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Abstract

Superresolution fluorescence microscopy permits the study of biological processes at scales small
enough to visualize fine subcellular structures that are unresolvable by traditional diffraction-
limited light microscopy. Many superresolution techniques, including those applicable to live cell
imaging, utilize genetically encoded photocontrollable fluorescent proteins. The fluorescence of
these proteins can be controlled by light of specific wavelengths. In this review, we discuss the
biochemical and photophysical properties of photocontrollable fluorescent proteins that are
relevant to their use in superresolution microscopy. We then describe the recently developed
photoactivatable, photoswitchable, and reversibly photoswitchable fluorescent proteins, and we
detail their particular usefulness in single-molecule localization—based and nonlinear ensemble—
based superresolution techniques. Finally, we discuss recent applications of photocontrollable
proteins in superresolution imaging, as well as how these applications help to clarify properties of
intracellular structures and processes that are relevant to cell and developmental biology,
neuroscience, cancer biology and biomedicine.
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INTRODUCTION

Optical imaging using genetically encoded fluorescent proteins (FPs) is arguably the most
widely used approach for noninvasive studies of biological processes at different scales
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(from molecules to organisms). Because of light’s diffraction limit, however, the inherent
nature of light microscopy limits its ability to visualize objects with sizes smaller than 200
nm in the lateral direction and 500 nm in the axial direction. This poses a problem for
imaging small, abundant subcellular structures that have sizes in the tens of nanometer
range. To overcome this obstacle, several superresolution imaging techniques have been
invented (6, 29, 35, 36, 63). These techniques make it possible to obtain images with
exquisite spatial resolution and therefore are now widely used by researchers.

FPs enable straightforward and specific labeling of cells without a need to deliver any
additional substances. Modern FPs are available in various forms. In this review, we focus
on light-controllable FPs whose fluorescence is regulated by light irradiation of specific
wavelengths. These FPs can be classified into three forms: photoactivatable FPs (PAFPS),
photoswitchable (also called photoconvertible) FPs (PSFPs), and reversibly photoswitchable
FPs (rsFPs). PAFPs undergo activation from a nonfluorescent (dark) state to a fluorescent
state, whereas PSFPs can be converted from one fluorescent state (or “color”) to another. In
contrast to PAFPs and PSFPs, which can be photoconverted only once, rsFPs can be
photoswitched repeatedly between fluorescent and nonfluorescent states. We refer to these
light-controllable FPs as photocontrollable FPs. Although the brightness, photostability, and
photoactivation characteristics of organic dyes and other fluorophores can be superior to
those of photocontrollable FPs, these substances require sophisticated approaches to increase
labeling specificity and to deliver them to biological cells. The simplicity and specificity of
labeling proteins of interest with photocontollable FPs have made these proteins increasingly
popular tools for superresolution imaging.

In recent years, the engineering of new photocontrollable FPs has been spurred by their
applicability to superresolution microscopy. As a result, researchers may now choose among
many photocontrollable FPs. The optimal choice depends on the particular imaging
technique. All photocontollable FP-based superresolution methods image fluorophores
separately over time by controllably turning them on and off. Two strategies have been
employed to construct a superresolution image (Figure 1). One strategy is based on
localizing individual fluorophore molecules through cycles of stochastic activation of a
small subset of photocontrollable FPs in a densely labeled structure (6, 36). This approach
was first demonstrated in the similar techniques called photoactivated localization
microscopy (PALM) (6), fluorescence PALM (36) and stochastic optical reconstruction
microscopy (63), and has been expanded to include different single molecule—based PALM
variations. The second strategy uses nonlinear optical approaches (29, 35) to reduce the spot
size of an ensemble of excited photocontrollable FPs (38). This technique is called
reversible saturatable optical fluorescence transition (RESOLFT) imaging.

In this review, we survey photocontrollable FPs and their uses in PALM and RESOLFT
superresolution imaging techniques. For an in-depth description of other superresolution
techniques we refer readers to the recent reviews (33, 43, 57). We first discuss the
conceptual bases of the two superresolution imaging strategies, highlighting critical
parameters important for each strategy to work. We then review modern photocontrollable
FPs, along with their advantages and limitations for use in superresolution microscopy.

Annu Rev Biophys. Author manuscript; available in PMC 2015 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Shcherbakova et al.

Page 3

Finally, we consider how PALM and RESOLFT superresolution imaging have helped
clarify different biological questions.

OPERATIONAL PRINCIPLES OF PHOTOCONTROLLABLE PROTEIN-BASED
SUPERRESOLUTION TECHNIQUES

Conceptual Basis of Photoactivated Localization Microscopy (PALM) and Related Single-
Molecule Techniques

The development of advanced microscopy instrumentation has now made detection of a
single fluorescent protein possible (46). The focused emission from a single protein
molecule produces a diffracted, blurred spot with an intensity profile represented by the
point-spread function (PSF) of the microscope. For high numerical aperture (NA) lenses and
visible light, the size of this spot is approximately 200 x 500 nm in the lateral and axial
dimensions, respectively. The intensity profile of this spot (i.e., the PSF) can be fitted with a
two-dimensional Gaussian, and its center can be localized to within tens of nanometers (82).

Because the image produced by a single molecule is distended (i.e., a blurred spot),
fluorescing protein molecules present within a distance less than the dimension of this spot
(i.e., the diffraction limit) cannot be distinguished because their individual images are
merged. However, if one can ensure that simultaneously fluorescing FPs are spread further
from each other than this diffraction-limited distance, each FP can be individually localized.
PALM exploits this concept. This technique achieves an appropriate separation distance
between fluorescing molecules via stochastic activation of small subsets of
photocontrollable FPs within a densely labeled structure using low-intensity light (Figure
la—c) (6, 36, 63). The activated molecules are imaged, localized, and then deactivated by
permanent photobleaching or by turning the fluorescence off. This process is repeated
thousands of times to accumulate millions of molecular positions. This imaging concept has
been implemented using total internal reflection fluorescence (6) and epifluorescence (36,
63) imaging geometries, as well as using photocontrollable FPs (6, 36) and synthetic dyes
(63). All types of photocontrollable FPs, such as PAFPs, PSFPs and rsFPs, are suitable for
single-molecule based superresolution imaging.

Resolution of Photoactivated Localization Microscopy (PALM) and Related Single-
Molecule Techniques

The spatial resolution of single-molecule superresolution microscopy depends on how well
the individual molecules are localized and how densely they are localized in a labeled
structure. The accuracy of localization is equivalent to the precision, such as standard
deviation, with which the center of a single FP image (i.e., the diffraction spot) can be
determined by mathematical fitting (Figure 2a). The value of this localization precision (o)
scales with the inverse square root of the number of detected photons (82). A full-width half
maximum (FWHM) of an intensity profile can characterize the spatial resolution. For a
Gaussian distribution, the FWHM approximately corresponds to 2.355 0. The
experimentally measured localization precision is often worse than the theoretically
predicted value (Figure 2b).
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The density of localized molecules critically influences the spatial resolution (57) because at
least two proteins must be localized across the smallest unit of resolution in a
superresolution image (Figure 2c¢). This requirement, formulized by the Nyquist-Shannon
sampling theorem (67), sets an upper limit to the resolution that can be attained in PALM
using photocontrollable FPs with a size of approximately 2.5 nm and a limited labeling
density. Typical single-molecule densities vary in the range of 108-10° molecules per square
micrometer, which corresponds to a maximum achievable resolution of 6-48 nm (54).

As discussed above, PALM and related techniques sequentially acquire up to tens of
thousands of raw images, each containing a small subset of fluorescing molecules. This
limits the acquisition speed and the ability of a technique to image dynamic processes,
decreasing the temporal resolution. Recently, several PALM techniques using rsFPs have
been developed, allowing faster acquisition speed. One such technique is PALM with
independently running acquisition (PALMIRA) (18), which utilizes spontaneous off-on-off
cycles of an rsFP without synchronization to a detector. The same light of selected intensity
is used to stochastically switch off the majority of molecules, leaving a small subset in the
on state, and to excite these remaining sparsely distributed molecules. PAFPs and PSFPs can
also be used in PALMIRA, provided that the activation and imaging illuminations are
continuously on. In another such technique, called stroboscopic PALM (s-PALM) (19), a
two-color illumination is applied. Continuous light is used for switching off fluorophores
and for excitation, and pulsed activating light is used for switching the rsFP molecules to the
on state. However, faster acquisition time in these techniques comes at the cost of resolution
due to the low number of acquired photons per cycle. rsFPs have been also applied to
photochromic stochastic optical fluctuation imaging (pcSOFI), a single-molecule imaging
technique that analyzes the statistics of temporal fluctuations of fluorescence pixel-by-pixel
without localization of molecules (16). pcSOFI is characterized by easy technical
implementation and a high speed of data acquisition.

Conceptual Basis and Resolution of Reversible Saturatable Optical Fluorescence
Transition (RESOLFT) and Related Ensemble Techniques

The ensemble-based superresolution imaging approaches are based on an optically driven
saturatable transition of rsFPs between a fluorescent and a dark state. A patterned beam of
light is used to illuminate the sample in a nonlinear fashion, confining a fluorescent
diffraction-limited spot (29, 35).

Two strategies can be used to achieve spatial light modulation in order to confine a
fluorescent diffraction-limited spot. In one, a structured illumination microscopy (SIM)
approach called saturated SIM (SSIM) (29), the sample is illuminated by patterned
excitation light obtained by combining two interfering light beams. The pattern is scanned
and rotated, after which the resulting images are combined to obtain a final image. In a
second approach, stimulated emission depletion (STED) microscopy, the doughnut-like
beam suppresses the fluorescence of molecules in a focal spot of the excitation laser via
photon-induced deexcitation (35). Scanning the two beams across the sample and recording
fluorescence produces the resulting image. The STED beam uses light intensities that are
above FP saturation levels (32). These high intensities are needed to increase the probability
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of photons interacting with fluorophores in the short time corresponding to the lifetime of
the excited state. The diameter of the confined fluorescent spot scales approximately with
the inverse square root of the STED beam intensity (33). Typically, light intensities of ~100
MW/cm? are required to reach a resolution of 40 nm (34); such high intensities can be
damaging to biological samples. To reduce the required light intensities, other transitions
between fluorophore states have been utilized. In ground-state depletion (GSD) imaging, for
example, the fluorophores are switched off by a transient transfer to the generic metastable
dark (triplet) state, allowing lower-intensity light to be used (20). Note that SSIM, STED,
GSD, and their modifications typically utilize permanently fluorescent FPs.

Recently, patterned illumination techniques have advanced towards live-cell imaging using
comparatively low light intensities. A STED-like approach known as RESOLFT depletes
the overall fluorescence by switching rsFPs between their fluorescent and dark states (Figure
1d-f) (32). The nonlinear technique SIM has also been adapted for use with low light
intensities and rsFPs as probes (60)

Spatial resolution in RESOLFT and other patterned illumination techniques can be
characterized by FWHM of the intensity profile, which corresponds to a cellular structure
(Figure 3a). To obtain enough data points to satisfy the Nyquist criterion of resolution (66,
67), the scanning step should be smaller than half the desired resolution (Figure 3b). The
resolution possible in RESOLFT and similar patterned light illumination techniques sets
strong requirements for rsFPs. Earlier imaging beyond the proof of principle (15, 38) was
not possible because the early rsFPs bleached quickly. The three overlaid beams for
switching on, switching off, and exciting fluorescence scan the sample, so the same rsFP
molecules have to withstand many cycles of photoswitching to obtain high resolution
(Figure 3c). As an estimate, to reach a tenfold increase in resolution, the probes must be
switched 100 times for two-dimensional imaging and 1,000 times for three-dimensional
(3D) imaging, with no loss of fluorescent signal (34). One study demonstrated that a fatigue
resistance of more than 1,000 switching cycles before bleaching to 50% is compatible with
RESOLFT imaging of live mammalian cells (25).

PHOTOCONTROLLABLE FLUORESCENT PROTEINS AS TOOLS FOR
SUPERRESOLUTION MICROSCOPY

Photophysical and Biochemical Properties of Photocontrollable Fluorescent Proteins

Superresolution imaging involves photomanipulation of photocontrollable protein
molecules. PALM imaging of single molecules requires consideration of their unique
photophysical and biochemical properties, which are often overlooked in ensemble
microscopy techniques. As discussed above, during a PALM experiment, individual PAFP
and PSFP molecules undergo a sequence of three distinct events: photoconversion,
fluorescence emission, and photobleaching. The optimal implementation of PALM depends
critically on the tight modulation of these three processes. Because the photophysical
properties of a single photocontollable FP molecule that influences these processes
determine the number of FPs detected, as well as their precision of their localization, these
properties thereby determine the final resolution of the PALM image. In contrast, other

Annu Rev Biophys. Author manuscript; available in PMC 2015 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Shcherbakova et al.

Page 6

specific photophysical properties of rsFPs are required to obtain high resolution in
RESOLFT. rsFP molecules used for RESOLFT should be characterized by a fatigue
resistance high enough to withstand many cycles of photoswitching using light of intensities
high enough to considerably saturate most of the molecules in the diffraction-limited spot.
Below, we discuss properties of photocontrollable FPs that affect their performance in
PALM and RESOLFT.

Properties affecting single-molecule localization—The number of photons collected
from a single FP determines both the probability of successfully detecting it and the
localization accuracy of such a detection (Figure 2). Thus, factors affecting the number of
photons emitted by an FP critically influence performance of PALM. One such key factor is
the brightness of a single FP, which is a measure of the number of photons emitted per
second by the FP. This molecular brightness depends on single-molecule properties such as
the excitation cross-section, the quantum efficiency of emission, and the photon emission
rate. The single-molecule brightness of an FP can have a value higher than that of the
corresponding ensemble (73) when nonproductive transitions into dark states compete with
fluorescence emission, thereby decreasing the average brightness value. Besides the
molecular brightness, the total number of photons emitted per molecule before
photobleaching (i.e., the photon budget) also influences the photon number.

Undesirable reversible and irreversible light-induced and thermal transitions also affect the
detection and localization accuracy of individual FPs. In single-molecule localization
techniques, spontaneous blinking of fluorophore molecules (17) is a notable problem (64).
Blinking and other nonproductive competing fluorophore transitions into nonfluorescent
states influence the quantum yield of photoconversion, which corresponds to the probability
that a molecule will undergo photoactivation upon an absorption of a photon. FP blinking
may decrease the number of photons collected, which can hamper the detection of single
FPs and degrade their localization accuracy. This phenomenon may also complicate the
precise localization of single molecules, as blinking molecules may be counted and localized
several times, and fluorescence may be detected from several molecules that are not
separated by a distance larger than the diffraction spot.

Another important parameter is photoactivation contrast (43, 57, 65), which is determined
from the increase in fluorescence signal among molecules in the photoconverted state
(Figure 2). This parameter depends on the rate of photon emission in the photoactivated
state, the level of residual emission in the dark state, and a probability of spontaneous
thermal activation. Photoactivation contrast is crucial in single-molecule imaging, in which
relatively high background autofluorescence can interfere with the detection of single
molecules. Higher photoactivation contrast results in the collection of larger numbers of
photons over the background signal, facilitating the detection of single FPs and increasing
the localization precision of the photocontrollable FPs.

The photoswitching rate is an important parameter in both single-molecule and ensemble
superresolution imaging. ldeally, this rate should allow fast enough photoactivation that low
light intensities can be used, with minimal spontaneous thermal activations. However,
photoswitching on rates should be slow enough to allow controlled photoconversion without
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overcrowding photoconverted molecules. In addition, rsFPs that exhibit slow switching off
rates enable collecting a sufficient number of photons per molecule.

Properties affecting density of localized molecules—The density of localized
molecules in a labeled structure is influenced by labeling density and the number of
molecules undergoing activation, which correlates with the quantum yield of
photoconversion and the photoactivation contrast. Poor labeling density may result from
inefficient protein maturation. In addition, the density of localized molecules depends on the
photon budget because there is a distribution of total photon numbers emitted by all the
molecules and because the specific localization precision sets a threshold for including the
molecules in the analysis. One can exclude dim molecules with low signal-to-background
ratios and low localization precision from the analysis, but doing so results in a loss of
resolution according to the Nyquist criterion. Consequently, a higher value of
photoactivation contrast contributes to enhanced image resolution by increasing both the
number of molecules localized and their average localization precision.

Properties affecting fatigue resistance—The photoswitching rate of rsFPs affects
their fatigue resistance, defined as their ability to be switched multiple times without loss of
brightness. As discussed above, this is an important parameter in ensemble superresolution
techniques, such as RESOLFT, that involve multiple photoconversion events of rsFPs
between bright and dark states (Figure 3). Faster switching rates enable rsFPs to undergo
more photoswitching cycles (26) because the per-cycle light dose is lower. However, there is
a trade-off between the length of a photoswitching cycle and signal-to-background ratio. The
fatigue resistance also depends on the excitation light intensity, irradiation setup, imaging
conditions, and illumination time in each cycle.

Biochemical properties—The process of folding and chromophore formation, also
called maturation, depends on the nature of the chromophore, the oxygen concentration, and
the temperature. This process can take from a few minutes to several hours. FPs that mature
efficiently and quickly at 37°C perform better in protein fusions. Also, the oligomeric state
and size of FPs are the critical parameters for protein labeling. In most protein fusions, an
FP must be monomeric, as oligomerization would otherwise interfere with the function and
localization of the fusion partner, especially at a high local concentration (87). Substantial
molecular engineering efforts (28, 31, 54, 77) were required to develop monomeric
photocontrollable FPs from naturally occurring FPs, most of which are tetramers or dimers
(12, 77). Alternatively, tandem dimeric versions of FPs, in which two FP protomers of a
dimeric FP are fused together using a flexible linker, and heterotetrameric FP tagging, in
which a protein fused to a protomer of a tetrameric FP is coexpressed with an excess of a
free non-fluorescent tetrameric FP mutant (8), have been used as protein tags. These FPs
behave as pseudomonomers, but they are twofold—fourfold larger and may therefore
interfere with the correct localizations of some fusions, such as those of tubulin and histones
(54).

Considerations for specific applications—The fluorescence of FPs depends on pH
and thus may vary in the physiological context of a cell. FPs with pKj values of 5-6 are
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compatible with studying proteins in the cytosol. In contrast, studying protein fusions in
acidic organelles such as late endosomes and lysosomes requires probes with pK, values of
4 or less.

Most photocontrollable FPs are activated by violet light, which can cause phototoxic effects
in living cells (59). These effects include changes in cell shapes, DNA damage, and
subsequent apoptosis. Still, the typical light intensities used in ensemble and single-molecule
superresolution imaging with photocontrollable FPs are rather low. Photocontrollable
proteins that can be photoswitched and imaged with long-wavelength light, such as
photoswitchable monomeric orange fluorescent protein (PSmOrange) (80) and PSmOrange2
(79), should be considered for live-cell experiments.

Comparison of Superresolution Techniques

Current implementations of both single-molecule localization PALM and ensemble
RESOLFT techniques use similar ranges of light intensities of 1-100 kW/cm2. Arguably,
RESOLFT may use a lower total light dose per live cell because this technique uses point-
scanning, in contrast to PALM, in which the entire imaged area is irradiated during
recording.

Compared with patterned illumination approaches, PALM is easier to implement
technically. In addition to commercially available microscopes, custom-built systems can be
designed (23, 52), and although postacquisition processing is required, many software
programs are available to do so (52). The setup for patterned illumination microscopy is
more challenging than that of PALM, but image acquisition is easier and requires less
postacquisition processing.

Because of the low signal-to-background ratio in a highly absorbing, autofluorescing, and
scattering background, imaging of thick biological samples is challenging for both PALM
and RESOLFT approaches, especially for PALM. Several techniques have been introduced
to permit single-molecule localization in three dimensions, including a biplane fluorescence
PALM (47), a 3D interferometric PALM (iPALM) (71), an astigmatism-based 3D stochastic
optical reconstruction microscopy (42), and a 3D PALM with two-photon illumination (86).
The higher signal-to-background ratio due to imaging of an ensemble of molecules and the
possibility of combining a superresolution technique with a confocal setup make RESOLFT
promising for applications in relatively thick samples (25).

Superresolution imaging of dynamic processes always includes trade-offs between spatial
and temporal resolution. The relatively slow acquisition speed was a limitation in the
original implementation of PALM. This parameter has been improved in recent PALMIRA
(18), s-PALM (19) and pcSOFI (16) techniques, and by using specific algorithms for
scientific complementary metal-oxide—semiconductor cameras (44). There have also been
advancements in the acquisition speeds of ensemble-based techniques. Specifically, the
parallelized RESOLFT has enabled much faster image acquisition, reaching acquisition
times of less than 2 seconds for the 100 um x 120 um field of view (10).
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In contrast to ensemble imaging, single-molecule localization techniques are more suitable
for quantitative studies, as they image individual molecules, which can be counted. In
practice, however, blinking of fluorescent molecules interferes with counting them.
Recently, several quantitative approaches have been reported that account for blinking using
statistical pair correlation analysis (64), optimal spatial- and temporal-threshold-based
grouping algorithms (61), and kinetic modeling (5, 50).

Both ensemble and single-molecule approaches allow researchers to use multicolor imaging,
owing to the availability of a variety of spectrally resolvable photocontrollable FPs (16, 70,
75, 76). Overall, PALM and similar approaches utilizing photocontrollable FPs are widely
used techniques, whereas patterned illumination methods utilizing rsFPs, including
RESOLFT and nonlinear structured illumination, are currently used by a handful of labs but
hold great potential for the future.

MODERN PHOTOCONTROLLABLE FLUORESCENT PROTEINS

Photoactivatable Fluorescent Proteins (PAFPS)

PAFPs photoconvert into a green or red fluorescent state after being photoactivated in a dark
state by violet light (Table 1). These proteins are widely used in PALM because of their high
contrast after photoactivation, their photostability, and their high photon emission rate.
Moreover, because PAFPs are dark before photoactivation, they are ideal for use in two-
color PALM imaging experiments, in which two types of tagged proteins are imaged
simultaneously.

Photoactivatable green fluorescent protein (PAGFP) (58) was the first reported PAFP and is
currently still the only dark-to-green PAFP. For this reason, PAGFP has been widely used in
two-color imaging experiments in combination with dark-to-red PAFPs.

Photoactivatable monomeric red fluorescent protein-1 (PAmRFP1) (83) was the first dark-
to-red PAFP. Insights from its development led to further engineering and the development
of modern dark-to-red PAFPs, such as PAmCherry1 (75), PATagRFP (76), and PAmKate
(27). Both PAmCherryl and PATagRFP have exceptionally high contrast after
photoactivation (Table 1). In PALM experiments, PAmCherryl performs similarly to the
photoswitchable FP tdEosFP (75). The recently developed dark-to-red PAFP, PATagRFP,
has several characteristics that make it superior to other PAFPs in PALM applications. For
example, its high photostability at the single-molecule level permits imaging of the same
molecule through many frames, making PATagRFP an optimal choice for molecule tracking
in single-particle-tracking PALM (sptPALM) (43) experiments. PATagRFP also exhibits a
higher photon emission rate (i.e., more photons are detected per frame) than do other
PAFPs, meaning that individual molecules can be more precisely localized in each frame.

PAmKate (48) is the most far-red shifted PAFP. Its photoactivation contrast is lower than
that of PAmCherryl or PATagRFP owing to its higher background noise at the single-
molecule level. Because of its far-red shifted emission, PAmKate has been successfully used
in three-color PALM imaging (27). The potential limitation of PAmKate is that its
photoactivation contrast decreases over time after protein expression.
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Photoswitchable Fluorescent Proteins (PSFPs)

PSFPs photoswitch from one fluorescent state into another in response to violet or blue-
green light. This class of FPs includes (a) the cyan-to-green proteins, photoswitchable cyan
fluorescent protein (PSCFP) and PSCFP2, (b) green-to-red Kaede-like proteins, (c) green-to-
red IrisFP-like proteins, and (d) the orange-to-far-red proteins, PSmOrange and
PSmOrange2.

The cyan-to-green proteins PSCFP (11) and enhanced PSCFP2 (13) are photoswitched by
violet light. PSCFP2 photoswitches with a high contrast, although the brightness of the
activated state is relatively low. Although PSCFP2 is inferior to green-to-red EosFP and its
derivatives in terms of the number of photons emitted per molecule and in its
photoactivation contrast, PSCFP2 has been successfully used with EosFP in two-color
PALM imaging (70).

Green-to-red Kaede-like PSFPs share a common photoconversion mechanism and therefore
can be considered as a group. All of these FPs are characterized by high brightness and high
photoconversion contrast. Although it has been difficult to engineer monomeric Kaede-like
FPs from their natural tetrameric precursors and to transfer the Kaede-like phenotype into
monomeric FPs, the payoff has been substantial. Several modern, monomeric Kaede-like
PSFPs have been developed, including mEos2 (54), mEos3.2 (87), Dendra2 (11, 28),
mKikGR (31), mClavGR2 (39), and a mutant of mClavGR, mMaple (53). These molecules
are among the best available PSFPs for techniques based on single-molecule localization
(Table 1).

An early monomeric version of EosFP, called mEosFP, showed limited applicability owing
to its inefficient folding at physiological temperatures. Instead, an efficiently maturing
tandem dimeric version, tdEosFP (84), is now used in superresolution imaging (51, 69).
However, the tandem dimeric tag performs poorly in many fusions because it forms
filamentous structures in some intracellular environments (54). The development of
monomeric mEos2 solved this problem: mEos2 retained the high contrast and high photon
budget of its parent, EosFP, but showed only a weak tendency to dimerize and cause protein
aggregation. The recently reported mEos3.1 and mEos3.2 are even better at avoiding
dimerization and aggregation (87).

Green-to-red PSFPs Dendra (28), enhanced Dendra2 (13), and mKikGR (31) are valuable
alternatives to mEos2. Dendra2 in particular is more monomeric than mEos2 and provides
comparable localization precision (Table 1). Under PALM illumination conditions, Dendra2
photobleaches faster but blinks severalfold less than does mEos2 (50). Monomeric mKikGR
also shows high performance in single-molecule imaging (31). In addition, a green-to-red
PSFP called mClavGR2 (39), as well as its derivative mMaple, performs well in single-
molecule superresolution imaging experiments, although these proteins lack notable
advantages over mEos2 (53).

IrisFP (derived from EosFP) (1), monomeric mlrisFP (21), and NijiFP (derived from
Dendra2) (2) all combine properties of irreversible and reversible photoswitching in a single
protein. Similarly to Kaede-like PSFPs, mirisFP and NijiFP can be irreversibly
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photoswitched from green-to-red under irradiation with violet light. lllumination of an initial
green form with either 488-nm or low-intensity violet light causes reversible switching of
the green form off or on, respectively. The red form of these proteins can also be reversibly
switched on by 440-nm light and off by 532-nm light. This complex photobehavior has
enabled the use of mirisFP in experiments combining sub—diffraction resolution imaging
with pulse-chase selective photolabeling to study the dynamics, formation and disassembly
of protein complexes (21).

The orange-to-far-red proteins PSmOrange (80) and PSmOrange2 (79) can be
photoswitched with blue-green light. Interestingly, the far-red state of these PSFPs exhibits
the most red-shifted excitation among all GFP-like FPs. PSmOrange and PSmOrange?2 have
demonstrated good performance in PALM (79, 80). PSmOrange2 has the blue-shifted
photoswitching action spectrum, severalfold higher photoactivation contrast, and
approximately tenfold faster photoactivation rate than PSmOrange. The potential limitation
of both probes is that their photoswitching efficiency and kinetics depend on the redox
environment. The spectral properties of both proteins should allow multicolor
superresolution imaging with other PAFPs, including PAGFP and PSCFP2.

Reversibly Photoswitchable FPs (rsFPs)

rsFPs photoswitch between two states in response to activating light. In addition to
photoswitching, rsFPs can spontaneously relax to their steady state with a relaxation half-
time that varies from minutes to hours and that depends on temperature (Table 2) (12).
These proteins are useful in both single molecule-based and ensemble-based
superresolution techniques, although the rsFP requirements for use in these two types of
techniques differ. In PALM experiments, rsFPs that have slow switching kinetics and that
produce a large number of photons per cycle are desirable in order to provide high
localization precision (55). In RESOLFT experiments, however, rsFPs with high fatigue
resistance and faster switching kinetics are ideal (26, 74). Modern rsFPs exhibit one or more
of these properties and include the following: (a) green Dronpa, its derivatives, and proteins
with similar properties; (b) green-yellow Dreiklang for which the photoswitching light is
decoupled from excitation; (c) green reversibly switchable enhanced GFP (rsEGFP) and its
mutants; (d) red rsCherries; and (e) red rsTagRFP (Table 1).

Dronpa, which is bright and has relatively high photoswitching contrast, was the first widely
used monomeric rsFP (3). Initially, Dronpa exhibits green fluorescence in response to
excitation by blue light. High-intensity blue light then switches Dronpa off, and violet light
turns the protein back on. This type of photobehavior, in which the switching off occurs at
the fluorescence excitation wavelength, is termed negative switching. Dronpa has different
absorbance spectra when in the on state versus the off state. This phenomenon is called
photochromism. Although early studies demonstrated RESOLFT with Dronpa (15), its
applicability to this technique is limited because of suboptimal switching kinetics and low
fatigue resistance. Dronpa has been successfully applied to single-molecule localization
techniques (9, 30, 70), and Dronpa mutants with fast switching kinetics, including
rsFastlime (74) and Dronpa3 (19), have been utilized in PALMIRA and s-PALM. rsFPs with
slow switching kinetics are likely to be useful in these techniques because they emit more
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photons per cycle and thus can be localized with the higher precision (55). The recently
developed mGeosM demonstrated a severalfold slower half-time for switching off, resulting
in a higher localization precision than that of Dronpa and comparable to that of
PAmMCherry1l (9).

Several Dronpa mutants with distinct switching phenotypes have been developed. One of
these mutants, bsDronpa, has absorbance and excitation spectra that are broader and blue-
shifted compared to those of Dronpa (4). Similar to Dronpa, bsDronpa is switched on by
violet light and switched off by blue light. Unlike Dronpa, however, it can be efficiently
excited by both blue and violet light. Another Dronpa mutant, called Padron, has switching
behavior antagonistic to Dronpa (4). Blue light switches Padron on and excites fluorescence,
whereas violet light switches the protein off. This type of photoswitching behavior, when an
rsFP undergoes off-on switching at fluorescence excitation wavelengths, is termed positive
switching. Although they are useful in monochromatic multilabel confocal microscopy,
none of the Dronpa mutants described above demonstrates substantial advantages over
parental Dronpa in superresolution imaging. Moreover, rsFPs with positive switching are not
readily applicable to PALM because activating a small subset of distantly located
fluorescent molecules is difficult when the excitation light also switches them on.

Green-yellow Dreiklang, which is derived from the yellow FP Citrine, is the only reported
rsFP whose fluorescence excitation is decoupled from photoswitching (7). Irradiation at 515
nm (near the excitation maximum) does not switch Dreiklang on; rather, illumination with
365-nm light switches the protein on, and illumination with 405-nm light switches it off.
The switching phenotype of Dreiklang makes it possible to control the length and
probability of a photoswitching cycle. By adjusting the irradiation time and the power of
355-nm and 405-nm lasers, researchers were able to image and localize individual molecules
to within 15 nm. Dreiklang was also used in RESOLFT studies, in which a high resolution
of 35 nm was achieved as a result of the protein’s high fatigue resistance and fast switching
rate (Table 2). However, Dreiklang has several drawbacks. First, its switching properties are
highly dependent on temperature, and fatigue resistance decreases at higher temperatures.
Second, Dreiklang exhibits very fast spontaneous recovery from the off state at 37°C.
Finally, switching requires UV light, which affects cell viability and can induce changes in
cell morphology (7).

The recently reported reversibly switchable enhanced GFP (rsEGFP) (25) and rsEGFP2 (26)
can be reversibly switched on and off by 405-nm light and 491-nm light, respectively. They
exhibit properties that are advantageous for RESOLFT, including substantially higher
fatigue resistance and faster switching kinetics than those of Dronpa (Table 2). A resolution
of less than 40 nm was achieved in live cells using RESOLFT with rsEGFP (25). Still, the
rsEGFP has relatively slow switching kinetics for use in point-scanning RESOLFT,
resulting in an acquisition time of approximately 1 hour to record a typical image. The
rsEGFP mutant, rsEGFP2, exhibits severalfold faster switching-off kinetics at low
intensities of irradiating light, enabling 25-250-fold faster image recording (26). However,
the resolution achieved using rsEGFP2 (50-90 nm) is lower than that obtained using
rsEGFP because the shorter imaging cycle leads to a lower signal-to-background ratio.
rsEGFP2 has the lower photoswitching contrast than does rsEGFP. An rsEGFP/N205S
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mutant that switches off severalfold slower than rsEGFP and that emits twice more photons
per cycle was used successfully in parallelized RESOLFT (10). Slow-switching rsFPs have
advantages in fast-acquisition imaging such as parallelized RESOLFT because they emit
large numbers of photons per cycle and therefore have higher signal-to-background ratios.

The first reported monomeric red rsFPs are the negative-switching rsCherryRev and the
positive-switching rsCherry (73). Both proteins have low brightness and photoswitching
contrast in ensemble. However, at the single-molecule level, some rsCherryRev and
rsCherry molecules display tenfold higher brightness, which is comparable to the molecular
brightness of their parent protein, mCherry. This phenomenon has enabled the use of
rsCherryRev in PALMIRA (73). The difference in ensemble and single-molecule
characteristics may be caused by competing transitions into other nonfluorescent states.
Other limitations of these rsFPs are their relatively fast switching-off kinetics; low contrast;
and complex photoswitching behavior, which includes changes in the contrast and
fluorescence intensity that depend on the number of switching cycles the protein has
undergone.

The recently engineered negative-switching red rsFP rsTagRFP (78) does not have the
drawbacks of rsCherryRev. rsTagRFP can be switched on by yellow light and switched off
by blue light. In contrast to rsCherry and rsCherryRev, its absorbance spectra profile
changes upon photoswitching. rsTagRFP has a high ensemble brightness and a high
photoswitching contrast, similar to those of the green rsFP Dronpa. The spectral and
optimized photophysical properties of rsTagRFP have enabled its use with Dronpa in two-
color pcSOFI (16). rsTagRFP should also be useful in two-color PALMIRA experiments,
but its fatigue resistance makes it suboptimal for RESOLFT.

APPLICATIONS OF SUPERRESOLUTION MICROSCOPY USING
PHOTOCONTROLLABLE FLUORESCENT PROTEINS

The success of PALM and related single molecule—based imaging techniques depends
heavily on data processing and image reconstruction techniques. Various statistical and
computational techniques have been developed for optimal detection of single molecules in
crowded biological environments. The initial PALM superresolution studies utilized
localization algorithms based on fitting of a single emitter profile within a diffraction-
limited spot (6). However, these algorithms often led to discarding a fraction of the data
when this condition was not satisfied, resulting in decreased sampling density. Recent
developments in localization algorithms have readdressed this situation by allowing precise
localization of multiple single-molecule emitters within a diffraction-limited spot (14, 40,
45, 72, 88). Depending on the data acquisition and processing algorithms employed for the
experiment, the output can report different attributes of single-molecule organization and
dynamics. Here we focus on the rationale and operational principles of some recent PALM
approaches and highlight specific examples that underscore the versatility of these
techniques.

Although it is not as developed as PALM, RESOLFT has already advanced superresolution
microscopy. In contrast to single-molecule localization techniques, RESOLFT provides
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superresolution images practically in real time, similar to confocal microscopy. We discuss
several RESOLFT applications that have become possible as a result of recent progress in
designing rsFPs and microscopy instrumentation.

Overall, improvements in the techniques used to analyze single-molecule statistics and
spatial organization in PALM and in the implementation of hardware approaches in
RESOLFT have transformed these superresolution microscopy methods into powerful tools
for garnering key insights about protein organization, protein dynamics, and the fine
structural details of cellular architecture.

Spatial Relationship Between Single Molecules

Dynamic clustering of protein molecules is a common mechanism for modulating processes
like cell signaling, cell migration, and membrane trafficking. In recent years, it has become
increasingly clear that such clustering often takes place within morphologically featureless
areas of the cell. This is especially true for protein organization in mammalian cell
membranes, manifested by the presence of membrane nanodomains with distinct protein
compositions and by clusters of cell surface receptors held together by protein—protein and
protein—lipid interactions. Understanding the mechanisms underlying the biogenesis of such
protein clusters and how they regulate cellular processes is a key focus in biology. To
achieve such an understanding, it is necessary to elucidate the protein content, nanoscale
spatial organization, and dynamics of proteins within these molecular assemblies, as well as
to monitor how such properties change during physiological processes. Until recently, this
information has eluded scientists because of the paucity of biophysical techniques that can
study nanoscale organization in a native biological context.

The development of PALM and other single-molecule techniques promises to furnish
insights about the nanoscale spatial configuration of proteins because these techniques are
able to produce high-density molecular localizations of thousands of specifically labeled
proteins, independent of their presence in morphologically distinct structures. The analysis
of this data provides unprecedented opportunities to detect and characterize the nanoscale
spatial configuration of proteins within clusters. Furthermore, comparing the physical
properties of these clusters can provide insights about how such organization is modulated
during specific biological processes.

The extraction of quantitative information about protein organization from these
superresolution data sets is not straightforward because of blinking, a phenomenon in which
a single fluorescing molecule appears in multiple image frames punctuated by variable time
periods (64, 65). If not taken into account, blinking can manifest as spurious clustering of
proteins. Recognition of this problem has led to the development of statistical techniques to
extract the actual spatial organization of proteins submerged in the cluster of localizations
from multiple appearances. One of these approaches uses pair-correlation analysis in
conjunction with prior knowledge about the spatial distribution of localizations arising from
the same molecule (64). This algorithm, termed pair-correlation PALM, enables the
detection of protein clusters and the estimation of physical parameters such as their size,
protein number, and protein density. The technique was used to characterize clusters of
signaling molecules such as Lat and Lyn, glycophosphatidylinositol (GPI)-anchored protein,
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and a viral envelope protein (Figure 4a). In recent years, several other statistical techniques
have been reported for evaluating the total number of proteins present in a superresolution
data set (5, 50, 56), a critical parameter for proper analysis of the spatial organization of
proteins. Cluster analysis algorithms, alone or in conjunction with such statistical
approaches, have been used to characterize the spatial relationship of the transferrin receptor
within endocytic pits (75), the organizational plasticity of asialoglycoprotein receptors on
the plasma membrane (61), and the dynamic clustering of various signaling receptors and
accessory proteins (68, 85). These studies underscore how advances in statistical techniques
have allowed researchers to access the information within PALM data sets, helping to
unravel the intricate spatial relationships that dictate the functional properties of
biomolecules.

Structural Details of Molecular Assembly and Nanowriting

Apart from providing details about the relative positioning of single molecules, the large
number of single-molecule positions furnished by PALM can also be used to reconstruct
subcellular structures in a pointillistic fashion. Such high-resolution pointillistic depictions
enable the study of closely spaced cellular structures, including the cytoskeleton, synaptic
junctions, nuclear pores, cellular junctions, and adhesions. The localization of multiple
proteins and their correlation with electron microscopy have been used to provide additional
structural context for high-resolution pointillistic reconstructions derived from PALM data
sets. The utility of PALM for interrogating nanoscale cellular organization received a further
boost with the development of 3D imaging modalities. Some of the highlights of the studies
performed using a combination of these techniques include (a) elucidation of the layered
arrangement of different proteins within focal adhesions by 3D iPALM (48) (Figure 4b), (b)
visualization of the spatial association between a mitochondrial nucleoid and a
mitochondrial matrix protein (49), (c) delineation of the molecular details of aquaporin
complex assembly on a cell membrane (62), and (d ) description of bacterial chemotaxis and
receptor clustering on the basis of self-organization principles (24).

RESOLFT imaging with rsFPs has allowed researchers to demonstrate nanowriting and data
storage using biological molecules. Both repeated short-term data storage with the density of
a DVD and permanent data writing became possible utilizing rsEGFP in RESOLFT (25). In
the latter case, the data were written and read out with distances as small as 200 nm between
individual bits; this density is fourfold denser than that achievable using regular light
focusing.

Dynamics of Single Protein Molecules

PALM experiments performed with live cells are capable of providing insights about the
dynamics of single protein molecules at nanoscopic spatial scales. Such single-molecule
dynamics are exquisitely sensitive to the local microenvironment, and their motion reports
the details of the nanoscale spatial heterogeneities that these molecules encounter as they
navigate the cellular landscape. These spatial heterogeneities in turn play critical roles in
organizing protein molecules and in determining the probability and duration of
intermolecular interactions, thereby guiding the biological processes in which they
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participate. Below, we discuss how PALM experimental protocols and data processing can
be modified to furnish insights about these dynamic spatial heterogeneities.

In a PALM experiment with live cells, single fluorescing molecules are imaged multiple
times during image acquisition. The localized positions of a molecule in successive image
frames track its movement in space, and joining these discrete positions allows one to
generate a high-resolution trajectory of the movement of the molecule. The sequential cycles
of photoactivation or photoswitching, imaging, and photobleaching allow one to track
sparsely distributed newly activated molecules as fluorescing molecules are removed from
the visible pool of molecules by photobleaching. The sptPALM approach (51) allows one to
track thousands of molecules in a single sample, enabling nearly exhaustive sampling of
single-molecule dynamics over the entire spatial landscape. This technique provides a
substantial advancement over traditional single-particle experiments in which the
requirement for spatial separation of individual molecular tracks imposes a severe constraint
on the number of trajectories that can be evaluated in a given experiment. Apart from
exhaustive mapping of protein dynamics, sptPALM, by virtue of its vast sample size, also
makes interrogation of infrequent intermolecular interactions possible.

Recent advances in the engineering of suitable PAFPs, such as PATagRFP, have enabled the
implementation of two-color sptPALM to elucidate the nanoscale dynamics of several
receptors correlated with the dynamics of clathrin-coated pits (76). sptPALM has also been
used to interrogate the nanoscale spatial dynamics of the a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor in hippocampal dendrites (41). Through careful
analysis of the sptPALM trajectories, the latter study concluded that a potential well
generated by an assembly of binding receptors modulates the spatial organization of AMPA
receptors (Figure 4c). These examples underscore how analysis of the diffusive behavior of
a protein can provide insights about the mechanisms that modulate its dynamics and
assembly.

Imaging of Living Cells

Even though the molecules localized in live-cell PALM experiments are in constant motion,
their coordinates can be used to recreate a subcellular structure if the molecules are confined
within it. In such a scenario, the successive coordinates of a molecule basically provide a
sampling of different parts of the structure. Note, however, that such structural
reconstruction is only possible if the time required for sufficient sampling is shorter than that
of the dynamics of the organelle. This requirement limits the temporal resolution of this
strategy to achieve a desired spatial resolution, allowing the study of only structures with
dynamics of a few seconds or more.

In live-cell PALM, the image series is divided into subsets, each of which contains a certain
number of successive image frames. The coordinates in each subset are combined separately
to recreate a high—spatial resolution image of the structure, and each reconstruction gives a
temporally updated snapshot of the structure. The collection of these reconstructed images
therefore enables interrogation of the dynamics of molecular assemblies at high resolution.
This approach has been utilized to observe the dynamics of focal adhesions in mammalian
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cells (69) (Figure 4d ) and the temporal evolution of signaling clusters during T-cell
signaling (85).

RESOLFT microscopy, in addition to imaging static structures in live cells at a resolution of
less than 40 nm (25), allows studies of cells by taking repeated images over time. Dynamic
changes in actin filament organization have been followed in a dendrite within a living
organotypic hippocampal slice at a resolution of less than 80 nm (25). The use of rsEGFP2
(26) with fast switching Kinetics and parallelized imaging schemes, such as parallelized
RESOLFT (10), helped to further increase the temporal resolution of time-lapse RESOLFT.
Moreover, RESOLFT has been successfully used to document the dynamics of dendritic
spines within hippocampal brain tissue (81) and those of neurites and filopodia of neuronal
cells (20).
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Glossary

FP fluorescent protein

Diffraction limit the minimal distance at which objects can be distinguished in
light microscopy that is half of the wavelength of light
according to Abbe’s law

Photocontrollable FP any fluorescence protein whose excitation and/or emission
can be modulated with light

PALM photoactivated localization microscopy

RESOLFT reversible saturatable optical fluorescence transition

Point-spread function the spatial intensity profile of light emitted by a point light

(PSF) source or object observed through an optical instrument such
as a microscope

Localization precision corresponds to standard deviation of the fitted Gaussian
distribution and scales with inverse square root of the number
of photons per molecule

PALMIRA photoactivated localization microscopy with independently
running acquisition

s-PALM stroboscopic photoactivated localization microscopy

pcSOFI photochromic stochastic optical fluctuation imaging

STED microscopy stimulated emission depletion microscopy
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Nyquist criterion

Fatigue resistance

Molecular brightness

Photoactivation contrast

Photoactivatable
fluorescent protein
(PAFP)

Photostability

Photoswitchable
fluorescent protein
(PSFP)

Photoswitching kinetics

Reversibly switchable
fluorescent protein
(rsFP)
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criterion stating that at least two data points per resolution
unit must be recorded, meaning that labeling density limits
the achievable resolution

the number of on-off switching cycles a reversibly switching
fluorophore can undergo before its fluorescence intensity
decreases twofold

the number of photons emitted per second per molecule;
saturatable parameter depending on excitation cross-section,
quantum efficiency of emission, and excitation light intensity

the ratio between the fluorescence intensities in the
photoswitched and original states

fluorescent protein for which light irradiation irreversibly
switches it from a dark state to a fluorescent state

a measure characterizing the time required to irreversibly
decrease the fluorescence intensity to half of its initial level

fluorescent protein that is irreversibly photoswitchable from
one fluorescent state to another

a characteristic of the time at which the fluorescence signal
changes twofold in the processes of turning fluorescence on
or off

fluorescent protein that can be reversibly photoswitched
between dark and fluorescent states
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SUMMARY POINTS

Photocontrollable FPs with high photon emission rates, large photon budgets,
and high photoactivation contrast are optimal for superresolution imaging of
single molecules. The chosen FP should also provide a high density of localized
molecules.

The green-to-red PSFPs Dendra2, mEos2, mEo0s3.1, mKikGR, and mMaple
have demonstrated good performance in PALM. The red PAFPs PAmCherryl
and PATagRFP provide high localization precision and can be combined with
PAGFP for two-color imaging. The photocontrollable far-red PAmKate, cyan-
to-green PSCFP2, and orange-to-far-red PSmOrange FPs present additional
advantages for multicolor PALM.

Negative-switching rsFPs are applicable for PALM applications. The slower-
switching rsFPs, such as Dronpa and rsTagRFP, emit more photons per cycle.
However, the faster-switching rsFPs, including rsFastLime and Dronpa3, better
suit PALMIRA and s-PALM.

rsFPs with high fatigue resistance are required for RESOLFT. The fatigue
resistance of rsFPs depends on ensemble photostability and photoswitching
kinetics. Currently, only green rsEGFP, its derivatives, and Dreiklang are
suitable for RESOLFT imaging of mammalian cells.

Superresolution PALM and RESOLFT approaches with photocontrollable FPs
have great potential to advance different areas of biology and medicine. These
techniques have already enabled nanoscale imaging of subcellular organization
and single biomolecules in various mammalian cells and tissues.
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Figure 1.
Two major types of superresolution techniques using photocontrollable fluorescent proteins

(FPs). (a) Phototransformations of a Kaede-like FP, an example of photocontrollable FPs
used in photoactivated localization microscopy (PALM). (b) Schematic of the PALM
approach. A small fraction of individual FP molecules are stochastically photoactivated with
a low-intensity light, imaged, and photobleached. After repeating this process many times,
the resulting images are processed to localize single molecules by finding the centroid
positions in their point-spread functions. The final superresolution image is reconstructed by
merging of all the localized single-molecule positions. (¢) Example of a PALM image. (¢;)
Dual-color PALM of paxillin-tdEosFP and zyxin-PSCFP2 fusions in HFF-1 cells. (c;j;) Same
view as in panel ¢;, imaged in a diffraction-limited mode. (c;;;) Differential interference
contrast image of the same view as in panel ¢;. (c;,) Magnified view of the boxed region in
panel ¢;, showing little overlap of paxillin and zyxin. This overlap is not visible using
diffraction-limited microscopy in total internal reflection fluorescence mode. Adapted from
Reference 70, with permission from the Proceedings of the National Academy of Sciences.
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Copyright (2007) National Academy of Sciences, USA. (d) Phototransformations of
rsEGFP, an example of a photocontrollable FP used in reversible saturatable optical
fluorescence transition (RESOLFT) approaches. (€) Schematic of a RESOLFT approach.
The specimen is illuminated by three superimposed light beams: the switching-on laser, the
excitation laser, and the collinear switching-off laser. The resulting doughnut-shaped area
around the diffraction-limited excitation spot produces a sharpened effective fluorescent
spot with a size of tens of hanometers in the lateral direction. A superresolution image is
built by scanning these beams across the sample. (f) Example RESOLFT images. (f;) Wide-
field image of Ptk2 cells expressing keratin-rsEGFP/N205S fusion. (fi;) Same view as in
panel f;, imaged in parallelized RESOLFT. (fij;) Magnified view of the boxed region in panel
f. (fiy) Magnified view of the boxed region in panel fi;. The intensity profiles of the regions
between arrowheads were analyzed, and the experimentally determined full-width half
maxima values corresponding to three filaments not resolvable in wide-field images (f;,)
were 77, 133, and 110 nm. Adapted from Reference 10, with permission from Nature
Publishing Group.
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Figure 2.

Spatial resolution in photoactivated localization microscopy (PALM) and related techniques
and parameters affecting it. (a) Spatial localization precision, o (nm), in two dimensions. (b)
Properties of photocontrollable fluorescent proteins (FPs) that affect localization precision.
(c) Density of localized molecules, | (molecules/nm?), and Nyquist resolution, d (nm).
Abbreviations: a (nm), size of a pixel (s> a); b, background noise (number of photons
collected from background in the spot being localized); A (nm), wavelength; N, number of
collected photons; NA, numerical aperture of the lens; s (nm), size of a diffraction-limited
spot.
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Figure 3.

Spatial resolution in reversible saturatable optical fluorescence transition (RESOLFT) and
parameters of reversibly switchable fluorescent proteins (rsFPs) affecting this resolution. (a)
Size of an effective spot in RESOLFT, x (nm). (b) Scanning step, x (nm), and Nyquist
resolution, d (nm). Abbreviations: |ya (W/cm?), light intensity of the saturating doughnut-
like RESOLFT beam; Is (W/cm?), light intensity at which the probability of changing the
rsFP’s state is 50%; | (molecules/nm?), density of photoswitched rsFP molecules; A (nm),
wavelength; NA, numerical aperture of the lens; Ngycles, Number of photoswitching cycles
with a minimal loss of fluorescence intensity; s (nm), size of a diffraction limited spot.
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Figure 4.
Applications of photocontrollable fluorescent protein (FP)-based superresolution

microscopy. (a) Workflow of pair-correlation photoactivated localization microscopy
(PALM) analysis for detection and characterization of protein clusters. Rendered PALM
image of photoactivatable green fluorescent protein (PAGFP)-tagged Lyn kinase expressed
in COS-7 cells. Pair-correlation analysis of a subsection (black box) of the plasma
membrane reveals clustered organization of Lyn. The actual correlation function of the
protein molecules ( green circles) is evaluated by the mathematical fitting (red line) of the
measured correlation function (black circles). The correlation function due to blinking-
induced multiple appearances of the same fluorescent molecule is represented by blue
circles. Panel adapted from Reference 65 with permission from Wiley. (b) Use of
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interferometric PALM (iPALM) for three-dimensional imaging of the nanoscale architecture
of focal adhesion in mammalian cells. The iPALM reconstruction reveals the layered
architecture of the focal adhesion; colors indicate the vertical distance (in nanometers) of the
different focal adhesion proteins from the cover glass. Panel adapted from Reference 48
with permission from Nature Publishing Group. (c) Analysis of single-particle tracking
PALM trajectories of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptor molecules in hippocampal dendrites shows that the receptors are organized into
clusters by physical interactions with cooperative membrane binding sites. The local force
fields constructed from an analysis of the single AMPA receptor dynamics converge to a
single point, indicating direct molecular interaction between the receptor molecules and
some of their binding partners. Three disjoint interacting potentials are shown (bottom) for
the marked regions of molecular trajectories (top). Panel adapted from Reference 41 with
permission from the Proceedings of the National Academy of Sciences. (d ) Spatial
dynamics and remodeling of focal adhesion depicted by an image series reconstructed using
PALM of tdEosFP-paxillin. The image series documents the incorporation of paxillin into
maturing focal adhesion. Panel adapted from Reference 69 with permission from Nature
Publishing Group.

Annu Rev Biophys. Author manuscript; available in PMC 2015 January 01.



Page 31

Shcherbakova et al.

(6€) (18) 0> 806> S0 p00Z-~ Mo 08 ST 110 00061 05 88y ZHORRIOW
wnipaiN | Z'§ 8T €90 00082 165 085
(18) (t2) g1> an 00¥
S0 Mo 9'9 ve 690 00061 GTG 505 W
ybiH 8'G 8T G50 002'z€ 085 2.5
(VX)) (28) 0T~ 206> anN
S0 wnipaiN | ¥'s g 80 00¥'€9 9T 10§ Z'esogw
ybiH 79 0 99°0 000°9% 85 €15
(¥3) (¥S) 0T~ 021> p00Z~
S0 wnipsiN | 9's Ly 80 00095 6T 905 zsoqw
ybiH an 0z 09°0 000'€€ 185 695G
(¥8) (G2 '15) S2-0¢2~ '(02) 0T~ ZL 002
S0 wnipaiN | 'S ag 99°0 000'78 9T 905 (48wip wapues) d4s03p}
ybiH 69 6T G50 000'G€E €15 €55
(82 ‘eT) (¥S) 0z~ ‘(z2) 0T~ 06 00€
88t Sov wnipsiN | 99 154 050 000'St L0 061 Zelpus@
Mo 19 1T €20 000°L¥ 1S 061
(eT'TD) (02) og~ an 00¥
S0 an eY 9'8 020 000‘cy (R4 00v 2d408d

(sd4Sd) SuI810.1d 1UB9s810N|H B|qRYINMS0I0Yd

ubIH 9'G Sv 8T'0 000'S2 829 985
00T
(L2) (£2) 0e-Ge~ 6T S0 an an an an an an (€447 aEMWYd
ubIH €g 514 8€0 000'99 G565 295
(90) (92) 0z~ GL 000'G<
S0 an an an an an an (8L2) d44belvd
wnipaN | €9 €8 90 000'8T G565 795
(52) (52) oz~ '(6) ST-0T~ € 000t
S0 an an an an 0059 an (vor) TAlBYOWYd
wnipaN | vy 80 800 0000T 509 8.S
(€8) an anN 0L
S0 an an an an an an (sor) Td4ywvd
Mo €9 L'ET 6.0 00%'LT LTS 705
(89) (28) ov~ an 002
Sov anN anN 9C €T0 002'02 GTS 00% d49vd
(Sd4Wvd) SuIg101d 1UadsaIon|4 3|qeIeAIlldR0I0Yd
ERITESETEN| A_ wu) (uw) (wu) giseuod Aungers | eyd essau plaik (;-wo_IN) (wu) (wu) uiglold
WIVd Ul awlil-jjey 5@:2@2&5 Em__ uoreAnde -010yd .Em_‘_m wniuend JU3101}J909 wnuwixew wnwixew
! puonelNeN | uoheAdEOI0Yd -0j0Ud ’ uonounNXx3 uoissiwg | (soueguosqe)
co:mN_._moon_ uolyenox3

su1g10.d 1U82sa10N]} 8]1Ge||041U020104d D1LIBLLIOUOW UIBPOW JO SONSHIBIoRIRYD

T alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Annu Rev Biophys. Author manuscript; available in PMC 2015 January 01.



Page 32

Shcherbakova et al.

(6) (6) 51~ an sov 0z an | an | an an an an (06¢) NS0
88Y wnipsiN | AN 154 050 000'St 05 09%
¥ an an J0z~
S0 an anN an anN anN anN (g8¢) eduoigsq
Sov wnipsN | AN 8z ¥9°0 000‘cy 2es €06 ‘(96€)
() an an 402~ Joine
88y an an an an an an (S09) puoIpEd
88Y wnipsiN | AN 0 110 00T'6€ 815 961
v0) (87) ov~ an 405 —0€~
S0 an anN an anN anN anN (967) ‘(¥8€) awiises.
88t an an 6T €€0 000'8S 15 18V
(67) an anN an
S0 an an an an an an an geduoiq
88t Mo 0'S 18 680 00056 815 €05
(e (6) 0g~ (8T) 0z~ an 0z
S0 anN anN an anN anN anN (z6¢) eduoiq
(Sd4S4) SUIR104d JU8ISaI0N|H 3]qeYINMS A|qISIanay
ybiH ¥'S 4 80 006'8T 159 679
(62) (62) 02-0T~ 012 089
oS 08t wnipsiN | 99 1€ 190 000'T§ 195 g zaburiowsd
ybiH 9'g 26 820 00L'2€ 299 9€9
(08) (08) s~ 06 095
ovs 08Y yb1H 29 85 150 00€'€TT G9S 875 abuelowsd
196 el V4 59°0 0002y 695 925
(2) e~ ubiH
(0147 an an an an an (orv~)
@ an an
88y 0L 9z ¥9°0 00T‘T¥ 10§ 69
(2) sz~ Sov anN
Sov an an an an an (52e~) EELIN
196 9/ 6T 650 000'€€ 8.5 s
(T2) 0V—02~ anN
gLy an an an 000'TZ an (o)
(12) vT < an
ely ¥'S 14 50 000°L¥ 91§ 98Y
(T2) 05-0€~ Sov anN
Sov an an an 000'2T an (98¢) ddsujw
ybiH el LT 950 000°0€ €85 995
(e9) anN 906> p00v~
S0P yb1H z8 1T 1ZN0) 000'ST 505 687 s deyw
wnipaN | €2 LT €50 000°2€ €85 995
ERIIEVETEN| (; wu) (unw) (wu) gisenuod Aupgers | eyd | gsseu pIaIk (;-wo_IN) (wu) (wu) uigo4d
INTTVd Ul awn-jey urbusjenem bl | yopeanoe | -00Ud aubug | wmuend [ juepyjecs | wnwixew | wnwixew
0 UOISIDB. ad juoneINIRN | UOIRAIIOROIOYd -90_._. d : uonounxg uoissiwg | (soueqUosqe)
uolezijeso] uolyedx3

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Annu Rev Biophys. Author manuscript; available in PMC 2015 January 01.



Page 33

Shcherbakova et al.

'suoiipuod Buibewi pue ‘uonetedald J1ay) ‘sutsloid yuadsaionyy Buissaidxa sajdwres [eaibojoiq ui A

eLIeA 8]q1ssod 10} 1UN0JJE 0) pabeiaAe aism siaquinu UL

'8/ 90UBIB)OY WOy Smn_:
‘() Dol 1 SIBWIP WLIOY 0} UMOUS SEM UOIPEd ‘D, /€ T8 dLIaWouow ;m:o_:_,qm

‘9z PUB ‘GZ ‘¥ S90UBIaLeY Ul PaLiodal 18IS 440 8y} Ul 80USISBI0N]Y [BNPIS] 104 BIep UO Paseq aie m%_m>h
"ZS0O3W pue Zeipuaq YuM uostiedwod uo paseq ae sanfen,

"ZS03W pue d4S03s) Yum uosLiedwod uo paseq aie mm:_m>u

‘uolrewloy a1oydowolyd pue Buipjos uiod Yiog sapnjoul ssad04d uoneIneN

*31e)s paaAu020loyd ayy Jo [eubis aousasalonyy Ul (pjoy) asealoul c<n

‘pId1A wnuenb pue H%Eo JAI) Ul JUBID1}4809 UOIIOUIIX3 40 19npoid ay) Se paulwialep si H|AEo W) ut ssauybiiq <m

*Adoosoloiw uonezijeso] payeanseoloyd ‘INTVd PauILLIBIBP 10U ‘AN :SUONRIABIGAY

'Sd paynd 1oy palesIpul aJe sawil-ey UoIRINIBIA "1X8) Y} Ul paquIasap St d41lIN pue d4sHjw 4o Joineyaq Buiyonmsoloyd xajdwiod sy "uoisisauodoloyd Jaye sisiaweled ) S9QLIOSIP MOJ JBMO] Y} pue

uoisaAuoo0j0yd 8108 s1a1aweled )1 S8qLIOSaP d- Yoes 10y MoJ Jaddn sy "81els (JUsdSaI0N|JUOU) Yiep 8y} 0} puodsaliod spunolbxoeq AelB yim s189 (d4) utsloid Jusasaionyy e 1oy 1yBi| uoisIaAuod0loyd pue ‘8oudssion)y (80UBGIOSTR 10) UOIEIIOXS S108]J81 S[|80 JO UO1RI0|0D

0.5 wnips | 99 14 170 008'9€ G8g 196G
(82) anN e 0z
(1127 an an 200 £100°0 00€'ST G8g (1147 dd4ybe s
0SS Mo g'g 220 15000 00€‘2y 809 2.S
(8L'€l) an A% ye
(117 an an 100 L1000 008'TY 809 2.5 AodALIBYDSI
05t Mo 09 9T 200 00008 019 2.S
(8L'€l) an anN ye
085 an an L0 6000 000'18 019 2.5 Auisyosi
88Y ubiH 8'G 81 0€0 00€'T9 €0G 8.
(92) anN 0z~
Sov JST —¢l~ anN anN an anN an anN (801) Z2d493s1
88V ubIH g9 LT 9g'0 000'LY 6TS €67
(s2) an 08T 4050~
10} anN anN an anN an anN (96€) d493s!
107 wnipaN | 22 ve 70 000'€8 625 116 ‘(217)
() (L) 61~ 0zt 0z <
G9E anN anN an anN an anN (t19) ‘(0v€) Buepiaia
887 an 0's 44 680 009'TG 1S €05
ERIIEVETEN| A_ wu) (unw) (wu) gisenuod eyd | gSSeu pIaIk (w7 _IN) (wu) (wu) uigo4d
NTTVd Ul swn-jjey urbuajanem Jybi| uoleAnoe wbug wmuend 1UB1914}909 wnuwixew wnwixew
o uoisioaid puoneaniel\ | uoneAndeoloyd -0104d ’ uonoUNXg uoissiwg | (souequosqe)
uolezijeso] uo1edx3

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Annu Rev Biophys. Author manuscript; available in PMC 2015 January 01.



Page 34

Shcherbakova et al.

*(£) aunyesaduua) Ul 85e310UI LR YNIM S8Sea.103p 1| :uspuadap ainteladwial si aN[eA SIY Ly ‘WU S/0py PUB ‘WU G/0LG; ‘WU 0Z/9€) ‘WU 0E/0LSy ‘WU 0Z/0SP[ ‘WU 0Z/0SS) ‘WU OF/08ky, ‘WU
OY/06Ep ‘WU GZ/SIE 4 ‘WU OT/S0V ‘WU OT/88Yg I8 SUIPIM Ja1 3 L "W 081y PUE ‘WU 0BER ‘WU T6Yp JO uondaoxa ay) YIM ‘T 3]qeL Ul UMOYS S0y} 0} puodsaiiod 1ybi| Buiyolms Jo syibusjanem auL,

"PaUILLIBISP J0U ‘AN :UoNRIABIGYY

'SSaUJep 8} Ul Uoljexe|al ay} Jaye
uia104d 1uadsaion|y e Ag panaiyoe AJISusul 808UaIS8I0NIL SAITR[] BU) SaledIpUl 81els winugijinba ay | *(2) S|199 Ueljewiiew 4o safewl plaly-apIm Ul 94T SI 1 SBaJayMm ‘Syealls [eLIa1oeqg Ul 940T—S SI Buepiaiq
10} punoJabxoeq ayy ‘ajdwexa 404 bi| Buneipeur jo samod syl AjJeinanted ‘suonipuod [eluswiiadxa pue uoiresedald ajdwes ayi uo Buipuadap Aren Aew 8ausdsaion]y [enpisal pue aduelsIsal anbiey ay |

u00€ ‘8200°0 w0067 ‘8T°0
(82) 0e 59 (0T :2T00°0 %5 €T ori< G~ ddybelsi

(82) 0T ‘€€00°0 (82) 45 '8°C
(8L ‘€L 's2) 8 50> (eL) v 's0T°0 (€ w'L0 (82) ovT< (8L ‘s2) 0z< AoALIBYDSI
(92) 00T anN 000'Z ¥0000°0> p00S'G :7000°0 00T'Z~ 8-/~ 2d493s!

) 00T'T~ (92) -~

(92 '52) 00T (4 0002 200000 p009 ‘1000 005< (o) z-1 d493s!
) 00T 4 410 e~ q0L ‘T> 09T ST+'1 Buepiiaig
() g6 S 2870°0 ‘700 aSP0°0:S2'T 00T~ 0T eduoiqsq
(sz'v) S 0ST qGv0°0 '9'§ 2870°0 :90°0 9T ol uoiped
(sz'v) €6 8 2870°0 ‘€00 aS¥0°0:9°C Ge 1 awlfises!

(S2) yor '9°0 (S2) 670 '8°0

(52) 0002 :50000°0 (52) p009 :970°0
(8L'sz'v) 00T or8 (%) 5870°0 'ZT°0 (¥) 4G¥0°0 ‘0°'ST v 0T~ eduoig
ERIVESETENS| (9udosasonyy (urnw) elzWwo/m) elgwo/m) Jemod (9udasasonyy feniul (9%) 83e1S JJ0 ay3 uiglodd
lewixew Jo aJnyedadwsa) wool e Jamod 3y 4(s) sawin 1B () sawn-yey 10 940G 01 yoea|q 03 $3]9Ad ul reubis renpisay
) 4njedadwia) Wood | swn-jey uonexelsy -J1ey BUIYIIMS U0-03-1O BUILINMS J40-03-UO Buiyonms Jo Jaquinu)
e a1e1s wnqijinbg - - aoue)sisal anbire
soneuny Bulyonmsoloyd

Buibew uonnjosaitadns 01 Aljiqesijdde s1ay) 0] pajejal suieroid 1UsIS3I0N]) 3]qRYINIMS A|gIsianal Jo saluadoid d1419ads

NIH-PA Author Manuscript

¢ ?olgel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Annu Rev Biophys. Author manuscript; available in PMC 2015 January 01.



