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ABSTRACT: Single-channel electrophysiology probes ion channel \ [Ca?"],>>[ca"] Membrane targeted
>>[Ca?; -

gating, but how can one probe membrane transport when the single- N\ i Casensay

unit current is undetectable? We pulled membrane tethers from live gates cgz+ chan%ek“ )

cells to isolate individual transmembrane proteins. The tether

constrained diffusion of the transported substrate to the tether axis, T V%MI:U)- % I /\F/F
leading to ~1000-fold enhancement of substrate concentration and :]:Im:b‘\

observation time compared to planar membranes. Fluorescent 8 B~ Viembrane > Vinreshot '__: :

reporters inside the tether revealed individual transport events. We £ g :ITM:[:D

imaged unitary Ca’' transport events in tethers containing the low- z s Ca?* ‘

conductance T-type Ca>* channel Cay3.2 and compared our results to Membrane tethers confine and
ensemble electrophysiology and stochastic gating simulations. We concentrate single-channel flux
detected events corresponding to as little as ~0.4 fC of transported

charge, or only 6—13 free Ca’" ions under typical buffering conditions.

Tether-based single-channel recordings are a powerful tool to study

dynamics of membrane transport.

KEYWORDS: single molecule, membrane transport, fluorescent sensors, signal confinement, live cell imaging

The plasma membrane of eukaryotic cells is decorated by interchange with the cell body, while the tether membrane
diverse ion channels, transporters, and membrane-associated restricts diffusion along the two orthogonal axes. Thus, tethers
enzymes which orchestrate electrical and chemical signaling,
osmotic regulation, and aspects of metabolism.'~ The
transport properties of these proteins are critical to their
function. Single-channel electrophysiology’™’ can reveal

are intermediate between intact cell membrane and purified
proteoliposomes: they provide substantial diffusive confine-

ment but retain much of the physiological context and provide

molecular mechanisms of ion channel gating and regulation, molecular and electrical access to the lumen.

but many channels and transporters remain inaccessible to this Here, we pulled membrane tethers from intact cells and used
technique because either they are not electrogenic, or the a fluorescent reporter to record single-molecule gating events
single-unit current is too small (<~100 fA).*” within the tether (Figure 1A,B). We recorded single-channel

Optical recordings of transmembrane flux using fluorescent
10 . .

reporters’ can also probe single-channel transport. Optical

recordings have measured Ca** flux through single voltage- and

events from Cay3.2, a low-conductance (<2 pS) and
transiently activated voltage gated calcium channel

ligand-gated channels, using either fluorogenic Ca®" dyes or a (VGCC),”** using a membrane-targeted genetically encoded
genetically encoded Ca*" indicator (GECI) tethered to the calcium indicator (GECI).**** Voltage-clamp in the parent cell
channel.'' ~"* However, rapid dilution of transported ions into controlled the gating of single channels. We related the single-

the cytoplasm limits the sensitivity of this approach. Isolation
of single transporters in purified nanoscale proteoliposomes
achieves single-channel sensitivity by preventing diffusive
dilution of transported molecules.'”*® However, this cell-free
approach requires protein purification, loses the native cellular Received:  May 7, 2025

channel gating properties to ensemble Cay3.2 currents, and

used stochastic gating simulations to interpret our results.

context, and restricts molecular or electrical access to the Revised:  June 28, 2025

lumen of the liposomes. Accepted: June 30, 2025
Membrane tethers consist of thin (typically ~100 nm

diameter) tubes of membrane which can be pulled from many

cell types in culture.”’ The tether lumen remains in diffusive
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Figure 1. Single-channel recording in membrane tethers. (A) Experimental setup comprising patterned illumination from a digital
micromirror device (DMD) and two pipettes controlled by micromanipulators. (B) Schematic of the experiment. A HEK293 cell expressed
Cay3.2 and a membrane-targeted Ca** indicator. One pipette applied voltage steps to gate the Cay channels. A second pipette pulled a
membrane tether, which confined the Ca®* influx from single Cay gating events. DMD-targeted illumination of the tether minimized
background fluorescence and flare from the much brighter cell. (C) Comparison of a Cay3.2 channel residing in a tether (left) or the cell
body (right). Bottom: simulated Ca®* profiles for the depicted geometries, assuming a step opening of the channel at t = 0, a transport rate of
¢ = 10° Ca®" ions/s,” an effective diffusion coefficient of D = 21 pm?/s,>°~*® and a buffering capacity (buffer-bound Ca?* per free Ca*)*’
of k = 200.”%° In the tether, the channel is assumed to reside at the distal end. For the channel in the cell body, the Ca>* concentration is
averaged over a hemisphere of radius r. Dashed lines indicate the Ca’" residence time in a tether-delimited (left) and diffraction-limited
(right) focal volume. See Table S1 for diffusion model parameters.

RESULTS AND DISCUSSION If a Ca® channel opens and stays open at the distal end of
the tether, the steady-state free [Ca**] concentration has
maximal increase at the location of the channel:

oL

Theory of Single-Channel Signal Enhancement in
Membrane Tethers. We first modeled Ca** transport for a
single channel residing either within a tether or on the cell

body membrane. Details of the model are in Note S1 and AlCa* ", = ~ 2 . N

Table S1. We modeled the tether as a tube of radius r, and Dygr (1 + k) )

length L, open to the cell body at its proximal end and sealed and a linear decrease down to A[Ca**];.. = 0 at the junction

at its distal end (Figure 1C). Tether radii were 7, ~ S0 nm, selt with the cell body. The mean residence time of a Ca>* ion in

by the balance of membrane rigidity and membrane tension” the tether is

(Figure S1), and lengths were L ~ 10 um. We assumed rapid

equilibrium of cytoplasmic Ca®* buffers such that free Ca’* _

flux, b scales inversely with buffer capacity, kg, following r= E @)

Pree = @/(1 + kg), where ¢ is the total flux through the

channel.”” The effective Ca?* diffusion coefficient, D g, is a For a channel opening in the membrane on the cell body, we

weighted average of free and buffer-bound Ca®>* diffusion model the geometry as a planar membrane opening into an

coefficients (eq 2 in Note S1).”> We compared the Ca®* infinite half-space. This approximation is valid over distances

concentration within a membrane-delimited tether volume to much smaller than the size of the cell. In this scenario, Ca**

the mean Ca®* concentration within a diffraction-limited rapidly diffuses into the open half-space (Figure 1C). The

confocal volume with radius r,, centered on a channel in the steady state increase, A[Ca*]g,., decays with distance r from

cell body membrane. the channel as 1/r. We modeled the resulting Ca** domain as
B https://doi.org/10.1021/acsnano.5c07589
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Figure 2. Simultaneous recording of tether and cell body Ca®>" dynamics. (A) HEK293 cell expressing Cay3.2, with localized excitation of a
membrane-targeted GECI (GCaMP6s-CAAX) in the cell body (orange circle) and tether (purple rectangle). (B) Concurrent patch-clamp
recording of evoked currents (gray) and Ca’*-dependent fluorescence in the cell body (orange) and tether (purple) in response to
depolarizing voltage steps (black) of 10—100 mV from a holding potential of —80 mV. Light-shaded regions indicate epochs of spontaneous
Ca™ influx, which were excluded from analysis. (C) Magnified view of traces in (B). Trains of nine repeats of 45 ms voltage pulses witha 5 s
rest between pulses and a 15 s rest between pulse trains. Current and voltage traces were sampled at 100 kHz. Cell body and tether

fluorescence were recorded at 50—200 Hz.

an average of A[Ca®'];.. over a diffraction-limited focal
volume with radius r, centered on the channel, so:

3¢

AlCa',,) = — 2
(LG ) 47D,g15(1 + Kp) (3)

The mean residence time of a Ca?* ion within this
observation volume is

2
"o

T =
6D 4)

Our model predicts that a tether of typical dimensions (100
nm diameter, 10 ym long) enhances the steady-state in-focus
A[Ca’*];.. near the channel by a factor of roL/r7 ~ 10°
compared with diffraction-limited imaging of a Ca** channel in
the membrane of the cell body (Figure 1C and Note S1). The
time-resolution with which channel gating converts to changes
in A[Ca®"];.. is ~10%fold slower in the tether than for the
channel in the soma membrane. These simple estimates
suggest that membrane tethers can render even miniscule
steady-state transmembrane flows (g, = 100 s™', Dog = 200
pm?/s) detectable by a fluorescent reporter (Kp ~ 1 yuM).

Dimensional scaling arguments can also predict the
fluorescence decay rates for transiently active channels or
pores (Note S1). After a brief influx of Ca®, in a tether, the
local concentration around the influx site decays as t7/% In a
cell, the local concentration decays as t ¥2 Thus, tethers

provide a longer observation window for detecting brief
channel-gating events.

Tether Fluorescence Reports Membrane Ca?* Influx
with High Fidelity. We tested whether Ca®>* compartmen-
talization in tethers permitted optical recordings of single-
channel gating. In a HEK293 cell line stably expressing
doxycycline-inducible Cay3.2 al subunit,’* we titrated
doxycycline to achieve an expression density of ~4 channels/
um?® (Figure S2 and Methods). We also expressed a
membrane-targeted GECI, either lck-jGCaMP8f or
GCaMP6s-CAAX.”**> A high-efficiency transfection protocol
and strong promotor (CMV) drove dense GECI expression, so
the GECI molecules were effectively continuous along the
tethers (Figure S1 and Methods). We used a patch pipette in
whole-cell mode to modulate the membrane voltage and to
record ensemble Cay currents, and a second pipette to extract
tethers. Due to the subdiffraction tether diameter, GECI
fluorescence from the tether membrane was far dimmer than
from the cell body membrane (Figure S1). To record from
both regions, we used a digital micromirror device (DMD) to
target 488 nm excitation light onto the tether and onto a small
patch of the cell body opposite the junction with the tether
(Figure 2A). This illumination strategy minimized the total
excitation light, decreasing background autofluorescence and
flare from the bright fluorescence of the cell body, which might
otherwise have overwhelmed the dim signal from the tether.
The tethers were too thin to determine their diameter via
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Figure 3. Tether Ca’* signal correlates with whole-cell charge transport. (A) Inward currents (bottom) recorded from a Cay3.2 expressing
HEK293 cell in response to 45 ms depolarizing voltage steps (top). (B) Trial averaged current (top), cell (orange), and tether (purple) Ick-
jGCaMPS8f fluorescence responses to membrane depolarizations. To calculate (AF/F)", AF/F was first calculated for each position along the
tether using the pre-stimulus baseline fluorescence as F and then averaged along the tether length. Data are shown for one cell (n = 9 trials,
std. dev. shading). (C) Peak (AF/F)' amplitude of tether 1ck-jGCaMPS8f fluorescence transients as a function of predicted tether charge
concentration, [Q%,], and linear fits. Data and fits are shown for three example tethers. Inset: slope (top) and R? (bottom) from linear fits of
n = 20 tethers. (D) Voltage dependence of stimulus-evoked charge influx (gray), tether (purple), and cell (orange) peak AF/F amplitudes
averaged across n = 25 Ick-jGCaMP8f cell-tether pairs. Traces are normalized for each cell-tether pair before averaging and shaded to show
std. dev. Tether peak (AF/F)' and Qc, were more closely correlated than were cell peak (AF/F)€ and Qg,.

direct imaging, so we compared GECI fluorescence from the
tether and from a patch of the cell membrane of defined area,
using the constant GECI fluorescence per-unit-surface-area to
determine the ratio of these two areas (Figure S1). These
measurements were performed at a holding potential of —80
mV, where Cay channel activation is negligible, to ensure the
results were not distorted by Cay-mediated Ca** fluxes.

We applied trains of depolarizing voltage pulses from a
holding potential of —80 mV, and simultaneously recorded
whole-cell currents and GECI-reported Ca®* dynamics in the
cell, (AF/F)€, and tether, (AF/F)" (Figure 2B,C). The camera
frame-rate was 50—200 Hz. The voltage steps induced
transient inward whole-cell currents which typically returned
to zero before the end of the ty = 45 ms voltage step (Figure
3A). The time constants of Cay3.2 activation and inactivation
decreased for more depolarizing voltages, consistent with prior
studies of this channel.”

Membrane depolarization evoked Ca’* signals in the cell and
tether (Figure 2B,C). Both regions also showed occasional
spontaneous Ca** dynamics (Figure 2B light shading). Epochs
with these spontaneous events were omitted from analysis
(Methods). An estimate of tether electrotonic length-constant,
A, based on whole-cell membrane conductance and tether
geometry, gave A ~ 110 ym (membrane resistivity R, = 1.5 X
10 MQ pm?; intracellular resistivity R; = 3.0 MQ yum;”° radius
r = 50 nm), indicating that Cay channels throughout the tether
experienced membrane voltages similar to the voltage at the
cell body. The appearance of voltage-gated Ca*" influx in the
tether was consistent with this finding.

For both cell body and tether, the stimulus-evoked GECI
fluorescence grew and decayed slowly compared to the patch-
clamp recorded currents (Figures 2C and 3B). The upstroke of
the GECI fluorescence was much faster (~10 ms) than the
recovery (~1.4 s), implying that the peak GECI fluorescence
was proportional to the increase in Ca®* concentration due to
the voltage step:

(AF) 1

max] — | x —

F r (5)
where I is the volume into which the Ca®* is diluted and I, is
the absolute value of the inward calcium current.

For each voltage step, we calculated whole-cell charge influx,
QS,, via the integral of the voltage-clamp current recording. We
estimated the surface areas of the tether and of the whole cell
from the tether geometry (Figure S1) and the whole-cell
capacitance, respectively (Figure S2). We initially assumed that
channel density was approximately homogeneous across the
cell and the tether, so we predicted that the Ca*" flux would be
apportioned between the cell (QS,) and the tether (QL,)
according to their relative surface areas.

We then checked the proportionality across voltage steps
between tether Ca** signal, (AF/F)", and the predicted tether
charge concentration, [Qf,]. We observed a clear linear
relationship within each tether (Figure 3C and Figure S3), but
substantial variation in slope between tethers (Figure 3C
inset). The differing slopes likely reflected variation in tether
channel density, perhaps due to inhomogeneous channel
distributions across the cell leading to variations in the number
pulled into each tether. We also observed trial-to-trial

ty
I, dt
0
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Figure 4. Tether Ca?'signal comprises discrete events. (A) Epifluorescence image of a tether above a kymograph for a 45 ms voltage step
from —80 to —30 mV. Red dashed line indicates step onset. White arrowheads indicate discrete Ca>* events. (B) Kymographs of tether Ca®*-
dependent fluorescence in response to voltage steps from —80 mV to between —60 and +20 mV. Data are shown for single-trial responses of
one tether. (C) Stimulus-triggered average kymographs of spatially isolated tether Ca** events (8—251 events per voltage, n = 25 tethers, 17
cells). (D) Time-course of events in (C), averaged over space. (E) Linear density of observed Ca®" influx events versus voltage (mean = s.d.,

n = 19 tethers).

fluctuations in fluorescence responses within each tether,
which we attribute to statistical fluctuations in channel
activation within tethers (Figure 3C inset). These fluctuations
are expected, considering the small number (~2—12) of
stochastically gating channels per tether (Figure S2).

Unexpectedly, we found that the correlation between (AF/
F)" and Qg, was stronger than the correlation between (AF/
F)€ and Qg, (Figure 3D and Figure S3), i.e., whole-cell charge
and whole-cell fluorescence-reported Ca** influx were not well
correlated. We speculate that the Ca®* in the cell body may
have had additional stochastic uptake and release from internal
Ca® stores (e.g., in mitochondria and endoplasmic reticulum),
whereas these organelles were excluded from the tether. Future
experiments could explore this issue via pharmacological
modulation of internal calcium stores. Since we could not
establish a robust relationship between Ca’* influx, Ca®*
concentration, and GECI fluorescence in the cell body, we
were unable to establish an absolute relation between (AF/F)"
and Qf,. Hence, subsequent measurements focused on
analyzing relative changes in (AF/F)".

Ca?* Indicator Reports Discrete Influx Events. We
observed stimulus-triggered Ca®" events which originated from
distinct positions along the tether and which fluctuated in
number and position between successive voltage steps (Figure
4AB and Figure S4). We visualized these Ca®" events via
kymographs, where fluorescence was displayed as a function of
position along the tether and time. We combined smoothing
and automated thresholding to identify peaks that were >3 +
0.9 o from baseline fluctuations and separated by >0.7 um
(Methods). By comparing recordings taken at the holding
potential of —80 mV (when Cay3.2 channels are expected to

be closed) to the recordings during voltage steps, we estimate a
false-positive rate of 0.9% (Figure SS).

We calculated stimulus-triggered average spatiotemporal
footprints of isolated events (separated by >1.4 ym) (Figure
4C and Figure S4). These footprints captured the rapid
depolarization-triggered Ca®* influx and spread. Since the
response-time of the Ca®* measurements (~40 ms to peak)
was comparable to the 45 ms duration of the voltage pulse, we
could not resolve variations in the onset of Ca®* influx relative
to the voltage upstroke.

We observed clear nonexponential decay of the peak Ca**
signal (Figure 4D and Figure S4). The 1-dimensional diffusion
kernel for a &-function impulse of Ca?* is

2
K(x, t) = ﬁexp( —ﬁ). Evaluating this expression at x

= 0 implies that the peak concentration should decay as ~1/
\/ t. Figure S6 shows a fit of the fluorescence decay to this
simple model. A more detailed model of the fluorescence decay
would include dynamic equilibrium of Ca** with endogenous
buffers; the nonlinear and time-dependent relation between
Ca** concentration and GECI fluorescence; overlap of Ca®*
from neighboring Cay gating events; and slow interchange of
Ca®* between the tether and the cell body. Our analysis relied
only on the initial peak signal, and so did not depend on these
quantities.

We quantified the linear density of gating events in each
stimulation epoch (Figure 4E) and observed a peak density of
approximately 0.15 ym™'. Assuming statistically independent
gating of each channel, the number of gating events is expected
to follow Poisson statistics. We estimated that at the maximum
activation density of 0.15 ym™', the probability of two events
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Figure 5. Single-molecule gating properties of Cay3.2. (A) Histograms of tether Ca>* event amplitudes (10—277 events recorded per voltage
stimulus, n = 25 tethers, 17 cells). (B) Cumulative amplitudes of the event histograms in (A) (red) and average charge influx for the
corresponding cells (gray) as a function of voltage (n = 25 cell-tether pairs). Shading indicates std. dev. (C) Cay3.2 channel open probability,
Py, in response to depolarizing voltage steps from a holding potential of —80 mV (top). (i) P, estimated from inward currents (n = 17 cells,
shading indicates s.e.m.) and (ii) P, calculated using a Hodgkin-Huxley-like model of gating transitions. (D) Left: stochastic simulation of a
channel gating trajectory in response to depolarization of duration ty. Blue traces show the individual gate trajectories, and black trace shows
the channel state (m’h). Right: distribution of charge influx, q, due to single-channel openings in response to depolarization to —30 mV for
duration ty (n = 10* channel trajectories). Calculated by integrating eq 7 in Note S2 over ty. Black dashed line indicates predicted detection
threshold from (E). (E) Frequency of observed events versus voltage (normalized, black, shading std. dev. of n = 19 tethers) and predicted
single-channel event probability for different detection thresholds (colors). Color bar indicates simulated charge detection threshold
(maximum R-value at 0.38 fC threshold). Using the average event frequency and thresholded event detection probability, we estimated the
average linear density of channels to be ~0.2 + 0.1 um™" (mean + s.d.; n = 16 tethers).

co-occurring within our detection window was ~13%. We did
not observe a correlation between the number of detected
events and the tether radius.

Amplitude and Frequency of Single-Channel Gating
Events. We next compared event characteristics reported by
tether Ick-jGCaMP8f to whole-cell electrical measures of
channel gating. For each voltage step, we constructed a
histogram of the unitary event amplitudes (AF/F)* (Figure
SA). We reasoned that the ensemble average of these discrete
gating events should reproduce the previously observed linear
relationship between (AF/F)" and (eq S). To test this idea, we
summed all unitary event amplitudes for each voltage. The plot
of cumulative (AF/F)" vs voltage closely followed the plot of
QS, vs voltage, determined from the whole-cell patch clamp
measurements (Figure SB). Thus, the fluorescence-detected
Ca®" events, when combined to create an ensemble average,
recapitulated the voltage-dependent behavior of the macro-
scopic currents. This correspondence indicates that the gating
properties of Cay3.2 were preserved upon channel partitioning
into tethers.

We then sought to model the distribution of (AF/F)" at each
voltage. This distribution is not directly accessible from
ensemble-average patch clamp measurements. We thus turned
to stochastic simulations of channel gating. We fit a Hodgkin-
Huxley-like model*>*” of channel gating to the whole-cell
currents recorded across voltage steps from —70 mV up to +20
mV (Figure SC). We then performed stochastic simulations of
single-channel gating, using the kinetic parameters derived

from the fit to the whole-cell currents (Fi%ure SD and Table S2
and Notes S2 and S3 and Figure $7).***” For each voltage
step, we calculated the distribution of single-channel Qf,
values, taking into account the voltage-dependent gating
dynamics and the driving force for Ca®" entry.

In the simulated single-channel trajectories, the probability
of channel opening saturated at depolarized potentials (Figure
S7). In contrast, we observed a decrease in the frequency of
Ca’" events at depolarized potentials (Figure SE, black trace).
At depolarized potentials, we expect faster Cay3.2 channel
kinetics, lower driving force for Ca** entry and, thus, lower
unitary charge passed by the channel. We hypothesized that
these very small Ca’* influx events might be below our
detection threshold. To test this hypothesis, we applied a
threshold to the simulated distributions of Qf, (Figure S7) and
counted the voltage-dependent frequency of events that
exceeded this threshold. Upon varying the simulated detection
threshold, we found best correspondence between simulation
and experiment at a threshold of 0.38 fC for jGCaMP8f and
0.4 fC for GCaMP6s (Figure SD,E and Figure S8). This
detection threshold corresponds to an equivalent constant
current of ~9 fA over t; = 45 ms; or to 100 fA for a 4 ms
gating event. These unitary charges are substantially smaller
than are typically recorded by patch clamp.”’

CONCLUSIONS

Historically, it has been challenging to measure small ionic or
biomolecular fluxes in intact membranes. Here, we showed
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that membrane tethers can compartmentalize and thereby
amplify single-channel fluxes. Using membrane-targeted
GEClIs in tethers, we detected puncta of elevated Ca*" in
response to voltage-dependent gating of a low-conductance
Cay3.2 channel (Figure 4). Despite slow GECI kinetics, the
tethers amplified and prolonged [Ca®*] transients enough that
single-channel gating events were readily detectable (Figure 1).

We compared the amplitude and frequency of tether Ca**
events to ensemble Cay3.2 electrophysiology. The mean height
of tether Ca’** transients correlated with the charge passed
during depolarizing stimuli (Figures 3 and S). Conversely, cell
GECI fluorescence was poorly correlated with transported
charge, likely due to intracellular Ca®" transport. Pharmaco-
logical silencing of intracellular Ca®" transport pathways might
improve this correspondence. By comparing simulated single-
channel gating trajectories and the observed frequency of Ca**
events, we estimated a detection sensitivity of ~0.4 fC,
corresponding to ~1250 Ca*" ions (Figure ). Strong buffering
of intracellular Ca®* presented a challenge for our measure-
ments. It is estimated that the basal buffering capacity of
cytoplasm ranges from 100 to 200,””*”*" so an influx of 1250
Ca®" ions corresponds to only 6—13 free Ca®" ions.

An extension of the current work would be to label the
Cay3.2 channels directly, and to image their single-molecule
fluorescence in a second fluorescence wavelength. This would
provide an independent estimate of the number of channels in
the tether. Additional fluorescence wavelengths could also be
useful for independent fluorescent tags in the membrane or
cytoplasm, either of which could be used to improve estimates
of tether diameter.

In principle, our tether-based recording scheme can
generalize to other proteins (e.g, channels, transporters,
membrane associated enzymes). The key requirement is a
suitable fluorescent reporter of the substrate or products.'® For
a 10 um tether, a turnover rate of 100 s~ at the distal end of
the tether, and an unbuffered substrate with a diffusion
coefficient of 200 um?/s, the local concentration increase is 1
uM, and the substrate residence time is 250 ms. These
parameters benchmark the sensitivity needed for different
substrate fluxes. Many parameters contribute to determining
flux through a transport protein, including the chemical and
electrical potentials of transported species, permeation
mechanism, protein conformational dynamics, bilayer tension,
post-translational modifications, cofactor binding, and redox
chemistry.' Single-channel recordings in tethers open the
door to exploring these factors in a cellular context.

We observed a good correspondence between the average
Cay3.2 gating behavior in tethers and bulk Cay3.2 electro-
physiology, which indicates that Cay3.2 channel gating is not
disrupted in tethers. In general, however, isolation of proteins
in tethers has the potential to perturb their function, e.g. via
differences from the parent cell in membrane tension,
curvature, or cytoskeletal and organellar associations.”"*""**
As with any single-molecule technique, one must validate (e.g,,
by comparison to the ensemble-averaged bulk) that the
isolation strategy does not perturb the molecule of interest.

Some cellular membranes natively contain nanoscale
compartments, such as dendritic spines,“ neurites, "%
primary cilia,* synaptic vesicles,"” tunneling nanotubes,"®
and retraction fibers.*” Our work highlights the possibility that
stochastic single-channel gating events within these structures
can lead to substantial fluctuations in substrate concentration.
Whereas membrane signaling is typically modeled via

ensemble-average kinetics, a direction for future research will
be to explore the biological roles of stochastic single-molecule
gating in nanoscale compartments.

METHODS

Genetic Constructs. We used membrane targeted 1ck-jGCaMP8f
and GCaMP6s-CAAX Ca®* indicators to detect single-channel tether
Ca®" transients. Both constructs were expressed under the control of a
CMV promoter. The pGP-CMV-GCaMP6s-CAAX construct was a gift
from Tobias Meyer (Addgene #52228) and used as provided. The
pGP-CMV-Ick-jGCaMP8f construct used in this work was made from a
pZac2.1-GfaABCI1D-Ick-jGCaMP8f plasmid gifted by Loren Looger
(Addgene #176759).

Ick-jGCaMPS8f was cloned into a pGP-CMV vector backbone
(Addgene #104483) using Gibson assembly. Briefly, the vector was
linearized by sequential digestion using restriction enzymes (New
England Biolabs) and purified by GeneJET gel extraction kit
(ThermoFisher). The insert fragment was generated by polymerase
chain reaction amplification and inserted into the backbone using
NEBuilder HiFi DNA assembly kit (New England Biolabs). The
resulting construct was verified by sequencing (Primordium).

Cell Culture and Transfection. HEK293 cells stably expressing
Tet repressor (T-REx-293, ThermoFisher), constitutive human K; 2.3,
and doxycycline-inducible human Cay3.2 were a generous gift from
Terrance Snutch. Cay3.2/K;2.3 cells were maintained at 37 °C and
5% CO, in Dulbecco’s modified Eagle’s medium (DMEM)
formulated with high glucose, GlutaMAX, and pyruvate (Cat. No.
10569010, ThermoFisher) and supplemented with 10% heat-
inactivated fetal bovine serum, penicillin (100 U/mL), and
streptomycin (100 pg/mL). Culture medium was supplemented
with Geneticin (600 pg/mL, Life Technologies), hygromycin B (150
pug/mL, Sigma-Aldrich), and blasticidine (10 yg/mL, ThermoFisher)
selection agents. Selection agents were removed and cells were
passaged at least 24 h prior to transfection with GECI constructs.
Passaged cells were grown to ~80% confluence prior to transfection
with TransIT-293 (Mirus Bio) according to manufacturer protocols.
Cay3.2 expression was induced 24—72 h prior to imaging using 150
pg/mL—15 ng/mL doxycycline (Sigma). A doxycycline dose of 1.5
ng/mL generated a whole cell Cay3.2 conductance of 5.6 + 1.5 pS/
um? (n = 17 cells) at =20 mV (Figure S2E).

Patch-Clamp Electrophysiology. Whole cell voltage-clamp
recordings were acquired from Ca3.2 expressing cells. On the
morning of an experiment, cells were trypsinized and replated on
poly-D-lysine (Sigma) coated glass bottom dishes (20 pg/mL
incubated at RT overnight or 20 min at 37 °C, washed 3x with
phosphate-buffered saline). Prior to an experiment, cells were washed
2x and immersed in an extracellular solution containing (in mM): 125
NaCl, 25 glucose, 1S HEPES, 2.5 KCl, 1 MgCl,, 2 CaCl,. Patch
pipettes (1—10 MQ) were filled with an internal solution containing
(in mM): 8 NaCl, 130 KMeSO;, 10 HEPES, 4 MgATP, 0.3 Na;GTP,
5 KCI. The pH was adjusted to ~7.3 using KOH and the osmolarity
was adjusted to ~295 mOsm/L with sucrose. Signals were amplified
using an Axopatch 200B amplifier (Molecular Devices), filtered at S
kHz and digitized at 100 kHz (DAQ PCle-6323, National
Instruments). A micromanipulator (Sutter) maneuvered patch
pipettes to the cell membrane. Cell membrane voltage was clamped
at a holding potential of —80 mV and then stimulated with
depolarizing pulse trains (9X 45 ms pulses, S s interpulse rest, 15 s
intertrain rest, Figure 2B,C). All experiments were performed at 32 °C
with temperature control provided by an objective heater (Bioptechs)
and stage heater (Warner).

Tether Formation. Micropipettes were pulled from glass
capillaries (World Precision Instrument, 1B1SOF-4) using a pipette
puller (Sutter P1000) and the tip of the pipette was sealed and
rounded using a microforge (WPL, DMF1000) to form a microneedle.
Microneedles were surface treated via incubation in poly-D-lysine
(100 pg/mL, 37 °C for 20 min) followed by incubation in
concanavalin A (100 ug/mL, Vector Laboratories) until use. A
micromanipulator maneuvered the microneedle to the cell surface and
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tethers were formed upon brief contact and retraction of the
microneedle tip from the membrane.

Imaging. Ca’* imaging was performed on a custom-built inverted
microscope using a 60x water immersion objective (Olympus,
UPLSAPO60XW). Illumination, spatial light patterning, patch
amplifier, data acquisition card, and camera were controlled with
custom MATLAB (Mathworks) based software.’® A digital micro-
mirror device (DMD, Texas Instruments DLP3000) restricted 488
nm excitation light (81 mW/mm? PhoXX-488-60) to cell and tether
ROIs. GECI fluorescence was imaged onto an EMCCD camera (DU-
897E-CSO-#BV, Andor) with 300x electron-multiplying gain at a rate
of 50—200 Hz. An adjustable slit (VA100, Thorlabs) restricted
incident light to a subset of camera rows to enable high-speed
imaging. Camera frames were either acquired at the rising edge of
patch-clamp voltage stimuli or aligned in postprocessing. Fluores-
cence recordings were registered in time to the voltage-clamp data by
reference to the shared the DAQ clock.

Image Processing and Ca?* Event Finding. Tether orientation
and transverse offset were identified using the Random Sample
Consensus (RANSAC) algorithm.51 Tether motion was compensated
in postprocessing to stabilize the image of the tether. Fluorescence
was averaged along the width (short axis) of the tether and plotted as
a function of time and position along the length of the tether. To
these kymographs, we applied a median filter and a spatiotemporal
smoothing filter. We calculated a global threshold for each recording
using Otsu’s method.>” To segment Ca>" events, we thresholded each
recording and assigned peak amplitude and position to local
maxima.” Spontaneous Ca>" activity typically appeared outside the
narrow time window in which evoked events occurred. Stimulation
epochs contaminated by spontaneous activity were thus identified and
removed from our analysis. In instances where events were detected
less than 0.7 pm apart, the smaller amplitude event was discarded.
Additionally, we discarded any kymograph frames with greater than
0.5 events/um.

Data Analysis. Data processing and image analysis were
performed in MATLAB (Mathworks) and Image].** Ca** diffusion
modeling is described in Note S1. Cay3.2 channel modeling and
stochastic simulations are described in Supplementary Notes S2 and
S3. To compare observed Ca®* event frequency to that predicted by
our stochastic simulations (Figure SD,E), we first calculated the mean
events vs voltage per tether and then averaged across tethers. Then,
starting with the simulated distributions of charge influx, we applied a
charge detection threshold, and calculated the expected frequency of
detected events vs voltage. We varied the simulated detection
threshold to identify the threshold that gave closest correspondence
to our data.
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