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Abstract

In many research areas such as biology, biochemistry, and biophysics, measur-
ing distances or identifying and counting objects can be of great importance.
To do this, researchers often need complicated and expensive tools in order to
have accurate measurements. In addition, these measurements are often done
under nonphysiological settings. X-ray diffraction, for example, gets Angstrom-
level structures, but it requires crystallizing a biological specimen. Electron
microscopy (EM) has about 10 A resolution, but often requires frozen (liquid
nitrogen) samples. Optical microscopy, while coming closest to physiologically
relevant conditions, has been limited by the minimum distances to be
measured, typically about the diffraction limit, or ~200 nm. However, most
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biological molecules are <5-10 nm in diameter, and getting molecular details
requires imaging at this scale. In this chapter, we will describe some of the
experimental approaches, from our lab and others, that push the limits of
localization accuracy and optical resolution in fluorescence microscopy.

1. OVERVIEW: ACCURACY AND RESOLUTION

There are actually two fundamentally different types of limits, namely,
accuracy and resolution. In general, the historic limit on how well you can do has
been the Rayleigh diffraction limit of light, or about 200 nm. Modern
techniques reach up to approximately a nanometer or two in accuracy, and
20 nm in the minimum distance between identical points, which is resolution.

Accuracy is the minimum distance or volume that one can locate a
particle’s position within a certain time period. Our lab has generally focused
on enhancing the localization accuracy of single-molecule microscopy, often
called super-accuracy. Our work on fluorescence imaging with one nano-
meter accuracy (FIONA) achieves ~ 1 nm accuracy in 1-500 ms. FIONA has
been applied to in vitro and in vivo samples, and to living organisms (Kural ef al.,
2005, 2009; Yildiz et al., 2003). It can be extended to nonfluorescent (absorb-
ing) probes as well (Kural ef al., 2007). Naturally, FIONA is just the culmina-
tion of a long string of work in an effort to reach super-accuracy (Bobroft,
1986; Gelles et al., 1988; Ghosh and Webb, 1994; Schmidt ef al., 1996).

Resolution is the minimum distance or volume that can be measured
between two (identical) particles in a given period of time. For visible fluores-
cence in the far-field, it is ~A1/2 or ~200-300 nm. However, with modern
super-resolution methods, the optical resolution is brought down to
~8-25 nm. The general idea is to have two fluorophores where they can be
separately imaged, because they either emit or are excited at different wave-
lengths, or can be temporarily or permanently turned off. As long as there is
only a single emitting fluorophore left at one time within a diffraction-limited
spot, it can be localized to high precision via a FIONA type of measurement.
The process is then repeated many times, and the full high-resolution image is
reconstructed (more on super-accuracy and super-resolution later).

Most super-accuracy and super-resolution techniques rely on imaging
single molecules. The technology for single-molecule biophysics was pio-
neered in the late 1970s by a handful of researchers. In 1976, Sakmann and
Neher developed a patch clamp technique that allowed them to measure
the electrical currents across single ion channels (Neher and Sakmann,
1976). In 1986, Ashkin ef al. invented optical tweezers that enabled several
scientists to characterize many biomolecules at the single-molecule level by
applying forces as small as several piconewtons (pN) and measuring nano-
meter-to-Angstrom-sized movements (Abbondanzieri ef al., 2005; Ashkin
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et al., 1986, 1990; Block et al., 1990; Bustamante et al., 1994; Mehta ef al.,
1999; Moffitt et al., 2006; Vale et al., 1985). In 1989, Moerner and Kador
reported the first detection of single molecules in a solid at the cryo
temperatures (Moerner and Kador, 1989). This was quickly followed in
1990 by Orrit and Bernard who dramatically improved the signal-to-noise
ratio by using fluorescence (Orrit and Bernard, 1990). This was then
followed by Soper ef al.’s (1991) observation of single fluorophores at room
temperature using far-field microscopy and Betzig et al.’s near-field optical
microscopy (Betzig and Chichester, 1993; Betzig and Trautman, 1992). These
discoveries and the invention (Axelrod, 1989) and use (Funatsu et al., 1995;
Vale et al., 1996) of total internal reflection fluorescence microscopy (TIRF)
led to imaging of single fluorophores and fluorescent proteins (FPs) using
wide-field microscopy at room temperature. Since then, there has been a
dramatic increase in the number of single-molecule experiments.

Modern super-resolution techniques such as single-molecule high-
resolution imaging with photobleaching (SHRIMP) or single-molecule
high-resolution colocalization (SHREC) rely on sequentially and accurately
localizing single molecules (Balci et al., 2005; Gordon et al., 2004).
SHRIMP achieves 10 nm resolution and uses two (or more) identical
fluorophores (or FPs). One of the identical dyes is turned oft by a permanent
photobleaching, which occurs stochastically upon excitation. SHREC
(Churchman et al., 2005; Toprak and Selvin, 2007) and similar techniques
(Michalet et al., 2001) reach 8-10 nm resolution using two photostable
organic fluorophores, or quantum dots (Lagerholm et al., 2006; Lidke et al.,
2005), that have spectrally distinct wavelengths. Photoactivated localization
microscopy (PALM) (Betzig et al., 2006; Shroft et al., 2007) and fluores-
cence photoactivated localization microscopy (FPALM) (Hess et al., 2006),
achieve about 25 nm resolution using photoactivatable fluorescent proteins
(FAPs). FAPs are variants of FPs that can be turned on and oft by a UV laser
pulse, and then made to emit with a second longer-wavelength laser pulse.
Stochastic optical reconstruction microscopy (STORM) is another super-
resolution technique which essentially uses the same algorithm as (F)PALM.
Although STORM formally includes FAPs, it mostly uses a wide variety of
photoswitchable organic probes (Bates et al., 2007; Huang et al., 2008a).
It also achieves about 25 nm resolution.

Finally, there are two methods for getting super-resolution that do not
need single fluorophores. The first one is structured-illumination micro-
scopy (SIM) (Gustafsson, 2005, 2008; Kner ef al., 2009). SIM can currently
achieve twofold better (~ 120 nm) optical resolution than classical optical
microscopy, although using nonlinear techniques, the resolution is formally
unbounded. The second method 1s called stimulated emission depletion
microscopy (STED; Hell, 2007; Hell and Wichmann, 1994; Klar et al.,
2000; Willig et al., 2006). STED works by transiently turning oft all
fluorophores in the focal region, except those located at the zero of a



4 Erdal Toprak et al.

second, overlapping beam (the STED beam). It has achieved 16 nm resolu-
tion with organic fluorophores (Westphal and Hell, 2005) and 65 nm
resolution at video rates (Westphal ef al., 2008). STED’s ability to acquire
data rapidly is one of the unique aspects of the technique, compared to the
single-molecule methods.

Finally, improved optics and microscopy is only one part of the solution for
achieving high-resolution images. In the case of fluorescence, there is the
nontrivial problem of specifically labeling biomolecules, particularly in the cell.
Fortunately, there are FPs, thatis, green fluorescent protein (GFP) and its many
different colored derivatives (Giepmans ef al., 2006; Shaner ef al., 2008). These
are genetically encodable probes that enable perfect alignment with the
biological molecule of interest. Of course, FPs have their own problems.
They are not compatible with staining of tissue samples that are not already
genetically encodable. There can also be problems of functionality because of
the large size of FPs (~ 5 nm and larger for oligomers; Ormo et al., 1996). More
significantly, FPs are not sufficiently photostable and bright enough to see a
single one (Shaner et al., 2008). This is especially true if one wants to look for an
extended period of time, that is, more than a few seconds. There are examples
of single GFPs detected, particularly in vitro (Pierce et al., 1997), and for six
GFPs in vivo (Cai et al., 2007), but photostability of FPs remains a major
problem (Shaner ef al., 2008). Chemically synthesized organic fluorophores
also have major problems, particularly for getting past the cell membrane and
staining their targets specifically. The fluorophores are generally negatively
charged to prevent them from aggregating, but this makes it very difficult to
penetrate into the cell. Fluorescein derivatives, including fluorescein acetates/
esters (Rotman and Papermaster, 1966) and FLASH (for fluorescein-based
arsenical hairpin binder) and ReASH (for resorufin-based arsenical hairpin
binder) (Griftin ef al., 1998), get through the membrane, but are not suffi-
ciently photostable for single-molecule detection (Park et al., 2004). Other
dyes, such as tetramethylrhodamine, pass through the membrane but label
nonspecifically. Finally quantum dots, which are very promising colloidal
fluorescent particles, are very big (>3-20 nm) and therefore neither easily
get into cells nor label organelles specifically (Michalet et al., 2005).

2. GETTING SUPER-ACCURACY

Super-accuracy was first shown in a biological setting in 1996 when
Schmidt et al. achieved 30 nm accuracy in single-molecule diffusion
(Schmidt et al., 1996). The accuracy with which you can determine the
position of the particle is limited by the number of photons emitted
(or absorbed), and a few other parameters. Figure 1.1 shows a (fluorescent)
image of a single dye. The accuracy is determined by how well you can
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Figure 1.1 CCD image (left) of a fluorescent dye and corresponding emission pattern
(right). The width (w) is ~250 nm, but the center can be located to within w/\N, where
N = 10*, is the total number of photons, making the center’s uncertainty +1.3 nm.

locate the center of the fluorescence distribution. Thompson et al. showed
experimentally that they could localize a fluorescent bead with up to ~2 nm
accuracy and derived a relationship for the accuracy (see Thompson ef al.,
2002, Box 1). The accuracy is approximately equal to the width, or the
diffraction limit of light, divided by the square root of the number of
photons. The diffraction limit is typically A/2NA where 4 is the wavelength
of the emitted light and NA is the numerical aperture of the collecting lens.
For visible light (1~ 500 nm), NA = 1.4, and 14,000 photons collected in
Fig. 1.1, one can locate the centroid of the distribution with ~1.3 nm
accuracy. Obviously, this is much better than the diffraction limit of light.
There are a few other parameters that come into determining the
accuracy. One is the size of the detection pixel with which the fluorescence
is imaged. Obviously, if the pixel is too large, you cannot resolve the point
spread function (PSF). If the pixel is too small, the signal-to-noise ratio
diminishes and the PSF may become anisotropic (Enderlein ef al., 2006).
In most cases, using ~85-120 nm (or a 150-250x magnification onto
the typically 16-24 um CCD (charge coupled devices) pixels) works well.
The other issue is the background noise, either stemming from the detector,
or from the sample in the form of autofluorescence. The former can be
essentially eliminated with the advent of super-quiet, back-thinned, elec-
tron multiplying charge coupled devices (EMCCDs). Autofluorescence can
be greatly minimized if your sample can be excited by a thin strip of light at
the water—glass interface (Fig. 1.2). This is common, for example, in in vitro
measurements where the sample is stuck down to the glass coverslip or slide,
or in vivo measurements, where one is interested in looking at the cell
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Figure 1.2 Schematics of total internal reflection. (A) In TIR, an excitation light
enters a sample at a large angle such that it totally reflects at an glass (nq)—water (1,)
interface. However, a small amount of energy enters the water, which exponentially
dies away with about a 60 nm decay length. Consequently, fluorophores at the interface
will be excited, but those beyond ~ 100 nm will not be excited. (B) There are two ways
of exciting TIR. One is a prism type, and the other is an objective type. A prism type
was initially the most popular, and still has certain advantage, but with objective lenses
that are quieter, this has become the most popular and sensitive. Adapted from Selvin
and Ha (2007).

membrane. The thin strip of light is created by exciting the sample with
TIRF (Fig. 1.2).

In TIRF, the excitation light comes in at a large angle such that the light
is totally internal reflected at the interface between the glass coverslip
(or slide) and the water immersing the sample. Despite the complete
reflection, there is a small amount of energy that reaches the sample. This
energy dies away with a decay length (1/¢) of ~60 nm, depending on the
refractive indices of the two adjacent media. Hence, it excites your sample,
but not the fluorophores above it. Of course, this is only good when the
fluorescence is near the surface. A detailed description of building a custom-
made TIRF setup for single fluorophore imaging can be found in the third
chapter of the Single Molecule Techniques book edited by Selvin and Ha
(2007).
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Finally, there is a problem of how long the fluorescence lasts. We have
found that adding the enzymes protocatechuic acid (PCA)/protocatechu-
ate-3,4-dioxygenase (PCD) makes the fluorophores very stable, lasting from
30 s to several minutes (Aitken ef al., 2008). We initially used glucose
oxidase and catalase, but found that the enzyme underwent some formula-
tion changes (in the United States) and was no longer available in its original
formulation (Yildiz et al., 2003). (The catalase was made by Roche, from
horses. In the United States, they switched to a molecular biology formula-
tion, which we found did not work as well.)

3. CALCULATING SUPER-ACCURACY

The fundamental goal is to determine the center, or mean value of the
distribution, it = (xg, o), and its uncertainty, the standard error of the mean
(6,). 0, tells you how well you can localize the fluorophore. The relation
between ¢, and the number of collected photons (IN), the pixel size of the
imaging detector (a), the standard deviation of the background (b, which
includes background fluorescence and detector noise), and the width of the
distribution (standard deviation, s;, in direction 7) was derived by Thompson
et al. (2002) in two dimensions:

7 a2/12  8msti?
wW=\\NTTN T e (1)

where the index i refers to the x or y direction. The first term (s7/N) is the
photon noise, the second term is the effect of finite pixel size of the detector,
and the last term is the effect of background.

Control experiments were done to demonstrate the ability to localize a
translationally immobile dye. Figure 1.1 shows the PSF of an individual Cy3
dye attached to a coverslip via a DNA-biotin—streptavidin linkage,
immersed in an aqueous buffer, and obtained with objective-type TIRF
with an integration time of 0.5 s (Woehlke and Schliwa, 2000). For the
highlighted PSF, N = 14,200 photons, a = 86 nm, b = 11, 5, = 122 nm,
s = 125 nm (the full-width-half-max of the distribution, FWHM; = .354
s; & 287 nm). Based on Eq. (1.1), the expected 7, is 1.24 nm in each
direction. Photon noise only (first term, Eq. (1.1)) leads to o, = 1.02 nm,
pixelation (second term, Eq. (1.1)) increases ¢, to 1.04 nm, and background
noise (third term, Eq. (1.1)) increases ¢, to 1.24 nm, showing that photon
n01se is the dommant contributor to g,. A 2-D Gaussian yields an excellent
fit (¥ = 0.994; x> = 1.48; Woehlke and Schliwa, 2000, Fig. S2), with
0, = 1.3 nm, in excellent agreement with the expected value. We note
that fitting Fig. 1.1 with a 2-D Airy disk, which is formally the proper
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function to use, rather than a 2-D Gaussian fit, does not lead to a signifi-
cantly improved fit (Cheezum et al., 2001). We now turn to various
examples of FIONA, namely in vitro, in vivo, in living organism, and with
nonfluorescent tags.

3.1. Kinesin walks hand-over-hand

Kinesin is a dimeric motor protein that walks processively along microtu-
bules for several microns (Block et al., 1990; Vale et al., 1985; Yildiz et al.,
20044a). Kinesin is in charge of moving organelles and lipid vesicles toward
the cellular membrane and has a step size of 8.3 nm (Svoboda ef al., 1993).
This step size was measured using optical tweezers by attaching a micron-
sized bead to the cargo-binding domain. Until 2004, there was an uncer-
tainty about the walking mechanism of kinesin. One of the proposed
models, known as the inchworm model, suggested that one of the two
heads of kinesin was taking an 8.3 nm step and the other head followed
this by another concerted 8.3 nm movement (Hua ef al., 2002; Yildiz et al.,
2004a). The other proposed model was a hand-over-hand model where each
head was taking 16.6 nm steps and becoming the leading and trailing heads
alternatingly. In 2004, two elegant back-to-back publications clearly showed
that kinesin walks hand-over-hand. The first one was done using optical
tweezers with a kinesin mutant that had a truncated stalk (Asbury ef al.,
2003). In this work, Asbury et al. observed alternating fast and slow steps that
suggested that both of the kinesin heads were equally responsible for gen-
erating steps via ATP hydrolysis. The second paper, published by Yildiz et al.
(2004a), used FIONA for directly observing head movements. In this work,
only one of the heads was labeled with a Cy3 dye. The expected head
movements for the hand-over-hand mechanism were alternating ~16.6
and ~0 nm head movements. Indeed, this was the actual step size shown.
Note that, in particular, the 0 nm step size could be inferred from this
experiment. By plotting a histogram of the time between steps, one gets a
function that looks like: y(t) = kiky(te 8" + te ") /(ky — ko), with
each step occurring with a rate constant of k;. With the two rates equal,
this reduces to y(f) = tk*> ¢ *. This result is clearly different from the
exponential decay function expected if the underlying process is a single
step and is Poissonian. The data agree very well with this model (Fig. 1.3D).
Now we know that myosin V (Yildiz ef al., 2003), myosin VI (Yildiz et al.,
2004Db), kinesin, and cytoplasmic dynein (Reck-Peterson et al., 2006) all
use the hand-over-hand mechanism. This is in contrast to an inchworm
mechanism for certain nuclear (DNA) motors (Myong et al., 2007).

The time resolution of early FIONA experiments was limited to
0.3-0.5 s since Cy3 or bifunctional rhodamine dyes were used, and CCD
cameras were slower at that time. Now, we can accurately track single
organic fluorophores using 20 ms exposure times (unpublished results), at
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Figure 1.3 Stepping dynamics of kinesin molecules. (A) A kinesin molecule labeled
with a quantum dot (red filled circle) on one of the microtubule-binding heads
(brown). (B) Two sample traces of kinesin motility. Abrupt 16 nm steps were observed.
(C) The step size distribution of quantum dot labeled kinesin molecules. (D) The
hidden 0 nm step size can be detected because it leads to an initial linear rise. Adapted
from Toprak et al. (2009).

the cost of less total time until photobleaching. A time resolution down to
1 ms when tracking quantum dots is possible. This advance is important for
showing how kinesin acts in vitro at higher ATP concentrations (Toprak
et al., 2009) and for in vivo measurements (Kural et al., 2005; also see later).
As an in vitro example, we labeled kinesin’s microtubule-binding head with
a streptavidin-coated quantum dot (QS655, Molecular Probes; Fig. 1.3B).
We imaged kinesin molecules using 2 or 4 ms exposure times at 5 uM ATP.
This ATP concentration is 16-fold higher and the time resolution 125-250-
fold faster than for our original experiments using Cy3 dyes. We clearly
observed abrupt ~16 nm steps (Fig. 1.3B) (Toprak ef al., 2009). The
average step size was 16.3 = 4.4 nm (Fig. 1.3C).

Also, with quantum dots, because they are so bright, enough photons
can be collected to detect small step sizes. The center-of-mass steps of
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kinesin, for example, has been measured with FIONA to be 8.4 & 0.7 nm
(Yardimeti ef al., 2008), in good agreement with the optical trap value of
8.3 nm (Svoboda et al., 1993). We note that the smallest step size that can be
measured is often not limited by the amount of photons, but rather by the
noise sources such as drift and vibrations.

3.2. Kinesin and dynein in vivo

It is of course desirable to look at molecular motors inside a cell (Kural et al.,
2005). For this goal, we had two problems: how to label them with a
photostable dye, and how to reach high enough of a time resolution
given that the [ATP] is about 2 mM within cells, greatly accelerating the
motor. As mentioned before, it is very difficult to use single fluorophores
inside the cell. Hence, we tracked movements of fluorescently tagged
organelles, such as peroxisomes, for studying the dynamics of motor pro-
teins. Because there were hundreds of GFPs per peroxisome, but they all
moved together, the criteria held for determining the position of a single
molecule with high precision. Furthermore, the GFPs were surprisingly
photostable. Fortunately, the time resolution we needed was about 1 ms,
which was just accessible with our fastest (Andor) EMCCD camera.

Figure 1.4 is the result. We found that the peroxisomes moved in 8.3 nm
steps, which was the value for kinesin and dynein step sizes in vitro. Even
more interestingly, we saw that peroxisomes undergo a saltatory up-and-
back motion, as is common among cargos. Presumably kinesin-1 is respon-
sible for the forward motion, toward the positive-end of the microtubule,
and dynein is responsible for the backwards motion, towards the negative-
end. (Some more recent results suggest that dynein may be able to undergo
forward and backward motion even in the absence of kinesin, possibly due
to the presence of microtubule associated proteins (Dixit ef al., 2008) or
dynactin (Vendra ef al., 2007).) How the transitions between the forward
and backward motion occur remains unclear since they were faster than our
time resolution.

3.3. FIONA without fluorescence

If sufficient contrast can be achieved in bright-field illumination, there is no
reason to use fluorescence to accurately determine the centroid position of
tiny organelles or vesicles. For tracking Xenopus melanosomes, which con-
sist of dark melanin granules, bright-field illumination is sufficient. One
advantage is that a simple microscope setup can be used, although we did
use a rather sophisticated camera (a back-thinned EMCCD, Andor).
Figure 1.5 is one such example. An image is taken, inverted, and a 2-D
Gaussian fit to the resulting PSF, which yields an accuracy of 2.4 nm with a
1 ms acquisition time. This result is verified by piezo-stepper experiments
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Figure 1.4 Kinesin and dynein steps can be detected in vivo using FIONA. (A) A
bright-field image of a Drosophila S2 cell, with a process (long thick object) sticking out
of'it due to actin depolymerization. (B) Looking at the rectangular area via fluorescence
microscopy, two GFP-peroxisomes are visible. The time resolution was 1.1 ms.
(C) The PSF of the GFP-peroxisomes are plotted and the center was determine with
an accuracy of be 1.5 nm. (D) The movement of a cargo being moved in vivo by either
dynein, going away from the nucleus (the (—)-ve direction), or kinesin, going towards
the nucleus (the (4)-ve direction), or switching between the two motors. It walks with
8 nm center-of-mass. Adapted from Kural ef al. (2005).

performed on fixed melanophores where steps of 8 nm can be easily
resolved by using this tracking scheme. We named this technique bright-
field imaging with one nanometer accuracy (bFIONA) (Kural ef al., 2007).
Since bFIONA tracking does not depend on fluorescence, high spatial
resolution is not limited by photobleaching. Furthermore, the absence of
toxic by-products of photobleaching, such as oxygen radicals, makes
bFIONA an appropriate tool to track organelles as long as desired, without
severely harming cells.
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Figure 1.5 bFIONA. (A) The image of a dark melanosome is inverted and then
plotted and fit to 2.4 nm accuracy. (B) Adding nocodozole depolymerizes the micro-
tubules, leaving actin. The 36 nm center-of-mass steps are visible. (C) Both of the dyes
can be tracked very accurately and one can see the transfer from actin to microtubules.
Adapted from Kural et al. (2007).

By tracking melanosomes with bFIONA, we have shown that hetero-
trimeric kinesin-2 (KIF3) takes 8 nm steps (as in the case of conventional
kinesin, KIF5). In cells where microtubules are depolymerized, we could
resolve myosin V stepping as well. Our results also imply that intermediate
filaments can hinder the movement of organelles in the cytoplasm since the
uninterrupted run lengths of melanosome transport increased 1.5-fold in the
absence of intermediate filaments.

3.4. FIONA in a live organism

Is it practical to use FIONA in a live organism, as opposed to in vitro or in
cultured cells? To be able to address such a question one needs to make sure
that the target organism can easily be labeled, which often means via genetic
engineering, and be optically clear. The tiny nematode Caenorhabditis elegans
was shown to be a perfect model organism for this purpose (Kural et al.,
2009). The subcellular compartments that belong to the neuronal system of
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this worm can be tracked with sub-10 nm localization accuracy in a ~5 ms
time resolution by FIONA.

Fluorescence imaging can be successfully performed on C. elegans
because of its transparent body. Since the mechanosensory nerves are
contiguous and aligned parallel to the cuticle, the fluorophores within
these cells can be excited with TIR illumination if the worms can be
immobilized adjacent to the coverslip. We have found that the ELKS
proteins, which plays a regulatory role in synaptic development, can be
imaged in a punctuate pattern in mechanosensory neurons when it is
genetically labeled with GFP or photoconvertible DENDRA?2 probes
(Fig. 1.6A). 2-D Gaussian fits to the emission patterns of the fluorescent
ELKS spots let us to localize the peak within 4.6 nm in 4 ms (Fig. 1.6B).
The immobilization of the worms is performed by sandwiching them
between a glass support and a coverslip. This is a very straightforward and
effective way of performing stable measurements on simultaneous multiple
worms without using anesthetic reagents that can alter the metabolism of
the nematode. We have verified the vitality of the worms by making sure
that their movement is restored after releasing the pressure between the
glass layers.

Our results suggested that ELKS punctae are motionless in general, but
are occastonally carried by molecular motors (Fig. 1.6C,D). In addition, we
replaced the 15-protofilament microtubules with an 11-protofilament
mutation. Even though this eliminates the touch sensitivity of the worms,
it does not aftect the organization and the punctuate pattern of ELKS. Other
mutations that disrupt degenerin/epithelial Na* channel formation or
interrupt their association with the epidermis (cuticle) also did not have
an effect on the ELKS punctae distribution.

4. REACHING SUPER-RESOLUTION

Optical resolution is the minimum distance necessary to distinguish
two light emitting particles. If two objects are closer than the diffraction
limit (A/2NA), their PSFs overlap and you cannot tell that they are,
in fact, two separate emitting objects (Fig. 1.7). If they are separated by
a distance larger than the diffraction limit, their PSFs are well separated.
To get improved resolution, one can try to decrease the width of individ-
ual PSFs, for example, by using a shorter wavelength of light; or one of
the PSFs can be transiently or permanently photobleached (in SHRIMP,
FPALM, STORM, or STED), or one can minimize the overlap of
the PSFs, by, for example, making them spectrally distinct (in SHREC).
We now go through several of these techniques, listed and summarized in
section 1.
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Figure 1.6 Fluorescently labeled protein complexes can be accurately localized within a
live C. elegans. (A) DENDRAZ2::ELKS spots decorate the mechanosensory neurons along
the C. elegans body. (B) The peak of the two dimensional Gaussian fit to the emission of a
DENDRA::ELKS puncta can be localized within less than 5 nm in 4 ms. (C) A kymo-
graph showing the moving and stationary GFP::ELKS spots in neurons. The displacement
of spots pointed with red, blue and green arrows are shown in (D) with red, blue and
green colors respectively. Adapted from Kural et al. (2009).

4.1. Single-molecule high-resolution imaging with
photobleaching

If there are many fluorescent probes that are within a diffraction-limited
spot, they appear to be a single bright spot. One solution is to sequentially
switch oft these fluorophores, and localizing them one by one. If the
fluorophores are excited simultaneously, they will have a stochastic lifetime
until photobleaching. Let us say there are two fluorophores, called A and B.
If A photobleaches first, then B can subsequently be located with FIONA-
type accuracy. Furthermore, A can then be localized in earlier images by
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Resolved Rayleigh Unresolved
criterion

Figure 1.7 Two point particles at differing distances from each other create a well-
resolved (left), a barely resolved (middle) or an unresolved image. If, however, the two
PSF’s can be resolved such that one particle at a time is imaged, then FIONA can be
applied to each of them and their distances can theoretically be found to a few
nanometers accuracy.

subtracting the photons of B from those of A + B, the former coming from
the time following photobleaching. This technique was called single-molecule
high-resolution imaging with photobleaching (SHRIMP). Figure 1.8 is an
example of two dyes placed apart 329.7 £ 2.2 nm, where they can just be
resolved by fitting a double-peaked Gaussian function to the two PSFs. They
can also be resolved by SHRIMP, where we find 324.6 £ 1.6 nm. Smaller
distances were successfully resolved by SHRIMP. However, smaller distances
cannot be resolved by fitting multipeaked Gaussian functions. Gordon ef al.
(2004) labeled both ends of short DINA pieces (10, 17, and 51 nm) with two
identical fluorophores in order to test the limits of SHRIMP. All of these
distances were successfully resolved. Balci ef al. (2005) later applied the same
approach to measure the inter-head distance of myosin VI molecules labeled
with GFPs on the actin-binding domains.

Qu et al. (2004) independently used the technique (which they called
nanometer-localized multiple single-molecule (NALMS) fluorescence
microscopy) to cover up to five separate fluorophores on DNA. We have
recently applied this technique to study many—up to several hundred—
fluorophores (P.R.S. Paul Simonson, unpublished data). One of the great
advantages of SHRIMP is the convenience of using only one type of
fluorophore for imaging. This feature increases fluorescent labeling efficiency
and also makes imaging straightforward without having to correct any chro-
matic aberrations. A regular TIR F microscope can be used, although one may
want a reasonably powerful laser to make the photobleaching time shorter.

4.2. Single-molecule high-resolution colocalization

SHREC was first introduced by Churchman ef al. (2005) and later by Yildiz
et al. (Toprak and Selvin, 2007). Using SHREC, one can measure distances
larger than 10 nm that are out of the range of single-molecule fluorescence
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Figure 1.8 SHRIMP. Two fluorophores can be imaged (left). When one stochasti-
cally is photobleached, (arrow) the position of the other one can be fit to FIONA
accuracy (middle). Subtracting this from the left-most image yields and fitting with
FIONA, yields the position of the first dye. The agreement between SHRIMP tech-
nique, and normal fitting for (when the dyes are sufficiently far apart to be fit in the
normal way), is excellent. The SHRIMP technique, however, has been shown to
extend down to 10 nm. Adapted from Reference (Gordon et al., 2004).

resonance energy transfer (FRET) and conventional light microscopy
(Ha et al., 1996). SHREC works by differentially labeling two sites of a
biological molecule with two fluorophores that have spectrally different
fluorescence emissions. Unlike FRET, both of the dyes are simultaneously
excited with one or two lasers depending on the dyes. The resulting
fluorescence emission is spectrally split using a homemade or commercial
(e.g., a Dual-view, by Optical Insights) optical apparatus, and imaged with
the same CCD (two separate CCD cameras can also be used if necessary).
One common problem of the technique is the chromatic aberration in the
imaging apparatus. That is, light emanating from a single spot consisting of
two different wavelengths gets focused to different x, y, z spots. This
interferes with the colocalization efficiency. After obtaining the images of
both of the dyes, the images are localized on the CCD coordinates and these
positions are mapped using a second (or higher) order polynomial. The
standard way of assigning the mapping polynomial is imaging multicolor
beads and colocalizing the spectrally split images so that the spectrally split
emission of a fluorescent bead is mapped onto itself.

Churchman et al. used SHREC for measuring the length of short DNA
segments that had Cy3 and Cy5 dyes on both ends. They successfully
demonstrated that distances larger than 10 nm can be measured. They also
monitored the movements of both of the two actin-binding heads of
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Figure 1.9 SHREC. Two fluorophores which emit at different wavelength can be
imaged separately and the position of each dye fit with FIONA-like accuracy. The
minimum distance between the two dyes, that is, the resolution, is approximately
10 nm. In this particular case, a myosin V, which moves with 37 nm center-of-mass,
is labeled with a Bis-rhodamine (blue) and a Cy5 (red) (left). With the Cy5 labeled very
close to the motor domain, a ‘“‘hand-over-hand” motion causes the Cy5 to move
0-74-0-74 nm. The other dye, bis-rhodamine, labeled on the ‘““leg,” translocates by
(37—x) and (37+x) nm, where x is the distance from the center-of-mass. Adapted from
Toprak and Selvin (2007).

myosin V simultaneously. One of the heads was labeled with Cy3 and the
other head was labeled with Cy5. Churchman et al. showed that each head
was taking a 74 nm step after hydrolyzing an ATP molecule and the heads
were alternating between trailing and leading positions. Similar experiments
were later independently conducted by Yildiz et al. for exploring the
stepping mechanism of myosin V further (Toprak and Selvin, 2007). As is
shown in Fig. 1.9, two CaMs were differentially labeled with Cy3 and Cy5.
The results were confirming the experiments of Churchman et al. except
that a larger variety of events was observed since CaMs were labeled instead
of the heads. Similar dynamics were also observed by Warshaw et al. (2005),
where they used quantum dots instead of dyes. Similar approaches have
been applied to photo-blinking quantum dots and fluorophores as well
(Lidke et al., 2005; Rosenberg ef al., 2005).

4.3. PALM and STORM

SHRIMP and SHREC are extremely effective when the number of fluor-
ophores is limited. However, they are not sufficient to be able to resolve the
structure of a complex molecule that is labeled with a high density of
fluorophores. In order to overcome this difficulty, a number of groups
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used a laser to activate a dye, and then another different-wavelength laser to
excite the activated dye. Because only a small number of dyes were activated
at any one time, very good resolution could be achieved. Two groups used
PALM and FPALM based on a photoswitchable GFP (Patterson and
Lippincott-Schwartz, 2002; often related to EosGFP; Wiedenmann et al.,
2004). They used intense irradiation with 413-nm wavelength, which
increased fluorescence 100-fold upon excitation with 488-nm light. They
showed that they could get ~25 nm resolution in fixed cells, although the
initial observations took 24 h of microscopy time (Fig. 1.10; Betzig et al.,
2006; Hess et al., 2006). One group has extended this to a second, difter-
ently colored FP and shortened the total time to 5-30 min (Shroff ef al.,
2007). Unfortunately, this has not been achieved (yet) in living cells.

To get more colors in a photoswitchable way, STORM uses conjugates
of two different organic fluorophores (Bates ef al., 2005, 2007; Huang et al.,
2008a, 2009). Formally, STORM includes all aspects of (F)PALM, includ-
ing FAP, but often what is used are photoswitchable dyes. These had the
surprising and favorable characteristic of being turned on and oft several
times (Bates et al., 2005), as well as having many color combinations. The
dye pair, called the ““activator” and the “‘reporter’” and both fluorescent
probes, have to be in close proximity—a few nanometers—in order to
facilitate photoswitching. (The photophysics is not really understood at
this point.) For this purpose, the reporter and activator pairs can be conju-
gated to antibodies, double-stranded DINA molecules, or can be linked
covalently. The reporter fluorophore is often a cyanine dye (generally
Cy5, Cyb5.5, or Cy7), and a proximal fluorophore with a shorter

Correlative PALM-EM imaging

TIRF

Figure 1.10 Images taken with TIRF, PALM, and by EM. The increased resolution of
PALM is evident, and the structure correlates well with EM. Adapted from Betzig et al.
(2006).
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wavelength (e.g., Cy2 or Cy3) is used as the activator. Because a wide
variety of activator—reporter pairs are available, it is possible to simulta-
neously use several different pairs, which give differing excitation or emis-
sion wavelengths. For example, the pairs Cy3—Cy5 and Cy3—Cy5.5 can
both be used, where Cy3 requires a single wavelength to activate, but Cy5
and Cy5.5 emit at distinct wavelengths. Or Cy2—Cy5 and Cy3—Cy5 can be
used where Cy2 and Cy3 require different excitation wavelengths but in
both pairs the final signal (coming from Cy5 in both cases) is detected at the
same wavelength. The latter has the advantage that chromatic aberrations do
not have to be accounted for.

Molecules that are labeled with a high density of activator—reporter pairs
can be imaged with sub-diffraction-limit resolution (up to 20 nm) with
STORM (Fig. 1.11A). Only one dye pair is turned on in a diffraction-
limited spot, and a FIONA-type image is taken. The process is then
repeated many times, developing a high-resolution image. The Zhuang
group managed to perform STORM on fixed cells where different intra-
cellular molecules could be imaged in multiple colors (Bates et al., 2007).
They also could extend the high-resolution localization to the third ()
dimension with up to ~50 nm axial resolution by making use of the
ellipticity of individual PSFs introduced by cylindrical lenses inserted in
the emission path (Fig. 1.11B; Huang ef al., 2008a).

A potentially important new derivative has been added to the STORM
repertoire called direct STORM (dSTORM). It has the advantage of not
using dimers of fluorophores. Rather it relies on a single fluorophore,
sometimes in the presence of reducing agents, sometimes in the presence
of air-saturated solution (van de Linde et al., 2008, 2009). The molecules go
into a metastable dark state and are hence turned oft, while STORM is
acquired. Approximately 20 nm resolution is achieved. Because only a
single dye is used, there are no problems with chromatic aberrations, and
it is very simple because only one excitation laser is used.

4.4, Stimulated emission depletion microscopy (STED)

Invented by Stefan Hell, STED is unlike other techniques in that it is not
limited to single molecules. It also uses “‘normal,” albeit bright, fluoro-
phores, rather than tandems of fluorophores. It also does not require any
chromatic (or other) correction. In STED, as in conventional fluorescence
techniques, a fluorophore is driven into its excited state and then proceeds
to relax within a few picoseconds into the vibrationally lowest electronically
excited state. At this point, it can make a transition to the ground state by
either emission of a photon, that is, fluorescence, or nonradiative decay. So
far, this is all the “normal” part of the fluorescence process. However, Hell
applies a second beam that stimulates the excited state to spontaneously
revert back down to a vibrationally upper state of the electronic ground state
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Figure 1.11 STORM can resolve structures smaller than the diffraction limit both in
2-D and 3-D. (A) RecA-coated circular DNA is imaged by immunofluorescence (top)
and STORM images reconstructed as shown at the right (scale bars = 300 nm).
(B) The mitochondrial network of a BS-C-1 cell is imaged with 3D STORM (scale
bar = 1 mm). Adapted from Huang ef al. (2008b).

(Fig. 1.12A). The probability for this event depends on the strength of the
second beam. So, if a doughnut shape is made out of the beam, it will
selectively depopulate those fluorophores (Fig. 1.12C), resulting in a sharper
PSF and hence better spatial resolution. One of many impressive pictures of
fixed cells is shown in Fig. 1.13.

Finally, Hell realized that the usual approximately twofold worse resolution
in the z-axis (~500-700 nm) compared to the x—y axis (~200-300 nm) is
due to the geometry, or symmetry, of the microscope objective. In the
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Figure 1.12 STED microscopy. STED consists of two laser beams: one which forms
the normal fluorescence excitation beam (green); the other, called the STED laser,
which causes relaxation of select fluorophores (red). These get forced to relax by
stimulated emission. By putting in a phase mask in the STED laser, it can be made to
form a doughnut-like shape. When combined with the excitation pulse, the resultis a
very narrow PSF. Adapted from Huang et al. (2009).

z=0nm

Figure 1.13 A variant of STED which forms a nearly spherical focal spots of 40-45 nm
or I/16, in diameter. It can take a series of z-dimensions of a cell containing mitochon-

drion (A) and the image is then reconstructed (B). Reproduced with permission from
Schmidt ef al. (2008).
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z-direction, only the light going towards the objective is collected, whereas in
the x—y plane, all of the light is collected. The solution is to add another lens in
the z-direction to collect more of the light. In addition, and most importantly,
the sample is excited from both directions and the two beams interfere. The
technique has been called 4Pi for scanning microscopy (Hell and Stelzer, 1992;
Hell et al., 2009), or I5M for wide-field illumination (Gustafsson ef al., 1999).

5. FUTURE DIRECTIONS

High accuracy and high-resolution microscopy has progressed tre-
mendously in the past 10 or so years. A challenge that remains is to examine
live cells, as the advances so far have been limited to in vitro samples and
fixed cells. Looking at living cells, living specimens, and ultimately actual
human tissues are the next steps. But here, the problem of autofluorescence
and scattering is challenging. Perhaps nonlinear microscopy with its low
scattering cross-sections is a favorable technique (Denk ef al., 1990; Larson
et al., 2003). New ways of specifically targeting fluorophores, especially
smaller quantum dots (Michalet ef al., 2005; Smith and Nie, 2009), are badly
needed. Perhaps then we can truly talk about seeing molecular changes in
live samples in the optical microscope.
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