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Abstract

We compare the use of two-dimensional total internal reflection fluorescence
microscopy with a rapid, simple-to-implement method for three-dimensional
(3D) imaging using spinning-disk confocal microscopy suitable for reliable 3D
tracking of clathrin-coated endocytic and endosomal carriers. These carriers
contain about 20 EGFP (enhanced green fluorescent protein) equivalents of a
chimeric fluorescent protein (either clathrin light chain or one of the clathrin
adaptor subunits). Under tissue culture conditions, the clathrin-containing
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carriers correspond to a variable number of relatively sparse, diffraction-lim-
ited, fluorescent objects that can be identified with a spatial precision
of ~30 nm or better and a temporal resolution of <1 s. The applicability of
these approaches to mammalian cells in culture allows investigators detailed
monitoring of the composition dynamics of the clathrin-containing carriers
which can then be used to study in living cells the molecular mechanisms
required for the formation and traffic of clathrin-coated pits and vesicles.

1. INTRODUCTION

Cells require ordered movement of proteins and lipids from one
membrane-bound compartment to another, while maintaining the organi-
zation, function, and heterogeneity of the donor and acceptor membranes.
A number of molecular assemblies (e.g., those based on clathrin, COPI, or
COPII coatomers) have evolved to deform and invaginate membrane
patches, which after pinching and scission become carriers of membrane
traffic. Clathrin-coated pits and vesicles were the first membrane-traffic
system to be recognized and analyzed in detail, because of the distinctive
morphology of budding coated pits, the ease with which coated vesicles
could be purified, and the importance of clathrin-coated structures for
receptor-mediated endocytosis. Clathrin-coated vesicles are the most
prominent form of traffic from the plasma membrane to endosomes (endo-
cytosis), a pathway by which ligands such as hormones, transterrin, immu-
noglobulins, LDL (low-density lipoprotein), viruses, and their receptors
enter cells. They are also important for traffic between endosomes and the
trans-Golgi network (TGN; Bonifacino and Traub, 2003; Brodsky ef al.,
2001; Duncan and Payne, 2005; Hirst and Robinson, 1998; Kirchhausen,
2000; McMahon and Mills, 2004; Robinson, 2004; Traub, 2005;
Ungewickell and Hinrichsen, 2007). They have become a paradigm for
efforts to understand molecular mechanisms of other modes of vesicular
transport (Harrison and Kirchhausen, 2010; Lee and Goldberg, 2010).

Cellular, biochemical, and high-resolution structural approaches have
defined the molecular properties of clathrin and many of its associated
proteins (Brett and Traub, 2006; Edeling ef al., 2006; Gaidarov and Keen,
2005; Keyel et al., 2006; McMahon and Mills, 2004; Miwako and Schmid,
2006; Motley et al., 2006; Owen ef al., 2004). In our own work, we have
combined crystal structures with electron cryomicroscopy to image a clathrin
coat at 8 A resolution (Fotin ef al., 2004b), a coat in association with a
fragment of auxilin at 12 A resolution (Fotin ef al., 2004a), and a coat
associated with both the auxilin fragment and a specifically bound Hsc70
(Xing et al., 2010). But biochemical and structural approaches, however
powerful, can only provide snapshots or ensemble-averaged information
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about the properties of objects within a heterogeneous population. They are
not sufficient to resolve important steps in coated vesicle formation and
uncoating. To achieve temporal resolution in the context of a cell, many
groups have turned to advanced imaging methods to study the localization of
components during a given step, the order in which components are
incorporated or released, and the way composition of an assembling vesicle
affects its behavior (Ehrlich et al., 2004; Gaidarov et al., 1999; Kaksonen et al.,
2005; Keyel ef al,, 2004; Le Clainche et al., 2007; Loerke et al., 2009;
Merrifield et al., 2002, 2005; Mettlen et al., 2009; Newpher et al., 2005;
Rappoport et al., 2005, 2006; Saffarian and Kirchhausen, 2008; Yarar et al.,
2005; Zoncu et al., 2007). By analyzing assembly and disassembly of
individual molecular complexes with fluorescence microscopy, one can link
in vitro reconstitution studies, in which molecular concentrations and other
external conditions can be fixed, thereby circumventing the hard-to-control
complexities of an intact cell, with results from live-cell imaging, in which
essentially identical detection schemes follow the same processes in their
complete biological context.

This review highlights our use of total internal reflection fluorescence
(TIRF) and spinning-disk confocal imaging of living cells to investigate the
dynamics of clathrin coat formation. Depending on the acquisition mode
(TIRF or spinning-disk confocal microscopy), the temporal resolution
ranges between 10 and 100 ms. The required signal is typically emitted by
2-5 fluorescent molecules. Under carefully controlled TIRF conditions, it
is also possible to record the signal from a single EGFP molecule. The spatial
precision attained under these circumstances is 10-30 nm along the x-, y-,
and z-axis (Kural et al., submitted; Saffarian and Kirchhausen, 2008). The
signal-to-noise ratio (SNR) and resolution depend, in part, on such issues as
detector response and particle tracking. We concentrate here primarily on
the contributions of imaging modalities.

2. DYNAMICS OF CLATHRIN ASSEMBLY

Our current picture of coated pit formation derives primarily from
analysis by live-cell imaging of coated pits and vesicles at the plasma mem-
brane (Fig. 4.1). The most important structural components of the assembly
are clathrin and the AP-2 (a-B2-p2-62) heterotetrameric adaptor complex.
A number of accessory proteins associate with coated pits at specific stages of
assembly/disassembly (Henne et al., 2010; Reider et al., 2009; Toshima et al.,
2006; Traub, 2009). Eps15, epsin, FCHo1/2, and intersectin form an inter-
acting complex that appears to be localized at the rim of a coated pit (Henne
etal.,2010; Reider et al., 2009; Saffarian et al., 2009; Tebar et al., 1996; Traub
and Wendland, 2010). This “rim complex” accumulates during early stages
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Figure 4.1 Coated pit formation proceeds by sequential addition of clathrin triskelions
to an initial nucleus, generating a sharply curved coat; adaptor-mediated interactions with
membrane-bound proteins (and lipids) deform the underlying membrane; dynamin
mediates scission when the deformation has created a suitably narrow neck; auxilin,
which arrives immediately following scission, recruits the uncoating ATPase, Hsc70.
Under conditions of membrane tension (hyposmolarity, cell stretching, apical membranes
of polarized cells, elongated cargo), coated pit maturation requires the formation of short-
branched actin filaments; by contrast, actin polymerization does not generally accompany
the assembly or budding of coated pits in membranes without tension. Continuous line,
plasma membrane; dashed stripe, a clathrin coat (clathrin plus AP-2 adaptor); red rods,
rim proteins (Eps15, epsin, FHCo1/2, SIG1a); gray lines, short-branched actin polymers
plus the Arp2/3 complex, cortactin, N-Wasp; green bar dynamin; blue bar, F-BAR
containing proteins; green dots, uncoating ATP Hsc70; red lines, auxilin. We use stable
and transient expression of recombinant, fluorescently-tagged constructs to follow the
dynamic behavior of plasma membrane structures containing different combinations of
clathrin, AP-2, auxilin, Arp2/3 complex, cortactin, dynamin, etc. We mostly use TIRF
and spinning disc confocal microscopy to obtain live-cell imaging data.

of coated pit assembly, but its components are excluded from a budded
coated vesicle. Dynamin, the GTPase that drives membrane scission, accu-
mulates both gradually during pit assembly and in a burst following clathrin
lattice completion (Ehrlich et al., 2004; Loerke et al., 2009; Macia et al., 2006;
Rappoport and Simon, 2003). Auxilin and Hsc70 arrive following scission,
to direct uncoating (Lee et al., 2006; Massol et al., 2006). Hip1R, which
binds clathrin light chains, recruits actin, required in some instances for
coated vesicle maturation and budding (Ferguson ef al., 2009; Merrifield
et al., 2002, 2004; Saftarian et al., 2009).

3. LimiTS OF FLUORESCENCE MICROSCOPY

Even though fluorescence microscopy techniques enable real-time
recordings from living cells and, hence, yield temporal information about
cellular processes, spatial resolution is lost in most cases. Like most of the
biological machinery, clathrin-coated structures (~ 100 nm in diameter) are
smaller than the wavelength of the visible light (~500 nm), resulting in a
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convolution of a punctate image with the point-spread function (PSF) of
the microscope (see below). Resolution of two identical fluorophores is
limited by the Rayleigh criterion; two point sources that are closer than
~ /2 (A is the wavelength of the emitted light) cannot be resolved by
conventional light microscopy. The accuracy of localizing a point source
can be substantially better, however, depending on the SNR.

Other important limitations of fluorescence microscopy are photo-
bleaching and phototoxicity. Organic fluorophores and fluorescent proteins
can only emit a limited number of photons before ceasing to fluoresce. This
phenomenon, also called photobleaching, results in a loss in signal as the
sample is illuminated for long periods of time. Extensive illumination also
creates toxic oxygen radicals. These factors necessitate using smart ways of
illumination that can obtain high SNR without high levels of exposure. We
start by outlining some of the microscopy techniques that enable cell
biologists to obtain high-quality images with as little laser exposure as
possible. Most of these methods are designed to confine the fluorescence
excitation to a volume of interest, while leaving the rest of the specimen in
the dark, to minimize background fluorescence and to avoid damage
outside the illuminated region.

4. TIRF MiIcROSCOPY

TIRF is based on the property of electromagnetic radiation that when
it travels from a medium of high refractive index (1) to one of lower
refractive index, it diverges from its original path toward the interface.
This phenomenon, refraction, can result in a mirror eftect (or total internal
reflection) when the incidence angle exceeds a critical value (Fig. 4.2A). In
this case, the reflected beam preserves most of its energy but a small portion
of it is dissipated as an evanescent field at the interface. This quickly fading
portion of light penetrates a few hundred nanometers (depending on wave-
length, incidence angle, and the difference between the refractive indices)
into the low-index medium, which becomes an ideal volume of illumination
for fluorescence microscopy. In this geometry, fluorophores that are within a
few hundred nanometers of the interface can be excited, while others that lie
deeper within the sample are not illuminated (Axelrod, 1989). Because the
plasma membranes of cells plated on glass coverslips are in contact with the
glass—water interface (n = 1.51 and 1.33, respectively), TIRF microscopy is
an excellent imaging technique for recording clathrin-coated pit formation
at the adherent surface of the plasma membrane. In this configuration, TIRF
illumination excites the fluorescently tagged components of the clathrin
machinery that interact with the plasma membrane (high signal), but does
not excite those that diffuse in the cytoplasm (low background; Fig. 4.3).
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Figure 4.2 TIRF illumination. (A) Schematic representation of ray paths at different
angles of incidence as they reach the glass/sample interphase (panels a—d); total internal
reflection conditions are achieved in panels ¢ and d. The evanescence field depth
depends on the incidence angle. (B) The images are of diffraction-limited fluorescent
beads imaged using ~4 ms exposures with the same light source under total internal
reflection (panels a and c) or widefield illumination (panels b) conditions. Panels b and ¢
are color-coded representations of the SNR. Panel d highlights the substantial increase
in SNR of the images acquired using TIRF microscopy.
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Figure 4.3 Schematic representation of the imaging strategies used to follow the
dynamics of clathrin-coat assembly in different regions of the cell. The drawing indicates
the location of various regions imaged in different cell types: apical surface of polarized cells

(red box), leading edge of migrating cells (yellow box), dorsal surface of nonpolarized cells
(blue box), and adherent surface (black box).

5. How 10 OPTIMIZE YOUR TIRF SYSTEM

Objective-type and prism-type TIRF systems are the most widespread
fluorescence microscopy techniques that use total internal reflection.
Objective-type TIRF is generally preferred because water immersion
objectives with lower numerical apertures used in prism type cannot collect
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as many photons. However, in both arrangements, it is possible to increase
image quality by tweaking some of the parameters such as incidence angle
and intensity of the excitation beam. Researchers generally use fluorescent
bead samples for aligning their TIRF setups. The ideal bead sample prepared
for TIRF imaging should be composed of a number of beads aftixed to the
coverslip and others that diffuse in the solution. In order to attain total
internal reflection, the researcher should increase the incidence angle of the
excitation beam to the point that the beads diffusing in the solution can no
longer be imaged. Beads can be irreversibly immobilized to the coverslips
by heating at 100 °C (Nugent-Glandort and Perkins, 2004).

SNR of imaged fluorescent spots can be used as a measure to find the
optimum TIRF configuration. SNR of a diffraction-limited spot can be
calculated according to the formula I/v/I + b*> where Iis the signal collected
at the brightest pixel and b is the standard deviation of the background. For
instance, if the peak intensity of the PSF is 300 and the background fluctua-
tions have a standard deviation of 10, then the SNR will be 300/
(300 4+ 10%"? = 15. The first term in the noise (the denominator) is called
the shot noise (also known as “photon” or “quantum” noise) which is
inherent to systems following Poisson distribution and cannot be eliminated.
Whereas the second term represents the noise stemming from the fluctuations
of the background which is a combination of camera noise and out-of-focus
signal coming from the diffusing fluorophores. The researcher can determine
the optimum values of incidence angle and excitation intensity by searching
for the highest SNR of immobilized beads (Fig. 4.2B).

In live-cell experiments, however, target molecules labeled with fluo-
rescent proteins are not as bright as beads. In this low-signal regime, instead
of using super-bright fluorescent bead samples, researchers may prefer single
organic fluorophores immobilized on coverslip. In order to boost photo-
stability of organic fluorophores, oxygen scavenging and reducing agents
such as glucose oxidase (Yildiz ef al., 2003) and trolox (Rasnik et al., 2006)
can be used.

6. SPINNING-DiISK CONFOCAL MICROSCOPY

This modality, also called Nipkow type or Nipkow disk confocal
fluorescence microscopy, uses a rapidly rotating (spinning) disk decorated
with thousands of microlenses and pinholes, which focus the excitation beam
onto a thin slab of the sample and filter out-of-focus fluorescence, respec-
tively. In contrast to scanning confocal systems, spinning-disk microscopes
record pulses of emission from many regions at once, scanning over and over
to accumulate signal. The image can be recorded with a standard CCD
camera to facilitate high rates of data acquisition. In cell biology, spinning-
disk confocal microscopy is a more general technique than TIRF microscopy,
because fluorescent objects that are microns away from the coverslip can be
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observed. (In TIRF microscopy, this distance is only a few hundred nan-
ometers.) Thus, spinning-disk microscopy is well suited for imaging processes
in the cytoplasm and at the nonadherent surface of the plasma membrane
(Fig. 4.3). In some cases, spinning-disk imaging is preferable to TIRF, even at
the ventral surface of cells, since it does not require any corrections for
variations in intensity of illumination as a function of depth.

7. SPHERICAL ABERRATION CORRECTION APPLIED TO
SPINNING-DISK CONFOCAL MICROSCOPY

Even though high NA (numerical aperture) objectives are necessary
for obtaining better signal, they have their drawbacks as well. One of such
problems occur due to the fact that light rays passing through the peripheral
regions of the lens are refracted more than the ones closer to the optical axis
(Fig. 4.4A). This results in longitudinally separated focal points which
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Figure 4.4 Spherical aberration. (A) Schematic representation of ray paths in the
absence and presence of spherical aberration. (B) Representation of the optical hard-
ware used to correct spherical aberration. (C) Fluorescence image of two beads of
different size acquired in three dimensions using the spinning-disk confocal micro-
scope, in the absence (no correction) and presence (SAC) of spherical aberration
correction. Note the increase in fluorescence intensity and decrease in the axial elon-
gation of the diffraction-limited bead.
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reduce spatial resolution. In optical microscopy, this phenomenon is called
spherical aberration (SA). If there is a refractive index mismatch between
the cover glass and media, the SA increases with the distance traversed the
medium.

In order to circumvent this problem, commercially available spherical
aberration correction (SAC) units can be installed to the emission path of
the microscope. The working principle of SAC units is quite similar to
correction collars attached to some objectives which are used to compensate
the aberrations stemming from the variations in cover glass thickness. Just
like the correction collar, the SAC unit contains a motile lens doublet.
However, the position of the doublet is computer controlled; hence, the
built-in calibration protocols of SAC units enable to find the best correction
possible automatically. Another advantage of computer control is that
SAC can dynamically correct for SA at varying penetration depths during
a z-acquusition (Fig. 4.4B,C).

During the calibration process, the SAC will determine the
correct setting for minimal SA at Z, it will then determine the setting for
minimal SA at the deepest penetration depth Z4. During the 3D acquisition,
the SAC will dynamically move the correction lens relative to the z-
position, therefore producing a 3D image that corrects SA at every plane
in the series, as opposed to the correction collar that corrects for a single
plane.

8. GETTING AROUND THE DIFFRACTION LIMIT

Single light emitting fluorophores focused on a flat surface by using a
lens with a circular aperture appear as an Airy function (generally referred as
PSF). The Airy disk, the bright region at the center of Airy function, has a
width of ~A/2NA where NA is the numerical aperture of the lens (for oil-
immersion objectives, NA is generally between 1.4 and 1.65). Determining
the actual position of the fluorescent object in this extended “blob” of signal
depends on localizing the center point of the Airy disk with high fidelity. A
method called fluorescence imaging with one nanometer accuracy
(FIONA), developed by the Selvin laboratory, has proved to be an effective
way to locate a single fluorescent object with a precision of one nanometer
in x and y (Kural et al., 2005; Yildiz ef al., 2003). FIONA relies on the
observation that the Airy disk can be represented to good approximation by
a two-dimensional (2D) Gaussian function; if the SNR is high enough, then
the centroid of the Gaussian can be determined to about 1 nm. The standard
error of the mean (SEM) of the centroid can be used to represent the
accuracy; it is given by (Thompson ef al., 2002):
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where s is the standard deviation of the Gaussian fit, N is the number of
photons collected, a is the effective pixel size of the CCD camera (i.e.,
pixel size of the CCD chip divided by the total magnification), and b is
the standard deviation of the background (which includes the camera
noise together with the fluctuations of the background fluorescence).
According to this equation, the most straightforward ways to increase
the localization accuracy are (1) to maximize the total number of
collected photons and (2) to minimize the standard deviation of the
background.

There are multiple ways to increase the number of collected photons.
The easiest is to increase the excitation power (or exposure time per
imaging cycle). The experimenter must, however, consider that high
power and long exposure increase the rate of photobleaching and photo-
toxicity. A more efficient but expensive way is to use a high NA lens.
Especially in TIRF microscopy systems, numerical apertures up to 1.65
can be obtained by switching to oil-immersion lenses designed for sap-
phire coverslips (n =~ 1.8). The background fluctuations can be minimized
by filtering out the out-of-focus signal, for which both TIRF and
spinning-disk systems are quite effective. In TIRF microscopy, the exper-
imenter can increase the incidence angle of the excitation beam to reduce
the penetration depth of the evanescent field and thus excite fewer
fluorophores in the solution. For an objective type TIRF system, the
back aperture of the objective sets a limit to the maximum incidence
angle. Using advanced CCD cameras with low readout noise is another
way to diminish fluctuations of the background. Binning CCD chips is an
alternative approach to reduce the noise factor, as well as an efficient way
to increase frame rate.

With the advent of FIONA and related techniques for localizing point
sources (e.g., SHRIMP, SHREC, STORM, and PALM, some of which
rely on specialized fluorophores and specialized excitation regimes), new
possibilities have emerged for using fluorescence microscopy to obtain high
temporal and spatial information about processes in living cells (Betzig ef al.,
2006; Churchman et al., 2005; Gordon et al., 2004; Rust et al., 2006). These
techniques necessitate advanced computational and analytical tools to make
use of the raw data. To illustrate these points, we will briefly describe some
of the applications in which 2D imaging techniques have been used to study
clathrin-mediated endocytosis at the ventral (adherent) and dorsal (free)
surfaces of living cells (Fig. 4.3).
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9. Use oF 2D SPINNING-DISK CONFOCAL MICROSCOPE
TO STUDY CLATHRIN-MEDIATED ENDOCYTOSIS AT
THE VENTRAL AND DORSAL SURFACES OF A CELL

Clathrin interacts with lipid bilayers through its adaptor proteins. The
major clathrin adaptor present solely at the plasma membrane is AP2. When
imaged in the fluorescence microscope, labeled AP2 gives less-crowded
images than does clathrin itself, because clathrin decorates endosomes and
TGN compartments as well as the plasma membrane. For this reason, mam-
malian cells stably expressing AP2 adaptors tagged with fluorescent proteins are
the systems of choice for studying clathrin-mediated endocytosis in real time.
The high imaging rates and low background noise offered by spinning-disk
confocal microscope enabled Ehrlich ef al. (2004) to resolve the complete
lifetime of endocytic clathrin coats at the adherent (ventral) surface BSC1 cells
(Fig. 4.5). Their work revealed a nucleation-growth mechanism, which
proceeds at a steady rate that is much slower than the uncoating reaction.

Confocal imaging can penetrate several microns into the specimen, but
at the expense of increased SA. Cureton et al. used a spinning-disk confocal
microscope to characterize clathrin-mediated endocytosis of vesicular sto-
matitis virus (VSV) particles at the free (dorsal) surface of BSC1 cells. Their
results showed that virus-containing clathrin coats are larger and longer
lived than the virus-free clathrin coats at the same dorsal surface (Fig. 4.6;
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Figure 4.5 Recruitment of clathrin and AP2 in endocytic coated pits. (A) Arrow heads
point to an example of clathrin LCa-mRFP recruitment during the formation of a
canonical endocytic clathrin-coated pit. (B) Plot of the fluorescence intensity normal-
ized to the highest value before uncoating of a subset of 28 coated pits containing 62-
EGFP and LCa-mRFP, each with a lifetime of 42 s. The data were obtained using a
spinning-disk confocal microscope from three BSC1 cells stably expressing c2-EGFP
and transiently expressing LCa-mRFP. (Reproduced from Fig. 4 of Ehrlich ef al., 2004;
from Fig. 4A and E in Ehrlich ef al., 2004.)
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Figure 4.6 Live-cell imaging of clathrin-dependent endocytosis of single VSV parti-
cles. Plot of the kinetics of fluorescent AP-2 (tagged with 62-EGFP) and clathrin
(tagged with Tom-LCa) recruitment to endocytic clathrin-coated pits in BSC-1 cells
associated or not associated with the internalization of VSV particles. (A) Fluorescence
intensities were plotted relative to the time of clathrin detection and are expressed as a
% of the average maximum clathrin observed in all pits lacking virus. (B) Plot of the
average kinetics of AP-2 and clathrin recruitment to coated pits containing or not
containing virus. Average fluorescence intensity and time are expressed as a % relative
to clathrin-coated vesicles lacking virus observed in the same cells (from Fig. 1 in
Cureton et al. 2009).

Cureton et al., 2009). The elongated virus particle stalls completion of the
coat, which must be rescued by actin-driven membrane deformation.

10. Uste of TIRF MiIcROSCOPY TO STUDY
CLATHRIN-MEDIATED ENDOCYTOSIS

The evanescent field formed upon total internal reflection decays
exponentially according to formula

L(2) = 1%/ (4.2)

where I is the excitation intensity at the coverslip-medium interface, z is
the distance from the interface, and d is the penetration depth. For an object
that carries a fixed number of fluorescent particles, a similar e;luation would
also work for fluorescence emission. That is, I,,(z) = me(f 1 where I s
the emission intensity at the interface. By using this relationship between z
and emission intensity, it is in principle possible to map the changes in the z-
position of an object which is moving within the evanescent field. In
practice, clathrin-coated structures initiate, mature, and uncoat during the
observation period, and in each one of these phases, the coat has different
levels of fluorescent components. For objects, such as clathrin-coated
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structures, for which variation in fluorescence is part of the phenomenon
being studied, it is essential, in order to map the z-position, to determine
whether the variation in the emission signal stems from movement in z or
changes in the number of fluorescent components. To overcome this
ambiguity, Saffarian ef al. coupled widefield illumination with TIRF
microscopy on BSC1 cells stably expressing fluorescently labeled AP2 and
clathrin (Saffarian and Kirchhausen, 2008). Making use of the uniform
intensity of widefield illumination along the axial direction, they could
quantify the total emitted signal, regardless of the position. In this case,
the distance of the coat from the interface at time point  can be calculated as

2(f) = —d x log<

I\(;(/FFTIRF(t)> (4.3)
Iy Fwe (1)

where Lyp is the intensity of the wide-field illumination, Fre is
the intensity of the TIRF illumination at the interface,Fyg(f) is the
fluorescence signal collected at the wide-field channel at time point ¢, and
Frmrg(f) is the fluorescence signal collected at the TIRF channel at time
point t.

Saffarian ef al. extended this analysis to two different fluorophores
recorded at the same time; they named the technique Differential Nano-
metry (DiNa). The DiNa analysis of coats carrying clathrin labeled with
Tomato and AP2 adaptors labeled with EGFP showed that the center of
fluorescence of adaptors is separated from that of clathrin, indicating an
asymmetric distribution of adaptors within the clathrin coat (Saffarian and
Kirchhausen, 2008; Fig. 4.7).

11. THE THIRD DIMENSION

2D time-lapse data acquisition has generally been the dominant
high-resolution mode for fluorescence imaging experiments with living
cells. This restriction has applied to a variety of illumination and recording
modalities, for example, widefield, confocal, and TIRF microscopy.
Although powerful for describing the localization of the fluorescent object
and for resolving the time-dependence of the fluorescence intensity
associated with a tagged protein, lipid, or organelle, 2D data fail to
represent the intrinsically rich behavior of objects within the three-
dimensional (3D) context of a cell. For instance, efforts to follow AP1-
and AP3-containing clathrin carriers have not been successful because
rapid movement, particularly along the direction of view (Z), has not
permitted one to distinguish initiation of assembly or dissociation of the
clathrin coat from passage into or out of the imaging plane. In order to
circumvent this problem, we have developed a 3D analysis technique
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Figure 4.7 DiNa analysis applied to the recruitment of AP2 and clathrin during the
formation of endocytic clathrin-coated pits. The experiment was done using the total
internal reflection and widefield illumination signals of coated pits and vesicles forming
on the ventral surface of BSC1 cells. AP2 was tagged by stable expression of s2-EGFP
and clathrin by transient expression of Tom-LCa. Az calculated for the difference in the
average axial position between clathrin LCa-Tomato and AP-2 62-EGFP from the
individual pits selected for DiNa analysis plotted as a function of the fraction of their
respective lifetimes. Values outside the red dotted lines represent meaningful data in
excess of 1.5 times the expected calculated resolution of Az (from Fig. 5E in Saffarian
and Kirchhausen, 2008).

optimized for 3D time-lapse images taken with a spinning-disk confocal
microscope. The method makes use of the fact that the 3D PSF of a
diffraction-limited spot can be imaged at different planes in the axial
dimension and its position can be estimated from the distribution of
integrated intensities collected from each plane.

12. 3D TRACKING IN SPINNING-DISK IMAGING

A spinning-disk confocal microscope equipped with a piezo-driven
stage can image up to 8 planes (in the axial dimension) per second. This
rapid imaging makes it possible to determine the 3D trajectory of an
intracellular object. The accuracy of trajectories depend on localizing each
spot in x, y, and z with high precision at each time point. The FIONA
procedure enables one to extract the x and y positions of fluorescent
diffraction-limited objects from 2D movies, such as those taken with
TIRF microscopy. In the case of 3D time-lapse movies acquired with a
spinning-disk microscope, the projection of the brightest signals along the
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axial direction (maximum projection) can be used to project the 3D posi-
tion onto the x—y plane for each z-stack and hence to obtain a 2D projected
trajectory, to which FIONA can then be applied.

Determining the z-position needs some extra analytical tools that can
make use of the information embedded within the z-stacks. If the distance
between the consecutive planes is chosen appropriately, then the 3D PSF of
fluorescent objects can be imaged on multiple planes in the z-stack. The
intensity measured on each plane is related to distance from the actual
position of the object in z. In other words, if an object is between planes
nand n 4+ 1, but closer to plane #, then the fluorescence intensity in plane n
will be higher than the intensity in plane n 4+ 1. Thus, one can determine
the 3D PSF along z; by calculating the centroid of the distribution, the
position of the object can be estimated.

The 3D tracking routine that we have programmed accepts data as a
time-series of z-stacks, each plane in the stack being a recorded optical
section. The required z-spacing is about one-fourth to one-third of the full
height of the 3D PSF (in the examples described here, Az ~ 250—-450 nm).
In order to perform automated tracking, single fluorescent spots are
detected in the maximum projection image of a stack by using a local
maximum-finding algorithm performed after 2D Gaussian and Laplacian
filtering. x and y positions of the spots are then obtained in a window of
7 x 7 pixels by FIONA. For each spot, the 7 X 7 pixel window is then
extended to each plane in the z-stack, and integrated intensities for each
plane are calculated. The centroid of the intensity distribution in z is then
calculated as C. = Y /_ 1z/Y /= 1I;, where nis the number of planes in
the z-stack, z; is the coordinate of the plane on the z-axis, I; is the integrated
signal of that plane. The integrated intensity of the plane with the minimum
signal is the threshold subtracted from all planes. By using this approach,
biological molecules such as EGFP-tagged AP1 coats can be localized with
~20 nm accuracy in z. In living cells, we have followed AP1- and AP3-
containing endosomal carriers from assembly to uncoating, despite quite
rapid motion in all three dimensions, well displaced from either cell surface.
These structures have lifetimes and sizes (the latter as estimated from
maximum fluorescence intensity) comparable to those of endocytic,
clathrin-coated carriers (Kural ef al., submitted).

The analysis can be performed on hundreds of fluorescent objects
simultaneously. It is therefore possible to classify objects in a single cell
according to their position and movement. One such example is classifica-
tion of the clathrin-coated structures forming at the ventral and dorsal
surface of migrating U373 astrocytes (Fig. 4.3). By tracking AP2 puncta in
3D, we have found that AP2 carriers are absent from the ventral surface
during migration and that they reappear when cellular migration ceases.
The abundant AP2 structures that formed on the dorsal surface tended to
initiate in the region close to the leading edge. The AP2 objects in this
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Figure 4.8 Formation of endocytic clathrin and AP2-containing coated pits and
vesicles on the dorsal surface of the leading lamellipodium of migrating U373 astro-
cytes. The image shows tracings color-coded for the z-position of AP2 fluorescent spots
tagged with 62-EGFP. The axial information was obtained by tracking in 3D the
temporal position of individual AP2 spots imaged by spinning-disk confocal micro-
scopy. Insets display representative tracings corresponding to the location along the
z-axis of two AP2-containing objects.

region moved with a characteristic centripetal retrograde flow that was
inversely related to the migration rate of the cell (Fig. 4.8).

13. USE oF 3D TRACKING TO MONITOR CLATHRIN-
MEDIATED ENTRY OF REOVIRUS PARTICLES AT THE
APICAL SURFACE OF POLARIZED CELLS

Clathrin-mediated internalization of VSV particles can easily be traced
by using spinning-disk confocal systems at the free surface of nonpolarized
BSC-1 cells (Cureton et al., 2009, 2010). Unlike the dorsal membrane of
nonpolarized cells, however, the apical membrane of polarized cells has a
dome-shaped profile. The absence of a flat region at the top of a polarized cell
means that one cannot monitor virus entry in a single optical plane. If the
recording is restricted to 2D, many virus particles disappear from view
because they move out of the confocal plane. To study virus entry using
polarized MDCK (Madin-Darby canine kidney) cells, we therefore used
rapid 3D imaging as outlined above to visualize a larger part of the apical
plasma membrane (Fig. 4.3). In particular, we determined the 3D trajectory
of reovirus particles. 3D movies were recorded from the apical surface of
polarized cells, with z-stacks of 3-5 consecutive optical planes spaced at
0.35 pm. A 2D movie was then obtained by generating a maximum intensity
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z-projection for each time point. The colocalization of the viral particles and
AP2-GFP was analyzed from the resulting 2D movies, and the position of the
virus particles in the three dimensions was then extracted from the raw
z-stack. As also found in nonpolarized BSC-1 cell, reovirus particles were
internalized by clathrin-mediated endocytosis. Virions were captured by a
coated pit and the intensity of the AP2-GFP signal increased steadily as the
clathrin-coated pit formed. An abrupt disappearance of fluorescence was then
observed. Our 3D imaging method allowed us to visualize the budding of the
coated pit from the plasma membrane and the displacement of virus-
containing vesicles as uncoating of AP2-GFP occurred (Fig. 4.9). Soon
after the recruitment of AP2-GFP had reached a plateau, we detected a
rapid displacement of the coated pits in the z-dimension, away from the
plasma membrane. After budding of the clathrin-coated vesicles, uncoating
occurred. We measured the average displacement of a virus-containing
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Figure 4.9 Real-time tracking of the internalization of a reovirus particle by an
endocytic AP2-containing coated carrier. Top panel: schematic representation of the
experimental outcome representing the internalization of a fluorescent reovirus particle
at the apical surface of a polarized MDCK cell stably expressing 62-EGFP. Bottom
panel: plot of z-displacement of reovirus and the AP2-containing pit during coated pit
formation. The z-position of the virion displays an abrupt displacement toward the
cytoplasm at the onset of AP2 uncoating. The data was obtained using 3D spinning-disk
confocal microscopy.
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coated vesicles before uncoating and found that on average the vesicles
moved ~500 nm away from the plasma membrane. Similar values were
found for coated vesicles that did not contain virus particles.

14. USING THE OPTIMUM PIXEL AND STEP SIZES IN
Z-STACKS

As shown in Eq. (4.1), SEM of the location in x and y is a function of
effective pixel size. For larger pixel sizes (under low magnification), the PSF
converges into a 2D delta function. In this case, the pixelation noise
becomes dominant due to the fact that it is not possible to pinpoint the
position where the photon arrived in the pixel. For that reason, using pixel
sizes larger than the standard deviation of the PSF is not recommended. In
the other extreme, for smaller size pixels (under high magnification), the
maximum signal reduces dramatically (¢ magnification™ %) and camera read-
out noise becomes stronger since the spot spreads over a larger number of
pixels (Thompson ef al., 2002). For systems with intrinsically high magnifi-
cation, binning the CCD pixels (2 X 2) can be a good alternative to reduce
the readout noise. Binning also increases CCD frame rate and by doing so
enables faster imaging.

In localizing the center of 3D PSF in the axial dimension, using small
steps to acquire z-stacks may increase spatial precision slightly. On the other
hand, using larger steps to scan the same volume speeds up the acquisition
and reduces exposure per imaging cycle which in return slows down
photobleaching (Fig. 4.10). The researcher should consider these factors
and find the optimum imaging parameters to be able to perform 3D tracking
for his/her specific application. For tracking objects that move with slower
pace, z-stacks can be acquired with longer time intervals to minimize
photobleaching and elongate total time of imaging. To be able to track
fast-moving objects, the researcher has to reduce the time interval between
z-stacks to increase temporal resolution. Scanning the volume with larger
step sizes can prevent excessive photobleaching.

15. CONCLUSION

The strategies presented here have broad potential for investigating the
dynamics of processes involving assembly, translocation, and disassembly of
a small and variable number of diffraction-limited, fluorescent molecules at
the ventral plasma membrane and throughout the volume of a cell.
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Figure 4.10 Monte Carlo simulation showing the effect of changing the size of the
imaging z-step on SNR and precision determination along the z-axis. The calculation
was carried out using 3D PSFs (width = 500 nm along the z-axis) and imaging steps of 200,
300, and 500 nm. (A) The SNR drop reflects the effect of photobleaching. (B) Step size has
little effect on z-axis precision if the measurements are carried out before photobleaching
ensues. The calculation was carried out using 50 PSFs, each simulated by using a Gaussian
distribution of fluorescence intensity. The shot noise of each acquisition was obtained from
the intensities corresponding to the values on each z-plane replaced with random values
generated using the Poisson distribution of the same value. A Gaussian random number
generator was added to simulate fluctuations in the background fluorescence. A uniform
rate of photobleaching was used for each imaging step.
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