Biophysical Journal Volume 99 November 2010 L81-L83

L81

Counting Bungarotoxin Binding Sites of Nicotinic Acetylcholine Receptors
in Mammalian Cells with High Signal/Noise Ratios
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ABSTRACT Nicotinic acetylcholine receptors are some of the most studied synaptic proteins; however, many questions
remain that can only be answered using single molecule approaches. Here we report our results from single «7 and neuromus-
cular junction type nicotinic acetylcholine receptors in mammalian cell membranes. By labeling the receptors with fluorophore-
labeled bungarotoxin, we can image individual receptors and count the number of bungarotoxin-binding sites in receptors
expressed in HEK 293 cells. Our results indicate that there are two bungarotoxin-binding sites in neuromuscular junction recep-
tors, as expected, and five in a7 receptors, clarifying previous uncertainty. This demonstrates a valuable technique for counting
subunits in membrane-bound proteins at the single molecule level, with nonspecialized optics and with higher signal/noise ratios

than previous fluorescent protein-based techniques.
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The ability to count the number of ligand binding sites or
subunits in single, membrane-bound receptors in mammalian
cells with a high signal/noise ratio is useful for many ion
channel applications (1-3). By fluorescently labeling and
exciting the ion channel, the number of ligand binding sites
can be determined by counting the number of staircased pho-
tobleaching events, which occur randomly in time. Ulbrich
and Isacoff (1), for example, used this approach to determine
that NMDA receptors containing NR1 and NR3B subunits,
expressed in Xenopus oocytes and labeled with fluorescent
proteins (GFP or dsTomato), have a 2:2 subunit stoichiom-
etry. Their experiments, however, required extra care to
achieve good signal/noise. The relatively poor signal/noise
ratio of the fluorescent proteins necessitated the use of a
1.65 NA objective, quartz coverslips, and specialized immer-
sion oil. Cell fixation, however, was not required because the
channels were stationary in Xenopus oocytes.

Ji et al. (3) were able to extend the technique to mamma-
lian cells to count subunits in calcium channels. They used a
1.45 NA objective, which did not require a special coverslip
or immersion oil. Using GFP, however, led to low signal/
noise ratios and made counting the number of photobleach-
ing steps ambiguous in >50% of the spots analyzed.
Furthermore, cell fixation was required.

Dye photobleaching has also been used to count pRNAs
in viral DNA packaging motors (4,5), subunits in amyloid
oligomers spin-coated on glass (6), and leukocidin and
a-hemolysin subunits in receptors on glass (7).

Here we demonstrate a method to label nicotinic acetyl-
choline receptors (nAChRs) in cells using external fluoro-
phores that are extremely bright and photostable, thereby
avoiding the difficulties with using fluorescent proteins
in cells (4). We used fluorophore-bungarotoxin (BgT)

conjugates to label the receptors and observe the stepwise
photobleaching behavior. The nAChRs used include neuro-
muscular junction (NMJ) nAChRs, which have two BgT-
binding sites (BBSs) (8,9) and are useful for technique
verification, and «7 nAChRs, for which the number of
BBSs is unclear—either four or five (10,11).

We incubated HEK 293 cells, which were transiently
transfected with subunits composing NMJ nAChRs, with
BgT conjugated to Alexa647. This was followed by cell
fixation and imaging using total internal reflection fluores-
cence microscopy (see the Supporting Material). An oxygen
scavenging system was used to increase photostability of the
dyes (12). We also attempted to label nontransfected
HEK?293 cells and saw no labeled receptors, confirming
the specificity of BT for the nAChRs.

Cells with labeled receptors were clearly discernible from
background. Software was used to automatically detect each
spot and output its fluorescence-intensity-versus-time trace.
The numbers of photobleaching steps were counted “by
eye,” meaning we used a step-fitting program to initially
fit the steps and then rejected very small steps or corrected
for steps that were obviously missed (see Fig. S4 in the Sup-
porting Material). Ambiguous traces that did not show clear
photobleaching steps were rejected. We found that many
traces showed one- and two-step photobleaching, and a
rather insignificant number showed more than two photo-
bleaching steps (Fig. 1). The traces with more than two pho-
tobleaching steps are likely due to two or more nAChRs, or
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FIGURE 1 Histogram of photobleaching steps for NMJ type

nAChRs. The histogram suggests that there are indeed only
two BBSs in this receptor.

a receptor with a nearby nonspecifically bound fluorophore,
being within the radius of a diffraction-limited spot. In an
effort to reject as many of these types of spots as possible,
the center of a spot was tracked by fitting its image to a
two-dimensional Gaussian. Spots were rejected that showed
sudden position shifts >15 nm that were coincident with a
photobleaching step because these spots were likely to
contain more than one receptor. By fitting the histogram
to a binomial distribution with two possible BBSs, we
estimated that the portion of sites labeled with active fluoro-
phores was ~60%.

In contrast to NMJ nAChRs, the number of BBSs and
general structure of a7 nAChRs are not well characterized,
although it is established that «7 nAChRs are homopen-
tamers (13). Rangwala et al. (10) suggested that there are
fewer than five BBSs in the o7 receptor, based on alkylation
of the sites using bromoACh techniques. The data suggested
that the number of BBSs might be reduced from five binding
sites due to post-translational modification of the o7
subunits, causing differences in «7 subunits within the ho-
mopentamer (10).

To determine the actual number of BBSs in «7 nAChRs,
we labeled the receptors with Alexa647-BgT and counted
the number of BBSs using the same methods as those
used for NMJ nAChRs. A slight difficulty is that the o7
nAChR is not normally transported to the cell membrane
without coexpression of ric-3 (14). Instead of cotransfecting
cells with ric-3 and «7 plasmid DNA, we used a chimera of
o7 and SHT3 (serotonin receptor) that is transported to the
cell surface without the presence of ric-3. Insertion of
SHT3 did not affect the bungarotoxin-binding properties
of the receptor because the extracellular, N-terminal
BgT-binding portion of the «7 subunit, which contains the
identical sequence to the BgT binding portion of AChBP
(15,16), is included in the chimera (10,13). The chimera
has also previously been shown to have indistinguishable
pharmacology from the full-length «7 for several ligands
and binds bungarotoxin (10,13). We transiently transfected
HEK 293 cells with the «7-5HT3 construct and proceeded
with labeling, fixing, and imaging. We found a significant
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FIGURE 2 (Top) Photobleaching trace of «7-5HT3 receptor
labeled with BgT-Alexa647. (Bottom) Histogram of number
of photobleaching steps per labeled receptor and binomial
distribution fit.

number of «7-5HT3 receptors with five or fewer photo-
bleaching steps (Fig. 2), and a much smaller number with six
or more photobleaching steps. We postulated that five-step
photobleaching was indicative of «7 receptors having five
BBSs, although we cannot formally rule out the possibility
of an additional subpopulation of receptors containing four
or fewer BBSs. Fitting the resulting histogram to a binomial
distribution suggested that our labeling efficiency was 41%.

As mentioned, our technique gives a drastic improvement
in signal/noise ratio over similar techniques that use GFP to
label subunits. For example, receptors with singly labeled
Alexa647s emitted four times more total photons than single
GFPs (data not shown). We also collected «7 data using a
1.65 N.A. objective (see the Supporting Material). There
was no significant increase in the signal/noise with the
external fluorophores, although the 1.65 N.A. did help for
GFP-labeled receptors, increasing the number of collected
photons (data not shown). Alexa647 is also red-shifted
compared to GFP, which helps with cell autofluorescence
problems.

This higher signal/noise ratio allows us to achieve a higher
spatiotemporal resolution that is necessary for tracking
receptors that are diffusing in a nonfixed cell membrane,
while still counting BBSs. We found that for nonfixed cells,
the labeled «7-5HT3 receptors had a two-dimensional diffu-
sion coefficient of 0.1 um? s'. This required tracking in
order to see photobleaching steps (Fig. 3). To count the
number of photobleaching steps of diffusing receptors, it
is necessary to completely photobleach the receptors
quickly. This is because the receptors should not cross paths,
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FIGURE 3 In vivo photobleaching of an a«7-5HT3 nAChR. In the
photobleaching trace (top), the labeled receptor appears to have
five attached fluorophores: one fluorophore photobleaches
near 0.15 s, two photobleach simultaneously near 1.25 s, a fourth
photobleaches near 2 s, and the last photobleaches near 2.3 s.
Because of diffusion, the receptor had to be tracked (see bottom
image sequence).

which will tend to obfuscate which receptor is which after
the crossing. Also, the receptors must not travel in domains
in the membrane that are far away or close enough to the
coverslip surface to make a significant change in the total
internal reflection excitation power applied to the fluoro-
phores. We used a high laser intensity (though not fluoro-
phore-saturating) and acquired images at 0.05 s per frame.
The signal/noise ratio was high enough to see stepwise
photobleaching in a few diffusing receptors, although we
were unable to make out clear steps in most of the live-
cell traces. Due to the simplicity of analyzing nondiffusing
receptors, we did most of our measurements in fixed cells.

In conclusion, we have used fluorophore-BgT conjugates
to count the number of bungarotoxin binding sites in NMJ
and «7-5HT3 nAChRs. We confirmed that NMJ receptors
have two bungarotoxin binding sites, and we found
«7-5HT3 receptors to have five. We found that the high
signal/noise ratios allow for counting subunits, sometimes
even in receptors that are diffusing in nonfixed cell mem-
branes. In addition, the use of BgT for labeling receptors is
not limited to nAChRs with natural binding sites. Indeed,
short amino-acid sequences have been inserted into other
proteins and shown to induce BgT binding (17). Thus, the
techniques reported here should prove useful for other
membrane-bound protein studies in both fixed and nonfixed
mammalian cells.

SUPPORTING MATERIAL

Four figures and nine equations are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(10)01110-0.
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