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Abstract: Recent technical advances have enabled the imaging of single fluorescent molecules. The application
of single molecule visualization techniques has opened up new avenues of experimentation in biology at the
molecular level. In this article, we review the application of single fluorescent molecule visualization and
analysis to an important problem, that of subunit stoichiometry in membrane proteins, with particular
emphasis on our approach. Single fluorescent molecules, coupled to fluorescent proteins, are localized in the
membranes of cells. The molecules are then exposed to continuous low-level excitation until their fluorescent
emissions reach background levels. The high sensitivity of modern instrumentation has enabled direct
observations of discrete step decreases in the fluorescence of single molecules, which represent the bleaching of
single fluorophores. By counting the number of steps over a large number of single molecules, an average step
count is determined from which the stoichiometry is deduced using a binomial model. We examined the
stoichiometry of a protein, prestin, that is central to mammalian hearing. We discuss how we prepared,
identified, and imaged single molecules of prestin. The methodological considerations behind our approach are
described and compared to similar procedures in other laboratories.
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INTRODUCTION

Photometric observation of single fluorescent molecules,
once an unimaginable goal, is now being realized with in-
creasing frequency in a variety of biological research set-
tings. Significant improvements in detection methods, such
as advanced digital cameras and high quantum efficiency
silicon avalanche photodiodes, together with steadily decreas-
ing prices, have brought single molecule fluorescence imag-
ing techniques within the reach of many laboratories.

The applications of single molecule fluorescence analy-
sis are numerous and multiplying. Notable advances were
made in recent years in understanding the mobility and
underlying mechanisms of aggregation of neurotransmitter
receptors by visualizing single receptor molecules tagged
with fluorophores, either genetically or via fluorophore-
conjugated antibodies ~Bats et al., 2007; Ehlers et al., 2007;
Ehrensperger et al., 2007!. Fluorophores were localized with
greater than diffraction-limited precision by fitting two-
dimensional Gaussian surfaces to their pixilated images.
Similar approaches have been used to study the mechanics
of motor proteins such as kinesin and myosin at the single
molecule level ~Yildiz et al., 2003!. Single molecule ap-
proaches have also been effectively applied to the analysis of
structural rearrangements in single molecules by Förster
resonance energy transfer, in DNA processing enzymes
~Myong et al., 2005; Joo et al., 2006; Kozuka et al., 2006!,
RNA polymerases ~Liu et al., 2007!, and proteins ~Schuler &
Eaton, 2008!.

A novel recent advance in single molecule applications
is the use of single molecule fluorescent imaging to a vexing
problem in membrane protein structural biology, the deter-
mination of subunit stoichiometry. Many, perhaps most,
membrane proteins are found as oligomers. However, tradi-
tional methods of determining the stoichiometry of oligo-
merization, such as Western blots, often yield ambiguous
results, perhaps because the protein is no longer in its native
environment, the plasma membrane. An ingenious ap-
proach to this problem was described and systematically
tested by Ulbrich and Isacoff ~2007!. They expressed mem-
brane proteins, coupled to the enhanced green fluorescent
protein ~eGFP!, in frog oocytes. They used a high quantum
efficiency camera and total internal reflection ~TIRF! imag-
ing to record images of isolated single molecules of mem-
brane proteins. Under continuous excitation, the fluorescence
in regions of interest ~ROIs! enclosing putative single mol-
ecules was observed to decrease in approximately equal-
amplitude steps, consistent with the bleaching of single
fluorophore molecules. By counting the number of steps to
bleach the ROIs to background, they were able to estimate
the stoichiometry of the molecule. They verified the tech-
nique by applying it to molecules with different stoichiom-
etries, from one to four. The method and variations on it
have been successfully applied by numerous others ~Leake
et al., 2006; Das et al., 2007; Ji et al., 2008; Penna et al., 2008;
Tombola et al., 2010; Madl et al., 2011!.

We have recently applied the method to the stoichiom-
etry of a membrane protein important in mammalian hear-
ing, prestin ~Hallworth & Nichols, 2012!. Prestin is a
molecule, only recently identified ~Zheng et al., 2000!, that
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is found uniquely in the plasma membrane of cochlear outer
hair cells ~for a review of prestin and outer hair cells and
their roles in hearing, see Ashmore, 2008!. Prestin plays a
central role in mammalian hearing, as has been amply dem-
onstrated by the hearing loss phenotypes of prestin knock-
out and knock-in mouse models ~Liberman et al., 2002;
Dallos et al., 2008!. As has happened before, the stoichiom-
etry of prestin has been in dispute, with both dimer and
tetramer configurations being advanced by Western blot analy-
ses ~Zheng et al., 2006; Detro-Dassen et al., 2008!, a biophys-
ical analysis ~Wang et al., 2010!, and an electron-density
map of purified prestin protein ~Mio et al., 2008!. In this
article, we discuss how we applied single molecule imaging
to the problem, compare our methods to others, describe
our results, and we give practical suggestions to laboratories
interested in applying the method to their systems.

Stepwise Bleaching of Single Molecules
The concept behind stepwise bleaching analysis of single
molecules is simple and is illustrated in Figure 1. A single
oligomer of the molecule in question, in which each subunit
is labeled by a fluorophore, is isolated and imaged under
continuous excitation. Most fluorophores are bleached by
continuous, sufficiently intense, excitation ~quantum dots
are perhaps the best-known exception to this observation!.
Under continuous excitation, the times at which individual
fluorophores bleach are Poisson-distributed. Bleaching events
will occur at different times from the start of excitation and
can be distinguished with sufficiently sensitive instrumenta-
tion. Counting the number of bleaching events yields an
estimate of the stoichiometry.

The challenges to successful implementation of this
method are: ~1! to obtain sufficiently-sensitive instrumenta-

tion, ~2! to ensure that the observations are truly of single
molecules, and ~3! to understand the results obtained. These
aspects will be discussed in turn.

INSTRUMENTATION AND RELATED
CONCER NS

Instrumentation
The two most frequently used methods of recording single
molecule fluorescence are electron-multiplying charge-
coupled device cameras ~EM-CCDs! and silicon avalanche
photodiodes ~APDs!. EM-CCD cameras produce digital im-
ages that are limited in space by the number of pixels and in
time by the exposure length required to capture enough
photons for an image. APDs collect and respond to an
entire image field, thus are most suitable for fields contain-
ing only a single molecule. They produce a digital signal,
which can be integrated, and have a high bandwidth. Both
EM-CCDs and APDs have very high quantum efficiency,
which means that they can respond to nearly every photon
collected. Whichever detector is used, it is essential to make
as many photons as possible available to the detector. Thus,
excess glass elements in the optical path, such as polarizers
and Woollaston prisms, should be removed. We used an
Andor Technology ~Belfast, N. Ireland! DU-897E cooled
back-thinned EM-CCD camera for the experiments de-
scribed herein ~quantum efficiency . 0.9 at 500 nm!. Simi-
lar cameras were used by others ~Leake et al., 2006; Das
et al., 2007; Ulbrich & Isacoff, 2007; Ji et al., 2008; Penna
et al., 2008; Tombola et al., 2010; Madl et al., 2011!. APDs
have not to our knowledge been used in membrane protein
stoichiometry experiments such as ours, but are popular in
other areas of single molecule fluorescence studies ~e.g.,
Karymov et al., 2007; Jiang et al., 2011!.

Noise Sources
Single molecule images are small signals on a noisy back-
ground, so it is important to understand the sources of
the noise. A leading manufacturer of EM-CCD cameras
~Hamamatsu, Bridgewater, NJ, USA! characterizes the sources
of noise in this equation for the signal-to-noise ratio ~SNR!:

SNR �
PQe t

M~P � B!Qe t � Dt � Nr
2

.

P is the noise associated with the photon flux, sometimes
called “shot noise,” and is an unavoidable consequence of
the natural variation of the photon flux arriving at the
camera. Qe is the quantum efficiency of the camera’s photo-
sensitive elements, and t is the integration time. Dt is the
background thermal noise associated with the camera’s sen-
sors ~the “dark current”!—this can be dramatically reduced
by cooling the CCD sensor. A 50% reduction in noise for
every 108C reduction in temperature is claimed. However,
for temperatures lower than 2708C, the noise reduction
does not appear to justify the extra effort required ~for
example, ice water or even liquid nitrogen cooling systems!,

Figure 1. The single-molecule subunit counting method. The fig-
ure is a hypothetical plot of the fluorescence intensity of a single
tetrameric molecule, as a function of time, with each subunit
covalently linked to a fluorophore, under continuous excitation
sufficient to cause bleaching of the fluorophores. The fluorescence
decreases in approximately equal amplitude steps unit background
levels are reached. The molecular diagrams indicated the number
of active fluorophores ~depicted in green! at each stage. The
number of steps ~in this case four! yields the stoichiometry of the
molecule.
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unless the other sources of noise are also very low. Nr is the
read-out noise associated with the read operation at each
pixel. It is inherent to the device, but fortunately modern
cameras have minimized this parameter to the extent that it
does not seem to be a factor.

Increasing the photon flux P will clearly improve SNR,
but that requires increasing the excitation rate, which in this
kind of experiment will then accelerate bleaching such that
it is impossible to separate individual bleaching events. In-
creasing the gain does not help because the readout noise
and dark current noise will also be amplified. Prolonging the
integration time t helps, but doubling the integration time
only improves the SNR by only M2, so the law of diminish-
ing returns applies. This is especially true if rapid bleaching
events may become confused with slower events such as
fluorophore movement. An important and often overlooked
factor is B, the extraneous background illumination col-
lected by the camera ~not to be confused with biological
background emission as a consequence of endogenous fluo-
rophores!. We found that for a camera operating in the high
gain low noise mode required for single molecule imaging,
even a darkened room contributes significant background.
Two simple modifications helped considerably. We con-
ducted all image acquisition with the microscope covered by
darkroom cloth. We also operated the data acquisition com-
puter display at its lowest possible brightness setting.

Choice of Fluorophore and Expression System
Fluorescent proteins are the most practical fluorophores for
studies such as these because their stoichiometry per subunit
is known with certainty, which would not be the case with a
chemical linking procedure. We obtained a plasmid contain-
ing the prestin coding sequence coupled in-frame to eGFP.
eGFP is usually the best choice because of its high quantum
yield and relative resistance to bleaching. Although our goal
is to bleach the eGFP molecules, it is important to avoid
bleaching as much as possible when setting up the experi-
ment, for example, in finding the focal plane. Thus yellow
and red flourescent protein variants are not as suitable, but
may be considered if background in the eGFP emission
band is a problem.

Our experience has been with mammalian expression
systems such as human embryonic kidney ~HEK 293! cells
or Chinese hamster ovary cells. In Ulbrich and Isacoff
~2007!, the Xenopus oocyte was used, but most other studies
have used HEK 293 cells or similar systems. The use of
oocytes requires direct injection of RNA into the oocyte
rather than transfection with plasmid DNA, as for HEK 293
or similar systems. The oocyte has the advantage of high
expression levels. However, the membrane is complex with
many in-foldings, and biological background from the oo-
cyte contents is also quite high.

To TIRF or Not to TIRF
Observation of fluorescent proteins in membranes may
seem like a natural application of TIRF imaging. Indeed, the
reduced excitation levels afforded by TIRF help to reduce

the rate of bleaching. However, TIRF systems suffer from
fringing due to internal reflections of polarized laser light,
and therefore the image field is usually unevenly illumi-
nated. In our hands, this contributed to a greater scatter in
the estimates of single step size, which led us to return to
conventional mercury illumination for our experiments. In
addition, the biological background-rejection advantages of
TIRF imaging are less apparent in our isolated membrane
fragment preparation, described later in this article, because
the background-contributing cellular contents have presum-
ably been removed.

Minimizing Prebleaching
Although fluorophore bleaching is the goal of the experi-
ment, it is important to minimize bleaching in the experi-
mental setup. This is partly to slow the rate of bleaching so
that the individual steps can be observed, but also to avoid
bleaching in the brief period in which the correct focal plane
is determined. For the experiments described here, we used
the standard mercury source and a fluorescein filter cube,
but we added a neutral density filter in the excitation path.

CRITERIA FOR IDENTIFICATION
OF SINGLE MOLECULES

Criteria for Single Molecule Imaging
We adopted two criteria to assure us that our images were of
single molecules. The first was that the single molecule
image size was consistent with the expected size, given the
optics of our system, as described previously. We also con-
firmed this image size using a nonbiological system de-
scribed later in this section. The second was that the images
exhibit abrupt step decreases in fluorescence, consistent
with bleaching, which is essentially instantaneous. This meant
that in an image sequence the step decreases should occur
over only one or two frames. In practice, this criterion had
to slightly relaxed because the noise levels partly obscured
the transitions.

Calculating Single Molecule Image Size
Because of diffraction, a point source of emission produces
an image at the focal plane that is not a single point but
instead is a cone of illumination surrounded by weaker
concentric rings. The illumination pattern I is described by

I � I0 � 2J1�1.22 pr

r0
�

1.22 pr

r0

�
2

,

where r is the radius from the centroid, I0 is the intensity at
r � 0, J1 is a Bessel function of the first kind, and r0 is the
radius where the intensity first drops to zero. The dimen-
sions of this illumination pattern, called an Airy disk, are
determined by the optical properties of the microscope,
primarily the numerical aperture of the objective. The ra-
dius r0 of the first dark ring is given by
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r0 � 0.61l/na,

where na is the objective numerical aperture and l is the
wavelength. Figure 2A shows a simulated image of an Airy
disk, and Figure 2B is a plot of the profile of that image. As
is clear from Figure 2A, most of the illumination is confined
to the region inside the first concentric dark ring. For our
experiments, in which we used eGFP as the fluorophore, the
numerical aperture was 1.4 and the emission maximum of
eGFP ~l! is 509 nm. We therefore calculated r to be 221.7 nm.
Thus the image of a single fluorophore in our system
should be a disk of diameter about 450 nm.

Empirical Determination of Single Molecule
Image Size
As a test of single molecule image size, we obtained
polyethylene-coated coverslips to which a low density of
biotin had been covalently attached ~BIO_01, Microsurfaces
Inc., Austin, TX, USA; 10–100 molecules per mm2! ~Fig. 3!.
We exposed them briefly ~3 s! to a low concentration
~0.1 mg/mL! of streptavidin conjugated to Alexa Fluor 488
~Invitrogen, Carlsbad, CA, USA! in high-purity water. They
were then rinsed and mounted inverted in high-purity
water on a glass slide for imaging. The manufacturer states
that there are two to four Alexa Fluor 488 fluorophores per
streptavidin molecule. Even at the low density of streptavi-

din binding sites, we found that we had to prebleach the
slides for 30–60 s to be able to distinguish points of poten-
tial single molecule fluorescence.

We then exposed the slide to continuous excitation and
recorded images of a 128 � 128 pixel field ~19.2 � 19.2 mm,
as determined using a stage micrometer! for exposure dura-
tions of 0.2 s and frame rates of 5/s, typically for 500 frames.
An example of our images is shown in Figure 4A. The points
could be enclosed in a 5 � 5 pixel ROI ~750 nm on a side!
but not a 3 � 3 ROI ~450 nm on a side! ~Fig. 4B!. This
finding was consistent with our expectations of single mol-
ecule image size, as described earlier, given that a single mol-
ecule would not necessarily be exactly centered on a pixel.

When analyzed, the points were found to exhibit step
decreases in fluorescence in one or two frames, consistent
with the bleaching of single fluorophores. Examples are
shown in Figure 5A. Occasionally we saw two discrete steps
of equal amplitude, which is consistent with the occurrence
of two Alexa Fluor 488 molecules in the same ROI. The
example in Figure 5A2 was particularly reassuring. It shows
equal-amplitude on-off fluorescence transitions. This phe-
nomenon, called blinking, is characteristic of the Alexa
Fluor dyes ~Aitken et al., 2008! and of many other small-
molecule dyes.

Step amplitudes were then determined from the differ-
ence between the average fluorescence levels before and

Figure 2. The effect of diffraction on the image of a point fluorescence source. A: Simulation of the image of a single
source, in the form of an Airy disk computed using the formula given in the text. B: Plot of illumination of the Airy disk
as a function of normalized radial distance from the centroid, normalized to r0.

Figure 3. The use of biotin-coated coverslips to obtain a preparation of single fluorescent molecules for the determina-
tion of single molecule image size ~adapted from the manufacturer’s brochure!.
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after the steps, and results were stored in text files. The
computed levels are indicated in Figures 5A1 and 5A2 by
red lines. The next step in determining whether the ob-
served steps are single molecule bleaching events is to plot
them in histogram form. The distribution should be well fit
by a single Gaussian distribution, which was the case in our
observations ~Fig. 5B, from a single experiment!. A skewed
distribution would indicate some kind of systematic error
in measuring the amplitudes, such as missing small ampli-
tude events.

Imaging of Single Prestin Molecules
We then applied our method to imaging single molecules of
prestin-eGFP in the membranes of HEK cells. We found
that our protein product ~prestin-eGFP! was well synthe-
sized and incorporated into HEK cell membranes. Fluores-
cence was predominantly found in large areas that

were clearly larger than single molecules, but fluorescent
points consistent in size with single molecules could also
be found in the images. However, these putative single
molecules were too often mobile. We thus could not decide
if a molecule had been bleached or endocytosed. We
then adopted an approach that had previously been used
for the examination of membrane-bound proteins by atomic
force microscopy ~Ziegler et al., 1998, as adapted by Mura-
koshi et al., 2006; Fig. 6!. Cells were exposed to a chilled
hypoosmotic buffer maintained in the cold for 30 min
~4 mM PIPES, 30 mM KCl, pH 6.2, 80 mOsm!. The cells
were then subjected repeatedly to a stream of the same
buffer delivered via a blunted 28 gauge hypodermic needle.
This lysed the cells and removed their contents, leaving
behind membrane fragments. No intact cells could be
observed on the culture dish after this treatment. How-
ever, examination under fluorescence revealed immobi-
lized discrete points of fluorescence that were suitable for
experimentation.

Higher electron multiplier gain and lower temperatures
in the camera electronics had to be used to obtain single
molecule images, but this was expected given the lower
quantum yield of eGFP. eGFP also bleached much faster
than Alexa Fluor 488, thus we reduced the excitation levels
by using a neutral density filter in the excitation path. This
of course further reduced the observable step size, but made
it possible to observe bleaching in discrete steps. Although
many fluorescent points were clearly larger than the single
molecule image size determined by the Alexa Fluor 488
experiment, there were also many points that could fit into
the 5 � 5 pixel ROI.

Figure 7A shows an image field of prestin eGFP mol-
ecules. Figure 7B shows representative examples of the
fluorescence associated with putative molecules as functions
of time. Although the records are clearly noisier than those
in Figure 5, discrete rapid step decreases in fluorescence
consistent with bleaching were readily observable. We com-
monly observed four ~Fig. 7B1! or three ~Fig. 7B2! steps to
background levels, but sometimes two and even one. An
occasional blink event was seen ~arrow, Fig. 7B2!. Larger
steps were also observed ~Fig. 7B3!, but, on inspection, a
transient dwell at an intermediate level could be observed
~arrow!, which indicated that the apparent single step was
in fact two steps.

UNDERSTANDING THE RESULTS

Analysis Software
Camera vendors generally provide adequate software for the
acquisition of images, but their analysis functions are not in
our experience versatile enough to perform the kinds of
analyses used in these experiments. Commercial packages
such as Image Pro ~Media Cybernetics, Bethesda, MD, USA!
and Igor Pro ~Wavemetrics, Lake Oswego, OR, USA! offer
more functions, but have not seen wide application to single
molecule experiments ~but see Das et al., 2007!. Laborato-
ries have therefore generally written their own procedures.

Figure 4. Images of single Alexa Fluor 488 molecules prepared by
the method described in the text. A: Full field image of 128 � 128
pixels. B: Expanded view of image A showing ROIs superimposed
over putative single molecule images. Adapted from Hallworth and
Nichols ~2012!.
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We exported our image sequences as .TIF stacks and
imported them into MATLAB ~The Mathworks, Natick,
MA, USA! where they were analyzed using code we had
written ourselves. The images contained discrete fluorescent
points potentially corresponding to single molecules, as well
as larger areas that were assumed to be macromolecular
assemblies. The loaded images were subjected to a Gaussian
spatial filter to reduce the noise before they were displayed.
The code enabled thresholding and gain adjustment of the
images and permitted the images to be viewed in sequence,
which we found to be important in separating transient
high-value points from persistent fluorescent points that
could be single molecules.

The fluorescence values in single 5 � 5 pixel ROIs were
then calculated and plotted ~in arbitrary units! as a function

Figure 5. Analysis of single molecule Alexa Fluor 488 images.
A: Examples of time plots of single molecule Alexa Fluor 488
fluorescence. Red lines indicate computed averages before and
after each bleaching event. The scale bars represent 5 s ~time! and
100 counts ~amplitude!. B: Histogram of 95 observed fluorescence
step decreases in a single Alexa Fluor 488 experiment. The fitted
Gaussian distribution parameters are xc � 87.49, w � 37.48, A �
467.13 ~R2 � 0.86!. Adapted from Hallworth and Nichols ~2012!.

Figure 6. The osmotic shock and lysis method of preparing mem-
brane fragments.

Figure 7. Single molecules observations of prestin-eGFP. A: Punc-
tate fluorescent points observed in HEK cell membranes after
hypoosmotic lysis, showing ROIs demarcating putative points of
single-molecule fluorescence. The image, of 128 � 128 pixels,
represents 19.2 � 19.2 mm2 at the culture dish. B: Representative
time courses of fluorescence of single-molecule ROIs in the iso-
lated membrane of a prestin-transfected cell. Red lines indicate
computed averages before and after each bleaching event. Arrow in
record B1 indicates on-blink. Arrow in record B2 indicates a
transient dwell at an intermediate level. Adapted from Hallworth
and Nichols ~2012!.
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of time in a separate window, with upper and lower
coordinates that could be manipulated for ease of viewing.
Putative single molecule points were superimposed on
background fluorescence that fluctuated both temporally
and spatially. Provision was made for subtraction of back-
ground fluorescence, using values determined from an ROI
separate from but close to that of potential single molecules.
From the time plot, the average fluorescence values before
and after the bleaching steps were calculated from segments
selected by cursors, and the difference calculated to yield the
step size.

We did not find that temporal low-pass filtering of the
fluorescence time records helped in discriminating the steps.
However, we found the zeroing the values of the ROI corner
points ~0,0; 0,4; 4,0; 4,4! reduced the noise without sacrific-
ing the amplitude of the steps. The corner points are further
from the centroid of the image than the Airy disk radius
and therefore do not contribute much information. This
approach was taken even further by Ulbrich and Isacoff
~2007!, who arbitrarily zeroed individual pixels within their
9 � 9 ROI to reduce the noise even further.

MATLAB is a powerful program but is far from ideal as
a user interface. Mathematica ~Wolfram Research, Cham-
paign, IL, USA! has also been used ~Ulbrich & Isacoff,
2007!. Another application that could support interactive
analysis is National Instruments LabVIEW ~Austin, TX,
USA! with its Signal Processing extension.

Determination of Step Count
Determination of the step count proceeded in two stages.
We first accumulated all step size measurements in histo-
gram form, as in Figure 8A. For prestin, the histogram was
well fit by a Gaussian distribution with mean m, standard
deviation s, and was slightly better fit by adding a second
Gaussian of mean 2m, standard deviation M2s. We inter-
preted this to suggest that some double steps had been
incorrectly scored as single steps.

We then reexamined all the single molecule records
individually and counted the number of steps to reach
background fluorescence levels, by inspection. We used our
estimate of the mean step size m to resolve any ambiguities.
The results were plotted as a histogram of step counts, an
example of which is shown in Figure 8B. As an alternate
approach to the step count, the difference between the
starting fluorescence level and the final fluorescence level

can be divided by the mean fluorescence step size, and the
result rounded up or down to an integer. In our hands, the
two analyses yielded almost identical results over a large
population of putative single molecules.

Fitting the Binomial Distribution
Ideally, every dimer should bleach in two steps, every trimer
in three, and so on. In our experiment and those of others,
the number of steps was variable, and the mean step count
was substantially less than the presumed stoichiometry. One
explanation for this is that some fluorophores may be
bleached during acquisition of the focal plane. Another is
that a fraction of fluorescent proteins do not fluoresce. Thus
the experiment resembles a binomial sampling procedure,
in which a small sample of n items is removed without
replacement from a larger population, some of which are
defective. If the probability that the individual item is defec-
tive is q, the probability that it is not defective is p, which is
1 � q. Our observations can then be understood if each
single molecule is thought of as a binomial sample, size n,
with q the probability that the fluorophore is defective. The
expected distribution of step counts for N single molecule
observations is then given by

A~x! � N
n!

x!~n � x!!
pxq n�x, x � 0,1,2, . . . , n,

where A~x! is the predicted number of single molecules
with step count x, N is the number of single molecules
observed, n is the presumed stoichiometry, and p is the
fraction of fluorophores that are active ~0 , p , 1!.

As is clear from Figure 8, we observed step counts up to
seven. However, most of the observations were in bins 1 to
4. It was unlikely that the stoichiometry was less than four,
given the number of observations of step counts of four.
The assumption of either n � 4 or 5 appeared reasonable.
To determine the correct stoichiometry, we calculated the
mean step count mn for each assumed n as

mn �
1

N (
x�1

n

A'~x!{x,

where A'~x! is the observed number of molecules with step
count x.

The mean of a binomial sampling distribution mn is
equal to np. For an assumed stoichiometry n, the probabil-
ity p is then calculated as mn/n.

Figure 8. Representative example of the
analysis of single molecules of prestin-eGFP.
Histograms of ~A! step amplitudes and ~B! step
counts. The binomial fit parameters are given
on the figure. Adapted from Hallworth and
Nichols ~2012!.
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How to Distinguish between Possible
Stoichiometries
We therefore repeated the experiment with an oligomeric
molecule of known stoichiometry. We obtained a plasmid
encoding the A3 subunit of the human cyclic nucleotide-
gated sodium channel ~CNGA3, from cone photoreceptors!,
again coupled C-terminal to eGFP. While the CNG pro-
teins form tetrameric ion channels composed of A and B
subunits ~Liu et al., 1996!, CNG3A subunits form func-
tional tetrameric ion channels in the absence of B subunits
~Kaupp et al., 1989; Bonigk et al., 1993!. We repeated the
prestin experiment with CNGA3-eGFP and in two trials we
obtained mean step counts of 2.59 and 2.74 ~Fig. 9!. Since
CNGA3-eGFP is known to be a tetramer, we were safe to
assume n � 4, and the calculated p values were then 0.65
and 0.68 ~average 0.665!. In the prestin-eGFP experiments,
for the assumption of n � 4 we obtained p values of 0.659,
0.68, and 0.678 in three trials ~average 0.672!, very close to
the values obtained for CNGA3-eGFP, and the mean step
counts for n � 4 were 2.69, 2,71, and 2.71. Using n � m/p
and this independent estimate of p, the best ~nearest inte-
ger! estimate is that n � 4 for prestin-eGFP, i.e., prestin in
its native state is a tetramer.

DISCUSSION

Alternative Methods to Obtain the Stoichiometry
Although most studies listed above have used the step
counting procedure similar to that of Ulbrich and Isacoff
~2007!, a few variations have also appeared. Madl et al.
~2011! averaged the fluorescence from putative single
molecules without bleaching and plotted histograms
of the values, which were then fit by functions of multiple
Gaussian distributions, up to four. This method has the
disadvantage that it becomes ambiguous at higher n of
subunits. For example, is the better fit at higher n real
or simply the outcome of using more free parameters? It
should also be possible to determine the fluorescence of
a known monomer and then divide the value into the
observed fluorescence of oligomers, without actually observ-
ing stepwise bleaching. We tried this approach but found
that visualizing the steps gave us more confidence in the
underlying assumption that we were observing single
molecules.

Are Other Stoichiometries Possible for Our Data?
We assume that ROIs that exhibited greater than four steps
had contained two or more prestin molecules. For the same
average step count, the assumptions of n � 4 or n � 5
yielded p values of 0.672 and 0.51, respectively. Even lower p
values would be obtained if n were assumed to be greater
than five. A p value of 0.5 would imply that half of all eGFP
molecules were dark, either because of failure to fluoresce
or because they had been bleached during the setup. This is
clearly possible, but after all possible precautions have been
taken to reduce prior bleaching, including the use of the
lowest possible excitation levels, it would be disappointing.
Thus our use of the positive control CNGA3-eGFP is deci-
sive in distinguishing between these possibilities.

Depending on the noise level, it is likely that our
method is limited to low stoichiometries. The noise vari-
ance associated with each fluorophore sums, so that at
larger n the noise greatly exceeds the step size. As we
described above, once all proper precautions have been
taken, the major source of noise is shot noise, which is
intrinsic to the fluorophore, so further amplification does
nothing to help. In our experiments, the steps were reason-
ably unambiguous to the eye. Repeated rescoring of datasets
produced essentially the same overall results. A variety of
post hoc mathematical approaches to noise reduction have
been applied including a forward-backward nonlinear filter-
ing algorithm ~Chung & Kennedy, 1991! and a change-
point finding algorithm that detects level transitions ~Watkins
& Yang, 2005!. If noise prevents reliable determination of
step amplitudes, hidden Markov methods are also available
~McKinney et al., 2006!. These methods are somewhat daunt-
ing to implement, and we have not studied them in detail,
but they have the advantage that they provide unbiased
estimates.

How Many eGFP Molecules Are Dark?
Our p value of approximately 0.67 implies that around 33%
of all eGFPs in our experiment were dark, either due to
failure to fluoresce or because they were inadvertently
bleached in the process of establishing the focal plane. Our
number is greater than that reported by others. Ulbrich and
Isacoff ~2007! reported it as 20% as did Ji et al. ~2008!. Madl
et al. ~2011! reported 12%, but we have discussed previously
the reasons to be wary of those results. The difference may

Figure 9. Representative example of the
analysis of single molecules of CNGA3-eGFP.
Histograms of ~A! step amplitudes and ~B! step
counts. The binomial fit parameters are given
on the figure. Adapted from Hallworth and
Nichols ~2012!.
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reflect the different imaging procedures or different culture
conditions.

Stoichiometries Smaller than Three
The assumption of a binomial process underlying the obser-
vations makes physical sense, but our estimates of the
parameters are inexact. The binomial model predicts that
we should be able to make some observations at x � 0, but
of course we cannot, because a molecule with all inactive
fluorophores would be invisible. The value of N is therefore
an underestimate. The error is small for the tetramer case
and large p, but will become more significant at low n,
especially n � 2. It then becomes imperative to have on
hand a positive control molecule of n � 3 or greater, as we
did. This molecule is used to provide an independent esti-
mate of p, which can then be used to calculate n.

The Consequences for Prestin Studies
Our study has helped to resolve the outstanding question of
prestin subunit stoichiometry. We are now applying it to
other members of the membrane protein family ~Slc26! of
which prestin is a member, in the hope of determining if
self-association motifs are in common. Our result does not,
however, tell us whether the prestin subunits function inde-
pendently or cooperatively, about which there is experimen-
tal disagreement ~Detro-Dassen et al., 2008; Wang et al.,
2010!. Nor does it help us understand the relationship of
prestin structure to its function, or even precisely what its
function is, although clearly our results are a necessary
preliminary. We are confident that single molecule fluores-
cence approaches will contribute to the resolution of these
questions.
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