publication reviews a new behavioral paradigm for vapor cannabis administra-
tion reported by Freels et al. 2020. A.K.M provides an original analysis considering
the chemical composition of the cannabis samples and its pharmacokinetic and neu-
robiological consequences. This work was published as a perspective piece in the
Journal of Neuroscience and has been cited by research literature developing new
vapor administration systems.

Chapter 6: Generating iOpioidSnFRs & discovery of a detrimental, repetitive
behavioral pattern that tracks [fentanyl] waveform
This manuscript reports a mapping between periplasmic binding protein mutations
and affinity for opioid subclasses, enabling a systematic approach to protein en-
gineering. Several iOpioidSnFRs are reported for clinically used opioids such as
morphine, codeine, naloxone, tapentadol, levorphanol, and fentanyl. Application
of iFentanylSnFR in vivo discovered a [fentanyl]-locked behavioral pattern where
animals repeatedly circle and stall. The entire time course and the relative time
spent circling or stalling varies by individual, demonstrating the need for individual,
in situ measurements of both [drug] and behavior. This work introduces an etho-
logically relevant survival task, foraging for water in a labyrinth maze, to the field
of substance use disorders. Mice treated with fentanyl displayed a similar repetitive
behavior for up to ~3 h, trading off completely with successful foraging.
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charged, membrane-impermeant forms near physiological pH. . . . . 18

2.2 The genetically encoded family of biosensors for nicotinic drugs,

iNicSnFRs. (A) Cartoon of the x-ray crystallographic structure of

iNicSnFR1, crystallized in the presence of nicotine. The structure

is available as PDB �le 6EFR. The iNiCSnFR family are fusion

proteins. A superfolder cpGFP (shown in green) has been inserted

into the coding sequence of OpuBC, a choline/betaine PBP from

T. spX513. The linker sequences (shown in dark blue; see Fig.

2.11) were selected for optimal� F/F. One poorly resolved linker

residue, Pro323, is shown as a dashed backbone. The engineered

OpuBC is shown in cyan, except that the backbone residues near

the incompletely resolved nicotine ligand are shown in gray. The

nicotine-binding site lies between the two lobes of the PBP; these

move relative to each other. . . . . . . . . . . . . . . . . . . . . . . 30
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2.3 The pH dependence of puri�ed iNicSnFR3a in solution, over the

range pH 5.5�9.0, at 25°C. Measurements were performed in 3ÖPBS,

adjusted to nominal pH within 0.1 pH unit. (A�C) Measurements in

a spectro�uorometer (see Materials and Methods). 100 nM protein.

Fluorescence is measured in the absence of ligand and termed F0.

(A) Excitation spectra at various pH values, measured at al em of 535

nm. (B) Emission spectrum at al ex of 400 nm. Note that F0 depends

to only a limited extent on the pH. (C) Emission spectrum atl ex =

485 nm. Note the strong dependence on pH. . . . . . . . . . . . . . 33

2.4 Protein levels and subcellular imaging of iNicSnFR3a_PM and iN-

icSnFR3a_ER in HeLa cells. (A) Typical immunoblots with anti-

GFP immunoreactivity to lysates (1µg protein) from HeLa cells

transfected with either iNicSnFR3a_PM (top) or iNicSnFR3a_ER

(bottom). In each panel, the leftmost lane is the 75-kD molecular

weight marker (MWM). The two middle lanes are duplicate sam-

ples of puri�ed, diluted iNicSnFR3b (~61 kD). The two rightmost

lands are duplicate samples from the transfected cells. Bands for

iNicSnFR3a_PM appear at ~68 kD (slightly below the MWM), and

bands for iNicSnFR3a_ER appear at ~61 kD (markedly below the

MWM and comparable with puri�ed biosensor), con�rming the pre-

dicted size di�erence of 7 kD between the two constructs. . . . . . . 36

2.5 Dose�response relations for nicotine-induced� F in HeLa cells. Ex-

emplar data for iNicSnFR3a_PM and iNicSnFR3a_ER expressed in

transfected HeLa cells. (A and C) 20-s nicotine dose application

followed by 20-s wash in HBSS. The average response for three cells

at each dose is overlaid in a 30-s window for the PM and ER traces

in A and C, respectively. The SEM is shown as colored bands. . . . . 39
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2.6 Nicotine in the ER of neurons. (A�D) Exemplar nicotine-induced

�uorescence increases for cultured hippocampal neurons transduced

with AAV2/1.sin1.iNicSnFR3b_PM (A and B) or with AAV2.sin1.iNicSnFR3b_ER

(C and D). (A and C) 20-s nicotine pulses, followed by 20 s wash

in HBSS. The average waveform for �ve cells at each [nicotine] is

overlaid for the PM and ER traces in A and C, respectively. The

SEM is shown as colored bands around each line. Dose�response

relations are shown in B and D. (E and F) Human dopaminergic neu-

rons transfected with iNicSnFR_ER3a. (E) Typical nicotine-induced

�uorescence during 20-s pulses of nicotine at the indicated concen-

trations. Data were subjected to a triangle �lter (half-time, 1 s). (F)

Full dose�response data from 20 transfected human dopaminergic

neurons. Inset, start of the dose relation at [nicotine]� 5 µM. The

slope of the line, [� � • � 0¼•»=82>C8=4¼– 8B0•087" = 1• . . . . . . . . . 42

2.7 Micro-iontophoretic nicotine application. (A) Cultured mouse hip-

pocampal neurons transduced with AAV_iNicSnFR3b_ER. A nicotine-

containing micro-iontophoretic pipette was positioned <10µm above

the cell in ROI 1. A 10-nA outward current pulse (32-s duration)

was delivered. Most cells in the area showed �uorescence increases.

(B) Fluorescence traces recorded simultaneously for cells at three

distances from the pipette. . . . . . . . . . . . . . . . . . . . . . . . 43

2.8 Simulations of nicotine pharmacokinetics and pharmacodynamics

during smoking. (A) The pharmacokinetic/pharmacodynamic model,

implemented in Matlab SimBiology. Individual parameters and

structures and smoking dosages are presented in Table 2.3 and in Sup-

plemental ZIP File. (B1) Nicotine concentrations in the plasma/CSF/ER

and in the �sequestered� compartment, during 40 simulated hours for

the standard habit (Table 2.3 and Supplemental ZIP File). The latter

compartment was termed the �peripheral compartment� by Benowitz

et al. (1991), but that terminology is less preferable in discussions

of the nervous system. Note the logarithmic [nicotine] scale. (B2)

E�ects on the two processes shown in A. Note that the standard

habit nearly activates nAChR protein chaperoning (inside-out pro-

cess) >50%, but activates nAChR channel activation (outside-in pro-

cess) <20%. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
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2.9 Varenicline activity against puri�ed iNicSnFR3a (A�C) and iNic-

SnFR3b expressed in hippocampal neurons (D�G). (A) Dose�response

relations for varenicline-inducedDF/F0, measured in 3ÖPBS, pH 7.4.

Mean± SEM; three measurements. (B) Stopped-�ow measurements

at various [varenicline]. (C) Isothermal titration calorimetry. (D�G)

Exemplar varenicline-induced �uorescence increases for cultured

hippocampal neurons transduced with AAV2/1.syn1.iNicSnFR3b_PM

(D and E) or with AAV2/1.syn1.iNicSnFR3b_ER (F and G). (D and

F) 30-s varenicline pulses, followed by 40-s wash in HBSS. The av-

erage waveform for �ve cells at each [varenicline] is overlaid for the

PM and ER traces in A and C, respectively. The SEM is shown as

colored bands around each line. (E and G) Dose�response relations,

�tted to a single-component Hill equation, including zero response

at zero [varenicline]. Parameters are shown. . . . . . . . . . . . . . . 47

2.10 Simulated pharmacokinetics and pharmacodynamics during oral vareni-

cline administration. (A) In the pharmacokinetic model for orally

administered varenicline, the lungs are replaced by the digestive

tract. The parameters derive from studies on humans (Faessel et

al., 2006). The parameters are given in Table 2.3 and in Supplemen-

tal ZIP File. (B1) Varenicline concentrations in two compartments:

the plasma/CSF/ER and the sequestered compartment. (B2) E�ects

on the two processes shown in A. Note that recommended treatment

with varenicline almost completely activates nAChR protein chaper-

oning (inside-out process), but only slightly produces nAChR channel

activation (outside-in process). . . . . . . . . . . . . . . . . . . . . . 49

2.11 Sequences of PBPs and constructs described in this paper and/or

studied in preliminary experiments. . . . . . . . . . . . . . . . . . . 56
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2.12 Directed evolution of the iNicSnFR family. (A) A history of our

progress toward the goal ofDF/F0 > 0.3 at 1µM nicotine. Initial

experiments used ChoX, a choline PBP from Sinorhizobium meliloti.

However, these constructs responded to ligands in solution with a time

constant oft > 100 s and were also poorly expressed in mammalian

cells. We ceased systematic development of ChoX-based constructs.

Later experiments used OpuBC from T. spX513, as described in the

text and in Fig. 2. The reported values were measured in Escherichia

coli cell lysates; values for key constructs were later veri�ed with

samples of the puri�ed proteins. (B) Final stages in protein engi-

neering of iNicSnFR constructs. For constructs denoted by black

or white symbols,DF/F0 at >1µM nicotine was extrapolated from

measurements on bacterial lysates as [DF/Fmax]/EC50. . . . . . . . . 58

2.13 Photoswitching (bleaching) is noticeable at high [nicotine] with fo-

cused laser illumination. (A) Photoswitching (bleaching) increases

at the highest illumination intensities and at higher [nicotine]. HeLa

cells transfected with iNicSnFR3a_PM. Imaging at 1 and 30µM

nicotine, with 100% and 10% laser intensity (top and bottom, respec-

tively). At 30 µM nicotine, photoswitching reduced the steady-state

DF to 45 versus 71% of the peakDF for 100% and 10% laser inten-

sity, respectively. The steady-state ratio,DF(30 µM) to DF(1 µM)

was 4.92 versus 11.2 for 100% and 10%, respectively, indicating

that high intensities artifactually shifted the dose�response relation

([nicotine] vs.DF) to lower [nicotine]. . . . . . . . . . . . . . . . . 60

2.14 Responses to nicotine with iNicSnFR_ER in SH-SY5Y cells and

HEK293 cells. (A and B) iNicSnFR_ER was transfected and imaged

in SH-SY5Y (A) and HEK293 cells (B). Nicotine pulses were applied

for 20 s at 40-s intervals. The nicotine concentration was stepped

from 256µM to 250 nM and then from 250 nM to 256µM in 4Ö

concentration steps in HBSS. The mean of three cells is given as a

solid black line, and the SEM is given as gray bounds. . . . . . . . . 61
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2.15 Human iPSCs, di�erentiated to dopaminergic neurons, transduced

with AAV_iNicSnFR3b_ER. This �gure accompanies the video of

a descending, then ascending, series of nicotine concentrations at

�vefold steps between 0.2 and 125µM. Concentrations and washes

(�0 µM�) are marked on the video. (A) The image shows a single

frame taken at 25µM nicotine, indicating three cells (dim, moderate,

and bright). (B) Plots of the average absolute intensity of these images

(log scale), without correction for sloping baseline or conversion to

DF/F0. Note that in the descending phase, the responses begin more

quickly and, at the lower [nicotine], show an initial transient. This

is an artifactual result when solutions in a pH-regulated reservoir

are allowed to remain in gaspermeable intermediate tubing, allowing

CO2 to escape and rendering the solutions slightly more basic (see

Materials and methods). The second application of each solution

utilizes solution that has recently moved from the larger reservoir;

the transients no longer appear. . . . . . . . . . . . . . . . . . . . . 62

2.16 Varenicline at iNicSnFR3a expressed in HeLa cells. (A and C)

Dose�response relations for varenicline-inducedDF/F0. Mean ±

SEM; three measurements. (B and D) Dose�response plots forDF/F0

at each response in A and C, against [varenicline]. Single-component

Hill equation �t, including zero response at zero [varenicline]. Pa-

rameter values are shown. . . . . . . . . . . . . . . . . . . . . . . . 63

3.1 iS-methadoneSnFR in primary culture and human bio�uids. . . . . . 75

3.2 Biosensing Scheme for iS-methadoneSnFR. (a) Crystal structure of

iNicSnFR3a (PDB:7S7T) mutated in silico to iS-methadoneSnFR

(mutations shown in orange spheres). All but one putative cationp

residue in iNicSnFR3a were maintained in iS-methadoneSnFR's

binding pocket (critical residues Y65, Y357, and Y460 shown as yel-

low spheres). (b) Biosensor mechanism: in the unbound state, GFP's

chromophore has a poor environment for �uorescence. The PBP

binds S-methadone with a �Venus �y trap� conformational change,

increasing the brightness of the GFP chromophore. . . . . . . . . . . 77
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3.3 Improving Sensitivity and Selectivity Toward iS-methadoneSnFR.

(a) Directed evolution strategy. (b) Fluorescence responses to S-

methadone. iNicSnFR3a (black) has several variants (faded curves),

of which one has markedly better sensitivity, owing to the N11E

mutation (blue). This lead was evolved to iS-methadoneSnFR (red),

which included reoptimization at position 11. Only the �nal biosensor

had su�cient sensitivity at 1µM (vertical black line; the relevant

maintenance concentration). (c) Shift in selectivity from iNicSnFR3a

(black) to iS-methadoneSnFR (red) measured by S-slope (see text).

Note the scale change at the axis break. . . . . . . . . . . . . . . . . 79

3.4 Selectivity and biophysical properties of iS-methadoneSnFR. (a)

iS-methadoneSnFR vs endogenous neurotransmitters and choline.

Responses to ACh and choline had S-slopes < 0.1µM= 1. (b) iS-

methadoneSnFR vs other clinically used opioids. The response to

R-methadone was near zero at ~1µM. Weak or no responses were

observed for other drugs tested. EDDP is 2-ethylidene-1,5-dimethyl-

3,3-diphenylpyrrolidine, the major metabolite of methadone. (c)

Isothermal titration calorimetry of puri�ed iS-methadoneSnFR. Thirty

µM of the biosensor was mixed with 2̀L injections of 300` M S-

methadone. (d) Stopped-�ow kinetic measurements with racemic

methadone. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

3.5 Structural Basis of S-methadone Recognition. (a) PDB:7S7T(iNicSnFR3a,

varenicline bound) showing cation-p interactions with Y65 and Y357.

S-methadone was docked into 7S7T. (b) Fluorescence dose�response

relations of cation-p residue Leu mutants. (c) Aromatic side-chain

screen through critical positions identi�ed in (b) with resulting S-

slope. Note the break in y-axis. . . . . . . . . . . . . . . . . . . . . 83

3.6 iS-methadoneSnFR dose�response relation in bio�uids. 1:1 mixture

of drug:biosensor in 3Ö PBS pH 7.4 with either human sweat or

human saliva and 1:3 mixture with mouse serum (no pH adjustment

of any bio�uid). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
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3.7 Spinning disk confocal imaging of HeLa cells transfected with (a) iS-

methadoneSnFR_PM, (b) _ER, and (c) _Golgi (470 nm excitation,

535 nm emission, 100Ö1.4 NA objective). Scale bar = 10µm. (d) S-

slope plotted for each organelle response at 0�250 nM S-methadone.

Points are average responses to a 1 min pulse of [S-methadone]. PM

n = 11 cells; ER n = 10; Golgi n = 11. . . . . . . . . . . . . . . . . . 84

3.8 Chiral resolution of racemic methadone. . . . . . . . . . . . . . . . . 86

3.9 Dose-response relations for previously developed biosensor variants

against Rmethadone and S-methadone. Top left: nicotinic biosensors

originally developed for iNicSnFR and iAChSnFRcampaigns1,11.

Top right: nicotinic-null biosensors originally developed for iSKet-

SnFR (ketamine biosensor) campaigns12. Table: Hill �t parameters

for every biosensor-methadone enantiomer pair dose response. iN-

icSnFR3b displayed the greatest S-slope for both S-methadone and

R-methadone while preserving dynamic range ofDFmax/F0 > 10. . . 87

3.10 Evolution tree from iNicSnFR3a to iS-methadoneSnFR. Residue

nomenclature: �rst and second residues before the position number

are the amino acids in the OpuBC homologue from Thermoanaer-

obacter sp X513 and iNicSnFR3b, respectively. Functional role of

the residue is noted. Each arrow and box pair represents a single

residue site-saturation experiment. Red outlined boxes indicate po-

sitions that yielded only variants inferior to the parent. Blue outlined

boxes indicate residues that yielded variants with modest improve-

ments, typically 10-20% increases in S-slope. Green outlined boxes

indicate mutations that yielded marked improvements accepted for

additional mutagenesis rounds or, �nally, for iS-methadoneSnFR. . . 88



xxiv

3.11 Amber suppression unnatural amino acid mutagenesis was used to

incorporate the unnatural amino acid (UAA) O-methyltyrosine into

positions 12 and 65 in separate constructs. (a) The dose responses for

these two mutants are compared to the fully canonical sequence. Sub-

stitution at position 12 decreases dynamic range but roughly main-

tains EC50; however, methylation of 65Y sidechain led to a near-

nullmutant. (b) Mass spectrometry validation of UAA incorporation

at position 12: peptide containing the UAA was identi�ed by mass

fragments. `b' fragments (blue) are numbered for the fragment length

starting from N-terminal end of the peptide. `y' fragments (red) are

numbered for the fragment length starting from the C-terminal end

of the peptide. The table lists the expected and theoretical mass

di�erence for peptide fragments containing the UAA. (c) Mass spec-

trometry validation of UAA incorporation at position 65 using the

same method in (b). . . . . . . . . . . . . . . . . . . . . . . . . . . 90

3.12 Interactions between R- and S-methadone at iS-methadoneSnFR.

Dose-response relations were measured for S-methadone in the ad-

ditional presence of �ve R-methadone concentrations. A model of

competitive inhibition with mixed alternative substrates was used

to account for R-methadone and Smethadone competitive binding

with partial R-methadone agonism. Consistent with the model, R-

methadone right-shifted the [S-methadone] concentration-response

relation but did not signi�cantly a�ect the maximum response. . . . . 91

3.13 Kinetics of iS-methadoneSnFR's Response. (a) 1 s stopped-�ow data.

Racemic methadone was mixed with puri�ed iSmethadoneSnFR in

a chamber while monitoring �uorescence. Concentrations listed are

twice the �nal [Smethadone]. (b) The mean response for the �nal 10

ms of the relaxation [methadone] was �tted to the Hill equation. The

EC50 of 8.2 µM is ~double that of the �uorescence dose-response

EC50 measured for Smethadone alone (Fig. 4B). . . . . . . . . . . . 91
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3.14 E�ect of pH on the S-methadone dose-response relation. 3x PBS

bu�ers were prepared from pH 5.0 to 7.5 in half-unit increments.

Dose-response data were collected in each bu�er and plotted. Hill

�t parameters and computed S-slope are given in the righthand table.

Like other GFP-based biosensors, the iS-methadoneSnFR response

decreased at acidic pH. The S-slope remained > 1µM-1 at pH 6.0,

enabling measurements across the Golgi pH range. S-slope at pH 7.5

was 1.7x larger than that at pH 6.8 and 2.6x larger than that at pH 6.3. 92

3.15 Time-resolved dose-response data from imaging experiments for iS-

methadoneSnFR targeted to various HeLa cellular compartments. A

�stuttered step� perfusion method (1 min S-methadone on, 1 min

wash, each dose applied twice) was used to minimize pH e�ects.

Fluorescence images (40x, 1.0 NA, 470 nm excitation) were acquired

at 4 Hz. Traces show mean responses (PM n = 11 cells; ER n = 10;

Golgi n = 11). Data were smoothed using a 4-point moving average.

SEM denoted by faint bands. . . . . . . . . . . . . . . . . . . . . . . 93

3.16 Validation in primary hippocampal neurons. (a) Spinning disc confo-

cal imaging of a cultured mouse hippocampal neuron transduced with

PHP.eB-hSyn-iS-methadoneSnFR-PM-WPRE (100x, 1.4 NA objec-

tive; 488 nm excitation, 535 nm emission. Scale bar = 10µm.) (b)

Responses to pulses of S-methadone (2 min drug application followed

by 2 min rinse). iS-methadoneSnFR detected S-methadone in neu-

ronal cultures across the pharmacologically relevant range (50 nM to

3 µM). Traces are mean response± SEM (n = 12 neurons, SEM as

gray bounds). Smethadone concentration is given above traces (in

µM). The �nal 10 s of the S-methadone response was averaged across

the cells and the response to vehicle alone (HBSS) was subtracted

to measure the doseresponse relation. The Hill �t parameters of the

dose-response were Fmax/F0 = 1.3± 0.1, EC50 = 1.01± 0.14µM, and

nH = 0.82± 0.06. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
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4.2 Results map from the 2017 single concentration drug�biosensor �u-

orescence screen. Fluorescence response (as represented byDF/F0)

for drug�biosensor pairs included in the 2017 screen. Fluorescent

response shading from green (DF/F0 � 3) to white (DF/F0 = 0), in

which stronger hits are represented by darker green, weaker hits by

lighter green, and non-hits by white. Drug�biosensor pairs that were

not screened are in black. . . . . . . . . . . . . . . . . . . . . . . . . 113

4.3 Results map from the 2018 single concentration drug�biosensor �u-

orescence screen. Fluorescence response (as represented byDF/F0)

for drug�biosensor pairs included in the 2018 single concentration

drug�biosensor �uorescence screen. Drugs are grouped by opioid

category. Fluorescent response shading from green (DF/F0 � 3) to

white (DF/F0 = 0), in which stronger hits are represented by darker

green, weaker hits by lighter green, and non-hits by white. . . . . . . 115

4.4 Fluorescence response (as represented byDF/F0) for drug�biosensor

pairs included in the 2019 single concentration drug�biosensor �uo-

rescence screen. Drugs are grouped by class. Fluorescent response

shading from green (DF/F0 � 3) to white (DF/F0 = 0), in which

stronger hits are represented by darker green, weaker hits by lighter

green, and non-hits by white. . . . . . . . . . . . . . . . . . . . . . . 117
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6.7 Evolving the two best hits for increased selectivity, yielding iTapenta-

dolSnFR and iLevorphanolSnFR & application to a reagentless �eld

test. (A) Principal component analysis of the cholinergic biosensor-

opioid pair S-Slopes with outlier structures noted for tapentadol,

levorphanol, and meptazinol. (B) A single point mutation, W436A,

generates iTapentadolSnFR. Hill �t parameters for tapentadol against

iTapentadolSnFR are listed. (C) Two point mutations in the 2nd shell

residues, QG15T and HA455P generate iLevorphanolSnFR and shift

sensitivity to acetylcholine outside the physiological range. Hill �t

parameters for levorphanol against iLevorphanolSnFR are listed. (D-

F) iTapentadolSnFR characterization. (D) Selectivity against other

opioid drugs show no response in their pharmacologically relevant

ranges. (E) Isothermal titration calorimetry: 2µL of 450 µM tapen-

tadol was injected into a cell with 45µM iTapentadolSnFR at 300 s

intervals (raw heat, �gure inset). . . . . . . . . . . . . . . . . . . . 153

6.8 SI Figure 1 related to Figure 6.1: Raw data for biosensor responses

plotted against each opioid ligand. A serial dilution of each opioid

was prepared and mixed into a biosensor solution to achieve a �nal

[opioid] ranging from 200µM to 63.3 nM with a constant [biosensor]

of 100 nM. Each dose response is shown as a line graph (color legend

identi�es biosensor sequence). These dose responses determined the

linear range for the regression for each opioid vs. biosensor. The

SEM is shown as error bars (n = 3 dose responses averaged). . . . . . 160
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6.9 SI Figure 2 related to Figure 6.2 & 6.3: Raw data and additional

characterization of iTapentadolSnFR, iLevorphanolSnFR, and iFen-

tanylSnFR2.0. (A-C): 1 s stopped-�ow kinetic data. 200 nM of

each biosensor was mixed in equal volume to each ligand in varying

concentrations as labeled. The �nal [opioid] in the chamber was one-

half of this value. (F) 1-hour measurement of iFentanylSnFR2.0's

response to 1µM fentanyl shows ~90% of the response immedi-

ately (~3 s) after mixing followed by a ~4 min equilibration for the

remaining ~10% of the signal and then linear bleaching. (D-E):

Selectivity against neurotransmitters (iFentanylSnFR2.0's response

shown in the main text). (D) iTapentadolSnFR shows no response to

any neurotransmitter, including acetylcholine, owing to a mutation in

a critical cation-p residue, like iFentanylSnFR2.0. (E) iLevorphanol-

SnFR shows diminished response to acetylcholine with S-Slope <

0.05 and ~zero response at the physiologically relevant concentra-

tions (at ~2µM and below). (G-I): Selectivity against endogenous

opioid peptides in �uorescent dose responses. No signi�cant re-

sponse is observed for [peptide] at the highest tested dose (200µM)

or below for any sensor. For all dose responses: SEM shown as error

bars (n = 3 dose responses averaged). . . . . . . . . . . . . . . . . . 161

6.10 SI Figure 3 related to Figure 6.3: iFentanylSnFR2.0 Directed Evolu-

tion Tree. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
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6.11 SI Figure 4 related to Figure 6.4 & 6.5. (A-C) iFentanylSnFR2.0

response in primary hippocampal neurons under saturating [fen-

tanyl]. (A) Wide�eld image of the neurons transduced with iFen-

tanylSnFR2.0 (scale bar = 20 microns). 40x objective, 1.0 NA, 470

nm excitation. (B) The waveform of biosensor response during wide-

�eld �uorescence imaging. The HBSS control and then increasing

[fentanyl] bath application (2 min on, 2 min washout) was applied.

(C) The steady-state response after correcting for the HBSS artifact

was �t with the Hill equation (parameters shown). The dynamic

range observed in primary cell culture is comparable to that of the

acute slice response to 1 micromolar fentanyl bath perfusion. (D-F)
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C h a p t e r 1

INTRODUCTION: CONTINUOUS MONITORING &
SUBSTANCE ABUSE DISORDER

1.1 Humans as Tool Makers

Humans are toolmakers, inventing methods to extend the body and mind. There is

a ~millennium of advances in body-interfacing technologies dating back to reading

glasses in 1289 to present-day interactive technologies and emerging brain-computer

interfaces (Ometov et al., 2021).

In the 1930s, Karl Matthens created the prototype of a spectroscopic pulse oxime-

ter (Westhorpe & Ball, 2008). Today, wearable devices with LEDs and miniaturized

optics have democratized pulse oximetry. In 1938, Isidor Rabi discovered the phe-

nomena of nuclear magnetic resonance (NMR). In the 1940s to 50s, Felix Bloch,

Edward Purcell, and others developed NMR techniques for studying materials (Co-

hen et al., 1995). Then, the 1970s saw the �rst commercially produced magnetic

resonance imaging machines applied for clinical purposes. In these examples,

scientists wrangle phenomena in electromagnetism and weak interactions into lab

instrumentation to test physical theories. Then, another group of scientists, often

physicist-turned-life scientists, adapt these tools for use in studying living matter.

Eventually, a third group, typically biologists and clinicians, re�ne the hypotheses

and perform de�nitive tests in biology.Time again, we see this three-part scien-

ti�c movement: discovery of physical and chemical phenomena, development of

instrumentation, and advancement of biology.

Textbook pictures of anatomy and biochemical pathways have limited explanatory

power for the time dependence, emergent properties, and variance in biological

systems. These limitations rear their head in the poor �predictive validity� of the

tools and frameworks used to advance therapeutic candidates (Scannell et al., 2022).

For example, programming cells and tissues to establish arbitrary states remains a

challenge. A vexing source of variance in cell therapies is the integration into a

tissue context, interaction with secretory factors, and immune tolerance (Bashor

et al., 2022). There are emergent phenomena that take place in an organism that

may be irreducible or only partly accounted for in a model system. We sorely lack a

map of human physiology evolving over time and the tools to produce these maps.
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There is still plenty of room at the bottom. Sensors and actuators provide a bridge

between these basic science and engineering challenges. Sensors allow us to spy

on mechanisms in real-time and provide cues to trigger actuators. Actuators are

our �master hands� to control existing systems or build new ones (Feynman, 1959).

The life sciences are now approaching mastery in detecting events down to the

single molecule level, driven by super-resolution imaging and �next-generation

sequencing� on the read-side. Frameworks like optogenetics, acoustic-sensitive

materials, and logic-gated and localized chemical reactions shore up the write-side.

The challenge remains in miniaturizing the read/write hardware and embedding

these tools in a manner compatible within vivoexperiments.

1.2 The Uniqueness of CNS Disorders

Multi-spatial level and continuous recordings are useful across the life sciences but

most acutely needed in neurobiology. Additionally, the gap between preclinical

models and human biology may be largest in phenomena related to the brain and

behavior. InThe Human Illnesses, John Allman and Peter Williamson argue that

several disorders of the brain, including mental illnesses and neurodegenerative

diseases, are uniquely human in their etiology and presentation (Williamson & All-

man, 2011). Speci�cally, the dysregulation of language and emotional capabilities

appears at least only intelligible to us in humans and likely uniquely in humans.

Allman brings an evolutionary neurobiological perspective, highlighting the recent

evolution of the brain structures implicated in these disorders and an anatomical

view, pointing to the cell types like von Economo neurons restricted to animals

with the richest apparent emotional lives. The authors connect a etiology involving

regions such as the anterior cingulate cortex and von Economo neurons to common

functional de�cits across the disorders of the brain.

Researchers often rely on postmortem human brain tissue for a window into human

CNS disorders. However, phenotyping is necessary at both molecular and behavioral

levels, ideally in living humans. The largest study to date of its kind found a

divergence in the transcriptomic pro�les of living and postmortem tissue samples

from individuals with Alzheimer's disease, Parkinson's disease, bipolar disorder, and

schizophrenia (Liharska et al., 2023). At the behavioral level, there is debate around

the necessity of the psychedelic e�ects of drugs for their antidepressant e�ects. A

recent work found that patients receiving ketamine while under anesthesia did not

experience its antidepressant e�ects unlike their awake counterparts people (Lii et

al., 2023). These works are among emerging trends in neuroscience and psychiatry
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that motivate the need for ethical, minimally invasive, longitudinal and disease-

relevant measurements in humans.

The corollary to this argument is that, if we use animal models in the study of

the central nervous system, we ought to design ethologically relevant paradigms.

Rodents are a common preclinical model but do not naturally develop neurodegen-

erative diseases like Alzheimer's disease, nor do they present de�cits in language or

emotion that have a clear mapping to human cases (that we know of). The emerging

�eld of �neuro AI� provides one program to address neurobiology across species:

learn how the brain of a given species is adapted to its environment and goals,

determine what extent the model of one species transfers to another, and discover

where common structures or divergence exists (Zador et al., 2023). This and other

campaigns in neuroscience now demand the measurement of events across cellu-

lar to behavioral levels. In turn, new tools forin situ measurement and inference

methods are required.

1.3 Molecular and Behavioral Features of Opioid Use Disorder

This work largely focuses on opioids use disorder (OUD) for its fundamental re-

lationship to emotional and a�ective processes and the relevance to human health

given the ongoing opioid epidemic. Opioids are naturally occurring, semi-synthetic,

and synthetic compounds that modulate opioid receptors. Mammalianµ-, k-, and

d- and opioid receptors transduce opioid ligand binding in de�ned circuits to elicit

analgesia and reward (Darcq and Kie�er '18). Opioids have been consumed in one

form or another for millennia; however, in the last century, potent synthetic com-

pounds such as fentanyl have been developed that pose signi�cant risks to human

health. Synthetic opioids have driven an �opioid epidemic� of OUD and overdose

death. OUD is marked by the development of tolerance that drives increasing drug

consumption and the risk of uncontrolled consumption (Evans & Cahill, 2016;

Williams et al., 2013). Managing OUD is complicated by incomplete knowledge

of cellular tolerance mechanisms and variability in individual responses to opioids

due to genetic variations, health conditions, and environmental and social factors.

De�ning the pharmacokinetics (PK) of opioids at (1) the subcellular level begins

to address cellular tolerance, and (2) the whole-body level provides the means

to personalize opioid regimens. Subcellular PK determines drug availability for

engaging receptors in various biophysical and biochemical stages (Lester et al.,

2012). Opioid drugs can act as pharmacological chaperones for their receptors in the
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endoplasmic reticulum (Chen & Liu-Chen, 2009; Petäjä-Repo & Lackman, 2014)

and elicit G-protein coupled signaling from endosomes and Golgi apparatus (Stoeber

et al., 2018). This work describes the �rst subcellular PK measurements of opioids

using genetically encoded biosensors. Furthermore, PK in serum, interstitial �uid,

or CSF quanti�es the time course of a drug dose experienced by the individual.

Currently, opioid PK measurements in humans are rare, infrequent, and laborious.

Figure 1.1: Figure from Williams, 2013: time scales for processes inµ-opioid recep-
tor signaling, desensitization, and tolerance from experimental studies. Reproduced
with permission.

Several minimally invasive technologies exist for continuous analyte monitoring

for endogenous analytes, but no suitable opioid-binding moieties exist to provide

continuous opioid monitoring. One practical application is the personalization

of opioid regimens to achieve the maximum e�ect for minimal dose. Physicians

routinely employ �opioid rotations,� cycling through multiple drugs to �nd the

ideal �t for an individual or to exploit incomplete cross-tolerance (Knotkova et al.,

2009). This rotation and the polypharmacy of OUD (e.g., maintenance and relapse)

demand biosensors for a variety of opioids with excellent selectivity among those

drugs. This work describes the �rst opioid-binding moieties with sensitivity and

selectivity suitable for continuous opioid monitoring.
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Figure 1.2: Figure from Belin-Rauscent, 2016: the �spiral� of the entire addiction
process with a distinct switch between drug seeking and compulsive use and relapse.
Reproduced with permission.

A touchstone for this work is the conventional picture of opioid signaling, de-

sensitization, and tolerance (Figure 1.1). Rapid desensitization/endocytosis and

resensitization/recycling occur on the ~10 s to ~few min. Notably, short-term toler-

ance occurs on the ~hour timescale. The view of �ligand bias� in the GPCR �eld

argues that di�erent ligand structures binding to the same orthosteric site can elicit

di�erent cellular consequences by biasing the receptor to interact with a particular

G-protein or beta-arrestin. In this view, fentanyl has been termed a "beta-arrestin-

biased ligand� (De Waal et al., 2020). How these molecular and cellular events

dictate behavioral tolerance is unclear. The �nal chapter in this work addresses this

gap by monitoring [fentanyl] in the rodent brain alongside behavior to demonstrate

a repetitive behavioral pattern with no acute behavioral tolerance to the �rst dose of

fentanyl (up to 1.0 mg/kg).

A second touchstone for this work is the visualization of the entire addiction pro-

cess (Figure 1.2). David Belin's argument is compelling: classical experiments in

substance use disorder focus on controlled drug intake and do not consider the req-

uisite events for the �switch� to addiction (Belin et al., 2016). This work presents

an ethologically relevant survival task for a normative and quantitative measure of

behavioral de�cits. The introduction of continuous opioid measurements alongside

behavior allow the experimenter to attribute particular de�cits to the presence of the

drug (as opposed to a withdrawal period, for example).
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1.4 The Biosensor-Transduction System Bottleneck in �Reading� Biologyin

situ

This section appeared in one of A.K.M's propositions submitted in June 2023.

Continuous monitoring measurements are warranted when (a) a biomarker's con-

centration changes faster than the time scale needed to sample and analyze using

conventional means, (b) there is an interaction between human behavior and the

biomarker, or (c) a closed-loop device on a person necessitates the real-time input

of [biomarker]. The four areas that exemplify the need for continuous monitoring

also align with growing unmet needs in public health:

1. Metabolic health: ~min to ~hour molecular changes with relationships to appetite

and exercise. Example markers: glucose, insulin, ketones, LDL/HDL cholesterol,

leptin, ghrelin, and GLP-1.

2. Cardiovascular health: ~sec to ~min changes with relationships to locomotor ac-

tivity and stress. Example markers: blood oxygenation, ECG, troponins, natriuretic

peptides, homocysteine, and high-sensitivity C-reactive protein.

3. Hormonal health & fertility: ~hour to ~week physiological changes that un-

derly reproductive health. Example markers: estradiol, progesterone, luteinizing

hormone, follicle-stimulating hormone, cortisol, inhibin B, and prolactin.

4. Personalized drug dosing: ~hour to ~day pharmacokinetics (PK), particularly

important for keeping a maintenance drug in a concentration window correspond-

ing to the desired physiological state. Example drugs: metformin (diabetes), SS-

RIs/ketamine (major depressive disorder), methadone (opioid use disorder), vareni-

cline (nicotine use disorder), various analgesics (chronic pain), levothyroxine (hy-

pothyroidism), and various antibiotics like vancomycin that have a highly variable

PK across individuals.

Generalizable, scalable, and minimally invasive continuous monitoring represents

a transformative technology:

For basic science: Prior continuous monitoring studies typically involved a limited

number of subjects and short-term cannulation in a lab. Improved scalability and

resolution are needed for datasets to develop an atlas of continuous metabolomics.

For public health: Wearable devices o�er a form factor to make diagnostics more

accessible and enable o�-site analysis, thereby reducing the marginal costs for

healthcare. For example, Michael Snyder's lab has developed a routine using pulse

oximetry to detect pre-symptomatic COVID-19 with real-time, cloud-based analysis

and personal alerts (Alavi et al., 2022; Bogu & Snyder, 2021).
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For therapeutic development: Most R&D dollars are �lost� in phase II failures

where target selection and toxicology in a wider human population become evident.

Atlases of human physiology can better inform hypothesis testing in target selection

and characterize sub-populations prone to adverse events.

However, the form factors of instruments limit large-scale and decentralized human

studies. A handful of labs have made do with the few commoditized devices such as

pulse oximeters, accelerometers, and continuous glucose monitors (CGMs) (Babu &

Snyder, 2023; Hicks et al., 2023; Snyder et al., 2023); however, these measurements

alone severely underdetermine physiological states. This work adopts the form factor

and design choices of CGMs but generalizes its substrate scope. The fabrication of

medical devices � their electronics, micro�uidics, wireless communication, etc.,

are largely a solved problem. This work addresses the properties of ideal sensing-

transduction systems that will be

(a) sensitive within the target's physiological concentration range,

(b) selective against both endogenous and exogenous species,

(c) robust in the mechanism of signal transduction,

(d) highly multiplexable,

(e) su�ciently responsive in terms of kinetics, and

(f) regeneratable with minimal signal drift.

Continuous monitoring techniques accelerate the collection ofin situ and contin-

uous data. However, the development of these devices is bottlenecked by current

biosensing and signal transduction methods (Polat et al., 2022; Smith et al., 2019;

Wang et al., 2022). Nature has solved an instance of this problem using allostery

in ion channels embedded in neuronal circuits (Galzi & Changeux, 1994), but these

channels o�er limited substrate scope and are unwieldy for the manufacturing of

medical devices. Conformation-switching proteins are readily integrated into de-

vices thanks to nanopores (Fukami-Kobayashi et al., 1999; Li et al., 2020) and

o�er a programmable substrate scope thanks to recent in silico (Praetorius et al.,

2023) and directed evolution methods (Beatty et al., 2022; Muthusamy et al., 2022;

Nichols et al., 2021).

1.5 iOpioidSnFRs and Their Opioids

Genetically encoded biosensors of endogenous ligands have been developed primar-

ily for calcium and neurotransmitters (Marvin & Looger, 2020; Sabatini & Tian,

2020). These biosensors have been engineered to exploit a variety of �uorescent
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proteins as reporters (Frommer et al., 2009). The concept of adapting nature's

proteins to bind and detect non-natural substances has been established for 20+

years (Korendovych & DeGrado, 2020) along with the circular permutation strategy

of modulating GFP �uorescence (Baird et al., 1999); however, advances in labora-

tory techniques and computational methods in protein engineering have accelereated

the development of these molecules. This work begins with the application of a

nicotine biosensor based on OpuBC, a naturally occuring choline-binding periplas-

mic binding protein, evolved to bind nicotine, another cholinergic. Evolution toward

nicotinic biosensors yielded a library of biosensors for screening against new drugs.

We found some mutants provided broad spectrum detection of neural drugs, rep-

resenting starting hits for directed evolution. Finally, this work focused detecting

a variety of clinically used opioids. We termed these biosensors, intensity-based

opioidsensing fluorescent reporters, or �iOpioidSnFRs.�

iOpioidSnFRs were evolved for su�cient sensitivity to detect pharmacologically

relevant [opioid] (i.e., opioid concentration). The pharmacologically relevant [opi-

oid] range begins with the minimally e�ective concentration and spans the analgesic

and abuse concentrations. The pharmacologically relevant range for nearly all opi-

oids, and certainly for fentanyl, is below one micromolar. Whereas most biosensor

protein evolution projects consider a single analyte, this work has developed several

biosensors in parallel for several chemical structures and pharmacological classes.

Most importantly, iterative single residue site-saturation mutagenesis appears to

yield progressively improved biosensors in all cases tested thus far. The biosensor

�tness landscape does not appear to have deep local minima so that OpuBC-cpGFP

biosensors may be adapted for several opioid classes in a relatively straightforward

directed evolution campaign (Chapter 6).

The four exemplar biosensors detect a set of clinically used analgesics spanning

several use cases:

Fentanyl is a highly potentµ-opioid agonist with analgesic [fentanyl] found as low as

1-10 nM in serum (FDA 2016). Fentanyl is clinically administered in formulations

with varying PK: sublingual tablets, transdermal patches, and a nasal spray. Most

opioid overdose deaths today in the United States involve fentanyl (Jannetto et al.,

2019). Biosensors of fentanyl may enable more careful titration of fentanyl for each

individual and o�er a method of monitoring the risks of overdose.

S-methadone is one of the two enantiomers of methadone administered as a racemate

for analgesia and opioid maintenance therapy. The pharmacokinetics of methadone
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allow quantifying the time course of either R-methadone or S-methadone for ther-

apeutic monitoring (Foster et al., 2000). Personalized monitoring may be in-

creasingly important as prescription over telemedicine becomes more prominent.

Beyond managing opioid use disorder, S-methadone has recently garnered atten-

tion as a rapidly acting antidepressant (Fogaça et al., 2019). One clinical trial is

underway to test S-methadone's e�cacy as an antidepressant. The PK underlying

the antidepressant e�ect is uncharacterized, but for maintenance therapy, e�ective

serum [methadone] appears to be in the 100s of nM to 1µM with nearly an order of

magnitude variability across individuals (Eap et al., 2002).

Tapentadol, aµ-opioid agonist and norepinephrine reuptake inhibitor, is the most

recent FDA approval for an opioid with a novel mechanism of action (Langford et al.,

2016; Singh et al., 2013). The additive nature of its two mechanisms of action allows

for lower e�ective doses and has opened a route to less addictive opioids (Schröder

et al., 2011).

Levorphanol has one of the broadest activities of any clinically used opioid, acting

as an agonist of theµ-, d-, k-, and nociception opioid receptors, a selective sero-

tonin/norepinephrine reuptake inhibitor, and an antagonist of NMDA and GABA

receptors (Pham et al., 2015). Levorphanol's lack of cross-tolerance forµ-OR ago-

nism with respect to prior morphine use (Moulin et al., 1988) and its longer duration

of action (~11 h half-life in humans) provide a pharmacokinetic basis for improved

treatment of chronic pain (Prommer, 2007).

Most of the other opioids in this work are routinely used in clinical opioid rotation.

The varied chemical properties of each of these drugs pose an interest for subcel-

lular pharmacological studies. Furthermore, varying the formulation and regimen

of a given opioid can vary its pharmacokinetics and circuit adaptations associated

with degrees of maladaptive behaviors and physiological symptoms in animal mod-

els (Cahill, 2020). The varied pharmacokinetics due to genetic variation warrants

personalized tailoring and tapering regimens to minimize the risks of OUD.
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C h a p t e r 2
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2.1 Abstract

Nicotine dependence is thought to arise in part because nicotine permeates into the

endoplasmic reticulum (ER), where it binds to nicotinic receptors (nAChRs) and

begins an �inside-out� pathway that leads to up-regulation of nAChRs on the plasma

membrane. However, the dynamics of nicotine entry into the ER are unquanti�ed.

Here, we develop a family of genetically encoded �uorescent biosensors for nicotine,

termed iNicSnFRs. The iNicSnFRs are fusions between two proteins: a circularly

permutated GFP and a periplasmic choline-/betaine-binding protein engineered to

bind nicotine. The biosensors iNicSnFR3a and iNicSnFR3b respond to nicotine

by increasing �uorescence at [nicotine] < 1µM, the concentration in the plasma

and cerebrospinal �uid of a smoker. We target iNicSnFR3 biosensors either to the

plasma membrane or to the ER and measure nicotine kinetics in HeLa, SH-SY5Y,

N2a, and HEK293 cell lines, as well as mouse hippocampal neurons and human

stem cell�derived dopaminergic neurons. In all cell types, we �nd that nicotine

equilibrates in the ER within 10 s (possibly within 1 s) of extracellular application

and leaves as rapidly after removal from the extracellular solution. The [nicotine] in

the ER is within twofold of the extracellular value. We use these data to run combined

pharmacokinetic and pharmacodynamic simulations of human smoking. In the ER,

the inside-out pathway begins when nicotine becomes a stabilizing pharmacological

chaperone for some nAChR subtypes, even at concentrations as low as ~10 nM. Such

concentrations would persist during the 12 h of a typical smoker's day, continually

activating the inside-out pathway by > 75%. Reducing nicotine intake by 10-
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fold decreases activation to ~20%. iNicSnFR3a and iNicSnFR3b also sense the

smoking cessation drug varenicline, revealing that varenicline also permeates into

the ER within seconds. Our iNicSnFRs enable optical subcellular pharmacokinetics

for nicotine and varenicline during an early event in the inside-out pathway.

2.2 Introduction

Existing data show that nicotine evokes two processes at neuronal nicotinic acetyl-

choline (ACh) receptors (nAChRs). Historically, the best-characterized process is

activation of nAChRs on the plasma membrane (PM). If one considers events at the

scale of a neuron, activation of nAChRs at the PM may be termed the �outside-in�

pathway. Like activation by the endogenous neurotransmitter ACh, activation by

exogenous nicotine via the outside-in activation pathway involves an in�ux of Na+

and Ca2+ ions, depolarization and therefore increased frequency of neuronal action

potentials. The outside-in pathway, and perhaps the subsequent desensitization of

nAChRs, leads to the acute e�ects after nicotine enters the airways either from to-

bacco combustion (smoking) or from an electronic nicotine delivery system (ENDS;

�vaping�). These acute e�ects, beginning within < 1 min after inhalation and last-

ing for dozens of minutes include a sense of well-being, a cognitive boost, appetite

suppression, increased tolerance of stressful stimuli, and suppression of withdrawal

(Miwa et al., 2011; Naudé et al., 2015; Nees, 2015; Picciotto et al., 2015).

Since approximately 2005, evidence has been accumulating for a second process.

We term this the �inside-out� pathway, because it begins when nicotine permeates

into the ER. In the ER, nicotine binds to nascent nAChRs and becomes a stabilizing

pharmacological chaperone fora4- andb2-subunit�containing (a4b2*) nAChRs,

increasing their exit from the ER (Fig. 2.1 A) (Kuryatov et al., 2005; Lester et

al., 2009; Sallette et al., 2005). The inside-out pathway leads to up-regulation of

nAChRs on the PM. The inside-out pathway results, jointly, from three properties

(Fig. 2.1 A). (1) Like ACh, nicotine activates nAChRs (a pharmacological prop-

erty). (2) In contrast to ACh, nicotine has a neutral, membrane-permeant form (a

pharmacokinetic property). (3) In contrast to hydrolysis of ACh within < 1 ms by

ACh esterase, catabolic oxidation of nicotine proceeds on a time scale of ~30 min,

primarily by cytochrome P450 (another pharmacokinetic property) (Henderson &

Lester, 2015; Tanner et al., 2015).

The research community has not yet reported decisive tests for the relative impor-

tance of the inside-out and outside-in pathways in nicotine dependence. Several
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laboratories are testing the hypothesis that the selective up-regulation of speci�c

nAChR subtypes via the inside-out pathway is necessary and su�cient for some

early events (days to weeks) of nicotine dependence (Govind et al., 2009; Hender-

son & Lester, 2015). Nicotine-induced up-regulation of nAChRs via chaperoning is

post-translational, involving neither gene activation nor mRNA stability of nAChR

subunits (Henderson & Lester, 2015).

A satisfactory comparison of the outside-in and inside-out pathways during smok-

ing/vaping has been hampered by lack of information about the pharmacokinetics

of nicotine at the subcellular scale: How long does it take nicotine to permeate into

the ER, and what is its concentration there (Hussmann et al., 2012; Lester et al.,

2009; Rollema et al., 2007)? Previous data show that, when nicotine is applied for

more than several hours, it up-regulates nAChRs. This up-regulation has an EC50

of ~30 nM (Kuryatov et al., 2005). It has not been known (1) whether nicotine

concentration in the ER reaches the EC50 for up-regulation; (2) if so, how quickly;

and (3) how quickly nicotine leaves the ER.

To approach these questions quantitatively, we have developed a series of genetically

encoded intensity-based nicotine-sensing �uorescent reporters (iNicSnFRs). These

biosensors comprise a fusion between a bacterial periplasmic-binding protein (PBP)

moiety (276 amino acids), a circularly permuted GFP (cpGFP) moiety (244 amino

acids), joining regions (�linkers�), and epitope tags. The development of the glu-

tamate biosensor iGluSnFR (Marvin, Borghuis, Tian, Cichon, Harnett, Akerboom,

Gordus, Renninger, Chen, Bargmann, et al., 2013b) has provided a model for this

study. We report on use of a novel PBP moiety and on mutations that allow the PBP

moiety of the biosensor to bind nicotine. We have directed these iNicSnFRs either

to the PM (at the start of the outside-in pathway) or to the lumen of the ER (at the

start of the inside-out pathway; Fig. 2.1 B). We have also veri�ed the compartmen-

talization of the iNicSnFRs by showing that the �uorescence response to nicotine

contrasts with responses to membrane-impermeant quaternary amines (Fig. 2.1 C).

Smoking cessation has become desirable for individual health and for public health (Lon-

don, 2016). Varenicline (shown in Fig. 2.1 A), a partial agonist fora4b2 nAChRs

and full agonist fora7 nAChRs, is now the most e�ective synthetic drug for smoking

cessation. Nonetheless, varenicline therapy succeeds in only a minority of people

who aspire to quit smoking (Fagerström & Hughes, 2008). Varenicline also perme-

ates modestly well into the central nervous system (Rollema et al., 2007). Varenicline

has a half-life of ~24 h in human plasma (Faessel et al., 2006) and presumably in hu-
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man brain. Exposure to varenicline also up-regulatesa4b2 nAChRs (Govind et al.,

2017; Marks et al., 2015; Turner et al., 2011), an indication that it too participates in

the inside-out pathway. We therefore sought to determine whether varenicline also

enters the ER and, if so, how much and how quickly. Serendipitously, an iNicSnFR

also binds to and senses varenicline, and we suggest how varenicline's entry into the

ER may limit its therapeutic actions.

Figure 2.1: Strategy of the experiments. (A) Nicotine (pKa, 7.5�8.1) and varenicline
(pKa, 9.5�10) are weak bases. They interconvert on a millisecond time scale between
protonated and deprotonated forms; these are respectively membrane impermeant
and permeant. (B) The tactic of con�ning a genetically encoded �uorescent nicotinic
drug sensor to the PM or the ER. (C) Choline, ACh, and N'MeNic exist only as
charged, membrane-impermeant forms near physiological pH.
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2.3 Materials and Methods

Directed evolution of iNicSnFR proteins using bacterial-expressed protein as-

says

The Results section, below, begins by describing the overall strategy in constructing

the iNicSnFRs. Class F PBPs consist of two domains that move relative to each other

when the ligand binds at the interdomain interface (Berntsson et al., 2010). Previous

biosensor constructs have placed a cpGFP molecule within the PBP. We constructed

and measured ~12,000 mutants iteratively, using �uorescence measurements as

described below. We incorporated four additional linker1 residues before the N

terminus of the �superfolder� cpGFP gene (Marvin et al., 2018; Pédelacq et al.,

2006) and four additional linker-2 residues after the C terminus of the superfolder

cpGFP, because this cpGFP variant functions well in the ER (Aronson et al., 2011).

We inserted linker1-cpGFP-linker2 at candidate positions within OpuBC sequence

at positions near the interdomain interface of the PBP, based on previous structural

data cited in Results for choline- and betaine-binding class F PBPs. We optimized

linker1 and linker2 with site-saturated mutagenesis (SSM).

The ligand-binding site (originally for choline and/or betaine) lies at the interdomain

interface of the PBP. To optimize the ligand site for nicotine, we performed SSM

on several residues near the possible cation-p residues (�rst-shell residues that

lie within 7 Å of the ligand binding pocket; Fig. 2.11), as well as on �second-

shell� residues (residues that showed intraprotein interactions with the �rst-shell

residues). Mutagenesis was performed by slight modi�cations to the Quikchange

mutagenesis protocol (Agilent). Each round of SSM used NN(C/G) oligonucleotides

that provided > 96% residue coverage for a collection of 188 randomly chosen clones.

One design goal was a 30% increase in �uorescence (� F/F0 = 0.3) at [nicotine] = 1

µM, a concentration thought to lie in the range of the peak [nicotine] in the plasma

and brain of a smoker (Benowitz et al., 1991; Rollema et al., 2010). In preliminary

characterization, lysates were tested with excitation at 485 nm and emission at 535

nm. Automated 96-well �uorescence plate readers were used to measure resting

and nicotine-induced �uorescence (F0 and� F, respectively; Tecan M1000, equipped

with monocomators; and Tecan Spark M10, equipped with �lters). The bene�cial

substitutions identi�ed were combined with side-directed mutagenesis (SDM), and

the �best� combination in each round of evolution was used as a template for the

next round of SSM (Fig. 2.12).
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We conducted one or more rounds of SSM experiments at each of the 25 codons

shown in Fig. 2.11. In sum, these experiments improved the� F/F0 at 1 µM

nicotine by a factor of 105 (Fig. 2.12). In early experiments on weakly responding

constructs, we measured responses to much higher concentrations (up to 10 mM). We

extrapolated to responses at 1µM nicotine, based on the EC50, on the maximal� F

(� Fmax) and the observed Hill coe�cient of ~1. We used automated liquid-handling

devices at several stages of mutagenesis and quanti�cation.

Measurements on puri�ed iNicSnFRs

Biosensors selected for further study were puri�ed with the His6 sequence (Fig.

2.11). Proteins were puri�ed by Ni-NTA a�nity chromatography as described (Mar-

vin, Borghuis, Tian, Cichon, Harnett, Akerboom, Gordus, Renninger, Chen, Bargmann,

et al., 2013b), using PBS, pH 7.4, and elution in an imidazole gradient (10�200 mM).

Proteins were concentrated by centrifugation through a 10- or 30-kD cuto� column

and by dialysis against PBS. The dialyzed protein was quanti�ed, and 50 or (prefer-

ably) 100 nM was used in dose�response studies to characterize responses to various

ligands.

We conducted isothermal titration calorimetry experiments with a Malvern Microcal

ITC200 instrument. Puri�ed iNicSnFR3a (100µM) was titrated with 1 mM nicotine

in PBS at 25°C. Analyses used the Origin software bundled with that instrument.

Proteins puri�ed by size-exclusion chromatography were subjected to high-throughput

crystallization trials in the presence of nicotine. Crystals were grown with hanging

drop vapor di�usion at room temperature. Promising crystals of iNicSnFR1 were

obtained with 15 mg/ml protein, 6 mM nicotine, 50 mM MgCl2, 10 mM HEPES,

pH 7.5, and 30% vol/vol polyethylene glycol monomethyl ether 550. The di�rac-

tion datasets were collected at Stanford Synchrotron Radiation Laboratory. The data

were reduced using Mos�m (Powell et al., 2017) and Scala (Evans, 2011). The struc-

ture was solved using the CCP4 software suite (Evans, 2011) to carry out molecular

replacement using a solved unliganded, open structure of an earlier version of iACh-

SnFR construct (Borden et al., 2020). The structure was iteratively rebuilt using

Coot (Emsley et al., 2010) and re�ned using PHENIX. The maximum resolution

was 2.4 Å. After re�nement (Table 2.2), the electron density for the ligand was

incompletely resolved; therefore the molecular docking program SwissDock was

used to study protein�ligand interactions (Fig. 2.2 B) and to design further SSM

libraries. After we obtained the modeled-liganded, partially closed structure of Fig.
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2.2 B, we concentrated on mutating the residues noted; this structural information

accelerated progress toward the criterion responses of� F/F0 = 0.3 at [nicotine] = 1

µM.

Spectrally resolved �uorescence measurements of pH dependence (Fig. 2.3, A�C)

were conducted with an ISS (Champaign) K2 �uorometer running under MS-DOS.

Excitation and emission bandwidths were 2 nm. Data were exported as ASCII �les.

Dose�response relations for ligands were conducted with the M1000 (Fig. 2.2 C) or

Spark 10M (Fig. 2.3, D�H; and Fig. 2.9 A) plate reader. For excitation wavelength

(l ex) of 400 nm, an ideal emission �lter would have been centered at ~500 nm; but

none was available, so we measured the ~2-fold lower emission with a �lter centered

at an emission wavelength (l em) of 535 nm.

Stopped-�ow experiments were conducted on an Applied Photophysics SX-18MV

instrument at 25°C. Equal volumes of iNicSnFR3a solution (100 nM) and ligand

solution in PBS were mixed, yielding the �nal nicotine and varenicline concentra-

tions given in Fig. 2.2 D and Fig. 2.9 B, respectively. The samples were excited at

470 nm via a monochromator (9.3 nm slit width), and the emission was collected at

520 nm using a 10-nm band-pass �lter. Waveforms were �tted to single exponential

waveforms, using Applied Photophysics software.

Expression in mammalian cells

We constructed two variants of the iNicSnFR biosensors for expression in mam-

malian cells. The constructs were cloned into vectors designed for expression either

on the PM (iNicSnFR_PM) or in the ER (iNicSnFR_ER). For iNicSnFR3a_PM and

iNicSnFR3b_PM, we cloned the bacterial constructs into pCMV(MinDis), a vari-

ant of pDisplay (Invitrogen) lacking the hemagglutinin tag (Marvin et al., 2013).

To generate iNicSnFR3a_ER and iNicSnFR3b_ER, we replaced the 14 C-terminal

amino acids (QVDEQKLISEEDLN, including the Myc tag; Fig. 2.11, �nal line)

with an ER-retention motif, QTAEKDEL.

We conducted cDNA transfection experiments on iNiCSnFR3a_PM and iNic-

SnFR3a_ER expressed in HeLa cells, in SH-SY5Y cell, in HEK293 cells, and

in N2a cells. All cell lines were purchased from ATCC and cultured according to

ATCC protocols. Chemical transfection was achieved by combining 0.5 or 1µg of

plasmid with 1µl of Lipofectamine 2000 (1 mg/ml; Invitrogen) in 500µl OptiMEM

(Gibco), incubating at room temperature for 30 min, and adding to dishes with fresh

OptiMEM. Cells were incubated in the transfection medium for 24 h and then in
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growth media for ~24 h before imaging.

For experiments on cultured mouse hippocampal neurons, an e�ective expression

procedure used adeno-associated viral (AAV2) constructs. As stated in Results,

iNicSnFR3a and iNicSnFR3b gave identical� F in solution experiments and in

transfection experiments. After we obtained preliminary data with AAV2/1 con-

structs for iNicSnFR3b with a synapsin promoter (in this paper, usually abbreviated

AAV2_iNicSnFR3b_PM and AAV2_iNicSnFR3b_ER); we therefore judged that it

was an unnecessary expense to generate the analogous iNicSnFR3a AAV constructs.

The cells were grown on circular coverslips (1 cm diameter) glued to the bottom of

35-mm culture dishes (MatTek).

GFP immunoblot quantitation of biosensor levels

Transfected HeLa cells were lysed using 50 mM NaCl, 50 mM NaH2PO4, 2 mM

EDTA, 2 mM EGTA, and 2% Triton X-100, pH 7.4 with 40 strokes of a dispos-

able polypropylene pestle and incubated for 3 h at 4°C with agitation to solubilize

membrane-bound proteins. The membrane fraction was pelleted via centrifugation

(21,130 g for 10 min at 4°C) and the supernatant was isolated. Isolated proteins

were incubated at 95°C for 5 min in 1Ö Laemmli sample bu�er and 355 nMb-

mercaptoethanol (BioRad). The pH of each sample was adjusted with 1 M Tris base

and then alkylated using 100 mM iodoacetamide at 20�25°C for 1 h in the dark.

Proteins were separated by SDS-PAGE using a 6�18% bis-Tris gel and transferred to

Immun-Blot low �uorescence polyvinylidene �uoride membranes (BioRad). Mem-

branes were blocked using Odyssey Tris-bu�ered saline (TBS; Li-Cor) for 1 h at

room temperature and then incubated with mouse anti-GFP antibodies (2955S; Cell

Signaling), diluted 1:1,000 in Odyssey TBS-blocking bu�er, supplemented with

0.1% Tween-20 (�antibody bu�er�) overnight at 4°C. After washing, the membrane

was incubated with anti-mouse secondary antibodies (925-32212; Li-Cor) diluted

1:10,000 in antibody bu�er. The blot was washed and visualized using an Odyssey

scanner (Li-Cor). Anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) an-

tibodies (1:1,000 in antibody bu�er; Ab9483; Abcam) were used as a loading con-

trol. GAPDH immunoreactivity was visualized with anti-goat secondary antibodies

(1:10,000; 926-68074; Li-Cor). Anti-GAPDH primary and secondary antibodies

were added concurrently with anti-GFP primary and secondary antibodies. To quan-

tify biosensor levels, a standard curve of puri�ed soluble iNicSnFR3b protein (0.23,

1.15, and 5.76 ng protein, in duplicate) was used in each blot. Data were analyzed

using Odyssey application software (version 3.0; Li-Cor).
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Preparation and transduction of hippocampal neurons

A pregnant mouse was euthanized at embryonic day 16. The pups were removed

from the uterine sac and decapitated before dissection. The hippocampi from

several pups were combined and digested in 50 units of papain for 15 min. After

DNase treatment, cells were triturated in Hanks balanced salt solution (HBSS;

ThermoFisher; GIBCO) with 5% equine serum and spun down through a 4% BSA

solution. The pellet was resuspended in plating medium, and the cells were plated

onto glass bottom 35-mm imaging dishes (MatTek) coated with poly-d-lysine, poly-

l-ornithine, and laminin. After 1 h, the cells were �ooded with 3 mL of culture

medium, and half of the culture medium was changed every 3 d. At 3 din vitro,

the cells were infected with AAV2_iNicSnFR3b_PM or AAV2_iNicSnFR3b_ER at

a multiplicity of infection of 100,000 or 50,000, respectively.

Expression in dopaminergic neurons di�erentiated from human induced pluripo-

tent stem cells (iPSCs)

Fuji�lm CDI (formerly named Cellular Dynamics International; CDI) furnished

iCell DopaNeurons. These are human dopaminergic neurons di�erentiated from

iPSCs. The supplier has measured that 89% of the cells are positive for tyrosine hy-

droxylase (TH) by �uorescence-activated cell sorting. The iCell DopaNeurons were

maintained in 95% BrainPhys Neuronal medium (StemCell Technologies), 2% iCell

Neural Supplement B (CDI), 1% iCell Nervous System Supplement (CDI), 0.1% of

1 mg/ml laminin (Sigma), and 1% N-2 Supplement 100Ö(ThermoFisher) and sup-

plemented with penicillin and streptomycin. iCell DopaNeurons were maintained

on dishes for 17�24 d before imaging. Glass bottoms of the 35-mm imaging dishes

(MatTek) were coated with ~0.07% poly(ethyleneimine) solution and incubated at

37°C for 1 h. Dishes were rinsed with PBS, then rinsed with water and air dried

overnight. Glass bottoms were then coated with 80µg/ml laminin solution for 30

min at 37°C before cells were plated. We con�rmed that� 40% of the cells stained

for TH by immunocytochemistry using a previously described assay (Srinivasan

et al., 2016).

iCell DopaNeurons were transfected after either 13 or 21 d in culture using the

Viafect kit (E4981; Promega) at 4:1 transfection reagent (µl) to DNA (µg) ratio.

The transfection mixture was prepared in 100µl OptiMEM (ThermoFisher), con-

taining 4µL of Viafect transfection reagent and 1µg of either iNicSnFr3a_ER or

iNicSnFr3b_PM cDNA. The mixture was incubated for 10�15 min and then added

directly to fresh maintenance medium in the culture dish. Transfection medium was
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removed after 24 h, and cells were incubated for 48�72 h further before imaging.

iCell DopaNeurons were transduced with AAV2_iNicSnFr3b_ER virus particles

after 7 d in culture. 1µl of the stock (2Ö 1012 genome copies/ml) was mixed

with 100 µl of maintenance medium, and then the mixture was added to 2 ml of

maintenance medium in the culture dish. Cells were studied after 24 d in culture.

Time-resolved �uorescence measurements in live mammalian cells

Experiments have been conducted at room temperature with four inverted micro-

scope systems; each produced useful �uorescence increases when nicotine or vareni-

cline was perfused into the chamber. Early experiments used a Zeiss 510 spectrally

resolved laser-scanning confocal microscope, previously used for other biosensors

that use cpGFP moieties. This group includes the GCaMP sensors and iGluS-

nFR (Marvin, Borghuis, Tian, Cichon, Harnett, Akerboom, Gordus, Renninger,

Chen, Bargmann, et al., 2013a). We �nd that signals with the iNicSnFR constructs

have brightness and dynamic range similar to those of the previous cpGFP-based

biosensors.

Most datasets were taken on an Olympus IX-81 microscope, in wide-�eld epi�u-

orescence mode. Images were acquired at 3�4 fps with a back-illuminated EM

charge-coupled device camera (iXon DU-897; Andor Technology) (Pantoja et al.,

2009), controlled by Andor IQ2 software. Initial experiments used excitation by

the 488-nm line of an argon laser (IMA101040ALS; Melles Griot) (Richards et al.,

2011); however, this produced speckles and also excessive bleaching when the iN-

icSnFR was activated by ligands (Fig. S3). Therefore, we installed a considerably

weaker incoherent light source: a light-emitting diode (LED). Although a peak at

~485 nm would have been optimal, the closest available LED had peak emission at

470 nm (LZ1-10DB00; LED Engin). We used a 40-nm band-pass �lter, centered

at 470 nm (ET 470/40X; Chroma Technology), at currents of 40�800 mA. The epi-

�uorescence cube was previously described (Srinivasan et al., 2011). We obtained

useful signals with 20Ö(numerical aperture [NA] 0.4), 40Ö(NA 1.0; oil), 63Ö, and

100Ö(NA 1.45) lenses. The 40Ölens proved most convenient for imaging several

adjacent cells and was relatively insensitive to modest drift of the focus. For HeLa

cells, the PM-directed constructs were measured with a region of interest (ROI) that

included only the cell periphery.

Solutions were delivered from elevated reservoirs by gravity �ow, through solenoid

valves (Automate Scienti�c), then through tubing fed into a manifold at a rate of 1�2
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mL/min. Experiments were performed with HBSS bu�er, except that iPSC-derived

neurons were studied in PBS plus d-glucose (5.56 mM), MgCl2 (0.49 mM), MgSO4

(0.4 mM), KCl (5.33 mM), and CaCl2 (1.26 mM). The most robust datasets were

taken with gas-impermeable �uorinated ethylene propylene-lined Versilon tubing.

This minimized loss of CO2, which in turn would produce transient pH increases

that artifactually increased biosensor �uorescence in the absence of ligand (Fig.

2.15). Culture dishes were placed on a Warner Instruments SA-TS100 adapter that

supported a DH-40i perfusion ring. With this arrangement, the stainless steel tubes

for the inlet and aspiration were separated by 5 mm. Videos of dye solutions showed

that local solution changes proceeded with a time constant of <1 s (California Insti-

tute of Technology �Katz� station). As usual in �uorescence imaging experiments,

we excluded data from the brightest cells, because these may have �uorescent im-

purities or aggregates that produce a rapidly bleaching baseline (an example is the

black trace in Fig. 2.15). Data analysis procedures included subtraction of blank

(extracellular) areas and corrections for baseline drifts.

Experiments with micro-iontophoretic nicotine application (Fig. 2.7) used the

following optical and electrophysiological instruments. A Nikon Diaphot 300 wide-

�eld microscope was equipped with an Hg arc lamp (100 W), a 40x (NA 0.33)

objective lens, and a �uorescein/GFP epi�uorescence cube. Images were acquired

with a Hamamatsu Orca 03G camera, controlled by Hamamatsu software. Ion-

tophoretic pipettes were �lled with 1 M nicotine HCl, had resistance of ~50 MWand

were mounted on a micromanipulator. Current was supplied by an Axon Instruments

Geneclamp 500, commanded by Axon Instruments pCLAMP software (California

Institute of Technology �Erlanger� station).

Structured illumination microscopy and confocal �uorescence images

Cells were cotransfected with cDNA for DsRed2-ER (Srinivasan et al., 2012) and

with iNicSnFR3a_ER or iNicSnFR3a_PM (0.5µg of each construct combined with

1 µL of Lipofectamine 2000 was added to the cells in OptiMEM and incubated for

24 h, followed by incubation in growth media for ~24 h). The image in Fig. 2.4

C1 was acquired as Z stacks with a Zeiss ELYRA S.1 microscope, equipped with

a 63ÖNA 1.4 objective lens. GFP illumination was at 488 nm, observed through

a 495�550 nm band-pass + 750 nm long-pass �lter. DsRed2-ER was illuminated

at 561 nm and observed through a 570�620 band-pass + 750 long-pass �lter. The

structured illumination grating was rotated �ve times and processed using Zeiss

ZEN software to produce the �nal image.
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The image in Fig. 2.4 C2 was acquired with a Zeiss LSM 710 laser-scanning confocal

microscope, equipped with a 63x NA 1.4 objective lens. Neither microscope has a

perfusion system; solutions were changed with a pipette. Nicotine (15µM nicotine

in HBSS) was used to wash and replace the growth medium in the dishes before

imaging.

Reagents

(�)�Nicotine salts or free base (>98% purity) were obtained from several suppli-

ers, with no detectable di�erence in properties. Samples of N'-methylnicotinium

(N'MeNic; Fig. 2.1 C) were obtained from two sources, with no detectable di�er-

ence in properties. A sample was synthesized by M.R. Post (California Institute

of Technology), as described (Post et al., 2017), and puri�ed by P.S. Lee (Janelia

Research Campus). Other samples were purchased from Toronto Research ((S)-

1'-methylnicotinium Iodide; M323280), and purity was veri�ed by NMR by D.P.

Walton (California Institute of Technology).

Pharmacokinetic and pharmacodynamic simulations

Simulations of nicotine and varenicline in human subjects were constructed and

run in Matlab (2017a and later releases) using the SimBiology App. The detailed

parameters of the simulation are given in Table 2.3. The code is available in

SimBiology format (.sbproj, which presents the formatting of the diagrams in Fig.

2.8 A and Fig. 2.10 A, and in Systems Biology Markup Language [.xml]. See the

ZIP �le contained in the Supplemental material).

Data analysis software

Image video �les, spectral data, and dose�response data were analyzed further and

presented with general purpose software. These programs include ImageJ, Excel

(Microsoft), and Origin (OriginLab).

Online supplemental material

Online supplementary information includes text information that amine-containing

bu�ers produce anomalous results and that acidic vesicles are candidates for the

�sequestered compartment�; Table 2.2 shows steps in structure and re�nement of

iNicSnFR1 crystallized with nicotine; Table 2.3 shows parameters for nicotine

and varenicline Matlab/SimBiology models; Fig. 2.3 shows sequences of PBPs and

constructs described in this paper and/or studied in preliminary experiments; Fig. 2.4

shows directed evolution of the iNicSnFR family; Fig. 2.13 shows photoswitching
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noticeable at high [nicotine] with focused laser illumination; Fig. 2.14 shows

responses to nicotine with iNicSnFR_ER in SH-SY5Y cells and HEK293 cells; Fig.

2.15 shows human iPSCs, di�erentiated to dopaminergic neurons, transduced with

AAV_iNicSnFR3b_ER; and Fig. 2.16 shows varenicline at iNicSnFR3a expressed

in HeLa cells. Additional online supplementary information includes a ZIP �le

containing Matlab SimBiology models for nicotine and varenicline in .sproj and

Systems Biology Markup Language (.xml) format. Additional online supplementary

�les include a guide to the online videos, of which there are nine.

2.4 Results

Development and characterization of iNicSnFRs

We identi�ed and optimized iNicSnFRs in parallel with the research program that

produced the genetically encoded ACh biosensor molecule, iAChSnFR (Borden et

al., 2020). We had two goals for the optimized iNicSnFRs. (1) We sought� 30%

increase in �uorescence (� F/F0 � 0•3) at [nicotine] = 1µM, a concentration thought

to lie at the upper end of the range of the peak [nicotine] in the plasma and brain of

a smoker. (2) We sought to achieve this response with a time constant <1 s.

Many bacterial and archaeal species use the quaternary amines choline, glycine

betaine, and proline betaine as osmolytes or energy sources. PBPs (also called

substrate-binding proteins; SBPs) from some of these species bind these ligands,

then present the ligands to transporters in the inner membrane. Structural studies

of ligands bound to PBPs show a feature �rst noted by (Schiefner et al., 2004): a

�box� of four aromatic side chains that participate in cation-p interaction(s) with

the quaternary amine. This feature was previously noted for nAChRs (Brejc et al.,

2001; Morales-Perez et al., 2016; Zhong et al., 1998). Furthermore, a cation-p

box participates prominently in binding to other Cys-loop and G protein�coupled

receptors (GPCRs) for other primary and secondary amine ligands including sero-

tonin, GABA, glycine, and many drugs that mimic those transmitters (Van Arnam

et al., 2013). We hypothesized that choline- and/or betaine-binding PBPs could be

mutated by experimenters to bind ACh, nicotine, and perhaps other alkaloid (nitro-

gen containing, weakly basic) drugs. PBPs undergo substantial, well-characterized

ligand-induced conformational changes upon binding their target ligand. In SnFRs,

cpGFP is inserted into a PBP in such a way that this conformational change is al-

losterically transduced into rearrangements of the chromophore environment, lead-

ing to changes in �uorescence intensity, lifetime, etc. (Marvin, Borghuis, Tian,

Cichon, Harnett, Akerboom, Gordus, Renninger, Chen, Bargmann, et al., 2013b).
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We reasoned that this strategy would work similarly well with PBPs mutated to bind

exogenous molecules, so as to enable families of genetically encoded �uorescent

biosensors for drugs (iDrugSnFRs).

In preliminary experiments, we synthesized the genes and expressed in bacterial

PBPs of structural Class F (Berntsson et al., 2010), thought to bind choline and/or

betaine. Studies included ChoX from Sinorhizobium meliloti (Oswald et al., 2008),

ProX from Archaeoglobus fulgidus (Schiefner et al., 2004), OpuAC from Lacto-

coccus lactis (Wolters et al., 2010), OpuCC from Bacillus subtilis (Du et al., 2011),

and OpuBC from Bacillus subtilis (Pittelkow et al., 2011). An OpuBC homologue

(possibly a ProX homologue) from the hyperthermophilic bacterial speciesTher-

moanaerobacter sp X513appears in genomic databases, but was not previously

characterized. We �rst performed isothermal titration calorimetry to detect any

binding with the puri�ed proteins. This paper presents experiments with the most

promising PBP, theT. sp X513OpuBC homologue; we found that betaine, choline,

and ACh bind to this protein. We coupled it to cpGFP and optimized its sensitivity

to nicotine, as described in Materials and methods and in Fig. 2.1 and Fig. 2.12.

We obtained an x-ray crystallographic structure of an early iNicSnFR, termed iN-

icSnFR1, in the presence of nicotine at 2.4 Å resolution (Fig. 2.2 A and Table 2.1,

deposited as PDB �le 6EFR). This construct has an apparent nicotine EC50 of 250

µM. This is, to date, the only iNicSnFR structure we have obtained in a liganded,

closed (or partially closed) conformation. The structure, in common with several

other OpuBC-related structures discussed above, reveals the ligand at the interface

between two domains of the PBP moiety. Four aromatic side chains, contributed by

both lobes, surround the pyrrolidine nitrogen. This resembles the �aromatic box�

found in many PBPs that bind quaternary amines, as well as in nAChRs. We also

obtained x-ray crystallographic structures of several other constructs in the iNic-

SnFR series; but in these, the upper domain of the PBP was �exed away from its

position in Fig. 2.2 A, and there was no ligand present. Fig. 2.2 B presents our

model of the ligand�protein interaction site of iNicSnFR3a and iNicSnFR3b.

During the development of iAChSnFR, for additional assurance that the ligand binds

approximately as predicted in Fig. 2.2 B, we mutated several of the putative cation-p

residues annotated asa throughhnoted in Fig. 2.11. The most dramatic elimination

of sensitivity occurred at theg aromatic residue, with the Y357A mutation. In Fig.

2.5 E, presented below, we show that incorporating the equivalent mutation into an

iNicSnFR also eliminates nicotine sensitivity.
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We used excitation near the absorption peak at 485 nm, and we made emission

measurements at wavelengths >510 nm. Fig. 2.2 C shows dose�response relations

for � F induced at iNicSnFR3a by three nicotinic agonists: nicotine, ACh, choline,

and cotinine. The EC50 for choline is more than fourfold greater than for nicotine,

showing a greater-than-desired sensitivity, but higher than the usual value for choline

in brain (~10µM) (Klein et al., 1992). The near-zero� F values for cotinine are too

small for systematic study. The iNicSnFR3a and iNicSnFR3b proteins di�er by one

amino acid substitution at codon 11 (Asn vs. Glu, respectively; Fig. 2.11) and have

no detectable photophysical di�erences.

The stopped-�ow data (Fig. 2.2 D) show that the �uorescence increase reached

steady-state with time constants extrapolating to a value of ko�-ext = 2.0 s-1 at the

lowest [nicotine]. This satis�ed the criterion that the kinetics should be substantially

complete within 1 s. In other experiments that diluted premixed solutions of 200

nM iNicSnFR3a plus nicotine into PBS, we measured modestly higher values of

ko�-dil = 3.3± 0.3 s-1. However, we consider ko�-dil measurements less satisfactory

because the resulting iNicSnFR3a concentrations were just 8 nM, producing small

and noisy signals. The isothermal titration calorimetry data (Fig. 2.2 E) also show

that nicotine binds to iNicSnFR3a (Kd = 10± 2.5µM). Thus, all the available data

indicate a non-cooperative interaction between iNicSnFR3a and nicotine, with a Kd

between 10 and 30µM, that is complete within ~1 s.
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Figure 2.2: The genetically encoded family of biosensors for nicotinic drugs, iNic-
SnFRs. (A) Cartoon of the x-ray crystallographic structure of iNicSnFR1, crystal-
lized in the presence of nicotine. The structure is available as PDB �le 6EFR. The
iNiCSnFR family are fusion proteins. A superfolder cpGFP (shown in green) has
been inserted into the coding sequence of OpuBC, a choline/betaine PBP from T.
spX513. The linker sequences (shown in dark blue; see Fig. 2.11) were selected
for optimal� F/F. One poorly resolved linker residue, Pro323, is shown as a dashed
backbone. The engineered OpuBC is shown in cyan, except that the backbone
residues near the incompletely resolved nicotine ligand are shown in gray. The
nicotine-binding site lies between the two lobes of the PBP; these move relative to
each other.
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(B) To generate later iNicSnFRs, the binding site of OpuBC was further engi-

neered by mutagenesis for acceptable sensitivity to nicotine. ~12,000 mutants were

screened during the design of iNicSnFR3a and iNicSnFR3b. The image shows re-

design of the nicotine-binding site of iNicSnFR1, naming the additional mutations

present in iNicSnFR3a and iNicSnFR3b. Portions of the cartoon shown in gray are

identical to the gray regions of OpuBC in A. Thea-carbon atoms remain at the posi-

tions in the x-ray crystallographic data (PDB �le 6EFR), and the conformers of the

mutated side chains were selected based on the best-�t rotamer using University of

California, San Francisco (San Francisco, CA) Chimera software. The pyrrolidine

group of nicotine is at left, seen edge-on; the pyridine group is at right, seen from

an acute angle. Also shown is Y357, which remains wild type in all iAChSnFR

and iNicSnFR constructs (Fig. 2.11). The Y357A mutation renders all iNicSnFR

and iAChSnFR constructs insensitive to the ligand. Also shown is F391, which

remains unchanged in all iNicSnFR and iAChSnFR constructs, but di�ers from the

glutamate in OpuBC. (C) Dose�response relations for puri�ed iNicSnFR3a. Data

were �tted to a single Hill equation with an assumed Hill coe�cient of 1. Data are

mean± SEM (n� 3). (D) Stopped-�ow analysis. The rate constant for �uorescence

decay, ko� , was measured most consistently by extrapolation of the kon value to zero

[nicotine] (ko�-ext ). The ratio, ko�-ext /kon, gives an equilibrium-binding constant Kd

= 29 µM. The blue symbols and label show measurements of ko� in experiments

that diluted an iNicSnFR3a-nicotine solution by 25-fold to [nicotine] values < 1

µM (ko�-dil ). (E) Isothermal titration calorimetry for nicotine. The data yield an

equilibrium-binding constant Kd = 10± 2.5µM, and a stoichiometry of 0.65± 0.03

moles of nicotine per mole of protein.

pH dependence of an iNicSnFR

We based additional photophysical studies on previous data with the GCaMP family.

In the inactive conformation of cpGFP, the �uorophore has a pKa of 8�9. At neutral

pH, the �uorophore is almost fully protonated, decreasing the absorption in the band

centered atl ex ~485 nm (Barnett et al., 2017). In the active form, the pKa is ~7,

so that some of the �uorophore molecules are deprotonated. This allows absorption

and �uorescence (Barnett et al., 2017). Our pH studies have the additional feature

that nicotine itself is a weak base (Fig. 2.1, A and B), as are varenicline and many

other neural drugs. One expects both the pH dependence of the biosensor, and that

of the ligand, to a�ect measurements with iNicSnFRs.
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We investigated the pH dependence of both ligand-independent and ligand-induced

�uorescence (F0 and� F, respectively, Fig. 2.3). Throughout the pH range from 5.5

to 9.0, excitation atl ex = 400 nm produces detectable F0 at anl em of 535 nm, and

this is nearly independent of pH (Fig. 2.3, A and B). This agrees with previous data

on cpGFP-based biosensors (Barnett et al., 2017). The F0 values forl ex = 485 nm

show the expected, contrasting strong pH dependence (Barnett et al., 2017): F0 is

approximately inversely proportional to [H+] (Fig. 2.3 C).

We determined the� F dose�response relations of iNicSnFR3a using excitation at

l ex = either 400 or 485 nm. At basic pH, we found the most reliable signals atl ex

= 485 nm, where nicotine induces increased �uorescence (� F > 0; Fig. 2.3 E). The

� Fmaxdecreases with increasing pH. Thus,� Fmax/F0 at pH 7.5 is 14.5; but at pH 9.0,

� Fmax/F0 is only 3.5. This analysis is summarized by plotting both F0 and F0 + � Fmax

in the measured range (Fig. 2.3 G). The pH dependence of the F0 measurements is

consistent with those measured more precisely in a spectro�uorometer (Fig. 2.3 C).

The pH dependence of the fully saturated biosensor (F0 + � Fmax) resembles that for

the fully saturated GCaMP sensors (Barnett et al., 2017), reaching a plateau under

basic conditions; however, the apparent pKa of iNicSnFR3a may be shifted to the

right by ~0.5 pH units from that for GCaMP6m (Barnett et al., 2017).

At acidic conditions forl ex = 485 nm, nicotine evokes little or no� F; we therefore

excited atl ex = 400 nm and measured the nicotine-induced �uorescence decrease

(� F < 0; Fig. 2.3 H). At pH = 7.5 and 8.0, where the two measurement modes

both have adequate signals, the two modes yield good agreement in EC50 values

(Fig. 2.3 I), consistent with the idea that the two modes are measuring the same

nicotine-iNicSnFR binding. Nicotine exhibits a ~20-fold decrease in EC50 as the pH

is increased from 6.0 to 9.0 (Fig. 2.3 I). Both this pH dependence of the response to

nicotine and the large pH dependence of F0 are complicating factors in our live-cell

experiments.
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Figure 2.3: The pH dependence of puri�ed iNicSnFR3a in solution, over the range
pH 5.5�9.0, at 25°C. Measurements were performed in 3ÖPBS, adjusted to nominal
pH within 0.1 pH unit. (A�C) Measurements in a spectro�uorometer (see Materials
and Methods). 100 nM protein. Fluorescence is measured in the absence of ligand
and termed F0. (A) Excitation spectra at various pH values, measured at al em of
535 nm. (B) Emission spectrum at al ex of 400 nm. Note that F0 depends to only a
limited extent on the pH. (C) Emission spectrum atl ex = 485 nm. Note the strong
dependence on pH.
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(D�H) Measurements in a 96-well plate reader, bandwidth 20 nm for excitation and

25 nm for emission; 50 nM protein, 25°C. (D) Data analogous to those of B and

C. pH dependence of F0, with l ex = 400 nm (open symbols) or 485 nm (closed

symbols). Arbitrary units on the y axis (log scale; 30�3,000 arbitrary units; a.u.)

di�er from those taken with the instrument of A�C. Values for SEM are smaller

than the size of the symbols. (E and F) Fluorescence dose�response relations for

nicotine (E) and for N'MeNic (F). Excitation at 485 nm, at varying pH between

7.5 and 9.0. The data have been �tted to a single Hill equation, with parameters

given in the legend. Error bars give SEM. Uncertainties for the� Fmax/F0 and EC50

values are <10%, and for the Hill coe�cient (nH) value are <0.2. (G) Summary

of E and F to show both the unliganded �uoresce (F0) and maximal �uorescence

(F0 + � Fmax) in the pH range measured. (H) Exemplar dose�response relations

from excitation at 400 nm, at pH 6.0. As expected (Barnett et al., 2017), nicotine

produces a decrease in �uorescence intensity at 535 nm. The data have been �tted to

a single Hill equation, with parameters given in the legend. Error bars give SEM. (I)

Comparison of EC50 values for nicotine (squares) versus N'MeNic (circles). Data

from experiments like those in B and C. Excitation at 400 and 485 nm are given by

the open and closed symbols, respectively. Data were included if they were well

�tted by a Hill coe�cient between 0.75 and 1.2, if the observed� F at 1,000µM

ligand reached >85% of the �tted� Fmax, and if the curve-�tting algorithm provided

error bounds of EC50 < 10%.

A special environment in the iNicSnFR3-binding site

The nicotine derivative N'MeNic (Fig. 2.1 C) has a quaternary ammonium moiety

at the pyrrolidine (N') nitrogen. Like nAChRs (Beene et al., 2002; Post et al.,

2017), iNicSnFR3 responds robustly to N'MeNic. Comparing N'MeNic-induced

with nicotine-induced� F over a pH range is expected to reveal further mechanistic

details about the ligand�protein interaction, independent of the pH dependence of

other regions and/or transitions of the biosensor protein. We consider that systematic

errors render the data most reliable forl ex = 400 nm at pH� 7.5, and forl ex =

485 nm at pH� 7.5. Fig. 2.3 E�G show that iNiCSnFR3a responds similarly to

nicotine and to N'MeNic, with respect both to EC50 and to� Fmax/F0, at basic pH.

Fig. 2.3 G shows that the fully liganded state has a similar pH dependence whether

the ligand is nicotine or N'MeNic. We found a similar trend under acidic conditions.

Fig. 2.3 I shows that, over almost the entire measurable range from pH 6.0 to 9.0,

the EC50 value for nicotine is 1.25- to 2-fold higher than that for N'MeNic. The
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modestly higher sensitivity to N'MeNic is not surprising, considering that the natural

ligand of OpuBC is either choline or betaine, both quaternary compounds. Many

nicotine-binding sites, such as those in AChBP and nicotinic receptors, tolerate the

di�erences in charge density among protonated secondary amines (such as cytisine

and varenicline), protonated tertiary amines (such as nicotine and ABT-418), and

quaternary amines (such as choline and N'MeNic) (Daly, 2005; Van Arnam &

Dougherty, 2014).

How do we explain that the EC50 for nicotine remains a small multiple of the

N'MeNic EC50 over nearly the entire measurable pH range, even though the con-

centration of protonated nicotine in free solution decreases for pH values above

its pKa (7.5�8)? In a straightforward explanation, the binding site of iNicSnFR3,

probably including a cation-p box, stabilizes di�use positive charges such as those

in quaternary amines and in protonated tertiary amines. Previous pH dependence

studies of nAChRs show this phenomenon (Petersson et al., 2002). Regardless of

the underlying mechanism, the data suggest that the pH dependence of the cpGFP

moiety exerts a stronger e�ect than the pH dependence of the weakly basic ligand,

nicotine.

Studies with nicotine in live cells

iNicSnFR3a_PM and iNiCSnFR3a_ER in HeLa cells

We conducted many of our optical and biochemical experiments in HeLa cells, which

have a relatively large, �at appearance and prominent ER. Fig. 2.4 (A and B) shows

protein expression of iNicSnFR3a_PM and iNiCSnFR3a_ER after transfection in

HeLa cells. We performed immunoblotting using an anti-GFP antibody. Observed

GFP immunoreactivity for proteins from iNicSnFR3a_PM- and iNiCSnFR3a_ER-

transfected cells appears near the predicted values of ~68 and ~61 kD, respectively.

Importantly, immunoblots demonstrated that the PM targeted biosensor is larger

than the ER targeted biosensor, accounted for by the addition of the PM targeting

sequence. We found no other bands with GFP immunoreactivity. In experiments

conducted at 7�23 h post-transfection, we found that iNicSnFR3a_PM produced

lower levels of protein than iNicSnFR3a_ER (22± 6 nM/mg protein compared with

43 ± 14 nM/mg protein, respectively). This expression level di�erence was not

signi�cant when we averaged absolute protein levels across the entire dataset (Fig.

2.4 B1), but was consistent and signi�cant when assessed within each paired (same

day) set of transfections (Fig. 2.4 B2). No detectable dependence on the time since

transfection was observed.
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We also imaged the transfected cells with higher-resolution �uorescence microscopy

(Fig. 2.4 C). We co-transfected some of these samples with DsRed2-ER to assess

localization with the ER. As expected from the included targeted sequences, the

iNiCSnFR3a_ER construct showed the expected ER structures typical of HeLa cells,

and also colocalized well with DsRed2-ER (Fig. 2.4 C1). The iNiCSnFR3a_PM

�uorescence was most intense at the periphery of the cell, as expected for a PM

protein (Fig. 2.4 C2).

Figure 2.4: Protein levels and subcellular imaging of iNicSnFR3a_PM and iNic-
SnFR3a_ER in HeLa cells. (A) Typical immunoblots with anti-GFP immunoreactiv-
ity to lysates (1µg protein) from HeLa cells transfected with either iNicSnFR3a_PM
(top) or iNicSnFR3a_ER (bottom). In each panel, the leftmost lane is the 75-kD
molecular weight marker (MWM). The two middle lanes are duplicate samples
of puri�ed, diluted iNicSnFR3b (~61 kD). The two rightmost lands are duplicate
samples from the transfected cells. Bands for iNicSnFR3a_PM appear at ~68
kD (slightly below the MWM), and bands for iNicSnFR3a_ER appear at ~61 kD
(markedly below the MWM and comparable with puri�ed biosensor), con�rming
the predicted size di�erence of 7 kD between the two constructs.
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(B1) Absolute quantitation of iNicSnFR3a expression, based on GFP immunoblots,

from �ve paired transfections, analyzed 7�23 h after transfection. Data are mean

± SEM (two duplicate lanes loaded with 1µg protein per blot; one blot per trans-

fection). Signi�cance was determined using an unpaired Student's t test. *, p�

0.05; n.s., not signi�cant. (B2) Ratio of iNicSnFR3a_PM to iNicSnFR3a_ER levels,

within each set of transfections. The ratio varied from 0.40 to 0.95 with an average

of 0.56± 0.10. The bar gives SEM. (C) Typical �uorescence microscopy images

from cells co-transfected with iNicSnFR3a and with DsRed2-ER (red channel) and

exposed to nicotine (15µM). (C1) iNicSnFR3a_ER (green channel) and DsRed2-

ER (red channel) and merged image. Structured illumination microscopy. (C2)

iNicSnFR3a_PM (only the green channel is shown). Confocal microscopy.

Fig. 2.5 presents a typical time-resolved �uorescence experiment, ~24 h after

transfection. For reasons reported in Section 1 above, the time-resolved imaging

experiments were performed with illumination near the 485 nm absorption peak (see

Materials and methods). Images were gathered at 4 Hz while cells were exposed to

20-s pulses of nicotine at 40-s intervals at fourfold concentration increments between

0.25 and 256µM. Nicotine-induced �uorescence increases are well resolved, even

at 0.25µM. We note good reproducibility among cells: the coe�cient of variation

of � F/F0 < 10% within an experiment. Within a few seconds after the nicotine pulse

begins in the extracellular solution, nicotine-induced �uorescence reaches an ap-

proximate plateau and changes by <10% over the next 20 s (the small increase in Fig.

2.5 was observed in only some experiments). Within a few seconds after [nicotine] is

stepped to zero in the external solution,� F returns to zero. The temporal resolution

of these experiments is limited by the speed of the solution change; we detected no

di�erence between the iNicSnFR3a_PM and iNicSnFR3a_ER waveforms.

Fig. 2.5 exempli�es an idiosyncrasy of the HeLa cell nicotine-induced �uorescence

increases. The dose�response relation at the higher [nicotine] shows less saturation

than expected from experiments on puri�ed iNicSnFR3a (Fig. 2.2 C and Fig. 2.3

E). We devoted little attention to this phenomenon, because [nicotine] never exceeds

10µM during smoking or vaping.

iNicSnFR3_ER detects only membrane-permeant molecules

A key goal for our experiments is to distinguish ER nicotine ligands from extra-

cellular molecules. Therefore we compared responses to nicotine itself versus two

quaternary amines, thought to be membrane-impermeant molecules: N'MeNic and

ACh (Fig. 2.5 E). In cells transfected with iNicSnFR3a_PM, we found comparable



38

�uorescence increases among the three ligands. In contrast, for cells transfected

with iNicSnFR3a_ER, only nicotine evoked �uorescence increases. In solution, iN-

icSnFR3a has comparable� F to nicotine, N'MeNic, and ACh (Fig. 2.2 C and Fig.

2.3, E and F). Therefore it may be concluded that iNicSnFR3a_ER samples only

intracellular molecules. Given the predominant ER localization of iNicSnFR3a_ER

(Fig. 2.4 C1), it may be concluded that this biosensor measures primarily ligands

in the ER. We provide, in the section �Studies with vareniclinein vitro and in live

cells� of this paper, evidence that iNicSnFR3a_ER responds strongly to varenicline,

an additional membrane-permeant ligand.

The data of Fig. 2.5, by themselves, cannot rule out the possibility that iNic-

SnFR3a_PM samples some intracellular nicotine. We argue against this possibility

by noting the images of Fig. 2.4 C2, showing that iNicSnFR3a_PM �uorescence

occurs only on the periphery of the cell. To investigate further, we conducted nico-

tine exposure experiments on iNicSnFR3a_PM with a 100Öobjective lens, and we

chose ROIs including only the periphery. We found that� F/F0 measurements had

comparable values to those of ROIs that include the entire cell (data not shown).

One objection to these �periphery-only� experiments is that some iNicSnFR3a_PM

might remain within endosomes that cannot be distinguished from the PM by light

microscopy, as found for some transporters (Chiu et al., 2002; Moss et al., 2009).

However such compartments have luminal pH values ~5.5, and intraluminal cpGFP

would fail to �uoresce. In summary, there is good evidence that iNicSnFR3a_PM

and iNicSnFR3a_ER measure the nicotine concentration in the extracellular solution

and in the ER, respectively.

Transfection of iNicSnFR3a_PM and iNicSnFR3a_ER into two other human clonal

cell types, SH-SY5Y (Fig. 2.14 4A) and HEK293 (Fig. 2.14 B) produced similar

� F values in response to nicotine perfusion. We also obtained preliminary data in

the only mouse cell line tested, N2a (data not shown).

We also tested whether eliminating a crucial cation-p interaction, at theg amino acid

(Fig. 2.11), eliminates nicotine-induced� F. In experiments on puri�ed iAChSnFR,

we found that the F357A mutation abolished sensitivity to ACh. In the present

experiments, the equivalent mutation, iNiSnFR3a_Y357A_PM, was constructed and

tested in HeLa cells. We found no detectable nicotine-induced� F at concentrations

� 300µM (Fig. 2.5 F). This observation also provides assurance that the nicotine-

induced� F has little or no nonselective component.
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Figure 2.5: Dose�response relations for nicotine-induced� F in HeLa cells. Exem-
plar data for iNicSnFR3a_PM and iNicSnFR3a_ER expressed in transfected HeLa
cells. (A and C) 20-s nicotine dose application followed by 20-s wash in HBSS. The
average response for three cells at each dose is overlaid in a 30-s window for the PM
and ER traces in A and C, respectively. The SEM is shown as colored bands.
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(B and D) The averaged� F/F0 at each response in A and C, respectively, is plotted

against the logarithmic concentration scale with SEM given as error bars. (E) Com-

parisons among nicotine itself, N'MeNic, and ACh; experiments in transfected HeLa

cells. The iNicSnFR3a_PM responses to ACh and to N'MeNic were normalized to

NicSnFR3a_PM responses for nicotine (100µM). The iNicSnFR3b_ER responses

to ACh and to N'MeNic were normalized to iNicSnFR3b_ER responses for nicotine

(100µM). Note that iNIcSnFR3a_PM responds robustly to all three ligands, but only

iNicSnFR3b_ER responds robustly only to nicotine, the only permeant molecule

among the three tested. (F) Mutating a probable cation-p interacting residue, Tyr357,

eliminates nicotine-induced� F. Exemplar data from cells transfected in parallel and

tested on the same day.

Nicotine enters the ER of neurons

Fig. 2.6 analyzes �uorescence induced by nicotine at two variants of iNicSnFR3

expressed in neurons. An AAV2 construct yielded basal �uorescence in >50%

of cultured mouse hippocampal neurons, and each �uorescent cell also showed

responses to nicotine within a few seconds after an increase or decrease of ex-

tracellular nicotine. Interestingly, neurons yield roughly the same� F/F0 values

for iNicSnFR3b_PM and iNicSnFR3b_ER. A similar pattern of roughly equal

nicotine-induced� F/F0 in neurons was observed for cDNA transfection, with iNic-

SnFR3a_PM and iNicSnFR3a_ER. As usual for neuronal cultures, cDNA transfec-

tion led to sparser expression (<10% of cells) than viral transduction.

Dopaminergic neurons of the reward pathway located in the ventral tegmental area

play a role(s) in nicotine addiction (Subramaniyan & Dani, 2015). Studies also

suggest that nicotine protects dopaminergic neurons of the substantia nigra pars

compacta during the initial stages of Parkinson's disease, via an inside-out path-

way (Henderson et al., 2016; Srinivasan et al., 2014, 2016). Therefore, we assessed

the entry of nicotine into the ER of human dopaminergic neurons di�erentiated from

iPSCs.

It is not yet routinely possible to speci�cally induce either ventral tegmental area�like

or substantia nigra pars compacta�like dopaminergic neurons from iPSCs; therefore,

we recorded �uorescence from all neurons expressing iNicSnFR3a_ER (Fig. 2.6,

E and F). The �uorescence reaches steady-state within a few seconds after nicotine

appears near the cells and decays to F0 within a few seconds after removal. The

� F/F0 values reach a maximum of 3�4, and the [nicotine] giving half-� Fmax/F0 is

on the order of 20µM.
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We also found that viral transduction with AAV2-iNicSnFR3b_ER proceeded ef-

�ciently in the induced iPSC cultures (Fig. 2.15). >90% of the neurons were

�uorescent, and all of these gave detectable increases in the presence of nicotine.

The responses resembled those for transfected dopaminergic neurons but had lower

� F/F0, rarely exceeding 2. In two cells, we found that� F induced by N'MeNic (100

µM) was <0.2 times as large as� F induced by 1µM nicotine. This con�rms that

iNicSnFR3b_ER senses only intracellular nicotine, as found for expression in HeLa

cells (Fig. 2.5).

[Nicotine] in the ER approximately equals [nicotine] at the PM

To assess the relationship between [nicotine] in the ER versus [nicotine] applied

in the extracellular solution, we compared the increase of� F/F0 versus applied

[nicotine], as measured by the _ER and _PM constructs. Two cell types (HeLa

and hippocampal neurons) provided complete datasets with both _ER and _PM

constructs (presented in Fig. 2.5 and Fig. 2.6, A�D). For this analysis, we accepted

data for applied [nicotine]� 5 µM, because this concentration range is most phar-

macologically relevant, well below the EC50, and least subject to pH perturbation

in the ER. The appropriate metric is de�ned as [� F/F0]/[nicotine] and has the units

µM-1. For measurements with the _ER constructs and for the _PM constructs, the

metric is 0.075± 0.019µM-1 and 0.063± 0.13µM-1, respectively (mean± SEM,

n = 8 cells in each case; Fig. 2.6 F inset, gives an exemplar plot). This similarity

shows that [nicotine] in the ER is approximately equal to [nicotine] applied in the

external solution. Less complete data show a similar pattern in other cell types:

SH-SY5Y (Fig. 2.14 A), HEK293 (Fig. 2.14 B), and human dopaminergic neurons

di�erentiated from iPSCs (Fig. 2.6, E and F; and Fig. 2.15).

For purposes of the simulations described in a later section, we assumed that [nico-

tine] is equal in the ER and in the extracellular solution. We interpret �approximately

equal� as a di�erence of less-than twofold. The uncertainty arises primarily because

of di�erences between the pH of the ER and extracellular solution. In most estimates,

this di�erence is <0.2 pH units (Casey et al., 2010), but has not been measured for

the cell types we investigated. As noted, it is unlikely that nicotine and varenicline

at the sub-µM concentrations of most interest perturb the pH of the ER. Such per-

turbation (for instance, by mitochondrial uncouplers) (Mitchell, 2011) requires that

both the uncharged and charged form of the drug can permeate through membranes,

either passively or via transporters(s). All previous studies on nicotine conclude

that only the uncharged form is membrane-permeant (Lester et al., 2009).
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Figure 2.6: Nicotine in the ER of neurons. (A�D) Exemplar nicotine-
induced �uorescence increases for cultured hippocampal neurons transduced with
AAV2/1.sin1.iNicSnFR3b_PM (A and B) or with AAV2.sin1.iNicSnFR3b_ER (C
and D). (A and C) 20-s nicotine pulses, followed by 20 s wash in HBSS. The aver-
age waveform for �ve cells at each [nicotine] is overlaid for the PM and ER traces
in A and C, respectively. The SEM is shown as colored bands around each line.
Dose�response relations are shown in B and D. (E and F) Human dopaminergic neu-
rons transfected with iNicSnFR_ER3a. (E) Typical nicotine-induced �uorescence
during 20-s pulses of nicotine at the indicated concentrations. Data were subjected
to a triangle �lter (half-time, 1 s). (F) Full dose�response data from 20 transfected
human dopaminergic neurons. Inset, start of the dose relation at [nicotine]� 5 µM.
The slope of the line, [� � • � 0¼•»=82>C8=4¼– 8B0•087" = 1•
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Micro-iontophoresis of nicotine: membrane permeation does not slow �uorescence

increases

Results presented above show that a �jump� of [nicotine] in the external solution

results in� F in the ER. We asked whether the kinetics of� F reveal any delay due

to di�usion of nicotine across either the PM or the ER membrane. To decide this

point, we obtained more rapid application of nicotine without complications from

solution changes or pH changes. We delivered nicotine from micro-iontophoretic

pipettes (Del Castillo & Katz, 1955). The data (Fig. 2.7) show that, for a cell within

10 µm of the pipette tip, iNicSnFR3b_ER produces �uorescence increases within

<1 s, approximately equal to the response time of the iNicSnFR itself (Fig. 2.2 D).

This result shows that the PM and the ER membrane do not present a detectable

di�usion barrier on this time scale. For more distant cells, the �uorescence increase

is slower and smaller. For instance, the cell in ROI 3, ~150µm from the tip of the

micro-iontophoretic pipette, responded completely on a time scale of ~10 s. This is

consistent with a di�usion constant on the order of 1µm2/ms.

It is not possible to quantify the [nicotine] ejected from the tip of an iontophoretic

pipette. We conducted dose�response studies by varying the iontophoretic current

between 10 nA (as shown in Fig. 2.7) and 100 nA. As the current was increased,

the � F/F0 for the cell in ROI 1 did not increase; the response in the cell of ROI 2

increased modestly and became faster, to equal the value in ROI 1. The cell in ROI

3 increased more gradually, eventually reaching� F/F0 ~0.3 at an ejection current

of 100 nA.

Figure 2.7: Micro-iontophoretic nicotine application. (A) Cultured mouse hip-
pocampal neurons transduced with AAV_iNicSnFR3b_ER. A nicotine-containing
micro-iontophoretic pipette was positioned <10µm above the cell in ROI 1. A
10-nA outward current pulse (32-s duration) was delivered. Most cells in the area
showed �uorescence increases. (B) Fluorescence traces recorded simultaneously
for cells at three distances from the pipette.
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Simulations of the outside-in and inside-out pathways during smoking

Our data generate two insights important for understanding the inside-out pathway.

First, the genetically encoded nicotine biosensors targeted to the ER reveal that

nicotine appears in the ER within� 10 s after it appears in the extracellular solution.

The delay may be as small as 1 s, but this distinction has no importance for the

simulations in this section. Second, after this delay, the [nicotine] in the ER di�ers

by less than twofold from [nicotine] in the extracellular solution.

The most complete data on pharmacological chaperoning have used extracellular

nicotine, applied for several hours (Kuryatov et al., 2005). Therefore, a major

question arising from previous data were whether nicotine enters the ER quickly

enough to serve as a pharmacological chaperone. The answer, based on our present

data, is clearly, �yes.� It is reassuring, but not crucial, to know that [nicotine] in

the ER is rather close to that outside the cell, so that the highest-a�nity states of

nicotine-nAChR binding, which leads to pharmacological chaperoning, need not

di�er drastically from events at the PM.

A question of particular interest now arises about the exit of nicotine from the ER.

When nicotine is removed from the extracellular solution, nicotine leaves the ER,

again within 10 s. If [nicotine] in the ER drops below the EC50 for pharmacological

chaperoning during the interval between cigarettes, then the inside-out pathway

cannot readily account for nicotine dependence. We term this point the �rapid exit�

problem.

The rapid exit problem may be addressed by existing data on the pharmacokinetics

of nicotine during smoking. After a person receives a bolus of nicotine from a

cigarette or an ENDS, [nicotine] in the body decreases with two exponential terms.

During the slower phase, measurable nicotine endures in the plasma for several

hours (Benowitz et al., 1991). We simulated fractional activation of the inside-out

and outside-in pathways using the available data from the literature (Benowitz et al.,

1991; Kuryatov et al., 2005; Rollema et al., 2007). We assume a common pattern

of smoking: one cigarette, yielding 1 mg of ingested nicotine, each hour, for 12 h

during each day (Table 2.1). The detailed parameters of the simulation are given in

Table 2.3.

The simulations show how plasma/cerebrospinal �uid (CSF)/ER nicotine concen-

tration varies on the time scale of minutes to hours (Fig. 2.8 B1). Clearly, [nicotine]

in the ER remains greater than the EC50 for pharmacological chaperoning during the
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entire 1-h interval between cigarettes. The inside-out pathway remains substantially

activated continually during the 12�16 smoking-period hours of our simulations

(Fig. 2.8 B2).

Figure 2.8: Simulations of nicotine pharmacokinetics and pharmacodynamics dur-
ing smoking. (A) The pharmacokinetic/pharmacodynamic model, implemented in
Matlab SimBiology. Individual parameters and structures and smoking dosages are
presented in Table 2.3 and in Supplemental ZIP File. (B1) Nicotine concentrations
in the plasma/CSF/ER and in the �sequestered� compartment, during 40 simulated
hours for the standard habit (Table 2.3 and Supplemental ZIP File). The latter
compartment was termed the �peripheral compartment� by Benowitz et al. (1991),
but that terminology is less preferable in discussions of the nervous system. Note
the logarithmic [nicotine] scale. (B2) E�ects on the two processes shown in A.
Note that the standard habit nearly activates nAChR protein chaperoning (inside-out
process) >50%, but activates nAChR channel activation (outside-in process) <20%.
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Studies with vareniclinein vitro and in live cells

In addition to detecting nicotine, the biosensors iNicSnFR3a and iNicSnFR3b also

detect varenicline (Fig. 2.9 and Fig. 2.16). In �uorescence data, puri�ed iNic-

SnFR3a displays a varenicline EC50 approximately sixfold less than for nicotine.

The maximal response,� Fmax/F0, is at least equal to that for nicotine (Fig. 2.9 A).

Note that the �tted Hill coe�cient is signi�cantly less than unity, as also noted for

the live-cell imaging described below.

Biochemical characterization also indicates that varenicline binds more strongly

than nicotine to iNicSnFR. The stopped-�ow kinetics (Fig. 2.9 B) reveal smaller

pseudo��rst-order forward and reverse rate constants (kon and ko� , respectively)

than for nicotine (Fig. 2.2 D), as well as an inferred equilibrium binding constant

Kd, approximately threefold less than for nicotine (compare with Fig. 2.2 D). The

isothermal titration calorimetry data for the varenicline�iNicSnFR3a interaction

(Fig. 2.9 C) also reveal a several-fold lower Kd (3.5µM) than for nicotine.

Varenicline enters the ER

Live-cell imaging shows robust dose-dependent, varenicline-induced �uorescence

increases, both in HeLa cells and in neurons, both at the PM and in the ER (Fig.

2.9 and Fig. 2.16). The pharmacologically relevant varenicline concentrations are

<1 µM, a range that yields varenicline-induced� F. Unlike the data for nicotine,

the varenicline dose�response data for both HeLa cells and neurons do approach

saturation, allowing the conclusion that the dose�response relations show an EC50

of 1�4 µM. This agrees well with the data on puri�ed biosensor protein.

Especially in neurons, the growth and decay phases of the ER varenicline-induced

�uorescence (Fig. 2.9 F and Fig. 2.16 C) are clearly slower than either the nicotine

responses presented earlier or the varenicline responses on the PM (Fig. 2.9 D

and Fig. 2.16 A). The relatively slow ER varenicline responses occur even for the

smallest measured [varenicline] (� 1 µM), which are unlikely to perturb organellar

pH. The slower ER entry and exit for varenicline than for nicotine are consistent

with the lower logD7.4 (-1.27 vs. -0.04) (Mannhold et al., 2012), as though the ER

entry/exit of varenicline is rate-limited by membrane permeability.
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Figure 2.9: Varenicline activity against puri�ed iNicSnFR3a (A�C) and iNic-
SnFR3b expressed in hippocampal neurons (D�G). (A) Dose�response relations for
varenicline-inducedDF/F0, measured in 3ÖPBS, pH 7.4. Mean± SEM; three mea-
surements. (B) Stopped-�ow measurements at various [varenicline]. (C) Isothermal
titration calorimetry. (D�G) Exemplar varenicline-induced �uorescence increases
for cultured hippocampal neurons transduced with AAV2/1.syn1.iNicSnFR3b_PM
(D and E) or with AAV2/1.syn1.iNicSnFR3b_ER (F and G). (D and F) 30-s vareni-
cline pulses, followed by 40-s wash in HBSS. The average waveform for �ve cells
at each [varenicline] is overlaid for the PM and ER traces in A and C, respectively.
The SEM is shown as colored bands around each line. (E and G) Dose�response
relations, �tted to a single-component Hill equation, including zero response at zero
[varenicline]. Parameters are shown.
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Pharmacokinetic and pharmacodynamic simulations of varenicline

The data show that varenicline does enter the ER within < 30 s after appearing

near cells and that varenicline then leaves the ER within at most 60 s after leaving

the external solution, at the clinically relevant sub-µM concentrations. These data

are adequate to add a subcellular dimension to pharmacokinetic simulations for

orally administered varenicline. We used a model appropriate to twice-daily oral

administration and with parameters that account for the very di�erent absorption

and metabolism of varenicline (Fig. 2.10) versus nicotine (Fig. 2.8 and Table

2.3). The simulations show that the usual doses of varenicline only slightly activate

the outside-in pathway of nAChR activation. In contrast, varenicline activates the

inside-out pathway of pharmacological chaperoning by >50% after the second dose

of varenicline and by >70% after the �fth dose.
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Figure 2.10: Simulated pharmacokinetics and pharmacodynamics during oral
varenicline administration. (A) In the pharmacokinetic model for orally admin-
istered varenicline, the lungs are replaced by the digestive tract. The parameters
derive from studies on humans (Faessel et al., 2006). The parameters are given in
Table 2.3 and in Supplemental ZIP File. (B1) Varenicline concentrations in two
compartments: the plasma/CSF/ER and the sequestered compartment. (B2) E�ects
on the two processes shown in A. Note that recommended treatment with varenicline
almost completely activates nAChR protein chaperoning (inside-out process), but
only slightly produces nAChR channel activation (outside-in process).
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2.5 Discussion

The study quanti�es the dynamics and extent of an early step in the inside-out

pathway for nicotine: entry into the ER. Downstream steps have been studied and

quanti�ed in several a previous report using biochemistry, �uorescence microscopy,

genetically altered mice, and immunocytochemistry (Henderson & Lester, 2015).

Development of the iNicSnFR family begins the �eld of optical subcellular phar-

macokinetics for nicotine. We present data that extend to the sub-µM nicotine

concentration that exists in the plasma and CSF of a smoker or vaper. The genet-

ically encoded nicotine biosensors iNicSnFR3a and -3b, trapped in the ER, reveal

that nicotine appears in the ER within at most 10 s after it appears in the extracellular

solution (Fig. 2.5, Fig. 2.6, Fig. 2.7, Fig. 2.14, and Fig. 2.15). The [nicotine] in

the ER is equal to that in the extracellular solution, at a precision of twofold. These

conclusions hold for each of the �ve cell types we have investigated: three types of

human clonal cell lines (HeLa, Fig. 2.5; SH-SY5Y, Fig. 2.14 A; and HEK293, Fig.

2.14 B), human dopaminergic neurons di�erentiated from iPSCs (Fig. 2.6, E and

F; and Fig. 2.15), and mouse hippocampal neurons (Fig. 2.6, A�D; and Fig. 2.7).

Fluorescent biosensors for optical subcellular pharmacokinetics

Our strategy (Fig. 2.1) extends that used for iGluSnFR (Marvin, Borghuis, Tian,

Cichon, Harnett, Akerboom, Gordus, Renninger, Chen, Bargmann, et al., 2013b).

No known natural PBP binds nicotine; therefore, we engineered a PBP to bind a

drug. That NicSnFRs also recognize ACh, and more weakly, choline, is useful for

studies of compartmentalization. Related OpuBC proteins, further optimized to

sense ACh itself, will also �nd use in neuroscience (Borden et al., 2020).

Although the directed evolution of the iNicSnFR family (Fig. 2.12) did not explicitly

include assays for varenicline, varenicline is a highly potent full agonist for iNic-

SnFR3 �uorescence. Interestingly, varenicline is also more potent than ACh at both

a4b2 anda7 nAChRs (Coe et al., 2005; Mihalak et al., 2006). However, varenicline

is a full agonist ata7, but not ata4b2 nAChRs. Thus, there are di�erences in the

details of the binding site of the iNicSnFR constructs versus nAChRs. We found

that the iNicSnFR3a and iNicSnFR3b constructs are less sensitive to othera4b2

agonists: cytisine, dianicline, and A-85380 (unpublished data).

Other neuronal drugs may also operate via inside-out pathways (Jong et al., 2009;

Lester et al., 2012, 2015). With further modi�cations to the ligand site, preliminary

data show that it may be possible to develop families of biosensors for optical
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subcellular pharmacokinetics of several amine-containing drug classes (Muthusamy

et al., 2018) (Shivange et al., 2017. Annual Meeting of the Society of General

Physiologists. Abstract no. 32. J. Gen. Physiol.). Values for logD7.4 of most

neural drugs suggest that they enter organelles (Jong et al., 2018; Lester et al., 2012;

Nickell et al., 2013), and melatonin probably also enters neutral organelles (Yu et al.,

2016). The most important limitation, at present, is the extreme pH sensitivity of

the biosensors. This constrains their usefulness in acidic organelles, where some

neuronal drugs may also act (Stoeber et al., 2018).

Another class of �uorescent protein-based biosensors is derived from GPCRs rather

than from PBPs (Jing et al., 2018; Patriarchi et al., 2018). In the GPCR-based

biosensors, the ligand sites face the extracellular solution; they would presumably

face the lumen of organelles like most (but not all) PBP-based SnFRs. However,

in the GPCR-based biosensors, the �uorescent protein moiety faces the cytosol and

therefore might be relatively insensitive to luminal pH. If GPCR-based biosensors

can function in acidic organelles, they may also �nd use for subcellular pharma-

cokinetics.

Implications for the inside-out pathway

Our data show that when [nicotine] in the extracellular solution falls to zero, nico-

tine completely leaves the ER, again within 10 s. Yet after a person receives a

bolus of nicotine from a cigarette, [nicotine] in the body does not immediately fall

to zero. The rather leisurely metabolism of nicotine (half-time, ~20 min in hu-

mans) (Benowitz et al., 1991) provides that a smoker's CSF [nicotine] decreases

on the time scale shown in Fig. 8B1. Because of the highly nicotine-sensitive fea-

ture of pharmacological chaperoning, [nicotine] in the ER remains greater than the

EC50 for pharmacological chaperoning during the entire 0.75�1-h interval between

cigarettes. The inside-out pathway remains >50%-activated continually during the

12�16 h of our simulations (Fig. 2.8 B2). We conclude that the inside-out pathway,

operating via pharmacological chaperoning, can readily account for up-regulation,

an important component of nicotine dependence.



52

Our simulations also lead one to reexamine the relationship between the previously

distinct concepts of �acute,� �repeated,� and �chronic� exposure to nicotine. In the

�standard habit,� even a single cigarette, whose nicotine is fully ingested during

10 min, activates the inside-out pathway >50% until the next cigarette 1 h later

(Fig. 8). Thus, a series of �acute� and �repeated� exposures, one per hour for

12 h, becomes �chronic� activation for the 12 h of smoking activity. By the next

morning, nicotine levels have decreased below levels that activate pharmacological

chaperoning; but the downstream tra�cking and subsequent sequelae, including

nAChR up-regulation, probably endure for several days (Marks et al., 1985).

Thus, subcellular pharmacokinetics readily explains dependence on smoked nico-

tine. Around the world at any time, several 100 million people have ingested tobacco

within the past hour; they retain nicotine in every organelle of every cell. In the

ER and cis-Golgi of the small percentage of cells that containa4b2 nAChRs, these

levels activate the inside-out pathway >50%, and therefore maintain one aspect of

nicotine dependence.

Recently introduced ENDSs provide plasma levels with kinetics approaching those

of cigarettes (Bowen & Xing, 2015). Thus, ENDSs can also maintain a key molec-

ular/cellular basis of nicotine dependence: the inside-pathway ata4b2 nAChRs.

Can outside-in mechanisms, such as channel activation and Ca2+ in�ux, also account

for cellular/molecular aspects of nicotine dependence? In contrast to pharmacolog-

ical chaperoning, nAChR channels do not remain fully activated during the average

smoker's day; in fact, the average activation of PM nAChR channels is <20% (Fig.

2.8 B2). Some explanations of nicotine dependence assume that Ca2+ in�ux, either

directly through nAChRs or indirectly through neuronal activity-induced Ca2+ chan-

nel in�ux, can account for nicotine addiction, even considering the rather modest

level of nAChR channel activation shown by our simulations. Yet the rather general

phenomenon of Ca2+ in�ux has not been shown to account for the highly speci�c

aspects of nicotine addiction, such as post-translational nAChR up-regulation. An-

other frequently invoked explanation for nicotine dependence is desensitization of

nAChR channels in response to the presence of nicotine. It is highly likely that

some acute aspects of nicotine exposure arise from desensitization rather than ac-

tivation (Miwa et al., 2011). However, no available data suggest that desensitized

nAChRs begin an intracellular signaling pathway that could account for nicotine

dependence.
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Implications for varenicline-based therapy

The present data show that varenicline also enters the ER (Fig. 2.9 and Fig. 2.16),

and the simulations show that the resulting maintained level of varenicline in the

ER could lead to pharmacological chaperoning by varenicline (Fig. 2.10). This

explains the observations that varenicline also up-regulatesa4b2 nAChRs (Govind

et al., 2017; Marks et al., 2015; Turner et al., 2011). The usual explanation for

varenicline as a smoking cessation agent is that, even though it produces negligible

activation ofa4b2 nAChR channels (Fig. 10B2), it does desensitize these nAChRs,

blocking the action of nicotine itself. Our study supports the additional suggestion

that the several-week taper regimen for varenicline also allows nicotine users to

reverse up-regulation gradually. This, in turn, could help aspiring quitters to avoid

craving and/or behavioral aspects of withdrawal. However, the persistence of up-

regulated nAChRs could also cause some of the side e�ects of varenicline during

the �rst days to weeks (Ashare et al., 2017); these side e�ects could underlie this

drug's modest e�ectiveness in smoking cessation (Fagerström & Hughes, 2008).

Nicotine may also be neuroprotective in Parkinson's disease, and this e�ect may

proceed via an inside-out pathway in the ER (Srinivasan et al., 2014, 2016). There-

fore, we note recent reports that varenicline also displays neuroprotective e�ects in

animal models of Parkinson's disease (McGregor et al., 2017) and another neurode-

generative disease (Sharma et al., 2018).

Quantitative aspects of reducing nicotine levels

The prominence of the inside-out pathway in nicotine dependence has prompted

us to simulate the activation of the inside-out pathway, as well as the outside-in

pathway, during use of modi�ed tobacco or ENDS (Table 2.1). United States

Food and Drug Administration o�cials recently suggested decreasing the nicotine

content of combustible tobacco. Our simulations show that a 3-fold reduction

would nonetheless provide >40% average activation of the inside-out pathway; a

10-fold reduction (to 0.1 mg/cigarette) would reduce average activation to 20%.

This conclusion would also hold for ingestion via an ENDS.

Our simulations deal with a �typical� smoker (Benowitz et al., 1991). These conclu-

sions must be modi�ed, at a personal level, for each smoker or vaper. Polymorphisms

in cytochrome P450 2A6, the enzyme that primarily metabolizes nicotine, lead to

dramatic (up to 10-fold) di�erences in nicotine lifetime among people (Dempsey

et al., 2004). These result, in turn, to di�erences in the frequency of smoking (Tan-
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ner et al., 2015). Future investigations must simulate the consequences of these

variations for activation of the inside-out pathway.

If a nicotine-dependent person perceives desirable e�ects from up-regulated nAChRs,

he or she might therefore prefer to inhale nicotine from an ENDS capable of deliv-

ering 1 mg of nicotine within a few minutes, rather than from a modi�ed cigarette

that, along with harmful smoke, delivers <0.1 mg, a dose that does not maintain full

up-regulation. The harm reduction that results from such an individual behavioral

choice about nicotine intake, (1) if stringently maintained by the nicotine-dependent

individual and (2) if replicated in the entire nicotine-dependent population, would be

considerable. One review suggests that such a complete transition would decrease

tobacco-related diseases by 95% (London, 2016). Whether and how a society wishes

to encourage such a transition from smoked tobacco to ENDS involves details both

of policy and of science.

Table 2.1: E�ect of dosing regimen variations on simulated nicotine concentrations
in plasma/CSF/ER and on nAChR activation or chaperoning. Results have been
averaged over 12 or 16 h. Asterisk (*) denotes 16-h average. The �rst row (in bold)
presents our de�nition of a standard habit, plotted in Fig. 8. The following �ve rows
show simulations for increasingly �denicotinized� cigarettes. The row presenting a
dose of 3 mg might be appropriate for a schizophrenic's smoking strategy (Miwa et
al., 2011).

2.6 Supplemental Information

Amine-containing bu�ers produce anomalous results

With Tris or HEPES bu�ers, experiments on puri�ed iNicSnFRs gave elevated F0

values and decreasedDF values, compared with phosphate bu�ers. Isothermal

titration calorimetry experiments with Tris bu�ers gave a�nities much lower than

with phosphatecontaining bu�ers. We found similar anomalies with MOPS at >10

mM. In experiments on puri�ed iNicSnFR proteins, like those of Fig. 3, MOPS

bu�er at � 10 mM produced minimal perturbation. However, live-cell experiments

with MOPS and iNicSnFR3a_ER gave anomalously lowDF/F0, probably because
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this bu�er allowed the ER to become acidic. Use of HEPES might have degraded

the quality of the crystallographic data showing nicotine at the binding site. Even

slight a�nity to the bu�er molecule might produce competition with the desired

ligand. Examples of crystallized protein containing the amine bu�er, rather than

nicotine, ACh, or choline, are provided by the studies of ACh-binding protein (PDB

�le 1I9B) (Brejc et al., 2001) and of ProX (PDB �le 3MAM) (Tschapek et al., 2011).

Acidic vesicles as candidates for the �sequestered compartment�

Our simulations include a �sequestered� compartment. This was previously termed

a �peripheral� compartment (Benowitz et al., 1991), but the previous terminology

would introduce confusion about nicotine in the peripheral nervous system. Word-

ing aside, where is this sequestered compartment, whose chief characteristic is that

it remains inaccessible from metabolic enzymes? Early on, it was pointed out (De

Duve et al., 1974) that weak bases accumulate, perhaps by factors of 100, in lyso-

somes or other acidic compartments. In 2009, it was suggested that nicotine could

also become concentrated in this fashion (Lester et al., 2009). The pharmacokinetic

literature points out that lysosomes (pH ~4.5), representing just ~1% of a cell's

volume, but concentrating a weakly basic drug by ~100-fold, could accumulate as

much drug as the entire cellular and extracellular compartments (Mannhold et al.,

2012). (Tischbirek et al., 2012) provided experimental evidence that antipsychotic

drugs, which are also weak bases, accumulate in synaptic vesicles (pH ~5.5) and also

presented a quantitative analysis including the dependence on logD and membrane

permeation of the protonated, charged form (Trapp et al., 2008; Tischbirek et al.,

2012). These concepts strengthen the recent suggestion that varenicline accumulates

in lysosomes (Govind et al., 2017).
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Figure 2.11: Sequences of PBPs and constructs described in this paper and/or
studied in preliminary experiments.
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The nicotine dose�response characteristics of iNicSnFR1 and iNicSnFR2 biosensors

are given in Fig. S2 B. These constructs have not been studied systematically

in mammalian cells with optimized methods. Experiments with iAChSnFR are

described elsewhere (Borden et al., in preparation). Important domains are noted

on the sequences. Based on a SwissDock simulation of nicotine in iNicSnFR1

(see Fig. 2 B), we have annotated the seven aromatic residues within 5 A of the

pyrrolidine nitrogen in nicotine. These are labeleda throughh. One or more of

these side chains may be involved in a cation-p interaction with the protonated

pyrrolidine moiety of nicotine, with the quaternary amine of N'MeNic, and/or with

the secondary amine of varenicline (Tavares et al., 2012; Post et al., 2017). The

OpuBC sequence is annotated with a gray background at the 25 codons we subjected

to SSM experiments. In communications among the collaborators on this project,

we have used the following additional descriptions and temporary names. For

iNicSNFR1: CC47, V4.6. For iNicSNFR2: CC90. For iNicSnFR3a: CC93. For

iNicSnFR3a_Y357A_PM: CC105. For iNicSnFR3b: V7. For iAChSnFR: V9.
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Figure 2.12: Directed evolution of the iNicSnFR family. (A) A history of our
progress toward the goal ofDF/F0 > 0.3 at 1µM nicotine. Initial experiments
used ChoX, a choline PBP from Sinorhizobium meliloti. However, these constructs
responded to ligands in solution with a time constant oft > 100 s and were also poorly
expressed in mammalian cells. We ceased systematic development of ChoX-based
constructs. Later experiments used OpuBC from T. spX513, as described in the text
and in Fig. 2. The reported values were measured in Escherichia coli cell lysates;
values for key constructs were later veri�ed with samples of the puri�ed proteins.
(B) Final stages in protein engineering of iNicSnFR constructs. For constructs
denoted by black or white symbols,DF/F0 at >1µM nicotine was extrapolated from
measurements on bacterial lysates as [DF/Fmax]/EC50.
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For constructs denoted by green symbols,DF/F0 at 0.3µM nicotine was measured

directly on bacterial lysates. The designs of the mutant libraries were based on the

iNicSnFR1 structure depicted in Fig. 2 A and the docking results of Fig. 2B. The

sites selected for mutagenesis include the nicotine-binding pocket, linker residues,

and the interface between OpuBC and cpGFP. Interestingly, the substitution A360T

improved a�nity despite its location �far� from the binding pocket (on ab-sheet

next to one of the active site loops). The site A360 was selected based on the

crystal structure of ACh-binding protein (AChBP) in complex with nicotine (PDB

�le 1UW6). Additional names for communications among collaborators are given

in Fig. S1. Red: binding site substitution. Techniques: site saturation mutagenesis

(several rounds), site-directed mutagenesis, and multisite-directed mutagenesis.

Traces are mean± SEM; three cells. At 30µM nicotine, photoswitching also

proceeded more rapidly for 100% than for 10% intensity (time constant, 3.47 vs. 5.55

s, respectively). At 1µM nicotine, data were too noisy for systematic kinetic studies.

(B) Photoswitching is reversible. HeLa cells transfected with iNicSnFR3a_PM,

imaging at 30µM nicotine. During an initial 20-s nicotine application,DF reaches

a peak, then decreases. During a second 200-s application,DF reaches a peak, then

recovers to a plateau. The laser is switched o� for 60 s during the continued presence

of nicotine. When the laser is switched on again,DF appears to have recovered

to its initial peak, then bleaches to its former plateau. Traces are normalized from

�ve cells, and the gray bands show± SEM. (C) Further analysis of reversible

photoswitching. HeLa cells transfected with iNicSnFR3a_ER. Experiment at 100%

laser intensity, 30µM versus 3µM nicotine. When 30µM nicotine is removed, the

trace reveals a transient decrease in F0 (red arrow). In the absence of nicotine, when

iNicSnFR is absorbing fewer photons, F0 recovers to its unbleached state over the

next 10 s. Photoswitching was not observed with LED illumination.
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Figure 2.13: Photoswitching (bleaching) is noticeable at high [nicotine] with fo-
cused laser illumination. (A) Photoswitching (bleaching) increases at the highest
illumination intensities and at higher [nicotine]. HeLa cells transfected with iNic-
SnFR3a_PM. Imaging at 1 and 30µM nicotine, with 100% and 10% laser intensity
(top and bottom, respectively). At 30µM nicotine, photoswitching reduced the
steady-stateDF to 45 versus 71% of the peakDF for 100% and 10% laser intensity,
respectively. The steady-state ratio,DF(30µM) to DF(1µM) was 4.92 versus 11.2
for 100% and 10%, respectively, indicating that high intensities artifactually shifted
the dose�response relation ([nicotine] vs.DF) to lower [nicotine].
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Figure 2.14: Responses to nicotine with iNicSnFR_ER in SH-SY5Y cells and
HEK293 cells. (A and B) iNicSnFR_ER was transfected and imaged in SH-SY5Y
(A) and HEK293 cells (B). Nicotine pulses were applied for 20 s at 40-s intervals.
The nicotine concentration was stepped from 256µM to 250 nM and then from 250
nM to 256µM in 4Öconcentration steps in HBSS. The mean of three cells is given
as a solid black line, and the SEM is given as gray bounds.
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Figure 2.15: Human iPSCs, di�erentiated to dopaminergic neurons, transduced
with AAV_iNicSnFR3b_ER. This �gure accompanies the video of a descending,
then ascending, series of nicotine concentrations at �vefold steps between 0.2 and
125 µM. Concentrations and washes (�0µM�) are marked on the video. (A) The
image shows a single frame taken at 25µM nicotine, indicating three cells (dim,
moderate, and bright). (B) Plots of the average absolute intensity of these images
(log scale), without correction for sloping baseline or conversion toDF/F0. Note
that in the descending phase, the responses begin more quickly and, at the lower
[nicotine], show an initial transient. This is an artifactual result when solutions
in a pH-regulated reservoir are allowed to remain in gaspermeable intermediate
tubing, allowing CO2 to escape and rendering the solutions slightly more basic (see
Materials and methods). The second application of each solution utilizes solution
that has recently moved from the larger reservoir; the transients no longer appear.
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Figure 2.16: Varenicline at iNicSnFR3a expressed in HeLa cells. (A and C)
Dose�response relations for varenicline-inducedDF/F0. Mean± SEM; three mea-
surements. (B and D) Dose�response plots forDF/F0 at each response in A and C,
against [varenicline]. Single-component Hill equation �t, including zero response
at zero [varenicline]. Parameter values are shown.
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Table 2.2: Structure and re�nement of iNicSnFR1 crystallized with nicotine.
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Table 2.3: Parameters for nicotine and varenicline Matlab/SimBiology models.

Table 2.4: Supplemental videos. Each video is colored using the ��re� lookup table
(blue < red < white). The lookup table is constant across the �eld and within each
video, so that cells with varying levels of iNicSnFRs begin with varying colors.
The general procedure is a series of steps in concentration of a single drug (either
nicotine or varenicline), separated by control solution. Field of view is 211-µM
wide. Please begin with Video 1 (nicotine). Its annotation is most complete, and it
shows a �descending-increasing� series of nicotine concentrations. Figure S5 is a
frame from this movie.



66

2.7 Acknowledgements

Henry A. Lester and Amol V. Shivange thank the Janelia Research Campus for

devoting hospitality and resources in the Visiting Scientist Program over a period

of 3 y. We also thank Crystal N. Dilworth (early suggestion to use ProX-family

PBPs), Jacob P. Keller (advice on pH and tubing), David P. Walton (analysis of

N'MeNic), Michael R. Post (synthesis of N'MeNic), Peter H. Lee and Scott Stern-

son (puri�cation of N'MeNic), Adela Nano and Jacqueline Barton (access to the

ISS-K2 spectro�uorometer), Daniel Wagenaar (construction of LED light sources),

Lauren M. Barnett (advice on photochemistry), Elizabeth K. Unger and Lin Tian

(biosensors), Erik L. Snapp (ER imaging), Jennifer Lippincott-Schwartz (ER imag-

ing), Eric R. Schreiter (biosensors), Tanner Lakin (cell culture), Kim Ritola and

Melissa Ramirez (AAV constructs), Baljit S. Khakh (advice), Mark Lobas (advice),

Victoria J. Orphan and Fabai Wu (use and instruction on structured illumination

microscope), Stephen Grant (assisted in confocal microscopy), Margaret Je�eries

(excellent laboratory management at Janelia), and Purnima Deshpande (excellent

laboratory management at the California Institute of Technology).

This research was supported by grants from US National Institutes of Health

(DA036061, DA037161, DA043829, GM123582, GM007616, MH061876, NS097362,

and NS034407), the California Tobacco-Related Disease Research Project (23XT-

0007), the California Institute for Regenerative Medicine (EDUC2-08398), the Brain

and Behavior Research Foundation (National Alliance for Research on Schizophre-

nia and Depression), the Howard Hughes Medical Institute, the Della Martin Foun-

dation, Louis and Janet Fletcher, and California Institute of Technology SURF

donors Paraskeva N. Danailov and Maria Chan. E.R. Chapman is an Investigator of

the Howard Hughes Medical Institute.

H.A. Lester previously had a consulting agreement with P�zer, who manufacture

varenicline. The authors declare no further competing �nancial interests.

Author contributions: A.V. Shivange, P.M. Borden, A.K. Muthusamy, A.L. Nichols,

K. Bera, H. Bao, I. Bishara, M.J. Mulcahy, B. Cohen, E.R. Chapman, J. Marvin, L.

Looger, and H.A. Lester designed experiments. A.V. Shivange, P.M. Borden, A.K.

Muthusamy, A.L. Nichols, K. Bera, H. Bao, I. Bishara, J. Jeon, M.J. Mulcahy, B.

Cohen, S.L. O'Riordan, C. Kim and H.A. Lester performed experiments. J. Jeon

performed simulations. A.V. Shivange, P.M. Borden, A.K. Muthusamy, J. Jeon,

K. Bera, H. Bao, I. Bishara, M.J. Mulcahy, L. Looger, and H.A. Lester wrote the

paper. A.V. Shivange, P.M. Borden, A.K. Muthusamy, A.L. Nichols, K. Bera, H.



67

Bao, I. Bishara, J. Jeon, M.J. Mulcahy, B. Cohen, D.A. Dougherty, E.R. Chapman,

L. Looger, and H.A. Lester revised the paper.

Merritt C. Maduke served as editor.

2.8 References

Aronson, D. E., Costantini, L. M., & Snapp, E. L. (2011). Superfolder gfp is �uores-
cent in oxidizing environments when targeted via the sec translocon.Tra�c ,
12(5), 543�548.

Ashare, R. L., Lerman, C., Tyndale, R. F., Hawk, L. W., George, T. P., Cinciripini,
P., & Schnoll, R. A. (2017). Sleep disturbance during smoking cessation:
Withdrawal or side e�ect of treatment?Journal of Smoking Cessation, 12(2),
63�70.

Barnett, L. M., Hughes, T. E., & Drobizhev, M. (2017). Deciphering the molecular
mechanism responsible for gcamp6m's ca2+-dependent change in �uores-
cence.PloS One, 12(2), e0170934.

Beene, D. L., Brandt, G. S., Zhong, W., Zacharias, N. M., Lester, H. A., & Dougherty,
D. A. (2002). Cation-c interactions in ligand recognition by serotonergic
(5-ht3a) and nicotinic acetylcholine receptors: The anomalous binding prop-
erties of nicotine.Biochemistry, 41(32), 10262�10269.

Benowitz, N. L., Jacob III, P., Denaro, C., & Jenkins, R. (1991). Stable isotope
studies of nicotine kinetics and bioavailability.Clinical Pharmacology &
Therapeutics, 49(3), 270�277.

Berntsson, R. P.-A., Smits, S. H., Schmitt, L., Slotboom, D.-J., & Poolman, B.
(2010). A structural classi�cation of substrate-binding proteins.FEBS Let-
ters, 584(12), 2606�2617.

Borden, P. M., Zhang, P., Shivange, A. V., Marvin, J. S., Cichon, J., Dan, C.,
Podgorski, K., Figueiredo, A., Novak, O., Tanimoto, M., Shigetomi, E.,
Lobas, M. A., Kim, H., Zhu, P. K., Zhang, Y., Zheng, W. S., Fan, C.,
Wang, G., Xiang, B., . . . Looger, L. L. (2020). A fast genetically encoded
�uorescent sensor for faithful in vivo acetylcholine detection in mice, �sh,
worms and �ies.BioRxiv. https://doi.org/10.1101/2020.02.07.939504

Bowen, A., & Xing, C. (2015, December). Nicotine salt formulations for aerosol
devices and methods thereof [US Patent 9,215,895].

Brejc, K., Van D¼k, W. J., Klaassen, R. V., Schuurmans, M., Van Der Oost, J., Smit,
A. B., & Sixma, T. K. (2001). Crystal structure of an ach-binding protein
reveals the ligand-binding domain of nicotinic receptors.Nature, 411(6835),
269�276.

Casey, J. R., Grinstein, S., & Orlowski, J. (2010). Sensors and regulators of intra-
cellular ph.Nature Reviews Molecular Cell Biology, 11(1), 50�61.



68

Chiu, C.-S., Jensen, K., Sokolova, I., Wang, D., Li, M., Deshpande, P., Davidson, N.,
Mody, I., Quick, M. W., Quake, S. R., et al. (2002). Number, density, and
surface/cytoplasmic distribution of gaba transporters at presynaptic struc-
tures of knock-in mice carrying gaba transporter subtype 1�green �uorescent
protein fusions.Journal of Neuroscience, 22(23), 10251�10266.

Coe, J. W., Brooks, P. R., Vetelino, M. G., Wirtz, M. C., Arnold, E. P., Huang, J.,
Sands, S. B., Davis, T. I., Lebel, L. A., Fox, C. B., et al. (2005). Varenicline:
An U4V2 nicotinic receptor partial agonist for smoking cessation.Journal
of Medicinal Chemistry, 48(10), 3474�3477.

Daly, J. W. (2005). Nicotinic agonists, antagonists, and modulators from natural
sources.Cellular and Molecular Neurobiology, 25, 513�552.

De Duve, C., De Barsy, T., Poole, B., Trouet, A., Tulkens, P., & Van Hoof, F. (1974).
Lysosomotropic agents.Biochemical Pharmacology, 23(18), 2495�2531.
https://doi.org/10.1016/0006-2952(74)90174-9

Del Castillo, J., & Katz, B. (1955). On the localization of acetylcholine receptors.
The Journal of Physiology, 128(1), 157.

Dempsey, D., Tutka, P., Jacob III, P., Allen, F., Schoedel, K., Tyndale, R. F., &
Benowitz, N. L. (2004). Nicotine metabolite ratio as an index of cytochrome
p450 2a6 metabolic activity.Clinical Pharmacology & Therapeutics, 76(1),
64�72.

Du, Y., Shi, W.-W., He, Y.-X., Yang, Y.-H., Zhou, C.-Z., & Chen, Y. (2011). Struc-
tures of the substrate-binding protein provide insights into the multiple com-
patible solute binding speci�cities of the bacillus subtilis ABC transporter
OpuC.Biochemical Journal, 436(2), 283�289. https: / /doi .org/10.1042/
BJ20102097

Emsley, P., Lohkamp, B., Scott, W. G., & Cowtan, K. (2010). Features and develop-
ment of coot.Acta Crystallographica Section D: Biological Crystallography,
66(4), 486�501.

Evans, P. R. (2011). An introduction to data reduction: Space-group determination,
scaling and intensity statistics.Acta Crystallographica Section D: Biological
Crystallography, 67(4), 282�292.

Faessel, H. M., Gibbs, M. A., Clark, D. J., Rohrbacher, K., Stolar, M., & Burstein,
A. H. (2006). Multiple-dose pharmacokinetics of the selective nicotinic
receptor partial agonist, varenicline, in healthy smokers.The Journal of
Clinical Pharmacology, 46(12), 1439�1448.

Fagerström, K., & Hughes, J. (2008). Varenicline in the treatment of tobacco depen-
dence.Neuropsychiatric Disease and Treatment, 4(2), 353�363.

Govind, A. P., Vallejo, Y. F., Stolz, J. R., Yan, J.-Z., Swanson, G. T., & Green,
W. N. (2017). Selective and regulated trapping of nicotinic receptor weak
base ligands and relevance to smoking cessation.Elife, 6, e25651.



69

Govind, A. P., Vezina, P., & Green, W. N. (2009). Nicotine-induced upregulation
of nicotinic receptors: Underlying mechanisms and relevance to nicotine
addiction.Biochemical Pharmacology, 78(7), 756�765.

Henderson, B. J., & Lester, H. A. (2015). Inside-out neuropharmacology of nicotinic
drugs.Neuropharmacology, 96, 178�193.

Henderson, B. J., Wall, T. R., Henley, B. M., Kim, C. H., Nichols, W. A., Moaddel,
R., Xiao, C., & Lester, H. A. (2016). Menthol alone upregulates midbrain
nachrs, alters nachr subtype stoichiometry, alters dopamine neuron �ring
frequency, and prevents nicotine reward.Journal of Neuroscience, 36(10),
2957�2974.

Hussmann, G. P., Turner, J. R., Lomazzo, E., Venkatesh, R., Cousins, V., Xiao, Y.,
Yasuda, R. P., Wolfe, B. B., Perry, D. C., Rezvani, A. H., et al. (2012).
Chronic sazetidine-a at behaviorally active doses does not increase nico-
tinic cholinergic receptors in rodent brain.Journal of Pharmacology and
Experimental Therapeutics, 343(2), 441�450.

Jing, M., Zhang, P., Wang, G., Feng, J., Mesik, L., Zeng, J., Jiang, H., Wang,
S., Looby, J. C., Guagliardo, N. A., et al. (2018). A genetically encoded
�uorescent acetylcholine indicator for in vitro and in vivo studies.Nature
Biotechnology, 36(8), 726�737.

Jong, Y.-J. I., Harmon, S. K., & O'Malley, K. L. (2018). Intracellular gpcrs play key
roles in synaptic plasticity.ACS chemical neuroscience, 9(9), 2162�2172.

Klein, J., Köppen, A., Lö�elholz, K., & Schmitthenner, J. (1992). Uptake and
metabolism of choline by rat brain after acute choline administration.Journal
of neurochemistry, 58(3), 870�876.

Kuryatov, A., Luo, J., Cooper, J., & Lindstrom, J. (2005). Nicotine acts as a phar-
macological chaperone to up-regulate humanU4V2 acetylcholine receptors.
Molecular Pharmacology, 68(6), 1839�1851.

Lester, H. A., Miwa, J. M., & Srinivasan, R. (2012). Psychiatric drugs bind to classi-
cal targets within early exocytotic pathways: Therapeutic e�ects.Biological
Psychiatry, 72(11), 907�915.

Lester, H. A., Xiao, C., Srinivasan, R., Son, C. D., Miwa, J., Pantoja, R., Banghart,
M. R., Dougherty, D. A., Goate, A. M., & Wang, J. C. (2009). Nicotine
is a selective pharmacological chaperone of acetylcholine receptor number
and stoichiometry. implications for drug discovery.The AAPS Journal, 11,
167�177.

London, R. o. P. o. (2016). Nicotine without smoke: Tobacco harm reduction.RCP
Lond, 908.

Mannhold, R., Kubinyi, H., & Folkers, G. (2012).Pharmacokinetics and metabolism
in drug design(Vol. 51). John Wiley & Sons.



70

Marks, M. J., O'Neill, H. C., Wynalda-Camozzi, K. M., Ortiz, N. C., Simmons,
E. E., Short, C. A., Butt, C. M., McIntosh, J. M., & Grady, S. R. (2015).
Chronic treatment with varenicline changes expression of four nachr binding
sites in mice.Neuropharmacology, 99, 142�155.

Marks, M. J., Stitzel, J. A., & Collins, A. C. (1985). Time course study of the e�ects
of chronic nicotine infusion on drug response and brain receptors.Journal
of Pharmacology and Experimental Therapeutics, 235(3), 619�628.

Marvin, J. S., Borghuis, B. G., Tian, L., Cichon, J., Harnett, M. T., Akerboom, J.,
Gordus, A., Renninger, S. L., Chen, T.-W., Bargmann, C. I., et al. (2013a).
An optimized �uorescent probe for visualizing glutamate neurotransmission.
Nature Methods, 10(2), 162�170.

Marvin, J. S., Borghuis, B. G., Tian, L., Cichon, J., Harnett, M. T., Akerboom, J., Gor-
dus, A., Renninger, S. L., Chen, T.-W., Bargmann, C. I., Orger, M. B., Schre-
iter, E. R., Demb, J. B., Gan, W.-B., Hires, S. A., & Looger, L. L. (2013b).
An optimized �uorescent probe for visualizing glutamate neurotransmission.
Nature Methods, 10(2), 162�170. https://doi.org/10.1038/nmeth.2333

Marvin, J. S., Scholl, B., Wilson, D. E., Podgorski, K., Kazemipour, A., Müller,
J. A., Schoch, S., Quiroz, F. J. U., Rebola, N., Bao, H., Little, J. P., Tkachuk,
A. N., Cai, E., Hantman, A. W., Wang, S. S.-H., DePiero, V. J., Borghuis,
B. G., Chapman, E. R., Dietrich, D., . . . Looger, L. L. (2018). Stability,
a�nity, and chromatic variants of the glutamate sensor iGluSnFR.Nature
Methods, 15(11), 936�939. https://doi.org/10.1038/s41592-018-0171-3

McGregor, A. L., D'Souza, G., Kim, D., & Tingle, M. D. (2017). Varenicline im-
proves motor and cognitive de�cits and decreases depressive-like behaviour
in late-stage yac128 mice.Neuropharmacology, 116, 233�246.

Mihalak, K. B., Carroll, F. I., & Luetje, C. W. (2006). Varenicline is a partial agonist
at U4V2 and a full agonist atU7 neuronal nicotinic receptors.Molecular
pharmacology, 70(3), 801�805.

Mitchell, P. (2011). Chemiosmotic coupling in oxidative and photosynthetic phos-
phorylation.Biochimica et Biophysica Acta (BBA)-Bioenergetics, 1807(12),
1507�1538.

Miwa, J. M., Freedman, R., & Lester, H. A. (2011). Neural systems governed by
nicotinic acetylcholine receptors: Emerging hypotheses.Neuron, 70(1), 20�
33.

Morales-Perez, C. L., Noviello, C. M., & Hibbs, R. E. (2016). X-ray structure of the
humanU4V2 nicotinic receptor.Nature, 538(7625), 411�415.

Moss, F. J., Imoukhuede, P., Scott, K., Hu, J., Jankowsky, J. L., Quick, M. W., &
Lester, H. A. (2009). Gaba transporter function, oligomerization state, and
anchoring: Correlates with subcellularly resolved fret.Journal of General
Physiology, 134(6), 489�521.



71

Muthusamy, A. K., Shivange, A. V., Nichols, A. L., Kamajaya, A., Jeon, J., Borden,
P. M., Marvin, J. S., Unger, E. K., Bao, H., Chapman, E. R., et al. (2018). Mi-
croscopy using �uorescent drug biosensors for �inside-out pharmacology�.
Biophysical Journal, 114(3), 358a.

Naudé, J., Dongelmans, M., & Faure, P. (2015). Nicotinic alteration of decision-
making.Neuropharmacology, 96(Pt B), 244�254.

Nees, F. (2015). The nicotinic cholinergic system function in the human brain.
Neuropharmacology, 96(Pt B), 289�301.

Nickell, J. R., Grinevich, V. P., Siripurapu, K. B., Smith, A. M., & Dwoskin, L. P.
(2013). Potential therapeutic uses of mecamylamine and its stereoisomers.
Pharmacology, Biochemistry, and Behavior, 108, 28�43.

Oswald, C., Smits, S. H., ing, M., sser, L., Dupont, L., Le Rudulier, D., Schmitt, L., &
Bremer, E. (2008). Crystal structures of the choline/acetylcholine substrate-
binding protein ChoX from Sinorhizobium meliloti in the liganded and
unliganded-closed states.Journal of Biological Chemistry, 283(47), 32848�
32859.

Pantoja, R., Rodriguez, E. A., Dibas, M. I., Dougherty, D. A., & Lester, H. A. (2009).
Single-molecule imaging of a �uorescent unnatural amino acid incorporated
into nicotinic receptors.Biophysical Journal, 96(1), 226�237.

Patriarchi, T., Cho, J. R., Merten, K., Howe, M. W., Marley, A., Xiong, W. H., Folk,
R. W., Broussard, G. J., Liang, R., Jang, M. J., Zhong, H., Dombeck, D.,
von Zastrow, M., Nimmerjahn, A., Gradinaru, V., Williams, J. T., & Tian,
L. (2018). Ultrafast neuronal imaging of dopamine dynamics with designed
genetically encoded sensors.Science, 360(6396).

Pédelacq, J. D., Cabantous, S., Tran, T., Terwilliger, T. C., & Waldo, G. S. (2006).
Engineering and characterization of a superfolder green �uorescent protein.
Nature Biotechnology, 24(1), 79�88.

Petersson, E. J., Choi, A., Dahan, D. S., Lester, H. A., & Dougherty, D. A. (2002).
A perturbed pK(a) at the binding site of the nicotinic acetylcholine receptor:
Implications for nicotine binding.Journal of the American Chemical Society,
124(43), 12662�12663.

Picciotto, M. R., Lewis, A. S., van Schalkwyk, G. I., & Mineur, Y. S. (2015). Mood
and anxiety regulation by nicotinic acetylcholine receptors: A potential path-
way to modulate aggression and related behavioral states.Neuropharmacol-
ogy, 96(Pt B), 235�243.

Pittelkow, M., Tschapek, B., Smits, S. H., Schmitt, L., & Bremer, E. (2011). The
crystal structure of the substrate-binding protein OpuBC from bacillus sub-
tilis in complex with choline.Journal of Molecular Biology, 411(1), 53�67.
https://doi.org/10.1016/j.jmb.2011.05.037



72

Post, M. R., Lester, H. A., & Dougherty, D. A. (2017). 2 Nicotinic Acetylcholine
Receptors.Biochemistry, 56(13), 1836�1840.

Powell, H. R., Battye, T. G. G., Kontogiannis, L., Johnson, O., & Leslie, A. G. W.
(2017). Integrating macromolecular X-ray di�raction data with the graphical
user interface iMos�m.Nat Protoc, 12(7), 1310�1325.

Richards, C. I., Srinivasan, R., Xiao, C., Mackey, E. D., Miwa, J. M., & Lester, H. A.
(2011). Tra�cking of alpha4* nicotinic receptors revealed by superecliptic
phluorin: e�ects of a beta4 amyotrophic lateral sclerosis-associated mutation
and chronic exposure to nicotine.Journal of Biological Chemistry, 286(36),
31241�31249.

Rollema, H., Chambers, L. K., Coe, J. W., Glowa, J., Hurst, R. S., Lebel, L. A., Lu,
Y., Mansbach, R. S., Mather, R. J., Rovetti, C. C., Sands, S. B., Schae�er, E.,
Schulz, D. W., Tingley, F. D., & Williams, K. E. (2007). Pharmacological
pro�le of the alpha4beta2 nicotinic acetylcholine receptor partial agonist
varenicline, an e�ective smoking cessation aid.Neuropharmacology, 52(3),
985�994.

Rollema, H., Shrikhande, A., Ward, K. M., Tingley, F. D., Coe, J. W., O'Neill,
B. T., Tseng, E., Wang, E. Q., Mather, R. J., Hurst, R. S., Williams, K. E.,
de Vries, M., Cremers, T., Bertrand, S., & Bertrand, D. (2010). Pre-clinical
properties of the alpha4beta2 nicotinic acetylcholine receptor partial agonists
varenicline, cytisine and dianicline translate to clinical e�cacy for nicotine
dependence.British Journal of Pharmacology, 160(2), 334�345.

Sallette, J., Pons, S., Devillers-Thiery, A., Soudant, M., Prado de Carvalho, L.,
Changeux, J. P., & Corringer, P. J. (2005). Nicotine upregulates its own
receptors through enhanced intracellular maturation.Neuron, 46(4), 595�
607.

Schiefner, A., Breed, J., sser, L., Kneip, S., Gade, J., Holtmann, G., Diederichs,
K., Welte, W., & Bremer, E. (2004). Cation-pi interactions as determinants
for binding of the compatible solutes glycine betaine and proline betaine by
the periplasmic ligand-binding protein ProX from Escherichia coli.J Biol
Chem, 279(7), 5588�5596.

Sharma, A. K., Gupta, S., Patel, R. K., & Wardhan, N. (2018). Haloperidol-induced
parkinsonism is attenuated by varenicline in mice.Journal of Basic and
Clinical Physiology and Pharmacology, 29(4), 395�401.

Srinivasan, R., Henderson, B. J., Lester, H. A., & Richards, C. I. (2014). Pharmaco-
logical chaperoning of nAChRs: A therapeutic target for Parkinson's disease.
Pharmacological Research, 83, 20�29.

Srinivasan, R., Henley, B. M., Henderson, B. J., Indersmitten, T., Cohen, B. N.,
Kim, C. H., McKinney, S., Deshpande, P., Xiao, C., & Lester, H. A. (2016).
Smoking-relevant nicotine concentration attenuates the unfolded protein re-
sponse in dopaminergic neurons.Journal of Neuroscience, 36(1), 65�79.



73

Srinivasan, R., Pantoja, R., Moss, F. J., Mackey, E. D., Son, C. D., Miwa, J., & Lester,
H. A. (2011). Nicotine up-regulates alpha4beta2 nicotinic receptors and
ER exit sites via stoichiometry-dependent chaperoning.Journal of General
Physiology, 137(1), 59�79.

Srinivasan, R., Richards, C. I., Xiao, C., Rhee, D., Pantoja, R., Dougherty, D. A.,
Miwa, J. M., & Lester, H. A. (2012). Pharmacological chaperoning of nico-
tinic acetylcholine receptors reduces the endoplasmic reticulum stress re-
sponse.Molecular Pharmacology, 81(6), 759�769.

Stoeber, M., Jullié, D., Lobingier, B. T., Laeremans, T., Steyaert, J., Schiller, P. W.,
Manglik, A., & von Zastrow, M. (2018). A genetically encoded biosensor
reveals location bias of opioid drug action.Neuron, 98(5), 963�976.e5.
https://doi.org/10.1016/j.neuron.2018.04.021

Subramaniyan, M., & Dani, J. A. (2015). Dopaminergic and cholinergic learning
mechanisms in nicotine addiction.Annals of the New York Academy of
Sciences, 1349(1), 46�63.

Tanner, J. A., Chenoweth, M. J., & Tyndale, R. F. (2015). Pharmacogenetics of
nicotine and associated smoking behaviors.Current Topics in Behavioral
Neurosciences, 23, 37�86.

Tischbirek, C. H., Wenzel, E. M., Zheng, F., Huth, T., Amato, D., Trapp, S., Denker,
A., Welzel, O., Lueke, K., Svetlitchny, A., et al. (2012). Use-dependent
inhibition of synaptic transmission by the secretion of intravesicularly accu-
mulated antipsychotic drugs.Neuron, 74(5), 830�844.

Tschapek, B., Pittelkow, M., Sohn-Bösser, L., Holtmann, G., Smits, S. H., Gohlke,
H., Bremer, E., & Schmitt, L. (2011). Arg149 is involved in switching the
low a�nity, open state of the binding protein afprox into its high a�nity,
closed state.Journal of Molecular Biology, 411(1), 36�52.

Turner, J. R., Castellano, L. M., & Blendy, J. A. (2011). Parallel anxiolytic-like
e�ects and upregulation of neuronal nicotinic acetylcholine receptors fol-
lowing chronic nicotine and varenicline.Nicotine Tobacco Research, 13(1),
41�46.

Van Arnam, E. B., Blythe, E. E., Lester, H. A., & Dougherty, D. A. (2013). 7 nico-
tinic acetylcholine receptor, with implications for the binding of varenicline.
Molecular Pharmacology, 84(2), 201�207.

Van Arnam, E. B., & Dougherty, D. A. (2014). Functional probes of drug-receptor
interactions implicated by structural studies: Cys-loop receptors provide a
fertile testing ground.Journal of Medicinal Chemistry, 57(15), 6289�6300.

Wolters, J. C., Berntsson, R. P., Gul, N., Karasawa, A., Thunnissen, A. M., Slotboom,
D. J., & Poolman, B. (2010). Ligand binding and crystal structures of the
substrate-binding domain of the ABC transporter OpuA.PLoS One, 5(4),
e10361.



74

Yu, H., Dickson, E. J., Jung, S. R., Koh, D. S., & Hille, B. (2016). High membrane
permeability for melatonin.Journal of General Physiology, 147(1), 63�76.

Zhong, W., Gallivan, J. P., Zhang, Y., Li, L., Lester, H. A., & Dougherty, D. A.
(1998). From ab initio quantum mechanics to molecular neurobiology: a
cation-pi binding site in the nicotinic receptor.PNAS, 95(21), 12088�12093.



75

C h a p t e r 3

Evolution of iS-methadoneSnFR for Subcellular Pharmacokinetics
and Bio�uid Measurements
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A. L., Cohen, B. N., Dougherty, D. A., Looger, L. L., & Lester, H. A. (2022).

Three mutations convert the selectivity of a protein sensor from nicotinic agonists

to S-methadone for use in cells, organelles, and bio�uids.Journal of the American

Chemical Society, 144(19), 8480-8486. https://doi.org/10.1021/jacs.2c02323

Figure 3.1: iS-methadoneSnFR in primary culture and human bio�uids.

3.1 Abstract

We report a reagentless, intensity-based S-methadone �uorescent sensor, iS-methadoneSnFR,

consisting of a circularly permuted GFP inserted within the sequence of a mu-

tated bacterial periplasmic binding protein (PBP). We evolved a previously reported

nicotine-binding PBP to become a selective S-methadone-binding sensor, via three

mutations in the PBP's second shell and hinge regions. iS-methadoneSnFR dis-

plays the necessary sensitivity, kinetics, and selectivity�notably enantioselectiv-

ity against R-methadone�for biological applications. Robust iS-methadoneSnFR

responses in human sweat and saliva and mouse serum enable diagnostic uses.

Expression and imaging in mammalian cells demonstrate that S-methadone enters

at least two organelles and undergoes acid trapping in the Golgi apparatus, where
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opioid receptors can signal. This work shows a straightforward strategy in adapting

existing PBPs to serve real-time applications ranging from subcellular to personal

pharmacokinetics.

3.2 Introduction

We report the �rst selective real-time �uorescent biosensor for a small molecule opi-

oid, �intensity-based S-methadone sensing �uorescent reporter� or �iS-methadoneSnFR�

(Figure 3.1). To employ the indicator for quantitative dynamic opioid measurements

in cells and bio�uids, we engineered iS-methadoneSnFR to meet necessary crite-

ria: (1) sensitivity in the pharmacological range, (2) selectivity against endogenous

molecules, (3) selectivity against exogenous drugs, including those of the same

drug class, (4) photostability for the duration of measurements, (5) physical stability

outside cells, and (6) reversible binding with� second resolution.

The risk of opioid-use disorder and death by overdose has increased alongside the

worldwide access to highly potent opioid agonists (Altho� et al., 2020). Neverthe-

less, opioids remain essential analgesics. Since the 1960s, methadone maintenance

therapy (MMT) has served to reduce harm from opioid addiction (Dole, 1965,

1971). MMT relies on pharmacokinetics: oral methadone's onset is slower than

that of injected or inhaledµ-opioids, and its e�ects last much longer due to a� 24

h half-life (Cruciani and Knotkova, n.d.). Therefore, despite acting as aµ-opioid

agonist, methadone staves o� withdrawal symptoms without producing the euphoria

associated with other agonists Cruciani and Knotkova, n.d. However, interindivid-

ual variability in the metabolism of methadone, partially due to polymorphisms in

cytochrome P450 isotypes, (Eap et al., 2002; Li et al., 2008) can lead to therapeutic

failures (Nilsson et al., 1983).

Methadone is clinically administered as the racemate and measuring either enan-

tiomer is suitable for therapeutic drug monitoring (Foster et al., 2000). Drug

metabolism is conventionally addressed by blood draw, but this method is laborious,

invasive, and restricted to the clinic. An optimal methadone readout would enable

personalized dosing regimens, by producing real-time tracking of [methadone] in

biological �uids and facilitating tapering from potent opioids. Within a subject, opi-

oid pharmacokinetics also vary at the level of intracellular compartments to produce

acid trapping and diverse interactions with receptors including chaperoning and ac-

tivation (Lester et al., 2012; Petäjä-Repo and Lackman, 2014; Stoeber et al., 2018).

In both cases, a sensor within situ readout and� second resolution is required.
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Figure 3.2: Biosensing Scheme for iS-methadoneSnFR. (a) Crystal structure of
iNicSnFR3a (PDB:7S7T) mutated in silico to iS-methadoneSnFR (mutations shown
in orange spheres). All but one putative cationp residue in iNicSnFR3a were
maintained in iS-methadoneSnFR's binding pocket (critical residues Y65, Y357,
and Y460 shown as yellow spheres). (b) Biosensor mechanism: in the unbound
state, GFP's chromophore has a poor environment for �uorescence. The PBP
binds S-methadone with a �Venus �y trap� conformational change, increasing the
brightness of the GFP chromophore.

Conventional small molecule detection methods have been extended to methadone

but may be limited in speci�city, temporal resolution, or spatial resolution (Ahmed

et al., 2020). An antibody against methadone was used in a lateral �ow test of

human sweat (limited to a single time point) (Hudson et al., 2019). Electrochemical

methods provide continuous measurements but vary in selectivity against other
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opioids (Ardeshiri and Jalali, 2016; Khorablou et al., 2021; Rezaei et al., 2020) and,

in all cases, cannot be used for subcellular measurements. A pioneering de novo

protein design campaign for an opioid sensor, the binding of fentanyl produced a

conformational switch in a transcription factor (Bick et al., 2017) but required a

cellular readout and hours-to-days temporal resolution.

3.3 Lead Discovery: Methadone Isomer x Nicotinic Biosensor Library Screen

We hypothesized that all the required criteria could be satis�ed by a single-chain

sensor comprising a mutated bacterial periplasmic binding protein (PBP), a variant

of the choline-binding protein OpuBC fromThermoanaerobacter sp513, interrupted

by a circularly permuted GFP (cpGFP) (Figure 3.1) (Borden et al., 2020; Marvin et

al., 2013; Shivange et al., 2019). The cpGFP insertion approach has also been used

in Ca2+ sensors (the GCaMP series) and in neurotransmitter sensors (Marvin et al.,

2013; Tian et al., 2009). Our strategy consisted of (1) screening each methadone

enantiomer against a previously reported nicotine biosensor, iNicSnFR3a, and its

variants (Shivange et al., 2019) and (2) iterative site-saturation mutagenesis to select

for S-methadone and against cholinergic ligands (Figure 3.2a). We performed chiral

resolution on racemic methadone to isolate (+)-S-methadone and (-)-R-methadone

(assigned by optical rotation) (Larsen et al., 1948) with analytical purity and 99%

enantiomeric excess (Figure 3.8).

While there is no structural homology or pharmacological overlap between nicotinic

andµ-opioid receptors, several variants of nicotinic drug biosensors displayed weak

�uorescence responses to S-methadone (Figure 3.2b). Although the PBP had no

enantioselective pressure for binding its achiral ligand choline, all variants screened

to date displayed enantioselectivity for S-methadone (Figure 3.9). Dose-response

relations were �t to the Hill equation to determine an EC50 and� Fmax/F0. In the

linear portion of the dose-response relation we de�ne the increase in �uorescence

per micromolar, �S-slope,� as a metric of biosensor sensitivity: (� (F/F0)/(� [ligand])

at [drug] EC5023). For a Hill coe�cient of ~1.0, the S-slope equals the ratio

(� Fmax/F0)/ EC50. A variant of iNicSnFR3a, iNicSnFR3b, provided the largest

dynamic range for both S-methadone and R-methadone (Figure 3.9) and served as

the input to several rounds of directed evolution.

3.4 Directed Evolution of iS-methadoneSnFR

We selected for both an increase in sensitivity to S-methadone and a decrease in

sensitivity to nicotinic ligands. We chose mutation sites based on a crystal structure
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of iNicSnFR1 (PDB:6EFR) and directed evolution of iNicSnFR3a(Shivange et al.,

2019).

Figure 3.3: Improving Sensitivity and Selectivity Toward iS-methadoneSnFR. (a)
Directed evolution strategy. (b) Fluorescence responses to S-methadone. iNic-
SnFR3a (black) has several variants (faded curves), of which one has markedly
better sensitivity, owing to the N11E mutation (blue). This lead was evolved to
iS-methadoneSnFR (red), which included reoptimization at position 11. Only the
�nal biosensor had su�cient sensitivity at 1µM (vertical black line; the relevant
maintenance concentration). (c) Shift in selectivity from iNicSnFR3a (black) to
iS-methadoneSnFR (red) measured by S-slope (see text). Note the scale change at
the axis break.

The resulting sensor displayed a ~16-fold improvement in sensitivity over iN-

icSnFR3a;� F/F0 increased to 3.76± 0.16 at 1µM, the representative plasma

maintenance concentration8 (Figure 3.2b). Notably, iS-methadoneSnFR displayed

sensitivity to S-methadone that exceeded the sensitivity for any of the original

cholinergic ligands and displayed a marked shift in ligand selectivity (Figure 3.2c).
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iS-methadoneSnFR displayed near-zero response for physiologically or pharmaco-

logically relevant steady-state acetylcholine (ACh), choline, varenicline, and nicotine

concentrations (~1µM, 10 to 20µM (Zeisel et al., 1980), 0 to 100 nM (Faessel et al.,

2010), and ~25 to ~500 nM, respectively (Russell et al., 1980) (see Figure 3.4a)).

3.5 Biophysical Characterization of iS-methaodneSnFR

We characterized iS-methadoneSnFR's binding using docking and biochemical stud-

ies. Although only three mutations were required to generate iS-methadoneSnFR

from iNicSnFR3a/3b, advantageous mutations were rare: ~1% of all mutations

screened were accepted as improvements. Docking S-methadone into recently re-

ported structures of liganded iNicSnFR3a27 showed that the N-methyl groups of

S-methadone lie 4.6 and 5.5 Å from the aromatic groups of Y357 and Y65, respec-

tively (slightly greater than the distance from the beta carbons of varenicline to these

two groups). In the initial round of mutations, most sites yielded no improvement,

except for a W436F mutation spatially near Y65 and Y357 (Figure 3.10). We previ-

ously reported nicotine and varenicline making cation-p interactions with Y65 and

Y357 in iNicSnFR3a (PDB:7S7T and 7S7U, respectively).27 Each nicotinic ligand

bears a protonated nitrogen lying midway on the axis of the aromatic centroids of

Y65 and Y357 (Figure 3.3a). In the subsequent round, second-shell mutation N11V

created additional volume next to F12, in the second shell. Finally, the third round

yielded L490A, allowing for greater �exibility in the hinging of the PBP.

Leucine mutagenesis among individual binding pocket aromatic residues showed

the primacy of Y65, Y357, F12, and Y460 (Figure 3.3b). An aromatic side-chain

screen across these four positions revealed a necessity of Tyr in the �rst shell

positions Y65, Y357, and Y460 (Figure 3.3c). Substituting a noncanonical side

chain, O-methyltyrosine, yielded a near-null biosensor at residue 65 but not at 12

(Figure 3.11). These data suggest that S-methadone's amine directly interacts with

the �rst shell residues, as with nicotinic drugs, and the phenolic -OH is necessary

for hydrogen bonding. The three accepted mutations represent a 94 Å3 reduction in

van der Waals' volume, comparable to the 132 Å3 increase in ligand volume from

varenicline to methadone, as though the accepted mutations allowed S-methadone

better access to aromatic residues critical to binding both classes of drugs. Therefore,

the PBP has an aromatic binding pocket for protonated amines, and other regions of

the binding site can be tuned to accommodate the remainder of the ligand's steric

bulk and functional groups.
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iS-methadoneSnFR satis�ed our sensitivity, selectivity, and biophysical criteria

for a useful biosensor. Fluorescence dose- response relations showed an excellent

dynamic range,� Fmax/ F0 of 15.3± 0.2, and an EC50, 3.2± 0.2µM, near the relevant

plasma concentrations for maintenance therapy.8 Isothermal titration calorimetry

(ITC) determined a Kd of 1.9 ± 0.2 µM, in good agreement with the �uorescence

EC50 (Figure 3.4c). ITC also demonstrated a single binding site (stoichiometry

= 0.92) with an entropically driven conformational change. iSmethadoneSnFR

had little or no response (S-slope < 0.1µM= 1) to other neurotransmitters (Figure

3.14a) and other opioids (Figure 3.4b). The S-slope for S-methadone was ~20Ö

that for R-methadone. When we added R-methadone to Smethadone, �uorescence

was modestly elevated at lower [Smethadone], but all responses converged at the

� Fmax/F0 for S-methadone alone (Figure 3.12). 1 s stopped �ow kinetics were

obtained using racemic methadone (Figure 3.11) and determined an apparent kon of

0.13µM-1 s-1 (Figure 3.4d). The �nal 10 ms of the 1 s stopped-�ow traces were

�tted by a Hill equation with EC50 ~8µM (Figure 3.13) for the racemate, which was

approximately double the EC50 for S-methadone alone (as expected if the binding

strongly favors the (s) enantiomer).

3.6 Application in Mammalian Bio�uids and Cells

Bio�uid Application

Therapeutic use of opioids would be improved by quantitative, real-time, minimally

invasive or noninvasive measurements in sweat, saliva, and interstitial �uid.28,29

The selectivity and high aqueous solubility of iS-methadoneSnFR enable its use

in such applications. We tested the biosensor in PBS:bio�uid samples and found

robust responses in the pharmacologically relevant concentration range (Figure 3.5).

iSmethadoneSnFR, like all GFP-based biosensors, displays smaller responses at pH

< ~7 (Figure 3.14). Because bio�uids, particularly sweat, have variable and/or acidic

pH, 3ÖPBS pH 7.4 was used to partially bu�er a mixture with the bio�uid. Still, the

response at 1µM and below in the bio�uids provide at least ~200% dynamic range.

Subcellular Pharmacokinetics in HeLa

At the subcellular level, membrane-permeant weakly basic opioid drugs, but not

impermeant derivatives or endogenous opioid peptides, enter the endoplasmic retic-

ulum, and can act as pharmacological chaperones, altering the folding and tra�ck-

ing of their receptors (Petäjä-Repo and Lackman, 2014). Opioid drugs also activate

their receptors in endosomes and the Golgi apparatus (Stoeber et al., 2018). We
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Figure 3.4: Selectivity and biophysical properties of iS-methadoneSnFR. (a) iS-
methadoneSnFR vs endogenous neurotransmitters and choline. Responses to ACh
and choline had S-slopes < 0.1µM= 1. (b) iS-methadoneSnFR vs other clinically
used opioids. The response to R-methadone was near zero at ~1µM. Weak or no
responses were observed for other drugs tested. EDDP is 2-ethylidene-1,5-dimethyl-
3,3-diphenylpyrrolidine, the major metabolite of methadone. (c) Isothermal titration
calorimetry of puri�ed iS-methadoneSnFR. ThirtyµM of the biosensor was mixed
with 2 ` L injections of 300` M S-methadone. (d) Stopped-�ow kinetic measure-
ments with racemic methadone.

targeted iS-methadoneSnFR to the plasma membrane (Figure 3.6a), endoplasmic

reticulum (Figure 3.6b), and Golgi apparatus (Figure 3.6c) of HeLa cells using tar-

geting sequences. Weapplied pulses of S-methadone (0 to 250 nM in 50 nM steps)

to measure the linear portion of the dose-response relation (S-slope) in wide�eld

imaging (Figure 3.15). The results indicate that ample S-methadone is available in
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Figure 3.5: Structural Basis of S-methadone Recognition. (a)
PDB:7S7T(iNicSnFR3a, varenicline bound) showing cation-p interactions with Y65
and Y357. S-methadone was docked into 7S7T. (b) Fluorescence dose�response
relations of cation-p residue Leu mutants. (c) Aromatic side-chain screen through
critical positions identi�ed in (b) with resulting S-slope. Note the break in y-axis.

Figure 3.6: iS-methadoneSnFR dose�response relation in bio�uids. 1:1 mixture of
drug:biosensor in 3ÖPBS pH 7.4 with either human sweat or human saliva and 1:3
mixture with mouse serum (no pH adjustment of any bio�uid).
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