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ABSTRACT 

It has been observed that among individual users of nicotine-containing products and 

between nicotine delivery systems (smoking, vaping, patches, etc.), there is a large degree of 

variability in the pharmacokinetic profile of nicotine. The time course of [nicotine], 

[nicotine]t, is crucial to understanding why some nicotine-containing products are addictive, 

while others aid in smoking cessation via nicotine-replacement therapy. The current methods 

for measuring [nicotine]t via blood draws and LC-MS analysis are cost-prohibitive for the 

number of nicotine users, estimated at 1.2 billion globally. To enable [nicotine]t 

measurements at the necessary scale, we have developed a series of protein-based intensity-

based nicotine sensing fluorescent reporters (iNicSnFRs). These sensors are comprised of a 

nicotine-binding moiety engineered from the OpuBC periplasmic binding protein of 

Thermoanaerobacter sp. X513 and circularly permuted superfolderGFP. Through a variety 

of computational protein design and experimental techniques, we discovered mutations that 

improved the biosensor’s sensitivity, as measured by EC50, 61-fold, from iNicSnFR3a with 

a 27 µM EC50 to iNicSnFR12-D72A with a 440 nM EC50. Notably, iNicSnFR12-D72A, with 

its series-best 11.6 µM-1 fluorescence response in the linear regime of the dose-response 

relation, is able to resolve 10 nM nicotine, the lowest [nicotine] measured between smoking 

and vaping sessions in plasma via the blood draw method. With unparalleled sensitivity and 

robust thermostability profile, iNicSnFR12-D72A meets many requirements for a sensor to 

be used in biofluids as a continuous nicotine monitor, an important tool in reducing nicotine 

addiction and associated morbidity and mortality from tobacco-related diseases.  
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C h a p t e r  1  

INTRODUCTION 

Adapted from: 

Nichols AL, Marotta CB, Lukas H, Friesenhahn NJ, Wagenaar DA, Mayo SL, Dougherty 

DA, Benowitz NL, Gao W, Muthusamy AK, Lester HA. Continuous Nicotine Monitors 

for Personal Nicotine Pharmacokinetics: A Receptor-Aware Research Agenda. Nicotine & 

Tobacco Research. 2025;27(9):1499-512. 10.1093/ntr/ntaf062 

Reproduced with permission from Oxford University Press. 

Abstract 

A minimally invasive “continuous nicotine monitor” (CNM) would resolve the dynamic 

nicotine concentration, [nicotine]t, faced by high-sensitivity nicotinic acetylcholine 

receptors (nAChRs) during and after nicotine intake by individual subjects. Motivations: 

“Know the potential enemy at an individual level.” Smoking or vaping produces an initial 

“bolus” of nicotine in the blood and brain, lasting ~5 minutes with a peak concentration 

of ~100–200 nM. The bolus largely governs reinforcement, reward, and cognitive 

enhancement. A prolonged declining phase of [nicotine], with a half-time of 1–4 hours, 

largely suppresses withdrawal symptoms and governs the known cell biology of 

addiction. Next, “Know the potential therapy,” because individual [nicotine]t records will 

be useful during research on the effectiveness of nicotine replacement therapy. Finally, 

“Know the physiology.” The only three known effects on nAChRs in cerebrospinal fluid 

at the relevant [nicotine]t are activation, desensitization, and chaperoning/upregulation. 

Therefore, additional mechanistic insights will arise from correlating [nicotine]t with 

readily measurable physiological data on those effects in molecular, cellular, and brain 

slice systems and animal models. Interstitial fluid is the appropriate compartment for a 

CNM. The molecular sensor technology could employ fluorescence, as shown by 
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progress on measuring [nicotine]t with improved variants of intensity-based nicotine-

sensing fluorescent reporters (iNicSnFRs). Electrochemical measurements 

of [nicotine]t may also be possible. Studies like the Population Assessment of Tobacco 

Health would contextualize [nicotine]t measurements during each subject’s ad libitum 

nicotine intake, hopefully at a cost <$100 for a 24-hour record. 

Introduction 

Ever since Columbus’s crew sampled tobacco in 1492, nicotine research has led the way 

in new concepts and techniques for neuroscience. With that history in mind, we intend 

this article to inform two communities. The nicotine and tobacco research community 

may wish to learn about the prospects for new generations of wearable, minimally 

invasive or noninvasive devices to measure the pharmacokinetics of nicotine at an 

individual level. 

The wearable device community may wish to learn about the specific opportunities and 

challenges associated with nicotine. The opportunities are great: at any given time, some 

60% of the world’s >1 billion smokers would like to quit. The challenge: nicotine is 

present at concentrations ~ 1 million times smaller than glucose, the target for the most 

successful continuous, minimally invasive monitor, yet the required time resolution 

resembles that for glucose! 

We wish to measure nicotine concentration [nicotine] versus time, t, near the relevant 

receptors, or [nicotine]t. Since tobacco produces primarily the S-enantiomer and only the 

charged species binds to nicotinic acetylcholine receptors (nAChRs), one would more 

precisely write [(S)-nicotine+]t. 
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Three Motivations for the Proposed Continuous Nicotine Monitor 

1. “Know the Potential Enemy”: Personal Pharmacokinetics 

It is already known that cigarettes and electronic nicotine delivery systems (ENDS) 

produce two phases of [nicotine]t. The first phase occurs while nicotine is entering the 

blood. It is the relatively high, initial peak or “bolus” of [nicotine] (100–200 nM for 5–

10 minutes, Figure 1.1, area highlighted mins 0–10). This phase appears to provide 

reinforcement via a sense of well-being, stress relief, or cognitive boost. The bolus results 

from the efficiency of smoking/vaping: (1) the large area (50–75 m2) of the lungs and (2) 

the high membrane permeability of the nicotine free base. During a puff, nicotine crosses 

the apical and basolateral membranes of alveolar endothelial cells, reaching arterial blood 

within a few seconds, then the brain a few seconds later [1-4]. When nicotine is no longer 

present in the alveoli, [nicotine]t begins to decline. 
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Figure 1.1 Collected data on time course of plasma [nicotine]t, using the intravenous 

(IV) blood-draw method. Measurements on cigarette smoking cover a wide range, 

mostly falling between the two examples given (Cigarette1 [5] and Cigarette2 [6]). Juul, 

Cigarette1, first-generation (pre-2015) vape [5]; IQOS, Cigarette2 [6]; Nasal spray, Gum, 

Inhaler, Patch [7]; Zyn [8]. Time zero is the first puff, insertion of the pouch, or 

attachment of the patch. Measures of variability have been omitted for clarity. All studies 

comprised at least 24 subjects at least 19 y of age. In one study [6], the subjects had an 

average age of 34 y and were 52.5% male. Study [7] is a review that compiled several 

other studies. Two studies [5, 8] did not report on average age or % male. 

Oral nicotine products (ONPs) include nicotine pouches, lozenges, gums, and inhalers 

and involve permeation through the buccal tissues rather than the alveoli. Transdermal 

patches eponymously use transfer through the skin. 

The prolonged, declining phase of [nicotine]t (Figure 1.1, area highlighted mins 10–60) 

occurs with a half-time of 1–4 hours after a single cigarette. The prolonged phase both 

suppresses withdrawal symptoms and maintains the cellular biological aspects of 

addiction [9]. For a given individual, the prolonged declining phase probably differs less 

than the bolus among methods of intake, because the flux of nicotine into the blood and 

cerebrospinal fluid (CSF) has nearly stopped. An exception is the transdermal patch; after 

removal, there may be a plateau of 1–2 hours before the decline begins. 

Within a given study (15–30 subjects), [nicotine]t measured with a single method of 

nicotine intake shows great variability among subjects; a typical coefficient of variation 

(CV) is at least 0.5 [10]. When nicotine is administered intravenously in controlled doses 

(mg/kg), the CV is usually much smaller [10]. The variability in [nicotine]t among users 

is a strong reason to study individual [nicotine]t records. Experiments will require orders 

of magnitude more subjects than is possible with existing pharmacokinetic methods to 

address open problems in addiction and therapy: 
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• Pioneering studies suggest that menthol prolongs the lifetime of [nicotine] in mice 

[11] and humans [12], increases conditioned place preference to nicotine in mice 

[13], and potentiates upregulation of nAChRs in mice and humans (see “Know 

the Physiology,” below) [14]. Menthol might exert these effects via [1] its 

inhibition of cytochrome P450 2A6 (CYP2A6) [15], [2] its inhibition of TrpA1 

channels in respiratory pathways [16], or [3] its action as a chemical chaperone 

for nAChRs [13]. Mechanism [1], but neither [2] nor [3], would increase and 

prolong [nicotine]t. 

• On average, women experience more difficulty in smoking cessation than men 

[17-19]. Experiments with deuterium-labeled nicotine show that the prolonged 

declining phase is faster in women [20]. Men seem to value the reinforcing effects 

of the bolus more than women [18]; Does this arise from sex differences in the 

bolus? How extensive are the individual variations? Does estrogen accelerate 

nicotine metabolism solely by inducing CYP2A6 [20]? 

• Do the varied effects of nicotine across the lifespan [21] correlate with changes 

in nicotine pharmacokinetics, for instance slowed pharmacokinetics in elderly 

people [22, 23]? 

• Do smokers titrate the bolus to achieve 100–150 nM nicotine, but no more? 

• How does the bolus change with reduced-nicotine cigarettes [24-26] or adjustable 

e-cigarettes [27]? 

• How do individual vapers control [nicotine]t during the day? Do some “seek the 

peak” and others “avoid the trough?” 

2. “Know the Potential Therapy”: Personal Nicotine Replacement Therapy 

Nicotine replacement therapy (NRT) will play a role in smoking cessation for the 

foreseeable future. Various national regulatory agencies (for instance, the US Food and 
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Drug Administration [FDA]) have approved nicotine for smoking cessation via NRT in 

the form of transdermal patches, inhalers, and gum. 

This approval does not yet extend to ENDS, which now receive authorization for 

marketing from the FDA’s Center for Tobacco Products (CTP) as “reduced risk products” 

(RRPs) under the Tobacco Control Act of 2009. Like many previous authors, we 

acknowledge the potential abuse liability of RRPs, including the possibility that RRPs 

could cause increases in dual use (vaping and smoking) [28]. 

However, the FDA’s Center for Drug Evaluation and Research (CDER) has now cleared 

at least one “investigative new drug” (IND) application of an ENDS for investigation as 

a prescription-only device leading to smoking cessation. In an early iteration of the 

rationale for such devices, previous CTP and FDA leaders stated [29], “We are 

examining possible steps the agency could take to address the pharmacokinetic 

performance of FDA-approved medicinal nicotine products to help more smokers quit. 

Factors for consideration may include the speed with which nicotine is delivered... [from] 

products capable of delivering nicotine without having to set tobacco on fire.” In a 

promising technology, piezoelectrically driven ultrasonic mesh inhalers produce 

controllable droplet size, require no carrier molecules such as propylene glycol and 

vegetable glycerin, and do not heat the liquid at all [30, 31]. This could represent a step 

forward in individually controllable NRT [32-34]. The mesh nebulizer that received the 

IND clearance showed [nicotine]t kinetics approaching that of a cigarette and much faster 

than a conventional inhaler [35]. 

Several metrics have been proposed as guidelines for effective NRT. One suggestion is 

to measure flux from the device to the subject [36]; this can be measured in the device 

itself or by collecting nicotine with an impactor. A continuous nicotine monitor (CNM) 

measuring [nicotine]t near the relevant nAChRs would be much more useful by capturing 

the best time resolution. It has been suggested [37] that the most successful means of 

smoking cessation involves the greatest rate of rise of [nicotine]t, ![#$%&'$#(]+!*
, presumably 
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duplicating the “bolus.” An aspirational CNM must resolve the bolus, on an individual 

basis. 

Newer techniques for delivering NRT also raise the specter of abuse liability in two ways. 

First, it must be noted that many individuals fail to quit smoking with buccal or 

transdermal NRT because they miss the bolus from a cigarette. If a prescription-only 

device, such as an ultrasonic nebulizer, perfectly copies the bolus of a user’s favorite 

cigarette, after a prescribed time course of NRT, a smoker might simply switch to a 

nicotine salt ENDS, which does optimize the bolus. We acknowledge that vaping 

manufacturers could use a CNM to enhance the bolus and, therefore, increase abuse 

liability. 

Second, nicotine may well remain in the CSF for the prolonged declining phase, 

desensitizing nAChRs and provoking the cell biology of nicotine addiction. Newer ONPs 

also have abuse liability. 

Despite these concerns about the abuse liability of NRT, one cannot deduce either the 

bolus or the prolonged declining phase during therapeutic NRT from first principles; we 

must perform dynamic, quantitative, individual measurements of [nicotine]t. Individual 

measurements of [nicotine]t are a highly appropriate component of research to test 

hypotheses that various forms of NRT benefit distinct subgroups of people defined by 

“tobacco abuse” [38]. 

3. “Know the Physiology”: Activation, Desensitization, and Chaperoning/Upregulation 

of Receptors 

The CNM concept interfaces directly with nearly a century of research on time-resolved 

nAChR responses. Nicotine acts on nAChRs in only three ways, according to present 

knowledge. Nicotine activates nAChRs, producing ion flux (including Ca2+ flux) and 

depolarization. After a few minutes at the relevant nAChRs, nicotine desensitizes 

nAChRs. Slowest of all—hours to days—nicotine upregulates nAChRs via one or more 
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post-translational processes, primarily chaperoning of nascent nAChRs within the 

endoplasmic reticulum (ER). The first two processes have received intense study since 

the identification of nAChRs, including experiments on isolated cells, brain slices, in 

vivo recordings on animal models, imaging of nAChR availability, functional magnetic 

resonance imaging, and heterologous expression, mostly via electrophysiological and 

Ca2+ recording. 

Chaperoning/upregulation are both more complex and less well studied [9, 39-42]. How 

is the prolonged phase crucial for nicotine dependence? Nicotine enters the ER, 

beginning a pathway that we term “inside-out” [9]. This entry occurs within a few 

seconds after nicotine appears near cells, and at a concentration within 2-fold of the 

extracellular value [43]. Importantly, even [nicotine] as low as 10 nM activates the 

“inside-out” pathway [41], and in some people, [nicotine] continues to exceed 10 nM for 

~6 hours after smoking/vaping [43-47]. A major effect of the inside-out pathway is to 

produce upregulation of plasma membrane nAChRs, and this upregulation is selective at 

every level studied—brain region, cell type, axonal versus somatic versus dendritic 

localization, and subunit stoichiometry of the upregulation nAChRs [9]. 

Important simplifications are now in hand: It is generally agreed that the relevant 

nAChRs are α4β2*, α6β2*, and possibly α2β2* (the * denotes the possible presence of 

an additional subunit, such as α5, in the assembled pentameric receptor). Also, the 

relevant peak [nicotine]t values are those achieved by smoking, <200 nM, in part because 

higher [nicotine] activates other nAChRs in aversive pathways. In another major 

simplification, measurements in CSF are unnecessary: nicotine reaches the CSF within 

seconds from brain capillaries because of its high logDpH 7.4 [48]. 

Some aspects of nicotine pharmacokinetics are shaped by the effects of inhaled nicotine 

in the mouth, airways, and the alveolar epithelium; the nicotine concentrations in these 

compartments are much higher than considered above, and they take place at additional 

targets. (1) Deprotonated (free base) nicotine activates TrpA1, a channel abundantly 

expressed in airways [16, 49]. This irritation could induce “braking” of respiration 
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[50]. (2) Aerosolized nicotine in the alveoli equilibrates with the cytosol of alveolar 

epithelial cells, and this could lead to cytosolic concentrations of hundreds of millimolar 

(mM; Henry’s law). In alveolar epithelial cells, these concentrations may be high enough 

to chaperone and upregulate additional nAChRs, such as α3β4* [51, 52]. These 

complications are additional reasons to measure [nicotine]t in CSF-like compartments, 

downstream from measurements on nicotine flux from devices. 

The CNM Concept is Directly Relevant to Social and Behavioral Studies of Nicotine 

Intake 

Because nicotine consumption—certainly for the abusive aspects, and probably also for 

the smoking cessation aspects—involves many cues, social support, and other activities 

such as eating and drinking, flavorings, and diurnal rhythms, it is crucial that 

measurements of [nicotine]t occur during ad libitum consumption in daily life. The CNM 

we envision would satisfy this requirement. 

The Population Assessment of Tobacco Health (PATH) study has resulted in 737 

research papers as of mid-2024. The PATH study’s biomarker and biospecimen 

components have varied. PATH-like studies would be enhanced by 24-hour CNM 

records of [nicotine]t, and we argue below that such records would be more useful than 

the currently employed urinary nicotine equivalents. Distributing and supporting the 

CNM could become as straightforward as the activities associated with continuous 

glucose monitors (CGMs; see below). If a study also collects tissue, blood, or saliva, the 

DNA analyses could further define additional components of nicotine metabolism, 

including CYP2B6 [53] and CYP2E1 [54]. 

Present Measurements of [Nicotine]t 

The classical ideas introduced so far have motivated measurements of [nicotine]t on 

hundreds of subjects gathered in several recent reviews [10, 37, 55]. Two methods now 

provide “gold standard” measurements of nicotine pharmacokinetics. The intravenous 
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blood-draw method is performed in a clinic on a subject with an intravenous catheter [5, 

6, 56-58]. It costs thousands of dollars per subject, including tens of dollars for each 

sample in a typical series of 10–25 samples repeated at 5-minute intervals. The positron 

emission tomography (PET) method, which mixes 11C-nicotine with inhaled smoking or 

vaping, has a better temporal resolution (a few seconds) [59, 60]. For both methods, a 

study typically includes 15–30 subjects. Both methods are too tedious and expensive for 

routine personal use. Neither can be routinely applied to youths. 

Slower methods have been especially useful in showing that the prolonged, declining 

phase varies up to 10-fold among individuals, partially due to polymorphisms in 

cytochrome P450 2A6 (CYP2A6). CYP2A6 partially governs the conversion of nicotine 

to (nearly inactive) cotinine [61]. The “nicotine metabolite ratio” (NMR) measures 

CYP2A6 activity. NMR reveals that ~15% of the population are “slow” metabolizers: 

individuals with defective CYP2A6 have up to a severalfold longer [nicotine] half-life, 

and the increase depends on the genotype [61]. Slow metabolizers smoke fewer cigarettes 

per day; but especially for moderate to heaving smokers, they score just as strongly 

“dependent” on Fagerstrom-like tests [62]. 

NMR does not measure the key data stream, [nicotine]t. Furthermore, genetic risk scores 

capture only 34.5% of the variability in NMR [63, 64]. Proxy measures for [nicotine]t in 

blood include urinary nicotine metabolites. The only presently available physiological 

proxy for [nicotine]t, increased heart rate [46], is complicated for ad libitum intake 

because heart rate is influenced by several activities of daily living: exercise, 

simultaneous consumption of caffeinated beverages and nicotine, and tolerance to 

subsequent cigarettes [65-67]. Some ENDS measure puff strength, duration, and 

frequency (“smoking topography”) [68]. 

Thus, [nicotine]t is the relevant metric and conventional intravenous (IV) and PET 

methods have too few subjects to resolve most confounding factors. In contrast, we 

envision a CNM that costs <100 USD (2024) to scalably study tens of thousands of 
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subjects, transforming “confounding factors” for either therapy or abuse into 

“identifiable risk factors” or “personal smoking cessation therapy.” 

Relationship to Conventional Pharmacological Concepts 

Unbound Concentrations 

All the techniques we envision will monitor the unbound concentration of nicotine+. This 

is the form sensed by the binding site of nAChRs, the active site of enzymes such as 

CYP2A6, and the binding site of biosensor proteins described below. However, the 

TrpA1 channel probably binds the deprotonated (free base) form [16]. 

Volume of Distribution 

The unbound concentration of any drug should be distinguished from the total amount of 

the drug in the organism [69]. This concept is usually associated with apparent volume 

of distribution. Volume of distribution in humans is conventionally inferred from 

measurements of the so-called clearance [69]. Most drugs have an apparent volume of 

distribution >1 L/kg, thought to arise either via drug binding to proteins, accumulation 

within lipids, or accumulation within acidic organelles (“acid trapping”). Nicotine has a 

relatively low volume of distribution, 1.8–4.2 L/kg [70], with a consensus value of 

2.6 L/kg [71]. That is, nicotine becomes bound or otherwise sequestered to the extent that 

the total amount of nicotine in the body would be appropriate to the volume of water 

equal to ~2.6 times the body’s weight (“corporal water volume”). 

Most of these possibilities and mechanisms can influence [nicotine]t. Therefore, some of 

these mechanisms would shape the data stream produced by a CNM—but none would 

challenge the validity of the [nicotine]t data as they apply to actions on nAChRs. 
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Area Under the Curve of Concentration ´ Time 

Area under the curve (AUC) is often invoked to compare actions of therapeutic drugs. 

For nicotine, abuse potential is sometimes assumed to increase with AUC [55, 72, 

73], but this idea has little experimental proof. More generally, the goal to “know the 

physiology” will transcend the AUC metric by showing how the bolus and the prolonged 

phase affect activation, desensitization, or chaperoning of nAChRs. 

Interstitial Fluid is the Most Relevant Compartment 

CSF bathes highly nicotine-sensitive nAChRs in several distinct brain regions; 

therefore, [nicotine]t in CSF governs activation, desensitization, and upregulation of 

nAChRs. However, no minimally invasive or noninvasive, nonradioactive technique is 

available for measuring [nicotine]t in CSF. For all means of nicotine intake, the blood–

brain barrier, formed by tight junctions in cerebral capillaries and by the end-feet of 

astrocytes, provides a delay of at most a few seconds in achieving a CSF [nicotine]t that 

essentially equals blood [nicotine]t [10, 48]. 

As in most organs, brain cells lie within 50 µm of capillaries. Nicotine can diffuse 

passively over 50 µm within 5 seconds (assuming a diffusion constant of 0.5 µm2/ms). 

Smokers and vapers feel a “buzz” within ~20 seconds, showing that nicotine has appeared 

in the CSF and reached nAChRs. Rat measurements confirm that [nicotine]t in CSF is 

close to that in plasma [74]. Special intra-arterial [11C]nicotine PET measurements in 

humans achieve a resolution of ~5 seconds [2, 4, 59], which is unnecessary for most 

studies of [nicotine]t. 

Interstitial fluid (ISF) is minimally invasive. Nicotine is predicted to be slightly more 

permeable to capillaries in peripheral tissue than to brain capillaries; but the difference 

is likely to be just a few seconds. In this context, time-resolved measurements 

of [nicotine]t in ISF are presumably more relevant than blood to [nicotine]t in CSF. 
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Commercial tobacco manufacturers modify the taste and and/or pH of cigars and 

cigarettes; and this may also modify [nicotine]t [75, 76]. In nicotine salt ENDS, the pH 

of the e-liquid and of the aerosol is lower than cigarettes; but the higher solubility of 

nicotine+ than of free base nicotine allows increased [nicotine+] in the e-liquid and in the 

inhaled aerosol. Manufacturers of nicotine salt ENDS may also choose an anion that 

affects airway flow [4, 77]. All NRT strategies also manipulate nicotine 

pharmacokinetics [10, 37]. 

On the one hand, the various effects on nicotine entry into the blood cannot yet be 

predicted simply either from the amount of e-liquid left in the reservoir, from the volume 

of each puff, or from the nicotine deposited on an impactor after a controlled number of 

mechanical puffs. On the other hand, once the nicotine enters the blood, its concentration 

(<1 μM) is so low that buffers in the blood maintain its pH at ~7.4. If a nicotine salt is 

ingested, the blood similarly dilutes the anion, which therefore need not be considered 

further. As noted above, the nicotine passes within seconds from the blood to the CSF 

and other compartments such as ISF. Therefore, [nicotine]t in the blood or ISF is an 

excellent measurement of the delivery system’s total pharmacologically relevant, 

dynamic result—whether the delivery system is a combustible cigarette, an ENDS, an 

ONP, or NRT. 

In summary, we strongly favor interstitial fluid as the compartment of choice for 

measurements of personal [nicotine]t. 

Analogy to CGMs 

All FDA-approved CGMs reside in ISF, are inserted with minimally invasive techniques, 

transmit their data, [glucose]t, wirelessly, and have a temporal resolution of ~5 minutes. 

One FDA-approved glucose monitor uses fluorescent detection [78, 79], although via a 

different molecular mechanism than the one described below. 
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Most CGMs now in use employ electrochemical detection via glucose oxidase positioned 

at the intradermal tip of a 5-mm-long gold wire. The latest electrochemical CGMs last 

≥10 days. CGMs have become commodity items, available over the counter ($50) for use 

by prediabetic patients and by nondiabetic consumers to satisfy their curiosity about their 

[glucose]t. Several labs are now attempting to develop CGMs in essentially noninvasive 

form: arrays of microneedles a few hundred micrometers long and tens of micrometers 

wide, with their tips in ISF. 

Sweat 

Although sweat measurements have the great advantage of being noninvasive, other 

aspects lead to uncertainties that sweat can provide quantitative, time-resolved 

measurements relevant to CSF. Sweat is secreted through a complex duct at varying 

pressures. According to a biofluidic model of sweat glands, a biomolecule secreted by 

the gland reaches the skin surface within <5 minutes, fulfilling the temporal resolution 

criterion of a CNM [80]. Active microfluidics may then be required in the sensor device 

to transport the sweat to the sensing surface or chamber. This would introduce a delay; 

but if the flow is laminar, the time of actual secretion can be determined [81]. Primary 

sweat (in the sweat coil) is quite acidic [80], leading to concerns about acid trapping, 

which may explain initial measurements that [nicotine] in sweat is >10 times higher than 

in blood [82]. It is not understood whether the walls of the sweat duct would then allow 

reabsorption of nicotine. Researchers in the sweat sensor field are working to eliminate 

these complications, with the goal of realistic measurements on a known time scale [83-

86]. 

Specifications for a CNM 

Concentration Resolution: ~10 nM 

Although the EC50 for nicotine activation of nAChRs is typically several hundred nanomolar 

(nM), much lower concentrations desensitize or upregulate nAChRs [9]. For instance, the 
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EC50 for upregulation is 37 nM [41]. We therefore consider it necessary to 

measure [nicotine]t as it declines to values as low as ~10 nM. 

Absolute [Nicotine] Calibration 

The signal from all copies of the CNM should have an invariant, simple relationship 

to [nicotine]t. In Figure 1.2, we show that a candidate fluorescent sensor molecule 

displays a linear response in the relevant range of [nicotine], and we refer to the 

sensitivity as δ-slope. We would accept an absolute accuracy of ±20%. Modern 

electrochemical CGMs do have absolute calibrations, in part because a few CGMs from 

each production batch are tested at varying [glucose]; the resulting calibrations are then 

embedded in all CGMs from the batch [87]. 
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Figure 1.2 Molecular basis of the iNicSnFR approach to a CNM. (A) Schematic view 

of the single-chain fluorescent sensing molecule such as iNicSnFR12. (B) A single frame 

from Supplementary Video 1.S1 (available at Nicotine and Tobacco Research online), 

depicting the details of the conformational change that underlies sensing of nicotine by 

iNicSnFR12. (C) Concentration–response curve at [nicotine] in the range 0–180 nM, the 

expected plasma, CSF, or ISF range during nicotine intake via smoking, vaping, 

transdermal patches, inhalers, or oral nicotine products [10]. Measurements were 

conducted in 96-well microtiter plates, and each well contained 100 nM purified 

iNicSnFR12 in 100 μL of solution. F0 and ∆F are the resting fluorescence and additional 

nicotine-induced fluorescence, respectively. The excitation and emissions wavelengths 

are 496 and 535 nm, respectively. From Haloi et al. [88] iNicSnFR: intensity-based 

nicotine-sensing fluorescent reporter. 

Temporal Resolution: Five Minutes 

The CNM must have the temporal resolution to measure the bolus of [nicotine]t 

(~100 nM for ~5 minutes, Figure 1.1, area highlighted mins 0–10). This implies a 

temporal resolution of ~300 seconds: the typical 10-puff period for a single cigarette or 

a typical ENDS “vaping session.” Juul and IQOS achieve 60–150 nM nicotine during 

this 300- to 600-second time frame (Figure 1.1). 

Selectivity: At Least 100-Fold for Nicotine 

The ideal CNM would have zero response to other molecules in the ISF. We aim to render 

the sensing molecules 100-fold more sensitive to nicotine than to all other ligands. 

According to this specification, even if an endogenous interfering molecule has a 100-

fold higher concentration higher than nicotine, this would not markedly distort 

the [nicotine]t signal. 
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Durability: At Least 24 Hours 

A suitable first-generation CNM would measure [nicotine]t for roughly 24 hours. This 

would allow 40 or more cigarettes or vaping sessions, providing an excellent view of the 

prolonged phase. Including a full 24 hours has the additional advantage that [nicotine]t is 

expected to fall to nearly zero during the night, providing an important set of control 

readings. 

Measurements of [nicotine]t during research on smoking cessation would require much 

longer records. By analogy with CGMs, a 10-day period seems approachable. Mice with 

brain expression of cpGFP-based biosensors provide signals for as long as 1 year 

[89]. Mice expressing an adeno-associated virus encoding iFentanylSnFR, which differs 

by only a dozen amino acids from intensity-based nicotine-sensing fluorescent reports 

(iNicSnFRs), continue to give useful responses to fentanyl for at least 3 weeks [90]. 

Available Molecular Technology for a CNM 

Nicotine-Binding Protein-Based Approaches: The iNicSnFR Family 

The iNicSnFR family [43, 88, 91] is based on ~50 years of research on periplasmic 

binding proteins (PBPs), comprising some 20,000 genes in bacterial and archaeal species. 

The PBP binds a small molecule (ligand) of importance to the microorganism (in an intact 

bacterium, the PBP would then present the ligand to other proteins). More than 450 

atomic-scale structures for PBPs now exist in the protein data bank RCSB. In all known 

cases, the PBP responds to the ligand binding by undergoing a conserved “Venus flytrap” 

or “clamshell” conformational change [92]. Most known PBPs exist as monomers, and 

the conformational change depends on the ligand conformation with a Hill coefficient 

near 1. This well-understood change requires <1 second in most cases, rendering the PBP 

suitable to become the molecular basis of a real-time, continuous, reversible, reagent-less 

sensor (Figure 1.2). 
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The PBP of most interest for a CNM is a mutated variant of OpuBC from a 

hyperthermophilic bacterial species which uses choline or betaine as an osmolyte. We 

mutated OpuBC to favor binding of acetylcholine [93] or nicotine [43]. Each member of 

the iNicSnFR family is a single protein chain. The chain represents a nearly modular 

merger of two moieties: the PBP binding moiety and a fluorescent readout moiety. We 

use the term “merged” to avoid implying that these two moieties are simply concatenated, 

C-terminal of the first connected to N-terminal of the second. The GFP moiety is 

circularly permuted (cpGFP), as in GCaMP sensors for Ca2+. The circularly permuted 

cpGFP is then inserted into the PBP sequence, near the hinge region. Recently, the 

iNicSnFR project was aided by adding computational predictions [94-96] to the directed 

evolution pipeline. iNicSnFR12 achieves nearly the desired sensitivity in 96-well saline-

based lab tests (Figure 1.2C) [88]. The concentration–response relation is linear in the 

range shown, because the EC50 for the entire relation is >1 μM [88]. 

The iNicSnFR approach exploits the amplification produced by modulating the 

fluorescence on the basis of nicotine binding to the PBP moiety. During each second that 

the single nicotine molecule is bound to the PBP, the fluorophore absorbs as many as 

108 blue photons, then emits ~0.7 times as many green photons [88]. The optical elements 

resemble those of a modern fluorescence microscope, simplified further by measuring 

with a single photodetector (“fiber photometry”). Figure 1.3 presents a schematic for our 

planned next-generation CNM. 



 

 

19 

 

Figure 1.3 Design for a miniaturized fiber photometric CNM, based on initial 

progress with iNicSnFR12 entrapped in a hydrogel. [97] (A) The iNicSnFR-

containing hydrogel is placed in ISF, at the end of a fiber optic inserted by a spring 

apparatus like those in some CGMs [98]. The miniature fiber photometer is 14 mm tall, 

including the protruding fiber optic. There are two time-multiplexed excitation LEDs. 

Excitation at 470 and 405 nm yield nicotine-dependent and nicotine-insensitive 

fluorescence, respectively [43, 99], a common tactic to control for movement artifacts 
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and bleaching. The SolidWorks file is available from the authors. (B) Simulations of 

radial diffusion in a cylindrical hydrogel [100, 101]. A hydrogel 400 μm in diameter 

contains 20 μM iNicSnFR. We assume that nicotine has a diffusion constant, D, of 0.3 

μm2/ms in the hydrogel containing no iNicSnFR (~2/3 of the free-solution D). Effective 

D is further reduced by rebinding to iNicSnFR molecules with a KD of 10 μM. Following 

a jump from [nicotine] = 0 to C0 at time 0 in the external solution, [nicotine]t within the 

gel approaches 90% of C0 within 300 s, satisfying the criterion for temporal resolution. 

(C) In the design, the hydrogel contains 6.28 pmol of iNicSnFR, 20 μM. This is close to 

the 10 pmol of our standard assay condition in which a 100 μL microtiter well contains 

100 nM iNicSnFR12 (see Figure 1.2). 

We presented preliminary data for an approach in which the purified iNicSnFR molecules 

are trapped within a hydrogel, at the tip of a fiber optic [97]. The hydrogel would be 

surrounded by ISF. The hydrogel approach (1) prevents other proteins from interacting 

with sensor molecules, distorting F0 or ∆F, (2) avoids increasing F0 by endogenous 

cellular fluorescence, and (3) minimizes contact with immune cells. The purified protein-

hydrogel approach differs from most cpGFP sensors, which are expressed in animal 

models via viral vectors or transgenes. Points (1) and (2) also allow us to plan ways for 

absolute calibrations of δ-slope (see Figure 1.2C). 

The Redox-Modified PBP Method 

This method (Figure 1.4A) was suggested as early as 2001 [102], then lay fallow until 

2021. A recent report confirmed the concept, for continuously sensing glutamine with 

the eponymously named glutamine binding protein [103]. 
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Figure 1.4 Electrochemical approaches to a CNM. (A) PBP bearing a redox group. 

The exemplar group is methylene blue. (B) Conceptual view of a PBP in a nanopore. The 

apo-PBP from iNiCSnFR3a (excised from pdb file 7S7W) was manually positioned 

within the vestibule of hemolysin E from E. Coli K12 (pdb 2WCD), using ChimeraX. 

The complex was conceptually positioned in a bilayer membrane. 

Site-selective modification would attach the redox probe to the nicotine-binding PBP at 

a sequence position that experiences an acceptably large movement (10–20 Å) upon 

ligand binding (see Figures 1.2B and 1.4A). We have defined several candidate residues, 

based on liganded and unliganded structures of iNicSnFR12. The original previous study, 
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with other ligand–PBP pairs, coupled redox-active groups to introduced cysteine residues 

[102, 103]; and we have begun with this tactic. Our preliminary experiments have utilized 

Cys variants of iNicSnFR12 and also the PBP alone, without the cpGFP moiety 

(“PBP12”). 

For the redox probe, one can choose among more than a dozen molecules [104]. We have 

begun experiments with methylene blue. Phenazine derivatives [103] and ruthenium 

(Ru(II)) [102] have also been used with PBPs. In the most general tactic, one would site-

selectively introduce noncanonical azido amino acids. Our preliminary studies have 

produced signals that show dose dependence on nicotine. However, we are still 

experimenting with conditions that yield satisfactory control data and also yield 

reversibility suitable for continuous sensing. 

The electrodes for the intradermal version of the electrochemical CNM would be 

subcutaneous gold wires (0.5 mm diameter, 5 mm length) resembling those in CGMs—

though with the more sophisticated analog processing required by pulsed techniques such 

as square-wave voltammetry. In another variation, the PBP could be coupled to a 

graphene monolayer that acts as the gate of a field-effect transistor [105]. 

The PBP-Gated Nanopore Approach 

A single nicotine binding event could, in principle, be amplified electrically if the binding 

gates a channel or a nanopore that passes 108 ions/s (a typical single-channel current) 

while the nicotine is bound (Figure 1.4B) [106, 107]. In a pioneering report, Salmonella 

typhi nanopores were embedded in planar bilayers. Conventional electrophysiological 

amplifiers and software were used in single-channel mode to analyze the nanopore 

current. Each of 13 different metabolite-binding PBPs proved suitable for ligand 

detection [108]. These were expressed in bacterial systems, purified, and added to the 

chambers separated by the membrane. The PBPs produced a range of fluctuations in the 

nanopore current, typically on a time scale of seconds. Adding the cognate ligand for the 

PBP then produced additional current fluctuations. Usually the liganded (“closed”) 
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conformation of the PBP blocked the current more completely, suggesting that “as the 

structure of the protein becomes more compacted, the protein penetrates deeper inside 

the nanopore, resulting in more current being blocked.” Importantly, the EC50 of the 

ligand-induced current fluctuations was similar in all cases to the ligand–PBP interaction 

in solution. 

Thus, the PBP-gated nanopore approach is biophysically tractable and pharmacologically 

understandable. Although no PBP was studied in the class F family which contains 

OpuBC (the molecule that was evolved to yield PBP12) [92], these data are encouraging. 

A deployable CNM need not be constrained by fragile lipid bilayers and single-channel 

measurements. The membrane would be a synthetic polymer, as used in pore sequencing; 

and many PBP12–nanopore complexes would be embedded in parallel, providing a 

macroscopic signal proportional to [nicotine]t. This would utilize presently available 

high-throughput planar electrophysiological methods, for assaying candidate variants in 

a protein engineering campaign that develops and optimizes the PBP–nanopore complex. 

The supported membrane and electrodes would then be fixed to the tip of CGM-like 

probe. 

Nicotine-Binding Aptamer-Based Approaches 

In the present context, an aptamer (a synthetic single-stranded oligonucleotide) would be 

attached to an electrode. The aptamer would be evolved or selected to bind a nicotine 

molecule, changing shape. This would change the distance between an attached redox-

active group and the electrode, resulting in a signal analogous to the redox-modified PBP 

[109]. Electrochemical aptamer-based sensors have been developed for metabolites, 

therapeutic drugs, and abused drugs; but unfortunately, there is not yet a reported aptamer 

with selective affinity for nicotine. Furthermore, we expect a poorer dynamic range and 

lifetime from aptamers compared to fluorescent hydrogels [110].  
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Nicotine-Oxidizing Enzymes 

In part because amperometric glucose sensors have found widespread use, investigators 

have considered oxidoreductase enzymes that already use nicotine as a substrate. The 

major challenge arises because we have specified that [nicotine]t must be measured at 

106-fold lower levels than [glucose]t, and each nicotine molecule that becomes oxidized 

by the enzyme contributes only a single elementary charge to the current. 

Nicotine oxidase from Pseudomonas putida NicA2, was studied with amperometry 

[111]. Selectivity for nicotine is excellent. A mutated version became the basis for an 

issued patent [112], aimed primarily at measurements in sweat. The limit of detection 

was 1 µM, yielding a current of 0.01 µA for an electrode area that was probably 3 mm2. 

An intradermal electrode would presumably have a 100-fold smaller area. This would 

give a signal to 10 nM nicotine of just 1 pA, a challenge to measure. Studies 

on Shinella sp. HZN7 NctB, another nicotine-oxidizing enzyme, show that mutations can 

increase turnover number only ~2-fold from the wild-type enzyme [113]. 

The study of Tai et al. [82] claimed to measure the current associated with CYP2B6 

oxidation of nicotine [114]. There was no control for the additional oxidative currents; it 

is likely that the enzyme simply increased previously measured faradaic currents [114] by 

~2-fold, leaving the sensitivity at ~100-fold less than our goals. 

Data Analysis 

Pioneering instruments generally produce suboptimal data. It may not be possible for a 

CNM to detect when a subject takes a puff or otherwise ingests nicotine. We plan to equip 

the initial iNicSnFR12-based CNMs with three pushbuttons. Buttons 1, 2, and 3 “time-

stamp” the signal at the beginning of a cigarette, a vaping session, or a nicotine pouch, 

respectively. In simulations, vast reductions in noise can result (Figure 1.5). 
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Figure 1.5 Synchronized averaging will reduce noise in CNM recordings. (A) A 

simulated noisy CNM data stream. The dose table for the simulator [73] contained 

observed ad libitum times for one smoker [68] (21 cigarettes, total; we assumed 1 mg 

doses). We added white noise, single-pole filtered at τ = 5 min (the target temporal 

resolution) with an RMS deviation of 29 nM (roughly the present resolution of 

iNicSnFR12). The resulting [nicotine]t signal is poorly discernible. (B) Using the dose 

table, we retrospectively synchronized and averaged the traces during 10 min before and 

60 min following the beginning of each cigarette. As expected, this decreased the noise 

by a factor √21⁠. The resulting denoised average trace approximates the peak and 

waveform of the noiseless simulated [nicotine]t for a single cigarette. RMS: root mean 

square. 

It would be desirable to automatically detect smoking/vaping episodes, so that subjects 

can ingest ad libitum without the added burden of time-stamping the dataset 

[115]. Machine leaning algorithms are being developed to identify meal times and predict 

individual patients’ glucose trajectory from present CGM measurements [115, 116]. How 

much of this effort is useful for the 24-hour measurements we envision for the CNM? 

We suggest that ~500 subject-days could provide an initial time-stamped dataset 

analogous to the glucose sensor time series in the OhioT1DM dataset, which contain 56 

days × 8 type 1 diabetic patients [117]. This dataset could then provide a benchmark for 

developing new smoothing and curve-fitting algorithms. 
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The Caltech authors include a group with expertise in developing wearable devices. Like 

several other groups, we have reported on-device analog and digital signal processing, 

Bluetooth-based wireless communication, and battery power. These seem suitable for a 

CNM [118, 119]. 

A Not-for-Profit, Collaborative Research Agenda: Summary, Economics, and Support 

Figure 1.6 summarizes this review in a cartoon form. Developing a CNM is a research 

agenda; and the outcome will be primarily a wearable instrument for research on the 

neuroscience of human nicotine use. 

 

Figure 1.6 Graphical Summary. The figure illustrates this review’s stated motivation 

for measurements of individual [nicotine]t, our present opinions on the most likely path 

to achieve a wearable CNM, and our suggestions for further analysis of [nicotine]t. The 

lungs, especially the bronchioles and alveoli, are the most frequent route for nicotine to 

reach the bloodstream. Because ISF [nicotine]t strongly resembles blood and 



 

 

27 
cerebrospinal fluid (CSF) [nicotine]t (see text), a minimally invasive intradermal CNM 

provides appropriate measurements of [nicotine]t. Entrapping a purified protein of the 

iNicSnFR family in a hydrogel has promise as a molecular sensing strategy with the 

stated specifications. During ad libitum smoking or vaping, a photometric CNM can also 

incorporate compensation and normalization algorithms (not shown in detail) to result in 

the [nicotine]t signal. The wearable CNM communicates [nicotine]t via Bluetooth to a 

portable device. The [nicotine]t trace shown is simulated from the smoking times 

observed for ad libitum smoking by one exemplar subject over the time course of one 

day [68, 73]. In the future, further time series analysis of many actual individual 

[nicotine]t records can enlighten research on nicotine and tobacco. Created partially in 

BioRender.  

The example we have given, PATH-like research programs, might call for 30 000 

CNMs/year. At these quantities, in the design of Figure 1.3, each thin-film wafer would 

be cut to yield 75 optical components (excitation filter, dichroic mirror, or emission 

filter). The total cost of these three components would be ~$18 per CNM. The electronics, 

including a Bluetooth chip with sufficient processing power to normalize and correct the 

signal, would cost ~$22 per CNM. Other components, including purified iNicSnFR 

protein, plastic fiber optic, lens, 3D-printed body, and battery, would have a total cost of 

~$20. Therefore, we envision a cost of <$100 per CNM. If each subject in a PATH-like 

study wears a CNM for 24 hours in association with each annual interview, the additional 

cost will be $3 M/year—a single-digit percentage of the PATH budget. 

We advocate a research agenda analogous to the ongoing, highly collaborative, 

international development of two other neuroscience instruments: miniature fluorescent 

microscopes [120] and high-density multielectrode probes [121]. Initial experiments can 

and must use rodent models; but unlike the two examples given, the research agenda must 

progress to measurements in humans with all deliberate speed. The medical device 

industry is largely driven by clinician uptake and insurance reimbursement; however, no 

reimbursement path for a CNM exists today. Therefore, the tobacco control, smoking 
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cessation, and regulatory communities must decide whether public sources or a nonprofit 

startup [122] provide the most appropriate route for supporting the development of a 

CNM. 
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Reproduced with permission from Oxford University Press. 

Abstract 

We developed fluorescent protein sensors for nicotine with improved sensitivity. For 

iNicSnFR12 at pH 7.4, the proportionality constant for ∆F/F0 vs [nicotine] (δ-slope, 

2.7 μM−1) is 6.1-fold higher than the previously reported iNicSnFR3a. The activated state 

of iNicSnFR12 has a fluorescence quantum yield of at least 0.6. We measured similar dose-

response relations for the nicotine-induced absorbance increase and fluorescence increase, 

suggesting that the absorbance increase leads to the fluorescence increase via the 

previously described nicotine-induced conformational change, the ‘candle snuffer’ 

mechanism. Molecular dynamics (MD) simulations identified a binding pose for nicotine, 

previously indeterminate from experimental data. MD simulations also showed that Helix 

4 of the periplasmic binding protein (PBP) domain appears tilted in iNicSnFR12 relative 

to iNicSnFR3a, likely altering allosteric network(s) that link the ligand binding site to the 

fluorophore. In thermal melt experiments, nicotine stabilized the PBP of the tested 
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iNicSnFR variants. iNicSnFR12 resolved nicotine in diluted mouse and human serum at 

100 nM, the peak [nicotine] that occurs during smoking or vaping, and possibly at the 

decreasing levels during intervals between sessions. NicSnFR12 was also partially 

activated by unidentified endogenous ligand(s) in biofluids. Improved iNicSnFR12 

variants could become the molecular sensors in continuous nicotine monitors for animal 

and human biofluids. 

 

Figure 2.1 Graphical Abstract. iNicotineSnFR12 results from directed evolution of a 

merger between a bacterial periplasmic choline-binding protein and a circularly permuted 

GFP. The new biosensor, suitable for experiments in biofluids and within cells, has the 

sensitivity to measure [nicotine] at blood levels during smoking and vaping. 
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Introduction 

The iNicSnFR series of intensity-based fluorescent nicotine-sensing fluorescent reporters 

was initially developed to test the hypothesis that nicotine enters the cytoplasm and 

organelles at the concentrations relevant to the brain of smokers and vapers [1]. This entry 

allows nicotine to act as a pharmacological chaperone for nascent nicotinic acetylcholine 

receptors in the endoplasmic reticulum. This process leads to the upregulation thought to 

play a key role in nicotine dependence [2]. Previous pharmacokinetic measurements on the 

blood of smokers and vapers indicate that the peak of [nicotine] in the blood is 100–200 nM; 

and in the interval between puffing sessions, [nicotine] declines to concentrations as low as 

10 nM [3]. The initial sensors, iNicSnFR3a and iNicSnFR3b, lack the sensitivity for 

measurements in this range; but the linearity of the sensors allowed us to extrapolate to lower 

concentrations in experiments on various cultured cell types. We therefore considered the 

hypothesis verified [1]. 

Previous pharmacokinetic measurements on the blood of smokers and vapers utilize 

intravenous catheters followed by HPLC- and mass spectrometry-based assays. These 

measurements are invasive and tedious. Our goals now include incorporating fluorescent 

reporters into wearable, minimally invasive and non-invasive devices that provide 

continuous measurement of nicotine pharmacokinetics in human interstitial fluid or sweat 

during smoking or vaping sessions. This application requires iNicSnFR constructs that detect 

nicotine at 10 nM, with a time resolution of ~5 min. 

Therefore, we sought to improve the sensitivity of the iNicSnFR series. Each member of the 

iNicSnFR series is a merger of two proteins: a suitably mutated, interrupted, OpuBC 

periplasmic binding protein, and a circularly permuted GFP (cpGFP). The present 

fluorescent sensors are related both to the acetylcholine (ACh) sensor iAChSnFR [4] and to 

several other sensors which we term iDrugSnFRs because the OpuBC binding site has been 

mutated to selectively bind individual central nervous system-acting drugs [1, 5-7]. In all 

cases but ACh, the drug is a weak base (6.5 < pKa < 10), and the charged form of the drug 

binds to the PBP. Because atomic-scale structural data are available for the entire 
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iNicSnFR3a protein, in both apo and varenicline-bound states [6], it is now possible to test 

structure-based hypotheses to improve the sensitivity. 

Here we combined computational protein design with mutagenesis, fluorescence, and 

absorbance assays. The resulting sensor, iNicSnFR12, is ~6.1-fold more sensitive than 

previous constructs, allowing measurements in biofluids at concentrations below the 100 nM 

level. Although diffuse electron density in X-ray data [6] (PDB 7S7T) previously vitiated an 

atomic-level description of nicotine-protein interactions, here we further used molecular 

simulations to model a ligand pose consistent with experiments, and to propose an allosteric 

basis for altered sensitivity in iNicSnFR12. Therefore, we report good progress toward the 

goal of a protein biosensor that can serve in minimally invasive devices to continuously 

monitor nicotine in the blood of smokers or vapers. 

Results and Discussion 

Computational Prediction 

During the development of iNicSnFR3, the ligand binding pocket between the two lobes of 

the PBP Venus flytrap domain was previously adapted to nicotine by site-saturated 

mutagenesis (SSM) on ‘first-shell’ residues that lie within 7 Å of the bound ligand as well as 

on several ‘second-shell’ residues that interact with the first-shell residues [1, 6]. Because (a) 

mutations at greater distances from the binding site sometimes affect ligand binding and/or 

enzymatic activity [8, 9], and (b) mutations computationally designed for enhanced stability 

often show enhanced function [10], we applied computational design to identify possible 

mutation hotspots outside the first and second shell. 

We first used AutoDock Vina to dock nicotine into iNicSnFR3a [11]. The structure of 

iNicSnFR3a was extracted from the crystal structure of varenicline-bound iNicSnFR3a (PDB 

ID: 7S7T) and the varenicline molecule was deleted from the structure to provide an empty 

binding pocket for nicotine docking. The structure was prepared in AutoDockTools by 

removing waters, adding polar hydrogens, and assigning Gasteiger charges. To verify the 
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docking procedure, we first docked varenicline into the prepared structure, where the highest 

scoring pose showed ~0.5 Å RMSD from the original varenicline molecule in 7S7T. Then, 

we docked nicotine into the structure and the conformation with the highest score was 

selected for computational design. 

The nicotine-docked iNicSnFR3a structure was first standardized by the computational 

protein design suite TRIAD. Then we used the single mutation stability module from TRIAD 

to rank every possible amino acid substitution at every residue position in the PBP moiety of 

iNicSnFR3a, one at a time, by predicting the change in energy of folding upon mutation. The 

top 100 variants were selected (Table 2.S1), from which we selected 34 positions (Table 

2.S2) for subsequent sequence design: S9, N20, E24, E27, R36, N39, N46, K51, R52, E64, 

E78, S325, K336, R341, K342, K362, L384, T413, K414, M418, E429, Q431, D434, D439, 

D452, D453, K454, R467, E476, N497, K499, D501, E513, E517, excluding all prolines and 

positions that have been optimized in previous evolution [1]. 

Table 2.S1: Top 100 mutation outputs from single mutant stability analysis on iNicSnFR3a 

ranked by energy score. 

Ranking Mutation Energy Score 
1 R467W -7.11 
2 D72Y -6.77 
3 D72F -6.28 
4 N39W -5.97 
5 P475W -5.95 
6 P79W -5.79 
7 R36F -5.51 
8 E24W -5.28 
9 P328W -5.28 
10 R36Y -5.18 
11 P79H -5.14 
12 N20W -4.82 
13 P79M -4.78 
14 N46W -4.69 
15 Q431Y -4.60 
16 K499W -4.54 
17 P79F -4.47 
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18 N39F -4.42 
19 R36W -4.42 
20 K342W -4.41 
21 D72H -4.35 
22 E24Y -4.32 
23 P400W -4.19 
24 E24F -4.13 
25 P328Y -4.13 
26 N39Y -4.13 
27 E513W -4.11 
28 E24L -4.11 
29 S325W -4.03 
30 P79L -3.99 
31 P475F -3.98 
32 P507A -3.96 
33 P475Y -3.96 
34 D453W -3.88 
35 N20Y -3.85 
36 K454Y -3.84 
37 R36I -3.82 
38 R52W -3.75 
39 P400Y -3.75 
40 E64L -3.73 
41 P328F -3.73 
42 R467Y -3.73 
43 S325F -3.72 
44 E476W -3.65 
45 Q431F -3.62 
46 N497Y -3.61 
47 N497W -3.58 
48 R467L -3.55 
49 N497F -3.52 
50 T413W -3.52 
51 R36V -3.48 
52 P79Y -3.48 
53 E78W -3.47 
54 S325Y -3.44 
55 R36L -3.43 
56 S9Y -3.42 
57 K336W -3.41 
58 P77W -3.39 
59 K454W -3.38 
60 P323W -3.37 
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61 T413Y -3.35 
62 D439M -3.34 
63 E27L -3.34 
64 M418Y -3.33 
65 P79I -3.32 
66 E78Y -3.31 
67 P323F -3.31 
68 K454F -3.27 
69 P475L -3.27 
70 P464I -3.26 
71 L384W -3.24 
72 E24H -3.24 
73 P400F -3.23 
74 E517W -3.21 
75 P475H -3.21 
76 D72W -3.20 
77 Q431W -3.19 
78 H68W -3.19 
79 N46L -3.19 
80 P79T -3.16 
81 P350I -3.15 
82 K342F -3.15 
83 K51W -3.14 
84 D434V -3.13 
85 P464V -3.13 
86 E78F -3.12 
87 K362W -3.11 
88 D501I -3.11 
89 R341W -3.07 
90 P79Q -3.06 
91 D452H -3.05 
92 E429W -3.04 
93 P350W -3.04 
94 R467F -3.04 
95 P507T -3.02 
96 N497V -3.02 
97 P400L -3.01 
98 N20F -2.97 
99 D453H -2.97 
100 K414W -2.97 
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Table 2.S2: Mutation outputs from sequence design on iNicSnFR3a on 34 previously 

identified positions ranked by energy gain. 

Ranking Position Mutation Energy Gain 
1 K342 F -4.51 
2 R52 K -3.98 
3 Q431 Y -3.96 
4 K51 I -3.85 
5 K454 R -3.84 
6 N20 D -3.56 
7 R467 K -3.56 
8 E476 S -2.88 
9 N46 L -2.74 
10 E27 L -2.04 
11 D452 P -2.04 
12 T413 I -1.95 
13 D453 S -1.85 
14 E64 D -1.73 
15 N497 A -1.73 
16 K414 I -1.61 
17 M418 D -1.59 
18 S325 F -1.43 
19 R36 I -1.42 
20 S9 T -1.11 
21 N39 H -0.67 
22 E517 R -0.58 
23 E78 Y -0.24 
24 E24 - 0.00 
25 K499 - 0.00 
26 E513 - 0.00 
27 K336 - 0.00 
28 D439 - 0.00 
29 L384 - 0.00 
30 D434 - 0.00 
31 K362 - 0.00 
32 D501 - 0.00 
33 R341 - 0.00 
34 E429 - 0.00 

 



 

 

47 
Finally, we applied the sequence design module from TRIAD to these selected positions 

individually. All 20 amino acid residues were simulated at each position and the resulting 

energy changes were evaluated. This is essentially the same prediction strategy as used in 

the TRIAD single mutation stability module, but the overall energy was calculated more 

comprehensively and reliably using the Rosetta algorithm. Sequence design on each selected 

position generated 20 entries of energy scores, from which we identified the positions that 

could generate the largest energy change when mutated from their wild-type sequences 

(termed ‘energy gain’, Table 2.S1). The top 10 positions (N20, E27, N46, K51, R52, K342, 

Q431, K454, R467, and E476), which gave the largest energy changes from wild-type 

sequence upon mutation, plus N11 which was mutated from iNicSnFR3a to iNicSnFR3b, 

were selected for SSM screening. 

Directed Evolution 

The evolution path from iNicSnFR3a [1] to iNicSnFR12 is shown in Figure 2.2A. In this 

study, we performed the first round of SSM on positions N20, K342, Q431, and R467 on 

iNicSnFR3a individually; but the mutations (N20R, K342Y, Q431A, and R467S) displayed 

little to no improved sensitivity. Therefore, we tested various combinations of these 

mutations via SDM. The double mutant (iNicSnFR3a Q431A R467S) showed slightly 

improved sensitivity. 
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Figure 2.2 Directed Evolution and Fluorescence Characteristics of iNicSnFR11 and 

iNicSnFR12. (A) The path of protein engineering of iNicSnFR constructs. Data for 

iNicSnFR3a are the average of two measurements reported previously for the purified 
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protein [1]. Other measurements reported in this figure were made on bacterial lysates, which 

often have different ΔFmax/F0 and EC50 values than the purified proteins (compare with 

panels B and C). SSM, site saturation mutagenesis; SDM, site-directed mutagenesis; CM, 

combinatorial mutagenesis. (B) Dose-response relations for purified iNicSnFR11. Dose-

response relations for several nicotinic drugs. Purified iNicSnFR11 was measured at 100 nM 

in 3× PBS, pH 7.40. Data are mean ± SEM (n = 3). (C) Dose-response relations for purified 

iNicSnFR12. Dose-response relations for several nicotinic drugs. Purified iNicSnFR12 was 

measured at 100 nM in 3× PBS, pH 7.40. Data are mean ± SEM (n = 3). (D) Dose-response 

relations for iNicSnFR variants at sub-μM [nicotine]. Purified iNicSnFR3a, iNicSnFR11, 

and iNicSnFR12 were measured at 100 nM in 3× PBS, pH 7.40. The legend shows values 

for the fitted δ-slopes. Data points are mean ± SEM (n = 8 to 28). 

Starting from iNicSnFR3a Q431A R467S, we performed the second round of SSM on N20 

and K342 again, as well as on other positions from the list including N11, E27, N46, K51, 

R52, K454, E476. We identified N11E as a beneficial mutation, yielding iNicSnFR3a N11E 

Q431A R467S, which we termed iNicSnFR11. 

However, the third round of SSM on iNicSnFR11 yielded no beneficial mutations. We 

reasoned that iNicSnFR11-nicotine binding affinity might be trapped at a local maximum 

[12]. We therefore constructed and screened variants that combined several of the previously 

identified beneficial mutations. We made the first such ‘combinatorial library’ of 

iNicSnFR11 incorporating some or all of the following mutations: K342, Y342, Q431, A431, 

G431, D431, E431, R467, G467, S467, H467. Screening this library yielded iNicSnFR11 

A431D with improved nicotine sensitivity. Then we made the second combinatorial library 

of iNicSnFR11 A431D incorporating K51, L51, Q51, R51, R52, V52, T52, E476, K476, 

M476, V476. We obtained iNicSnFR11 A431D E476K with further improved nicotine 

sensitivity, which we termed iNicSnFR12. Therefore. iNicSnFR12 is iNicSnFR3a with 

mutations: N11E, Q431D, R467S, and E476K. 
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Fluorescence Characteristics of iNicSnFR11 and iNicSnFR12 

We used excitation at 485 nm, performed emission measurements at 510 nm, and generated 

dose-response relations for purified iNicSnFR11 and iNicSnFR12 against four nicotinic 

agonists: nicotine, ACh, choline, and varenicline. For nicotine at iNicSnFR11, we found an 

EC50 of 10.6 μM (Figure 2.2B), or a 2.5-fold improvement over iNicSnFR3a [1]. The 

iNicSnFR11 data show roughly equal EC50 values for varenicline, ACh, and nicotine (Figure 

2.2B), which was also true for iNicSnFR3a [1]. 

In contrast, the EC50 for choline is >17-fold greater than for nicotine (the fitted value of 

170 μM should be considered approximate because the fluorescence did not approach a 

maximum at 1 mM, the highest value tested). Because we intend to apply iNicSnFR11 and 

iNicSnFR12 in the sub-μM range, we emphasize measurements in this range. As expected, 

the dose-response relation of iNicSnFR11, ∆F/F0 vs [nicotine], was linear in this range. We 

term the proportionality constant the δ-slope to emphasize that it is measured at low 

[nicotine] (<0.1× EC50). We consider the measured δ-slope more relevant than the metric 

called the S-slope = (∆Fmax/F0) / EC50. The ∆Fmax/F0 and EC50 values, which are fitted to the 

Hill equation from measurements over the entire dose–response relation, could be influenced 

by complexities at high [nicotine]. For iNicSnFR11, the δ-slope was 1.5 μM−1 (Figure 

2.2D), representing a 3.4-fold improvement over the value measured for iNicSnFR3a, 

0.44 μM−1. 

For iNicSnFR12, the EC50 for nicotine was 8.7 μM, the lowest value we have measured in 

the iNicSnFR series (Figure 2.2C). Varenicline and ACh had EC50 values similar (within 

two-fold) to the value for nicotine (Figure 2.2C); this similarity resembles the pattern for 

iNicSnFR3a and iNicSnFR11. Again, EC50 for choline was >12-fold greater than for nicotine 

(because the dose-response relation for choline did not approach saturation at the highest 

[choline] tested, we provide no fitted EC50). 
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As expected, in the sub-μM range, nicotine displays a linear dose-response relation at 

iNicSnFR12 (Figure 2.2D). The δ-slope for nicotine is 2.7 μM−1. Therefore, iNicSnFR12 

responds to nicotine with sensitivity representing a 6.1-fold improvement over iNicSnFR3a. 

Absorbance Characteristics of iNicSnFR12 

Figure 2.3A presents optical absorbance data for iNicSnF12 in the presence of various 

nominal [nicotine] between zero and the nearly saturating value of 120 μM at pH 7.0. Typical 

fluorescence experiments are conducted at excitation wavelengths between 470 and 500 nm. 

At the absorption peak (496 nm), the fitted molar absorptivity of the apo and nicotine-bound 

iNicSnFR12 are εapo = 2900 M−1 cm−1 and εbound = 48 800 M−1 cm−1, respectively (Figure 

2.3B). Because of uncertainties in concentrations, dilutions, and blanks, we consider that the 

ratio εbound/εapo is in the range of 14 to 21. The fitted KD value is 14.5 μM (Figure 2.3B). In 

nicotine-induced fluorescence experiments on the same sample of purified iNicSnFR12 

(diluted to 70–200 nM), we measured ∆Fmax/F0 = 10.2 ± 0.8 and EC50 = 10.6 ± 1.2 μM 

(mean ± SEM, n = 3). The modestly greater (~1.5-fold) EC50 value at pH 7.0 vs 7.4 is 

consistent with previous observations on increases in EC50 with lower pH for other 

iDrugSnFRs [1, 5] and may be explained by the role of protonation in the ‘candle snuffer’ 

mechanism [6]. 
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Figure 2.3 iNicSnFR12 shows increased absorption at 450–520 nm upon nicotine 

binding. (A) Nicotine tartrate solution (1 mM) was added to the iNicSnFR solution (7.3 μM) 

to produce the indicated nominal [nicotine]. (B) Fitting the OD at 496 nm (the local peak 

absorption) to a single binding model yielded the parameters indicated. 

Fluorescence Quantum Yield of iNicSnFR3a and iNicSnFR12 

The F for iNicSnFR3a (corrected as described in Methods) is 0.733; for iNicSnFR12, 0.783. 

We consider that these estimates are reliable within ±15%, so that F for iNicSnFR3a and 

iNicSnFR12 are between 0.623 and 0.843 and between 0.666 and 0.901, respectively. 

Therefore, the F of the liganded iNicSnFR variants resembles that of EGFP itself (0.6) and 

may be slightly higher. 

Modeling of Nicotine within the Diffuse Electron Density 

In our previous study [6], the X-ray structure of iDrugSnFR3a saturated with nicotine (PDB 

ID: 7S7U) was determined with diffuse electron density for the nicotine, which could not be 

definitively built in the deposited model. To better understand the structural basis for nicotine 

binding and selectivity of this structure, we sought a more precise ligand-bound model. We 

developed a computational workflow that involves 1) exhaustive exploration of drug 

conformations, 2) clustering of the energy minimized conformations, 3) launching of parallel 

MD simulations from each cluster, 4) re-clustering the MD data, and 5) analysis of cluster 

populations and cross-correlation calculations with the X-ray map (details in Methods) 
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(Figure 2.4A). In our analysis, the most highly populated cluster (cluster 1) showed the 

greatest cross-correlations with the experimental map. Therefore, we chose the pose closest 

to the centroid of cluster 1 (pose 1) as the representative ligand-bound model, for further 

simulations and analysis. The existence of multiple sparsely-populated clusters might arise 

because nicotine is inherently dynamic in the binding pocket, a factor that might contribute 

to the diffuse electron density. 
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Figure 2.4 An MD simulation-based workflow to assign a nicotine-bound pose in the X-

ray map of nicotine-bound iNicSnFR3a (PDB: 7S7U). (A) The PBP and the GFP 

(chromophore shown as sticks). The diffuse X-ray density of nicotine is shown in green. To 

search for possible nicotine poses in the binding pocket, a vector within the ligand was 

defined and the vector was rotated along a Fibonacci lattice, including both internal 

conformations and self-rotation. All the poses were then energy minimized, followed by 

clustering, and parallel MD simulations. The simulation data set was then re-clustered. The 

molecular view of the top 3 poses (defined by the member, closest to the centroid of a 

particular cluster) is shown. Pose 1, a member of the most highly populated cluster, overlaps 

best with the X-ray map as quantified by the cross-correlation with the model. (B) Molecular 

view of the detailed ligand-protein interaction in Pose 1. A contact was considered to be 

present if any two atoms from nicotine and protein lie within 3.5 Å in >30% of the total 

members of cluster 1. 

Next, we analyzed detailed interactions of nicotine within the binding pocket using all the 

members of cluster 1 (Figure 2.4B). The protonated amine at the methylpyrrolidine of 

nicotine formed several cation-π interactions with Y65, Y357 and Y460, and hydrogen bond 

interactions with the sidechain of D397 and the backbone carbonyl of N355. Additional π - 

π like interactions occurred between the pyridine group and F12, F391 and W436. 

Nicotine Binding and Structural Changes 

To visualize dynamic nicotine binding in both iNicSnFR12 and iNicSnFR3a, we performed 

twelve replicate MD simulations for the two sensors, each for 1 μs, totaling 12 μs for each 

system, using the ligand-bound structure determined above. In the majority of replicates (8 

out of 12 for each system), nicotine remained bound, indicating that the starting structure 

represented a comparably stable bound state for both sensors. We analyzed these replicates 

further to understand structural consequences of the differentiating mutations. The N-

terminus of the TDPEGAYETVKKEYKR sequence comprises helix 4 in the nomenclature 

of Fukami-Kobayashi et al. [13, 14] and connects the PBP to GFP. Interestingly, in 

NicSnFR12, helix 4 was shifted ~4 Å away from the centroid of the PBP (Figure 2.5A), 
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compared to NicSnFR3a. One measure of this shift is the probability distribution of the 

distance between the Cα atom of a terminal residue D329 and the Cα atom Y461, the terminal 

of a β-sheet that locates nearest to helix 4, residue Y461 (Figure 2.5A). Next, we sought to 

investigate 1) the basis for this striking change, and 2) whether this shift could be related to 

increased fluorescence response to nicotine in iNicSnFR12. 
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Figure 2.5 Tilting of linker helix 4 in iNicSnFR12 might modulate ligand binding. (A) 

All the mutations present in iNicSnFR12 from iNicSnFR3a are labeled. In iNicSnFR12, helix 

4 (colored in blue) shifts toward the GFP. To measure this process, we analyzed the 

probability distribution of the distance between the Cα atom of a terminal residue D329 and 

the Cα atom Y461, the terminal of a β-sheet that locates nearest to helix 4, residue Y461. (B) 

The allosteric network from the nicotine binding site residue, Y460, to the N-terminal residue 

of helix 4, D329, is depicted in green. The probability distribution shows hydrogen bond 

interactions of residue 467 and N344, measured by calculating the distance between the side 

chains of these two residues in the two systems. 

Four mutations distinguish iNicSnF12 from the earlier iNicSnFR3a. Of these, R467S is 

located nearest to helix 4 and exhibited a differential hydrogen bond pattern in the two 

sensors (Figure 2.5B). In iNicSnFR3a, R467 reaches out to helix 2 located just ‘above’ it 

and forms a helix capping interaction with the backbone of the two C-terminal residues I50 

and K51 (in addition to a salt-bridge interaction with D469 which locates just ‘below’ R467). 

These interactions are, however, absent in iNicSnFR12, which affects the thermal stability 

of the variant as described below. Instead, S467 interacts with the side-chain and backbone 

of helix 4 C-terminal residues N344 and W343 of helix 4, respectively. We quantified this 

observation by measuring the distance from the sidechain of residue 467 to N344 (Figure 

2.5B). The probability distribution of this distance metric clearly showed a closer contact 

between S467-N344 in iNicSnFR12 compared to in iNicSnFR3a. This interaction slightly 

unwinds and pulls the C-terminus of helix 4 toward the centroid of the PBP (Figure 2.S1); 

this action could help to force the other end of the helix to tilt away from the PBP as a 

balancing effect. 
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Figure 2.S1 Partial unwinding of Helix 4 in iNicSnFR12. Due to the interactions of 

SER467 with ASN344, located at the C-terminus of helix 4, this part of helix 4 spends a 

slightly lower fraction of the simulation in well-defined helical secondary structure in 

iNicSnFR12 (blue bars) in comparison to iNicSnFR3a (red bars), indicative of 

stretching/partial unwinding of the helix. 
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We next focused our analysis on the hypothesis that the helix shift modifies sensitivity to 

nicotine in iNicSnFR12 by remodeling allosteric connectivity to or from the ligand binding 

site. We presume this connectivity can be partially evaluated in terms of the pathways of 

residues that mediate force propagation among functional sites in the protein [15]. To 

compare these pathways, we performed dynamic network analysis on both the iNicSnFR3a 

and iNicSnFR12 systems using the Network-View plugin in VMD (see Methods) [15-17]. 

The source was selected as Y460, a key aromatic residue coordinating the cationic amine of 

nicotine as described above (Figure 2.4B). The sink was selected as D329, located at the N-

terminal tip of the tilted helix 4. Our analysis showed a dramatic change in the allosteric 

pathways between these two residues. In iNicSnFR3a, the pathway traversed the short helix 

adjacent to linker 1 (orange). Linker 1 connects the PBP to the GFP and includes the critical 

residue E78. In the apo state, E78 lies within ~2.5 Å of the fluorophore, acting as a ‘candle 

snuffer’ that drastically decreases fluorescence. The conformational change upon ligand 

binding moves E78 ~ 14 Å away from the fluorophore, allowing fluorescence [6]. In the 

bound state, E78 forms salt bridges with Lys97 and Arg99 [6]. In the MD simulations of the 

iNicSnFR12 bound state, these salt bridges remained present; and the ‘candle snuffer’ 

mechanism therefore remained intact. However, the mechanical pathway between Y460 and 

D329 traversed the PBP strand terminating in the mutated position R467S. 

Thermal Stability Characterization of iNicSnFR3a, iNicSnFR12, and iNicSnFR12-S467R 

To explore the stability implications of the R467S mutation in iNicSnFR12 that putatively 

deletes the helix capping interaction between the sidechain of R467 and the C-terminal 

residues of helix 2, differential scanning fluorimetry (DSF) was performed on samples of 

iNicSnFR3a, iNicSnFR12, and iNicSnFR12-S467R at pH 7.0 in the absence of ligand 

(Figure 2.6A). iNicSnFR12-S467R differs from iNicSnFR12 by a single S467R point 

mutation, which reintroduces the putative helix capping interaction. After subtraction of 

intrinsic fluorescence, the three variants exhibited two distinct melting transitions (Figures 

2.S2 and 2.S3). The unfolding of the PBP domain occurred at the lower apparent melting 

temperature, Tm(low), while the unfolding of the GFP moiety occurred at the higher apparent 
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melting temperature, Tm(high) (Figures 2.S2 and 2.S3). While the Tm(high) values for 

iNicSnFR3a, iNicSnFR12, and iNicSnFR12-S467R were indistinguishable, the Tm(low) 

value associated with PBP unfolding was lower for iNicSnFR12 compared to iNicSnFR3a 

and iNicSnFR12-S467R (Figure 2.6A). This observation supports the hypothesis that R467 

plays an important role in stability of the PBP. To determine the effect of nicotine on the 

stability of these variants, DSF was performed on each variant with a concentration of 

nicotine equal to twice the respective EC50 values (Figure 2.6B). In nicotine-induced 

fluorescence experiments on the sample of purified iNicSnFR12-S467R, we measured an 

EC50 of 25.6 ± 1.8 μM (mean ± SEM, n = 3). The presence of nicotine at twice the 

EC50 concentrations increased values for Tm(low) ranging from 1.7 °C to 3.3 °C and 

decreased values for Tm(high) by less than 1 °C. Nicotine, therefore, has an overall stabilizing 

effect on the PBP domains of the tested iNicSnFR variants. 
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Figure 2.6 S467R mutation to iNicSnFR12 restores enhanced stability inherent to 

iNicSnFR3a. (A) DSF for iNicSnFR3a, iNicSnFR12, and iNicSnFR12-S467R in 3 × PBS, 

pH 7.0 in the absence of ligand. Tm(low) values were determined to be 58.8 ± 0.2 °C, 

52.2 ± 0.2 °C, and 58.5 ± 0.0 °C for iNicSnFR3a, iNicSnFR12, and iNicSnFR12-S467R 

respectively. Tm(high) values were determined to be 68.0 ± 0.0 °C, 67.7 ± 0.2 °C, and 

68.0 ± 0.0 °C for iNicSnFR3a, iNicSnFR12, and iNicSnFR12-S467R respectively. (B) DSF 

for iNicSnFR3a, iNicSnFR12, and iNicSnFR12-S467R at pH 7.0 with [nicotine] = 2 × EC50. 

Tm(low) values were determined to be 60.5 ± 0.0 °C, 55.5 ± 0.0 °C, and 60.5 ± 0.0 °C for 

iNicSnFR3a, iNicSnFR12, and iNicSnFR12-S467R respectively. Tm(high) values were 

determined to be 67.8 ± 0.2 °C, 67.5 ± 0.0 °C, and 67.0 ± 0.0 °C for iNicSnFR3a, 

iNicSnFR12, and iNicSnFR12-S467R respectively. Data are mean ± SEM, n = 3. 
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Figure 2.S2 Thermal melt data in the absence of nicotine. (A) Fluorescence of blank 

samples. Samples with the “SYPRO” and “Buffer” prefixes are with or without SYPRO® 

Orange, respectively. (B1) Intrinsic fluorescence. Fluorescence values are averages of 

technical triplicates. Values for Tm, Tm(low), and Tm(high) are associated with decreases in 

intrinsic fluorescence due to GFP unfolding and were determined from the local minima of 

dRFU/dT curves for each replicate, the averages of which are presented in Figure 2.S2B2. 

Tm for iNicSnFR3a was 69.0 ± 0.0 °C. Tm(low) and Tm(high) for iNicSnFR12 were 54.0 ± 

0.0 °C and 68.3 ± 0.2 °C, respectively. Tm for iNicSnFR12-S467R was 68.5 ± 0.0 °C. Data 

are mean ± SEM, n = 3. (B2) GFP apparent melting temperature determination. Values of 

dRFU/DT are averages of numerical derivatives taken on technical replicates. (B3) 

Background-subtracted DSF. (B4) DSF minus intrinsic fluorescence. Average intrinsic 

fluorescence was subtracted from the fluorescence of triplicate DSF samples. Averages are 

shown. Values for Tm(low), and Tm(high) were determined from the peaks of dRFU/dT 

curves for each replicate, the averages of which are presented in Figure 2.S2B5. Values for 

Tm(low) and Tm(high) are summarized in Figure 2.6A. (B5) Apparent melting temperature 

determination. Values of dRFU/DT presented are averages of numerical derivatives taken on 

technical triplicates.  
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Figure 2.S3 Thermal melt data in the presence of nicotine. (A) Fluorescence of blank 

samples with nicotine. Samples with the “SYPRO” and “Buffer” prefixes are with or without 

SYPRO® Orange, respectively. Concentrations of nicotine are in μM (e.g., “20nic” refers to 

20 μM nicotine). (B1) Intrinsic fluorescence with nicotine. Fluorescence values are averages 

of technical triplicates. Values for Tm, Tm(low), and Tm(high) are associated with decreases 

in intrinsic fluorescence due to GFP unfolding and were determined from the local minima 

of dRFU/dT curves for each replicate, the averages of which are presented in Figure 2.S3B2. 

Tm(low) and Tm(high) for iNicSnFR3a were 61.8 ± 0.2 °C and 68.5 ± 0.0 °C, respectively. 

Tm(low) and Tm(high) for iNicSnFR12 were 55.5 ± 0.0 °C and 68.0 ± 0.0 °C, respectively. 

Tm(low) and Tm(high) for iNicSnFR12-S467R were 60.3 ± 0.2 °C and 68.0 ± 0.3 °C, 

respectively. Data are mean ± SEM, n = 3. (B2) GFP apparent melting temperature 

determination with nicotine. Values of dRFU/DT are averages of numerical derivatives taken 

on technical replicates. (B3) Background-subtracted DSF with nicotine. (B4) DSF minus 

intrinsic fluorescence, each with nicotine. Average intrinsic fluorescence was subtracted 

from the fluorescence of triplicate DSF samples. Averages are shown. Values for Tm(low), 

and Tm(high) were determined from the peaks of dRFU/dT curves for each replicate, the 

averages of which are presented in Figure 2.S3B5. Values for Tm(low) and Tm(high) are 

summarized in Figure 2.6B. (B5) Apparent melting temperature determination with 

nicotine. Values of dRFU/DT presented are averages of numerical derivatives taken on 

technical triplicates. 

iNicSnFR12 Detects Nicotine at 100 nM Concentrations in Rat and Human Serum 

Figure 2.2C shows that solutions containing iNicSnFR12 detect nicotine at <100 nM. We 

tested whether this capability also applies to solutions containing rat or human biofluids. 

Firstly, in PBS alone, fluorescence increased as the percentage of rat serum increased, 

possibly due to the presence of bilirubin. Secondly, we define F0’ as the fluorescence in PBS 

plus rat serum plus iNicSnFR12. F0’ was greater than the arithmetic sum of F0, plus the 

fluorescence of 10% rat serum alone, by a factor 3.52 ± 0.1. This suggested that rat serum 

contains endogenous molecule(s) that activate iNicSnFR12 in the absence of nicotine. With 



 

 

65 
heat-treated serum, the ratio was only slightly less (3.22-fold). This suggested that the 

elevated F0’ arises from a small molecule(s) in serum. We infer that the endogenous non-

protein ligand(s) in rat serum activate iNicSnFR12 to 31% (3.52/11.2; see Figure 2.3C) of 

the maximum for nicotine. 

Thirdly, despite the elevated F0’, in PBS containing 10% rat serum, iNicSnFR12 displayed 

fluorescence responses at nicotine concentrations as low as 50 nM nicotine (Figure 2.7A). 

The small variability and linearity suggest that the limit of detection is somewhat lower, 

perhaps 20 nM. Under these conditions, the δ-slope had a deceased value, 0.37 ± 0.02 μM−1; 

we term this parameter the δ’-slope, and it is several fold lower than the zero-serum δ-slope 

value of 2.7 μM−1 (Figure 2.2D). 
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Figure 2.7 Dose-response data for nicotine at iNicSnFR12 in biofluids. (A) Rat serum, 

10% in 3× PBS. iNicSnFR concentration was 100 nM. Data were measured 5–30 min after 

addition of nicotine. The fitted line corresponds to δ’-slope = 0.52 ± 0.01 μM−1. Data are 

mean ± SEM, N = 9 samples per concentration. (B) Human serum, 25% in 3 ´ PBS. 

iNicSnFR concentration was 100 nM. Data were measured 15–30 min after addition of 

nicotine. The fitted line corresponds to δ’-slope = 0.33. ± 0.03 μM−1. Data are mean ± SEM, 

N = 9 samples per concentration. 
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We simulated the fluorescence responses in the presence of an endogenous ligand. The 

relationship between δ-slope and decreased δ’-slope was consistent with simulations of 

partial activation by endogenous ligand(s) (Figure 2.S4). 

 

Figure 2.S4 Simulations of decreased S-slope caused by partial activation. We assume a 

Michaelis-Menton relation between [nicotine] and ∆F, with a Hill coefficient of 1. Other 

assumptions: F0: 1000 counts; EC50: 7, μM; ∆Fmax: 16000 counts. Concentration step: 0.1 

μM. (A) Unmodified dose-response relation on linear axes. Conditions as in the experiment 
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of Figure 2.7A. The relation intersects the Y-axis at F0. (B) as in (A), overlaid with red axes 

denoting F’0 = 4F0, corresponding to 1.6 μM nicotine (or an unidentified endogenous ligand). 

(C) Simulation of the experiment of Figure 2.7A. The plot shows the dose-response relation 

near the origin of the red overlay. The X-axis, [nicotine]’, represents incremental amounts of 

[nicotine]. The Y-axis, ∆F’/F’0, represents incremental fluorescence. 

PBS containing 25% human serum from nonsmokers had an intrinsic fluorescence 2.0 ± 0.1 

-fold larger than PBS alone. In 25% human serum plus iNicSnFR12, F’0 was 1.9 ± fold 

higher than the arithmetic sum of F0 in PBS and the fluorescence of 25% human serum. This 

led us to define a new parameter, F0’, suggesting that human serum, like rat serum, has 

endogenous ligand(s) that activate iNicSnFR12. The calculated activation is 17% (1.9/11, 

see Figure 2.3C) of the maximum for nicotine. 

We tested responses to nicotine at iNicSnFR12 in PBS containing 25% serum (Figure 2.7B). 

The data had greater variance than in 10% rat serum, possibly because of the elevated 

fluorescence of serum alone. The measurements at 50 nM nicotine had a negative ∆F/F0, 

distorting the extrapolated zero-concentration value. Therefore, in 25% human serum, the 

elevated F’0 and resulting variability lead to a limit of detection limit of ~100 nM. The 

measured δ’-slope was 0.33 μM−1, decreased from the zero-serum value of 2.7 μM−1 (Figure 

2.2D). 

These preliminary data show that iNicSnFR12 responds to nicotine in two biofluids, with a 

reduced sensitivity (termed S′-slope), as expected from the elevated F0. See Discussion for 

the possible nature of the endogenous ligand(s). 

Characteristics of iNicSnFR12 

We show an iterative approach to designing and testing improved fluorescent sensors for 

nicotine. The approach includes computational protein design and modest-throughput 

mutagenesis screening using iNicSnFR fluorescence to identify successful variants. We also 

show a systematic, internally consistent description of nicotine interaction with designed 
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protein sensors, and molecular dynamics simulations to visualize structural consequences of 

sensitizing mutations on allosteric connectivity involving the ligand binding site. 

Computational approaches in this work enabled the identification not only of potentially 

sensitizing mutations, but also of an experimental nicotine binding pose, and of the structural 

impact of mutations lacking structural data. These results, however, should be interpreted 

with appropriate caution, given that large-scale structural impact of engineered mutations 

may be insufficiently sampled on the timescale of an atomistic simulation, and mechanisms 

of activation cannot be conclusively determined in absence of experimental structures for 

both variants in multiple functional states. Classical molecular dynamics force fields may be 

particularly limited in modeling cation-π interactions, as they do not explicitly consider 

quantum mechanical terms [18, 19]. Still, substantial remodeling of allosteric pathways 

involving ligand binding is consistent with a dramatically altered conformational landscape 

for the nicotine-bound state of iNicSnFR12 versus iNicSnFR3a (Figure 2.5). 

R467S is one of the mutations that distinguish iNicSnFR12 from previous iNicSnFR variants 

(Figure 2.2A). Comparative thermal stability data for Arg and Ser at position 467 support 

the idea that the side chain at position 467 affects the stability of Apo-iNicSnFR12 via the 

presence (Arg) or absence (Ser) of a helix capping interaction (Figure 2.6). Also, at least 

part of the increased nicotine sensitivity of iNicSnFR12 correlates with the increased thermal 

stability conferred by nicotine binding to the Ser-467 variant (Figure 2.6). 

Our measurements represent the first data comparing the absorption characteristics of an 

iDrugSnFR between the apo and drug-bound state (Figure 2.3). The εapo and εbound values 

resemble those for various GCaMP constructs, which also have cpGFP moieties [20, 21]. 

For iNicSnFR12, the absorption ratio εbound/εapois in the range of 14 to 21, whereas the 

fluorescence data yield an Fmax/F0 ratio of 10.2. It should be noted that the absorption data 

were taken at iNicSnFR12 concentrations 37- to 90-fold higher than the fluorescence 

experiments, so that the εapo and F0 values may be separately distorted by systematic errors 

that affect these ratios. The good agreement between the EC50 from fluorescence 

measurements and the KD from absorption experiments supports the idea that the same 
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binding event and conformational change (movement of the candle snuffer [6] governs both 

the fluorescence measurements and absorption changes, by perturbing the hydrogen bonds 

around the chromophore [21, 22]. In the 400–450 nM range, iNicSnFR12 shows only minor 

ligand-induced changes in absorption, like other cpGFP-based sensors [21]. 

We also present the first measurements of fluorescence quantum yield, ⁠F, on an iDrugSnFR. 

We find that F for nicotine-bound iNicSnFR3a and iNicSnFR12 is at least as great as that 

for EGFP itself and exceeds 0.6, implying that further attempts to improve the quantum yield 

would yield <1.7-fold enhancements in signal. The rather low εapo values for the iNicSnFR 

family vitiate quantum yield measurements for the unbound state. For the present data, we 

cannot determine whether the absorption and fluorescence of the unbound state arise (a) 

completely from a small fraction of the protein molecules in the active 

conformation, versus (b) a small amount of absorption and fluorescence by the protein in the 

‘snuffed’ conformation. We do know that ∆F0 becomes larger at higher pH, presumably 

because deprotonation of Glu78 drives the apoprotein toward the active conformation [6], 

suggesting that mechanism (a) dominates. 

Contemplated Uses for iNicSnFR12 

Nicotine sensors are selected/designed to bind nicotine; we have not selected against 

sensitivity to ACh or varenicline. The constructs do retain sensitivity to varenicline and 

acetylcholine. Neither of these molecules are expected to interfere with contemplated 

continuous measurements in human biofluids such as sweat and interstitial fluid. 

Selection against choline sensitivity has been a secondary goal. The concentration of choline 

in healthy adult human and rat plasma is 10 μM [23-27]. The EC50 for choline at iNicSnFR12 

is at least 100 μM (Figure 2.2C); therefore, [choline] in 10% rat serum and 25% human 

serum is 1 μM and 2.5 μM, respectively. These [choline] are expected to produce at most 1% 

and 2.5% activation at iNicSnFR12, respectively. The measured activation (F0’/F0) produced 

by the serum samples is > an order of magnitude higher (31% and 17% for 10% rat and 25% 

human serum, respectively. 
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These data suggest that another endogenous compound(s) activates iNicSnFR12 in rat or 

human serum. These compounds could be biogenic amines other than choline. In humans, 

the elevated F0 could also arise from the presence of varenicline. It remains to be tested 

whether the human biofluids of most interest, sweat and interstitial fluid, have similar 

concentrations of endogenous activated ligand(s). If so, identifying the endogenous ligand(s), 

and evolving iNicSnFR variants with decreased sensitivity to these ligands, remains a goal 

of further improvements in the iNicSnFR series. 

A related goal is to selectively improve the sensitivity to nicotine so that ~10 nM gives a 

larger signal. This would allow an iNicSnFR to become the sensor protein in minimally 

invasive or non-invasive devices that continuously monitor nicotine concentration in 

biofluids. The encouraging data with rat serum (Figure 2.7A) suggest that it would be 

worthwhile to measure [nicotine] continuously in rats performing intravenous nicotine self-

administration [28]. 

In human pharmacokinetic data, smokers and vapers have as much as ten-fold variability in 

their nicotine half-life, in part because of polymorphisms in cytochrome P450 2A6 [29]. This 

variability also may inform the tactic that an individual uses to quit smoking, e.g. nicotine 

patch or varenicline [30]. A continuous nicotine monitor with sensitivity down to 10 nM 

would enable one to test the personal pharmacokinetics of nicotine during smoking or vaping 

sessions, as well as during the decay phase that continues for several hours after a session. 

Methods 

Mutagenesis and Library Screening 

Site-saturated mutagenesis (SSM) libraries were generated employing the so-called ‘22c 

trick’ [31] for PCR primers. For site-directed mutagenesis (SDM), individual primers were 

used for PCR. The PCR products were gel purified, digested with DpnI, ligated using the 

Gibson Assembly Master Mix (New England BioLabs), and used to directly transform E. 

coli BL21-Gold (DE3) chemically competent cells (Agilent Technologies, Santa Clara, CA). 
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The expression and screening of iNicSnFR variants were performed in 96-well plate format, 

and 93 variants per SSM library and 186 variants per combinatorial mutagenesis (CM, see 

below) library were screened. Individual colonies from iNicSnFR libraries were cultivated 

in 1 ml of ZYM5052 autoinduction media [32] supplemented with 100 μg/ml ampicillin for 

30 h at 30 °C, 250 rpm. Then the cells were harvested (3000 × g, 10 min, 4 °C), washed with 

PBS, pH 7.40, and resuspended in 3 × PBS, pH 7.40. Resuspended cells were lysed by 

freezing and thawing using liquid N2 and a room-temperature water bath. Intact cells and cell 

debris were removed by centrifugation at 3500 × g for 30 min at 4 °C. The supernatants of 

lysates were tested with excitation at 485 nm and emission at 535 nm in the presence or 

absence of a nicotine concentration near the EC50 of the parent construct for the library being 

screened. A Spark® 20M 96-well fluorescence plate reader (Tecan, Männedorf, Switzerland) 

was used to measure baseline fluorescence (F0) and nicotine-induced fluorescence (ΔF). 

Promising clones were amplified and sequenced, and the beneficial mutations were 

confirmed by the measurement of dose–response relations against nicotine (described 

below). The optimally responding construct in each round of mutagenesis was used as a 

template for the next round of SSM, SDM, or combinatorial mutagenesis (CM). 

Purification of iNicSnFRs 

Proteins were expressed in E. coli BL21-Gold (DE3) cells using 50 ml ZYM5052 

autoinduction media [32]. Cells were collected by centrifugation and stored at −80 °C until 

use. For purification, frozen cell pellets were resuspended in PBS, pH 7.40, and lysed by 

sonication. Intact cells and cell debris were removed by centrifugation at 15 000 × g for 

30 min at 4 °C. The supernatant was collected and loaded onto a prewashed Ni-NTA column 

with wash buffer. Ni-NTA wash buffer contained 20 mM imidazole in PBS, pH 7.4. Elution 

was achieved using an imidazole gradient (20–200 mM). Proteins were concentrated by 

centrifugation through Amicon Ultra 15 filter units (Millipore, Burlington, MA) with a 30-

kD cutoff and then dialyzed against 3 × PBS, pH 7.40. The dialyzed protein was then 

subjected to dose–response studies to characterize its responses to various drugs. 
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Fluorescence Dose-Response Relation Measurement 

Purified biosensors were mixed with drug solutions to yield the mixture of 100 nM biosensor 

and the drug with desired concentrations. Samples were tested in at least three wells (see 

individual figures below). Solutions were in 3 × PBS, pH 7.0 or 7.4. A Tecan Spark® 20M 

plate reader was used to read the plate with 485 nm excitation and 535 nm emission 

wavelengths to measure GFP fluorescence (F0 and ΔF). The resulting data were fitted with 

Origin 9.2 software (OriginLabs) to the Hill equation [1, 6]. 

Absorbance Measurements 

Absorption spectra were measured in a Tecan Spark® 20M instrument. Chromophore 

concentration was measured by denaturation in 1 M NaOH using the absorption coefficient 

of 44 000 cm−1 M−1 at 447 nm [20]. To a solution of iNicSnFR12 (7.3 μM in 3 × PBS, 

pH 7.0), we added increments of the same solution with added 1 mM nicotine tartrate 

(Thermo Fisher, Waltham, MA). The relationship between absorption at 496 nm and 

[nicotine] was fitted to the molar absorptivity of the apo and bound sensors (εapo and εbound, 

respectively) and the Km for the nicotine-iNicSnFR12 complex (K) assuming a single binding 

site, corrected for depletion of the free [nicotine] by binding to iNicSnFR12: 

𝐴+,- = 𝜀./&𝑆 + ;𝜀0&1#2 − 𝜀./&= >𝐾 + 𝑆 + 𝑥 − A(𝑆 + 𝑥 + 𝐾)3 − 4𝑆𝑥E /2 

where S is the concentration of iNicSnFR12 and x is the total nicotine concentration. 

Quantum Yield Measurements 

Quantum yields (F⁠⁠) were measured by comparison with the value for EGFP. As above, 

chromophore concentration was measured by denaturation in 0.1 M NaOH using the 

absorption coefficient of 44 000 cm−1 M−1 at 447 nm [20]. The uncorrected relative 

fluorescence quantum yield for the sample is given by: [33] 

𝛷4,6 = 𝛷4,7' ⋅
8%
8,-
⋅ 9,-
9%

. 
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Ff,st is the fluorescence quantum yield of the reference standard, which was purified EGFP 

(⁠Ff,st = 0.60 at λex = 489 nm) [34]. F	 is the integrated fluorescence emission for 489 nm 

excitation. A is the absorbance at 489 nm. The iNicSnFR variants were measured in 3 × PBS, 

pH 7.4 with [nicotine] = 10 × EC50 for each variant. EGFP was measured in 3 × PBS, pH 7.4. 

Background-subtracted absorption spectra for samples at protein concentrations between 3–

4 μM were measured in a 10-mm pathlength cuvette in the Tecan Spark® 20M instrument. 

Samples were then diluted 20-fold in 3 × PBS, pH 7.4 with the same [nicotine] in a clear-

bottom 96-well plate, and fluorescence measurements were taken by exciting at 489 nm 

(20 nm nominal bandwidth) with the monochromator and detecting emissions (1 nm step 

size; 20 nm bandwidth). Fluorescence assay volumes were 337 μL. Background-subtracted 

emission was integrated between 528 (to avoid overlap with the excitation) and 650 nm. 

The F values for nicotine-saturated iNicSnFR fluorescence were corrected by three factors. 

Factor 1 accounts for the extrapolation of iNicSnFR values taken at 10 × EC50 to predicted 

values at saturated [nicotine]; this factor equals 1.1. Factor 2 accounts for relative integrated 

absorbed photons by the iNicSnFR3a, iNicSnFR11, or iNicSnFR12 vs GFP at the peak 

excitation wavelength (489 nm) and effective excitation bandwidth of 26 nm, equal to 0.957. 

Factor 3 accounts for the shift in peak emission of iNicSnFR3a, iNicSnFR11, or 

iNicSnfFR12 vs that of EGFP, resulting in a different fraction of total fluorescence when we 

integrated from 528 to 700 nm. The emission peak for iNicSnR3a is shifted by 5 nm vs that 

for EGFP [1], and we noted that the emission decreases at a rate of e-fold per 31 nm. Factor 

3 is therefore e-5/31 = 0.851. We corrected the observed quantum yield by the product of these 

factors, 0.895. 

Computational Search for Docking Poses of Nicotine 

A workflow resembling a previous study [35] was developed to systematically search for the 

optimal binding pose of nicotine in the diffuse electron density near the binding site in the 

X-ray map of iNicSnFR3a (PDB: 7S7U) [6]. To reduce the search space, we used knowledge 

of the well-resolved varenicline-iNicSnFR3a interaction. Both ligands have a protonated 

amine group. Varenicline is known to form multiple cation-π interactions within the binding 
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site of iNicSnFR3a [1, 6]; and nicotine is known to form at least one these cation-π 

interactions, with Tyr-357 [1]. Assuming that other cation-π interactions known for 

varenicline also occur for nicotine, we first aligned the protonated amine of nicotine to the 

secondary amine of varenicline. To optimize possible resolution and placement, we placed 

the pyrrolidine amine using the coordinates of the highest-resolution liganded structure in 

the iNicSnFR series, the complex between varenicline and the PBP from iCytSnFR (PDB: 

7S7X). We defined a vector, from the pyrrolidine amine in nicotine to the C3 carbon atom 

of the pyridine ring. We mapped this vector onto a Fibonacci spherical lattice (FSL) [36] of 

25 points, generating multiple orientations. During rotation, the amine group defined the 

center of the FSL, while the carbon atom was arranged on the FSL. Each of the 25 generated 

orientations at each grid point was then self-rotated around the vector, with an interval of 

Ψ = 45°, creating a total of 200 poses. To account for the internal degrees of freedom, 

multiple ligand conformations were generated using the Open Babel toolkit [37]. The 

procedure was repeated for each generated conformer, resulting in a total of 1000 poses. 

During our search process, bad contacts between protein/drugs, such as clashes or piercings, 

are inevitable. Poses associated with clashes and ring piercings were detected [35] and 

removed, resulting in a total of ~600 distinct poses. 

Each pose was then subjected to 1000 steps of energy minimization using the generalized 

Born implicit solvent (GBIS) module implemented in NAMD2 [38, 39]. GBIS calculates 

molecular electrostatics in solvent by representing water as a dielectric continuum as 

described by the Poisson-Boltzmann equation. Therefore, GBIS accounts for the effect of 

solvation on nicotine-protein interactions without including explicit solvent, which greatly 

accelerates modeling efficiency. During minimization, the protein side chains and the drug 

were allowed to move, while the protein backbone was kept fixed in order to allow the drug 

to relax in its environment without causing a significant conformational change in the 

protein. We chose to maintain the global conformation of the protein, because the X-ray 

structure of iNicSnFR3a (PDB 7S7U) is already in the nicotine-bound form. 
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The energy-minimized poses were then used to start molecular dynamics (MD) simulations 

of the liganded iNicSnFR3a (PDB 7S7U) complex with explicit water and ion neutralized 

system. To start simulations from structurally different states, we first clustered the poses 

based on root-mean square deviation (RMSD) of the drug with a cutoff of 1.5 Å and chose 

10 clusters. From each cluster, a representative pose was selected (close to the centroid) and 

solvated with explicit water and neutralized with 150 mM KCl, resulting in a total of 

~120 000 atoms with the dimension of 10.9 × 10.9 × 10.9 nm. Each system was energy-

minimized using the steepest-descent algorithm for 5000 steps and then relaxed with the 

protein restrained, independently. The position restraints were gradually released during the 

first 4 ns to allow adjustment of the nicotine within the binding pocket (Table 2.S3). Then, 

unrestrained simulations were performed for all 10 simulations, each for 200 ns, gathering a 

total of 2 μs of simulations. 

Table 2.S3: Protocol for gradually releasing the restraints during MD simulations of the 10 

nicotine-iDrugSnFR3a complexes, during the search for nicotine docking poses. 

Step 

Backbone restraint 

force-constant 

(kJ mol-1 nm-2) 

Side-chain restraint 

force-constant 

(kJ mol-1 nm-2) 

Nicotine heavy 

atom restraints 

(kJ mol-1 nm-2) 

Time step 

(fs) 

Simulation 

Time 

(ns) 

1 400 40 400 1 0.5 

2 200 20 200 1 0.5 

3 20 20 20 1 1 

4 20 20 20 2 2 

 

The effect of the nicotine binding on the protein stability was monitored in each simulation 

starting from the 10 poses. In seven simulations, the PBP undergoes a conformational change 

from the holo- to apo- like state (i.e. opening of the binding cleft), suggesting that the 
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particular nicotine poses in these simulations are not favorable. The three simulations that 

showed most stability of the PBP (Figure 2.S5) were analyzed further to model the final 

nicotine-bound structure. We re-clustered these simulation data and found only three major 

clusters with populations greater than 10%. To determine the pose that can fit best to the X-

ray map, we first converted the X-ray structure factor file to a real-space map file using 

the phenix.mtz2map command in phenix [40] and then calculated the cross-correlation of a 

representative pose from each cluster (structure closed to the centroid) with that of the 

generated map. The pose from the highest populated cluster and with the greatest cross-

correlation is chosen as the best representation of the nicotine-bound structure. 

 

Figure 2.S5 Stability of PBP complexes in simulations. Root mean squared deviation 

(RMSD) of the PBP (after aligning the PBP to the initial frame) of the 10 nicotine-

iDrugSnFR3a complexes, during the search for nicotine docking poses. Darker colors are 

used for the three trajectories that consistently stayed close to the holo conformation, while 

brighter curves illustrate simulations where the PBP binding cleft is (partially) opening 

towards the apo conformation. 
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Biofluids 

Human serum was obtained from Sigma-Aldrich. Rat serum was obtained from Sigma-

Aldrich. Heat treatment was for 65 °C, for 10 min, followed by passage through a 0.2 μm 

Millipore filter. 

MD Simulations 

MD simulations were performed using GROMACS2022 [41] utilizing AMBER ff19SB [42] 

and GAFF2 [43] force field parameters for proteins and ligand, respectively. The force field 

parameters for the chromophore were generated using the antechamber tool of 

AmberTools22. Bonded and short-range nonbonded interactions were calculated every 2 fs, 

and periodic boundary conditions were employed in all three dimensions. The particle mesh 

Ewald (PME) method [44] was used to calculate long-range electrostatic interactions with a 

grid density of 0.1 nm−3. A force-based smoothing function was employed for pairwise 

nonbonded interactions at a distance of 1 nm with a cutoff of 1.2 nm. Pairs of atoms whose 

interactions were evaluated were searched and updated every 20 steps. A cutoff (1.2 nm) 

slightly longer than the nonbonded cutoff was applied to search for the interacting atom pairs. 

Constant pressure was maintained at a target of 1 atm using the Parrinello-Rahman algorithm 

[45]. Temperature coupling was maintained at 300 K with the V-rescale algorithm [46]. The 

iNicSnFR12 system was generated by computationally mutating E476K, N11E, R467S, 

Q431D in iNicSnFR3a. 

Dynamic Network Analysis 

Dynamic network analysis for iNicSnFR3a and iNicSnFR12 in the nicotine-bound form was 

performed using the NetworkView plugin in VMD [15-17]. For each system, a network map 

or graph was created where nodes are the Cα atoms of each protein residue. The edges are 

added between a pair of nodes if the heavy atoms of the protein residues assigned to these 

nodes are within 4.5 Å distance for >75% of the simulation time. The edge weights Wij are 
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derived from pairwise correlations (Cij⁠⁠) which define the probability of information transfer 

across a given edge: 

𝑊:; = −𝑙𝑜𝑔;O𝐶:;O=, 

𝐶:; =
<=.(*)⋅<=/(*)

A〈<=.(*)0〉	〈<=/(*)0〉E
1/0, 

where Δ𝑟:(𝑡) = 𝑟:(𝑡) − 〈Δ𝑟:(𝑡)〉 and 𝑟:(𝑡) is the position of the atom corresponding to the 

𝑖*F node. The resulting network was used to determine the optimal path between two given 

nodes (a source and a sink), using The Floyd-Warshall algorithm 

[https://doi.org/10.1145/367766.368168]. The optimal path is defined to be the connecting 

route between the two nodes (residues), which minimizes the number of intermediate nodes 

and maximizes the sum of edge betweenness of the connecting route. 

Differential Scanning Fluorimetry and Intrinsic Fluorescence Melts 

Differential scanning fluorimetry (DSF) [47] was used to evaluate the thermal stability of 

iNicSnFR variants. In the DSF assay, samples containing 45 μL of 5 μM purified protein 

(3 × PBS, pH 7.0) with and without nicotine at twice the respective variant’s EC50 value were 

mixed with 5 μL of a stock solution of 200× SYPRO® Orange dye (Invitrogen, Eugene, OR) 

in triplicate. Blank samples with the same concentrations of nicotine and SYPRO® Orange 

dye were also prepared in triplicate for blank subtraction. All samples were assayed on a 

CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA). Samples 

underwent a thermal melt from 25 °C to 99 °C with temperature holds every 30 s at 0.5 °C 

increments. Fluorescence values were measured in relative fluorescence units (RFU) using 

the FRET scan mode. Backgrounds were subtracted from all samples. 

Since the iNicSnFR variants have intrinsic fluorescence arising from the cpGFP moiety 

which overlaps with that of SYPRO® Orange dye, intrinsic fluorescence melts were 

performed in triplicate and the average fluorescence values were subtracted from the DSF 

samples. For the intrinsic fluorescence samples, 5 μL of buffer (3 × PBS, pH 7.0) was added 
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to the protein samples in place of SYPRO® Orange dye. The intrinsic fluorescence samples 

underwent the same thermal melts as the DSF samples, and blank subtraction was performed. 

Apparent melting temperatures were determined from peaks in the first derivative plots of 

the melting curves by subtracting average intrinsic fluorescence. 
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C h a p t e r  3  

COMPUTATIONAL DESIGN OF PERIPLASMIC BINDING PROTEIN-

BASED BIOSENSOR ENABLES MEASUREMENT OF FULL RANGE OF 

PHARMACOLOGICALLY RELEVANT NICOTINE CONCENTRATIONS 

Abstract 

To understand differences in the time course of [nicotine] between individuals and nicotine 

delivery systems, sensors capable of robustly measuring 10-200 nM nicotine are needed. By 

employing computational protein design strategies aimed at improving the thermostability 

of the previously reported iNicSnFR12, we discovered four mutants with improved 

sensitivity for nicotine, including iNicSnFR12-D72A. This improved fluorescent protein 

sensor of nicotine has an EC50 of 440 nM and an 11.6 µM-1 d-slope, (∆F/F0)/([nicotine]) at 

the beginning of the dose-response relation, at intradermal conditions. These sensitivity 

enhancements represent 4.4-fold and 3.3-fold improvements in EC50 and d-slope, 

respectively, over iNicSnFR12. In iNicSnFR3a, a previous variant, published structures 

indicate that a hydrogen bond between the sidechains of H68 and D72 present in the apo 

state is broken upon binding of nicotine or varenicline, resulting in H68 adopting a sidechain 

rotamer oriented towards the binding pocket. We hypothesize that in iNicSnFR12-D72A, the 

H68 sidechain is free to interact with the ligand since no hydrogen bond would exist with the 

sidechain of A72, favoring the ligand-bound state of the sensor. With its improved sensitivity 

and suitable thermostability characteristics, iNicSnFR12-D72A represents the most 

promising biosensor for measuring temporal changes in nicotine concentration, [nicotine]t, 

in a continuous monitor worn by nicotine users. 
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Introduction 

Globally, approximately 1.2 billion people consume tobacco and tobacco-derived products 

[1], resulting in over 7 million annual deaths from tobacco-related diseases [2]. 

Understanding the pharmacological effects of addiction to nicotine, the addictive component 

of tobacco, has therefore been a critical area of investigation. The mechanisms of addiction 

and dependence to nicotine are thought to involve the drug acting as a chaperone of nicotinic 

acetylcholine receptors (nAChR), resulting in their upregulation in neurons [3]. The full time 

course of [nicotine], denoted as [nicotine]t, is relevant to nicotine addiction [4]. This time 

course exhibits nicotine concentrations as low as 10 nM between smoking sessions and as 

high as 200 nM following nicotine ingestion [5], with waveforms varying widely between 

individuals and methods of nicotine delivery [4].  

Due to widespread usage of tobacco, especially in low- and middle-income countries [1], the 

need for monitoring [nicotine]t in a cheaper fashion than the standard method involving blood 

draws by intravenous catheters and analyzing samples by liquid chromatography-mass 

spectrometry (LC-MS) assays. The series of intensity-based nicotine-sensing fluorescent 

reporters (iNicSnFRs) have come closest to realizing this goal [4, 6-8], with initial progress 

having been made at encapsulation of biosensors in hydrogels [9], which would be amenable 

to continuous monitoring of [nicotine]t in interstitial fluid (ISF) via an implantable format 

[4].  

Members of the iNicSnFR series are comprised of engineered variants of the periplasmic 

binding protein (PBP) OpuBC from Thermoanaerobacter sp. X513 with Superfolder GFP 

[10] circularly permuted (cpsfGFP). As determined from analyses of unbound (apo) and 

bound structures of iNicSnFR3a [7], fluorescence activation occurs via a “candle-snuffer” 

mechanism. In the unbound (apo) state, the lobes of the PBP are in an open conformation, 

and in the ligand-bound state, the lobes of the PBP close. In the apo state, the side chain of 

the “candle-snuffer” residue E78, which is on a linker between the PBP and cpsfGFP 

domains, interacts with the chromophore of cpsfGFP, diminishing its fluorescence. The apo 

state fluorescence is denoted as F0. In the bound state, E78 pulls away from the chromophore, 
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resulting in increased fluorescence, denoted as F. F and fluorescence fold change, DF/F0, 

vary with [drug] in a dose-dependent manner [6-8]. 

To enhance the sensitivity of iNicSnFR12 [8], protein design techniques that have been 

demonstrated to improve thermostability were employed on the PBP moiety, denoted as 

PBP12. This approach was informed by the observation that enhancing a protein’s 

thermostability often improves protein function [11]. 

Results and Discussion 

Potentially stabilizing mutants of iNicSnFR12 were found using homology-based consensus 

design [12] of PBP12 and protein design calculations aimed at stabilizing the a-helices [13] 

of PBP12. Consensus design yielded 22 single mutants (see Table A.1), and protein design 

calculations of a-helices yielded 66 single mutants (see Table A.2). All single mutants were 

constructed and assayed for nicotine-induced fluorescence. The fourteen most promising 

variants from the lysate screen were purified, and full nicotine dose-response relations were 

determined (see Figure A.1). The four purified variants with significantly better nicotine 

sensitivity than iNicSnFR12 as determined by EC50 and S-slope, calculated as DFmax/F0, are 

presented in Figure 3.1 with nicotine sensitivity metrics shown in Table 3.1. 
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Figure 3.1 Single mutants of iNicSnFR12 with enhanced sensitivity for nicotine. (A) Full 

dose-response relations for purified iNicSnFR12 [8] and purified single mutants of 

iNicSnFR12 that exhibited significantly better nicotine sensitivity (see Table 3.1) compared 

to the parent iNicSnFR12. Data are mean ± SEM (n=3). (B) Dose-response relations in linear 

regime for purified variants as in Figure 3.1A. Data are mean ± SEM (n=8). (C) Positions 

of sensitivity-enhancing mutations as shown in the most recent nicotine-bound iNicSnFR 

experimental structure, that of iNicSnFR3a [6, 7] (PDB: 7S7U). 
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Table 3.1: Nicotine sensitivity metrics from fitted dose-response data. P-values for 

comparing metrics between single mutants and iNicSnFR12 are denoted as follows—p < 

0.05: *, p < 0.01: **, p < 0.001: ***.  

Variant EC50 (μM) S-slope (μM-1) d-slope (μM-1) 

iNicSnFR12 1.92 ± 0.15 3.1 ± 0.2 3.5 

D72A 0.44 ± 0.03 (**) 11 ± 0.8 (***) 11.6 

D426S 1.28 ± 0.11 4.9 ± 0.4 (*) 4.7 

N428G 1.79 ± 0.06 4.8 ± 0.2 (*) 4.0 

E517N 1.57 ± 0.09 4.3 ± 0.3 (*) 3.9 

 

iNicSnFR12-N428G was found via consensus design, while iNicSnFR12-D72A, 

iNicSnFR12-D426S, and iNicSnFR12-E517N came from the protein design calculations on 

a-helices. While the D426S, N428G, and E517N variants of iNicSnFR12 exhibited 

significantly better S-slope values as derived from fitted full dose-response data, the only 

variant with a significantly improved EC50 value for nicotine is iNicSnFR12-D72A, which 

is 4.4 times lower than parent iNicSnFR12 (see Figure 3.1A and Table 3.1). Additionally, 

iNicSnFR12-D72A exhibits a 3.3-fold improvement in d-slope (see Table 3.1), the slope of 

the linear regime of the dose-response relation (see Figure 3.1B). Interestingly, these four 

sensitivity-enhancing mutations do not occur in the binding pocket between the upper and 

lower lobes of the PBP. These four mutations were combined in multi-mutants of 

iNicSnFR12 denoted as iNicSnFR12-M1(D72A, N428G) and iNicSnFR12-M2 (D72A, 

D426S, N428G, and E517N), but neither multi-mutant was as sensitive to nicotine as 

iNicSnFR12-D72A (see Figure A.2). 
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A structural analysis of helix 3 (according to conventional helix numbering [14]) was 

performed to rationalize the sensitivity-enhancing effect of the D72A mutation on 

iNicSnFR12 and is presented in Figure 3.2.  

 

Figure 3.2 Structural rationale for improved nicotine sensitivity conferred by D72A. 

Interatom distances measured using PyMOL. Snapshots exhibiting helix 3 in crystal 

structures for iNicSnFR3a, the most recent iNicSnFR variant with experimental structures 

are shown [6, 7]. Residues in helix 3 and its environs were not mutated in the development 

of iNicSnFR12 [8]. (A) Apo structure (PDB: 7S7V). (B) Nicotine-bound structure (PDB: 

7S7U). (C) Varenicline-bound structure (PDB: 7S7T). 

In the apo structure shown in Figure 3.2A, a hydrogen bond is formed between the 

sidechains of H68 and D72. In the nicotine-bound structure (Figure 3.2B) and varenicline-

bound structure (Figure 3.2C), the hydrogen bond between the sidechains of H68 and D72 

is abrogated, enabling the sidechain of H68 to orient towards the binding pocket. Since 

nicotine has a rotatable bond, its atomic coordinates could not be resolved in the nicotine-

bound structure; however, it has been shown to occupy the same binding pocket as 

varenicline, a smoking cessation ligand [7]. The D72A mutation would abrogate side-chain 

hydrogen bonding with H68, allowing its sidechain to adopt a rotamer oriented towards the 

binding packet, even in the apo state. This presumed reorientation of the sidechain of H68, 

biasing the ligand-bound conformation, could contribute to the enhanced sensitivity of 

iNicSnFR12-D72A over iNicSnFR12. 
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For the proposed use of iNicSnFR to measure [nicotine]t in biofluids, exogenous ligand 

varenicline and the endogenous ligand choline are relevant for biosensor activation. 

Comparisons of fluorescence dose-response relations for nicotine, varenicline, and choline 

are presented in Figure 3.3. 

 

Figure 3.3 Dose-response relations for nicotine, varenicline, and choline. Measurements 

were made with purified biosensors. (A) iNicSnFR12 dose-response relations with each 

drug. Data are mean ± SEM (n=3). The fitted EC50 values are 1.92 ± 0.15 µM, 0.95 ± 0.11 

µM, and 21.54 ± 1.82 µM for nicotine, varenicline, and choline, respectively. (B) 

iNicSnFR12-D72A dose-response relations with each drug. Data are mean ± SEM (n=3). 

The fitted EC50 values are 0.44 ± 0.03 µM, 0.13 ± 0.03 µM, and 18.55 ± 1.39 µM for nicotine, 

varenicline, and choline, respectively. (C) Dose-response relation of iNicSnFR12-D72A at 
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pharmacologically relevant nicotine concentrations with and without 7.3 µM choline, the 

mean [choline] in adult plasma [15]. Data are mean ± SEM (n=8). 

 

As seen in Figures 3.3A and 3.3B, the sensitivity-enhancing effect conferred by the D72A 

mutation applies to varenicline as well as nicotine, lending support to the hypothesis that H68 

is important to the binding of nicotine. The current sensor could be useful for measuring 

personal [varenicline]t, with the relevant concentration range below the maximum measured 

plasma varenicline concentration of 134 nM [16] falling within the range of sensor-activating 

varenicline concentrations. Although iNicSnFR12-D72A is 42-fold more sensitive for 

nicotine than choline, sensor activation by choline poses a challenge for determining 

[nicotine], as the mean [choline] for adults is 7.3 µM [15] while [nicotine]t is less than 200 

nM [5], representing a 37-fold difference in ligand abundance. Figure 3.3C illustrates the 

dampening effect that the physiological [choline] has on the dose-response relation of 

iNicSnFR12-D72A for the pharmacologically relevant [nicotine]. Fluctuations in [choline] 

could foreseeably be background-subtracted from measured [nicotine] with the use of an 

orthogonal iDrugSnFR with activation for choline but not nicotine. However, the low 

fluorescence response of iNicSnFR12-D72A in the presence of choline (see Figure 3.3C), 

makes measuring the lower range of pharmacologically relevant [nicotine] challenging. 

Alternatively, encapsulating hydrogels bearing iNicSnFR in a choline-impermeable but 

nicotine-permeable material could allow the measurement of [nicotine] without interference 

from choline, while introducing an additional transport limitation. 

 

The thermostability of iNicSnFR12 and its four improved variants are shown in Figure 3.4. 

 



 

 

93 

 

Figure 3.4 Thermostability assessment of iNicSnFR variants via DSF. Line plots 

represent mean background subtracted fluorescence for each purified biosensor (n=3). 

Markers indicating the mean ± SEM (n=3) first and second apparent melting temperatures 

are shown as triangles and squares, respectively. Purified biosensors were assayed at 5 µM 

except for iNicSnFR12-D72A, which was assayed at 3.5 µM. (A) DSF melt curve without 

nicotine. Values for the first apparent melting temperature Tm,1 are presented in Figure 3.4C. 

The only variant exhibiting a second melting temperature was iNicSnFR12-D426S, with Tm,2 

occurring at 66.2 ± 0.0 °C. (B) DSF melt curve with nicotine. Values for the first apparent 

melting temperature Tm,1 are presented in Figure 3.4C. The only variant exhibiting a second 

melting temperature was iNicSnFR12-D426S, with Tm,2 occurring at 66.1 ± 0.1 °C. (C) 

Summary of Tm,1 values from Figure 3.4A-B).  

 

Although the mutations were expected to thermostabilize the protein, only iNicSnFR12-

N428G had a modestly higher Tm,1 value than iNicSnFR12 in apo conditions (Figure 3.4A 
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and 3.4C), and none of the variants had higher Tm,1 values than iNicSnFR12 in the presence 

of nicotine (Figure 3.4B-C). To ensure stability at physiological temperature for the duration 

of a weeklong continuous nicotine monitoring trial, thermal hold experiments were 

performed with iNicSnFR12 and the top mutant iNicSnFR12-D72A. Figure 3.5 shows 

functional and stability results over the course of the 7-day, 37 °C hold. 

 

 
Figure 3.5 Assessments of iNicSnFR12 and iNicSnFR12-D72A resilience to thermal 

stress. (A) Full dose-response relations for purified iNicSnFR12 on days 0, 1, and 7 of 37 

°C incubation. Fitted parameter values for the Hill function were not statistically different. 

(B) Full dose-response relations for purified iNicSnFR12-D72A on days zero, one, and seven 

of 37 °C incubation. Fitted parameter values for the Hill function were not statistically 
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different. (C) Normalized concentrations of iNicSnFR12 and iNicSnFR12-D72A on days 0, 

1, and 7 of 37 °C incubation. 

 

Figures 3.5A-B indicate that nicotine-sensitivity was unaffected by the 7-day, 37 °C hold, 

and Figure 3.5C demonstrates that both iNicSnFR12 and iNicSnFR12-D72A remain stable 

in solution under this thermal stress.  

 

The fluorescence quantum yield F was measured for iNicSnFR12 and iNicSnFR12-D72A 

as 0.669 and 0.733, respectively, as measured in PBS, pH 7.4. These values resemble F 

values for iNicSnFR3a and iNicSnFR12 measured in 3 ´ PBS, pH 7.4, which were reported 

previously [8]. 

 

iNicSnFR12-D72A is the most sensitive nicotine biosensor to date, with an EC50 of 440 nM 

and a d-slope of 11.6 µM-1. Further development of iNicSnFR12-D72A as a continuous 

nicotine monitor should involve the incorporation of the biosensor in a hydrogel, as has been 

demonstrated previously using iNicSnFR12 [9],  with a method for distinguishing [nicotine] 

from [choline]. 

 
Methods 

Mutant Library Generation via Physics-Based Design of a-Helices 

Fixed-backbone sequence design was used to find putatively stabilizing mutations to the 

inherent dipoles in a-helices [13] of the PBP in iNicSnFR. Helix dipoles result from three 

unsatisfied hydrogen bonds on the helix backbone at each of the termini [17-20]. iNicSnFR3a 

is the closest variant to iNicSnFR12 (N11E, Q431D, R467S, E476K) [8] with experimental 

structures [7]. Therefore, the structure for iNicSnFR3a with nicotine (PDB: 7S7U) [7] was 

used as the target structure using the Triad Sequence-Design module (Protabit LLC). For 

each a-helix, the eight positions of interest were the position immediately preceding the helix 

(“N-capping” position), the three most N-terminal helical positions, the three most C-
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terminal helical positions, and the position immediately following the helix. Additionally, 

wild-type Gly residues within helices were mutable since Gly has low helix propensity [21, 

22]. Residues with pre-existing interactions and positions with wild-type residues that did 

not violate helix dipole “rules” (positively charged residues at the four most N-terminal 

positions of interest and negatively charged residues at the four most C-terminal positions of 

interest) were not allowed to mutate.  

Two different schemes were used to determine which residues were allowed at mutable 

positions. Under the regular scheme, the wild-type amino acid and residues that would not 

violate helix dipole “rules” (positively charged residues at the four most N-terminal positions 

of interest and negatively charged residues at the four most C-terminal positions of interest) 

were allowed. Under the strict scheme, only wild-type and charge-stabilizing residues 

(negatively charged residues at four most N-terminal positions of interest and positively 

charged residues at the four most C-terminal positions of interest) were allowed. Rotamers 

for amino acids within 5 Å of each mutable position were allowed to repack. Design 

calculations were run under the regular and strict schemes with the Rosetta [23] and Phoenix 

[24] force yields for a total of four calculations per helix. Out of designs with calculated 

force-field energies equivalent to (± 0.1%) or more stable than the wildtype sequence, 

mutations in the top five designs were included in the mutagenic library, excluding His and 

Cys. 

Mutant Library Generation via Consensus Design 

Protein basic local alignment search tool (BLAST) searches were performed using the 

Bio.Blast package in Biopython [25] to access the National Center for Biotechnology 

Information (NCBI) BLAST [26] web service to construct a multiple sequence alignment 

(MSA) with sequences having 30-90% sequence identity with the PBP of iNicSnFR12. 

Consensus mutations were determined for more conserved positions in the MSA because 

these mutations are more likely to stabilize a protein [12]. Positions were deemed more 

conserved if the relative entropy (RE) values were greater than the average RE for all 

positions in the PBP. RE for each position is calculated using Equation 3.1: 
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  𝑅𝐸 = ∑ 𝑝G	ln

H2
I2G 	 (3.1) 

 
with px denoting the frequency of amino acid x in the MSA and fx denoting the frequency of 

amino acid x in proteins of Bacillus subtilis, which makes a homologous OpuBC to that of 

Thermoanaerobacter sp. X513, which was the source of the PBP engineered for the first 

iNicSnFR [6]. Amino acid frequencies for T. sp. X513 are unknown; therefore, amino acid 

frequencies of B. subtilis were used in calculations and are as follows—A: 7.6%, C: 0.8%, 

D: 5.2%, E: 7.1%, F: 4.4%, G: 7.0%, H: 2.3%, I: 7.3%, K: 6.9%, L: 9.6%, M: 2.6%, N: 4.1%, 

P: 3.8%, Q: 3.9%, R: 4.1%, S: 6.4%, T: 5.4%, V: 6.6%, W: 1.1%, Y: 3.6% [27, 28]. At each 

position in the PBP of iNicSnFR12 with above average RE, if the consensus (most prevalent) 

amino acid was different than the wildtype amino acid, the consensus amino acid was 

included in the mutagenic library. The degree of correlation in pairwise interactions between 

positions in the MSA was determined using mutual information (MI), which was calculated 

using Equation 3.2: 

  𝑀𝐼(𝑖, 𝑗) = ∑ ∑ 𝑝G,J	𝑙𝑛
H2,4
H2	H4;: 	 (3.2) 

 
with px and py denoting the frequencies of amino acids x and y, respectively, in the MSA and 

px,y denoting the frequency of co-occurrence of amino acid x at position i and amino acid y 

at position j in the MSA. Since the RE screen yielded a manageable number of mutations to 

test experimentally, MI was not used to eliminate positions from consideration. 

Mutant Construction and Screening in Cell Lysate 

Mutants of the parent molecule iNicSnFR12 [8] were generated via site-directed mutagenesis 

(SDM) or Gibson assembly [29] using commercially available reagents (New England 

Biolabs). Following sequence confirmation, E. coli BL21-Gold (DE3) chemically competent 

cells (Agilent) were transformed. Cultures for iNicSnFR variants were expressed in 1-mL 

cultures in 96-well deep well plates (Thermo Scientific) and screened in 96-well plate format. 

Cultures were grown in ZYM5052 autoinduction media [30] with 100 µg/mL ampicillin at 

30 °C for 30 h shaking at 250 rpm. Cells were pelleted at 4,000 rpm for 12 min at 4 °C, media 
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was decanted off and cells were resuspended in 1 mL of 3 ´ PBS pH 7.4. Resuspended cells 

were lysed via two freeze-thaw cycles using liquid N2 and an ambient-temperature water 

bath. The plate was then centrifuged at 4,000 rpm for 12 min at 4 °C to pellet intact cells and 

cell debris. Supernatant was transferred to black polystyrene 96-well plates (Corning) and 

analyzed in triplicate. Baseline fluorescence (F0) and nicotine-induced fluorescence (F) were 

measured using a Spark® 20M 96-well fluorescence plate reader (Tecan). Nicotine 

concentrations within an order of magnitude of the EC50 of the purified parent iNicSnFR12 

[8] were used. Variants with the top five highest DF/F0 values for 300 nM and 1 µM nicotine 

as well as variants with positive correlations between DF/F0 and temperature were further 

characterized. 

Expression and Purification of iNicSnFRs 

Protein expression was performed in E. coli BL21-Gold (DE3) chemically competent cells 

(Agilent) in 200-300 mL of ZYM5052 autoinduction media [30]. Cells were pelleted at 5,000 

´ g for 10 min and stored at -20 °C until used. Thawed cell pellets were resuspended in 20-

30 mL PBS, pH 7.4 (5 mL PBS per 50 mL of media), and lysed by sonication in an ice-water 

bath to mitigate sample warming. Remaining intact cells and cell debris were removed by 

two rounds of centrifugation at 5,000 rpm for 12 min with supernatant transferred to a clean 

50-mL conical tube between spins. Resulting supernatant was then filtered using a 25 mm 

diameter 0.22 µM sterile filter (VWR) and loaded onto a Ni-NTA column equilibrated with 

wash buffer. A 20 mM imidazole in PBS, pH 7.4 wash buffer was used. Fractions were 

collected from eluting with a 20-200 mM imidazole gradient. Fractions containing proteins 

of the target mass (determined by SDS-PAGE) were pooled, concentrated and buffer 

exchanged into PBS, pH 7.40 by centrifugation with Amicon Ultra 15 filter units with 30-

kD molecular weight cutoff (Millipore). 
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Concentration Determination of iNicSnFRs 

Biosensor concentration was determined by denaturing an aliquot in 1 M NaOH and 

measuring 447-nm absorption on a NanoDrop spectrophotometer using the known denatured 

chromophore extinction coefficient of 44,000 M-1cm-1 [31]. 

Measurement of Fluorescence Dose-Response Relation 

Purified variants of iNicSnFR12 were mixed with drug solutions to generate samples 

containing 100 nM biosensor and drug at the appropriate concentration for dose-response 

characterization. Solutions were prepared in 1% BSA, PBS pH 7.40 to mitigate biosensor 

adsorption to wells. Sample replicates were prepared and analyzed in three to eight wells (see 

individual figures) of black polystyrene flat bottom 96-well plates (Corning) using an 

epMotion® 5075 automated liquid handler (Eppendorf). Biosensor fluorescence (F0 and DF) 

was measured with 485 nm excitation and 535 nm emission wavelengths after plates were 

incubated at 32 °C for 20 min using a Spark® 20M plate reader (Tecan). The analysis 

temperature was chosen to reflect data for skin surface temperatures [32] since an intended 

use of iNicSnFRs is wearable sensing of nicotine for personal pharmacokinetics [4]. Dose-

response data in the linear regime, where [nicotine] < 0.1 ´ EC50 for a given variant, were 

fitted using Excel (Microsoft). Sigmoidal dose-response data were fitted to the Hill equation 

[33, 34] using SciPy [35] with the free ligand concentration [L] calculated using Equation 

3.3 from the ligand depletion model assuming a single binding site: 

 [L] = [L'&'] −
[K-5-]L[M-5-]LN6OP([K-5-]L[M-5-]LN6)0O+[K-5-][M-5-]

3
	 (3.3) 

 
[Ltot] is the total ligand concentration. [Stot] is the total biosensor concentration. KD is the 

equilibrium dissociation constant, which is assumed equal to EC50, the half-maximal 

effective concentration of ligand. Method development efforts for these experiments are 

exhibited in Figures A.3-5. 
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Differential Scanning Fluorimetry 

Differential scanning fluorimetry (DSF) [36] corrected for intrinsic biosensor fluorescence 

was used to determine apparent melting temperatures of iNicSnFR variants. Samples with 

50-µL assay volumes were prepared in triplicate containing 3.5 or 5 µM (see legend of 

Figure 3.4) purified biosensor (PBS, pH 7.40) with and without nicotine at free ligand 

concentrations (see Equation 3.3) representing twice the respective variant’s EC50 value. 

Average fluorescence values for replicates lacking SYPRO® Orange dye (Thermo Fisher) 

were subtracted from replicates of the same variant with 20 ´ SYPRO® Orange dye. 

Fluorescence values were measured in relative fluorescence units (RFU) at 0.5 °C increments 

from 25 °C to 99 °C with 30 s holds using a CFX96 Real-Time PCR Detection System (Bio-

Rad Laboratories) using the FRET scan mode. Background fluorescence was subtracted from 

all samples. Apparent melting temperatures were determined from inflection points in melt 

curves. 

Thermal Hold 

Biosensor solutions in 1% BSA, PBS, pH 7.40 with protein concentrations of approximately 

10 µM, the concentration used as reported in experiments with iNicSnFR embedded in 

hydrogels [9], were prepared and assayed for stability under thermal stress. Nicotine dose-

response relations and biosensor concentrations were measured (see above) for samples 

stored at 4 °C and 37 °C on days zero, one and seven. 

Fluorescence Quantum Yield Measurements 

Fluorescent quantum yields (F) for iNicSnFRs in the liganded, un-snuffed state [7] were 

determined by comparison with the known value for EGFP. Uncorrected relative 

fluorescence quantum yield is calculated using Equation 3.4 , with ‘x’ denoting the unknown 

species and ‘st’ denoting the standard: [37] 

 𝛷6 = 𝛷7' ⋅
8%
8,-
⋅ 9,-
9%

 (3.4) 
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The fluorescence quantum yield of the reference standard (Fst), which was purified EGFP, 

is 0.60 at λex = 489 nm [38]. F	is the integrated fluorescence emission for λex = 489 nm. A is 

the absorbance at 489 nm. iNicSnFR variants were measured in PBS, pH 7.40 with the free 

nicotine concentration (Equation 3.3) equal to 10 × EC50 for each variant. EGFP was 

measured in PBS, pH 7.4. Background-subtracted absorbance at 489 nm was measured in a 

10-mm pathlength cuvette (VWR International) with a Spark® 20M instrument (Tecan). 

Samples were then diluted 20-fold in PBS, pH 7.4 with the appropriate [nicotine] in a clear-

bottom 96-well plate (Corning), and fluorescence emission spectra were taken by exciting at 

489 nm (20 nm nominal bandwidth) and detecting emissions (1 nm step size; 20 nm 

bandwidth). Assay volumes for absorbance and fluorescence measurements were 300 μL and 

337 μL, respectively. Background-subtracted emission spectra were integrated between 528 

and 650 nm, with shorter wavelengths omitted to avoid overlap with the excitation. 

The F values for nicotine-activated iNicSnFR fluorescence required correction by three 

factors. Factor 1 accounts for extrapolating the integrated fluorescence spectra measured with 

free nicotine concentrations of 10 × EC50 to saturating levels. Factor 2 accounts for the 

difference in relative integrated absorbance by the iNicSnFRs compared to EGFP using a 

bandwidth of 20 nm around 489 nm, the peak excitation wavelength for the standard. Factor 

3 accounts for the shift in peak emission for the iNicSnFRs compared to EGFP, which results 

in different fractions of emitted photons falling within the 528 to 700 nm interval. The 

emission peaks for iNicSnFR12 and iNicSnFR12-D72A were shifted 2 and 3 nm, 

respectively, vs. that of EGFP. We observed that emission decreased at a rate of e-fold per 

31 nm. Therefore, Factor 3 was determined by e-x/31, where x is the increase in emission peak 

wavelength compared to the standard in nm. Quantum yield values as determined by 

Equation 3.4 were corrected by the product of these factors as shown in Table 3.2. 
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Table 3.2: Summary of correction factors of fluorescence quantum yield measurements. 

 Variant 
Correction Factors iNicSnFR12 iNicSnFR12-D72A 

1 1.082 1.046 
2 0.949 0.954 
3 0.938 0.908 

1×2×3 0.963 0.906 
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C h a p t e r  I V  

CONCLUSION 

This thesis provides evidence for the utility of developing an iNicSnFR-based continuous 

nicotine monitor (Chapter 1) as well as research narratives of the development from 

iNicSnFR3a to iNicSnFR12 (Chapter 2) and from iNicSnFR12 to iNicSnFR12-D72A 

(Chapter 3). Supplemental material on mutants found by consensus design and by the 

computational design of a-helices are in Appendix A along with summaries of method 

development for dose-response experiments. Appendix B includes the development of 

nanobody-drug conjugates with computationally designed target-binding synergy 

(CDRxAbs), which I supported experimentally. Computational protein design represents a 

useful, rational approach to protein engineering, which has enabled the development of 

CDRxAbs and the optimization of sensitivity for nicotine in the iNicSnFR series.  

In future work involving iNicSnFRs, activation by endogenous amines such as choline, 

which results in an elevated fluorescence baseline, will need to be minimized through 

selectively permeable materials or additional protein engineering aimed at selectivity for 

nicotine over other sensor-activating ligands found in biofluids. We look forward to the 

insights made possible by iNicSnFR12-D72A, from cellular- and organelle-level 

mechanisms of nicotine addiction to affordable, wearable measuring of personal nicotine 

pharmacokinetics leading to more effective smoking cessation interventions. 
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A p p e n d i x  A  

SUPPLEMENTAL INFORMATION ON THE DESIGN AND 

CHARACTERIZATION OF NICOTINE BIOSENSORS 

The work presented herein complements Chapter 3. 

Table A.1: Consensus design mutations for positions in iNicSnFR12 with above-average 

RE. 

Amino Acid Number PBP12 amino acid Consensus amino acid RE 
5 V I 1.409 
15 G Q 1.401 
18 V L 1.587 
43 E T 1.583 
50 I L 1.398 
63 V P 1.470 
68 H T 2.601 
343 W Y 1.783 
391 F E 1.433 
395 G R 2.577 
407 N G 1.591 
420 I L 1.751 
428 N G 1.410 
436 W Y 2.083 
437 A S 1.655 
442 L I 1.670 
445 H Y 1.476 
467 S R 1.579 
474 H Y 2.114 
476 K E 1.697 
486 N G 1.597 
489 S T 1.547 
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Table A.2: Single mutants of iNicSnFR12 from a-helix stabilization calculations. 

Position and 

PBP12 

amino acid 

Amino acids substitutions 

presumed to stabilize the 

biosensor 

G15 S 

E27 K, R, Q, A, I, L, M 

G67 D, E, S, N, A 

H68 D, E, N, Q, L, W, G 

G69 D, S, Q, N, A 

D72 K, R, S, N, A, M, F 

E394 K, R, N, Q, L, M 

D426 K, R, S, T, Q, A, L 

K478 E, A, G 

D501 K, R, N, I, M 

K509 D, E, S, N, Q, A, L 

E517 K, R, N, Q, A, L 
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Figure A.1 Dose-response relations of iNicSnFR12 and the most sensitive single 

mutants from lysate screen. Data are mean ± SEM (n=3). 
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Figure A.2 Dose-response relations of multi-mutants of iNicSnFR12 compared to 

iNicSnFR12-D72A. (A) Full dose-response relations. The EC50 values for iNicSnFR12-

D72A, iNicSnFR12-M1, and iNicSnFR12-M2 are 0.44 ± 0.03 µM, 0.65 ± 0.06 µM, and 0.49 

± 0.05 µM, respectively. Data are mean ± SEM (n=3). (B) Dose-response relations in linear 

regime. The d-slope values for iNicSnFR12-D72A, iNicSnFR12-M1, and iNicSnFR12-M2 

are 11.6 µM-1, 9.0 µM-1, and 10.4 µM-1. Data are mean ± SEM (n=8). 
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Figure A.3 Comparison of dose-response relations of sensors in different equivalents of 

PBS buffer. (A) Full dose-response relations of iNicSnFR12 with 1 ´ PBS and 3 ´ PBS. 

There was no statistical difference in fitted parameters. (B) Full dose-response relations of 

iNicSnFR12-D72A with 1 ´ PBS and 3 ́  PBS. The fitted DFmax/F0 was statistically different 

with p < 0.001, and the S-slope was statistically different with p < 0.01. 
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Figure A.4 Dose-response time-course experiments to determine appropriate 

incubation time and BSA equivalents. Fluorescence scans were taken every 3 min. The 

plate reader was maintained at 32 °C (A) iNicSnFR12 fluorescence time-course without 

BSA. (B) iNicSnFR12-D72A fluorescence time-course with BSA. 
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Figure A.5 Reduction in intra-replicate variability in d-slope experiment by inclusion 

of BSA in samples and optimization of pipetting by liquid-handling robot. Demonstrated 

with iNicsnFR12-D72A (A) iNicSnFR12-D72A with solution mixing performed by 50-µL 

multichannel pipette directly in microtiter plate. (B) iNicSnFR12-D72A with mixing 

performed by 300-µL multichannel pipette in deep-well plate followed by manual transfer 

by multichannel pipette to microtiter plate. 
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A p p e n d i x  B  

CDRXABS: ANTIBODY SMALL-MOLECULE CONJUGATES WITH 

COMPUTATIONALLY DESIGNED TARGET-BINDING SYNERGY 

Adapted from: 

Wang J, Aceves AJ, Friesenhahn NJ, Mayo SL. CDRxAbs: antibody small-molecule 

conjugates with computationally designed target-binding synergy. Protein Engineering, 

Design and Selection. 2025;38:gzaf004. 10.1093/protein/gzaf004 

Reproduced with permission from Oxford University Press. 

Abstract 

Bioconjugates as therapeutic modalities combine the advantages and offset the disadvantages 

of their constituent parts to achieve a refined spectrum of action. We combine the concept of 

bioconjugation with the full atomic simulation capability of computational protein design to 

define a new class of molecular recognition agents: CDR-extended antibodies, abbreviated 

as CDRxAbs. A CDRxAb incorporates a covalently attached small molecule into an 

antibody/target binding interface using computational protein design to create an antibody 

small-molecule conjugate that binds tighter to the target of the small molecule than the small 

molecule would alone. CDRxAbs are also expected to increase the target binding specificity 

of their associated small molecules. In a proof-of-concept study using monomeric 

streptavidin/biotin pairs at either a nanomolar or micromolar-level initial affinity, we 

designed nanobody-biotin conjugates that exhibited >20-fold affinity improvement against 

their protein targets with stepwise optimization of binding kinetics and overall protein 

stability. The workflow explored through this process promises a novel approach to optimize 

small-molecule based therapeutics and to explore new chemical and target space for 

molecular-recognition agents in general. 
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Figure B.1 Graphical Abstract. 

Introduction 

The mechanisms of action of most pharmaceuticals involve drug-target interactions that are 

mediated by synthetic small molecules or monoclonal antibodies [1, 2]. Despite impressive 

successes, many biological pathways are still considered to be ‘undruggable’ because the 

difficulty of engineering the desired interactions or the pharmacological trade-offs for 

establishing the interactions outweigh the potential benefits [3-6]. This observation drives 

creation of new approaches and modalities for addressing challenging targets, which can also 

expand the targetable molecular space itself [7]. To create new drug modalities, a common 

approach is to combine existing modalities in order to capitalize on individual advantages 

and offset individual flaws [7, 8]. Antibody-drug conjugates (ADCs), for example, take 

advantage of the high specificity and biological compatibility of monoclonal antibodies to 

improve therapeutic indices of small-molecule drugs [8, 9]. The antibody and small-molecule 

drug components of ADCs are typically developed separately and bind to different targets 

during their course of action [8, 9]. Generally, ADCs improve the specificity of their 

conjugated drugs by delivering the small molecule payloads into target cells through specific 

antibody-induced receptor endocytosis [9, 10]. Some ADCs and peptide-drug conjugates 

have also been reported to improve the metabolic stability, circulation half-life, and solubility 

of linked small molecules through antibody-associated pharmacokinetics, chemical 



 

 

117 
environment around the conjugation sites, and linker design, indicating that bioconjugation 

could modulate a wide range of small-molecule properties [10-14]. 

Successfully engineered hybrid molecules have been reported for various applications. 

Incorporating reactive moieties in cyclic peptide libraries allowed direct isolation of specific 

covalent binders [15]. Conjugating kinase inhibitors to a separately developed monobody 

showed improvements in both potency and selectivity [16]. Recently, Cheng et al. developed 

ADCs whose antibody and drug components bind to an identical protein target to achieve 

synergistic binding/inhibition effects [17]. In their study, the co-crystal structure of a small 

molecule drug, sitagliptin, a separately developed antibody, 11A19, and the protein target, 

DPP-IV, was solved first [18]. Based on the structure, optimal conjugation sites and linker 

sequences were then searched to create ADCs that exhibited 13 to 32-fold IC50 improvement 

relative to sitagliptin alone against the target [17]. Cheng et al.’s work demonstrated that 

small molecule binding could be improved through conjugating to antibodies, suggesting the 

potential to expand the chemical space and therefore target space of molecular recognition 

agents that involve small molecules. However, the approach requires the independent 

development and characterization of the individual antibody and small molecule components 

and doesn’t incorporate small-molecule binding directly into the antibody/antigen interface, 

which could be advantageous for certain applications. In order to realize the full potential of 

this approach, a workflow that can efficiently identify a compatible antibody sequence and 

conjugation strategy for a desired small molecule binding event would be ideal. 

Recently, Lewis et al. explored a similar concept of fibronectin small-molecule conjugates, 

where the fibronectin component was engineered by yeast display in presence of the 

bioconjugation [19]. The engineered conjugates displayed 9 and 80-fold improvement 

respectively in potency and selectivity against enzyme targets, further strengthening the 

hypothesis that a small molecule binding behavior could be directly tuned by a conjugated 

protein sequence. 

In this study, we explored the feasibility of computationally designing the antibody and linker 

components of synergistically binding ADCs. We introduced the concept of CDR-extended 
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antibodies (CDRxAbs), which are antibodies whose complementary-determining regions 

(CDRs) contain a covalently attached small molecule ligand that binds to a desired target 

with surrounding CDR amino acid sequences tailored to strengthen the target-binding 

interactions (Figure B.2A). For this proof-of-concept study, we focused our design on 

nanobodies, which are llama-derived single-domain antibody fragments [20-22]. Using a 

modified streptavidin-biotin interaction pair as model system, we demonstrated that with 

only the structural knowledge of small-molecule/target interactions, nanobody small-

molecule conjugates can be computationally designed to bind a target tighter than the small 

molecule itself. Through subsequent computationally directed sequence design, the affinity, 

binding kinetics, and overall stability of the conjugates can be improved in a stepwise 

manner. Greater than 20-fold affinity improvements together with targeted kinetic-tuning 

were achieved when the starting small-molecule/target affinity is as weak as 1 μM or as 

strong as 7 nM. Exploration of various computational methods revealed key design 

principles from which we proposed a general design strategy for this novel molecular 

modality. 
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Figure B.2 Computationally designed nanobody-biotin conjugates. (A) Schematic 

representation of workflow. (B) Final model of 4NBX.B-biotin103 in complex with 

mSAWT streptavidin. mSAWT shown in green (left side of figures); nanobody shown in cyan 

(right side of figures); Biotin103 side chain shown as stick. (C) Potential hydrogen bond 

interactions between nanobody and mSAWT. (D) SPR measurement of mSAWT/biotin 

binding with immobilized biotin (left) and immobilized mSAWT. (E) SPR measurement of 

4NBX.B-WT/mSAWT binding (left) and 4NBX.B-biotin103/mSAWT binding (right). (F) 

SPR measurement of mSAS72A/biotin (left) and 4NBX.B-biotin103/mSAS72A binding (right). 

Results and Discussion 

Computationally Designed Nanobody Small-Molecule Conjugation Creates Tighter Binders 

Against the Small-Molecule Target Protein 
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We first asked whether computationally determined nanobody sequences and their designed 

conjugation to a small molecule can exhibit an enhanced binding affinity to the small-

molecule target. Designing the antibody components of synergistically-binding ADCs 

involves creating a new antibody/target interface, which is challenging because of the 

difficulty in predicting the conformation of antibody CDR loops when bound to a target 

protein and the general challenge of accurately modeling long structured loops [23-26]. To 

avoid the challenge of accurately modeling CDR conformations, we adopted an approach 

similar to anchored-design methods [27]. Anchored-design creates new protein–protein 

interfaces by first identifying hotspot residues that favorably interact with the target, then 

designing protein scaffolds to stabilize the anchoring hotspots [27-29]. For synergistically 

binding ADCs, the conjugated small molecule is defined as a hotspot ‘residue’ that interacts 

with the target protein. Therefore, to create co-targeting ADCs, the small molecule can be 

designed as an anchoring noncanonical CDR residue with binding interactions strengthened 

by additional CDR/target interactions, integrating the drug/target interaction into the 

antibody/target binding event and biasing the CDRs to adopt the designed conformation. 

We divided the design strategy into the following two steps: predicting the optimal CDR 

binding poses against the target in the small molecule binding region and searching for a 

conjugation strategy that accommodates both the optimized CDR pose and the target small 

molecule interaction. As a proof-of-concept we chose monomeric streptavidin as a target and 

biotin as the small molecule. Streptavidin/biotin interactions have been structurally well 

characterized. Moreover, monomeric streptavidin variants have been reported with biotin 

binding affinities reduced by more than 105-fold relative to the tetrameric streptavidin parent 

[29, 30] which allows for a range of initial starting affinities. 

To search optimal CDR binding conformations, we first docked various nanobody scaffolds 

onto a monomeric streptavidin structure with a computationally modeled triple mutant, 

S45A/T90A/D180A, that was reported to monomerize streptavidin and reduce the biotin-

binding affinity to 1.7 μM [30]. We then performed loop-modeling for polyalanine CDRs 1, 

2 and 3 on 12 docked poses using TRIAD’s loop-modeling module in an attempt to optimize 
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the CDR conformations against the target surface. Optimized CDR3s were assessed for 

structural integrity by alignment with CDR3s of the same length from 40 nanobodies with 

high-resolution crystal structures. Most of the remodeled CDR3 loops showed greater than 

6 Å CA RMSD to the reference structures (Figure B.S8) which gave us low confidence in 

the accuracy of the remodeled loops. 

In order to constrain the search to sample viable CDR structures, we restricted the search to 

previously observed nanobody CDR binding conformations [31]. We curated a library of 

154 nanobody structures with diverse target-binding CDR conformations from the Protein 

Data Bank (PDB) and individually docked them onto the target streptavidin surface (Figure 

B.S1A). 2310 docked poses were generated and filtered to identify the most realizable 

binding conformations, resulting in 7 final binding poses (Figure B.S1C). Optimal 

conjugation strategies were then searched on the finalized poses. We chose to conjugate 

biotin to nanobody CDRs via cysteine-maleimide chemistry, a commonly used conjugation 

method in ADCs (Figure B.S2A) [32]. We wanted to select the shortest, readily available 

linker possible for this system in order to minimize the number of side chain conformations 

(i.e. rotamers) that needed to be evaluated in the computational modeling and to minimize 

side chain entropy loss upon binding the target. Biotin C2 maleimide was selected as the 

conjugation reagent. Optimal nanobody scaffolds and conjugation sites were determined by 

computationally screening a rotamer library of the cysteine-conjugated side chain at various 

CDR positions on the nanobody/streptavidin poses. The top-ranked conjugation plan was 

amino acid position 103 of the 4NBX.B nanobody scaffold (chain B of PDB structure 

4NBX), which natively binds to the bacterial toxin TcdA, a target unrelated to streptavidin 

[33]; the resulting molecule is named 4NBX.B-biotin103. The computationally relaxed 

complex shows hydrogen bonds between the sidechains of residues Y112 and R27 on 

4NBX.B-biotin103 and the backbone of streptavidin. In the native 4NBX.B complex with 

TcdA, these two residues also participate in intermolecular sidechain/backbone hydrogen 

bonds, suggesting that the designed pose is closely related to the natural binding mode of 

4NBX.B and that these interactions could potentially stabilize the biotin-modified 

nanobody’s interactions with streptavidin. (Figure B.S2B and C). 
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We then synthesized 4NBX.B with site 103 mutated to cysteine and coupled it with biotin 

C2 maleimide. We attempted to purify and refold the S45A/T90A/D128A mutant of 

streptavidin to perform binding measurements, but the molecule was insoluble in our hands 

(data not shown). Therefore, we structurally aligned our triple-mutant streptavidin model and 

a different previously reported monomeric streptavidin variant, mSA (57% sequence 

pairwise identity) (Lim et al., 2013). The C-alpha atom RMSD for the alignment was 0.5 Å. 

We then relaxed the resulting complex of 4NBX.B-biotin103 and mSA (Figure B.S2D). The 

4NBX.B-biotin103/mSA model preserved the rotamer configuration of the conjugated biotin 

from the triple-mutant streptavidin model as well as the intermolecular Y112 and R27 

hydrogen bonds (Figure B.S2D). 

Surface plasmon resonance (SPR) binding experiments conducted at 25 °C confirmed that 

4NBX.B-biotin103 binds to immobilized mSA with a KD of 1.8 ± 0.1 nM compared to mSA 

binding to immobilized biotin with a KD of 7.0 ± 0.1 nM, indicating a moderate 4-fold 

affinity improvement that is largely due to a higher ka (Figures B.2D–E and B.6A). 

Wildtype 4NBX.B did not show binding to immobilized mSA at concentrations up to 

100 nM, indicating that the biotin in the 4NBX.B-biotin103 conjugate is required for binding 

to mSA (Figure B.2E left panel). The SPR-measured biotin/mSA affinity is similar to 

previously published fluorescence polarization spectroscopy data: 2.8 ± 0.5 nM at 4 °C and 

5.5 ± 0.2 nM at 37 °C [34]. However, given the lower data-fitting quality of the mSA/biotin 

binding curves relative to the 4NBX.B-biotin103 binding curves, we performed an 

alternative determination of the mSA/biotin affinity by binding Smt3 SUMO protein 

biotinylated at the N-terminus with biotin C2 maleimide to immobilized mSA. Smt3 SUMO 

protein has an unstructured N-terminus that we hypothesized would minimize the interaction 

between the protein components [35]. The data quality was improved and the resulting KD, 

9.6 ± 1.2 nM, is similar to what we determined above (Figure B.2D right panel). 

To determine whether computationally designed nanobody conjugation shows improved 

affinity when starting with weakly-binding small molecules, we created a single mutation of 

mSA, mSAS27A, whose counterpart S45A in wild type streptavidin reduces biotin-binding 
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strength and was predicted by molecular dynamics (MD) simulation to minimally affect the 

overall structure [36]. Size-exclusion chromatography (SEC) shows that mSAS27A elutes at 

the same time as mSAWT (Figure B.S3A). SPR measurements show that mSAS27A binds to 

biotin with a KD of 1.14 ± 0.02 μM, while 4NBX.B-biotin103 binds to mSAS27A with a KD of 

245 ± 41 nM, indicating a similarly moderate 5-fold improvement in binding affinity 

(Figures B.2F and 6B). Together, the above results demonstrate that a purely computational 

method based solely on structural information of the individual components can be used to 

design CDRxAbs that exhibit affinity-enhancing synergistic binding effects. 

Sequence Design Improves the Binding Affinity and Kinetics for Computationally Designed 

Conjugates 

Next, we performed computational sequence design on the CDR loops of 4NBX.B-biotin103 

with the goal of improving its binding affinity to mSA. We performed in silico site-saturation 

mutagenesis on each CDR position in the complex to identify positions tolerant to mutation, 

resulting in a set of 9 positions (SI Appendix). Computational sequence designs using 

combinations of four identified CDR positions each were tested in parallel. The amino acids 

allowed for each position in these calculations were set based on the known sequence 

diversity of nanobody CDR loops [37]. Analysis of the design output revealed that designs 

with positions 31, 32, 104, and 105 most frequently returned sequences that were predicted 

to form additional intermolecular hydrogen bonds and that were also energetically stable. 

The top-ranked variant by energy, v119, has CDR1 mutations M31H and D32A, and CDR3 

mutations N104S and W105H. New hydrogen bonds were predicted between H31 and Q108 

of mSA and between H105 and E105 of mSA (Table B.S2, Figure B.3A). The D32A 

mutation eliminates a buried, unpaired charged residue. SPR measurements show that the 

v119 variant binds mSAWT with a KD of 0.9 ± 0.2 nM, indicating an ~2-fold improvement 

from 4NBX.B-biotin103WT (Figures B.3A and B.6A). The KD improvement was primarily 

due to an increase in ka (Figures B.3A and B.6A). With the goal of reducing kd, we selected 

variant v149, which has the largest number of predicted hydrogen bonds, 15, of the top 20 

ranked sequences. The v149 variant has mutations M31R, D32S, N104A, and W105R that 
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were predicted to form extensive interactions with Y96, E105, and Q108 of mSA, including 

a potential salt bridge between nanobody R105 and mSA E105 (Figure B.3B). Interestingly, 

R-E interactions appear to be frequently used by nanobodies [38]. Compared to v119, SPR 

measurements for v149 show an ~2-fold lower kd and an ~4-fold higher ka that together 

contribute to a KD of 0.12 ± 0.01 nM, a > 20-fold KD improvement compared to 

biotin/mSAWT affinity (Figure B.3B and B.5A). However, SEC analysis of v149 shows 

signs of aggregation (Figure B.4A). 

 

Figure B.3 Design models and SPR binding for CDR sequence designs v119 and v149. 

(A) v119 design showing potential inter-protein hydrogen bonds (left and middle -- mSAWT, 

green (bottom of figures); v119, cyan (top of figures); Biotin103 thick sticks) and SPR 

measurement of v119/mSAWT binding (right). (B) v149 design showing potential inter-

protein hydrogen bonds (left and middle) and SPR measurement of v149/mSAWT binding 

(right). 
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Figure B.4 Framework design for reduced aggregation. (A) SEC traces normalized by 

monomer peak height of 4NBX.B-biotin103 (biological triplicates – blue traces) and 

4NBX.B WT (orange trace) (top panel), v119 (second panel), v149 (third panel), v186 

(fourth panel) and v186_Fr (bottom panel). ‘*’ indicates instrument artifact. See Figure B.S3 

for additional SEC details. (B) SPR measurement of v186_Fr/mSAWT binding (top panel) 

and v186_Fr/mSAS27A binding (bottom panel). (C) Structural models showing sequence 
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changes between v186 (green, left side of figure) and v186_Fr (cyan, right side of figure). 

Top panels show F37Y mutation in v186_Fr and potential hydrogen bonds for the introduced 

tyrosine. Bottom panels show A12V mutation. 

Sequence Design Reduces Aggregation While Preserving Binding Affinity for the Designed 

Conjugates 

4NBX.B-biotin 103 WT and v119 are well behaved by SEC with single peaks eluting at 

roughly the same time as the wild type 4NBX nanobody (Figure B.4A). The apparent 

reduced stability of v149 is consistent with its predicted higher energy score compared to 

v119 (Table B.S2). To improve the stability of v149, we explored further CDR optimizations 

that would better accommodate the biotin103 side chain in order to stabilize the loop and 

overall structure. We performed two additional rounds of CDR residue mutability analysis 

followed by in-parallel combinatorial designs on v149 until no further CDR mutations were 

predicted to be energetically favorable. Mutations accumulated in previous rounds of design 

were kept in subsequent rounds. In the top 20 sequences ranked by the energy score of both 

additional rounds of design, no additional hydrogen bonds were predicted to form with mSA, 

so the design with the best energy improvement, v186, was selected. The v186 variant has 6 

additional CDR mutations on top of those in v149: Y101L, R107F, R56T, Y106K, D108A, 

and Y110S. The hydrogen bonds predicted in the v149 variant are preserved in v186 and 

v186 appears to bind to mSAWT with a similar KD as v149 (Figure B.S5). However, SEC 

analysis of v186 shows even more aggregation than v149 (Figure B.4A). 

Molecular dynamics (MD) simulations have been successfully applied to reveal the source 

of unexpected or undesired properties in designed proteins [39]. In order to explore the flaws 

of the current designs and inform a design strategy going forward, we perform MD 

simulation of 4NBX.B-biotin103 v186 in complex with mSAWT. The simulations showed 

that the CDR3 loop separates from the β-barrel framework region (Supplementary Movie in 

original publication) suggesting that optimizing the interactions of CDR3 with the 

framework region could lead to improved designs. We performed framework sequence 

design on v186. The top-ranked variant, v186_Fr, was predicted to form additional hydrogen 
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bonds with CDR3 residues through the F37Y mutation (Figure B.4C, Top). In addition, the 

A12V mutation shows increased hydrophobic shielding of the β-barrel core and improved β-

strand propensity relative to alanine (Figure B.4C, Bottom). Interestingly, when the same 

framework sequence design was performed on v149, the parent of v186, the A12V and F37Y 

mutations were predicted to destabilize v149, suggesting that the v186 mutations are required 

to realize the benefit of the A12V and F37Y mutations (Tables B.S2–S4). Table S5 

summarizes the energy scores for proteins experimentally evaluated in this study. 

4NBX.B-biotin103 v186_Fr showed significantly reduced aggregation by SEC. Collected 

main peak fractions did not show signs of re-aggregation when reanalyzed by SEC (Figures 

B.4A and B.S3B). SPR measurements showed the KD of v186_Fr to be 0.20 ± 0.03 nM, 

preserving the >20-fold KD improvement observed with v149 over biotin/mSAWT (Figure 

B.4B top panel, B.6A). The kinetics profile of v186_Fr binding to mSAWT was also similar 

to v149 (Figure B.4B top panel, B.6A). When binding to mSAS27A, v186_Fr showed a KD of 

54 ± 3 nM, indicating an ~20-fold improvement resulting from both improved association 

and dissociate rates (Figure B.4B bottom panel, B.6B). 

To further investigate the structural features of v186 and v186_Fr, we performed additional 

100 ns MD simulations of v186 and v186_Fr bound to mSAWT. During the simulations both 

the overall geometry of the complexes and the conformation of the biotin103 side chain 

remained constant with CA backbone RMSD of less than 1.5 Å (Figure B.S4 and B.5B first 

panel). The 4NBX.B nanobody scaffold has two notable solvent-inaccessible clusters of 

hydrophobic residues one located in the β-barrel core and the other shielded from solvent by 

the CDR3 loop (Figure B.5A). Buried hydrophobic surface area is generally correlated with 

protein folding stability, while hydrophobic surface patches and the exposure of buried 

hydrophobic residues are correlated with loss of stability and aggregation [9, 40]. The MD 

simulations show reduced solvent-accessible surface area exposure for the two clusters of 

hydrophobic residues for v186_Fr relative to v186 supporting the idea that the F37Y and 

A12V mutations in v186_Fr reduce aggregation by stabilizing the framework region and 

reducing the exposure of hydrophobic surface area (Figure B.5A). 



 

 

128 

 

Figure B.5 MD simulation analysis of various models. (A) Solvent accessible surface area 

distribution from 100 ns MD simulations for two hydrophobic residue clusters shown as red 

spheres in the left and right panels. Data for v186 shown in blue; data for v186_Fr shown in 

red. (B) Analysis of CA backbone RMSD to average structure (upper left panel), interface 

shape complementarity (upper right panel), interface buried surface area (lower left panel) 

and interface separation distance (lower right panel) from 100 ns MD simulations shown in 

triplicate for the v186_Fr/mSAWT complex. All MD simulation frames were used in the 

analysis. 

To ensure that the prepared conjugates contain a single biotin-maleimide conjugation per 

nanobody molecule, we used intact-protein mass spectrometry (MS) to analyze a set of 
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variants. The most abundant species from deconvolution of the mass spectra had molecular 

weights within 3 Da of the expected values of mono-biotin conjugation (Figure B.S6). 

Subpopulations within ± 20 Da of the expected values were also observed, which could result 

from succinimide ring opening, ion adduct formation, pyroglutamate formation or other 

processes (Figure B.S6). These subpopulations could have been present in protein 

preparations before samples were subjected to mass spec analysis or could have arisen as 

part of the mass spec analysis itself or some combination of the two. In the first and third 

scenarios, the amount of active material could have been less than 100% of the measured 

protein quantity which could lead to inaccuracies in the SPR analysis. 

To address a question of whether the final design, v186_Fr, would still bind TcdA, the native 

target of the parent nanobody scaffold, we examined the interface between the parent 

nanobody and TcdA in PDB structure 4NBX.B (chain B of PDB structure 4NBX). The site 

of biotin conjugation, A103 (A110 in 4NBX chain B PDB numbering – see Table B.S6 for 

amino acid sequences for the protein templates used in this study), is directly in the interface 

between the nanobody and TcdA. A103 makes extensive van der Waals contacts with TcdA. 

Mutating the alanine at this position to cysteine and coupling it to biotin-C2-maleimide 

introduces considerable steric bulk at this site. Although we did not test for binding of 

v186_Fr to TcdA, modeling analysis suggests that no binding is to be expected. 

Designing Directly Against mSA Yields Tight Binding Nanobody Small-Molecule Conjugates 

Because the 4NBX.B nanobody scaffold described above was not obtained by directly 

docking nanobody scaffolds against mSA, we performed the docking, filtering, and rotamer 

screening steps using mSA and selected scaffold 2X89.A with biotin conjugated to position 

57 (Figure B.S7A and B top panel). Similar to the 4NBX.B-biotin103 variants, the selected 

pose of 2X89.A was predicted to interact with mSA through a R-E interaction (in addition to 

other potential intermolecular H-bonds) (Figure B.S7B top panel). In order to ensure a 

single conjugation site, two cysteines at positions 33 and 104 that form an intra-CDR 

disulfide bond in 2X89.A were replaced by alanine residues. The initial conjugate, 2X89.A-

CCAA-biotin57 binds to mSAWT with a KD of 0.8 ± 0.2 nM (Figures 



 

 

130 
B.6A and B.S7B bottom panel). 2X89.A-CCAA-biotin57 was shown to aggregate by SEC 

analysis (Figure B.S7C). To reduce aggregation, we constructed a sequence design pipeline 

that alternates between CDR and framework sequence optimization based on our previous 

experience designing 4NBX.B-biotin103 variants and applied the pipeline to 2X89.A-

CCAA-biotin57 (Figure B.S7D). Six rounds of CDR sequence design and one round of 

framework sequence design resulted first in worsening and then ultimately improving the 

aggregation profile after 18 mutations were accumulated (Figure B.S7E), a trend similar to 

what we observed in the optimization of 4NBX.B-biotin103. The resulting KD of 2.8 nM is 

reduced relative to the initial design, suggesting a possible tradeoff between improved protein 

stability/aggregation and binding affinity. 
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Figure B.6 Summary of results and design workflow. (A and B) Summary of SPR 

determined binding affinities and kinetic parameters for the various complexes studied in 

this report. Setups for the SPR binding experiments are depicted by the cartoon above the 

lanes Individual data points are from biological triplicates. Error bars in figures show 

standard deviation. (C) Summary of design workflow for creating synergistically binding 

nanobody-small molecule conjugates. 

Conclusions 

We developed and validated a structure-based computational protein design workflow that 

relies on pre-existing ligand-receptor structures to engineer ligand-antibody hybrids with 

synergistic binding behavior. We believe this workflow will contribute to the expanding 

computational toolbox that optimizes protein-engaging small molecules for improved 

functions [41]. Using mSA/biotin as a model system, we showed that biotin/nanobody 

conjugates bind tighter to the mSA target than biotin alone. Our results showed that the 

affinity, kinetics and stability of the conjugates can be computationally designed and 

improved in a stepwise manner, which allows for a highly tunable optimization process. This 

approach allows the target-binding properties of the small molecule to be tuned through 

changes in the amino acid sequence of the conjugated antibody. The binding interface for the 

designed conjugates leverages the deep binding pockets common for small molecules and 

the broad contact interface common for antibodies [42, 43]. Combining these binding 

characteristics into a single molecular entity may offer solutions to challenges such as off-

target binding of small molecule drugs and tackling undruggable targets in pharmaceutical 

development. 

Testing the design strategy introduced in this study on therapeutically relevant targets is an 

obvious next step. In addition, examining the use of virtually docked small-molecule/target 

complexes and explicitly testing for improvement of binding specificity promise to be 

interesting avenues for future research. There are a number of computational approaches that 

could be used to improve the overall design strategy. Virtually recombining structural 

fragments was reported to improve affinity maturation of computationally designed 
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antibodies [28, 44, 45]. Algorithms that explicitly bias for the formation of hydrogen-

bonding networks were also proven to be useful for improving the binding affinity and 

specificity of designed protein/protein interfaces [46]. Advanced loop-modeling methods 

and ensemble design could also facilitate a more accurate assessment of binding poses for 

the conjugates and potentially improve the engineering of binding specificity [47, 48]. 

Methods 

Computational Design Workflow for Nanobody-Biotin Conjugates 

The protein design software package TRIAD (Protabit LLC) together with PyMOL 

(Schrodinger) and OpenBabel [49] were used to perform computational protein design and 

analysis in this study. The detailed process and setup are described below. 

A. Design process of 4NBX.B-derived nanobody-biotin conjugates 

Searching optimal streptavidin-binding nanobody CDR conformations by docking and loop 

modeling 

A monomeric streptavidin model, S45A/T90A/D180A, was prepared from the crystal 

structure of wild-type tetrameric streptavidin (PDB ID: 1MK5). A single subunit was 

extracted and standardized using TRIAD. The S45A/T90A/D128A mutations were then 

introduced using the TRIAD sequence-design module. Initially, we attempted optimizing 

nanobody/streptavidin binding conformations by protein-protein docking followed by loop 

modeling of the nanobody CDRs. We used a published nanobody structure (PDB ID: 5VNW, 

chain C) as the starting nanobody scaffold with all CDR residues replaced by alanine using 

TRIAD sequence design in a hope to avoid sequence bias [50]. The nanobody scaffold was 

docked onto a set of manually selected surface residues surrounding the binding pocket of 

the monomeric streptavidin model. Docking was performed using an FFT-based docking 

algorithm and the top 15 CDR binding poses were kept [51]. CDR loop modeling of each 

pose was then performed to attempt optimizing binding to the target using the TRIAD loop 

modeling module. Only the top solution for each pose was kept. Based on visual analysis, no 
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solutions had reasonable CDR conformations that would be beneficial for binding. The 

sequence of the monomeric streptavidin used for these calculations is listed below with the 

residues selected as docking targets surrounded by brackets: 

2EAGITGTWY(NQLGS)TFIVTAGADGALTGT(YEAAVGNAESRY)VLTGRYDSAPA

TDGSGTALGWTVA(WKNNYRNAHSA)ATWSGQYVGGAEARINTQ(WLLTSGTTE

ANAWKSTLVGHATFT)KVK. 

Searching optimal streptavidin-binding nanobody CDR conformations by docking native 

CDR sequences and conformations 

154 nanobodies crystal structures with resolutions better than 3Å, complete electron density, 

and structurally diverse target-binding CDR conformations were assembled from published 

nanobody/target complexes from the PDB (see section C below). The TRIAD surface-

complementarity module was used to perform interface analysis on the 154 nanobody-target 

complex structures to collect statistics on separation distance, shape complementary, and 

buried interface area for use in evaluating designs (Figure B.S1B) [52]. CDRs for each 

nanobody were annotated following established nanobody CDR-mapping criteria [37] but 

with softer edge cutoffs so that the sampled geometries of nanobody approaching are not too 

stringent. 

Each nanobody was docked to the previously selected binding pocket surface (defined 

above) using the monomeric streptavidin model and the annotated CDR loops. The top 15 

poses for each docking trial were kept. Initially, we performed alanine-replacement on all 

CDR residues before docking. However, several CDR sequence design trials using the dock 

complexes resulted in the selection of mostly small amino acids, suggesting that the poly-

alanine CDRs resulted in streptavidin/nanobody distances that were too close. Therefore, we 

decided to dock the 154 nanobody structures using their native CDR sequences. 2310 docked 

poses were generated and then filtered using three selection steps to identify the most native-

like binding poses. Step one selected poses with interface separation distance, shape 

complementary score, and buried interface area within 1 standard deviation of the values 
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obtained for the 154 nanobody/target structure dataset (Figure B.S1B). This filter resulted 

in 231 poses. Step two then selected nanobody poses where the nanobody/streptavidin 

interface utilized >80% of the nanobody residues that participate in the native 

nanobody/target interface, where the interface residues were determined using a PyMOL 

script that evaluates changes in solvent accessibility between the docked and undocked 

structures (PyMOL Wiki). This filter resulted in 31 poses. The last step selected poses that 

directly blocked the biotin binding pocket and resulted in 7 final poses (Figure B.S1C). 

Binding pocket blockage was assessed using PyMOL to calculate the change in solvent 

accessible area between the bound and unbound complex for the following selected residues 

that are a subset of the docking target residues and closely surround the biotin molecule 

(highlighted in parentheses along with the full streptavidin sequence): 

EAGITGTWYN(QLGS)TFIVTAGADGALTGTYEAA(VGNA)ESR(Y)VLTGRYDSAP

ATDGSGTALGWTVA(W)KNNYRN(AHS)AATWSGQYVGGAEARINTQ(W)L(L)T(S

)GTTEANAWKSTLV(G)H(A)T(FT)KVK. 

Rotamer library generation for biotin C2 maleimide side chain and conjugation plan 

determination 

A rotamer library for the biotin-CH2-CH2-succinimide-S-CH3 “side chain” was constructed 

using OpenBabel [49] and virtually screened against CDR amino acid locations on the 7 

poses from above to find the optimal conjugation sites. In the rotamer library, the biotin 

portion remains fixed, while the CH2-CH2-succinimide-S-CH3 portion is structurally 

diversified through torsion angle modifications. Screening was done by measuring the 

distance between the terminal carbon of the rotamer and the Cβ of respective CDR residues, 

steric clash between the rotamer and streptavidin, steric clash between the rotamer and the 

nanobody, and the angle of the rotamer’s terminal carbon with respective to the target Cα 

attachment point on the nanobody. Rotamers that were <1 Å from the target Cβ, clashed with 

streptavidin by <1 unit, clashed with the nanobody by <15 units, and had attachment point 

angles between 100-120 degrees were kept for further evaluation. Measurements were 

performed only for CDR residues that are originally alanine, which is similar in size to 
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cysteine, as we hypothesized that making an alanine to cysteine mutation would be less likely 

to cause serious structural consequences for the nanobody. Alanine 103 on 4NBX.B was the 

only conjugation site that passed all of the filters, and the rotamer that clashed least with both 

streptavidin and the nanobody was selected for further processing. To prepare the final 

conjugation structure, excess atoms were removed and a bond was made between the Cβ of 

the biotin-CH2-4CH2-succinimide-S-CH3 “side chain” and the Cα of 4NBX.B at position 

103. The conjugated 4NBX.B-biotin103 structure bound to S45A/T90A/D128A streptavidin 

was then relaxed using BIOGRAF [53] with force restraints placed to maintain the biotin-

streptavidin hydrogen bonds and torsion angles of the aliphatic arm portion of biotin. To 

prepare the 4NBX.B-biotin103/mSA structure, the crystal structure of mSA (PDB ID: 4JNJ) 

was aligned to the modeled triple-mutation streptavidin structure, and the resulting complex 

with 4NBX.B-biotin103 was relaxed using BIOGRAF with the same force restraints as 

above [53]. 

4NBX.B-biotin103 sequence designs 

CDR sequence design was first performed on the 4NBX.B-biotin103/mSA model. CDR 

residues were determined following established nanobody CDR-mapping criteria [37], and 

specifically by first aligning the 4NBX.B model with an example nanobody structure in 

agreement with that criteria (PDB ID: 5VNW, chain C), and then selecting the corresponding 

CDR residues on 4NBX.B. Residues 27-34 were selected as CDR1, 47-60 were selected as 

CDR2, and 98-111 were selected as CDR3. Single residue site-saturation mutation scans 

were performed on each CDR position using reduced sets of amino acids that were reported 

to be frequently used in each corresponding CDR position [37]. The wild-type amino acid 

was considered for each position. The amino acid sets for each position were as follows: 

Table B.S1: 4NBX.B-biotin103 amino acid sets for site-saturation mutation scans. 

Positions Amino Acids 
27 N, S, T, Y 
28, 51 I 
29 S, F 
34 M 
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47 F, L 
48 V 
49, 60, 98 A 
50, 55 A, G, S, T 
52 A, D, G, Q, S, T 
54 G 
56 I, N, S, T 
57, 58 T 
59 N, Y 
60, 111 Y 
109 F, H, L, Y 
30-33, 53, 99-102, 104-108, 110 A, R, N, D, Q, E, G, H, I, L, K, F, P, S, T, 

W, Y, V 
 

Position 103 with the attached biotin “side chain” was left un-designed and the coordinates 

for all atoms were left unchanged. The Rosetta force field [54] option with covalent terms 

was used in TRIAD for design the calculations. The BIOGRAF-relaxed 4NBX.B-

biotin103/mSA structure was used as the input design model. During the design calculations, 

residues that were within 10 Å from the position being evaluated were allowed to repack. 

Each rotamer optimization for the position being evaluated was initiated by random rotamer 

configurations and then repacked while the Cα backbone was allowed to relax through 

Cartesian minimization to optimize the structure for different amino acid choices, which 

were then ranked given the energy scores of the corresponding modeled structures after 

iterative rotamer repacking and backbone relaxation. The chemical attributes of the biotin103 

“side chain” were generated by TRIAD and then used during the design calculations of the 

energy scores. 10 runs with different random seeds were performed for each design 

calculation and averaged to reflect the final amino acids preference for each site that 

underwent single-site mutation calculations. Mutation choices with lower Rosetta energy 

unit than the WT amino acids were kept as designable mutations. Designability of each site 

was reflected by the sum of Rosetta energy unit differences of designable mutations from the 

corresponding WT amino acid choice. As the result, the output designable sites ranked by 

designability were as follows: 105, 109, 107, 104, 106, 32, 108, 31, and 56. Those sites were 

also separately grouped into two bins. Bin 1 contains sites that interact with the original target 

of 4NBX.B: sites 105, 104, 32, and 31, of which the order was ranked by designability. Bin 
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2 contains sites that do not interact with the original target of 4NBX.B: sites 109, 107, 106, 

108, and 56, of which the order was ranked by designability. 

Combinatorial designs with different choices of designable sites were performed in parallel. 

Combinatorial design 1 was performed on all the 9 designable sites. Combinatorial design 2 

was performed on the designable sites in bin 1 only. Combinatorial design 3 was performed 

on the designable sites in bin 1 and bin 2, with an exception that for bin 2 sites, only mutation 

choices that are different from WT amino acid with >1 Rosetta energy units were used. 

Combinatorial design 4 was performed on the designable sites in bin 1 and bin 2, with an 

exception that for bin 2 sites, only the top-ranked mutation choice by energy score was used. 

Combinatorial designs were performed with the same configurations as single-site mutation 

designs that were described before, with one difference: the output sequences from the 10 

parallel design runs were re-ranked by threading the sampled sequences in each run 

individually onto the backbone of the input structure, followed by rotamer repacking and 

backbone Cartesian minimization. The TRIAD-modeled structures and Rosetta energy 

scores of the top 20 sequences of the re-ranked sequences were used to evaluate design 

results. 

Structures of the top 20 sequences for the 4 combinatorial designs were analyzed by PyMOL 

to identify intermolecular H-bonds between mSAWT and 4NBX.B-biotin103 variants, and 

intramolecular H-bonds within 4NBX.B-biotin103 variants, using a publicly available 

PyMOL script that relies on the “find_pairs” command module of PyMOL [55]. The goal 

was to find sequences with improved overall energy score, new intermolecular H-bonds with 

mSAWT, and intramolecular H-bond profile comparable to 4NBX.B-biotin103 WT, as the 

imbalance of forming new interactions with targets and keeping the structural integrity was 

a common reason behind the failure of designing protein-protein interactions [56]. All 

combinatorial designs output sequences with improved energy scores, but only combinatorial 

design 2 output the top 20 sequences with an average number of intermolecular H-bond 
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higher than that of the 4NBX.B-biotin103 WT against mSAWT. The top 20 sequences in 

combinatorial design 2 also had the highest average number of intramolecular H-bonds in 

the nanobodies among the 4 designs. Variant v119 was the top-ranked sequence in 

combinatorial design 2, and variant v149 had the highest number of predicted intermolecular 

H-bonds among the top 20 sequences (Table B.S1).  

To improve the stability of v149, we hypothesized that a suitable method would optimize the 

protein structure while keeping the designed interactions contributed by 

R31/S32/A104/R105, the new anchoring spots, unchanged, without altering the target 

backbone structure too much. Therefore, we devised a sequential design workflow that 

creates stepwise local structural optimizations that compensate for the mutations built-up in 

previous steps. As the result, subsequent rounds of CDR sequence designs were performed 

on v149. For each round, single-point mutation scan was first performed on the CDR residues 

using the identical setup as the first round of design. The calculation results were processed 

in the same way as the first round of design, with an exception that only mutation choices 

that are different from WT amino acid with >1 Rosetta energy units were kept for all further 

combinatorial design calculations. Next, skipping the sites that were mutated in previous 

rounds of design, four combinatorial designs were performed on the designable sites reported 

by the single-point mutation scan calculation. Combinatorial design 1 was performed on all 

designable sites with the reported designable mutation choices. Combinatorial design 2 was 

performed only the designable sites in bin 1 with the reported designable mutation choices. 

Combinatorial design 3 was performed on top 5 designable sites with the reported designable 

mutation choices. Combinatorial design 4 was performed on 5 designable sites ranked by 

designability, but with a bias on sites in bin 1. In other words, sites in bin 2 were not used 

unless the number of sites in bin 1 was smaller than 5. All combinatorial design calculations 

were performed and processed under the same setup as the first round of design.  

The second round of design was performed using the output structure of v149 from the first 

round of design as input. No improvement in the number of intermolecular H-bond formation 

was observed for the outputs of all the 4 combinatorial designs, while the numbers of 
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intramolecular H-bond were minimally different among the designs. Therefore, the design 

result with the biggest overall difference in energy score among the top 20 sequences against 

v149, combinatorial design 4, was chosen, and of which the sequence with the best energy 

score, v149 plus Y101L/R107F, was selected as the input structure for the third round of 

design. Combinatorial design 4 was performed with sites 27/59/101/107/110. In the third 

round, again no improvements in the number of intermolecular and intramolecular H-bonds 

were observed among the 4 combinatorial designs. So, the sequence with the best energy 

score, v186 (v149 plus Y101L/R107F/R56T/Y106K/D108A/Y110S), of combinatorial 

design 1 whose top 20 sequences showed biggest overall improvement in energy scores 

against the input sequence was selected. Combinatorial design 1 was performed with sites 

27/29/56/106/108/110. A further round of CDR design was performed on v186 and all 

combinatorial design results returned sequences with worse energy score than v186.  

Because v186 turned out to be even more prone to aggregation than v149, and based on MD 

simulation results of v149 against mSAWT, we hypothesized that only mutating CDRs was 

not sufficient. Therefore, we proceeded to design the framework regions of v149. Because 

the frameworks of nanobodies are highly conserved [37], suitable sets of amino acid choices 

and locations would be crucial for the design calculation. Because the previous CDR designs 

were based on a published summary of nanobody CDR sequence diversity, we referred to 

the framework sequence used in that study for framework sequence design [37]. We aligned 

4NBX.B-biotin103 v186 with chain C of 5VNW, identified framework sites where the two 

nanobodies differ, and performed a combinatorial design with the selected sites being one or 

the other amino acid choice. Site positions and sequence choices were as follows: 5-V/G, 12-

A/V, 35-A/G, 37-F/Y, and 40-P/A. The v186 structure output by the third round of design 

was used as input, and the configurations and processing of design calculation were the same 

as the combinatorial CDR sequence designs described previously. The top-ranked sequence 

by energy score was v186_Fr (v186 plus A12V/F37Y) (Table S2). Framework design with 

identical amino acid sites, sequence choices, and calculation configurations was performed 

using v149 as input, and the design results were also reported in this study for comparison 

(Table B.S3). 
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As a comparison, we performed two rounds of CDR sequence design using the above-

described configurations on v119. Combinatorial designs in both rounds failed to produce 

variants with new inter-molecular H-bond formation in the top 20 variants, so the 

combinatorial designs with best overall energy improvement than the input sequence were 

chosen, and the top-ranked sequences by energy score in those designs were used as input 

for further rounds of design and experimental testing. No improvements in kinetics and 

affinity were observed in these selected sequences (data not shown), in agreement with the 

unchanged inter-molecular H-bond profiles and with what we observed for v186 versus 

v149. 

B. Design process of 2X89.A-derived nanobody-biotin conjugates 

Docking, pose filtering, rotamer screening, and binding pose generation for 2X89.A-CCAA-

biotin57 WT against mSAWT 

The 154 nanobody structures from PDB with native CDR sequences were docked against a 

manually selected set of surface residues around the biotin-binding pocket of mSA, in the 

same way as described in part A. The amino acids being docked against are highlighted 

below by parentheses with the rest of mSA sequence shown for reference: 

GAEAGITGTWYN(QSG)STFTVTAGADGNLTGQY(ENRAQGTG)C(QNSP)YTLTGR

YNGTKLEWRVEWN(NSTENCH)SRTEWRGQYQGGAEARINTQWNLT(YEGGSGP

ATEQGQDT)FTKVK. 

Filtering procedures of the docked poses were also identical to those introduced in part A, 

with an exception that the following residues (highlighted by parentheses) were selected as 

the target for binding pocket blockage filter: 

GAEAGITGTWYN(QS)GSTFTVTAGADGNLTGQYENRAQGTGCQNSPYTLTGRYN

GTKLEWRVEWNNSTENCHSRTEWRGQYQGGAEARINTQWNLT(YEGGSGPATE

QGQDT)FTKVK. 
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6 poses that respectively comprised nanobodies 2X89.A, 3EBA.A, 4LHQ.B, 4OCL.C, 

3V0A.C, and 4P2C.G passed the series of filters. Visual inspection of the poses revealed that 

the 4OCL.C and 3V0A.C binding poses showed significant contacts that are mediated by 

nanobody residues outside of the CDRs, so the corresponding two poses were discarded since 

these binding modes were potentially unrealistic. As the result, 4 final binding poses were 

kept for the evaluation of optimal conjugation sites (Figure B.S7A). 

The biotin-CH2-CH2-succinimide-S-CH3 rotamer library built in part A was used again for 

rotamer screening. Because the design process of the 4NBX.B-derived CDRxAbs 

demonstrated that our design capability allowed structural stability of the conjugates to be 

designed after binding synergy was designed, we did not put much emphasis on preserving 

structural integrity in the early stage of the design process of 2X89.A-derived CDRxAbs. 

Therefore, instead of screening only against alanine CDR residues, all CDR residues were 

screened by measuring the distance between the terminal carbon of the rotamer and the Cβ 

of respective CDR residues, steric clash between the rotamer and the streptavidin, steric clash 

between the rotamer and both proteins, and the angle of the rotamer terminal carbon 

approaching the respective attachment spot. Conjugation geometries that clashed with 

streptavidin by <0.5 unit, clashed with both proteins by <10 units, approached the attachment 

spot by 100-120 degree, and were <2 Å away from the Cβ of screened conjugation sites were 

kept. Only one rotamer that was screened against I57 of 2X89.A passed the filter. The final 

conjugation structure was prepared by BIOGRAF, under the same parameters as described 

in part A [53]. 

To remove the intra-CDR disulfide bond in the Biograf-relaxed structure, C33A/C104A 

mutations were introduced by TRIAD sequence design module to create the finalized model 

of 2X89.A-CCAA-biotin57/mSA for further sequence design optimization.  

Subsequent sequence design of 2X89.A-CCAA-biotin57 conjugates  

Summarizing the experience from the design process of the 4NBX.B-biotin103 conjugates, 

we gained the following insights into the sequence design principles of CDRxAbs: 
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1. Performing sequential rounds of design on limited sets of amino acid sites and 

choices that are recommended by iterative energetic and structural analysis allows 

functionally-improved CDRxAb mutants to be discovered without experimentally 

screening a large set of sequences. 

2. New intermolecular interactions between the nanobody scaffold and the target can 

be engineered first before further mutations are introduced to optimize the structural 

integrity of the conjugates. 

3. Simply mutating CDR residues is not sufficient for structural optimization of the 

conjugates, and mutated CDR residues likely need accommodation by introducing 

mutations in the β-barrel framework region. 

Based on the above principles, we established a rudimentary sequence design pipeline and 

tested it on 2X89.A-CCAA-biotin57 to create mutants that are less prone to aggregation. The 

pipeline is detailed below (Figure B.S7D): 

1. The pipeline performs sequential rounds of sequence design that is either restricted 

on CDR residues or framework residues. The first round of design is performed on 

CDR residues. Residues that are mutated in previous rounds are kept from mutation 

in further rounds. 

2. H-bonds are still the only intermolecular interactions that are explicitly evaluated 

after design calculations and biased towards for sequence selection, but other types 

of interactions can be evaluated if they are deemed to be crucial for specific scenarios. 

3. CDR sequence design follows the procedures of designing the CDR loops of v149, 

as described in part A, with one exception: besides the four combinatorial designs, it 

is optional that two additional combinatorial designs can be performed in parallel, 

respectively on all identified sites and amino acid choices in bin 2, and on the top 5 

designable sites with a bias on sites in bin 2. All combinatorial designs are evaluated 

together as described in part A. 
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4. Framework design follows the procedures of designing the framework of v186, as 

described in part A. 

5. To evaluate the design results of CDR design, the following steps are used: 

a). Sequences that showed worse energy score than the immediate parent sequence 

are discarded. 

b). Sequences with the number of intermolecular H-bonds lower than the immediate 

parent sequence are discarded. 

c). If no sequences survived filters a and b, perform framework design on the 

immediate parent sequence. 

d). For sequences pass the filters, the sequence that has the highest number of 

intermolecular H-bonds and the best energy score among sequences that share the 

same number of intermolecular H-bonds is kept as input for the next round of CDR 

design. 

6. To evaluate the design results of framework design, the following steps are used: 

a). Sequences that showed worse energy score than the immediate parent sequence 

are discarded. 

b). Sequences with the number of intermolecular H-bonds lower than the immediate 

parent sequence are discarded. 

c). Sequences with the number of nanobody intramolecular H-bonds lower than the 

immediate parent by >1 are discarded. 

d). If no sequences survived filters a-c, design fails. 
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e). For sequences pass the filters, the sequence that has the highest energy score is 

kept as input for the next round of CDR design. 

The outputs after rounds 3, 5, 6, and 7, which are variants v37, v42, v20, and v5 were selected 

for experimental testing. 

C. Nanobody sequences that are used in this study for docking and binding pose selection 

Note: Sequences are represented by [PDB ID].[chain name] 

1BZQ.K, 1JTT.A, 1KXQ.E, 1OP9.A, 1ZVH.A, 1ZVY.A, 2X89.A, 3EBA.A, 3JBC.7, 

3JBE.7, 3JBF.7, 4GRW.E, 4I0C.C, 4W6W.B, 5BOP.A, 5C2U.B, 5FOJ.A, 5M13.B, 

5TJW.K, 2XT1.B, 3K74.B, 3SN6.N, 4C57.C, 4EIZ.C, 4FHB.D, 4GRW.F, 4HEM.E, 

4KML.B, 4LGP.B, 4N9O.B, 4NBY.B, 4NBZ.B, 4TVS.b, 5C3L.D, 5F1K.C, 5F1O.B, 

5H8O.A, 5IMK.B, 5J57.B, 5JA8.B, 5JMO.C, 5KU2.7, 5LHN.B, 5NBD.C, 5O03.C, 

5USF.C, 5UZ7.N, 5VXL.B, 5VXM.B, 4Z9K.B, 5IVN.A, 3QXT.A, 4DK3.A, 4GFT.B, 

4KRL.B, 4LHQ.B, 4N1H.B, 4S10.A, 5OJM.K, 5UKB.a, 5VXK.B, 1I3U.A, 1RJC.A, 

4GRW.H, 4IOS.D, 4OCL.C, 5BOZ.G, 5JDS.B, 5M2M.D, 1KXV.C, 1QD0, 1RI8.A, 

1ZV5.A, 3JBD.7, 3K3Q.A, 3QXV.A, 3RJQ.B, 3STB.A, 4AQ1.B, 4CDG.C, 4I13.B, 

4QO1.A, 4W6X.B, 4WEM.B, 4XT1.C, 5E0Q.A, 5G5R.B, 5GXB.B, 5LHR.B, 5LWF.C, 

5O8F.K, 5OCL.B, 4C58.B, 2XXM.B, 3JBG.7, 4X7F.C, 5F21.B, 5F7K.C, 5HVG.B, 

4LHJ.B, 4M3K.B, 5HVF.B, 5MJE.B, 1G6V.K, 2X6M.A, 3K1K.C, 3V0A.C, 4U3X.A, 

5E5M.B, 5HGG.S, 5HM1.A, 5J56.B, 5JA9.A, 5MWN.N, 5O2U.B, 5OVW.G, 5TOK.D, 

1KXT.B, 3CFI.C, 3K81.A, 4EIG.B, 4HEP.G, 4LGR.B, 4MQS.B, 4NBX.B, 4NC2.B, 

4P2C.G, 4W6Y.B, 4YGA.B, 5DFZ.E, 5IP4.A, 5J1S.C, 5JQH.C, 5KTZ.7, 5KU0.7, 

5KWL.7, 5L21.B, 5MY6.B, 5O02.C, 5O04.E, 5O0W.E, 5OCL.A, 5OMN.C, 5TOJ.D, 

5UK4.a, 5VXJ.B, 4X7C.C, 3EZJ.B, 5F7L.B, 5M30.D, 5M94.B, 3P0G.B, 4LDE.B, 2BSE.D 
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Figure B.S1 Searching for optimal CDR conformation against monomeric streptavidin 

model. (A) Whole structural alignment of 154 curated PDB nanobody scaffolds with diverse 

CDR conformations and sequences. (B) Interface statistics of naturally occurring nanobody-

target complexes. Error bars represent standard deviations. (C) The final 7 docked poses of 

nanobody scaffolds that passed the filters selecting poses that most likely recapitulate the 

natural binding modes of the corresponding nanobody scaffolds. Streptavidin 

S45A/T90A/D180A is colored green, and nanobody scaffold is colored cyan. 
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Figure B.S2 Identification of optimal conjugation strategy and finalized conjugate 

models. (A) Biotin conjugation was performed by biotin C2 maleimide with mutated 

cysteine residues. (B) Prepared structure of 4NBX.B-biotin103 in complex to streptavidin 

S45A/T90A/D180A. Streptavidin S45A/T90A/D180A is colored green, and nanobody 

scaffold is colored cyan. (C) The H-bond forming potential of Y112 and R27 in 4NBX.B 

nanobody was predicted to be recapitulated in the designed binding pose with the streptavidin 

model. Streptavidin S45A/T90A/D180A is colored green, and nanobody scaffold is colored 

cyan. Biotin103 side chain is shown as stick. Y112 and R27 together with their predicted H-
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bond partners are shown as line. (D) Alignment results for prepared structures of 4NBX.B-

biotin103 in complex with streptavidin S45A/T90A/D180A and mSA. Streptavidin models 

are colored green, and nanobody scaffolds are colored cyan. Residues that were identified by 

sequence alignment as pair-wise identical sequences are colored red. Biotin103 side chain 

from both models is shown as a stick. 
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Figure B.S3 Additional Supporting SEC Traces. (A) SEC traces of mSAWT and 

mSAS27A. (B) SEC rerun trace of collected monomeric fraction for 4NBX.B-biotin103 

v186_Fr for an independent re-expression and purification. (C) Buffer only run of the FPLC 

that reveals instrument artifacts (i.e. spikes) that appear in many of the SEC traces and that 

are labeled with “*” in Figure 3A. A different, well-behaved FPLC system was used for (B). 

(D) Unnormalized SEC traces for proteins shown in Figure B.4A. 

 

Figure B.S4 Summary of MD simulations performed for 4NBX.B-biotin103 v186 and 

v186_Fr against mSAWT. For each simulation, 400 snapshots evenly spaced along the 100-

ns timescale are aligned together. green: mSAWT. cyan: nanobody-biotin conjugates. The 

biotin103 “residue” is shown as a stick. 
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Figure B.S5 SPR measurements from the intermediate design variants. Biological 

replicates not shown in the main text were included for affinity and kinetics estimation. 
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Figure B.S6 Intact-protein mass spectrometry (MS) confirmed mono-conjugated 

materials. MS deconvolution of nanobody-biotin conjugates returned MWs within 20 Da of 

the expected MW of mono-conjugated materials. The most abundant component for all four 

proteins is the mono-conjugated product (noting the ± 3 Da resolution of the mass spec 

instrument that was used). The differences between the expected and observed masses are 

1.9 Da, 1.8 Da, 2.5 Da, and 2.6 Da, respectively. The expected mass is larger than the 

observed mass in all cases. The next most abundant component for three of the four cases 

has approximately +17 Da of added mass, presumably corresponding to succinimide ring 

opening: 17.0 Da, 16.8 Da, 17.6 Da (for the 24.6% component), and 17.6 Da, respectively. 

The final two components for the last two proteins (at 28.6% and 12.2% abundance, 

respectively) are approximately 17 Da lighter than the mass of the mono-conjugated protein: 

17.1 Da and 17.3 Da, respectively. This mass difference could reflect N-terminal 

pyroglutamate formation given that all of the nanobodies used in this study have N-terminal 

glutamines (Table B.S5). 
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Figure B.S7 Designing and testing of a nanobody scaffold obtained by directly docking 

against mSA. (A) Finalized nanobody scaffolds and binding poses against mSA 

streptavidin. (B) Predicted H-bond formation profile and SPR binding curve for 2X89.A-

CCAA-biotin57 WT against immobilized mSAWT. Data from one of the triplicates is shown 

here, and data from the other two replicates is in Fig. S5. (C) Size-exclusion chromatography 

(SEC) traces of biological triplicates for 2X89.A-CCAA-biotin57, normalized by monomer 

peak height for better comparison of aggregates formation. * indicates peaks of sample-

irrelevant instrument defect of the overall FPLC, please refer to figure S3C for more details. 

(D) A rudimentary sequence design pipeline that performs CDR and framework design in a 

step wise manner. (E) SEC traces and newly accumulated mutations for sequence-designed 

variants of 2X89.A-CCAA-biotin57 conjugates. Peak of the monomeric fractions were 

normalized to identical heights. * indicates peaks of sample-irrelevant instrument defect of 

the overall FPLC, please refer to figure S5C for more details. 
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Figure B.S8 CDR3 loop modeling for 12 docked poses. 40 PDB nanobody X-ray crystal 

structures with less than 3 Å resolution that share the same CDR3 length as the remodeled 

pose were aligned using all amino acids, and then the CA RMSD between CDR3 amino acids 

were calculated for each aligned pair of structures. 

Table B.S2: Top 20 sequence outputs from CDR design of site 31, 32, 104, and 105 on 
4NBX.B-biotin103 WT. (Ranked by energy score) 
 
Ranking Energy Score Note Mutations: chain name and accepted residue 

1 -457.58628 v119 B_31H+B_32A+B_104S+B_105H 
2 -456.82531   B_31N+B_32S+B_104S+B_105S 
3 -456.56855   B_31N+B_32S+B_104S+B_105A 
4 -456.56059   B_31R+B_32A+B_104D+B_105R 
5 -456.50215   B_31R+B_32A+B_104S+B_105Y 
6 -456.42944   B_31N+B_32A+B_104S+B_105S 
7 -456.25964   B_31Q+B_32A+B_104S+B_105Y 
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8 -456.13421   B_31H+B_32S+B_104S+B_105V 
9 -456.11428   B_31N+B_32A+B_104S+B_105R 

10 -455.81205   B_31N+B_32A+B_104S+B_105A 
11 -455.7737   B_31N+B_32S+B_104S+B_105D 
12 -455.67248   B_31R+B_32A+B_104D+B_105H 
13 -455.6018   B_31Q+B_32A+B_104A+B_105R 
14 -455.26629   B_31R+B_104S+B_105H 
15 -455.13137   B_31H+B_32S+B_104D+B_105S 
16 -455.10018   B_31N+B_32S+B_104A+B_105S 
17 -455.05911 v149 B_31R+B_32S+B_104A+B_105R 
18 -454.97734   B_31R+B_32S+B_104S+B_105Y 
19 -454.93878   B_31K+B_32S+B_104A+B_105A 
20 -454.90643   B_31Q+B_32S+B_104A+B_105A 

 
Note: chain B refers to the nanobody 
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Table B.S3: Top 20 sequence outputs from framework design on 4NBX.B-biotin103 v186. 
(Ranked by energy score) 
 
Ranking Energy Score Note Mutations: chain name and accepted residue 

1 -500.8748 v186_Fr B_12V+B_37Y 
2 -500.3636   B_37Y+B_40A 
3 -500.24131   B_5Q+B_12V+B_37Y 
4 -500.10634   B_12V+B_35G+B_37Y 
5 -499.9846   B_12V+B_37Y+B_40A 
6 -499.90705   B_12V 
7 -499.22799   B_12V+B_35G 
8 -499.15484   B_5Q+B_12V+B_35G+B_37Y 
9 -499.02353   B_12V+B_35G+B_37Y+B_40A 

10 -498.98295   B_5Q+B_12V+B_35G+B_37Y+B_40A 
11 -498.78612   B_37Y 
12 -498.6384   B_12V+B_35G+B_40A 
13 -498.54874   B_35G+B_37Y 
14 -498.53802   B_12V+B_40A 
15 -498.48109   B_5Q+B_12V+B_40A 
16 -498.31249   B_5Q+B_37Y 
17 -498.04085   WT 
18 -497.75764   B_5Q+B_12V 
19 -497.68241   B_5Q 
20 -497.59715   B_5Q+B_35G+B_37Y 

 
Note: chain B refers to the nanobody 
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Table B.S4: Top 20 sequence outputs from framework design on 4NBX.B-biotin103 v149. 
(Ranked by energy score) 
 
Ranking Energy Score Note Mutations: chain name and accepted 

residue 
1 -482.29049   WT 
2 -481.67807   B_37Y 
3 -481.6627   B_5Q+B_12V 
4 -481.65469 A12V/F37Y 

mutations 
B_12V+B_37Y 

5 -481.51508   B_12V+B_35G 
6 -481.5122   B_5Q 
7 -481.48205   B_35G 
8 -481.38994   B_35G+B_37Y 
9 -481.32699   B_5Q+B_37Y 

10 -481.13866   B_40A 
11 -481.12555   B_12V 
12 -480.83661   B_35G+B_40A 
13 -480.82825   B_12V+B_37Y+B_40A 
14 -480.50684   B_5Q+B_35G+B_37Y 
15 -480.44015   B_5Q+B_12V+B_40A 
16 -480.42843   B_12V+B_35G+B_37Y 
17 -480.3031   B_5Q+B_12V+B_37Y+B_40A 
18 -480.19273   B_5Q+B_12V+B_35G+B_40A 
19 -480.16999   B_5Q+B_35G+B_40A 
20 -480.16866   B_12V+B_35G+B_37Y+B_40A 

 
Note: chain B refers to the nanobody 
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Table B.S5: Summary of energy scores for proteins experimentally evaluated in this study. 
 

 
 
 
Table B.S6: Amino acid sequences for the protein templates used in this study. 
 

4NBX.B_A103C QVQLQESGGGLAQAGGSLRLSCAASGRTFSMDPMAWFRQPPG
KEREFVAAGSSTGRTTYYADSVKGRFTISRDNAKNTVYLQMN
SLKPEDTAVYYCAAAPYGCNWYRDEYAYWGQGTQVTVSSHH
HHHH 

2X89.A_CCAA_I57C QVQLQESGGGSVQAGGSLRLSCAASGYTDSRYAMAWFRQAP
GKEREWVARINSGRDCTYYADSVKGRFTFSQDNAKNTVYLQ
MDSLEPEDTATYYCATDIPLRARDIVAKGGDGFRYWGQGTQV
TVSSHHHHHH 

mSA_WT HHHHHHSQDLASAEAGITGTWYNQSGSTFTVTAGADGNLTGQ
YENRAQGTGCQNSPYTLTGRYNGTKLEWRVEWNNSTENCHS
RTEWRGQYQGGAEARINTQWNLTYEGGSGPATEQGQDTFTK
VKPSAASGSDYKDDDDK 

Smt3 SUMO with N-
terminal cysteine 

CLQDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTP
LRRLMEAFAKRQGKEMDSLRFLYDGIRIQADQAPEDLDMEDN
DIIEAHREQIGGHHHHHH 

 
Note: the numbering scheme of the above sequences follows 1-2-3-4… The first residue is 

numbered as 1. 

Plasmids, Expression Cell Lines, and Cloning of Protein Variants 

pRSET-mSA was a gift from Sheldon Park (Addgene plasmid # 39860) [34]. The mSA S27A 

mutation was created by site-directed mutagenesis using commercially available kits (NEB). 

4NBX.B_C103 and 2X89.A_CCAA_C57 sequences were directly ordered from IDT and 

cloned into a pHen6c vector by Gibson assembly using commercially available reagents 

(NEB) [57]. The assembled pHen6c vectors harbor a PelB N-terminal signal sequence, 
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allowing for bacterial periplasmic expression [58]. Variants of 4NBX.B_C103 and 

2X89.A_CCAA_C57 were created by mutagenic PCR and assembled into a pHen6c vector 

by Gibson assembly using commercially available reagents (NEB). 4NBX.B WT sequence 

with C103A mutation was created by site-directed mutagenesis using commercially available 

kits (NEB). Smt3 SUMO protein with an N-terminal cysteine was created from wild type 

Smt3 SUMO by mutagenic PCR and subcloned into a pY71A(lc) vector by Gibson assembly 

using commercially available reagents (NEB). 

Expression and Purification of Wild-Type mSA Streptavidin and its S27A Variant 

Expression, purification, and refolding of mSA variants followed published protocols with 

slight variations [34]. The expression plasmids were first transformed into E. coli BL21-

Gold (DE3) chemically competent cells (Agilent), which were then grown overnight in LB 

with 100 μg/ml of ampicillin (amp100) at 37 °C on a shaker running at 250 rpm. 1 ml of the 

overnight culture was used to inoculate 300 ml of TB medium (2.3 g KH2PO4, 16.4 g 

K2HPO4, 12 g tryptone, 24 g yeast extract, 4 ml glycerol, dissolved in water to 1 L) 

supplemented with 2 mM MgCl2, 0.1% glucose, and amp100. Inoculation was done at 37 °C 

and 250 rpm until an OD600 of 1.5 to 2. Expression was induced by 1 mM IPTG at 28 °C and 

250 rpm for 18 hours. Cells were then centrifuged at 4500 g for 15 minutes at 4 °C and 

protein extraction was then performed using 50 ml of chemical lysis buffer. The lysis buffer 

was composed of 1 ´ PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM 

KH2PO4, pH 7.4), 1 ´ CelLytic B reagent (Sigma), 0.02 mg/ml DNase1, 0.2 mg/ml 

lysozyme, and 1 mM protease inhibitor AEBSF (Sigma). Pellets were resuspended in lysis 

buffer and nutated for 4 hours at room temperature. Cell lysate was then centrifuged at 

15,000 g for 30 minutes at 4 °C, and the pellets was used to refold and purify the protein. 

Pellets were first resuspended into 3 mL of 6 M guanidine hydrochloride in 1 ́  TBS (50 mM 

Tris, 150 mM NaCl, pH 8.0) and incubated under 37 °C for 30 minutes to solubilize the 

proteins. Un-dissolved materials were cleared by 15,000 g centrifugation for 5 minutes at 

4 °C. Supernatants were then chilled on ice before dropwise addition into 40 ml of pre-chilled 

refolding buffer (50 mM Tris–HCl, 150 mM NaCl, 0.3 mg/ml D-biotin, 0.2 mg/ml oxidized 
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glutathione, 1 mg/ml reduced glutathione, pH 8.0) while stirring. The refolded mSA protein 

was then allowed to incubate on ice for an additional 2 hours with stirring before 

centrifugation at 15,000 g for 30 minutes at 4 °C to remove insoluble material. The 

supernatants were then supplemented with 20 mM imidazole and then loaded onto 1 ml bed 

volume of Ni-NTA agarose beads (Qiagen) that were pre-washed with 5 column volumes of 

1 ́  PBS. Sample loading was performed by gravity flow. The column was then washed with 

10 column volumes of 1 ́  PBS supplemented with 20 mM imidazole before 3 ml of 1 ́  PBS 

supplemented with 500 mM imidazole was used to elute the protein. The entire Ni-NTA 

purification process was performed at 4 °C. The 3 ml of purified protein was then dialyzed 

against fresh 1 L of 1 ́  PBS (pH 8.0) at 4 °C 3 times using Slide-A-Lyzer 10 kDa molecular-

weight cutoff dialysis cassettes (Thermo). Each dialysis step was performed for at least 

4 hours. The dialyzed mSA product was further purified at 4 °C using a Superdex 75 10/300 

GL SEC column (GE) with 1 ´ PBS (pH 7.4) as running buffer. The fractions corresponding 

to monomeric mSA were collected for subsequent experiments. 

Expression and Purification of Smt3 SUMO Protein with N-terminal Cysteine 

The expression plasmid was first transformed into E. coli BL21-Gold (DE3) chemically 

competent cells (Agilent), which were then grown overnight in LB with amp100 and 1% 

glucose at 37 °C and 250 rpm. 1 ml of the overnight culture was then used to inoculate 300 ml 

of TB medium with 2 mM MgCl2, 0.1% glucose, and amp100 at 37 °C and 250 rpm until an 

OD600 of 1.5 to 2. Expression was then induced by 1 mM IPTG at 28 °C and 250 rpm for 

18 hours. Cells were then pelleted at 4500 g for 15 minutes at 4 °C, resuspended in 50 ml of 

chemical lysis buffer supplemented with 5 mM 2-mercaptoethanol (BME) and incubated for 

4 hours at room temperature to release the expressed protein. Lysate supplemented with 

20 mM imidazole was cleared by centrifugation at 15,000 g at 4 °C for 30 minutes and the 

supernatant was then loaded onto 1 ml bed volume of Ni-NTA agarose beads (Qiagen) pre-

washed with 5 column volumes of 1 ´ TBS (pH 7.3). Sample loading was performed by 

gravity flow. The loaded column was then washed with 5 column volumes of 1 ´ TBS 

(pH 7.3) supplemented with 20 mM imidazole and 5 mM BME and another 5 column 
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volumes of 1 ́  TBS (pH 7.3) supplemented with 20 mM imidazole. 3 ml of 1 ́  TBS (pH 7.3) 

supplemented with 500 mM of imidazole was used to elute the proteins. All Ni-NTA 

purification procedures were performed under 4 °C. Purified protein was then concentrated 

to ~0.5 ml using Amicon 10 kDa molecular-weight cutoff centrifuge filters (GE) and stored 

for subsequent experiments. 

Expression and Purification of Nanobodies 

The pHen6c expression plasmids were first transformed into E. Coli BL21-Gold (DE3) 

chemically competent cells (Agilent), which were then grown overnight in LB with amp100 

and 1% glucose at 37 °C and 250 rpm. 1 ml of the overnight culture was then used to 

inoculate 300 ml of TB medium with 2 mM MgCl2, 0.1% glucose, and amp100 at 37 °C and 

250 rpm until an OD600 of 1.5 to 2. Expression was then induced by 1 mM IPTG at 28 °C 

and 250 rpm for 18 hours. Cells were then pelleted under at 4,500 g for 15 minutes at 4 °C 

and resuspended in 12 ml of TES periplasmic extraction buffer (0.2 M Tris, 0.5 mM EDTA, 

0.5 M sucrose, pH 8.0) (supplemented with 5 mM BME if the nanobody had a cysteine 

handle for conjugation) before incubation on ice with shaking at 32 rpm for 1 hour [58, 59]. 

18 ml of 4x diluted TES buffer (supplemented with 5 mM BME if the nanobody had a 

cysteine handle) was then added to the cells which were incubated on ice at 32 rpm for 

another hour [59, 60]. After periplasmic extraction, the cells were pelleted at 15000 g at 4 °C 

for 30 minutes and the supernatant was supplemented with 20 mM of imidazole before 

loading onto 1 ml bed volume of Ni-NTA agarose beads (Qiagen) pre-washed with 5 column 

volumes of 1 ´ TBS (pH 7.3). Sample loading was performed by gravity flow. The loaded 

column was then washed with 10 column volumes of 1 ´ TBS (pH 7.3) supplemented with 

20 mM of imidazole. 3 ml of 1 ´ TBS (pH 7.3) supplemented with 500 mM of imidazole 

was used to elute the proteins. For nanobodies with a cysteine handle, 5 mM BME was added 

to the first 5 column volumes of wash buffer and the elution buffer was supplemented with 

5 mM TCEP. The elution buffer was incubated with Ni-NTA beads for 30 minutes before 

eluting the proteins. The entire Ni-NTA purification process was performed at 4 °C. Purified 

nanobodies with a cysteine handle in 3 ml of elution buffer were concentrated to ~0.5 ml 
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using Amicon 10 kDa molecular-weight cutoff centrifuge filters (GE) and stored for 

subsequent experiments. 4NBX.B WT was instead further purified using a Superdex 75 

10/300 GL SEC column (GE) with 1 ´ PBS (pH 7.4) as a running buffer and the fractions 

corresponding to the monomeric protein were collected for subsequent experiments. 

Biotin C2 Maleimide Conjugation and Purification of Conjugates 

Maleimide labeling on the solvent exposed cysteines of nanobodies followed a published 

protocol with some modifications [61]. Conjugation reactions were typically carried out in 

1.5 to 2 ml reactions with 1 mM maleimide reagent and protein concentrations to ensure at 

least a 20-fold excess of maleimide reagent to protein. Purified nanobodies from storage were 

first incubated with another 5 mM TCEP supplement at 4 °C for 2 hours and then buffer 

exchanged into 1 ´ TBS (pH 7.3) using HiTrap desalting columns (GE) at room temperature 

to remove TCEP. Thawed stock solutions (100 mM in DMSO) of biotin C2 maleimide 

(AnaSpec) were immediately added to the buffer-exchanged nanobodies to final 

concentration of 1 mM before the reaction mixture was nutated at 4 °C for 4 hours with a 

tinfoil cover to avoid light contact. Excess maleimide stock solutions were discarded. Biotin 

C2 maleimide was in >20-fold molar excess over the nanobody in the reaction mixture. The 

reaction mixture was then filtered using 0.2 μm syringe filters (Thermo) to remove 

precipitated protein and then buffer exchanged to 1 ´ TBS (pH 7.3) using PD-10 desalting 

columns (GE) at room temperature to remove excess maleimide reagent. The labeled 

nanobodies were further purified at 4 °C using a Superdex 75 10/300 GL SEC column (GE) 

with 1 ´ TBS (pH 7.3) as the running buffer and the fractions corresponding to monomeric 

protein were collected for subsequent experiments. Maleimide labeling of Smt3 SUMO 

protein with an N-terminal cysteine followed the identical procedure described above. 

Intact Protein Mass Spectrometry (MS) Workflow to Analyze Conjugation Efficiency 

HPLC-MSD (HP, Agilent) was used to assess the labeling efficiency of the nanobody-biotin 

conjugates. Conjugates were first dried using a spin vacuum evaporator and then resuspended 

in 0.2% formic acid. A C3 HPLC column was used to purify the protein sample before MS 
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analysis. Before running samples, the column was first washed with isopropyl alcohol (IPA). 

Analysis of the conjugation efficiency of 4NBX.B-based conjugates was performed by 

deconvoluting each eluted sample HPLC peak using the following parameters: positive 

adduct ion +H 1.0079 Da, negative adduct ion –H -1.0079 Da, molecular weight cutoff 

5000–80 000 Da, maximum charge 90, minimum peaks 5, ion PWHH 0.6 Da, molecular 

weight agreement 0.05%, noise cutoff 0, abundance cutoff 10%, molecular weight 

assignment cutoff 40%, and envelope cutoff 50%. Deconvolution was performed with 

ChemStation (Agilent). For each sample of interest, approximately 0.1 to 1 μg of material 

was used for the analysis. 

Surface Plasmon Resonance (SPR) Analysis of Binding Affinity and Kinetics 

A Biacore T200 instrument (GE) was used to perform SPR analysis. 4NBX.B WT, 4NBX.B-

biotin103 conjugates, and 2X89.A-CCAA-biotin57 conjugates were first buffer-exchanged 

into HBS-EP+ buffer (Teknova) using Amicon 10 kDa molecular-weight cutoff centrifuge 

filters (GE). Protein concentration was then determined by BCA assay using commercially 

available kits (Thermo). The calibration curve for the BCA assay was prepared using purified 

4NBX.B WT, which was also buffer exchanged into HBS-EP+ but had concentrations 

determined by A280 readings using an extinction coefficient 30,035 M−1cm−1. For SPR 

analysis, biotin pentylamine (Thermo), mSAWT, and mSAS27A were separately immobilized 

on CM5 censor chips (GE) using an EDC/NHS amine coupling kit following standard 

protocols (GE). Binding kinetics were measured by single-cycle kinetics experiments. Biotin 

pentylamine was immobilized at 7.5 mM concentration to reach a target surface density of 

~200 resonance units (RUs) [62]. In order to compare how binding events changed in 

response to different surface densities, surfaces with three different densities of immobilized 

mSAWT at ~1000 RU, ~2500 RU, and ~ 3000 RU were prepared under immobilization 

concentrations 0.1 μM, 0.5 μM, and 1 μM, respectively. Immobilization of mSAS27A was 

also performed at 0.01 μM and 0.05 μM concentrations with target surface density of ~200 

and ~ 600 RU. The fitted affinities and kinetics of identical conjugates using different 

surfaces densities were not significantly different. Reference channels were either treated 
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with EDC/NHS using HBS-EP+ buffer alone or with 1 μM 4NBX.B WT to assess non-

specific interactions. No non-specific interactions were observed. All immobilization 

samples were dissolved in acetate buffer (pH 4.5). 

Binding experiments were performed at 25 °C. HBS-EP+ was used as running buffer. The 

flow channels were first incubated in the running buffer before analytes at 5 different 

concentrates were consecutively injected at a flow rate of 30 μL/min through both the 

reference channel and the sample channel containing the immobilized molecules of interest. 

After injections, the bound analytes were allowed to dissociate for 10 minutes in order to 

generate dissociation curves. HBS-EP+ buffer was then washed through both the reference 

and sample channels in order to regenerate the surfaces for the next binding experiments. 

Sensorgrams were processed with Biacore evaluation software using a 1:1 kinetics model. 

For immobilized mSAWT, global fitting of bulk shifts was turned on to accommodate the 

observed bulk shifts before and after each injection event. 

Molecular Dynamics (MD) Simulation Protocols 

Molecular Dynamics simulations were carried out using ACEMD (Acellera) [63]. Each 

system was placed in a box with dimensions selected to allow 12 Å of clearance on each 

side. The systems were solvated using the TIP3P water model [64] and counter ions were 

added to bring the net charge to zero. The systems were then minimized for 500 steps and 

equilibrated for 5 ns before 100 ns production runs were carried out at 300 K. All 

experiments utilized the Amber ff14SB force field and a 4 femtosecond timestep [65]. Data 

from the equilibration run was not included in subsequent analysis, and where replicates were 

collected no part of the intermediate data was reused. Parameters for the biotin-CH2-CH2-

succinimide-S-CH3 ‘side chain’ were prepared using Antechamber and utilized RESP 

charges calculated with Gaussian 09 [66, 67]. Calculation of solvent accessible surface areas 

was performed using MDTraj, and hydrogen bonding was assessed using a tcl script written 

for VMD [68, 69]. 
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