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Abstract: Recent improvements in the resolution of light microscopy, coupled with the
development of a range of fluorescent-based probes, have provided new approaches to
dissecting membrane domains and the regulation of membrane trafficking. Here, we
review these advances, as well as highlight developments in quantitative image analysis
and novel unbiased analytical approaches to quantitate protein localization. The application
of these approaches to endosomal sorting and endosome-to-Golgi transport is discussed.
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1. Introduction: Intracellular Membrane Trafficking

The cell is the most basic functional unit of life. It has its roots in the Latin word cellula, which
means “small room”. Ironically, the processes that ensure homeostasis in a cell are no small feat. The
eukaryotic cell houses a number of membrane-bound compartments in which specific metabolic
processes take place. The compartmentalization of eukaryotic cells confers considerable functional
advantages, but also requires highly-tuned mechanisms to ensure that proteins are targeted to the
appropriate compartment. One of the major processes responsible for the correct localization of
molecules within the cell is membrane trafficking. In this process, membranous carriers bud off from a
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donor compartment and fuse with a recipient one, delivering their contents to a target organelle, whilst
maintaining the fidelity of the donor compartment. Two major routes of membrane trafficking account
for the intracellular targeting of proteins. The secretory pathway is responsible for the transport of
nascent proteins from the endoplasmic reticulum to the plasma membrane and other endosomal
organelles. The endocytic pathway is important for the uptake of proteins and substrates from the
extracellular milieu and refers to transport from the plasma membrane to the endosomes.

The early endosome is defined as the first endocytic compartment to accept incoming cargoes
internalized from the plasma membrane (PM) [1]. The fate of an internalized protein at the early
endosome can be any of the following: recycling back to the PM either directly or via the recycling
endosomes, degradation at the lysosomes through retention of cargoes in the early/late endosomes or
escape from the degradative pathway via transport from endosomes to the frans-Golgi network (TGN).
Transport from the endosomes to the TGN can occur at multiple points along the endo-lysosomal
network, and these distinct routes are collectively known as retrograde transport pathways [2,3]
(Figure 1). Retrograde transport is utilized by a subset of proteins that undergo continuous cycling
between the PM and intracellular endosomes. These so-called recycling proteins include sorting
receptors, such as the mannose 6-phophate receptors (MPRs), sortilin and Wntless, transmembrane
proteins, such as TGN38 and TGN46, the endopeptidase furin, the SNARESs, as well as ion and glucose
transporters [2—7]. Retrograde pathways have also been hijacked by pathogens and toxins for entry into
the cell. These include bacterial and plant toxins, such as Shiga toxin, Cholera toxin, pertussis toxin
and ricin [6,8,9]. An increasing number of cargoes have been found to undergo retrograde trafficking,
and these endogenous and exogenous cargoes have been instrumental in delineating retrograde
transport routes and highlighting the plethora of transport machinery required for each process (Figure 1).

Recently, there have been major advances in improvements in the resolution of light microscopy
and the development of new fluorescent probes, which in conjugation have a wide application in both
cell and developmental biology. Of particular relevance to the topic discussed in this review and
intrinsic to the analysis of retrograde transport pathways is the extensive use of fluorescent proteins to
visualize cargoes and the ability to resolve dynamic membrane events at high resolution. This review
will highlight recent innovations in fluorescent macromolecules, as well as advances in the imaging
and quantitation, which are particularly pertinent to the study of membrane transport systems.

2. Super-Resolution Light Microscopy: Resolving Nanomolecular Events

Resolution is the minimum distance at which two objects can be distinguished when imaged by
microscopy. The information we can discern from an image is intrinsically linked to its resolution.
Diffraction of light is to resolution what Mr. Hyde was to Dr. Jekyll. Diffraction causes sharp points to
appear blurry and is the basis of the Abbe's limit of resolution [10], which is about 200 nm laterally
(xy plane) and 500 nm axially (yz plane). Conventional wide-field and confocal laser scanning
microscopes are bound by this limit. Electron microscopy (EM) remains the gold standard for
resolving objects in biological samples. However, EM lacks many of the advantages that fluorescence
microscopy offers, such as the ability to perform life cell imaging and multi-colour labelling.
Super-resolution microscopy refers to a suite of techniques that breach the diffraction barrier of light
and provides enhanced resolution compared with traditional microscopic approaches. There are three
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major super-resolution techniques available, namely Structured Illumination Microscopy (SIM),
Stimulated Emission Depletion Microscopy (STED) and fluorescent probe-based technologies,
referred to as single-molecule Pointillism microscopy, which includes photoactivated localization
microscopy (PALM) and stochastic optical reconstruction microscopy (STORM). Each of these
techniques uses a different strategy to bypass Abbe's limit to allow sub-100 nm resolution; however,
each has its individual strengths and weaknesses. The following will give a brief description of each of
these super-resolution techniques. For a more detailed description and principles underlying these
techniques, readers should source the following excellent reviews on this topic [11-14].

Figure 1. Machinery and cargoes along retrograde transport pathways.After internalization
from the plasma membrane (PM) to the early endosome, protein cargoes (red rectangle)
can undergo retrograde transport back to the TGN via a number of endosomal
compartments. Shiga toxin B (STxB) and TGN38 utilize the early/recycling endosome-to-TGN
route, whereas mannose 6-phosphate receptors (MPRs) use the late endosome-to-TGN
pathway. Retrograde transport from the various endosomal compartments is mediated by
different sets of machinery. The adaptor proteins, AP-1 and epsinR, aid in the recruitment
of the clathrin and retromer coats to the early endosome, whereas late endosome-derived
vesicles are characterized by the non-clathrin coat protein, TIP47. The processes of
tethering, docking and fusion of transport intermediates with the #rans-Golgi network
(TGN) are mediated by distinct sets of machinery. Members of the TGN golgin family,
p230, golgin-97, GCC88 and GCC185, and the multisubunit tethering complex, GARP,
function as tethers (blue text). Distinct SNARE complexes mediate fusion events of
different transport intermediates with the TGN (orange text). Reviewed in Bonifacino and
Rojas, 2006, and Johannes and Popoff, 2008.
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Structured Illumination Microscopy (SIM) centres on the often undesired artefact of digital images,
called moiré patterns [15]. This is an interference pattern created by overlaying two grids with
differing angles or mesh sizes. By overlapping a known consistent pattern over another unknown
pattern, moiré fringes are created, providing information about the unknown pattern previously
obscured by diffraction. The higher the spatial frequency of the known pattern, the better the spatial
resolution. Non-linear, or Saturated, Structured Illumination Microscopy (SSIM) offers further
improvements in resolution over linear SIM (whose spatial frequencies are also limited by diffraction),
providing resolution of <50 nm [16]. SIM requires the application of a known pattern on a specimen,
by illuminating the stripe pattern on the sample. Thus, the trade-off for increased spatial resolution is
the loss of temporal resolution. This means that SIM is better for fixed samples as opposed to life cell
imaging, due to the detrimental effect of prolonged exposure of samples. Significant data processing is
also required to put the final image together, using a Fourier-transformed-based analysis of raw data
sets [15]. A major advantage with SIM is that it is compatible with most fluorophores commonly used
in confocal or wide-field microscopy. This allows the ease of manipulation of samples and the option
to carry out multi-colour imaging on a super-resolution platform. Multi-coloured 3D-SIM can also be
achieved by illuminating the specimen with three beams of interfering light and observing the
interference pattern along x, y and z axes [17]. SIM has been used to gain new insights into the
organization features of the pigment granules of retinal pigment epithelial cells [18] and the membrane
network and membrane-mediated pathways critical for the establishment of infection of erythrocytes
by the malaria parasite, Plasmodium falciparum [19].

Stimulated Emission Depletion Microscopy (STED) is an extension of laser scanning confocal
microscopy. In confocal microscopy, a focused beam of light is used to scan the specimen and the
fluorescence signal from each spot is collected after passing through a spatial filter (generally a
pinhole aperture). This point illumination effectively blocks signals from out-of-focus areas of the
specimen. The size of the illuminated spot determines the resolution of the microscope; however, the
light beam can never be focused more tightly than the diffraction limit, placing a ceiling on the
resolution of conventional confocal microscopes. In STED, fluorophores are similarly excited by a
focused laser beam. Before spontaneous emission of fluorescence occurs, a second doughnut-shaped
laser beam illuminates the specimen and forces molecules within the doughnut to return to their
ground state, by stimulating emission of a photon of the same wavelength. Thus, STED effectively
switches off a subset of fluorophores, save for those in the centre of the doughnut. The resolution of
STED can be improved by increasing the intensity of the doughnut-shaped STED beam, as this results
in the sharpening of the remaining fluorescent spot to a size much smaller than the diffraction-limited
focus beam. Typically, 30—80 nm resolution can be achieved [20-22], and less than even 10 nm
resolution has been obtained [23].

While the doughnut-shaped depletion beam results in efficient depleting of fluorescence emission in
the lateral direction, it does not enhance axial resolution. To do this, a third beam must be used to
quench spontaneous fluorescence in the axial direction. This has been shown to be feasible, proving
that STED is suitable for 3D super-resolution imaging [24,25]. Multicolour imaging in STED is
particularly challenging, as two laser wavelengths are required per dye: one for excitation and one for
depletion. This means that four laser beams of different wavelengths are needed for two-colour
imaging, increasing the risk of interference. Nonetheless, this difficulty has been circumvented by
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sequential scanning of each colour [26,27] or choosing compatible fluorophores [20,28]. STED is also
relatively fast for small fields of view and requires no postprocessing of data; however, photobleaching
of fluorophores is a major concern due to high beam intensities.

Pointillism microscopy uses the ability to detect single fluorescent molecules to generate a
super-resolution image, and in 2006, three independent groups each developed variations of this
technique, which are named photoactivated localization microscopy (PALM) [29], fluorescence
photoactivation localization microscopy (FPALM) [30] and stochastic optical reconstruction
microscopy (STORM) [31]. These techniques share the principle of stochastically switching on
individual fluorescent molecules spaced further apart than the diffraction limit so that an array of
well-separated magnified diffraction spots can be recorded on a highly sensitive camera. The main
difference between PALM and STORM is the type of fluorophores used. Photoactivatable
fluorophores are fluorescent proteins that can be activated to initiate fluorescence emission from a
quiescent state, while photoconvertible fluorescent proteins can be optically converted from one
emission bandwidth to another. In PALM, photoconvertible fluorescent proteins are used, whose
emission wavelength can be optically converted from one wavelength to another. This was first carried
out with the photoconvertible Eos Fluorescent Protein (EosFP) [29]. EosFP normally emits green
fluorescence at 516 nm, but emits at 581 nm instead upon irradiation at 400 nm. Only a small subset of
proteins is photo-converted at a time for imaging in the yellow region (581 nm). Once this subset is
photobleached, the process can be repeated for another subset of EosFP, until the entire population of
EosFPs are photoconverted. Calculation of the exact coordinates of the single fluorescent molecules
within the photoactivated population enables precise localization. Thus, the image is assembled one
molecule at a time by means of iterative switching cycles. The reconstructed images feature optical
resolutions of down to 10 nm. This process also forms the basis of Fluorescence Photoactivated
Localization Microscopy (FPALM), where photoactivatable GFP is used instead [30]. 3D PALM has
been achieved by combining PALM with a microscopy detection scheme, which has an improved axial
resolution (4P1 microscopy) in interferometric PALM (iPALM), providing sub-20 nm 3D resolution [32].
PALM has recently been used to dissect the spatio-temporal events associated with activation of the
T-cell receptor and has uncovered the new finding that TCR engagement results in recruitment and
phosphorylation of the signalling adaptor protein, Lat, from subsynaptic vesicles [33]. There is now
considerable potential to extend this technique to many other membrane trafficking events. One benefit
of using PALM is the ability to carry out high-resolution imaging without complex hardware.
However, it relies heavily on data postprocessing and is relatively slow in image acquisition.
A derivative of PALM, PALM with independent running acquisition (PALMIRA) offers
improvements on the speed front [34]. PALMIRA combines the previously separate steps of activation
and readout, thus accelerating the process of acquisition.

STORM, on the other hand, uses photoswitching fluorescent dyes, such as Cy5 or Alexa647 [31,35].
STORM was first introduced using Cy3-Cy5 dye pairs, where Cy5 functions as the primary
fluorophore, and can be switched between a fluorescent or a dark state in a reversible manner by 532
nm or 633 nm light, respectively. Recovery from the dark state to the fluorescent state depends
critically on the proximity of the second dye Cy3 [35]. This Cy5-Cy3 “switch” can be cycled on and
off thousands of times before becoming permanently photobleached. More recently, direct STORM
(dSTORM) was introduced, showing that similar photo-switching properties can be achieved in
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several fluorescent dyes without the use of secondary reactivator fluorescent dye labels like Cy3 [36].
3D-STORM has been achieved by introducing astigmatism into the optical path of the image with a
cylindrical lens, which causes fluorophores to appear elliptical [37]. By fitting the image with a 2D
elliptical Gaussian function, the z position of the fluorophore can be determined to high precision using
its ellipticity.

3. Correlative Light and Electron Microscopy

An alternative and powerful approach to obtain high resolution of the cellular structures associated
with fluorescent probes is the integration of both light and electron microscopy, referred to as
correlative light and electron microscopy (CLEM). While fluorescent light microscopy can rapidly
provide results on large sets of data, such techniques are generally limited in spatial resolution due to
the wavelength of light. Transmission electron microscopy (TEM) on the other hand uses high-energy
electrons (which have an extremely short wavelength) to achieve spatial resolution down to 1-3 nm.
The integration of the two techniques allows for a deep insight into the biological processes that is not
possible from the individual technique alone [38]. Although a potential limitation of this technique is
the inability to observe dynamic processes in real-time, live-cell and/or confocal laser microscopy can
be combined with TEM in CLEM.

CLEM provides the ability to locate a fluorescently labelled protein, such as a cargo protein within
microdomains of organellar membranes and within transport carriers, to provide better understanding
of the molecular details of sorting and trafficking events between the early endosomes and the Golgi [39].
One very effective strategy is to combine video imaging of live cells with immuno-electron
microscopy. The use of GFP-tagged chimeras allows the behaviour of intracellular structures in a live
cell to be followed, which can then be fixed at the moment of interest, for subsequent immuno-election
microscopy analysis. The process can be described as taking a high-resolution snapshot
of an interesting live event. One of the first examples of this technique was reported by
Polishchuk et al. [40] in a study, which demonstrated that transport carriers operating between the
Golgi complex and the plasma membrane differ from the expected small round vesicles. More recently,
CLEM has also been used to characterize the 3D ultrastructure of the endo-lysosomal system [41] and the
kinetics and localization of LAMP1 [42], as well as membrane trafficking between organelles [43].

4. Recent Innovations in Fluorescent Proteins

The resolution limit of the various super-resolution techniques is intrinsically tied in with the
properties of available fluorophores. Thus, the optimization of the photophysical properties of
fluorophores is of significant importance for advancing imaging approaches. Since the discovery of
green fluorescent protein (GFP) from the luminescent jellyfish Aequorea Victoria, substantial
improvements have been made in terms of brightness, photostability and colour palette [44-47].
However, the ability to convert GFP to variants emitting in the orange and red spectral regions
remained a challenge until the surprising discovery of naturally occurring red fluorescent protein [48].
One such red fluorescent protein was identified in the sea anemone Discosoma sp. by Tsien and
colleagues and was named DsRed [49]. Siebert and colleagues were able to generate a surprising
mutant of DsRed (DsRed-ES5) that was able to change fluorescence over time: from an initial bright
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green fluorescence to yellow orange and, finally, to red [50]. The ability to change its emission
wavelength over time meant that DsRed-E5 could be used as a “Fluorescent Timer (FT)” and could be
used to visualize spatiotemporal molecular events. Unfortunately, these red fluorescent proteins
(RFPs) were obligately tetrameric, limiting their application to protein tagging and were often toxic
or disruptive [48,49].

An improved monomeric version of DsRed was later made through multiple mutations [51-53].
Using one of the monomeric variants of DsRed, mCherry as a springboard, Verkhusha and colleagues
developed a series of monomeric FTs that overcame this problem and could thus be fused to
proteins-of-interest at the DNA level [54]. This new set of FTs consists of three mCherry-derived
variants exhibiting distinct fast, medium and slow blue-to-red temperature-dependent chromophore
transitions [54]. Importantly, FTs can be used to study trafficking of cellular proteins and to provide
insight into the timing of intracellular processes. The sequence of events during trafficking of proteins
before they reach their final compartment has often been subject to controversy. The use of FTs
presents the potential to resolve some long-standing issues in trafficking itinerary of various proteins.
As a proof of principle, Verkhusha and colleagues fused the Medium-FT to LAMP2A, to show that
localization of LAMP2A to lysosomes is largely due to an indirect pathway from the PM to
early/recycling endosomes before reaching the lysosomes [54].

The study of the complex photophysical properties of fluorescent protein variants has led to the
generation of fluorophores that can undergo either photoactivation or photoconversion. Both
photoactivatable and photoconvertible fluorescent proteins can be used in the controlled highlighting
of distinct molecular pools within the cell and are ideal for investigation of protein dynamics in live-cell
imaging [55-57]. These fluorophores offer a gentler alternative to the relatively harsh photobleaching
techniques, such as fluorescence recover after photobleaching (FRAP) and fluorescence loss in
photobleaching (FLIP).

The first photoactivatable (PA) optical highlight PA-GFP was a derivative of wtGFP, resulting from
the substitution of histidine for threonine at position 203 (T203H), which is devoid of green
fluorescence until activated [58]. Irradiation with intense violet light (390—415 nm) produces
a 100-fold increase in green fluorescence (emission peak at 504 nm), allowing the tracking of
molecular subpopulations. The PA-FP PAmCherryl has been developed, which when used in
conjunction with PA-GFP, allows simultaneous dual colour photoactivation imaging in live cells [54].
EosFP was originally used in PALM [29], but exists as a tetramer in solution, limiting its use in fusion
proteins. More recently, mEos2 has been developed, which showed minimal oligomerization artefacts,
while offering optimal brightness [59]. Developments have also been made in photoswitchable dyes.
Initial super-resolution mapping applications were limited to Cy3-Cy5 dye pairs [60].
Closer examination revealed that photoswitchable fluorophores were more common than thought. Other
cyanine dyes, such as Alexa647 [36] and ATTO655 [61], are also capable of photoswitching under
reducing conditions [62].

Dronpa is a monomeric FP derived from Pactiniidae through directed and random mutagenesis [63,64]
and belongs to a new generation of reversible optical highlighters with on-off switching capabilities.
Dronpa exhibits unusual photochromic behaviour characterized by its ability to toggle fluorescence on
and off following illumination with two different excitation wavelengths. Newer fluorescent proteins,
such as mlrisFP, couple irreversible photoconversion from a green- to a red-emitting form with



Cells 2013, 2 112

reversible photoswitching between a fluorescent and a nonfluorescent state in both forms [65]. Such
proteins offer the potential to carry out PALM with pulse chase experiments for high resolution
imaging of dynamic events.

The generation of hybrid probes that can be visualized by both light microscopy and EM is
particularly important in CLEM. Most studies rely on the use of primary antibodies against GFP for
analysis by immuno-EM. Grabenbauer and colleagues first demonstrated the photo-oxidation
of 3,3'-diaminobenzidine (DAB) through GFP [66], named as the GFP recognition after bleaching
(GRAB) technique. This involves GFP bleaching and photo-oxidation of the DAB into an
electron-dense precipitate that can be visualized under EM. However, GFP possesses only sub-optimal
photo-oxidation potential. A new fluorescent flavoprotein with good photo-oxidation properties,
known as mini singlet-oxygen generator (miniSOG), was engineered from Arabidopsis phototropin 2
and can be fused to proteins instead of GFP [67]. However, miniSOG requires cofactors, such as flavin
mononucleotide (FMN), to fluoresce, interfering with the cell's own FMN levels. Furthermore,
miniSOG produces high levels of reactive oxygen species during illumination, potentially limiting its
use in live cells. The search continues for tags that can produce high amounts of reactive oxygen
species after fixation, but not in vivo.

5. Tools for the Analysis of Colocalization

The precise cellular location of a protein is critical in understanding its biological role. The
colocalization of a protein-of-interest with well characterized markers by fluorescence microscopy has
now become a routine approach in determining where it resides. However, colocalization analysis in
optical microscopy is a process that can be ambiguous and inconsistent. Digitally, colocalization can
be defined as the spatial overlap of two or more fluorophores. Physiologically, colocalization refers to
the presence of two or more different molecules within the same cellular structure. These two
definitions, although similar, do not equate to each other. Some studies have misinterpreted
colocalization by assigning functional significance based on colocalization per se [68]. When carrying
out colocalization analysis, one has to consider the dimensions of a cell. Cells are very crowded
environments, and the separation of individual molecules requires imaging on the nanometre scale.
This is far below the resolving ability of conventional microscopes, which is in the micrometre range.
The accuracy of any claim concerning colocalization is bound by a number of factors: (1) the
reliability of compartment markers, (2) the limits of the optical system and image acquisition
(reviewed in super-resolution section) and (3) the mastery of image processing and analytical
techniques. This section focuses on the techniques available for the quantitation of colocalization.

There are two main ways to evaluate colocalization events: (1) a global statistic approach that
performs intensity correlation coefficient-based (ICCB) analyses and (2) an object-based approach.
ICCB tools revolve around the use of statistics to assess the relationship between fluorescent
intensities. This is usually carried out using correlation coefficients that measure the strength of the
linear relationship between the intensity values of green and red pixels in a dual-colour image. The
most common way of doing this is by determining the Pearson’s correlation coefficient. This is simply
a scatter plot of the pixel grey values of two images against each other, where the intensity of pixels in
the green image is the x axis and the intensity of pixels in the red image is the y axis. The slope would
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reflect the relative stoichiometry of both fluorophores (modulated by relative detection efficiencies).
Pearson’s coefficient provides an estimate of how well the scatter fits to the slope. Its value can range
from 1 to —1, with 1 representing complete positive correlation and —1 representing complete negative
correlation. Pearson's coefficient points to colocalization especially for values close to 1. However, this
analysis is particularly affected by instances where there is partial colocalization, noise and bleed-through
and variations in fluorescence intensities; thus, in the mid-range (~0.5), colocalization conclusions
should not be drawn from Pearson's coefficients [69].

Mander's coefficient is another commonly used measure of colocalization. In situations where the
intensity of one fluorophore is a lot stronger than the other, Mander’s coefficient can be employed, as
it removes average intensity values out of the mathematical expression [70]. This coefficient varies
from 0 to 1, where 0 refers to non-overlapping images and 1 reflects 100% colocalization. The M1
coefficient is defined as the ratio of the “summed intensities of pixels from the green image for which
the intensity on the red channel is above zero” to the “total intensity in the green channel”, and M2 is
the converse for the red pixels. Thus, the Mander's coefficients are good indicators of the proportion of
the green signal coincident with a signal in the red channel over its total intensity, even when there is a
large difference in intensities. Other ICCB approaches are reviewed in detail in [69,71]. The public
domain tool, named JaCoP (http://rsb.info.nih.gov/ij/plugins/track/jacop.html), groups together the
most important I[CCB tools, allowing the comparison of various methods.

A major drawback of all ICCB approaches is that spatial information is lost in determining the
degree of colocalization. In contrast, object-based analysis involves the identification of “objects”, for
example, endosomes, and subsequent measuring of colocalization within each of these structures. At
its most primitive, this is done by performing a line scan: drawing a line across a structure and plotting
the fluorescence intensities for two different channels across that line. Overlapping structures should
result in matching fluorescence intensity profiles. However, this method is time consuming and is
limited to larger and elongated structures, like Golgi stacks [72]. Object identification has now been
automated using basic image segmentation tools, which identify objects based on a simple rule: pixels
from true structures should have higher intensities than pixels from background noise. A threshold is
first applied to an image, where pixels with intensities above a certain limit are considered part of an
object. Edge detection is then carried out to delineate the object. This is usually achieved using filters
that highlight the edges of structures based on sudden changes in intensity and is, in itself, subject to
rigorous study [73]. Object-based colocalization can then be carried out in a number of ways. One
method is to determine the centroids (geometrical centres) and intensity centres of objects and to
compare the positions of centroids or intensity centres between two channels [74]. Objects are
considered to colocalize if the distance between their centres is less than the resolution limit of the
microscope [75].

A less restrictive measure of colocalization was developed [74], where two objects are considered
to colocalize if the centroid of one object falls in the area covered by another object. This method is
available as the plug in “3D object counter” (http://rsb.info.nih.gov/ij/plugins/track/objects.html), to
process images and allow automated colocalization. Hamilton and colleagues describe another tool for
measuring object based colocalization [76]. Organelle-Based Colocalization (OBCOL) was developed
to measure colocalization in dynamic and multivariate structures, like recycling endosomes. This
method automatically segments and quantitates colocalization across individual punctuate organelles
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and can be applied to 2D and 3D images. A number of colocalization statistics are then presented, such
as number of objects, position and degree of overlap. OBCOL is an open-source ImageJ plug-in,
available for download from http://obcol.imb.uqg.edu.au/. The main drawback with OBCOL is that
information on pixel intensity is lost along the way. Once images are thresholded, pixels are either
given a value of “0” (for non-fluorescent) or “1” (fluorescent). Jaskolski and colleagues [77] proposed
a method that instead combines object-based colocalization with ICCB analysis, providing a
visualization of colocalization with correlation data. This method is particularly suitable for structures
that vary considerably in size and shape, as well as fluorescence intensity. It is particular amenable for
analysing the location of cargo in the endosomal-to-Golgi transport pathways.

6. High Throughput Quantitation of Intracellular Events by Pulse Width Analysis

Currently available quantitation techniques for looking at intracellular localization all have one
thing in common: they require laborious and time-consuming image acquisition. Although the process
of quantitating colocalization has become for the most part automated, images of at least 2025 cells
per condition need to be collected to produce significant data. Flow cytometry holds promise as
high-throughput method for quantitation, as it has the ability to image thousands of particles per
second. Pulse height, pulse area and pulse width are the most basic measurements given by a flow
cytometer when a particle moves through a laser beam (Figure 2A). Pulse area is the most commonly
plotted value in FACS analyses and is the total amount of light (e.g., fluorescence) emitted by a
particle. Pulse height is the maximum value of the pulse, whereas pulse width provides information
about the size of the particle [78]. Pulse width has been used in the past to discriminate a pulse due to a
single cell from a pulse from a doublet (two cells stuck together) [79]. However, pulse width can be
used for other purposes other than doublet discrimination. Hatters and colleagues recently developed a
fast and simple method to analyze the degree of aggregation of Huntingtin in cells [80]. This technique
relies on the measurement of pulse width and was termed Pulse Shape Analysis (PulSA). Using
overexpression of GFP-tagged poly-glutamine repeats of different lengths, they showed that
populations of cells with concentrated fluorescence (corresponding to aggregated fluorescent protein)
have a narrower pulse width compared to cells with uniform cytosolic staining (non-aggregated protein).

Thus, different localized populations of fluorophores should theoretically result in different pulse
widths (Figure 2B). We have used pulse width to track retrograde trafficking of the Cy3-conjugated
non-toxic B subunit of Shiga toxin (Cy3-STxB) in HeLa cells [80]. Cy3-STxB binds to glycolipid Gb3
on membranes [81]. At the restrictive temperature of 4°C, Cy3-STxB cannot undergo internalization
and remains at the cell surface (Figure 2C). The pulse width profile of surface-bound Cy3-STxB is a
broad histogram (Figure 2D). Upon shifting to the endocytosis-permissive temperature of 37 °C,
Cy3-STxB is rapidly internalized and undergoes retrograde transport. After 60 min at 37 °C, the
Cy3-STxB is neatly localized to the Golgi. This shift in localization—from the cell surface to the
Golgi—is reflected in the corresponding shift in pulse width histograms. The pulse width histogram
for 60 min at 37 °C has shifted leftward compared to the 0 min time-point, indicating a decrease in
pulse width concomitant with a more compact fluorescent signal in cells (Figure 2D).
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Figure 2. Flow cytometry pulse width can be used for quantitation of cargo localization.
(A) The fluorescence signal of a fluorescent particle as it moves through the detector of a
flow cytometer. The maximum height of the signal is the pulse height, and the pulse width
is a measure of the return of the signal to a basal level. The total area under the curve is the
pulse area. (B) The different pulse width shapes resulting from either a concentrated small
area of intracellular fluorescence or cell surface fluorescence. (C) A Cy3-STxB
internalization assay was carried out in HelLa cells in suspension. Briefly, a single cell
suspension of HeLa cells was incubated with Cy3-STxB on ice and either fixed with 4%
paraformaldehyde/PBS immediately (0 min) or allowed to internalize at 37 °C for 60 min,
prior to fixation (60 min). Cells were quenched with 50 mM NH4Cl/PBS, permeabilized
with 0.1% Triton X-100/PBS and blocked with 5% FCS/PBS, followed by staining with
mouse anti-GM130 (green) and DAPI (blue). A coverslip was applied onto a drop of the
cell suspension on a glass slide and sealed with varnish for imaging on a Leica SP2
confocal microscope. (D) The pulse width histograms from flow cytometry analysis of
10,000 HeLa cells from each time-point of the Cy3-STxB internalization assay. At 0 min,
the pulse width distribution is broad (pink), but this distribution becomes narrower and
shifts to the left after 60 min of internalization at 37 °C (blue).
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Figure 2. Cont.
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Thus pulse width can be used to track the internalization and retrograde trafficking of cargoes in
cells. This technique holds particular advantages over current methods for quantitating retrograde
trafficking events. Under flow cytometry, cells with very low fluorescence signal, which may
otherwise be ignored under fluorescence microscopy, can be detected. This allows for the use of lower
expression rates of transfected constructs, which may be more physiologically relevant than the high
expression levels needed for imaging under fluorescence microscopy. In addition, the ability to
simultaneously detect up to eight colours opens up possibilities for tracking multiple processes in one
sample. Flow cytometry also offers an obvious leap in the process of quantitation, which hitherto has
been time-consuming and heavily reliant on complex algorithms. Although optimization is required to
streamline the technique for sensitive quantitation of other trafficking processes, we envision that
pulse width will be widely used in future to detect and quantitate shifts in localization or different
trafficking routes.

7. Concluding Remarks

Multicellular organisms have a greater complexity in their retrograde transport pathways than single
cell yeast, both in components and number of pathways. This is compounded by the heterogeneity
within the early endosome, the compartment at which cargo sorting occurs after endocytosis from the
plasma membrane. The pleomorphic appearance of the early endosomes can be attributed to the
presence of regions of thin tubular extensions (~60 nm in diameter) and large vesicles (~400 nm)
harbouring membrane invaginations [82]. These distinct juxtaposing subdomains mediate the
numerous sorting events that occur at this compartment. Membrane tubules emanating from the
endosomes can sort membrane proteins and lipids directly back to the PM. These tubules are also
thought to result in the biogenesis of the endocytic recycling compartment. The main body of the
maturing endosome eventually becomes a late endosome, carrying along luminal content and lipids
and proteins associated with the early endosomal limiting membrane. The early endosome maintains
links with the recycling endosome and late endosome, resulting in a high degree of cross-talk between
compartments. The ability to localize proteins or follow their trafficking is entirely dependent on the
integrity of markers for various compartments. The exclusivity of currently used markers for
a particular compartment is under constant debate and is compounded by continuity of the
endo-lysosomal system. These issues need to be resolved in order to reach firm conclusions on the
localization and trafficking of various cargoes.
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Three distinct retrograde pathways have so far been defined in mammalian cells. The evolution of
these pathways is likely to reflect specialized functions associated with the various physiological
processes of multicellular organisms. Current findings indicate a high degree of specificity in the
choice of retrograde transport pathway for individual cargoes, implying the existence of transport-specific
sorting signals [3,83]. However, the mechanisms for sorting at the early endosomes and the generation
of transport intermediates for retrograde transport need to be better defined. The identification and
detection of such transport intermediates will require the use of sophisticated imaging systems.
High-resolution live imaging will continue to play an important role in identifying populations of
cargo-loaded transport carriers emerging from the early and late endosomes. For example, transport
intermediates from the early endosome to the TGN have been reported to arise from the tubular
structures of the TSE/TEN [84]. By 3D electron tomography, these transport intermediates are usually
non-branched, short tubules and vesicles without a clathrin coat, found in close proximity to the early
endosome [84]. The application of CLEM holds considerable promise in further unravelling the events
associated with endosomal sorting and trafficking. Notably, CLEM has recently revealed fine details
of the dynamic processes associated protein machinery assembly, such as clathrin, to provide a 4D
ultrastructural movie of the events associated with endocytosis [85].

Further application of super-resolution microscopy and new fluorophores will also continue to
expand the applications of multiple colour imaging. Super-resolution methods, such as PALM and
STORM, require a less complicated setup, compared to STED and SIM, and are thus more accessible.
However, these two techniques require the use of photoactivatable/photoconvertible fluorophores.
Photoconversion wavelengths are currently in the ultraviolet regions, which undermines their use in
live imaging due to cell toxicity. It is expected that the engineering of optical highlighter proteins that
shift photoconversion illumination wavelengths to the blue and green spectral regions (significantly
less toxic to living cells) will greatly enhance the utility of PALM and STORM in nano-imaging.
Another setback to super-resolution microscopy is photobleaching of fluorophores. Photobleaching
limits the number of photons that can be detected from a single fluorophore and thus reduces the
ability to localize that fluorophore. This limitation is compounded in live imaging where
photobleaching is particularly deleterious to cells and would require fluorophores that are bright to
begin with. Quantum dots have immerged as an ideal tool for use in super-resolution in terms of
brightness and robustness against photobleaching. Quantum dots are semiconductor nanocrystals with
very high extinction coefficients and superior photostability compared to fluorescent dyes and proteins [86].
Blinking is a phenomenon intrinsic to quantum dots [87], akin to the photoactivation of fluorophores
during PALM or STORM. Quantum dots were used to image the cytoskeleton of CHO cells with a
spatial resolution lower than 10 nm, using a total internal reflection fluorescence (TIRF) microscope [88].
More recently, multi-colour quantum dot complexes have been developed to allow for dual
colour imaging [89]. Importantly, quantum dots have been proven for use in live cells, where
transferrin-conjugated quantum dots were efficiently internalized by receptor-mediated endocytosis in
HeLa cells [90], reflecting its potential for use in nano-imaging in live cells.

The development of unbiased quantitative methods for analysis of membrane transport and the
behaviour of intracellular organelles remains a major challenge for cell biologists. The convergence of
flow cytometry and imaging techniques holds promise for rapid collection of information on large
numbers of cells, and removes the potential biasing from visual microscopic observation. Another key
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issue of relevance for defining intracellular membrane trafficking systems is the organization of the
individual intracellular organelles and their topological relationship within the cell. A recent approach
involves forcing cells into adopting a defined shape and subsequent analysis of the organization and
3D spatial relationships of different membrane structures, including early endosomes, the Golgi and
Golgi-derived transport vesicles in a large number of cells [91]. Construction of density maps revealed
a high degree of reproducibility in their steady state organization and also provided the capacity to
detect subtle changes in intracellular membrane organization [91,92]. This approach holds
considerable promise for the global assessment of the impact of membrane perturbation reagents on
the spatial organization of intracellular membrane compartments.

In summary, the improvements in resolution of light microscopy, the integration of a number of
different imaging systems, the further development of fluorescent probes, together with the application
of powerful mathematical tools for analyses, will continue to provide major advances in understanding
the regulation of membrane trafficking events and the associated dynamics of membrane organization
at the molecular level. We are now well primed to undergo another giant leap in our understanding of
molecular processes.

Acknowledgements

This work was supported by funding from the Australian Research Council, National Health &
Medical Research Council of Australia.

References

1. Gruenberg, J.; Griffiths, G.; Howell, K.E. Characterization of the early endosome and putative
endocytic carrier vesicles in vivo and with an assay of vesicle fusion in vitro. J. Cell Biol. 1989,
108, 1301-1316.

2. Bonifacino, J.S.; Rojas, R. Retrograde transport from endosomes to the trans-Golgi network.
Nat. Rev. Mol. Cell Biol. 2006, 7, 568—579.

3. Johannes, L.; Popoff, V. Tracing the retrograde route in protein trafficking. Cell 2008, 135,
1175-1187.

4. Ghosh, P.; Dahms, N.M.; Kornfeld, S. Mannose 6-phosphate receptors: New twists in the tale.
Nat. Rev. Mol. Cell Biol. 2003, 4, 202-212.

5. Ghosh, R.N.; Mallet, W.G.; Soe, T.T.; McGraw, T.E.; Maxfield, F.R. An endocytosed TGN38
chimeric protein is delivered to the TGN after trafficking through the endocytic recycling
compartment in CHO cells. J. Cell Biol. 1998, 142, 923-936.

6. Sandvig, K.; van Deurs, B. Delivery into cells: Lessons learned from plant and bacterial toxins.
Gene Ther. 20085, 12, 865-872.

7. Shewan, A.M.; van Dam, E.M.; Martin, S.; Luen, T.B.; Hong, W.; Bryant, N.J.; James, D.E.
GLUT4 recycles via a trans-Golgi network (TGN) subdomain enriched in Syntaxins 6 and 16 but
not TGN38: Involvement of an acidic targeting motif. Mol. Biol Cell 2003, 14, 973-986.

8. Plaut, R.D.; Carbonetti, N.H. Retrograde transport of pertussis toxin in the mammalian cell.
Cell Microbiol. 2008, 10, 1130-1139.



Cells 2013, 2 119

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26

Utskarpen, A.; Slagsvold, H.H.; Iversen, T.G.; Walchli, S.; Sandvig, K. Transport of ricin from
endosomes to the Golgi apparatus is regulated by Rab6A and Rab6A'. Traffic 2006, 7, 663—672.
Abbe, E. Beitrage zur Theorie des Mikroskops und der mikroskopischen Wahrmehmung.
Arch. Mikrosk. Anat. 1873, 9, 413—-420.

Huang, B.; Babcock, H.; Zhuang, X. Breaking the diffraction barrier: super-resolution imaging
of cells. Cell 2010, 7143, 1047—-1058.

Lippincott-Schwartz, J.; Patterson, G.H. Photoactivatable fluorescent proteins for diffraction-limited
and super-resolution imaging. Trends Cell Biol. 2009, 19, 555-565.

Schermelleh, L.; Heintzmann, R.; Leonhardt, H. A guide to super-resolution fluorescence
microscopy. J. Cell. Biol. 2010, 190, 165-175.

Toomre, D.; Bewersdorf, J. A new wave of cellular imaging. Annu. Rev. Cell Dev. Biol. 2010, 26,
285-314.

Gustafsson, M.G. Surpassing the lateral resolution limit by a factor of two using structured
illumination microscopy. J. Microsc. 2000, 198, 82—-87.

Gustafsson, M.G. Nonlinear structured-illumination microscopy: Wide-field fluorescence imaging
with theoretically unlimited resolution. Proc. Natl. Acad. Sci. USA 20085, 102, 13081-13086.
Schermelleh, L.; Carlton, P.M.;. Haase, S.; Shao, L.; Winoto, L.; Kner, P.; Burke, B.; Cardoso, M.C.;
Agard, D.A.; Gustafsson, M.G.; et al. Subdiffraction multicolor imaging of the nuclear periphery
with 3D structured illumination microscopy. Science 2008, 320, 1332—-1336.

Ach, T.; Best, G.; Rossberger, S.; Heintzmann, R.; Cremer, C.; Dithmar, S. Autofluorescence
imaging of human RPE cell granules using structured illumination microscopy. Br. J. Ophthalmol.
2012, 96, 1141-1144.

Hanssen, E.; Carlton, P.; Deed, S.; Klonis, N.; Sedat, J.; DeRisi, J.; Tilley, L. Whole cell imaging
reveals novel modular features of the exomembrane system of the malaria parasite, Plasmodium
falciparum. Int J. Parasitol. 2010, 40, 123—-134.

Meyer, L.; Wildanger, D.; Medda, R.; Punge, A.; Rizzoli, S.O.; Donnert, G.; Hell, S.W.
Dual-color STED microscopy at 30-nm focal-plane resolution. Small 2008, 4, 1095—-1100.
Moneron, G.; Medda, R.; Hein, B.; Giske, A.; Westphal, V.; Hell, S.W. Fast STED microscopy
with continuous wave fiber lasers. Opt. Express 2010, 18, 1302—1309.

Schroder, J.; Benink, H.; Dyba, M.; Los, G.V. In vivo labeling method using a genetic construct
for nanoscale resolution microscopy. Biophys. J. 2009, 96, LO1-L03.

Rittweger, E.; Han, K.Y.; Irvine, S.E.; Eggeling, C.; Hell, S.W. STED microscopy reveals crystal
colour centres with nanometric resolution. Nature Photonics 2009, 3, 144—-147.

Harke, B.; Ullal, C.K.; Keller, J.; Hell, S.W. Three-dimensional nanoscopy of colloidal crystals.
Nano Lert. 2008, 8, 1309—-1313.

Hein, B.; Willig, K.I.; Hell, S.W. Stimulated emission depletion (STED) nanoscopy of a
fluorescent protein-labeled organelle inside a living cell. Proc. Natl. Acad. Sci USA 2008, 105,
14271-14276.

. Donnert, G.; Keller, J.; Wurm, C.A.; Rizzoli, S.0.; Westphal, V.; Schonle, A.; Jahn, R.; Jakobs, S.;

Eggeling, C.; Hell, S.W. Two-color far-field fluorescence nanoscopy. Biophys. J. 2007, 92,
L67-L69.



Cells 2013, 2 120

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Buckers, J.; Wildanger, D.; Vicidomini, G.; Kastrup, L.; Hell, S.W. Simultaneous multi-lifetime
multi-color STED imaging for colocalization analyses. Opt. Express 2011, 19, 3130-3143.
Schmidt, R.; Wurm, C.A.; Jakobs, S.; Engelhardt, J.; Egner, A.; Hell, S.W. Spherical nanosized
focal spot unravels the interior of cells. Nat. Methods 2008, 5, 539-544.

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.

Hess, S.T.; Girirajan, T.P.; Mason, M.D. Ultra-high resolution imaging by fluorescence
photoactivation localization microscopy. Biophys. J. 2006, 91, 4258—-4272.

Rust, M.J.; Bates, M.; Zhuang, X. Sub-diffraction-limit imaging by stochastic optical
reconstruction microscopy (STORM). Nat. Methods 2006, 3, 793-795.

Shtengel, G.; Galbraith, J.A.; Galbraith, C.G.; Lippincott-Schwartz, J.; Gillette, J.M.; Manley, S.;
Sougrat, R.; Waterman, C.M.; Kanchanawong, P.; Davidson, M.W.; et al. Interferometric
fluorescent super-resolution microscopy resolves 3D cellular ultrastructure. Proc. Natl. Acad. Sci. USA
2009, 106, 3125-3130.

Williamson, D.J.; Owen, D.M.; Rossy, J.; Magenau, A.; Wehrmann, M.; Gooding, J.J.; Gaus, K.
Pre-existing clusters of the adaptor Lat do not participate in early T cell signaling events.
Nat. Immunol. 2011, 12, 655-662.

Egner, A.; Geisler, C.; von Middendorff, C.; Bock, H.; Wenzel, D.; Medda, R.; Andresen, M.;
Stiel, A.C.; Jakobs, S.; Eggeling, C.; et al. Fluorescence nanoscopy in whole cells by
asynchronous localization of photoswitching emitters. Biophys. J. 2007, 93, 3285-3290.

Bates, M.; Huang, B.; Dempsey, G.T.; Zhuang, X. Multicolor super-resolution imaging with
photo-switchable fluorescent probes. Science 2007, 317, 1749-1753.

Heilemann, M.; van de Linde, S.; Schuttpelz, M.; Kasper, R.; Seefeldt, B.; Mukherjee, A.;
Tinnefeld, P.; Sauer, M. Subdiffraction-resolution fluorescence imaging with conventional
fluorescent probes. Angew. Chem. Int. Edit. 2008, 47, 6172—-6176.

Huang, B.; Wang, W.; Bates, M.; Zhuang, X. Three-dimensional super-resolution imaging by
stochastic optical reconstruction microscopy. Science 2008, 379, 810-813.

Simmons, S.R.; Pawley, J.B.; Albrecht, R.M. Optimizing parameters for correlative immunogold
localization by video-enhanced light microscopy, high-voltage transmission electron microscopy,
and field emission scanning electron microscopy. J. Histochem. Cytochem. 1990, 38, 1781-1785.
Van Weering, J.R.; Brown, E.; Sharp, T.H.; Mantell, J.; Cullen, P.J.; Verkade, P. Intracellular
membrane traffic at high resolution. Methods Cell Biol. 2010, 96, 619—648.

Polishchuk, R.S.; Polishchuk, E.V.; Marra, P.; Alberti, S.; Buccione, R.; Luini, A.; Mironov, A.A.
Correlative light-electron microscopy reveals the tubular-saccular ultrastructure of carriers
operating between Golgi apparatus and plasma membrane. J. Cell Biol. 2000, /48, 45-58.
Polishchuk, R.S.; San Pietro, E.; Di Pentima, A.; Tete, S.; Bonifacino, J.S. Ultrastructure of
long-range transport carriers moving from the trans Golgi network to peripheral endosomes. Traffic
20006, 7, 1092-1103.

Van Rijnsoever, C.; Oorschot, V.; Klumperman, J. Correlative light-electron microscopy (CLEM)
combining live-cell imaging and immunolabeling of ultrathin cryosections. Nat. Methods 2008,
5, 973-980.



Cells 2013, 2 121

43.

44,
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Van Weering, J.R.; Brown, E.; Sharp, T.H.; Mantell, J.; Cullen, P.J.; Verkade, P. Intracellular
membrane traffic at high resolution. Methods Cell Biol. 2010, 96, 619—648.

Heim, R.; Cubitt, A.B.; Tsien, R.Y. Improved green fluorescence. Nature 1995, 373, 663—-664.
Cormack, B.P.; Valdivia, R.H.; Falkow, S. FACS-optimized mutants of the green fluorescent
protein (GFP). Gene 1996, 173, 33-38.

Heim, R.; Tsien, R.Y. Engineering green fluorescent protein for improved brightness, longer
wavelengths and fluorescence resonance energy transfer. Curr. Biol. 1996, 6, 178—182.

Miyawaki, A.; Llopis, J.; Heim, R.; McCaffery, J.M.; Adams, J.A.; Ikura, M.; Tsien, R.Y.
Fluorescent indicators for Ca’" based on green fluorescent proteins and calmodulin. Nature 1997,
388, 882—887.

Matz, M.V.; Fradkov, A.F.; Labas, Y.A.; Savitsky, A.P.; Zaraisky, A.G.; Markelov, M.L.;
Lukyanov, S.A. Fluorescent proteins from nonbioluminescent Anthozoa species. Nat. Biotechnol.
1999, /7, 969-973.

Baird, G.S.; Zacharias, D.A.; Tsien, R.Y. Biochemistry, mutagenesis, and oligomerization of
DsRed, a red fluorescent protein from coral. Proc. Natl. Acad. Sci. USA 2000, 97, 11984—11989.
Terskikh, A.; Fradkov, A.; Ermakova, G.; Zaraisky, A.; Tan, P.; Kajava, A.V.; Zhao, X.;
Lukyanov, S.; Matz, M.; Kim, S.; Weissman, I.; Siebert, P. "Fluorescent timer": Protein that
changes color with time. Science 2000, 290, 1585—1588.

Bevis, B.J.; Glick, B.S. Rapidly maturing variants of the Discosoma red fluorescent protein
(DsRed). Nat. Biotechnol. 2002, 20, 83-87.

Gross, L.A.; Baird, G.S.; Hoffman, R.C.; Baldridge, K.K.; Tsien, R.Y. The structure of the
chromophore within DsRed, a red fluorescent protein from coral. Proc. Natl. Acad. Sci USA 2000,
97, 11990-11995.

Shaner, N.C.; Campbell, R.E.; Steinbach, P.A.; Giepmans, B.N.; Palmer, A.E.; Tsien, R.Y.
Improved monomeric red, orange and yellow fluorescent proteins derived from Discosoma sp. red
fluorescent protein. Nat. Biotechnol. 2004, 22, 1567—-1572.

Subach, F.V.; Subach, O.M.; Gundorov, 1.S.; Morozova, K.S.; Piatkevich, K.D.; Cuervo, A.M.;
Verkhusha, V.V. Monomeric fluorescent timers that change color from blue to red report on
cellular trafficking. Nat. Chem. Biol. 2009, 5, 118—126.

Lippincott-Schwartz, J.; Altan-Bonnet, N.; Patterson, G.H. Photobleaching and photoactivation:
Following protein dynamics in living cells. Nat. Cell. Biol. 2003, 5(Suppl.), S7T-S14.

Lukyanov, K.A.; Chudakov, D.M.; Lukyanov, S.; Verkhusha, V.V. Innovation: Photoactivatable
fluorescent proteins. Nat. Rev. Mol. Cell Biol. 2005, 6, 885—-891.

Remington, S.J. Fluorescent proteins: Maturation, photochemistry and photophysics. Curr. Opin.
Struct. Biol. 2006, 16, 714-721.

Patterson, G.H.; Lippincott-Schwartz, J. A photoactivatable GFP for selective photolabeling of
proteins and cells. Science 2002, 297, 1873—1877.

McKinney, S.A.; Murphy, C.S.; Hazelwood, K.L.; Davidson, M.W.; Looger, L.L. A bright and
photostable photoconvertible fluorescent protein. Nat. Methods 2009, 6, 131-133.

Bates, M.; Blosser, T.R.; Zhuang, X. Short-range spectroscopic ruler based on a single-molecule
optical switch. Phys. Rev. Lett. 2005, doi:10.1103/PhysRevLett.94.108101.



Cells 2013, 2 122

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Baddeley, D.; Jayasinghe, [.D.; Cremer, C.; Cannell, M.B.; Soeller, C. Light-induced dark states
of organic fluochromes enable 30 nm resolution imaging in standard media. Biophys. J. 2009,
96, 1L.22-1.24.

Dempsey, G.T.; Bates, M.; Kowtoniuk, W.E.; Liu, D.R.; Tsien, R.Y.; Zhuang, X. Photoswitching
mechanism of cyanine dyes. J. Am. Chem. Soc. 2009, 131, 18192—18193.

Ando, R.; Mizuno, H.; Miyawaki, A. Regulated fast nucleocytoplasmic shuttling observed by
reversible protein highlighting. Science 2004, 306, 1370—1373.

Habuchi, S.; Ando, R.; Dedecker, P.; Verheijen, W.; Mizuno, H.; Miyawaki, A.; Hofkens, J.
Reversible single-molecule photoswitching in the GFP-like fluorescent protein Dronpa.
Proc. Natl. Acad. Sci. USA 2005, 102, 9511-9516.

Fuchs, J.; Bohme, S.; Oswald, F.; Hedde, P.N.; Krause, M.; Wiedenmann, J.; Nienhaus, G.U.
A photoactivatable marker protein for pulse-chase imaging with super-resolution. Nat. Methods
2010, 7, 627-630.

Grabenbauer, M.; Geerts, W.J.; Fernadez-Rodriguez, J.; Hoenger, A.; Koster, A.J.; Nilsson, T.
Correlative microscopy and electron tomography of GFP through photooxidation. Nat. Methods
2005, 2, 857-862.

Shu, X.; Lev-Ram, V.; Deerinck, T.J.; Qi, Y.; Ramko, E.B.; Davidson, M.W.; Jin, Y.; Ellisman, M.H.;
Tsien, R.Y. A genetically encoded tag for correlated light and electron microscopy of intact cells,
tissues, and organisms. PLoS Biol. 2011, 9, e1001041.

North, A.J. Seeing is believing? A beginners' guide to practical pitfalls in image acquisition.
J. Cell Biol. 2006, 172, 9-18.

Bolte, S.; Cordelieres, F.P. A guided tour into subcellular colocalization analysis in light
microscopy. J. Microsc. 2006, 224, 213-232.

Manders, E.M.; Stap, J.; Brakenhoff, G.J.; van Driel, R.; Aten, J.A. Dynamics of
three-dimensional replication patterns during the S-phase, analysed by double labelling of
DNA and confocal microscopy. J. Cell Sci. 1992, 103, 857-862.

Zinchuk, V.; Zinchuk, O.; Okada, T. Quantitative colocalization analysis of multicolor confocal
immunofluorescence microscopy images: pushing pixels to explore biological phenomena.
Acta Histochem. Cytochem. 2007, 40, 101-111.

Bolte, S.; Talbot, C.; Boutte, Y.; Catrice, O.; Read, N.D.; Satiat-Jeunemaitre, B. FM-dyes
as experimental probes for dissecting vesicle trafficking in living plant cells. J. Microsc. 2004,
214, 159-173.

Roerdink, Jos B.T.M.; Meijster, A. The watershed transform: definitions, algorithms and
parallelization strategies. Fund. Inform. 2000, 41, 187-226.

Lachmanovich, E.; Shvartsman, D.E.; Malka, Y.; Botvin, C.; Henis, Y.I.; Weiss, A.M.
Co-localization analysis of complex formation among membrane proteins by computerized
fluorescence microscopy: Application to immunofluorescence co-patching studies. J. Microsc.
2003, 272, 122-131.

Boutte, Y.; Crosnier, M.T.; Carraro, N.; Traas, J.; Satiat-Jeunemaitre, B. The plasma membrane
recycling pathway and cell polarity in plants: studies on PIN proteins. J. Cell Sci. 2006, 119,
1255-1265.



Cells 2013, 2 123

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Woodcroft, B.J.; Hammond, L.; Stow, J.L.; Hamilton, N.A. Automated organelle-based
colocalization in whole-cell imaging. Cytometry A 2009, 75, 941-950.

Jaskolski, F.; Mulle, C.; Manzoni, O.J. An automated method to quantify and visualize
colocalized fluorescent signals. J. Neurosci. Methods 2005, 146, 42—49.

Hoffman, R.A. Unit 1 23 Pulse width for particle sizing. Curr. Protoc. Cytom. 2009,
doi: 10.1002/0471142956.cy0123s50.

Wersto, R.P.; Chrest, F.J.; Leary, J.F.; Morris, C.; Stetler-Stevenson, M.A.; Gabrielson, E.
Doublet discrimination in DNA cell-cycle analysis. Cytometry 2001, 46, 296-306.

Ramdzan, Y.M.; Polling, S.; Chia, C.P.; Ng, L.LH.; Ormsby, A.R.; Croft, N.P.; Purcel, A.W.;
Bogoyevitch, M.A.; Ng, D.C.; Gleeson, P.A.; et al. Tracking protein aggregation and mislocalization
in cells with flow cytometry. Nat. Methods 2012, 9, 467—470.

Nakao, H.; Takeda, T. Escherichia coli Shiga toxin. J. Nat. Toxins 2000, 9, 299-313.

Gruenberg, J. The endocytic pathway: A mosaic of domains. Nat. Rev. Mol. Cell Biol. 2001,
2, 721-730.

Lieu, Z.Z.; Gleeson, P.A. Endosome-to-Golgi transport pathways in physiological processes.
Histol. Histopathol. 2011, 26, 395-408.

Mari, M.; Bujny, M.V.; Zeuschner, D.; Geerts, W.J.; Griffith, J.; Petersen, C.M.; Cullen, P.J.;
Klumperman, J.; Geuze, H.J. SNX1 defines an early endosomal recycling exit for sortilin and
mannose 6-phosphate receptors. Traffic 2008, 9, 380-393.

Kukulski, W.; Schorb, M.; Kaksonen, M.; Briggs, J.A. Plasma membrane reshaping during
endocytosis is revealed by time-resolved electron tomography. Cel/ 2012, 150, 508-520.

Chan, W.C.; Nie, S. Quantum dot bioconjugates for ultrasensitive nonisotopic detection. Science
1998, 281, 2016-2018.

Fomenko, V.; Nesbitt, D.J. Solution control of radiative and nonradiative lifetimes: A novel
contribution to quantum dot blinking suppression. Nano Lett. 2008, 8, 287-293.

Chien, C.Y.; Chang, Y.J.; Chen, K.H.; Lai, W.T.; George, T.; Scherer, A.; Li, P.W. Nanoscale,
catalytically enhanced local oxidation of silicon-containing layers by 'burrowing' Ge quantum
dots. Nanotechnology 2011, doi:10.1088/0957-4484/22/43/435602.

Shi, X.; Xie, Z.; Song, Y.; Tan, Y.; Yeung, E.S.; Gai, H. Superlocalization spectral imaging
microscopy of a multicolor quantum dot complex. Anal. Chem. 2012, 84, 1504—1509.

Schieber, C.; Bestetti, A.; Lim, J.P.; Ryan, A.D.; Nguyen, T.L.; Eldridge, R.; White, A.R.;
Gleeson, P.A.; Donnelly, P.S.; Williams, S.J.; Mulvaney, P. Conjugation of transferrin to
azide-modified CdSe/ZnS core-shell quantum dots using cyclooctyne click chemistry.
Angew. Chem. Int. Edit. 2012, 51, 10523-10527.

Duong, T.; Goud, B.; Schauer, K. Closed-form density-based framework for automatic detection
of cellular morphology changes. Proc. Natl. Acad. Sci. US4 2012, 109, 8382—8387.

Schauer, K.; Duong, T.; Bleakley, K.; Bardin, S.; Bornens, M.; Goud, B. Probabilistic density
maps to study global endomembrane organization. Nat. Methods 2010, 7, 560-566.

© 2013 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/).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


