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Abstract: Insights from single-molecule tracking in mammalian cells have the potential to
greatly contribute to our understanding of the dynamic behavior of many protein families
and networks which are key therapeutic targets of the pharmaceutical industry. This is
particularly so at the plasma membrane, where the method has begun to elucidate the
mechanisms governing the molecular interactions that underpin many fundamental
processes within the cell, including signal transduction, receptor recognition, cell-cell
adhesion, etc. However, despite much progress, single-molecule tracking faces challenges
in mammalian samples that hinder its general application in the biomedical sciences.
Much work has recently focused on improving the methods for fluorescent tagging
of target molecules, detection and localization of tagged molecules, which appear as
diffraction-limited spots in charge-coupled device (CCD) images, and objectively
establishing the correspondence between moving particles in a sequence of image frames
to follow their diffusive behavior. In this review we outline the state-of-the-art in the field
and discuss the advantages and limitations of the methods available in the context of
specific applications, aiming at helping researchers unfamiliar with single molecules
methods to plan out their experiments.
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1. Introduction

Single molecule tracking provides a direct way to quantify dynamic biological events at the
single-molecule level without being obscured by the averaging inherent in ensemble experiments. The
method can be a powerful method to study, with high spatial and temporal resolution, the dynamic and
mechanistic features of molecular interactions that are important for biological function.

Single-molecule imaging was first applied to investigations of molecular interactions involving
purified biomolecules immobilized on glass or in artificial lipid bilayers, where sample backgrounds
are inherently very low and the density of molecules per unit area easy to control. Among the
breakthroughs that followed one can cite, for example, the direct observation of kinesin stepping by
optical trapping interferometry [1], or recycling in stationary membrane tubes [2], the measurement
of the power stroke size of Myosin V on actin with nanometer accuracy [3], the revelation of a
DNA-scrunching mechanism during initial transcription [4], and diffusional migration in single
stranded DNA-binding proteins [5]. For more information, see for example [6].

Single-molecule techniques were soon extended to imaging in bacterial cells, e.g., Escherichia coli,
where controlling gene expression, and therefore the number of proteins per cell can be readily
achieved [7]. Cell autofluorescence can also be easily minimized, for example, by growing cells in
low-background culture media [8]. These advantages, together with the fact that the entire cell volume
(2 um long and 0.5 pm in diameter [9]) can be within the depth of focus of a standard high numerical
aperture (NA) objective (depth of focus 300-700 nm), meant that single molecule detection could be
accomplished using standard widefield epifluorescence microscopy. Examples of breakthroughs
include the direct observation of steps in rotation of the bacterial flagellar motor [10], determining the
stoichiometry and turnover in single, functioning membrane protein complexes [11], the demonstration
of translational bursts from a repressed promoter [12], the measurement of the search time for a
transcription factor to reach its target site in a living bacterial cell [13], and the stoichiometry and
architecture of active DNA replication machinery [14]. For a useful review see [15].

Mammalian cells are much larger than bacterial cells, typically >10 ym x 10 um long and
several um in depth. They also have significant levels of background autofluorescence, mostly due to
the intrinsic fluorescence of molecules like NADPH and flavins [16]. Because mammalian cell depth
is much larger than the depth of focus of standard high NA objectives, if imaged using epifluorescence
illumination they will produce significant amounts of out of focus autofluorescence background
that will swamp the emission from any single molecule of interest. The use of total internal
reflection fluorescence (TIRF) [17] (see Section 2.4) together with the availability of brighter and
more photostable fluorescence probes, new sample preparation and labeling methods and improved
algorithms for feature detection and tracking have allowed single molecule tracking to become in the
last decade an important tool to obtain direct information on how molecules diffuse and interact with
each other in the mammalian cellular context. This has been particularly so at the plasma membrane, a
heterogeneous entity with different structures at the nano and meso (<200 nm) scales [18]. Here, not
only has single-molecule tracking allowed unprecedented observations of membrane protein
interactions at the molecular level, but it has also significantly contributed to the recent plasma
membrane paradigm shift from inert continuum fluid to a partitioned dynamic assembly that plays a
key role in mediating protein interactions [19].
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Because the fluorescence emission of single molecules is very weak, their detection is
critically dependent upon the ability to minimize unwanted background signals. In addition,
the diffraction-limited resolution of optical microscopy requires molecular densities of ~less
than 1 molecule per um® so that the ~250 nm diameter image spots from single molecules do not
overlap. This means that, for single molecule imaging in mammalian cells, considerable care is
required in the selection of cell lines, fluorescence labeling, experimental design, and data analysis. In
this review, we summarize the experimental choices facing biologists unfamiliar with single molecule
experiments in a mammalian cell system. We also outline the type of information content that can be
extracted from the data and give a few examples where these choices were paramount for the success
of the experiment.

2. Experimental Design
2.1. Choosing a Cell Line

Single molecule imaging is ideally suited to investigations in cells expressing low physiological
numbers of the protein of interest because this avoids fluorescence from multiple molecules merging
and preventing single molecule detection. Molecules must be separated by a distance greater than the
point spread function (PSF) of the microscope if they are to be individually resolved. Figure 1A
illustrates this effect. Two or more fluorescence emitters located within the PSF will not be detected as
individual molecules. The experimenter should aim for molecule densities where clearly separated
fluorescent spots are visible, with a significant degree of dark space between them. An example single
molecule image from a sample with a good density of fluorescent molecules is shown in Figure 1B.
Although the choice of cell model ultimately depends on the biological question(s), as a general guide
one typically would like to find a cell line that expresses the protein of interest at a low number of
copies per cell. As a rule of thumb, 20,000 protein copies per cell or fewer typically allows the labeling
of a significant number of the protein copies at the plasma membrane without their image
spots overlapping. [20,21]. It is, however, possible to apply single molecule imaging to cells
that overexpress the protein(s) of interest. For example, the epithelial carcinoma A431 cell
line overexpresses HER1 (aka epidermal growth factor receptor (EGFR)/ErbB1)), a tyrosine kinase
receptor implicated in the onset and development of unregulated cell growth [22], to a level
of ~2-3 x 10° copies per cell [23], of which 30% are located at the cell surface [24]. This cell line was
the first employed for single molecule studies in mammalian cells [25]. The compromise that has to be
made is that only a small fraction of surface receptors can be labeled with fluorophore. This can be a
limitation to investigate protein interactions because the lower the fraction of fluorescent proteins the
lower the chances of detecting colocalization events. It has also been reported that overexpression can
alter protein dynamics at the cell surface [26], so a parallel control on a lower expression system may
be required to validate the results. An alternative elegant way to derive single-molecule trajectories in
cells overexpressing the protein of interest is to combine photoactivated localization microscopy
(PALM) with live-cell single-particle tracking, which uses switchable probes allowing a small fraction
of probes to be phototactivated at any one time [27].
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Figure 1. (A) Simulated intensity cross sections through a pair of single molecule
fluorescence emitters with varying separations. Individual features can only be resolved
when the molecules are separated by a distance greater than the point spread function of
the microscope; (B) Single molecule TIRF image of EGFR in the plasma membrane of
HeLa cells (expressing approximately 50,000 EGFR molecules per cell). EGFR are
labelled with their ligand EGF, conjugated with the fluorophore Atto 647N (bar 8 um). The
white line shows the approximate cell borders.
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On some occasions it may be eminently possible to find a cell line with the desired level of
expression of the protein of interest. For example, in the case of HER1-4, a receptor family implicated
in the development and progression of most solid tumors, including non-small cell lung cancer, head
and neck, breast, colon [28], a significant number of wild-type and stably transfected inmortalised cell
lines with various expression levels are available (see for example [29-31]. If finding a cell line with
required numbers of protein copies per cell is not possible, then the relevant plasmid DNA has to be
transfected into an appropriate cell model. Popular non-viral transient transfection strategies include
the use of liposomal based (e.g., Lipofectamine (Life Technologies, Grand Island, NE, USA) and
non-liposomal reagents (e.g., FuGENE® HD (Promega, Madison, WI, USA). Optimizing of
transfection efficiency for single molecule imaging may, however, be nontrivial. The strength of the
promoter is an important consideration because most promoters are optimized for high protein yields.
Other parameters to consider are the ratio of transfection reagent to DNA, the amount of transfected
nucleic acid, and the length of time cells are exposed to the transfection reagent. Imaging cells only a
few hours after transfection, instead of waiting the normal >12-24 h for protein to be expressed, can
give good results [32]; however, care should be taken to ensure the cells have recovered from exposure
to the transfection reagents, which are toxic (see for example [33,34]). Other options include the use of
a viral transfection system which, because of their high levels of gene transfer, compared to non-viral
vectors, can result in a much larger fraction of cells labeled at the desired low level (see for
example [35]), and the use of DNA transposons, which are a mobile genetic element that efficiently
transposes between vectors and chromosomes via a “cut and paste” mechanism (see for example [36]).
For long term experiments the best option could be to stably transfect cells with a vector encoding the
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protein of interest expressed from an inducible promoter; the level of protein expression can then be
controlled using different concentrations of an antibiotic (see for example [37]).

2.2. Fluorescent Probes for Single Molecule Tracking

Because native proteins are invisible under the optical microscope a probe must be attached for
fluorescence detection. Probes of interest include organic molecular dyes, fluorescent proteins (FPs)
and quantum dots (QDs), which are semiconductor nanocrystals. The choice of fluorescent probe is
guided by a number of general considerations; good probes must have high extinction coefficients,
high quantum yields, and good photostability [38]. In multicolour applications narrow excitation and
emission spectra are also an advantage (Table 1).

Table 1. Characteristics of fluorescent probes.

Resistance to Level of Emission Suitable for Narrow
Brightness
photo-bleaching blinking range (nm) polarization fluorescence bands
v (excit.

Quantum dots VY N\ S 400-800 NO ( _ )

VW (emiss.)
Organic dyes W W S 400-800 YES VW

Fluorescent VW (excit.

_ J \ 3 450-650 YES ( . )
proteins VW (emiss.)

Among the organic dyes, several groups of probes have been used in single molecule tracking
experiments, including xanthenes (e.g., Rhodamine), cyanines (e.g., Cy3 and Cy5), and other groups
better known by their trademark names, like the Alexa (Life Technologies, Grand Island, NE, USA)
and Atto (Atto-Tec, Siegen, Germany) dye series. Because of the inherent background fluorescence of
mammalian cells, most studies have used probes that absorb light at wavelengths longer than 450 nm.
Currently, the palette of most available probes extends to excitations up to the far red (i.e., <660 nm)
(Table 1) although near infrared dyes have also successfully been employed [39]. Advantages of
organic dyes are: (i) their small size (typically <1 kDa), which reduces the chances of sterically
hindering protein-protein interactions; (ii) their wide commercial availability; (iii) their wide
availability in many colors (see for example [40]), although care must be taken to choose dyes whose
emission spectra do not overlap to minimize bleedthrough between channels in multicolour tracking
applications; (iv) different dyes can display different degrees of sensitivity to the environment (e.g.,
ionic concentration, pH, viscosity efc.) (see for example [41,42]), which can be useful to interrogate
some sample properties; (v) they can be covalently linked to proteins using commercially available
kits; and (vi) they have dipolar moments that make them suitable for polarization measurements (see
for example [43,44]). A limitation of organic dyes is their tendency to stick to the cell substrate; this
can be a big challenge in single molecule tracking, where the aim is to derive the diffusion rates of
different protein species, because non-specifically bound probes are immobile and can contaminate
results [45,46]. In practice, the suitability of a dye will strongly depend on the reagents, sample
preparation procedures and the aims of the particular application.

Fluorescent proteins (FPs) are genetically encoded fluorescence markers and can be monomeric
(25-30 kDa in size) or multimeric, the latter being proportionally brighter [47]. Best known is the
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prototypical green fluorescence protein (GFP), in which a fluorescent chromophore
4-(p-hydroxybenzyliden)-5 imidazoline forms within a rigid beta barrel during the maturation of the
protein in the cell from a tripeptide (Ser65-Try66-Gly67) [48]. A big advantage of FPs is that they can
be attached to most proteins using standard molecular biology methods [49]. Most commonly,
plasmid vectors are used, introduced into the host cells using lipid vesicles, a process known as
lipofection [50]. Details of plasmid design are beyond the scope of this review, but more information
can be found in [51], for example. Transfections are either transient, in which expression of the
fluorescent gene fusion product occurs several hours after transfection, continuing for 72 to 96 h after
introduction of the DNA, or stable, where the cells continue to produce the fluorescent protein
indefinitely. Stable cell lines can be selected using antibiotic markers introduced into the plasmid [52].
Creation of stable cell lines is usually achieved by using more efficient techniques at the initial
transfection stage, such as electroporation, a method that uses high voltage pulses to introduce pores
into the plasma membrane [53]. Probably the most important aspect to consider when attempting to
use fluorescent proteins for single molecule work is to keep the expression level low enough to enable
individual molecules to be distinguished.

To investigate protein-protein interactions it is advantageous to choose FP versions that do not
oligomerise in order to prevent the FP itself being the driver of the dimerisation of the protein of
interest, although in practice this means compromising the brightness of probes that are already not too
bright. If the resulting SNR is too low, one option to ameliorate the loss in signal is to fuse tandems of
monomeric FPs to the protein of interest [54]. In recent years, the color palette has also been enriched
through mutations in GFP, creating a number of orange, red and far-red FPs, like for example
mOrange2, tagRFP, mKate2, efc., which have not only higher extinction coefficients, but also more
pH-stability, higher brightness and photostability (for a review see [55]). There are also several
photoactivatable and photoswitchable FPs available, e.g., Dendra2, mEos2, etc., ideal for
super-resolution methods (see for example [56]).

One key limitation shared by organic dyes and FPs is their poor resistance to photobleaching ([38]
and references therein). The most photostable among them typically undergo about 10°—10°
excitation-deexcitation events prior to bleaching, which means they emit a maximum of
10°-10° photons. The finite number of photons available implies that single-molecule fluorescence
measurements are generally limited by shot noise [57]. This means that the signal-to-noise ratio (SNR)
is equal to VN, where N is the number of photons recorded in a frame of data. A number of factors
contribute to achieving the highest SNR, and these need to be optimized for the particular type of
experiment being performed. Important factors include the excitation intensity, the length of the
frames, the efficiency of the detector, the total number of frames and the lag time between them, and
the photophysical characteristics of the dye or fluorescent protein. For example, increasing the photon
emission rate via stronger illumination will allow faster frame rates at a high SNR but only at the
expense of speeding up the eventual bleach. Of course, frame rate selection is also dependent on the
behavior of the features being tracked, so, for example, more rapidly diffusing molecules require faster
tracking and therefore higher frame rates. Depending on the duration of the phenomena under
investigation, the optimal illumination power must be carefully chosen to balance out SNR, frame rate
and bleaching times. Using illumination powers of <2 mW, the best organic dyes can last up to a few
minutes and the best FPs up to a few tens of seconds (see for example [44,58]). Another key limitation
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is the susceptibility to blinking, defined as intercalated periods where the fluorescence intensity
reversibly drops to zero [59]. As with photobleaching, blinking can often be related to the presence of
a long-lived dark triplet state. Blinking is undesirable in single molecule tracking as features cannot be
detected for the duration of the off periods. Given that the methods used to palliate blinking, like the
introduction of redox cocktails [60,61], are not generally applicable to the physiological-like
conditions of live cell work, the photophysical properties of the tag are key criteria when choosing an
organic dye or FP for single molecule tracking experiments. (It should be noted that the presence of
significant blinking is in contrast an advantage when employed in other super-resolution imaging
techniques such as PALM and STORM [62-64]).

Because of their exceptional resistance to photobleaching and their very high extinction coefficient
and brightness, QDs have been widely used in biology [65,66]. QDs provide big advantages in single
molecule tracking when the inherent SNR is poor (for example to follow intracellular processes where
TIRF illumination cannot be used [67]) and when molecular behavior needs to be monitored for
extended periods (see for example [68,69]). QDs also have a broader excitation spectrum [70] which
can be both an advantage if one wants to simultaneously excite different probes with the same laser
source, and a limitation if multiplexing is required. Their narrower, size-tunable emission spectra are
ideal for applications in which many colors are required, for example to distinguish several protein
species. Limitations of QDs include their relatively large size (~20 nm), which may interfere with
some protein-protein interactions, that they display significant blinking, and that it is difficult to label
the protein of interest at a 1:1 stoichiometric ratio [71], although in some systems this could be an
advantage [72]. An elegant method of conjugating QDs to surface proteins in living cells is via the use
of E. coli biotin ligase [73].

2.3. Labeling the Proteins of Interest

If fluorescent proteins cannot be used to label the proteins of interest, other ways must be used to
attach fluorescent molecules. Some integral plasma membrane proteins (e.g., transmembrane receptor
tyrosine kinases, G-protein coupled receptors, cytokine receptors, ion channels, efc.) can be labeled at
their extracellular domains by adding to the culture medium a fluorescent derivative of a high-affinity
protein ligand that can avidly recognize a specific site in the receptor with a known stoichiometry.
The ligand carrying the fluorescent probe can be, among others, a receptor agonist (e.g., a growth
factor ligand, (e.g., [25]), a cytokine (e.g., [74], efc.), an antagonist (e.g., an affibody [75], a
small drug compound or antibiotic [20]), or a genetically engineered antibody mimetic protein
(e.g., DARP in [76]). If the objective of the experiment is to determine the stoichiometry of a complex,
or measure the number of molecules in a cluster, it is important that the ligand is labeled in a specific
residue at a 1:1 stoichiometry. In this way, one avoids steric variations from one labeled ligand to
another. On the other hand, for tracking experiments it may be preferable to increase the labeling ratio
so that longer tracks can be recorded before the label is completely photobleached.

Ligands can be chemically labeled using, for example, succinimidyl ester derivatives of fluorescent
dyes that provide an efficient and convenient way to covalently cross-link the fluorophore specifically
to primary amines (R-NH>) in the ligand, found in lysine residues and at the N-terminus. Similarly,
maleimide derivatives can be used to label thiol groups (R—S—-H), present in cysteine residues
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(Figure 2A). The desired 1:1 dye/ligand stoichiometry is easy to achieve if ligands do not have any
lysine residues, such as, for example, the epidermal growth factor (EGF) ligand which binds the
extracellular domain of HERI, because the dye can only bind the N-terminus. Similarly, 1:1
stoichiometry can be easily obtained with ligands that have a single cysteine residue, such as, for
example, affibody ligands. If two cysteines are present, it is often possible to mutate one to another
small amino acid whilst maintaining good affinity for the receptor.

Figure 2. Illustration of methods used for fluorescence labelling. (A) Conjugation of
fluorophores to ligands and antibodies; (B) The use of combined methods for multiple
labelling of proteins with different ligands: The intracellular domain is labelled with green
fluorescent protein and/or SNAP tags, while the extracellular domain is labelled using a
combination of MCP, ACP, and CLIP tags, and chemically-conjugated ligand.
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If the proteins cannot be labeled by adding fluorescent probes to the culture medium one requires
molecular biology methods to engineer protein-tag fusions. Protein tagging techniques involve the
addition of a peptide sequence to the protein of interest. The peptide sequence is designed to be
susceptible to a specific chemical reaction, in the case of fluorescence measurements enabling the
attachment of a specific fluorophore. The SNAP tag is a 20 kDa mutant of the DNA repair protein
0O6-alkylguanine-DNA alkyltransferase [77]. It reacts specifically with derivatives of benzylguanine,
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which can be used to covalently attach a fluorescent probe. Similar to the SNAP tag is the CLIP tag.
This is a version of the SNAP tag that has been modified to react with a different substrate,
02-benzylcytocystine [78]. By using combinations of CLIP and SNAP tags, it is possible to label a
single fusion protein with two different fluorescent probes. Many of the substrates of CLIP and
SNAP tags are membrane-permeable, so they can be used for labeling of intracellular as well as
extracellular proteins.

A slightly different approach is taken with another two tags, ACP and MCP. In this case, the
protein is fused to an acyl carrier protein. The fusion protein can then be labeled with derivatives of
Coenzyme A (CoA), via a post-translational modification catalysed by the enzyme AcpS. An
advantage of the ACP tag is its relatively small size (9 kDa) [79]. A mutant of ACP, known as MCP, is
modified by the enzyme Sfp, but not by AcpS, allowing, in a similar way to SNAP and CLIP tags, the
labeling of a single fusion protein with two fluorophores. Unlike SNAP and CLIP, the substrates of
ACP and MCP tags are not membrane permeable, so are only suitable for labeling proteins on the
surface of the cell. The principles of labeling with protein-tag fusions are illustrated in Figure 2B.

Although the tags described above are smaller than fluorescent proteins, they are still relatively
large and have the potential to interfere sterically with protein function. Other tags, known as FIAsH
(green) and ReAsH are smaller, but have relatively poor labelling specificity and can be toxic to
cells [80]. Recently, other methods have been demonstrated for the specific labelling of proteins within
cells. Probe Incorporation Mediated by Enzymes (PRIME) uses a mutant “fluorophore ligase” that is
able to attach the blue fluorophore 7-hydroxycoumarin to proteins fused to a specific recognition
sequence [81]. Similarly, a two-step method has been described that uses E. coli lipoic acid ligase to
site-specifically ligate a trans-cyclooctene derivative onto the protein of interest, followed by
derivitization with a tetrazine-fluorophore conjugate [82]. These methods have the potential to
overcome some of the difficulties associated with conventional tag-labelling, but have not so far been
applied in single molecule studies.

2.4. Optical Set up

One of the major challenges in imaging single molecules in mammalian cells is obtaining data with
sufficiently high SNR in the presence of high levels of background fluorescence. To detect single
molecules cell autofluorescence must therefore be minimized. In mammalian cells, this is almost
always accomplished by the use of total-internal-reflection fluorescence (TIRF) [83] (Figure 3A).
Because of the difference in refractive index between the glass substrate and the cell culture medium,
light that hits the glass-water interface at or beyond the so-called critical incidence angle cannot
propagate towards the sample and is totally internally reflected. TIRF illumination creates an
evanescent excitation field on the glass coverslip to which the cells adhere which reduces
exponentially with depth, penetrating ~200 nm axially into the sample. The evanescent field
differentially excites molecules in the vicinity of the cell surface reducing intracellular
autofluorescence background to a level where single-molecule detection becomes possible [84]. In the
case of mammalian cells this means that fluorescence excitation is restricted to membrane proteins and
proteins in the close vicinity of the plasma membrane, with minimal fluorescence from molecules
deeper inside the cell (Figure 3B).
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Figure 3. (A) Illustration of the principle of Total Internal Reflection Fluorescence (TIRF)
microscopy. (B) Effect of TIRF illumination on fluorescent molecules in the plasma
membrane of adherent cells; molecules close to the cover slip receive more intense
illumination, and there is no illumination beyond a depth of approximately 200 nm.
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TIRF illumination can be achieved in one of two ways. Prism-based TIRF microscopy uses a prism

attached to the coverslip to direct a light beam towards the glass-water interface at the critical
angle [17]. In objective-based TIRF microscopy, an objective with very high numerical aperture
(NA > 1.45) is used to achieve illumination at the critical angle, by placing the laser illumination off
the centre of the objective’s back focal plane [85]. The latter method is now more commonly
employed because of convenience of sample handling and ease of adjustment of the incident angle.
The layout of a typical objective-based TIRF single-molecule microscope is shown in Figure 4
(see for example [86]). This microscope is designed for excitation of fluorescence at three
wavelengths, and its detection in three channels. A typical use of a system of this type might be the
investigation of interactions between three different protein species diffusing on the surface of a cell.
Lasers of different colors can be delivered to the sample in a number of ways, including via the use
of a polarisation maintaining wavelength multiplexer, a laser engine, or a supercontinuum laser
source [87]. The combined laser output is launched into a polarisation maintaining single mode fiber,
which is plugged into an inverted microscope through a polarisation dependent TIRF slider that allows
both TIRF and epifluorescence illumination. Maintaining the polarization of the laser(s) not only
reduces losses at the TIRF slider but also allows delivery of polarization components along the z and x
axis with respect to the sample that can be used to derive protein orientation information [44]. TIRF
attachments are available from all major microscope manufacturers, although it is also possible to
custom-build optics for TIRF illumination (see for example [88]). The laser beam is reflected into the
high NA objective by suitable triple band filter sets. Fluorescence from the sample is imaged onto the
entrance aperture of an Optosplit III image splitter (Cairn Research). This divides the image into three
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spectrally distinct but spatially identical components, which are imaged side by side on an electron
multiplication CCD (EMCCD) camera. To date, EMCCDs are the most suitable detectors for single

molecule imaging because of their combination of high signal-to-noise with relatively fast readout
speeds [89].

Figure 4. Schematic view of a microscope set up for 3-colour single molecule
TIRF microscopy.
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Finally, it should be noted that the increased molecular contrast provided by the limited depth of
TIRF illumination could also be considered as a limitation if there is a need to image molecules that
are located in the cell cytoplasm or nucleus, not close enough to the plasma membrane to fall within
the TIRF illumination field. Besides using QDs [67], a way forward for intracellular single molecule
imaging might be to use fluorescent probes which are excited by infrared radiation, at wavelengths
where little cell autofluorescence occurs. A recent publication has showed the use of conventional
epifluorescence illumination to image single molecules labeled with infrared probes, inside cells [39].

2.5. Feature Detection, Localisation and Analysis

Data analysis is a key part of any single molecule experiment. It is beyond the scope of this review
to cover all the aspects of single molecule data analysis, but in this section we briefly discuss some of
the more important points for single molecule detection, localization, and tracking. We refer to a
number of papers in which the reader may find more detailed information if required.

Significant effort has been applied in the last few years to the development of data analysis methods
suitable for single molecule tracking studies in cells. The general approach, outlined below, can be
divided into two steps: (i) the detection and measurement of features in each image frame; and (ii) the
inferring of information on individual molecular movement (tracks) from the changes in these features
through time. Key challenges include the presence of crowded fields, fluorophore blinking, low SNRs
and poor signal-to-background ratios, the latter because signals from single molecules are
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superimposed on out-of-focus fluorescence from other molecules and residual cell autofluorescence
not completely eliminated by TIRF illumination. In addition, because fluorophores located at varied
axial distances in the cell membrane experience different excitation field strengths, a side effect of the
limited depth of the evanescent field is that the SNR ratio varies from molecule to molecule.

To detect single molecules these have to be distinguished from the surrounding background. This is
often a non-trivial procedure as the background may be neither flat nor smooth, and may show features
that resemble single molecules. Single molecules can be considered single point emitters because their
size is much smaller than the optical wavelengths employed. Feature detection relies on the knowledge
that the diffraction-limited spot image of a single molecule is equal to the point spread function (PSF)
of the microscope. Features are therefore only considered to arise from a single molecule if they have a
size equal to the PSF of the microscope. Even though the true theoretical profile of the PSF is actually
an Airy disc, a Gaussian profile with fixed known width has normally been adopted as an
approximation for the PSF of the microscope (see for example [90-93]). This is because a Gaussian is
significantly easier to use and computationally faster to evaluate, while the results are often
indistinguishable. Deconvolution of the Gaussian profile allows determination of the position of the
single molecule emitter with precision of up to 1-2 nm depending on SNR and the amount of
background present [3]. (It should be noted that, in combination with the availability of
photoactivatable probes, this is the principle behind the development of super-resolution microscopy;
for a recent review see for example [94]).

If the SNR and signal-to-background ratio are reasonably good, popular single molecule feature
detectors use combinations of thresholding methods and step detection (single molecules photobleach
in one step and this allows counting of the molecules in a PSF and distinguishing them from the
background) (e.g., [18,20,21,32]). At low SNRs, tracking algorithms that perform best incorporate
likelihood-based feature detection algorithms [95] or Bayesian segmentation [96], which objectively
compare the probabilities of a feature being present with the null hypothesis of just background. One
key remaining challenge of feature detection is how to satisfactorily address the high particle density
typical of mammalian cell images, which is often present even in cells that express low numbers of
protein copies per cell when a substantial fraction of these proteins are labeled [20,21]. Towards this
goal, a feature detector from astronomy was recently shown to perform well when applied to crowded
conditions [97].

Tracking is the process of following molecules through time to derive the time course of their
intensity and position. This enables single molecule data to be analyzed in live cells to derive
information on the characteristics of the molecular movement over many frames and measure diffusion
rates for individual molecules. When performed in two of more color channels, tracking can also
determine the presence of molecular interactions and their kinetic rates. The latter requires the use of
multicolor feature detection and tracking, which typically requires the application of highly precise
channel registration procedures (e.g., [98]). Exploiting the temporal information from the data is often
achieved by tracking detected features from frame to frame and interpreting the resulting position and
intensity traces versus time. In some cases though, information on protein diffusive behavior can be
derived by measuring correlation properties without first calculating temporal tracks [99] or by
separately considering the cases of moving and non-moving proteins and performing simple
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tracking [90]. The correlation method is computationally cheap, robust, and can be applied to high
particle densities, without the requirement for a priori knowledge of the dynamic coefficients.

One key challenge in tracking is that the particles under observation exhibit temporary
disappearance, e.g., from blinking, detection failure, merging and splitting events from
dimer-monomer transition, or because the separation between features goes below and then above the
diffraction limit. As a result, the feature detector may not detect features in all frames, leading to tracks
with ‘gaps’ from which the “true” tracks have to be recovered. Given that the global spatio-temporal
solution that would address this challenge is computationally prohibitive, most feature trackers use a
number of heuristic algorithms to derive a computationally tractable global spatial solution. However,
this approach tends to optimize for longest track length as it is impossible to determine the relative
likelihood of a set of short tracks rather than one tracked formed by linking them [100]. This problem
was statistically addressed by Sergé et al. [101], who looked at the probability of tracks forming a set
of tracks with maximum likelihood. Jagaman et al. [95] proposed a maximum likelihood method of
parameter selection and developed a set of heuristics for determining these models and joining the
tracks together. Despite the progress made, a computationally tractable, global spatio-temporal
solution still remains to be found.

3. Information Content

Single molecule tracking is uniquely suited to investigate three molecular properties: First,
from the quantum photobleaching of the fluorescence tag attached to the protein it can report on
stoichiometry [11,102,103]; second, from the position of interacting molecules versus time it can
identify the presence or absence of an interaction [20,21,69]; third, from the different modes of
molecular diffusion it can provide information on the interaction of a molecule with its surroundings.
Given that the latter property is the least intuitive of the three, we briefly introduce below some of the
key concepts.

The original model proposed to describe the diffusion of proteins in a lipid membrane is the
Saffman-Delbriick theory [104]. This model describes a lipid membrane as a thin layer of viscous
fluid, surrounded by a less viscous bulk liquid and predicts that molecular diffusion coefficients
depend on the radius and height of the diffusing object and the viscosity of the membrane and its
surrounding fluid. According to this model, the diffusion of membrane proteins would behave as
stochastic molecular transport of the type that can be explained by Brownian motion. The prediction is
consistent with diffusive processes at the plasma membrane being ergodic, i.e., one in which the
statistical properties of the diffusion behavior (such as its mean and variance) should not be time
dependent [105].

Both single molecule and ensemble-averaged methods, like fluorescence recovery after
photobleaching (FRAP) [106], have reported the diffusive properties of proteins. These experiments
have demonstrated that diffusion is in fact non-ergodic and have shown the presence of anomalous
diffusion not explained by the Saffman-Delbriick model [107]. Assuming that movement is random,
and approximating the plasma membrane to a 2-D surface, one can derive the molecular mean square
displacement (MSD) from the ensemble average diffusion coefficient (D). A Brownian particle in this
space should display a motion described by a linear MSD, i.e., MSD oo D¢, where ¢ is the time during
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which molecules are observed). Motions other than normal diffusion will result in non-linear MSD
plots (Figure 5). At the plasma membrane is often found that the power law governing MSD motion is
sublinear, i.e., MSD oo D¢, where y < 1. This diffusive behavior is referred to as confined motion, or
anomalous subdiffusion. In some cases, it is also found that y > 1, which is referred to as
anomalous superdiffusion. Experimental and theoretical work suggests that possible reasons behind
anomalous subdiffusion include obstruction due to macromolecular crowding, compartmentalization
and fence-like structures at the plasma membrane [108—110], cholesterol-dependent membrane
heterogeneity [111,112], and protein binding to the cell cytoskeleton (see for example [69,72,113]).
Anomalous superdiffusion arises when the fluorescent molecule is being actively transported, e.g., on
microtubules [114]. This gives rise to MSD plots similar to that shown in Figure 5A.

Figure 5. (A) Simulated mean squared displacement plots for particle tracking. I shows
diffusion for confined molecules, II shows obstructed diffusion, III normal diffusion, and
IV shows MSD for directed motion; (B) shows example particle tracks for the motion
types plotted in (A) [115].

Mean Squared Displacement

Time

The insights provided by single molecule tracking go beyond those derived from ensemble methods
by allowing the investigation of transient events and positional inhomogeneity, which may ultimately
explain the mechanism(s) behind hindered diffusion. From single molecule tracks the MSD can be
derived for individual molecules from the sum of the square of the molecular displacements (jumps)
per frame normalized by the total number of jumps. MSD can be calculated using the formula:

MSD(At) = (|ri(¢ + At) — 1:(6)]?) (1)

where |r;(t + At) — r;(t)] is the distance traveled by molecule i between time ¢ and time ¢ + At, and
the expectation value is over all pairs of time points separated by Az in each molecular track.

In cases where individual traces are too short for meaningful MSDs to be calculated, the MSD can
instead be determined by pooling all the traces together. MSD data from single molecule experiments
are already beginning to test the sizeable theoretical framework that has already being laid down to
quantitatively explain the effects of lateral diffusion in the presence of immobile obstacles, finite
and infinite hierarchy of traps (representing, for example, protein binding sites at the membrane),
percolation thresholds, etc. (see for example [116,117]). The theory predicts how subtleties in the
behavior of molecules may depend on the organization of its surrounding environment. For example, a
suitable infinite hierarchy of traps leads to anomalous diffusion at all times, as the protein can never
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escape from bouncing between traps; in contrast, a finite hierarchy of traps leads to anomalous
diffusion at short times and normal diffusion at long times, for example, a protein crosses the barrier
between a lipid raft full of traps and another area in the membrane where traps are not present.

4. Examples of Applications

There are many examples of the successful application of single molecule tracking to investigate
molecular behavior in the plasma membrane of mammalian cells in culture. To cite just a few, it has
reported the binding dynamics of EGFR dimers [118], the stoichiometry of M; muscarinic receptor
complexes [20], different structures for high- and low-affinity EGFR [119], the diffusion dynamics of
single kinesin molecules moving in microtubules [120], the kinetic rates and equilibrium constant of a
chemotractant G-protein couple receptor (GPCR) [21], a retrograde transport of EGFR from filopodia
to the cell body [68], the dimerization dynamics of EGFR and the enrichment of this receptor in
the cell periphery in an actin and receptor-expression-dependent fashion [72], and how EGFR
dimerization is promoted by domain co-confinement and stabilized by ligand-binding [69].

In this section we use two of these examples to illustrate the variety of choices that can be made in
the experimental design, data collection and data analysis to answer different biological questions. The
first example is a bench mark for sample preparation technique [20]. In this work Hern et al.
investigate the formation and dissociation of dimers of the M; muscarinic receptor, a GPCR which is a
subtype of the muscarinic acetylcholine receptor family [121]. The main biological question was
whether M, receptors existed as obliged dimers or higher oligomers. Single molecule tracking can
provide this information because two molecules in a dimer will show two bleaching steps and one
molecule one bleaching step. The number of traces of each kind can be counted in a histogram to
derive the percentages of each species. Key to measure the stoichiometry of this interaction is their use
of a high-affinity (35 pM) M, antagonist (telenzepine) bound to one of the most photostable and long
lasting organic dyes available, Cy3. The slow dissociation rate of telenzepine allowed long term
systematic washing of samples to remove of non-specific probes bound to cells and glass, important to
derive the proportion of monomers and dimers (note that non-specific probes will be static and show
single step bleaching). Also critical for success was the use of CHO cells stably expressing receptors at
low physiological levels (1 pmol receptor per milligram membrane protein) that together with the
high-affinity of the probe allowed up to 97% of receptors to be labeled using probe concentrations in
the range of 0.1-1 nM. The high fluorescent receptor fraction was crucial to quantify the population of
dimers and monomers from molecular photobleaching and track colocalisation events and the low
concentrations of probe required were in turn crucial to minimize non-specific binding.

The second example is a benchmark in data analysis [69]. In this work, Low-Nam et al captured the
dimerization of EGFR in real time and developed sophisticated analytical methods to extract reaction
kinetics and characterize monomer and dimer behavior. The sample preparation consisted of using
A431 cells overexpressing EGFR where some receptors were labeled with a QD either via an
activating ligand or an antagonist. They investigated receptor dynamics by measuring the
colocalization of QDs of two colors. The brightness of the QDs allowed nanometer-like precision in
the determination of molecular position within each channel by deconvoluting the Gaussian profile of
the PSF in each frame of each track. An accurate channel registration procedure was applied to achieve
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this. As a result they were able to measure the separation between receptors versus time in the
nanoscale and used these data to identify dimers from pairs of molecules tracking together where the
separation between them was consistent with that expected in dimers from crystallographic data.
Interestingly, other associations were also found in which receptors were co-confined at the plasma
membrane but at a distance too far apart to be consistent with dimerization. Using drugs that disrupt
actin polymerization they were able to identify that the plasma membrane architecture and interactions
with actin are involved in co-confinement and promote repeated interactions. The photostability of the
QD probes was critical for the latter as they allowed long term observations of the same molecules.

5. Conclusions and Future Perspectives

We have illustrated some experimental choices facing researchers using single molecule methods
in mammalian cells in culture, summarized the advances made in optimizing methods in the fields
of sample preparation, data acquisition and data analysis, and review a number of scientific
achievements. Some key challenges still remain. It is necessary to improve transfection methods to
make it easier (and quicker) to obtain the cellular expression levels optimal for different single
molecule experiments. Improving the photostability and brightness of organic dyes and FPs and
increasing the color palette of microscopes, toward hyperspectral imaging, will help to link single
molecule methods with systems biology. There is also the need to improve feature detection and
tracking to better cope with crowded fields and reduce the reliance on heuristics and a priori
knowledge to fill in the voids between tracklets in a data set.

Another challenge is posed by a new range of samples employed in single molecule experiments.
Single-molecule visualization has now also been applied to differentiated cells (spermatozoa) [122],
primary zebrafish embryonic stem cells [123], salivary gland cell nuclei of Chironomus tentans
larvae [124], and plant cells in Arabidopsis leafs and roots, where it was hitherto believed that TIRF
was not possible (see for example [125]). These developments have extended single molecule
investigations to molecular phenomena in conditions as close as possible to physiological, i.e., in the
multi-cellular and in vivo context, where the cell’s environment includes other cell types and
extracellular matrix which affect molecular processes in order to maintain tissue specificity and
homeostasis (Kleinman et al. 2003). This is an important step because molecular behaviour in cultures
cells may not always be reflective of the behaviour in vivo. However, these new type of samples bring
their unique experimental challenges, for example increased levels of autofluorescence, different
requirements for molecular expression and sample labeling and, crucially, the need to get deeper into
the sample, which in some cases precludes the use of TIRF methods. The next few years promise very
exciting developments in the field.

Acknowledgments

The authors gratefully acknowledge funding from the UK Biotechnology and Biological Sciences
Research Council (BB/G006911/1). We also thank Sarah Needham for recording the single molecule
image shown in Figure 1B and with the abstract.



Int. J. Mol. Sci. 2012, 13 14758

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

Svoboda, K.; Schmidt, C.F.; Schnapp, B.J.; Block, S.M. Direct observation of kinesin stepping
by optical trapping interferometry. Nature 1993, 365, 721-727.

Shaklee, P.M.; Idema, T.; Bourel-Bonnet, L.; Dogterom, M.; Schmidt, T. Kinesin recycling in
stationary membrane tubes. Biophys. J. 2010, 99, 1835-1841.

Yildiz, A.; Selvin, P.R. Fluorescence imaging with one nanometer accuracy: Application to
molecular motors. Acc. Chem. Res. 2005, 38, 574-582.

Kapanidis, A.N.; Margeat, E.; Ho, S.O.; Kortkhonjia, E.; Weiss, S.; Ebright, R.H. Initial
transcription by RNA polymerase proceeds through a DNA-scrunching mechanism. Science
2006, 314, 1144-1147.

Roy, R.; Kozlov, A.G.; Lohman, T.M.; Ha, T. SSB protein diffusion on single-stranded DNA
stimulates RecA filament formation. Nature 2009, 461, 1092—-1097.

Weiss, S. Measuring conformational dynamics of biomolecules by single molecule fluorescence
spectroscopy. Nat. Struct. Biol. 2000, 7, 724-729.

Xie, X.S.; Choi, P.J.; Li, G.-W.; Lee, N.K.; Lia, G. Single-molecule approach to molecular
biology in living bacterial cells. Annu. Rev. Biophys. 2008, 37, 417-444.

Biteen, J.S.; Shapiro, L.; Moerner, W.E. Exploring protein superstructures and dynamics in live
bacterial cells using single-molecule and superresolution imaging. Methods Mol. Biol. 2011, 783,
139-158.

Kubitschek, H.E. Cell-growth and abrupt doubling of membrane-proteins in Escherichia-coli
during the division cycle. J. Gen. Microbiol. 1990, 136, 599-606.

Sowa, Y.; Rowe, A.D.; Leake, M.C.; Yakushi, T.; Homma, M.; Ishijima, A.; Berry, R.M. Direct
observation of steps in rotation of the bacterial flagellar motor. Nature 2005, 437, 916-919.
Leake, M.C.; Chandler, J.H.; Wadhams, G.H.; Bai, F.; Berry, R.M.; Armitage, J.P. Stoichiometry
and turnover in single, functioning membrane protein complexes. Nature 2006, 443, 355-358.
Yu, J.; Xiao, J.; Ren, X.J.; Lao, K.Q.; Xie, X.S. Probing gene expression in live cells, one protein
molecule at a time. Science 2006, 311, 1600-1603.

Elf, J.; Li, G.-W.; Xie, X.S. Probing transcription factor dynamics at the single-molecule level in
a living cell. Science 2007, 316, 1191-1194.

Reyes-Lamothe, R.; Sherratt, D.J.; Leake, M.C. Stoichiometry and architecture of active DNA
replication machinery in Escherichia coli. Science 2010, 328, 498-501.

Li, G.-W.; Xie, X.S. Central dogma at the single-molecule level in living cells. Nature 2011,
475,308-315.

Monici, M. Cell and tissue autofluorescence research and diagnostic applications. Biotechnol.
Annu. Rev. 2005, 11, 227-256.

Axelrod, D. Cell-substrate contacts illuminated by total internal reflection fluorescence. J. Cell
Biol. 1981, 89, 141-145.

Kusumi, A.; Suzuki, K.G.N.; Kasai, R.S.; Ritchie, K.; Fujiwara, T.K. Hierarchical mesoscale
domain organization of the plasma membrane. Trends Biochem. Sci. 2011, 36, 604—615.



Int. J. Mol. Sci. 2012, 13 14759

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Kusumi, A.; Nakada, C.; Ritchie, K.; Murase, K.; Suzuki, K.; Murakoshi, H.; Kasai, R.S.;
Kondo, J.; Fujiwara, T. Paradigm shift of the plasma membrane concept from the
two-dimensional continuum fluid to the partitioned fluid: High-speed single-molecule tracking of
membrane molecules. Annu. Rev. Biophys. Biomol. Struct. 2005, 34, 351-378.

Hern, J.A.; Baig, A.H.; Mashanov, G.I.; Birdsall, B.; Corrie, J.E.T.; Lazareno, S.; Molloy, J.E.;
Birdsall, N.J.M. Formation and dissociation of M(1) muscarinic receptor dimers seen by total
internal reflection fluorescence imaging of single molecules. Proc. Natl. Acad. Sci. USA 2010,
107, 2693-2698.

Kasai, R.S.; Suzuki, K.G.N.; Prossnitz, E.R.; Koyama-Honda, I.; Nakada, C.; Fujiwara, T.K.;
Kusumi, A. Full characterization of GPCR monomer-dimer dynamic equilibrium by single
molecule imaging. J. Cell Biol. 2011, 192, 463—480.

Ullrich, A.; Coussens, L.; Hayflick, J.S.; Dull, T.J.; Gray, A.; Tam, A.W.; Lee, J.; Yarden, Y.;
Libermann, T.A.; Schlessinger, J.; et al. Human epidermal growth factor receptor cDNA
sequence and aberrant expression of the amplified gene in A431 epidermoid carcinoma cells.
Nature 1984, 309, 418—425.

Fabricant, R.N.; De Larco, J.E.; Todaro, G.J. Nerve growth factor receptors on human melanoma
cells in culture. Proc. Natl. Acad. Sci. USA 1977, 74, 565-569.

Defize, L.H.; Boonstra, J.; Meisenhelder, J.; Kruijer, W.; Tertoolen, L.G.; Tilly, B.C.; Hunter, T.;
van Bergen en Henegouwen, P.M.; Moolenaar, W.H.; de Laat, S.W. Signal transduction by
epidermal growth factor occurs through the subclass of high affinity receptors. J. Cell Biol. 1989,
109, 2495-2507.

Sako, Y.; Minoghchi, S.; Yanagida, T. Single-molecule imaging of EGFR signalling on the
surface of living cells. Nat. Cell Biol. 2000, 2, 168—172.

Yu, C.; Hale, J.; Ritchie, K.; Prasad, N.K.; Irudayaraj, J. Receptor overexpression or inhibition
alters cell surface dynamics of EGF-EGFR interaction: New insights from real-time single
molecule analysis. Biochem. Biophys. Res. Commun. 2009, 378, 376-382.

Manley, S.; Gillette, J.M.; Patterson, G.H.; Shroff, H.; Hess, H.F.; Betzig, E.;
Lippincott-Schwartz, J. High-density mapping of single-molecule trajectories with
photoactivated localization microscopy. Nat. Methods 2008, 5, 155-157.

Hynes, N.E.; Lane, H.A. ERBB receptors and cancer: The complexity of targeted inhibitors.
Nat. Rev. Cancer 2005, 5, 341-354.

Cohen, B.D.; Kiener, P.A.; Green, J.M.; Foy, L.; Fell, H.P.; Zhang, K. The relationship between
human epidermal growth-like factor receptor expression and cellular transformation in NIH3T3
cells. J. Biol. Chem. 1996, 271, 30897-30903.

Bunn, P.A.; Helfrich, B.; Soriano, A.F.; Franklin, W.A.; Varella-Garcia, M.; Hirsch, F.R.;
Baron, A.; Zeng, C.; Chan, D.C. Expression of Her-2/neu in human lung cancer cell lines by
immunohistochemistry and fluorescence in situ hybridization and its relationship to in vitro
cytotoxicity by trastuzumab and chemotherapeutic agents. Clin. Cancer Res. 2001, 7,
3239-3250.

Wu, W.K.K.; Tse, T.T.M.; Sung, J.J.Y.; Li, Z.J.; Yu, L.; Ch, C.H. Expression of ErbB receptors
and their cognate ligands in gastric and colon cancer cell lines. Anticancer Res. 2009, 29,
229-234.



Int. J. Mol. Sci. 2012, 13 14760

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Zhang, W.; Jiang, Y.; Wang, Q.; Ma, X.; Xiao, Z.; Zuo, W.; Fang, X.; Chen, Y.G.
Single-molecule imaging reveals transforming growth factor-beta-induced type II receptor
dimerization. Proc. Natl. Acad. Sci. USA 2009, 106, 15679-15683.

Bauer, M.; Kristensen, B.W.; Meyer, M.; Gasser, T.; Widmer, H.R.; Zimmer, J.; Ueffing, M.
Toxic effects of lipid-mediated gene transfer in ventral mesencephalic explant cultures.
Basic Clin. Pharmacol. Toxicol. 2006, 98, 395-400.

Breunig, M.; Lungwitz, U.; Liebl, R.; Goepferich, A. Breaking up the correlation between
efficacy and toxicity for nonviral gene delivery. Proc. Natl. Acad. Sci. USA 2007, 104,
14454-14459.

Karra, D.; Dahm, R. Transfection techniques for neuronal cells. J. Neurosci. 2010, 30,
6171-6177.

Macdonald, J.; Taylor, L.; Sherman, A.; Kawakami, K.; Takahashi, Y.; Sang, H.M.
McGrew, M.J. Efficient genetic modification and germ-line transmission of primordial germ
cells using piggyBac and Tol2 transposons. Proc. Natl. Acad. Sci. USA 2012, 109,
E1466-E1472.

Macdonald, J.L.; Pike, L.J. Heterogeneity in EGF-binding affinities arises from negative
cooperativity in an aggregating system. Proc. Natl. Acad. Sci. USA 2008, 105, 112—117.

Ha, T.; Tinnefeld, P. Photophysics of fluorescent probes for single-molecule biophysics and
super-resolution imaging. Annu. Rev. Phys. Chem. 2012, 63, 595-617.

Tynan, C.J.; Clarke, D.T.; Coles, B.C.; Rolfe, D.J.; Martin-Fernandez, M.L.; Webb, S.E.D.
Multicolour single molecule imaging in cells with near infra-red dyes. PLoS One 2012,
7, €36265.

Berlier, J.E.; Rothe, A.; Buller, G.; Bradford, J.; Gray, D.R.; Filanoski, B.J.; Telford, W.G.;
Yue, S.; Liu, J.; Cheung, C.Y.; et al. Quantitative comparison of long-wavelength Alexa Fluor
dyes to Cy dyes: Fluorescence of the dyes and their bioconjugates. J. Histochem. Cytochem.
2003, 51, 1699-1712.

Kuimova, M.K.; Botchway, S.W.; Parker, A.W.; Balaz, M.; Collins, H.A.; Anderson, H.L.;
Suhling, K.; Ogilby, P.R. Imaging intracellular viscosity of a single cell during photoinduced cell
death. Nat. Chem. 2009, 1, 69—73.

Martin-Fernandez, M.L.; Clarke, D.T.; Tobin, M.J.; Jones, G.R. Real-time studies of the
interactions between epidermal growth factor and its receptor during endocytic trafficking.
Cell. Mol. Biol. 2000, 46, 1103—-1112.

Forkey, J.N.; Quinlan, M.E.; Shaw, M.A.; Corrie, J.E.; Goldman, Y.E. Three-dimensional
structural dynamics of myosin V by single-molecule fluorescence polarization. Nature 2003,
422,399-404.

Webb, S.E.; Rolfe, D.J.; Needham, S.R.; Roberts, S.K.; Clarke, D.T.; McLachlan, C.I;
Hobson, M.P.; Martin-Fernandez, M.L. Simultaneous widefield single molecule orientation and
FRET microscopy in cells. Opt. Express 2008, 16, 20258-20265.

Martin-Fernandez, M.; Clarke, D.T.; Tobin, M.J.; Jones, S.V.; Jones, G.R. Preformed oligomeric
epidermal growth factor receptors undergo an ectodomain structure change during signaling.
Biophys. J. 2002, 82, 2415-2427.



Int. J. Mol. Sci. 2012, 13 14761

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Zanetti-Domingues, L.C.; Martin-Fernandez, M.L.; Needham, S.R.; Rolfe, D.J.; Clarke, D.T.
A systematic investigation of differential effects of cell culture substrates on the extent of
artifacts in single-molecule tracking. PLoS One 2011,7, e45655.

Day, R.N.; Davidson, M.W. The fluorescent protein palette: Tools for cellular imaging.
Chem. Soc. Rev. 2009, 38, 2887-2921.

Tsien, R.Y. The green fluorescent protein. Annu. Rev. Biochem. 1998, 67, 509-544.

Tavare, J.M.; Fletcher, L.M.; Welsh, G.I. Review—Using green fluorescent protein to study
intracellular signalling. J. Endocrinol. 2001, 170, 297-306.

Felgner, P.L.; Gadek, T.R.; Holm, M.; Roman, R.; Chan, HW.; Wenz, M.; Northrop, J.P.;
Ringold, G.M.; Danielsen, M. Lipofection: A highly efficient, lipid-mediated DNA-transfection
procedure. Proc. Natl. Acad. Sci. USA 1987, 84, 7413-7417.

Chalfie, M.; Kain, S. Green Fluorescent Protein: Properties, Applications and Protocols,
2nd ed.; Wiley: Chichester, UK, 2006.

Colosimo, A.; Goncz, K.K.; Holmes, A.R.; Kunzelmann, K.; Novelli, G.; Malone, R.W_;
Bennett, M.J.; Gruenert, D.C. Transfer and expression of foreign genes in mammalian cells.
Biotechniques 2000, 29, 314-318, 320-322, 324.

Neumann, E.; Schaefer-Ridder, M.; Wang, Y.; Hofschneider, P.H. Gene transfer into mouse
lyoma cells by electroporation in high electric fields. EMBO J. 1982, 1, 841-845.

Dunne, P.D.; Fernandes, R.A.; McColl, J.; Yoon, J.W.; James, J.R.; Davis, S.J.; Klenerman, D.
DySCo: Quantitating associations of membrane proteins using two-color single-molecule
tracking. Biophys. J. 2009, 97, L5-L7.

Wu, B.; Piatkevich, K.D.; Lionnet, T.; Singer, R.H.; Verkhusha, V.V. Modern fluorescent
proteins and imaging technologies to study gene expression, nuclear localization, and dynamics.
Curr. Opin. Cell Biol. 2011, 23, 310-317.

Baker, M. Bright light, better labels. Nature 2011, 478, 137-142.

Moerner, W.E.; Fromm, D.P. Methods of single-molecule fluorescence spectroscopy and
microscopy. Rev. Sci. Instrum. 2003, 74, 3597-3619.

Zhang, H.; Shu, D.; Browne, M.; Guo, P. Approaches for stoichiometry and distance
determination of nanometer bio-complex by dual-channel single molecule imaging. /[EEE NIH
Life Sci. Syst. Appl. Workshop 2009, 2009, 124-127.

Dickson, R.M.; Cubitt, A.B.; Tsien, R.Y.; Moerner, W.E. On/off blinking and switching
behaviour of single molecules of green fluorescent protein. Nature 1997, 388, 355-358.
Vogelsang, J.; Kasper, R.; Steinhauer, C.; Person, B.; Heilemann, M.; Sauer, M.; Tinnefeld, P.
A reducing and oxidizing system minimizes photobleaching and blinking of fluorescent dyes.
Angew. Chem. Int. Ed. 2008, 47, 5465-54609.

Steinhauer, C.; Forthmann, C.; Vogelsang, J.; Tinnefeld, P. Superresolution microscopy on the
basis of engineered dark states. J. Am. Chem. Soc. 2008, 130, 16840—16841.

Betzig, E.; Patterson, G.H.; Sougrat, R.; Lindwasser, O.W.; Olenych, S.; Bonifacino, J.S.;
Davidson, M.W.; Lippincott-Schwartz, J.; Hess, H.F. Imaging intracellular fluorescent proteins
at nanometer resolution. Science 2006, 313, 1642—-1645.

Fernandez-Suarez, M.; Ting, A.Y. Fluorescent probes for super-resolution imaging in living
cells. Nat. Rev. Mol. Cell Biol. 2008, 9, 929-943.



Int. J. Mol. Sci. 2012, 13 14762

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Huang, B.; Bates, M.; Zhuang, X. Super-resolution fluorescence microscopy. Annu. Rev. Biochem.
2009, 78, 993-1016.

Barroso, M.M. Quantum dots in cell biology. J. Histochem. Cytochem. 2011, 59, 237-251.
Michalet, X.; Pinaud, F.F.; Bentolila, L.A.; Tsay, J.M.; Doose, S.; Li, J.J.; Sundaresan, G.;
Wu, A.M.; Gambhir, S.S.; Weiss, S. Quantum dots for live cells, in vivo imaging, and
diagnostics. Science 2005, 307, 538-544.

Patel, G.S.; Kiuchi, T.; Lawler, K.; Ofo, E.; Fruhwirth, G.O.; Kelleher, M.; Shamil, E.;
Zhang, R.; Selvin, P.R.; Santis, G.; et al. The challenges of integrating molecular imaging into
the optimization of cancer therapy. Integr. Biol. 2011, 3, 603—631.

Lidke, D.S.; Nagy, P.; Barisas, B.G.; Heintzmann, R.; Post, J.N.; Lidke, K.A.; Clayton, A.H.;
Arndt-Jovin, D.J.; Jovin, T.M. Imaging molecular interactions in cells by dynamic and static
fluorescence anisotropy (rFLIM and emFRET). Biochem. Soc. Trans. 2003, 31, 1020-1027.
Low-Nam, S.T.; Lidke, K.A.; Cutler, P.J.; Roovers, R.C.; van Bergen en Henegouwen, P.M.;
Wilson, B.S.; Lidke, D.S. ErbB1l dimerization is promoted by domain co-confinement and
stabilized by ligand binding. Nat. Struct. Mol. Biol. 2011, 18, 1244—1249.

Leatherdale, C.A.; Woo, W.K.; Mikulec, F.V.; Bawendi, M.G. On the absorption cross section of
CdSe nanocrystal quantum dots. J. Phys. Chem. B 2002, 106, 7619—7622.

Lidke, D.S.; Nagy, P.; Heintzmann, R.; Arndt-Jovin, D.J.; Post, J.N.; Grecco, H.E.;
Jares-Erijman, E.A.; Jovin, T.M. Quantum dot ligands provide new insights into erbB/HER
receptor-mediated signal transduction. Nat. Biotechnol. 2004, 22, 198-203.

Chung, 1.; Akita, R.; Vandlen, R.; Toomre, D.; Schlessinger, J.; Mellman, 1. Spatial control of
EGF receptor activation by reversible dimerization on living cells. Nature 2010, 464, 783—787.
Howarth, M.; Takao, K.; Hayashi, Y.; Ting, A.Y. Targeting quantum dots to surface proteins in
living cells with biotin ligase. Proc. Natl. Acad. Sci. USA 2005, 102, 7583—-7588.

Duchesne, L.; Octeau, V.; Bearon, R.N.; Beckett, A.; Prior, I.A.; Lounis, B.; Fernig, D.G.
Transport of fibroblast growth factor 2 in the pericellular matrix is controlled by the spatial
distribution of its binding sites in heparan sulfate. PLoS Biol. 2012, 10, €1001361.

Lundberg, E.; Hoiden-Guthenberg, I.; Larsson, B.; Uhlen, M.; Graslund, T. Site-specifically
conjugated anti-HER2 Affibody (R) molecules as one-step reagents for target expression
analyses on cells and xenograft samples. J. Immunol. Methods 2007, 319, 53—63.

Stumpp, M.T.; Binz, H.K.; Amstutz, P. DARPins: A new generation of protein therapeutics.
Drug Discovery Today 2008, 13, 695-701.

Keppler, A.; Gendreizig, S.; Gronemeyer, T.; Pick, H.; Vogel, H.; Johnsson, K. A general
method for the covalent labeling of fusion proteins with small molecules in vivo. Nat. Biotechnol.
2003, 21, 86-89.

Gautier, A.; Juillerat, A.; Heinis, C.; Correa, IL.R., Jr.; Kindermann, M.; Beaufils, F.;
Johnsson, K. An engineered protein tag for multiprotein labeling in living cells. Chem. Biol.
2008, /5, 128-136.

Yin, J.; Straight, P.D.; McLoughlin, S.M.; Zhou, Z.; Lin, A.J.; Golan, D.E.; Kelleher, N.L.;
Kolter, R.; Walsh, C.T. Genetically encoded short peptide tag for versatile protein labeling by
Stp phosphopantetheinyl transferase. Proc. Natl. Acad. Sci. USA 2005, 102, 15815-15820.



Int. J. Mol. Sci. 2012, 13 14763

80.

81.

82.

83.

84.

85.

86.

87.

88.

&9.

90.

91.

92.

93.

94.

Martin, B.R.; Giepmans, B.N.; Adams, S.R.; Tsien, R.Y. Mammalian cell-based optimization of
the biarsenical-binding tetracysteine motif for improved fluorescence and affinity. Nat. Biotechnol.
2005, 23, 1308-1314.

Uttamapinant, C.; White, K.A.; Baruah, H.; Thompson, S.; Fernandez-Suarez, M.;
Puthenveetil, S.; Ting, A.Y. A fluorophore ligase for site-specific protein labeling inside living
cells. Proc. Natl. Acad. Sci. USA 2010, 107, 10914-10919.

Slavoff, S.A.; Liu, D.S.; Cohen, J.D.; Ting, A.Y. Imaging protein-protein interactions inside
living cells via interaction-dependent fluorophore ligation. J. Am. Chem. Soc. 2011, 133,
19769-19776.

Axelrod, D. Total internal reflection fluorescence microscopy. Methods Cell Biol. 1989, 30,
245-2170.

Axelrod, D. Total internal reflection fluorescence microscopy in cell biology. Biophotonics B
2003, 361, 1-33.

Stout, A.L.; Axelrod, D. Evanescent field excitation of fluorescence by epi-illumination
microscopy. Appl. Opt. 1989, 28, 5237-5242.

Clarke, D.T.; Botchway, S.W.; Coles, B.C.; Needham, S.R.; Roberts, S.K.; Rolfe, D.J;
Tynan, C.J.; Ward, A.D.; Webb, S.E.D.; Yadav, R.; ef al. Optics clustered to output unique
solutions: A multi-laser facility for combined single molecule and ensemble microscopy. Rev. Sci.
Instrum. 2011, 82, 093705:1-093705:11.

Webb, S.E.D.; Zanetti-Domingues, L.; Coles, B.C.; Rolfe, D.J.; Wareham, R.J;
Martin-Fernandez, M.L. Multicolour single molecule imaging on cells using a supercontinuum
source. Biomed. Opt. Express 2012, 3, 400—406.

Webb, S.E.; Needham, S.R.; Roberts, S.K.; Martin-Fernandez, M.L. Multidimensional
single-molecule imaging in live cells using total-internal-reflection fluorescence microscopy.
Opt. Lett. 2006, 31, 2157-2159.

Denvir, D.J.; Coates, C.G. Electron Multiplying CCD Technology: Application to Ultrasensitive
Detection of Biomolecules. In Biomedical Nanotechnology Architectures and Applications;
Bornhop, D.J., Dunn, D.A., Mariella, R.P., Murphy, C.J., Nicolau, D.V., Nie, S., Palmer, M.,
Raghavachari, R., Eds.; Society of Photo Optical: Bellingham, WA, USA, 2002; Volume 4626,
pp. 502-512.

Mashanov, G.I.; Molloy, J.E. Automatic detection of single fluorophores in live cells. Biophys. J.
2007, 92, 2199-2211.

Askari, J.A.; Tynan, C.J.; Webb, S.E.D.; Martin-Fernandez, M.L.; Ballestrem, C.; Humphries, M.J.
Focal adhesions are sites of integrin extension. J. Cell Biol. 2010, 188, 891-903.

Rolfe, D.J.; McLachlan, C.I.; Hirsch, M.; Needham, S.R.; Tynan, C.J.; Webb, S.E.D.;
Martin-Fernandez, M.L.; Hobson, M.P. Automated multidimensional single molecule
fluorescence microscopy feature detection and tracking. Eur. Biophys. J. 2011, 40, 1167-1186.
Ismail, T.M.; Zhang, S.; Fernig, D.G.; Gross, S.; Martin-Fernandez, M.L.; See, V.; Tozawa, K_;
Tynan, C.J.; Wang, G.; Wilkinson, M.C.; et al. Self-association of calcium-binding protein
S100A4 and metastasis. J. Biol. Chem. 2010, 285, 914-922.

Leung, B.O.; Chou, K.C. Review of super-resolution fluorescence microscopy for biology.
Appl. Spectrosc. 2011, 65, 967-980.



Int. J. Mol. Sci. 2012, 13 14764

95.

96.

97.

98.

99.

100.
101.

102.

103.

104.

105.
106.

107.

108.

109.

110.

I11.

112.

Jagaman, K.; Loerke, D.; Mettlen, M.; Kuwata, H.; Grinstein, S.; Schmid, S.L.; Danuser, G.
Robust single-particle tracking in live-cell time-lapse sequences. Nat. Methods 2008, 5, 695-702.
Yoon, J.W.; Bruckbauer, A.; Fitzgerald, W.J.; Klenerman, D. Bayesian inference for improved
single molecule fluorescence tracking. Biophys. J. 2008, 94, 4932-4947.

Holden, S.J.; Uphoff, S.; Kapanidis, A.N. DAOSTORM: an algorithm for high-density
super-resolution microscopy. Nat. Methods 2011, 8, 279-280.

Churchman, L.S.; Okten, Z.; Rock, R.S.; Dawson, J.F.; Spudich, J.A. Single molecule
high-resolution colocalization of Cy3 and Cy5 attached to macromolecules measures
intramolecular distances through time. Proc. Natl. Acad. Sci. USA 2005, 102, 1419-1423.
Semrau, S.; Holtzer, L.; Gonzalez-Gaitan, M.; Schmidt, T. Quantification of biological
interactions with particle image cross-correlation spectroscopy (PICCS). Biophys. J. 2011, 100,
1810-1818.

Saxton, M.J. Single-particle tracking: connecting the dots. Nat. Methods 2008, 5, 671-672.

Serge, A.; Bertaux, N.; Rigneault, H.; Marguet, D. Dynamic multiple-target tracing to probe
spatiotemporal cartography of cell membranes. Nat. Methods 2008, 5, 687-694.

Ji, W.; Xu, P.Y.; Li, Z.Z.; Lu, J.Z.; Liu, L.; Zhan, Y.; Chen, Y.; Hille, B.; Xu, T.; Chen, L.Y.
Functional stoichiometry of the unitary calcium-release-activated calcium channel. Proc. Natl.
Acad. Sci. USA 2008, 105, 13668—13673.

Blunck, R.; McGuire, H.; Hyde, H.C.; Bezanilla, F. Fluorescence detection of the movement of
single KcsA subunits reveals cooperativity. Proc. Natl. Acad. Sci. USA 2008, 105, 20263-20268.
Saffman, P.G.; Delbruck, M. Brownian-motion in biological-membranes. Proc. Natl. Acad. Sci.
US4 1975, 72,3111-3113.

Walters, P. An introduction to ergodic theory. Bull. Am. Math. Soc. 1983, 9, 259-265.

Axelrod, D.; Koppel, D.E.; Schlessinger, J.; Elson, E.; Webb, W.W. Mobility measurement by
analysis of fluorescence photobleaching recovery kinetics. Biophys. J. 1976, 16, 1055-1069.
Schutz, G.J.; Schindler, H.; Schmidt, T. Single-molecule microscopy on model membranes
reveals anomalous diffusion. Biophys. J. 1997, 73, 1073—-1080.

Kusumi, A.; Sako, Y.; Yamamoto, M. Confined lateral diffusion of membrane-receptors as
studied by single-particle tracking (nanovid microscopy)—Effects of calcium-induced
differentiation in cultured epithelial-cells. Biophys. J. 1993, 65, 2021-2040.

Kusumi, A.; Ike, H.; Nakada, C.; Murase, K.; Fujiwara, T. Single-molecule tracking of
membrane molecules: Plasma membrane compartmentalization and dynamic assembly of
raft-philic signaling molecules. Semin. Immunol. 2005, 17, 3-21.

Fujiwara, T.; Ritchie, K.; Murakoshi, H.; Jacobson, K.; Kusumi, A. Phospholipids undergo hop
diffusion in compartmentalized cell membrane. J. Cell Biol. 2002, 157, 1071-1081.

Pike, L.J.; Han, X.; Gross, R.W. Epidermal growth factor receptors are localized to lipid rafts
that contain a balance of inner and outer leaflet lipids: A shotgun lipidomics study. J. Biol. Chem.
2005, 280, 26796-26804.

Pike, L.J.; Casey, L. Cholesterol levels modulate EGF receptor-mediated signaling by altering
receptor function and trafficking. Biochemistry 2002, 41, 10315-10322.



Int. J. Mol. Sci. 2012, 13 14765

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Weigel, A.V.; Simon, B.; Tamkun, M.M.; Krapf, D. Ergodic and nonergodic processes coexist in
the plasma membrane as observed by single-molecule tracking. Proc. Natl. Acad. Sci. USA 2011,
108, 6438—6443.

Kahana, A.; Kenan, G.; Feingold, M.; Elbaum, M.; Granek, R. Active transport on disordered
microtubule networks: The generalized random velocity model. Phys. Rev. E Stat. Nonlin. Soft
Matter Phys. 2008, 78, 051912:1-051912:15.

Bacher, C.P.; Reichenzeller, M.; Athale, C.; Herrmann, H.; Eils, R. 4-D single particle tracking
of synthetic and proteinaceous microspheres reveals preferential movement of nuclear particles
along chromatin—Poor tracks. BMC Cell Biol. 2004, 5, doi:10.1186/1471-2121-5-45.

Saxton, M.J. Two-dimensional continuum percolation threshold for diffusing particles of
nonzero radius. Biophys. J. 2010, 99, 1490-1499.

Saxton, M.J. A biological interpretation of transient anomalous subdiffusion. I. Qualitative
model. Biophys. J. 2007, 92, 1178-1191.

Teramura, Y.; Ichinose, J.; Takagi, H.; Nishida, K.; Yanagida, T.; Sako, Y. Single-molecule
analysis of epidermal growth factor binding on the surface of living cells. EMBO J. 2006, 25,
4215-4222.

Webb, S.E.; Roberts, S.K.; Needham, S.R.; Tynan, C.J.; Rolfe, D.J.; Winn, M.D.; Clarke, D.T.;
Barraclough, R.; Martin-Fernandez, M.L. Single-molecule imaging and fluorescence lifetime
imaging microscopy show different structures for high- and low-affinity epidermal growth factor
receptors in A431 cells. Biophys. J. 2008, 94, 803—819.

Cai, D.W.; McEwen, D.P.; Martens, J.R.; Meyhofer, E.; Verhey, K.J. Single molecule imaging
reveals differences in microtubule track selection between kinesin motors. PLoS Biol. 2009,
7,€1000216.

Levey, A.L; Kitt, C.A.; Simonds, W.F.; Price, D.L.; Brann, M.R. Identification and localization
of muscarinic acetylcholine-receptor proteins in brain with subtype-specific antibodies.
J. Neurosci. 1991, 11, 3218-3226.

Bruckbauer, A.; Dunne, P.D.; James, P.; Howes, E.; Zhou, D.J.; Jones, R.; Klenerman, D.
Selective diffusion barriers separate membrane compartments. Biophys. J. 2010, 99, L1-L3.
Schaaf, M.J.; Koopmans, W.J.; Meckel, T.; van Noort, J.; Snaar-Jagalska, B.E.; Schmidt, T.S.;
Spaink, H.P. Single-molecule microscopy reveals membrane microdomain organization of cells
in a living vertebrate. Biophys. J. 2009, 97, 1206—1214.

Ritter, J.G.; Veith, R.; Veenendaal, A.; Siebrasse, J.P.; Kubitscheck, U. Light sheet microscopy
for single molecule tracking in living tissue. PLoS One 2010, 5, e11639.

Martiniere, A.; Lavagi, [.; Nageswaran, G.; Rolfe, D.J.; Maneta-Peyret, L.; Luu, D.T;
Botchway, S.W.; Webb, S.E.; Mongrand, S.; Maurel, C.; et al. Cell wall constrains lateral
diffusion of plant plasma-membrane proteins. Proc. Natl. Acad. Sci. USA 2012, 109,
12805-12810.

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



