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Abstract Biomembranes are more than just a cell’s envelope — as the interface to the sur-
rounding of a cell they carry key signalling functions. Consequentially, membranes are highly
complex organelles: they host about thousand different types of lipids and about half of the
proteome, whose interaction has to be orchestrated appropriately for the various signalling
purposes. In particular, knowledge on the nanoscopic organization of the plasma membrane
appears critical for understanding the regulation of interactions between membrane proteins.
The high localization precision of ~20 nm combined with a high time resolution of ~1
ms made single molecule tracking an excellent technology to obtain insights into membrane
nanostructures, even in a live cell context. In this chapter, we will highlight concepts to
achieve superresolution by single molecule imaging, summarize tools for data analysis, and
review applications on artificial and live cell membranes.

2.1. Introduction

From the beginning of cell biology, biomembranes have been considered to be of major
relevance for cellular function. Each cell is separated from its environment via a biomem-
brane. Membranes enable the division of the cell cytoplasm into chemically distinct sub-
spaces, thereby governing the development of cell organelles. Moreover, they act as a matrix
for integral, lipid-anchored, or peripheral membrane proteins and thereby considerably affect
protein function.

The role of lipids as the major constituents of biomembranes was established in the
1970s, leading to the proposal of the fluid mosaic model for the plasma membrane [1].
According to this model, it is the lipids and not the proteins that constitute the matrix of the
cell membrane. Since this matrix was shown to be in a fluid state, integral membrane proteins
were expected to be free to diffuse laterally within the membrane, as long as no interaction
with cytoskeletal elements hinders their Brownian motion. The relevance of lipid bilayers for
cell biology initiated a vast number of studies on artificial systems, which aimed at the struc-
tural characterization of bilayers and monolayers under various environmental conditions [2].
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The restriction to the study of artificial systems allowed for full control over parameters such
as lipid composition, lateral pressure, temperature, and ionic strength.

In particular, there has been increasing interest in obtaining detailed understanding of
the structure and dynamics of the cellular plasma membrane itself [3], primarily based on
recognition of its essential role in controlling cellular signaling processes. In recent years
a picture has emerged that ascribes to the plasma membrane a high degree of organization
at very short length scales of tens of nanometers [4—7]. Experiments performed on single
biomolecules have added to this picture by providing access to spatial information below the
diffraction limit of classic light microscopy.

A biomolecule moving in an artificial or cellular lipid membrane may experience mul-
tiple forces that influence its characteristic motion. In consequence, the path will deviate to
a greater or lesser extent from a Brownian trajectory. Deviations from free diffusion may be
caused by (1) the confinement of the tracer molecule in a meshwork of permeable barriers,
resulting in hop diffusion [8]; (2) the transient binding of the tracer to an (immobile) mem-
brane structure, yielding short periods of altered—generally reduced —mobility [9,10]; (3)
periods of active transport via motor proteins [11]; (4) direct or indirect anchorage to the
cytoskeleton, yielding immobilization or tethered motion of the tracer [12]; (5) fixed obsta-
cles at high surface density [13]; and (6) the partitioning of the tracer to mobile or immobile
membrane domains (“rafts”) [14,15].

In the following we distinguish two strategies for following a single biomembrane con-
stituent. Historically the first approach was termed single-particle tracking (SPT), in that the
molecule of interest was linked specifically to a larger particle that gave sufficient signal to be
detectable as an individual point light source over multiple frames [16-25]. Single particles
can be imaged with high signal-to-noise ratio, and therefore the location can be determined
with high precision far beyond the limit of diffraction [23,26]. There is hardly any limit to the
length of such a trajectory because no photophysical damage occurs to the traced particles.
Termination may yet occur when using quantum dots for labeling. Due to inherent blinking
[27], there will be dark periods in a trajectory; if the dark interval gets too long, correlation
with the next appearance may be difficult.

The second approach was based on the attempt to further reduce the size of the label
down to the ultimate limit of an individual dye molecule. These endeavors were based on
the concern that larger particles might interfere with the motion and function of the tracer
molecule. Pioneering studies in the mid 1990s demonstrated that single dye molecules indeed
provide sufficient signal for imaging with subpixel localization precision and tracking over
multiple frames [28-31]. Further technological advances, as well as improved understanding
of the biological systems, have led to an increase in studies both on artificial membranes
[32-39] and the live cell plasma membrane [40-61]. In contrast to particles, however, dye
molecules are affected by prolonged excitation, which results in the photobleaching of the
probe and the concomitant termination of the trajectory [62].

We focus in this chapter on reviewing analytical tools for the analysis of single-molecule
tracking experiments in biomembranes and describe applications to artificial membranes and
the live cell plasma membrane; the emphasis is on single-dye approaches. Initially, we discuss
concepts of superresolution imaging based on single-molecule detection.

2.2. Superresolution

The major advantage of single-molecule approaches for biomembrane research is
the enormous potential for characterization of subwavelength membrane structures. To
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elucidate superresolution concepts for membrane research, we first briefly sketch the imaging
constraints. An isotropic emitter (fluorescent bead or quantum dot) or scatterer (gold particle)
will be imaged according to the point spread function of the imaging device, which is well
approximated by an Airy disk of radius p = 0.61 x A/NA, with \ the imaging wavelength
and NA the numerical aperture [63]. A single dye molecule with fixed emission dipole orien-
tation will emit photons depending on its three-dimensional (3D) orientation in space, which
in general leads to a significantly altered image [64]. In the case of a rapidly rotating molecule
the contributions of the individual orientations add up, thereby yielding an image given by
the point spread function. Since in fluid biomembranes the constituents show rapid rotation
on a nanoseconds time scale [35], an approximation of the image by the point spread function
centered on the actual position is justified.

The nonzero width of the Airy disk represents the basic limitation to the resolving
power of the apparatus used. Imaging of an arbitrary object can be described by
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with f(7) representing the fluorescent object, which is described as a sum of point light
sources, each of which is imaged according to the point spread function (PSF), yielding the
total image g (7); the arrow denotes the imaging processes. If we assume a Gaussian approx-
imation for the PSF, a sample labeled with dyes at positions s5; would yield the image
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where N; is the number of photons emitted per dye. As a consequence, two point light sources
with a distance smaller than p would yield highly overlapping images and thus could not be
resolved as individual objects. This theorem, known as the “Abbe limit” or “Rayleigh cri-
terion,” is generally used to define resolution in light microscopy. Several modifications to
standard imaging methods have been employed to obtain higher resolution via narrowing the
point spread function by utilizing near-field effects [65,66], nonlinear excitation [67], by con-
focal excitation and detection schemes [68,69]. Recently, new concepts were introduced that
use saturation effects when illuminating the sample with structured illumination [68,70,71]
(see Ref. 72 for review).

Single-molecule imaging has enabled additional strategies for achieving superresolu-
tion. The general idea is to thin out the active probe such that signals become well separated
and can be detected by classical diffraction-limited optics [73]. Then, a molecule can be
localized to high precision of a few nanometers by determining the centroid of its image
[26,64,74—76]. Different variants have been introduced to use this high localization preci-
sion for determination of molecular distances and for enhancement of imaging resolution in
general (see Figure 2.1 for a sketch):

1. Two-color imaging. In the first approaches, different color channels were used
to measure the distance between unresolvably close molecules of different spec-
trum [33,77,78]. Two-color imaging offers a way to sensitively detect colocalization
between a ligand and its receptor in binding assays [79,80] and also in the live cell
plasma membrane [10].

2. Dynamic imaging. Alternatively, one may exploit the time domain for diluting the
biomolecule, for example, by allowing fluorescent ligands to bind and dissociate
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Figure 2.1. A. Concepts for achieving superresolution based on single-molecule imaging. The structure to be stud-
ied is represented as a road carrying different objects. The two top rows show two arbitrary observations of the
system. The bottom row shows the results: The circles denote the detected single-molecule positions, and the size
of the circles indicates the localization precision. See text for details on the individual approaches. B. The mean
background-subtracted image taken from a stack of 500 images in an experiment described in Figure 2.2 exempli-
fies the construction of a superresolution image. Whereas the original mean image shows hardly any structure, the
reconstructed image, as noise-free, indicates the existence of still-unresolved finer structure within the stack. The
superresolution image resolves this structure given by the path of a moving molecule. The structure is better seen at
10x magnification (lower image row). In the right column, the single-molecule position data are plotted as Gaussians
of widths given by the respective confidence limit of the positional fit. Such superresolution data can be subsequently
used to construct molecular trajectories.

randomly from their receptors in the plasma membrane. If the applied concentration
is low enough, single binding events can be detected and localized. An overlay of all
determined positions provides a high-resolution map of the receptor organization in
the plasma membrane [81].

3. Single-molecule/particle tracking. A similar strategy is based on the study of mobile
molecules, which sample the accessible space within the biomembrane over time.
Whenever structural features affect any measurable parameter of the molecule (e.g.,
its intensity, spectrum, the diffusion constant, or velocity), each trajectory can be
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subdivided into distinct segments with a resolution only limited by the localization
precision. This strategy has been used to identify, for example, step sizes of motor
proteins [75,82] and confinements in artificial membranes [32] or in the cellular
plasma membrane [40,46,56,57].

4. Photobleaching localization microscopy. To facilitate accurate determination of
the positions of neighboring molecules with nanometer distance, Gordon and
coworkers used photobleaching [83]: whenever a molecule within an assembly of
subdiffraction dimension photobleaches, a concomitant shift in the signal distribu-
tion can be detected and used iteratively for the estimation of all dye positions. A
similar approach has been used to determine the label positions on stretched DNA
[84].

5. Photoactivation or photoswitching localization microscopy. Photobleaching local-
ization microscopy is restricted to the analysis of weakly stained specimens because
the localization analysis becomes inaccurate for a large number of dyes within a
diffraction-limited spot. As an alternative, researchers have developed the inverse
approach, which is based on the consecutive photoactivation, imaging, and photo-
bleaching of a sample labeled with photoactivatable fluorophores (e.g., photoac-
tivatable green fluorescent protein (paGFP) [85]) [86-88]. In this methodology,
localization precision determines the resolution [89].

The listed approaches may all be applied for high-resolution biomembrane imaging; see
the following sections for a detailed discussion of the individual examples. It should be noted,
however, that all superresolution concepts—including the ensemble techniques described ear-
lier —are comparably slow, in that they require addressing the pixels individually. More pre-
cisely, if two pixels are to be addressed simultaneously, they have to be separated at least
by the width of the diffraction-limited point spread function. For two-dimensional (2D)
microscopy, the minimum time required for recording an image at superresolution Ty, i
given by Thnin = (p/ ny)ztframe, with p the width of the point spread function, o,y the local-
ization precision, and fgame the time required for obtaining one frame; for example, recording
an image at 10-times-improved resolution would require 100-fold longer recording times! If
we further consider the imaging of dynamic structures moving with a diffusion coefficient D,
the recording time should be faster than Tiyax ~ resolution? /4D, the time the molecule needs
to move over one pixel. Superresolution imaging of dynamical processes would therefore
actually require improved time resolution.

In contrast, tracking approaches do not necessarily lead to images; one can also use the
information content of single trajectories to analyze structures that interfere with the motion
of the tracer. In this case, the timing requirements are less strict: It may not even be necessary
to image faster than the time the molecule needs to traverse the structure of interest. This
advantage made single-particle/molecule tracking a preferred methodology in biomembrane
research.

2.3. Detection and Tracking

The possibility of detecting individual fluorophores emerged in 1989 [90] with the
detection of individual pentacene molecules at liquid-He temperatures in a confocal setting.
Since then, the developments in optical dielectric filters and charge-coupled device (CCD)
cameras has led to sensitivities that makes it possible to detect individual fluorophores in
wide-field microscopy and at video rates in the living cell. The selective throughput of opti-
cal filters now approaches 90% at the same time blocking unwanted wavelengths by >10°, and
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the detection efficiency of back-illuminated CCD cameras is up to 95% throughout the whole
visible spectral range. The reliable detection of molecules is hence just limited by the noise in
acquisition governed by detector noise (which can be as low as 3 electrons per pixel root mean
square (RMS) on a Np-cooled CCD) and the sample background. Optimization in prepara-
tion protocols reduces the latter to basically zero for artificial systems (e.g., polymer films,
biomimetic systems) and for cells observed in total internal reflection (TIR) mode, whereas
for cells observed in regular wide-field applications the background is still substantial. Typ-
ically 30 counts per pixel per millisecond illumination at excitation intensity ~1 kW/cm? is
seen for live-cell wide-field applications. At those conditions about 100 counts are detected
from an individual fluorophore [91]. A typical image is shown in Figure 2.2 (“original”).
The sheer amount of data generated by such images requires a stable and unattended
automatic analysis. In a first step any static or slowly varying background has to be subtracted.
Techniques like high-order [4—8] polynomial fitting, low-spatial-frequency filtering, mean
image calculation, and pixel-by-pixel low-temporal frequency filtering have been used to gen-
erate a reliable background image (Figure 2.2, “background”). The background-subtracted
images are subsequently optimally filtered by cross-correlation with the PSF of the micro-
scope approximated by a Gaussian (Figure 2.2, “target”). Thresholding of those optimally
filtered images in which the threshold is dynamically adjusted to the image noise makes
it possible reliably to identify signals that are above noise by a factor of >3 (Figure 2.2,
“thresholded”). The final analysis then proceeds by fitting each of the identified signals to
the PSF and extracting the information on position, signal strength, spatial width of the sig-
nal, and signal of the background, as well as an estimate on the accuracy in each of the
parameters (Figure 2.2, “fitting”). Depending on the type of data, also 3D information can be
retrieved. Within the Rayleigh length [z = 1 /(4NA?)] the PSF widens with z position as

o(2) = woy/1 + 22 /z(%, which permits extraction of the z position [41]. For small deviations
from the plane of focus (small z) it is advantageous to introduce a small astigmatism into
the detection light path to increase the accuracy in determination of the z position [92]. The
positional accuracy is further increased by taking fast image stacks, which are subsequently
analyzed simultaneously. In this way the 3D position of an individual object is determined
to within 30 nm in xyz, respectively, and image volumes of 10x 10x 10 pwm? are analyzed at
frame rates of 10 sec™! (Laurent Holtzer, unpublished results; [93]).

Image analysis as just described is the basis for further data treatment. It becomes pos-
sible to restrict further analysis to signals of, for example, a certain signal strength or a desired
positional accuracy (Figure 2.2, “reconstructed”). In particular the latter is key for the novel
nanometer-resolution microscopy methods described in the previous subsection. Correlations
between the parameters can be used to obtain information on, for example, the aggregation
state of the molecule or local differences in pH seen as a local change in signal strength.

In addition, temporal information from image movies together with the positional infor-
mation is used to obtain trajectories of individual molecules. The generation of trajectories
is straightforward for sparsely occurring and immobile objects [25,94]. However, in general
we face the problem of correlating M mobile molecules in image n with L mobile molecules
in image n + 1 (Figure 2.3). This is a classical NP-complete problem (‘“‘traveling salesmen”)
for which we follow an optimization procedure from operations research developed by Vogel.
First a complete translational matrix is built up that includes the probability that molecule j
in image i at position rj; moves to molecule k in image / + 1 at position ry ;41 by diffusion as
characterized by a diffusion constant D,

(i — Trit1 )2)

o) —
p(jsk) eXp< D1
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In addition, molecules are allowed to disappear by diffusion out of the observed
area or by photobleaching, p(j.k > L) = ppleach, and molecules are allowed to move into
the observed area or get reactivated, p(j > M,k) = pactivation- Subsequently trajectories are
constructed that optimize for the total probability of all connections between two images,
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Figure 2.2. Steps in image analysis for automated single-molecule detection. Dictyostelium cells were transfected
with a yellow fluorescent protein (YFP)—labeled cyclic adenosine monophosphate (cAMP) receptor located in the
plasma membrane of the cells. The cells were illuminated at an intensity of 2 kW/cm? for 5 ms to create the images
on a N»-cooled charge-coupled device (CCD) camera. The images have a size of 10x 10 wm?. Low-pass filtering of
the original image was used to create a smooth background image. The background-subtracted original image (noise:
8.6 counts/pixel root mean square) was subsequently cross-correlated (xcorr) by the Gaussian target image, leading
to an optimally filtered image. Signals that exceed a threshold criterion are subsequently fitted to the Gaussian target
image. Results of the fitting were used to obtain a noise-free reconstruction image.
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Figure 2.3. Two subsequent images (25-ms delay) from the experiment described in Figure 2.2 exemplify the con-
struction of trajectories. A Vogel algorithm was used to obtain the connectivity map in which the various processes
are visualized: (1) diffusion (black arrows), (2) bleaching (red cross), and (3) diffusion into the observation volume
(blue arrow). The position of the molecules at 7 are shown in blue, those at 7 are shown in green. On the bottom
right the trajectory of a single receptor is shown.

log (P) = ) _log (p(j,k)). This algorithm enhances the number of faithfully reconstructed tra-
.k
jectories eilen in the case of a sizable amount of molecules per image.

Since one step in trajectory reconstruction contains the assumption of diffusional
motion, it is obvious that trajectories can be used to learn about molecular mobility on the
nanometer scale. A detailed description will be given in the next subsection. It should be men-
tioned, however, that mobility information can be directly extracted from the position data.
Here the position data are used to construct spatial image correlations that directly yield the
desired molecular mobilities at nanometer accuracy (particle image correlation spectroscopy
[PICS]; [95]). The advantage of correlation analysis is that it is very robust, and the accuracy
of the mobility parameter extracted is clearly defined by statistics. The disadvantage clearly is
that it is impossible to trace back to individual events or individual molecules as sometimes
desired, as described later.

2.4. Learning from Trajectories

Although there is currently an intense discussion on the movements of membrane lipids
over molecular distances [96-98], Brownian motion is considered as the appropriate model
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when studying movements over length scales of tens of nanometers. We summarize here a
few essentials of diffusion models; a more detailed overview can be found in Ref. 99.
A Brownian walker starting at time 7 = 0 at position X will be found at a later time ¢
within the interval [X,X + dX] with a probability
- - 2
X —X .
G =) ) e

1
exp
V(@nDty? 4Dt

where D denotes the diffusion coefficient and d the number of dimensions. Because dif-
fusion has no preference for a particular direction, the average position of the tracer at
any instant of time will be its starting position, (X (r)) = [ Xp (X,r) dx = Xp. Concurrently,
it will be localized at a characteristic distance away from the starting point (xz (t)) =

p &) dx =

f x— )70)2 p (x,t) dx = 2dDt. The distance <x2 (t)) is frequently termed mean square displace-
ment (msd); it increases linearly with time, with the slope specifying the diffusion coefficient.
It is further worthwhile to inspect the distribution p (%,t) dx more closely. For convenience,
let us set Xg = 0. In the case of two-dimensional diffusion, the cumulative density function

P

%) = [ plo?
0
is given by

2
cdf(rz,t) =1—exp (_r_)
4Dt

with r denoting the 2D distance; note that this simple monoexponential expression is only
valid for 2D diffusion.

Experimental data, however, contain localization errors, which have to be accounted
for in the analysis. Localization errors can be well characterized using immobilized particles,
and typically follow a Gaussian distribution

1 x2
A A _ err 2.
Derr (Xerr) dXerr = eXp | — 202 dXerr
[2na2, Ty
Since the measured displacement is given by Xexp = X 42X, the experimentally
accessible probability distribution is a convolution of p (x,f) and pe; (X), yielding

Gt) d ! x 3

X,0) dx = exp| ———— | dx

P d P 4Dt + 40)62y
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For 2D diffusion, the cumulative density function changes to

2

.
A2 =1 —exp | ——0V
cdf(r=.2) eXp( 4Dt+4a}y)

and the mean square displacement to (x2 (t)) = 4Dt + 4axzy.

If the traced molecules follow free Brownian motion, tracking data may be used to study
the diffusion coefficient under various conditions. Already 100 years ago, Einstein derived
the famous fluctuation-dissipation theorem D = kg7/y, with kT the Boltzmann energy and
y the Stokes friction coefficient; for a sphere of radius R moving in a fluid of viscosity n,
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the mobility is characterized by D = kg7/6mnR. Diffusion in a membrane, however, turned
out to be more difficult to address. The seminal work by Saffman and Delbruck in 1975
found a logarithmic dependence of the diffusion coefficient on the radius of a cylindrical
membrane protein [100]. Hughes et al. provided an extension for larger drag coefficients
and concomitantly larger objects [101,102]; an approximation of the Hughes formula can
be found in Ref. 103. In contrast, recent experimental data show strong deviations from the
hydrodynamic models and indicate a Stokes-Einstein-like 1/R-dependence of the diffusion
coefficient [104].

Most researchers, however, have attempted to use single-molecule trajectories for identi-
fying deviations from free Brownian motion. If the length of the observed trajectories exceeds
hundreds of observations—for example, in single-particle tracking experiments—a detailed
investigation at the level of a single trajectory is possible [105,106]. However, the lengths
of single-molecule trajectories are limited by photobleaching to a couple of tens of observa-
tions [62], rendering such detailed analysis impracticable. We restrict our discussion here to
approaches that average over multiple single-molecule trajectories. A more detailed discus-
sion of diffusion analysis can be found in Ref. 107.

For example, multiple mobile fractions can be discriminated by analyzing the step-size
distribution [32]. A mixture of two different fractions o and (1 — a) with mobility D and D>,
respectively, can be identified as different exponential components in the cumulative density
function

7‘2 r2
cdf =1—«a exp <—m> — (1 — @) exp <_Hzt)

The strategy has been successfully applied to identify subfractions of distinct mobility
in model systems [32,38] and living cells [47].

Frequently, the diffusion of membrane proteins or lipids has been found to deviate from
free Brownian motion and to be better described by anomalous subdiffusion, where the msd
dependence on the time is characterized by a sublinear increase, msd o 1, with o < 1 the
anomalous diffusion exponent [49,108—110]; in other words, the apparent diffusion coefficient
appears to decrease with increasing time according to Dypp = msd/(47) o *~'. Anomalous
subdiffusion leads to an improved screening of the local environment and may therefore rep-
resent an important mechanism for enhancing the binding probability of the biomolecule to a
nearby target [111]. Multiple studies have addressed potential sources of anomalous diffusion
on cell membranes via Monte Carlo simulations [13,112—116]. In particular, fixed obstacles
at concentrations close to the percolation threshold lead to a pronounced anomalous subd-
iffusion [13]. However, anomalous subdiffusion may also be misinferred by disregarding or
incorrectly accounting for the finite localization precision [117]. In the following, we discuss
the dependence of the mean-square displacement on time for different matrix geometries.

The confined diffusion of plasma membrane proteins or lipids within domains
[8,18,40,42, 46,53,118] can be regarded as a specific case of subdiffusion. Analytical treat-
ments have been provided for certain shapes of the confinement zones, thereby enabling quan-
titative estimates of the confinement size and the characteristic mobilities. For example, the
diffusion of a tracer with mobility Dp;cro inside an impermeable circular or square corral has
been described analytically [18,116]. For short time-lags, the function can be approximated
by free diffusion, msd(t —0) & 4Dpjcrot; in the limit of long time-lags a constant offset is
reached at the radius of gyration, which is L2 /3 for a square of length L and is R> for a circle
of radius R [116].
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We recently generalized the analytical treatment to the case of a meshwork of periodic
permeable corrals, so that the tracer can escape into the adjacent compartment, performing
a type of motion referred to as hop diffusion [42]. In this case, a transition between rapid
microscopic diffusion within the domains and slow macroscopic diffusion from domain to
domain can be observed. Figure 2.4 shows the time dependence of both msd (Figure 2.4A)
and Dyp, (Figure 2.4B), the latter in a double-logarithmic plot. In that representation,
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Figure 2.4. Effect of different geometries on the time dependence of the mean square displacement (msd) [107].
Hop diffusion in a meshwork of squares yields an apparent anomalous subdiffusion, in particular when the mea-
surement is performed within a small time window. Hop diffusion was simulated with a mesh-size of L = 0.1 pum,
a microscopic mobility of 1 wm?/sec, and ¥ = 3.33 (dot-dashed line). A. The msd as a function of Nlag- B. The
apparent diffusion constant Dapp = msd/(411,g) versus f1,g on a log scale. In panel B the transition between the
microscopic mobility on the left and the macroscopic mobility on the right is clearly visible. The transition region
yields a rather straight line within a time window of about one order of magnitude. The effect smears out in the case
of a distribution of confinement sizes, as shown in a simulation of equal contributions from L = 0.1, 0.2, and 0.5 pm
(solid line). The curve can be well approximated by anomalous subdiffusion with msd o t&fover a time window of
two orders of magnitude (dotted line). (Reprinted from Wieser and Schiitz [107].)
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anomalous subdiffusion would yield a linear decrease of log(Dapp) with log(z). Hop diffu-
sion shows a different behavior, with the two mobility regimes being clearly discriminated as
two plateaus for Dpicro and Dacro, Separated by a rather linear transition region. However, to
identify both plateaus a time window of about four orders of magnitude is required, which is
typically not available from experimental data. Within experimentally reasonable time win-
dows of about one order of magnitude, the curves can be also well approximated by standard
anomalous subdiffusion, making it difficult to distinguish those models. The linear transition
region gets even larger if a natural variation in the domain sizes occurs. Figure 2.4 shows a
scenario assuming equal contributions from domains with size 100, 200, and 500 nm. In this
case, a time window of two orders of magnitude can be well fitted by msd o t*; researchers
would not doubt to ascribe such results to anomalous subdiffusion.

Many more 2D diffusion models can be constructed that yield mutually similar or iden-
tical results. For example, a well-known model for organelle transport assumes the diffusion
of the tracer in an impermeable mobile domain [119]. This model may well be applicable for
describing protein mobility in cell membranes, in particular in view of recent studies indicat-
ing the existence of protein islands in the cellular plasma membrane [120]. However, when
analyzing msd versus ¢, a moving-domain model yields the same result as a hop diffusion
model, rendering the two cases indistinguishable. It should be emphasized that such ambi-
guities require cautious application of diffusion analysis based on msd, in particular when
different diffusion models are to be distinguished.

Measurements of the lateral diffusion typically assume that the biomolecule moves in
a flat plane. Yet, undulations or fluctuations of the membrane on a length scale close to the
localization precision absolutely can be expected. In this case, the projection of the movement
onto the focal plane will be observed. Ruffled surfaces or thermal membrane fluctuations will
essentially reduce the diffusion constant [121-123]; more dramatic effects may be expected
when the biomolecule enters highly curved 3D structures. We recently calculated and mea-
sured the one-dimensional mobility of membrane proteins diffusing along the circumference
of tunneling nanotubules (TNTs) [44], cylindrical structures with a radius R &~ 130 nm that
interconnect different cells for membrane and organelle exchange [124]. Since the molecules
are tied to the cylindrical surface of the TNT, the msd for transverse motion saturates at R?
for long time-lags. For short time-lags, the mobility can be approximated by msd ~ D fj,e,
concomitant with a reduction in the apparent mobility by a factor of two.

Finally, the motion of the tracer during its illumination will change the recorded dis-
placements to reduced values [107]. This effect is present for a freely diffusing molecule [125]
and becomes dramatic for confined molecules [42,110,126].

2.5. Application 1—Synthetic Lipid Bilayers

The application of single-molecule microscopy to synthetic bilayers [29] was key for the
development of single-molecule technology for biosciences and cell biology [127]. Similarly,
synthetic bilayers are an excellent arena in which to understand the underlying properties of
cellular membranes and as a substrate for bio-nanoscience applications: For both, the micro-
scopic structure of mixed bilayers systems has been of prime scientific interest. When lipids
of different phase transition temperature are mixed and the temperature lowered, demixing
and macroscopic phase separation occurs [128]. Domain size and domain dynamics of such
systems can be addressed by single-molecule methods. Labeling of a trace amount of lipids
with a fluorescence marker allowed us directly to visualize the diffusional motion of lipids
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in a supported membrane [32], in a free-standing membrane spanning a micron-sized hole
[34], and in the membrane of giant unilamellar vesicles (GUVs) (S. Semrau and T. Schmidt,
unpublished, 2007). The significant increase in mobility from D = 4 wm?/sec in supported
membranes to D = 10-20 pm?/sec in free-standing membranes and GUVs clearly shows the
influence of the membrane—substrate interaction on lipid mobility (Figure 2.6A). Depend-
ing on the preparation technique, this interaction can be quite inhomogeneous, leading to
domains or diffusion-barrier formation on the hundred-nanometer length scale as resolved
by single-molecule tracking experiments [32]. Whereas those domains, due to imperfec-
tions of bilayers formation even in unimolecular systems, are undisputed, the appearance of
nanometric domains in more complicated mixed systems like the universal phosphocholine-
sphingolipid-cholesterol 1:1:1 “raft” mixture close to the demixing point is still under inves-
tigation (Figure 2.5). This is because the lateral mobility of lipids in the liquid-ordered and
liquid-disordered phases, respectively, is very similar and hence difficult to distinguish. Mul-
tiparameter single-molecule microscopy, however, might be able to solve the experimental
problem. Dual-channel imaging with the fluorescence anisotropy as readout has been devel-
oped to address fast rotational motion [35] and fluorescence resonant energy transfer [129] in
bilayers systems. As the rotational motion of lipids in the liquid-ordered state is significantly
lower than in the liquid-disordered state, trajectory analysis as described in the last subsection
combined with simultaneous analysis of the rotational mobility might give an indication of
whether nanoscopic phase separation does occur. At least the macroscopic phase separation

Figure 2.5. Individual lipids in a phase-separated giant unilamellar vesicle (top) were followed over time. Dual-
color imaging was used to visualize the fluid domain in the green using a Dil stain (bottom left) and individual
Cy5-labeled phospholipids (bottom middle) simultaneously. The lipid performed Brownian motion confined to the
fluid-disordered domain. (S. Semrau, unpublished, 2008.)
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far from the demixing point seen in GUVs did allow us to estimate the expected size of
those nanodomains close to the demixing point. Analysis of the shape of macroscopic phase-
separated 1:1:1 GUVs yields a line tension of 4 pN, which allowed us to estimate upper and
lower limits for the size of phase-separated domains in the range of 10-30 nm [95]. This
finding based on the mechanical properties of bilayers goes along with the lipid-shell models
currently being discussed for cellular membranes [130].

A novel domain that comes into reach by single-molecule studies on bilayers systems is
the analysis of mobility in complex and crowded environments [111,131]. The artificial envi-
ronment of bilayers allows us precisely to adjust the amount of molecular players, including
some that are attached to the membrane, and by that occupying space make it unavailable
to other molecules. Such molecular crowding is believed to play an important role in cel-
lular processes on membranes, in the cytosol, and in the nucleus, and is technically used
for example, to enhance protein crystallization. Since part of the total volume is occupied
by crowding agents, dynamic processes like signaling or random searching can be largely
enhanced. Single-molecule microscopy does allow us now to directly follow individual play-
ers in, for example, a signaling pathway, and by such experiments we will be able to observe
the influence of the crowding agent on the effectiveness and reliability of diffusion-controlled
interactions. Similarly, groups are using membrane systems like GUVs for the construction
of artificial biological systems [132], systems that at least in part mimic processes seen in
nature.

As a conclusion to this subsection, we note that single-molecule microscopy has opened
new opportunities for studies of artificial bilayer systems. Building on a vast amount of
literature on the physical chemistry of monolayer and bilayers systems, the possibility to
observe and follow an individual molecule within the bilayer or a vesicle as an artificial cell
will spur novel and exciting research in a field localized among physics, material sciences,
and cell biology [4].

2.6. Application 2—Live Cell Plasma Membrane

The successful utilization of single-molecule microscopy for the study of model mem-
branes has yielded the promising perspective of a rather instantaneous application to living
cells. However, the frequent occurrence of many species of endogenous fluorescent molecules
inside cells has made such an application difficult. Cellular autofluorescence has been char-
acterized in terms of spectral properties [133], lifetime [134], and spatial distribution [135].
In the visible regime, flavins [133] and lipofuscin [136] are currently regarded as the major
source of endogenous fluorescence. Flavins are mainly located in mitochondria, whereas lipo-
fuscins predominantly reside in lysosomes. In fluorescence images, both organelles appear as
diffraction-limited spots randomly distributed in the cytoplasm of the cell. The high vari-
ability of the fluorescence intensity of such spots, even within one cell, makes unambiguous
distinction between fluorophores and autofluorescence a challenging task.

In general, it turned out that the brightness of autofluorescent structures decreases with
increasing wavelength, rendering red excitation beyond 600 nm the pragmatic choice [40,41].
However, frequently the biological problem defines both the cell type and the excitation color
to use. For such cases, methods for the decomposition of optical signals originating from two
spectrally distinct components may be used [137].

Having selected the proper dye, there are several ways for attaching it to the biomolecule
of interest:
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1. The purified or synthesized biomolecule is directly labeled covalently with a flu-
orescent marker and subsequently added to the living cell. This strategy has been
applied for the study of small molecules like lipids [40] and for larger stable struc-
tures such as viruses [138]. In addition, exogenously applied lipid-anchored proteins
were found to incorporate into the plasma membrane and acquire the correct signal-
ing capacity [139].

2. The protein of interest is genetically fused to a fluorescent protein [140], a spe-
cific tag, or a protein that can be covalently labeled with an exogenously added dye
(Snap-tag) [141]. In particular, since the spectroscopic properties of the available
fluorescent protein mutants are inferior to those of many organic fluorophores [91],
covalent labeling strategies have found widespread approval of the researchers.

3. Membrane proteins can be specifically labeled by fluorescent ligands such as Fab
fragments [42, 43] or toxins [142].

Whereas specific monovalent labeling is rather straightforward for single-dye
approaches, it represents a big challenge for SPT. Commonly, particles are coated with a
mix of specific antibody and a blocking protein, typically bovine serum albumin (BSA). By
reducing the amount of antibody, researchers attempt to reduce the likelihood of particles
containing more than one accessible reactive group. As expected, the multivalency of the
particle reduces the mobility of the tracer [19]. Indeed, results obtained by SPT can differ
significantly from the undisturbed motion of the molecule of interest. In one study, residual
cross-linking of the diffusing probe was found to reduce the diffusion coefficients signifi-
cantly when compared to data obtained from tracking the same probe labeled via a fluorescent
antibody [52]. A different study reported the alteration of the diffusion behavior from free dif-
fusion to anomalous subdiffusion on labeling with quantum dots [143]. With the development
of small passivated quantum dots, however, monovalency of a particle may indeed come into
reach [144].

Most single-molecule studies on the plasma membrane have aimed at the identification
of confinements to the free diffusion of the tracer. In particular, when molecules undergo
direct or indirect interactions with the membrane skeleton, the diffusional motion becomes
transiently restricted to membrane domains. Such confinements are highly relevant for theo-
retical modeling because they affect the interaction probability between arbitrary molecules.
These confinement zones were postulated long before they were actually seen [145]. The
first evidence for the existence of structural domains within the plasma membrane of cells
came from biochemical extraction of the membrane together with subsequent sucrose den-
sity gradient centrifugation, which made it possible qualitatively to distinguish a distinct part
of the plasma membrane that is not soluble in mild detergent [146]. Careful investigation of
such detergent-resistant membranes (DRMs) further yielded their protein content, which was
found to be consistently different from the remaining fractions of the membrane [147,148].
Of interest, DRMS were found to be enriched in proteins involved in signaling [149].

The physical origin and in vivo counterpart of DRMs are under debate. The detergent
insolubility is most likely mediated by self-interaction between glycosphingolipids [15]. In
addition, DRMs contain a distinct set of lipids [146], such as sphingolipids [150], fully sat-
urated fatty acids [151], and cholesterol [146]. Detergent-resistant liposomes were found to
be in liquid-ordered phase [15,152]. This ordered environment highly enhances the partition-
ing of proteins that are linked to saturated acyl chains, such as glycosylphosphatidylinositol
(GPD)-anchored proteins or proteins acylated with myristate or palmitate [153,154]. Taken
together, those studies were the experimental basis for the formulation of the “raft theory,”
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in which the existence of stable platforms within the plasma membrane, membranes of
organelles, and membranes of transport vesicles has been postulated [15].

Beside its initial importance for the discovery of plasma membrane domains, detergent
extraction methods are still widely used to study the targeting of membrane proteins, either
to rafts or to the remaining part of the plasma membrane. However, there are limitations to
this method. First, artifacts due to relocalization of proteins during detergent extraction have
been reported [155,156]. Second, a note of caution was recently raised against the structural
interpretation of biochemical data by pointing out that rafts may be altered or even formed
on detergent treatment [157]. Third, to avoid degradation processes, solubilization of cells
is commonly performed at low temperatures, which most likely has an effect on the phase
state of the domain and might alter its physical properties [158,159]. Note that analysis of
the solubility in detergent reveals no information on the actual size, shape, and dynamical
properties of domains.

SPT has been developed as a technique to study the compartmentalization of cell sur-
faces [8,17,18,94,160,161]. Restrictions to the lateral mobility have been observed for proteins
such as Band 3 [162], E-cadherin [12], neural cell adhesion molecule (NCAM) [163], the
transferrin receptor [164], and even for phospholipids themselves [8]. In most of those stud-
ies, the structural origin of the constraint was found to be the membrane-skeleton meshwork.
Recent studies identified details in the molecular mechanism for transient immobilization of
clustered GPI-anchored proteins [9,10,165].

In addition, lipid rafts have been reinterpreted in view of single-particle tracking data
that revealed hop diffusion of essentially all investigated membrane probes [5]. The results
of those studies provoked the current view of lipid rafts as highly dynamic objects, which are
expected to mediate the coupling of the cortical actin meshwork to the exoplasmic membrane
leaflet [166]. We and others therefore attempted to confirm or correct this model, based on
the less invasive single-molecule imaging approach.

By pushing instrumentation to the theoretical limits, we were able to measure the
mobility of single GPI-anchored proteins in the live cell plasma membrane at a resolution
of ~20 nm in space and <1 ms in time. For the raft protein CD59 we found no indication
for hop diffusion and, as consequence, no indication for the presence of short-lived lipid rafts
[42]. We further addressed this aspect by analyzing the mobility of the same GPI protein
diffusing on the surface of cellular nanotubules— recently discovered thin structures that

4
<«

Figure 2.6. A. Comparison of the diffusion in a free-standing (0) and supported membrane (e) [34]. For both,
the mean square displacement increases linearly with time lag, yielding diffusion constants of Dgee = 20.6
0.9 umz / secand Dgypp = 4.6 £ 0.1 umz / sec, respectively. (Reprinted by permission from Sonnleitner et al. [34],
copyright 1999 by the Biophysical Society.) B. Single-lipid imaging in the plasma membrane of a human smooth
muscle cell [40]. On the left, the cell is shown in a transmission light image at 40x magnification. The square at
the center indicates the area selected for fluorescence imaging (right). The cell was pretreated with Cy5-labeled
dioleylphosphatidylethanolamine (DOPE-Cy5) so that a low concentration of the fluorescent lipid was incorporated
into the plasma membrane. The clearly resolved peak corresponds to a single DOPE-CyS5 molecule. (Reprinted from
Schiitz et al. [40].) C. Mobility of single Cy5-labeled dimyristoylphosphatidylethanolamine (DMPE-Cy5) molecules

in the plasma membrane of living human smooth muscle cells [40]. The mean square displacement <r2

) as a function
of the time-lag shows saturation for #j5 > 100 ms. From a fit to the model of restricted diffusion, the diffusion con-

stant within a membrane microdomain, D = 0.6 £ 0.04 umz / sec (solid line), and the domain size of 700 4 20 nm
(dashed line) were determined. (Reprinted from Schiitz et al. [40].)
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connect different cells. The high resolution in space and time allowed us to follow the dif-
fusion process not only in the longitudinal direction, but also along the circumference. We
found perfectly isotropic mobility, in line with our previous observation that the anisotropic
membrane skeleton does not impose a meshwork of periodic boundaries to the diffusion of
exoplasmic plasma membrane constituents [44].

Although the general mechanism of hop diffusion remains controversial, there is no
doubt that numerous membrane constituents become trapped in specific cell surface regions.
Confinements to immobile domains were indeed reported for a fully saturated lipid in a
human smooth muscle cell line [40] (Figure 2.6B and C), the membrane anchor of Ras- and
Src-family proteins [45-47], a G protein—coupled receptor [57], and hemagglutinin from the
influenza virus [55]. Whether these structures correspond in general to lipid rafts, represent
a subclass of lipid rafts, or can be considered as different organization units remains to be
solved.
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