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ABSTRACT We have developed a new method, using a nanopipette, for controlled voltage-driven delivery of individual fluo-
rescently labeled probe molecules to the plasma membrane which we used for single-molecule fluorescence tracking (SMT).
The advantages of the method are 1), application of the probe to predefined regions on the membrane; 2), release of only one or
a few molecules onto the cell surface; 3), when combined with total internal reflection fluorescence microscopy, very low
background due to unbound molecules; and 4), the ability to first optimize the experiment and then repeat it on the same cell.
We validated the method by performing an SMT study of the diffusion of individual membrane glycoproteins labeled with Atto
647-wheat germ agglutin in different surface domains of boar spermatozoa. We found little deviation from Brownian diffusion with a
mean diffusion coefficient of 0.79 = 0.04 um?/s in the acrosomal region and 0.10 *+ 0.02 um?/s in the postacrosomal region; this
difference probably reflects different membrane structures. We also showed that we can analyze diffusional properties of different
subregions of the cell membrane and probe for the presence of diffusion barriers. It should be straightforward to extend this new

method to other probes and cells, and it can be used as a new tool to investigate the cell membrane.

INTRODUCTION

Currently, a major problem in membrane biology is to un-
derstand how the heterogeneous distribution of component
lipids and proteins is generated and maintained against the
randomizing forces of diffusion, especially in highly polar-
ized cells with specialized functions (1). Progress in ad-
dressing this problem has depended to a large extent on the
application of novel biophysical methods, particularly meth-
ods that have sufficient resolution to interrogate the dynamics
of submicron structures like lipid rafts or transient confine-
ment zones. This is achievable only by tracking and analyz-
ing the diffusion of single molecules in real time, where the
centroid of the diffraction-limited optical image from the mole-
cule can be determined with a precision greater than 50 nm.
Gold-conjugated molecules have been widely employed,
although the size of this tag (1040 nm) may perturb their
motion (2). More recently, fluorophores (e.g., green fluores-
cent protein proteins, dye-conjugated lipids) have been used
as labels as they are less perturbative but have the disadvan-
tage of reduced observation times as eventually they photo-
bleach (3-6). Single-molecule tracking experiments observe
motion from random positions on the cell surface. Presently,
there is no capability for delivering the molecule to a pre-
defined position to systematically investigate diffusional prop-
erties in different areas of the cell surface. This is particularly
important when a fluorophore-labeled probe is used since the
length of the trajectory is limited by photobleaching. This
means that without control of the region explored by the probe
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it is not possible to systematically explore the diffusion in
different regions since the probe is unlikely to reach the region
of interest before photobleaching. In addition, it would be
advantageous to control the number of labeled molecules
diffusing over the cell surface to avoid problems caused by
tracking intersecting trajectories. The topography of the cell
surface is not determined or known in many experiments,
making it difficult to correlate the measured trajectory to the
presence of a particular cell structure.

It is clear all current biophysical methods have limitations
and so there is a pressing need to develop new investigative
tools. To overcome this problem, we are developing a
method to probe the structure and function of the membrane
of live cells by measuring the diffusion of fluorophore-
labeled molecules, such as lipids and glycoproteins, at the
single-molecule level beginning at a defined region. Our aim
is to exploit advances in scanning ion-conductance micros-
copy (SICM) (7,8) to controllably deliver individual
fluorophore-labeled probes to a defined position on the cell
surface using a nanopipette operating under physiological
buffer. The diffusion of the individual fluorophore-tagged
molecules will then be followed in real time using single-
molecule fluorescence detection and a sensitive charge-
coupled device (CCD) camera. In this way we can directly
interrogate the diffusional properties of different regions of
the cell membrane and the presence of barriers to diffusion.

A second issue is to perform the biophysical studies on
well-characterized and reproducible cell surfaces. We are
currently using the sperm plasma membrane as a paradigm
for mammalian cell surface membranes in general. Sperma-
tozoa are a tractable system for investigating many membrane
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phenomena and have several advantages over other cell
types. First, they are available as single cells and hence are
readily accessible to scanning nanopipettes. Second, they
remain viable in a suitable diluent for 3—4 days at room
temperature, allowing prolonged study. Third, they have a
highly polarized and reproducible structure and topography,
allowing us to compare data from different cells. In par-
ticular, the plasma membrane overlying the boar sperm head,
which is ~9 um in length and ~4 wm at its widest point, has
three well-defined surface macrodomains that are antigeni-
cally different. These are known as the anterior acrosome,
equatorial segment, and postacrosome (see Fig. 2 C) (9). We
postulate that these differences are maintained by diffusion
barriers or organizational disparities in membrane structure.
Fourth, spermatozoa are transcriptionally inactive, and hence
protein synthesis and intracellular trafficking are not con-
founding issues. Fifth, their surface is relatively flat as mea-
sured by atomic force microscopy (AFM) (10) and SICM
(8), making them more amenable to single-molecule tracking
studies than somatic cells which contain microvilli and sur-
face projections of various dimensions. Sixth, the sperm plasma
membrane undergoes a series of developmental changes
(collectively known as capacitation) in preparation for fusion
with the egg that can be controlled experimentally by se-
questering membrane cholesterol with cyclodextrins (11).
Thus differences in diffusional properties of the macro-
domains can potentially be related to physiological function.
As a paradigm for a polarized cell, therefore, spermatozoa
have considerable merits.

In previous work we used a nanopipette as a nanopen to
deliver biomolecules in ionic solution to functionalized sur-
faces (7,12—-17). An ion current that flows between elec-
trodes in the pipette and the bath is used to control the
distance between nanopipette tip and surface. The number of
delivered molecules is controlled by the sign and magnitude
of the applied voltage (12,13). The biomolecules are always
in buffered solution and maintain their biological activity.
We have recently shown that we can deliver controlled num-
bers of functional biomolecules, such as DNA and anti-
bodies, to a surface, that the antibody-antigen interactions are
specific, and that we can address a specific feature on the
surface with a second biomolecule (14).

In this investigation we describe the use of a nanopipette
to deliver individual molecules of a fluorescent probe to pre-
selected sites on the plasma membrane of live boar sper-
matozoa to track the diffusion of membrane glycoproteins in
different macrodomains.

MATERIALS AND METHODS
Sperm preparation

Ejaculated spermatozoa were obtained fresh from boars maintained at the
Babraham Institute or supplied by JSR Genetics (Southburn, East Yorkshire,
UK). All procedures involving animals were carried out within UK Home
Office approved guidelines. Spermatozoa were diluted in HEPES-buffered
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Tyrode’s medium with added lactate and pyruvate (TALP) medium (18)
minus Ca>* and HCOj and washed once by centrifugation through a Percoll
step gradient (35%:75% Percoll in TALP). This procedure removes dead
cells and debris (19). The live fraction obtained is >90% viable on the basis
of their motility and exclusion of DNA-binding dyes such as propidium
iodide (20). The live sperm fraction at the bottom of the gradient was
resuspended in 1 ml TALP, centrifuged, and the pellet resuspended to ~107
sperm/ml with TALP. Glass coverslips (16 mm diameter) were glued onto
30 mm petri dishes to overlie 10 mm central holes, coated with poly-L-lysine
(0.1%, Sigma, Poole, Dorset, UK) and washed with MilliQ water (Millipore,
Bedford, MA). Live sperm suspensions were applied to the coverslips in the
presence of sodium azide (0.003% or 0.549 mM final concentration). This
low concentration of azide uncouples motility from metabolism (21) with
the result that sperm are immobilized but continue to produce sufficient ATP
to remain alive. The azide effect is reversible and was confirmed for these
experiments (data not shown). After 15 min, unbound spermatozoa were
washed away and the dishes filled with 3 ml TALP buffer. All experiments
were performed at room temperature (22°C-23°C).

Lectin labeling of spermatozoa

To a vial containing ~0.3 mg Atto 647-NHS ester (ATTO-TEC, Siegen-
Weidenau, Germany) was added 0.5 mL WGA solution (2 mg/mL,
Cambridge Bioscience, Cambridge, UK) and 50 uL sodium bicarbonate
buffer (1 M, pH 8.3) to adjust the solution pH to ~8.3. The resulting solution
was thoroughly mixed and then gently stirred at room temperature for 2 h,
after which the labeling reaction was terminated by addition of 100 uL
hydroxylamine solution (1.5 M, pH 8.5). The mixture was then loaded on a
gel filtration column and washed with phosphate buffer saline buffer (pH
7.2). The labeled WGA was collected as the first eluted blue band. The
degree of labeling was determined by measuring the ultraviolet-visible
absorbance at 280 and 644 nm, based on the molecular extinction co-
efficients of 78,000 cm™' M for WGA at 280 nm and 150,000 cm™' M~'
for Atto-647 at 644 nm. The average labeling was 1.5 Atto647 fluorophores
per WGA molecule. For details of suspension labeling and Western blotting,
see Supplementary Material.

Pipettes, SICM construction, and probe delivery

Nanopipettes were routinely fabricated from glass capillaries (borosilicate
glass, inner diameter 0.58 mm, outer diameter 1.0 mm, Intracell, Royston,
UK) using a laser-based pipette puller (P-2000, Sutter Instruments, Novato,
CA). The tip opening has a 90-130 nm inner diameter and 240-280 nm
outer diameter, as measured by scanning electron microscopy (15). Pipettes
were backfilled with ~8 uL solution of 100 nM Atto 647-WGA in TALP
buffer with 10% ethanol using a microfiller (MF34G, World Precision
Instruments, Sarasota, FL). An AgCl-coated Ag wire was inserted into the
pipette to form an Ag/AgCl electrode. The pipettes were immersed into a
bath of HEPES/TALP buffer solution containing an Ag/AgCl reference
electrode. A voltage of 0.5 V was applied across the electrodes in the bath
and in the pipette (throughout this article it is always the potential of the bath
electrode which is given). The resulting current of ~5 nA was amplified by a
home-built amplifier with 10® gain. We used mechanical translation stages
for coarse positioning and a three-axis piezoelectric stage (Tritor38,
Piezosystem Jena, Jena, Germany) for fine positioning of the pipettes. Dis-
tance control between the pipette tip and the cell membrane was achieved
using an M44 digital signal processing (DSP) card (Innovative Integration,
Simi Valley, CA) and software developed in house using distance modu-
lation (22). The M44 card was also used to apply negative voltage pulses of
—10 V and 0.1-0.5 s for delivery of probe molecules to the cell membrane.
A short script can be executed which approaches the surface under distance
control and on application of a trigger signal switches the control off, applies
a voltage pulse, and withdraws the pipette. To test the WGA delivery,
microscope coverglasses were treated with poly-L-lysine and then with
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5 mg/ml hyaluronic acid (HA) sodium salt (Fluka, Milwaukee, WI; No.
53747) to form a surface with N-acetyl-D-glucosamine groups (23).

Microscopy

The apparatus used is shown schematically in Fig. 1. The pipette holder is
mounted on an inverted microscope (Eclipse TE 200; Nikon, Tokyo, Japan)
with an epifluorescence attachment. Fluorescence was excited using 5 mW
power of a He-Ne laser at 632.8 nm (LHP 925, Melles Griot, Carlsbad, CA).
The laser passed a spatial filter before it was focused onto the back aperture
of the oil-immersion objective (Plan APO TIRF 60X, numerical aperture
1.45, Nikon). A laser line filter (Z488-633DBX; Chroma Technology,
Rockingham, VT) was used to reject unwanted plasma emission, and a
dichroic (Z488-633RPC, Chroma) was used to separate laser excitation and
fluorescence. The width of the Gaussian beam profile was adjusted to 28
wm, which gave a peak power density measured under a normal incidence of
260 W/cm?. The incident angle can be adjusted for objective-type total
internal reflection fluorescence (TIRF). On the relatively flat surface of boar
sperm heads (8,10), it was possible to do TIRF at the level of the plasma
membrane (see Supplementary Material and Sako et al. (24)). The
fluorescence light was collected through the objective and filtered with a
band-pass filter HQ700/60m (Chroma) mounted in a dual-view image
splitter (Optical Insights, Tucson, AZ).

Only the red channel of the image splitter was used. The image was
magnified 1.6X using a magnifying lens (DL-tube; Infinity Photo-optical,
Gottingen, Germany) to achieve 170 nm pixel size on a back-thinned
electron multiplying CCD camera (Cascade II 512B, Photometrics, Tucson,
AZ). Frame rates of 40 frames/s were used to record image sequences of a
256 X 256 pixel region. The camera control software sent out a trigger signal
to the M44 DSP card to apply a voltage pulse to start the experiment. The
average signal/noise ratio in these experiments was found to be 10. This
should allow a position accuracy of 40 nm based on nonlinear least square
fitting of Gaussians (see Supplementary Material and Bobroff (25) and
Thompson et al. (26)). The template-matching algorithm implemented in the
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FIGURE 1 Schematic of single-molecule tracking experiment with

nanopipette delivery. Only the HeNe laser and the red channel of the image
splitter were used in these experiments.
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MetaMorph imaging software (Universal Imaging Corporation, Down-
ington, PA) was used to track fluorescent molecules, and the position
accuracy was determined experimentally to be below 40 nm. For the analysis
of diffusion boundaries, an automated tracking algorithm based on Crocker
and Grier (27) was programmed in MATLAB (The MathWorks, Natick,
MA).

Data analysis

For individual trajectories of N points (x;, y;) measured at time intervals Az,
the mean-square displacement (MSD) for a time lag nAt was calculated using
a running average along the trajectory (28).

- Xi)2 + (yH—n - yi)z-

)

For plots of averaged MSD versus time lag, the mean MSD and the stan-
dard error of the mean of all trajectories were calculated for a time lag nAt. In
the case of Brownian diffusion the MSD increases linearly with time lag. The
diffusion coefficient can be obtained from the slope; in two dimensions the
relation is

Z (-xH—n

i=1

N—n—1
—-n—1 =

MSD = 4D nAt. 2

To plot histograms of the diffusion coefficient in a given data set, the
slope was determined from the first three data points of the MSD curves of
the individual trajectories. The restriction to just three points was used be-
cause the error in MSD increases with time lag as the number of independent
measurements decreases (29). The histograms were compared to a prob-
ability distribution p(D.) of apparent diffusion coefficients D, for a given
true diffusion coefficient Dy and a given number of independent data points
N = Nioa/(nAf) calculated according to Vrljic et al. (4):

1 N\" o —ND,
p(DE)dDe:(N—l)!(DO) (D))" exp< D, >dDe-
(3

To orientate the cells to the same position and rotation, images of the cells
under white light illumination were recorded together with the fluorescence
image sequences. The position and rotation of each cell relative to the posi-
tion of an idealized outline of a boar spermatozoa was then determined. The
outline including the boundaries of the different compartments were taken
from the AFM image in Fig. 3 of James et al. (9). Using this information the
individual trajectories were then rotated and translated so that they match the
outline. Home-written software was used to identify trajectories or sub-
sections of trajectories in the different regions, which were then analyzed
separately.

RESULTS
Wheat germ agglutin

Wheat germ agglutinin (WGA) conjugated with fluorescent
dyes has affinity for N-acetyl-3-D-glucosaminyl and sialic
acid sugars of membrane glycoproteins. Western blot analy-
sis of horseradish peroxidase-conjugated WGA showed at
least six clearly resolvable bands (Fig. S1 in Supplementary
Material), indicating that WGA binds to several different
glycoproteins of different molecular weights. A bulk labeling
experiment with Alexa 488-conjugated WGA showed that the
lectin binds uniformly over the entire surface of live boar
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spermatozoa as shown in Fig. 2. Atto 647-labeled WGA was
used throughout the single-molecule tracking experiments.

Pipette delivery

We found in previous studies that proteins loaded into the
pipette are delivered on application of a negative voltage to
the electrode in the bath (13,14). The same is true for the Atto
647-WGA used in this experiment. Atto 647 is slightly
hydrophobic, which can lead to aggregation of the labeled
protein in the pipette tip. To prevent this, 10% ethanol was
included in the solution in the pipette. Fig. 3 A shows the
deposition of Atto 647-WGA onto a surface coated with HA,
which contains N-acetyl-D-glucosamine groups. One volt-
age pulse of —10 V and 300 ms duration was used to deliver
the molecules onto the surface, and the pipette to surface
distance was ~100 nm. A bright feature caused by the Atto
647-WGA is visible in the image surrounded by a few low-
intensity spots. The full width at half-maximum of the central
spot is just 0.9 wm, which shows the accuracy with which the
molecules can be delivered to a specific location. From the
size, intensity, and the single-step photobleaching of the low-
intensity spots (Fig. 3 B), we conclude that these are single
WGA molecules labeled with one Atto 647 or sometimes
two Atto 647 fluorophores. The fluorescence in the central
spot is on average 90 times brighter than a single molecule
(from n = 9 images), which suggests that 90 molecules
attach to the HA-coated surface.

In a further experiment the pipette was filled with a lower
concentration of Atto 647-WGA (10 nM) and illuminated
with a focused laser beam. Fluorescence was detected in a
confocal mode and avalanche photodiodes for higher time
resolution as described in Ying et al. (12). In this way
fluorescence bursts of individual Atto 647-WGA molecules
exiting the tip during applied voltage pulses (—10 V, 300 ms)
could be detected (Fig. 3 D, inset). By dividing the overall
fluorescence intensity from molecules excited during one
burst by the average intensity from a single molecule, an
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estimate of the number of delivered molecules was possible.
For 10 nM Atto 647-WGA in the pipette, this is 200 mole-
cules. For 100 nM Atto 647-WGA, the concentration used
for the deposition experiment above and the cell experi-
ments, the fluorescence increases ~9 times (data not shown).
There are ~1800 molecules that exit the pipette under these
conditions. This shows a capture efficiency for the HA sur-
face of ~5%.

When a positive voltage of 0.5 V is applied, it is possible
to control the pipette 100 nm above the membrane surface
without molecules being delivered (Fig. 4). When a pulse of
—10 V is applied for 0.1-0.5 s, molecules are ejected from
the pipette tip. Although most delivered molecules will
diffuse rapidly into the buffer solution, we found that a small
number (<10) will attach to the cell membrane, giving a bind-
ing efficiency of ~0.5% or less. These are visible by TIRF
fluorescence microscopy under laser excitation as diffrac-
tion-limited spots (Fig. 5 and see videos in Supplementary
Material). The pipette loaded with the fluorescent molecules
is visible as a bright spot in the fluorescence images until it is
withdrawn rapidly by the piezo stage. Diffusion of individual
Atto 647-WGA molecules on the cell membrane can then be
monitored until they photobleach in a single or two steps,
allowing the trajectory of the molecule over the cell surface
to be determined. This experiment can then be repeated on
the same cell. During the first experiment, the TIRF inci-
dence angle and the focus of the microscope objective could
be optimized for each individual cell, and the repeats (usually
10 times) are used to collect data. In a control experiment
10 uM N-acetyl-D-glucosamine was added to the Atto 647-
WGA with 10% ethanol in the pipette. The WGA, which
binds the sugar under these conditions, no longer labeled the
cell membrane.

This shows the specificity of the probe under the delivery
conditions. Furthermore, it is possible to select specific re-
gions on the cell to which the probe molecules are delivered,
allowing us to study the diffusional properties of different
domains. The number of molecules delivered from the

Acrosome

Equatorial
segment

FIGURE 2 (A and B) Two live boar spermatozoa labeled
with Alexa 488-WGA from solution. Note the uniform
fluorescence over the entire plasma membrane. Scale
bar = 10 microns. (C) Outline of the head from a boar
spermatozoa showing the different regions or macro-
domains.
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pipette can be controlled by the applied voltage and the
duration of the pulse to find optimum conditions for single-
fluorophore tracking. Molecules which do not bind to the
membrane are diluted rapidly in the buffer solution or attach
to the glass coverslip. Due to this dilution, there is no need to
wash away surplus probe molecules, and the fluorescence
background due to molecules in solution was found to be
very low. Furthermore, it is possible to photobleach back-
ground fluorescence from the glass and autofluorescence
from the cell effectively before the start of the experiment.
Control experiments, in which spermatozoa were stained
with the lipid reporter 5-(N-octadecanoyl)aminofluoresein
(ODAF) after photobleaching showed that ~90% had live
pattern staining (30), indicating that they were unaffected by
this laser exposure (data not shown).

When a potential drop of 200-300 mV is created across a
cell membrane, there is a possibility of electroporating the
membrane (31). In an experiment similar to Ryttsen et al.

Timels

(32) we carefully checked pore formation under our delivery
conditions. The fluorescence of the cell was monitored be-
fore and after application of 20 pulses (—10 V, 300 ms) with
1 uM fluorescein present in the bath. Pulses were applied
without laser illumination to prevent photobleaching, and the
medium was replaced after the pulses. The experiment was
repeated several times, but no increase in fluorescence was
detected under these conditions (data not shown). In contrast,
when using a pipette with a fractured tip, which can pierce
the cell membrane, the cells showed bright fluorescence due
to fluorescein entering the cell. We conclude that under our
delivery conditions there is no significant pore formation.
Sperm are well known to be unusually tolerant of up to 5%
ethanol (21) and to recover their motility when the ethanol is
removed by washing (data not shown). Thus, in these ex-
periments the brief local exposure to ethanol (concentration
estimated to be 4%—5% over 1 wm” of membrane for 0.5 s) is
unlikely to damage the sperm.

A pipet in control B voltage pulse Cc pipet
U=+05V for delivery withdrawal X X .
= no delivery u=+0sV — [~ U=+05 V FIGURE 4 Schematic of t}.w experiment showing hpw
u=-10vV the probe molecules are delivered to a defined position

0.1-0.5s

Feedback
loop
PT -
9
o

on the sperm cell surface using the nanopipette. (A) The
pipette is controlled at 100 nm distance from the cell
membrane at positive potential (electrode in the bath) so
that the probe molecules do not exit. (B) A negative voltage
pulse is applied to deliver molecules to the cell membrane,
distance control is switched off for the duration of the
pulse, and fluorescence imaging starts. (C) The pipette is
withdrawn rapidly at positive potential to prevent further
molecules exiting the tip; fluorescence imaging continues.
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FIGURE 5 (A) Image of the head of the sperm cell
attached to the coverslip under white light illumination. (B)

D E
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24 - 24

Fluorescence image showing a single Atto 647-labeled
WGA molecule (arrow) on the cell membrane. Shown is
one frame of a video (available as Supplementary Mate-
rial). (C) Overlay of the white light and fluorescence
images. Scale bars are 5 um. (D) Typical trajectory on the
anterior acrosomal region obtained by tracking a single
WGA molecule, the square and triangle show the start and
end of the trajectory, respectively. The idealized outline of
a typical boar sperm cell is also shown. (E) Typical trajec-
4 tory on the postacrosomal region.

Analysis of single-molecule diffusion

Fig. 5, D and E, shows typical trajectories of WGA mole-
cules delivered to the anterior acrosomal and postacrosomal
regions, respectively, of an ejaculated spermatozoon. Dur-
ing these experiments, 65 trajectories were recorded on the
acrosome of 15 different cells. On the postacrosome, 37
trajectories were recorded on 13 different cells. In both cases
the average length of a trajectory was 84 steps, which amounts
to 2.1 s recording time.

The averaged (MSD) (28) for increasing time lags was
calculated from these data (Fig. 6 A). For short time lags
below 0.25 s, the MSD increases linearly, which is inter-
preted as free Brownian diffusion of the WGA molecules.
However diffusion coefficients were different for molecules
in the two regions. In the acrosomal region (which in this
case includes the equatorial segment), the linear fit gives a
diffusion coefficient of 0.79 * 0.04 um?/s; and in the
postacrosomal region it is 0.10 = 0.02 wm?/s. For longer
times, the MSD is smaller than the linear relation would
predict; however, the linear curve is still inside the error bars.
The intercept of the linear fit A is related to the position
accuracy with standard deviation o by the relation Ag = 20
(see Martin et al. (33)). With a position accuracy o of 40 nm
(see Materials and Methods) the value for Ay should be 0.003
wm?/s. For the postacrosome data the measured value is 0.04
wm?/s. This high value might be caused by a faster diffusion
for shorter time lags, which is not resolved in our experiment.
For longer time lags the particle then follows Brownian
motion but is much slower. This might be a hint of some form
of corralling of the molecules on the postacrosome.

To investigate the variation in diffusion coefficients, we
analyzed the trajectories separately. The diffusion coefficient
for an individual molecule was determined from the slope of

x/pm

the first three data points of the MSD curve of its trajectory.
Fig. 6 B shows histograms of the diffusion coefficients for
both regions. On the acrosome the diffusion coefficients
show a broad distribution. A Gaussian fit is centered at 0.60
wm?/s and has a width of 0.6 wm?/s. The fit to the histogram
for the postacrosome data are centered at 0.11 and the width
is 0.17 um?/s. Because the trajectories are of finite length
and Brownian diffusion can produce a large variety of
trajectories with a broader distribution of apparent diffusion
coefficients (29,34), it is interesting to compare the measured
values with the expected probability distribution for trajec-
tories of 84 points centered at the same peak value (4). This
distribution was calculated using Eq. 3 and a time lag of three
steps (28 independent measurements). The width of this
distribution is about half the measured value: 0.27 wm?/s for
the acrosome and 0.06 wm?/s for the postacrosome. In the
case of the acrosome, the probability distribution is practi-
cally zero for diffusion coefficients above 1 um?/s or below
0.2 p,mz/s, but there is a significant number of measured
trajectories which show diffusion coefficients outside this
region. For the postacrosome region we can also find tra-
jectories with diffusion coefficients higher than predicted by
the probability distribution. This is a good indication for real
variation in diffusion coefficients of the glycoproteins identi-
fied by WGA. This variation may be due to the probe binding
to different glycoproteins, as indicated by the Western blot
experiments (Fig. S1).

We overlaid all the trajectories analyzed on the sperm
to check that the molecules diffused over all parts of the
macrodomain in question and that there was no bias in the
sampling of the cell membrane surface (Fig. 7). In both cases
the distribution of trajectories is highly uniform with slightly
higher densities in the small region to which the Atto 647-
WGA was initially deposited by the nanopipette.
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FIGURE 6 Analysis of trajectories. (A) MSD versus time lag for the WGA
molecules diffusing on the acrosome and postacrosome. For a given time lag
the average of the MSD of 65 individual trajectories for the acrosome and 37
trajectories for the postacrosome region is shown. The data points and error
bars give the mean = SE. The diffusion coefficients were determined from
the slope of linear fits through data points 2—10 (shown in the graph). (B and
C) Histogram of diffusion coefficients of individual trajectories in the (B)
acrosomal region, and (C) postacrosomal region of the sperm cell. A
Gaussian fit to the histogram (continues gray curve) was added as a guide to
the eye. A theoretical probability distribution (black dash dot curve) for
trajectories with 84 data points is shown for comparison. This has been
multiplied with the number of events and the bin width and divided by 3 for
presentational purposes.
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Subregions

Further analysis was carried out to discriminate between the
diffusion coefficients in the equatorial segment and the
anterior acrosomal cap from the collective acrosome data set.
Because every cell has a different orientation on the cov-
erslip, it was necessary to match images taken from the
different cells with an idealized outline of a sperm cell. Once
the relative orientation of the individual cells was deter-
mined, it was straightforward to rotate and translate the
individual trajectories to find their position relative to the cell
outline. Using this it was possible to analyze the trajectories
in the different regions separately and to divide trajectories
crossing from one region to another to analyze the subsections
individually (Fig. 8 B). Averaged MSD curves for trajectories
in the equatorial segment and the anterior acrosomal cap show
very similar behavior. The diffusion coefficients determined
from a linear fit to the first five data points was found to be
0.74 * 0.05 wm?s for the equatorial segment and gives
0.68 *+ 0.05 wm?/s for the anterior acrosomal cap. Both values
are indistinguishable within the error limits and very close to
the value determined for the full acrosomal data set but clearly
different from the postacrosomal trajectories.

Diffusion boundaries

Much insight is expected from the analysis of diffusional
boundaries on spermatozoa. Because of the high spatial and
temporal resolution, single-molecule trajectories provide an
excellent tool for this analysis. For the measurement of
diffusion coefficients as discussed above, only those trajec-
tories were analyzed that did not cross the boundary between
acrosome and postacrosome. To probe this boundary, other
trajectories were analyzed from the same image sequences
using an automated tracking program (see Materials and
Methods). The crossing between the two regions was ana-
lyzed by introducing a border region to count all attempted
crossing events. Successful crossing events were then counted
for all trajectories and divided by the number of attempted
crossing events to get a crossing probability (Fig. 9). This
probability depends on the width of the border region. For a
thin border region the crossing probability is high and every
trajectory diffusing along the boundary can introduce a high
number of wrongly counted crossings. For a thick boundary,
the crossing probability is low, because the particle is less
likely to diffuse the longer distance. Therefore the probabil-
ity was compared with an artificially introduced border
dividing the cell in two halves (Fig. 9 C) and with the bound-
ary between anterior acrosomal cap and equatorial segment
(Fig. 9 B). For molecules delivered to the postacrosome
region, the probability to cross into the equatorial segment is
~27%, based on 14 successful out of 51 attempted crossings.
This is not much different from the probability of 24% to
cross from left to right (or right to left). The same holds for
molecules delivered to the anterior acrosomal cap: the
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probability to cross into the equatorial segment is 39% (21
crossings, 54 attempts) compared to 40% to cross from left
to right. The crossing probability measured on the anterior
acrosome is higher because of the different diffusion co-
efficients.

Another data set was analyzed where we delivered mole-
cules onto the equatorial segment. The probability of cross-
ing onto the anterior acrosome was found to be 40%, based
on 93 successful out of 237 attempted crossings. This is not
much different from the probability of 50% to cross from left
to right (or right to left). The probability to cross into the
postacrosome was found to be 50%, based on 167 successful
out of 347 attempted crossings, which is the same as the 50%
to cross from left to right (or right to left). These measure-
ments show that glycoproteins recognized by Atto647-WGA
can diffuse without obvious hindrance between the equatorial
segment and postacrosomal regions.

Sperm maturation

Spermatozoa leaving the testis are immotile and infertile and
only acquire these properties during passage through the
epididymal duct, a process known as maturation. Once in the

cauda epididymidis spermatozoa can survive in a fertile state
for several weeks before they are ejaculated. During matu-
ration the sperm plasma membrane undergoes substantial
remodeling, both in terms of its lipid and protein composi-
tion and redistribution of specific antigens. Therefore, we
compared the mobility of Atto 647-WGA-labeled glyco-
proteins on the acrosomal regions of testicular and cauda
spermatozoa. Fig. 10 shows that on testicular spermatozoa
glycoprotein diffusion falls into two groups: those (~70%)
that are almost stationary (mean = 0.012 wm?/s) and those
with very slow diffusion coefficients (mean = 0.093 um?/s.
Averaged MSD curves analyzed separately for both groups
indicated Brownian diffusion. In contrast, diffusion coeffi-
cients on cauda spermatozoa showed a wide distribution with
an overall mean of 0.29 wm?/s. A small proportion (~10%)
had diffusion coefficients similar to ejaculated spermatozoa
(i.e., ~0.8 um?/s). Again MSD plots indicated random dif-
fusion with hints of confinement at longer times.

DISCUSSION

The methodology described in this article has enabled us to
examine the role of putative diffusion barriers in the sperm
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membrane. When viewed by transmission electron micros-
copy the sperm plasma membrane has a classic bilayer
structure with no obvious distinguishing features between
surface domains. However, localized binding of antibody
and lectin probes (35) as well as freeze-fracture (36,37),
AFM (10,38,39), and SICM analyses (8) have demonstrated
substantial topographical differences between the anterior
acrosome, equatorial segment, and postacrosome. The bound-
aries between these domains are sharp and abrupt, suggest-
ing major compositional and/or organizational differences
and have long been thought to represent diffusion barriers
preventing free exchange of lipids and proteins. Recent
work, however, does not support this simplistic view of the
sperm membrane. Polarized migration of a GPI-anchored
hyaluronidase (known variously as PH20, 2B1, or SPAM1)
(40,41) from the tail to the acrosome of rat spermatozoa
during capacitation (a developmental process stimulated by
cholesterol efflux from the plasma membrane) indicates that
some molecules can be spatially repositioned from one do-
main to another, frequently against concentration gradients.

Conversely, short chain saturated lipid probes (e.g.,
DilC,4) have been shown to exchange rapidly between all
domains on the sperm head and tail (9). The nature of the
lipid, however, seems to be important. The longer acyl chain
probe DiIC,¢ forms aggregates or particles ~300 nm diam-
eter in the membrane and are confined to the acrosomal and
equatorial segment domains, leading to the hypothesis that
molecular “‘filters’’, rather than immutable barriers, are
present in sperm membranes and that transfer of a lipid or
protein from one domain to another depends on whether it
diffuses as single molecules (as with DilC;,) or as part of a
larger assembly (as with DilC;¢). The results here do not
disagree with this hypothesis. The expected finding that
WGA lectin binds to a variety of glycoproteins could ac-
count for the variation in diffusion coefficients on the
anterior acrosome, but it is not known if these glycoproteins
behave as single entities or if they are sequestered into larger
complexes. The uniform fluorescence observed over the
sperm surface (Fig. 2, A and B) could be indicative of single
glycoprotein molecules but small lipid rafts, 10-20 nm
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FIGURE 9 Schematic showing how
diffusional boundaries were probed
using the measured trajectories. A six
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When the molecule moves from region
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counted as a successful crossing event.
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diameter, could also be present that would behave differently
and would not be resolvable by light microscopy.

A detailed MSD analysis of individual trajectories was
consistent with random diffusion, and there was no evidence
for anomalous diffusion (42) or for a diffusion barrier be-
tween the anterior acrosome and the equatorial segment,
despite the known differences in membrane topography. By
contrast, diffusion coefficients on the postacrosome were
5-7 times slower with less variation or scatter. This could
be due to a more restricted range of glycoproteins binding
Atto 647-WGA, or it could be caused by the postacrosomal
plasma membrane existing in a more liquid-ordered phase,
promoted by the influence of the membrane skeleton. In
support of the latter possibility is our earlier observation that
DilC g, a saturated lipid probe which partitions preferentially
into liquid-ordered phases, stains the postacrosome in a
uniformly dense manner (9). Additionally, actin and its reg-
ulatory proteins, destrin and thymosin 810, localize to the
postacrosomal and equatorial segment domains (43) where
they are correctly positioned to influence transmembrane
proteins and formation of molecular assemblies. The slowly
diffusing or immobile WGA-binding glycoproteins on testicu-
lar spermatozoa is consistent with the physiological imma-
turity of these cells (e.g., cholesterol efflux does not trigger
the downstream tyrosine phosphorylation processes typical
of cauda or ejaculated spermatozoa (11)) and reflects the
complex remodeling that takes place during epididymal
maturation to produce a fully competent spermatozoon.

The procedures developed in this work have the following
advantages over random labeling from solution: they allow
us to deliver probe molecules to specific regions of the cell
surface; the number of molecules delivered depends on the
applied voltage and duration of the pulse so that we can
controllably deliver a single or a few fluorescently labeled
molecules; the background due to unbound probe molecules
is low because of rapid dilution in solution; the experiment
can be repeated many times on the same cell, allowing one to
first optimize the experimental setup and then record many
sets of data under optimal conditions; and since the applica-
tion of the voltage pulse is computer controlled, this allows
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FIGURE 10 Histogram of diffusion coefficients of individual trajec-
tories on the acrosomal region of (A) testicular and (B) cauda epididymidal
spermatozoa. Note the different scale for the diffusion coefficients. Gaussian
fits to the data and mean values of the diffusion coefficients are shown. The
insets show typical trajectories, the upper inset in A represents an almost
immobile molecule, and the lower trajectory a slowly moving molecule.
These measurements were done by labeling the cells from solution.

the laser illumination and CCD imaging to be turned on at
the same time, allowing efficient data collection and single-
molecule trajectories of maximum length. Collectively, these
developments greatly increase the precision and reproduc-
ibility of single-molecule fluorescence tracking.

FRAP data on spermatozoa show that there is less than 7%
variation in diffusion coefficients measured on different cells
(data not shown). Hence we can obtain a large data set where
the probe molecules are diffusing over a cell membrane of
the same topography by combining data taken on different
spermatozoa. In cases where the cell topography is not known,
it would be possible to use SICM for noncontact imaging of
the cell topography before performing single-molecule track-
ing experiments since SICM has been demonstrated to al-
low reliable imaging of cell topography under physiological
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conditions (44) and can be used to image a wide range of
different cell types (22,45,46). This will allow us to extend
our studies in future to more complex cells. We have pre-
viously shown that pipette delivery is applicable to a wide
range of biomolecules, including antibodies (14), so this
method should be very general. Multibarrel pipettes have
also been shown to allow the local delivery of different
fluorophore-labeled biomolecules from each barrel (17), so
our method can therefore be extended to deliver two probes
simultaneously to the same region of the cell surface and
then follow their subsequent diffusion. This could be used to
compare the diffusion of different membrane classes, e.g., a
lipid raft component versus a transmembrane protein versus
a phospholipid, in the same region of the same sperm cell
and follow their relative and absolute motion. We could also
use our controlled delivery to test more rigorously the hypoth-
esis of a molecular filter and its size limitations and whether or
not it is uni- or bidirectional.

CONCLUSIONS

We have developed a new biophysical tool to controllably
deliver fluorophore-labeled probe molecules to defined regions
of the cell surface using a nanopipette and then performing
single-molecule tracking. This allows us to perform repeat
experiments on the same cell, to probe different macro-
domains and subregions within the plasma membrane, and to
investigate the existence of putative diffusion barriers. This
is a new and general method that can be used to elucidate the
structure of the cell membrane and how lateral heterogeneity
is maintained in differentiated cells.

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this
article, visit www.biophysj.org.
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