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Abstract
Nicotinic acetylcholine receptors (nAChRs) are broadly expressed in the central 
and peripheral nervous systems, playing essential roles in cholinergic neuro-
transmission. The lynx family proteins, a subset of the Ly6/uPAR superfamily 
expressed in multiple brain regions, have been shown to bind to nAChRs and 
modulate their function via allosteric regulation. The binding interactions be-
tween lynx and nAChRs, however, have not been systematically quantified and 
compared. In this work, we characterized the interactions between lynx1 or lynx2 
and α3β4- or α7-nAChRs using single-molecule atomic force microscopy (AFM). 
The AFM technique allows the quantification of the off-rate of lynx-nAChR bind-
ing and of the energetic barrier width between the bound state and transition 
state, providing a biophysical means to compare the selectivity of lynx proteins 
for nAChR subtypes. Results indicate that lynx1 has a marginal preference for α7- 
over α3β4-nAChRs. Strikingly, lynx2 exhibits a two order of magnitude stronger 
affinity for α3β4- compared to α7-nAChRs. Together, the AFM assay serves as 
a valuable tool for the biophysical characterization of lynx-nAChR binding af-
finities. Revealing the differential affinities of lynx proteins for nAChR subtypes 
will help elucidate how lynx regulates nAChR-dependent functions in the brain, 
including nicotine addiction and other critical pathways.
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1   |   INTRODUCTION

Nicotinic acetylcholine receptors (nAChRs) are broadly 
expressed in the brain and respond to nicotine, the major 
psychoactive ingredient in tobacco. Tobacco use results in 
approximately 480,000 deaths each year and costs more 
than $300 billion dollars annually in the USA alone. 
Understanding nAChR activity and its modulation in nico-
tine addiction, therefore, has significant public health impli-
cations.1,2 At the same time, evidence supports that nicotine 
may provide positive benefits in some disease states, includ-
ing neuroprotection from Parkinson's disease and counter-
balancing the dysfunction of dopaminergic, glutamatergic, 
and GABAergic pathways in schizophrenia.3,4 Nicotine's di-
verse contributions to disease thus require demarcating its 
distinct effects on different brain regions, neuronal circuits, 
nAChR subtypes, and regulatory mechanisms.

nAChRs are pentamers composed of a combination of 
subunits α1-α10, β1-β4, γ, δ, and ε. Each nAChR subtype's 
composition determines its unique pharmacological and 
biophysical characteristics and can be associated with a 
specific pathophysiological process and brain region.5–7 For 
example, a two base pair deletion in the duplicate α7 sub-
unit gene has been associated with increased schizophre-
nia risk.8,9 As a further example, mutations in the α4 and 
β2 nAChR subunits, which are highly expressed in the 
thalamus and cortex, have been associated with increased 
risk for autosomal dominant nocturnal frontal epilepsy 
(ADNFE), where changes in the function of α4β2-nAChR 
subunits may perturb thalamocortical networks and trigger 
seizures.10–12 Human GWAS mapping also supports that 
single nucleotide polymorphisms that confer more signif-
icant nicotine addictive propensity can be found on the 
α5, α3, and β4 gene cluster on chromosome 15.13 nAChRs 
containing these subunits are found in greater numbers in 
the ventral medial habenula (MHbV) and interpeduncu-
lar nucleus (IPN), with α3 and β4 subunits localized in the 
MHbV and α5 in the IPN, as shown in multiple animal stud-
ies.14,15 These findings indicate that the MHbV-IPN path-
way may be implicated in nicotine addiction, and further 
understanding of the nAChR subtypes expressed in it could 
be critical for elucidating addiction mechanisms.

It has previously been discovered that nAChRs are al-
losterically modulated by small three-fingered proteins 
known as prototoxins, expressed endogenously on the sur-
face of neurons in the brain.16 Prototoxin genes are named 
after their shared evolutionary origins with the snake alpha-
neurotoxin gene precursors, whose protein products are 
known to bind to nicotinic receptors and are part of the ly-6/
neurotoxin superfamily.16,17 By binding to nAChRs, these 
proteins can fine-tune the widespread, excitatory cholin-
ergic system, a system that provides control over multiple 
neural circuits.18 This has been shown to have a wide variety 

of physiological effects, affecting multiple mechanisms of 
nAChR function, including receptor assembly, expression, 
binding specificity, as well as receptor desensitization, and 
agonist affinity.18,19  Two members of this group include 
lynx1 and lynx2, which contain the three-fingered recep-
tor binding toxin motif of the Ly6/neurotoxin superfamily 
and are glycosylphosphatidylinositol (GPI)-anchored mem-
brane proteins, differentially expressed in different regions 
and neurons throughout the brain.18

Lynx1  has been shown to regulate plasticity in the 
hippocampus,20,21 alter plasticity in the adult visual and 
auditory cortices20 and suppress associative learning and 
memory.9 More specifically, it has been shown to associ-
ate with α4β2-nAChRs and to increase the rate of receptor 
desensitization to acetylcholine.22 It also has an overall 
inhibitory effect on the nAChR function of α3, β4, and 
α5-containing nAChR subtypes by decreasing the num-
ber of (α3β4)2α5- and (α3β4)2β4-nAChRs on the neuronal 
cell membrane and reducing the single-channel function 
of (α3β4)2α5- and (α3β4)2α3-nAChRs.23  This supports 
the possibility that lynx1 modulates nAChRs containing 
the α5, α3, and β4 subunits implicated in the MHbV-IPN 
pathway relevant to addiction. Other subtypes, such as α7-
nAChRs, have also been shown to be affected by lynx1.9

Lynx2 is a family member to lynx1, with expression 
in anxiety-specific brain regions distinct from that of 
lynx1.24,25 On a biophysical level, the two proteins have 
been shown to display similar functional characteristics, 
such as α4β2-nAChR binding in co-IP studies26,27 and ac-
celeration of desensitization kinetics.22,24 Additionally, 
lynx2 has been shown to have effects on nAChR assembly, 
including reduction of the receptor's cell surface expres-
sion,27 and has been shown to be expressed in the amyg-
dala and prefrontal cortex.24,25 Plus, the removal of its gene 
in mice results in anxiety-like behaviors.24 However, a full 
understanding of these proteins’ effects and specificity on 
the many nAChR subtypes are still nascent. The diversity 
of characterization methods used in previous studies re-
quire the measurement of a single quantity that compares 
the binding affinities of lynx proteins for relevant nAChR 
subtypes for specific behavioral states or phenotypes.

Atomic force microscopy (AFM) is an ultrasensitive 
force spectroscopy technique that can be used to measure 
bond ruptures between two molecules in the piconewton 
(pN) range.28 In this technique, a ligand can be function-
alized to an AFM cantilever while a receptor is expressed 
on a whole cell. The deflection of the cantilever as it ap-
proaches and retracts from the whole cell can then be 
used to measure the force of the ligand-receptor interac-
tion and, in turn, the dynamic strength of the complex and 
the free energy changes it undergoes during rupture.29 In 
this paper, we used AFM30,31 to quantify and compare the 
binding affinity between α3β4- or α7-nAChRs expressed 
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on cells and lynx1 or lynx2 proteins functionalized to an 
AFM tip. This method allows us to precisely characterize 
the off-rate of lynx-nAChR binding and the energetic bar-
rier width between the bound state and transition state, 
providing a means to compare the selectivity of lynx1 and 
lynx2 for α3β4- and α7-nAChRs. These quantitative find-
ings ultimately indicate that lynx1 has a slight preference 
for α7- compared to α3β4-nAChRs, while lynx2 exhibits 
a stronger affinity for α3β4-nAChRs. Additionally, while 
α7-nAChRs have a similar affinity for lynx1 and lynx2, 
α3β4-nAChRs have a higher affinity for lynx2 than lynx1. 
Understanding the differential affinities of lynx proteins 
for various nAChR subtypes more precisely is a valuable 
starting point to better understand the nature of their in-
teractions and selectivity. In turn, this will help to illumi-
nate the lynx-nAChR complexes that have important roles 
in normal and disease physiology, as outlined previously.

2   |   MATERIALS AND METHODS

2.1  |  Protein expression

Both recombinant lynx1 and lynx2 proteins were syn-
thesized from Escherichia coli and purified. Wild-type 
(WT) lynx genes were inserted into pET-14b-6xHis plas-
mids (GenScript BioTech) transformed into One-Shot 
BL21 (DE3) Chemically Competent E. coli (Invitrogen, 
ThermoFisher Scientific) and induced with isopropyl β-d-
1-thiogalactopyranoside (IPTG). The His-tagged lynx pro-
teins were eluted from nickel columns by Ni-NTA elution 
buffer. All chemicals used to make the buffers for the nickel 
column protein purification came from Sigma-Aldrich 
Corporation. Samples were then dialyzed at 4℃ overnight 
in 8 M urea and subsequently with progressive twofold di-
lutions in PBS. The dialyzed protein and the purified elu-
tions of each sample were run on SDS-PAGE gel (Bio-Rad 
Laboratory) in order to confirm protein purity and yield. 
Water-soluble lynx1 has been shown to maintain the func-
tional effects of the native GPI-anchored protein,16,26,32 
demonstrating the correct folding of soluble lynx1 proteins.

2.2  |  Cell lines

The stably transfected SH-EP1-hα7-nAChR cell line was 
previously engineered and characterized as described 
in Zhao et al.33 The engineering of the new stably trans-
fected SH-EP1-hα3β4-nAChR cell line was very similar to 
that previously described for a stably transfected SH-EP1-
hα6/3β2β3-nAChR cell line.28 In summary, WT SH-EP1 
cells were transfected with nAChR subunit clones using 
Effectene (Qiagen). Human nAChR α3 and β4  subunit 

genes optimized for vertebrate expression were used. 
These were synthesized and sequenced for confirma-
tion by Invitrogen GeneArt, ThermoFisher Scientific. 
Sequences corresponded to human consensus sequences. 
Double-transfectants were created by transfection of the 
α3 subunit in the pcDNA3.1zeo vector and the β4 subunit 
in the pcDNA3.1hygro vector (Invitrogen, ThermoFisher 
Scientific). Positive selection was imposed with hygromy-
cin B (0.4 mg/ml, 0.13 mg/ml biologically active hygromy-
cin, EMD Millipore) and zeocin (0.25 mg/ml, Invitrogen, 
ThermoFisher Scientific). The selected, surviving monoclo-
nes were picked and then screened for radioligand bind-
ing using [3H]epibatidine binding (500  pM, 52  Ci/mmol, 
Perkin-Elmer). Non-specific binding was defined in the 
presence of 1  mM (-)-nicotine and subtracted from total 
binding to define nAChR-specific binding. The monoclo-
nes with the highest levels of specific [3H]epibatidine bind-
ing were chosen to be assessed for nAChR function using 
86Rb+ efflux assays as previously described.34 Total 86Rb+ ef-
flux was measured in the presence of 100 µM carbamylcho-
line, and specific efflux was determined as the difference 
between total and nonspecific efflux (that was measured in 
the presence of the noncompetitive antagonist mecamyla-
mine; 100 µM, sufficient to completely block nAChR acti-
vation). The clone, which consistently exhibited the highest 
specific 86Rb+ efflux, was selected. The resulting SH-EP1-
hα3β4-nAChR monoclone was then maintained under pos-
itive selection using the same concentration of hygromycin 
and zeocin as just described. Low passage number cultures 
were used (1–40 from frozen stocks), ensuring the stable 
expression of the phenotype. Both cell lines were passaged 
once weekly by splitting cultures 1/20−1/40, just before 
they reached confluency. In this way, cells could be main-
tained in a proliferative growth phase.

2.3  |  Single-molecule force spectroscopy

Single-molecule experiments testing lynx-nAChR interac-
tions were conducted using a custom-built AFM optimized 
for studying protein–protein interactions.35 A schematic 
of our homemade AFM system is shown in Figure  1A. 
Lynx proteins were attached to an AFM cantilever by co-
valently crosslinking the two using a heterobifunctional 
PEG linker.36 The AFM cantilevers (MLCT-Bio-DC: Bruker 
Nano) were first silanized with (3-aminopropyl)triethox-
ysilane (APTES) using a gas phase coating method.37 An 
acetal-PEG27-NHS linker was then attached to the silanized 
cantilevers in chloroform via its NHS group and then rinsed 
and dried under nitrogen gas. Next, the acetal group of the 
PEG linker was converted to an aldehyde group using a 
1% citric acid solution, and 1 µM of lynx protein was then 
added to the solution, which coupled to the activated PEG 
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linker. Different SH-EP1 cell lines (untransfected WT con-
trol cells (WT), α3β4 or α7) were grown on 35 mm cell cul-
ture dishes. Individual cells in the dish were aligned under 
the lynx-coated AFM tip (Figure  1A). The tip was then 
directed to approach toward and retract from the cell sur-
face, and the computer recorded the rupture force between 
the protein and receptor during the process (Figure 1B,C). 
To calibrate the cantilever (320  µm long by 22  µm wide 
triangle), the spring constant at the tip was characterized 
via thermally induced fluctuations.38 The spring constants 
(10.2 ± 2.1 pN/nm, mean ± SD) of the calibrated cantile-
vers agreed with the values specified by the manufacturer 
(10  pN/nm). Different tip retraction speeds were applied 
to obtain the rupture force during different loading rates 
(0.94, 1.88, 3.76, and 7.52 μm/s). A similar AFM assay has 
been utilized by us39–42 and others43–45 to study a variety 
of protein–protein interactions on cell surfaces.46 Loading 
rates of the rupture forces were determined from each un-
binding force curve by conducting a linear fit to the force-
time curve shortly (the last 50 data points) before rupture.

2.4  |  Biophysical model analysis

The Bell–Evans model, a theory to determine energy land-
scape properties, describes an external force's influence 
on the bond dissociation rate.47,48 According to this model, 

a pulling force f distorts the intermolecular potential of a 
ligand-receptor complex, leading to lower activation en-
ergy and an increase in the dissociation rate k(f) as follows:

where f is an external force in N, k0 is the dissociation rate 
constant in the absence of a pulling force, γ is the width of 
the activation barrier, or the position along the reaction co-
ordinate relative to the bound state, T is the absolute tem-
perature and kB is the Boltzmann's constant (1.3806488 × 
10−23 m2 kg s−2 K−1). For a constant loading rate rf, is the 
probability density for the unbinding of the complex as a 
function of the pulling force f is given by:

with the most probable unbinding force f* being:

Hence, the Bell model predicts that the most probable 
unbinding force f* is a linear function of the logarithm of 
the loading rate. Experimentally, f* is determined from the 
mode of the unbinding force histograms. The Bell model 
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F I G U R E  1   The unbinding force detection of lynx-nicotinic acetylcholine receptor (nAChR) interactions. (A) Schematic of the custom-
built atomic force microscope (AFM). Inset: a micrograph showing an AFM microcantilever functionalized with lynx2 above SH-EP1 cells 
expressing the α7-nAChR. The scale bar is 50 mm. (B) Representative pulling traces. The upper trace had no interaction, and the lower trace 
shows the rupture force of a single lynx2−α7-nAChR complex. Fu is the unbinding force. ks is the system spring constant and was derived 
from the slope of the force-displacement trace. The cantilever retraction rate of the measurements was 3.7 μm/s. The four stages of stretching 
and rupturing a single ligand-receptor complex are labeled on the red trace. More representative pulling traces are shown in Figure S1. (C) 
The four stages of force measurement: 1. The functionalized cantilever moves downward to allow contact with a cell membrane. 2. A small 
constant force (250 pN) is applied onto the membrane, providing the time and space for a ligand-receptor interaction to occur. 3. The AFM tip 
retracts from the cell membrane. If the protein is bound to a receptor, an adhesive force resists separation between the tip and cell membrane. 
4. The ligand-receptor interaction ruptures, and the cantilever unbinds
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parameters k0 and γ were determined by fitting Equation 
(3) to the plot of f* versus ln(rf).

2.5  |  Statistical analysis

For each pulling speed, over 200 force curves were re-
corded. Curve fitting was performed using IGOR Pro or 
Origin software by minimizing the chi-squared statistics 
for the optimal fit. Unless otherwise stated, the data are 
reported as the mean and the standard error of the esti-
mate. Statistical analyses of the linear regression were 
conducted using Analysis of Covariance (ANCOVA) by 
the Prism software (GraphPad Software), with a p-value 
less than 0.05 considered statistically significant.

3   |   RESULTS

In order to quantify the differential affinities of lynx1 
and lynx2 for α3β4- and α7-nAChRs, we used AFM to 
obtain the off-rate k0 and the energetic barrier distance 
γ between the bound state and transition state of the 
prototoxin-receptor pair interaction. To obtain this data, 
both lynx1- and lynx2-coated AFM tips were lowered 
down to cells expressing α3β4- and α7-nAChRs and then 
retracted, where each retraction represented one scan 
(Figure 1B,C). We found that large rupture forces (typi-
cally greater than 40 pN) were observed during 30%–40% 
of the AFM scans. This value of 30%–40%, referred to as 
the adhesion frequency, was compared to the 10% ad-
hesion frequency of small forces (<40 pN) observed be-
tween both lynx proteins and WT control cells that did 
not express any nAChRs. According to Poisson statis-
tics, this indicated that both lynx1 and lynx2 specifically 
bound to the nAChRs and that each scan represented an 
interaction between a single lynx molecule and a single 
nAChR (>80% probability).49 These results are shown in 
Figure 2.

The unbinding force Fu detection values, representing 
the unbinding force between each lynx-nAChR pair in pN, 
were obtained at varying loading rates or various retraction 
speeds of the AFM tip (pN/s) (Figure 1B). These loading 
rates were used to extract binding kinetics from the Bell–
Evans model.47,48 For each lynx-nAChR pair, the loading 
rate versus the most probable unbinding force at each 
loading rate obtained from force histograms (Figure  S2) 
were plotted in Figure 3A. Figure 3A illustrates that the 
unbinding forces of lynx1-α3β4, lynx1-α7, and lynx2-α7 
fell in a similar range of 50–90 pN. Lynx2-α3β4 unbinding 
forces, however, were stronger (87–122 pN) under the re-
spective loading rates, indicating that the lynx2-α3β4 inter-
action could be stronger than the other three interactions.

This data were then fitted to the Bell–Evans model 
(Equation 3), allowing us to obtain the off-rate k0 and ener-
getic barrier distance γ, as shown in Table 1. These data sup-
port that lynx1-α3β4, lynx1-α7, and lynx2-α7 interactions had 
off-rates with the same order of magnitude (within fitting 
error and ~10−2 s−1) and similar γ (0.4–0.5 nm). However, the 
lynx2-α3β4 interaction was stronger, with a two orders of mag-
nitude decrease in off-rate (although the value of γ remained 
similar to those of the other three interactions measured).

Since the energetic barrier distance and dissociation con-
stants and energetic barrier distance were obtained from the 
Y-intercepts and slops of the linear regression fits, respec-
tively (Equation 3), we conducted statistical analyses of the 
slopes and intercepts of the linear regression using Analysis of 
Covariance (ANCOVA), shown in Figure 3B,C. The ANCOVA 
results indicate the slopes of the four linear regression fits 
shown in Figure 3A are not significantly different (p = 0.24) 
(Figure 3B), confirming that the energetic barrier distances of 
the four tested lynx-receptor interactions are not significantly 
different. However, the analysis shows that the intercept of the 
linear fit for the lynx2-α3β4 interaction is significantly larger 
than any of the other three interactions (p < 0.001) (Figure 3C), 
and that the intercepts among the other three interactions (i.e., 
lynx1-α3β4, lynx1-α7, and lynx2-α7) are not significantly dif-
ferent (p  =  0.16). Therefore, we concluded that lynx2-α3β4 
interaction is significantly stronger than the other three interac-
tions, reflected by the fitted lines’ similar slope and significantly 
higher intercept than the other interactions. This supports that 

F I G U R E  2   The binding frequency between lynx1 or lynx2 and 
mock, α3β4-nicotinic acetylcholine receptor (nAChR)-expressing 
or α7-nAChR expressing cells. The control experiment was 
conducted between lynx1 or lynx2 and WT (mock) cells that did 
not express nAChRs. Thirty percentage binding frequency indicates 
the detection of single molecular interactions. The total tested cell 
numbers (N) for each group are labeled above each bar. The raw 
data to generate the plot are summarized in Table S1. The error bar 
represents the standard deviation of the binding frequencies of the 
multiple cells in each group. Asterisks indicate p < 0.05 compared 
to control groups by unpaired T-test
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the α3β4-nAChR bound to lynx1 and lynx2 differentially and 
may be due to different lynx1-α3β4 and lynx2-α3β4 binding in-
terfaces. Table 1 also indicates that lynx1 binds α7 with a com-
parable affinity of α3β4, while lynx2 strongly preferred binding 
to α3β4.

The Bell–Evans model also allows the estimation of 
lynx-receptor association lifetime at different constant 
pulling forces (Equation 1). Taking the off-rates and 
barrier position parameters from Table  1, we compared 
the lifetime of lynx-receptor associations as a function 
of force (Figure  4). At no force, the lifetime of a lynx2-
α3β4 interaction was estimated to be 104 s and was more 
than two orders of magnitude longer than the lifetimes of 
the lynx1-α3β4, lynx1-α7, and lynx2-α7 interactions. The 
lifetimes of all interactions decreased exponentially as a 
function of pulling force. However, a ~100-fold difference 
was observed between lynx2-α3β4 and the other three 
pairs at different pulling forces. This indicates that com-
pared to the other three interaction pairs, α3β4 and lynx2 
can remain bound for a much more extended period and 
that lynx2 may play a much more significant role in reg-
ulating the activity of α3β4-nAChR−expressing neurons.

4   |   DISCUSSION

The current study demonstrates the utility of AFM as a 
quantitative means for capturing the relative differences in 
lynx affinity for nAChR subtypes. Prior studies have been 

F I G U R E  3   (A) The dynamic force spectra (i.e., the plot of most probable unbinding force (Fu
*)) as a function of loading rate (rf) of 

the lynx-nicotinic acetylcholine receptor (nAChR) interactions in Equation (3). The most probable unbinding forces of the lynx1-nAChR 
(orange, blue) and lynx2-nAChR (red, black) interactions were obtained from the center of the tallest bin of each unbinding force histograms 
(Figure S2). The data are fitted by linear regression to the single-barrier Bell–Evans model (solid lines, Equation 3) to extract the off-rate 
k0.49 The bars denote half bin widths of the unbinding force histograms (shown in Figure S2), representing the force determination error. 
(B) Comparison of the fitted slopes of the linear regression. Statistical analysis of the linear regression was conducted using Analysis 
of Covariance (ANCOVA), which indicated the difference of the slopes of the four linear regression fits is insignificant (p = 0.24). (C) 
Comparison of the fitted intercepts of the linear regression. *Significant difference (p < 0.001) revealed by the ANCOVA analysis

Parameters

lynx1 lynx2

α3β4 α7 α3β4 α7

k0: (s−1) 0.045 ± 0.036 0.021 ± 0.011 7.4 × 10−5 ± 6.3 × 10−5 0.012 ± 0.006

γ: (nm) 0.41 ± 0.06 0.48 ± 0.03 0.57 ± 0.04 0.48 ± 0.03

k0 is the unstressed off-rate of the interaction. γ the energetic barrier distance between the bound state 
and transition state along the reaction coordinate. The errors are the stand error of the fits.

T A B L E  1   Summary of Bell–Evans fit 
results for lynx-nicotinic acetylcholine 
receptor binding

F I G U R E  4   Comparison of lifetimes of the lynx-nicotinic 
acetylcholine receptor complexes as a function of force. Lifetimes 
are giving by Equation (1) using the parameters taken from Table 1
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carried out using a range of assays, including in vitro,22,23 
ex vivo slice,9 single-unit and VEP whole animal20,50 record-
ings, as well as co-immunoprecipitation pull-downs,24,51 
bungarotoxin competition32 and fluorescent flux measure-
ments.27 These varied approaches complicate elucidation of 
the relative effects of different lynx proteins on their cognate 
receptor subtypes. The pan-specific nature of lynx binding 
on multiple nAChR subtypes warrants a more systematic 
approach to quantitatively measure specific binding in a 
nonneuronal system that expresses a singular nAChR sub-
type, unlike neurons, which can express multiple subtypes. 
A further complication is that lynx1  has been shown to 
alter receptor number when co-expressed in the same cell 
with nAChR subtypes.23,27 By avoiding such co-expression, 
single-molecule studies by AFM can eliminate potential ap-
parent functional changes (e.g., Emax) that might come as a 
consequence of changes in receptor number.

Previous binding studies have been carried out using 
radiolabeled α-bungarotoxin competition in cells32 or in 
brain homogenates.51  The α-bungarotoxin competition 
studies have produced Kd values, but α-bungarotoxin pref-
erentially binds to α7 and muscle nAChR subtypes and is 
less useful for the study of other nAChR subtypes. AFM 
offers a method of comparing and quantitating binding 
across multiple nAChR subtypes in a cellular and mem-
brane environment reminiscent of the neuronal one.

Lynx1 and lynx2  have complex allosteric biophysical 
functions on nAChRs, as they are shown to alter nAChR 
EC50,22 Emax,

23,27 IC50,32 desensitization kinetics22,24 and 
stoichiometry.52 Quantifying the unbinding force between 
lynx and nAChRs isolates the effect of protein-receptor 
affinity from the other functional effects on the receptor. 
Because lynx has been shown to influence the aforemen-
tioned characteristics, limiting studies to one effect has sig-
nificant implications for understanding lynx's biophysical 
mechanism of action. If two lynx2 mutants have similar 
binding affinities to the same α3β4-nAChR in AFM ex-
periments but influence receptor activity differentially in 
functional studies, a case may be made that the mutants 
alter neuron function via agonist affinity, desensitization 
kinetics, etc.

Our studies use a water-soluble version of lynx pro-
teins, although native lynx is a GPI-anchored protein. 
Studies using water-soluble lynx1 have demonstrated its 
structural homology with α-neurotoxins by NMR and 
its similar modulatory effects to native lynx,26,53  mak-
ing it a viable model for functional and binding studies. 
Nevertheless, the unbinding force of the lynx-nAChR in-
teraction may differ between the soluble and native lynx 
proteins since some differential functional effects have 
been reported depending on the presence of the GPI an-
chor on lynx1.16,18,22,23,54 The GPI anchor can also impose 
constraints because it has an affinity for cholesterol-rich 

domains,18,55,56 which may influence local concentrations 
of nAChR and lynx proteins and their lateral mobility.

The studies on receptor lifetime are interesting 
considering our recent molecular dynamics studies 
on the interactions of GPI-anchored lynx1 and α4β2-
nAChRs.57  Molecular dynamics simulations indicate 
relatively stable interactions between lynx1 and the C-
loop of the α4:α4 interface of the nAChR, an important 
subregion for nAChR state transitions, as well as on the 
complementary face of the subunit adjacent to the C-loop. 
Interestingly, the interactions observed between lynx1 and 
the nAChR show some nondeterministic influences on the 
C-loop behavior, such as preventing a closed C-loop from 
reopening (keeping the intermediate state between open 
and closed) or maintaining the C-loop open state, depend-
ing on lynx1’s location relative to the C-loop. Therefore, it 
will be interesting to model and simulate lynx2 and α3β4-
nAChR for possible prolonged interactions at such critical 
sites for nAChR function.

This study demonstrates the reliability of AFM to 
capture binding energies between immobilized lynx pro-
teins and nAChR subtypes expressed on SH-EP cells. The 
physiological and pathological implications of these lynx-
nAChR affinities remain to be fully elucidated via in vivo 
experiments, however. The stronger affinity of lynx2 for 
α3β4- over α7-nAChRs, if borne out in vivo, might be as-
sociated with nicotine aversion. α3β4-nAChRs are highly 
expressed in the MHbV-IPN pathway and have been impli-
cated in restricting high- dose nicotine intake.58 The degree 
to which lynx protoxins can extend nAChR closed times23 
or inhibit recovery from desensitization22 could result in 
significant effects on activity in this region and thus be a 
factor in nicotine intake.

Lynx-nAChR subtype combinations not explored in our 
experiment should also be tested under both AFM and func-
tional studies. This can be helpful for understanding not 
only nicotine-dependence via the study of interactions be-
tween lynx1 and α5- or α4β2-nAChRs, for example, but also 
many other nAChR-dependent processes. One could more 
deeply investigate the modulatory effects of lynx on α4β2-
nAChRs as they relate to anxiety and visual plasticity,20,24 
the lynx1−α7-nAChR and lynx1−β2-containing nAChR 
interactions that pertain to neuronal health9 and other lynx-
nAChR combinations relevant in Alzheimer's disease.51

Lynx mutants can also be tested against nAChRs to 
determine which lynx residues influence lynx-nAChR 
binding significantly. Structure-function AFM studies can 
test naturally occurring mutations or residues selected 
through molecular modeling or neutral scans. Studies on 
concatemeric receptors with fixed stoichiometries can be 
used to address outstanding questions about the prefer-
ence of lynx for specific stoichiometries or specific nAChR 
subunit interfaces. Previous studies indicate preferential 
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binding of lynx1 at the α:α interfaces of the nAChRs with 
either (α3β4)2α3 or (α4)3(β2)2 stoichiometry23,52 but have 
not excluded less-preferred binding at other interfaces. 
Such questions are suitable for an approach such as AFM, 
which can quantitate the strength of binding. Multiple 
members of lynx proteins exist in the brain and body. 
Testing these on a range of nAChR subtypes via AFM can 
reveal novel interactions, leading to new investigations 
of biological importance and a targeted understanding of 
how specific interactions in a widespread neurotransmit-
ter system underlie various neurological states.
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