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Abstract

Pointillistic approach based super-resolution techniques, such as photoactivated localization
microscopy (PALM), involve multiple cycles of sequential activation, imaging and precise
localization of single fluorescent molecules. A super-resolution image, having nanoscopic
structural information, is then constructed by compiling al the image sequences. Because the final
image resolution is determined by the localization precision of detected single molecules and their
density, accurate image reconstruction requires imaging of biological structures labeled with
fluorescent molecules at high density. In such image datasets, stochastic variationsin photon
emission and intervening dark states lead to uncertainties in identification of single molecules.
This, in turn, prevents the proper utilization of the wealth of information on molecular distribution
and quantity. A recent strategy for overcoming this problem is pair-correlation analysis applied to
PALM. Using rigorous statistical algorithms to estimate the number of detected proteins, this
approach allows the spatial organization of molecules to be quantitatively described.

Introduction

Fluorescence microscopy has become an invaluable tool for cell biologists due to its ability
to noninvasively image the distribution and dynamics of fluorescently tagged proteinsin
cellg[1-3]. The phenomenon of diffraction, however, imposes a fundamental limit to the
resolution of fluorescent images[4,5]. When light from a fluorescent point emitter passes
through the lens of a microscope, diffraction spreads the light rays so the source of light
appears as ablurry spot instead of a sharp point. Consequently, the maximum resolution of a
conventional light microscopeis limited to optical wavelength (A) divided by twice the
numerical aperture (N.A.) of the objective (Resolution~A/2N.A.). Since most modern,
highly corrected microscopes objectives have aN.A. of ~1.5, the best spatial resolution for
distinguishing two objects when imaged by visible light is ~200 nm.

Single molecul e super-resol ution imaging techniques based on sequentia photoactivation
(or photoswitching) of genetically encoded proteins or organic dyes have revolutionized
optical imaging by allowing the imaging of biological structures and proteins at a resolution
several times less than the wavelength of visible light. A large number of techniques,
including photoactivated | ocalization microscopy (PALM)[6-8], fluorescence PALM
(FAPLM)[9], PALM with independently running acquisition (PALMIRA)[10], stochastic
optical reconstruction microscopy (STORM)[11], ground state depletion microscopy
(GDSIM)[12], spectra precision distance microscopy (SPDM)[13], and direct STORM
(dSTORM)[14] have been developed. They rely on the same fundamental principle of
spatial and temporal separation of emission of molecules, but use different photoactivable
(or photoswitchable) probes and imaging algorithms. Studies using these super-resolution
techniques to image cellular structures labeled with a high density of probes with sub-
diffraction resolution have delineated new structural features at high resolution [15-21].
Despite these successes, only a handful of studies have quantitatively analyzed PALM,
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STORM and other super-resol ution datasets [22—28]. Such datasets contain localization
information about hundreds of thousands (sometimes even millions) of molecules, offering
the potential for unprecedented insightsinto spatial organization. The difficulty in precisely
estimating the localization of single molecules helps explain why single molecul e super-
resolution images have so infrequently been quantitatively analyzed. A promising approach
discussed here for quantifying such images involves pair-correlation analysis. This approach
uses robust statistical algorithm to analyze quantitatively the complex point-patterns
resulting from single molecul e super-resol ution imaging experiments.

Diffraction limits the resolution of images containing high density of
fluorescent molecules

Due to diffraction, a point source of light appears as an extended spot when it isimaged with
an optical microscope (Fig. 1A). Point spread function (PSF) describes this response of the
imaging system to a point source of radiation. A single, fluorescent protein has dimensions
approaching a point source (i.e., afew nm), so itsimage spatially approximates the PSF of
the microscope. The PSF of an optical microscope can be reasonably approximated with a
model function, like atwo dimensional (2-D) Gaussian. By measuring the PSF from the
image of a single molecule and fitting this to an appropriate mathematical function,
therefore the position of the center of the PSF can be determined to a much greater precision
than the diffraction limit[29-33]. Thus, although the details within the PSF and the size of
the molecule cannot be resolved, the location of the emitting molecule can be ascertained to
ahigh degree of precision (i.e., tens of nm) from the position of the center of the PSF.

Such mathematical fitting of the PSF has been used in many studies to obtain positional
information about an object far below the diffraction limit[34—39]. The localization
precision of a single molecule whose image has been fit to a 2-D Gaussian function can be
estimated by the following equation[29]:

5 SH(d?/12) A+rs'b?
Ty = N - aN?

Eqgn. 1

where chuV2 isthe localization precision, sisthe sigma of thefit 2-D Gaussian, aisthe size
of the pixel, NVisthe number of photons detected, and bis the background signal. For a
single molecule, sis approximately equal to the sigma of the PSF of the imaging system.
Usually, for an experiment, the pixel size (8 is constant and the background signal () has
small variations. Thus the localization precision, o yz, primarily depends on the total
number of detected photons, A, and it scales inversely with A. Consequently, the uncertainty
in position determination decreases with greater numbers of photons collected from the
same emitter.

To obtain useful information about a structure, it is necessary to image structures labeled
with a sufficiently high density of emitters so that the entire structure can be faithfully
reconstructed from the image. However, at high density, the PSFs of neighboring molecules
tend to overlap in space (Fig. 1B). Thisis asituation commonly encountered during
conventional fluorescence imaging, when multiple fluorescent proteins within a diffraction-
limited spot appear as a single bright spot. In such situations, it becomes impossible to
distinguish individual molecules and estimate their locations.
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PALM achieves super-resolution by combining multiple images of spatially
separated single fluorescent molecules

The generation of photoactivable fluorescent proteins (PA-FPs)[40] and the subsequent
development of PALM [6,9] provided an elegant method to circumvent the diffraction
barrier. Using PALM, biological structures labeled with a high density of probe molecules
areimaged at considerably higher resolution than the wavelength of visiblelight [6]. In
PALM, fluorescence emission is temporally regulated by labeling proteins of interest with
photoactivatable (or photoswitchable) flurophores. Upon illumination with specific
wavelength of light, photoactivable probes undergo transition from adark (or “off”) state to
afluorescent (or “on”) state. Photoswitcable proteins undergo interconversion between
states that fluoresce at different wavelengths. Subdiffraction resolution is achieved by
distinguishing fluorescent molecules from neighboring molecules either,

i. by activation state, (i.e. a photoactivated molecule in the midst of unactivated
molecules), or,

ii. by distinct emission spectra, (i.e. a photoswitched molecule fluorescing in a
different spectral window with respect to the neighboring molecules).

A random, sparse subset of fluorescent proteinsis photoactivated (or photoswitched) at any
given time. Thus, the image being viewed consists of a collection of sparse, activated (or
photoswitched) molecules, which are separated by distances significantly greater than the
PSF of the microscope (Fig. 1C). Under this condition, it becomes possible to separately fit
the images of each molecule to a 2-D Gaussian function (or some other appropriate
function), and determine the positions of each individual molecule to a much higher degree
of precision than the wavelength of visible light (Fig. 1C). Once the sparse subset of
moleculesis photobleached, a new subset is turned on, and the entire process is repeated.
Iteration of these steps of activation, imaging and deactivation by photobleaching alows the
mapping of the locations of many fluorophores. Finaly, the localized positions of the
molecules from all the frames are compiled to build up a super-resolution image (Fig. 1C).
Using this strategy, it has been possible to localize single molecules with a precision of ~20—
30 nm[6].

Single fluorescent molecules appear multiple times during the course of an
experiment

Single fluorescent molecules, including PA-FPs, have specific photophysical properties that
are not directly observed in ensemble measurements. Some of these properties complicate
the precise identification and quantitative analysis of single molecules. For example, the
fluorescence signal from a single fluorescent protein often lasts longer than the usual frame
rate of acquisition. A single PA-FP molecul e thus appears multiple times across successive
frames (Fig. 2A). Each individual image of the single PA-FP in a particular frame is usually
designated as a peak. Each of these peaksisindividualy fit to obtain its location and
positional uncertainty. However, the number of photons emitted by a single activated PA-FP
varies stochastically over time. As a consequence, the number of photons detected for each
peak image, which determines the precision of localization, also varies considerably. Dueto
this stochastic variation in photon counts, the positions determined for the peaks derived
from the same molecule do not exactly coincide. Thisleads to a single molecule being
represented by a cluster of closely spaced peaks[24,41] (Fig. 2B).

Bioessays. Author manuscript; availablein PMC 2013 May 21.
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Blinking of single fluorescent proteins complicates quantitative analysis of
PALM data

An analytical method for quantifying PALM images would have to perform the following
tasks:

i. precisely identify single molecules, and,

ii. evaluatethe spatial distribution of single molecules to provide an assessment of the
characteristic size, occupancy and density of heterogeneities.

Using the average value of positional uncertainty of the peaksin a PALM image, it is
possible to identify peaks appearing in successive frames and within a certain radius as
arising from the same molecule. Next, the location and positional uncertainty of the
molecule can be estimated as a weighted average of the values corresponding to the
individual peaks (Fig. 2B). However, single fluorescent protein molecules exhibit a
photophysical process called blinking[42—44], which makes such estimation of molecular
location complicated (Fig. 2A). Once activated, a PA-FP reversibly switches between a
fluorescent and a non-fluorescent state on timescal es ranging between microseconds to
seconds. Furthermore, a single PA-FP often undergoes multiple cycles of blinking before
converting to an irreversible dark state [23,41].

Blinking has two major consequences:

i.  When it occurs on timescales shorter than the integration time of acquisition (or
framerate), its effect is averaged and not directly observed; but such blinking
causes the overall photon-count to fluctuate and adds to uncertainty in position
determination.

ii. There can be significant blinking occurring on timescales similar to or longer than
the framerate. This, in turn, temporally isolates the peaks belonging to the same
molecule. Thus, dark frames, in which the moleculeisinvisible, often punctuate the
multiple appearances of asingle molecule. (Fig. 2A).

Consequently, each molecule is represented by a cluster of peaksthat are, (i) spatially
separated due to the stochastic uncertainty in position determination in successive frames,
and, (ii) temporally separated due to the blinking of the single PA-FPs (Fig. 2B). The
situation is further complicated by the variability in number of intervening dark frames due
to variations in blinking time. Any kind of quantitative analysis of the spatial organization of
the molecules has to include a method to accurately group these peaks and assign them to
appropriate molecules. Without rigorous and objective evaluation, there could be detection
of spurious organizational patterns.

Grouping and assigning of peaks to single molecules is challenging for
high labeling density

If it is possible to estimate a maximum time frame over which blinking occurs, then this
time window can be used to identify peaks belonging to the same molecule. Let us define
this time-window as the group gap. We can designate group radius as the average distance
within which peaks from a single molecule are likely to be distributed (thisradiusis
informed by the average localization uncertainty of peaks). In such a scenario, an algorithm
can be devised in which peaks can be grouped together as belonging to the same molecule if

they appear
i. within adistance less than group radius of each other, and,
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ii. inatimewindow lessthan equal to the group gap,

This cluster of peaks can then be replaced by a single peak (representing the actual
molecul€) whose positional coordinates and uncertainty in localization are calculated as a
weighted average of the position and localization uncertainties of the all the peaksin that
group (Fig. 2B).

This grouping approach, however, can be used only for biological samples with sparsely
labeled proteins (Fig. 2C). The blinking photophysics of photoactivable proteinsis not well
understood. Careful experiments done in our lab, as well as other research groups clearly
indicate that most of the commonly used photoactivable proteins can blink over timescales
aslong as few seconds. Thus, very often, along, group gap (on the order of tens of seconds)
has to be used in order to collect and correctly assign all the peaks belonging to asingle
molecule. Using such along group gap increases the probability for activation of a second
molecule within a distance less than the group radius of the original molecule. This, in turn,
can lead to misassignment of the peaks (arising from the second molecule) to the first
molecule. This problem becomes especially severe when dealing with biological samples
where structures containing high density of proteins need to be imaged (Fig. 2D).

Thelocalization precision of 20-30 nm for single molecule is not directly translated into
actual structural resolution, and the actual resolution is afunction of both the positional
uncertainty and sampling density. According to Nyquist-Shannon sampling theorem[45], in
order to accurately describe abiological structure, at least two molecules must be detected
for each resolution unit. Thus, in order to achieve sub-diffraction resolution with PALM, it
is essential to image biological structures with high sampling density of PA-FPs. In such a
scenario, it is difficult to get a good estimate of blinking time that will group the peaks
properly. This often leads to either identification of artifactual clustering, or under
estimation of clustering.

Pairwise-correlation analysis can identify peaks arising from a single
molecule using their unique spatial signature

Due to variability of blinking time and its dependence on experimental conditions like the
laser power, an algorithm that can perform spatial analysis of peaks independent of the
temporal variability of intervening dark frames needs to be devised. Luckily, the cluster of
peaks belonging to a particular protein has a well-defined spatial signature: the peaks are
distributed over a 2-D Gaussian surface centered at the actual position of the protein. This 2-
D Gaussian surface represents the effective PSF of uncertainty in position determination for
the PALM experiment. This unique spatial signature of the cluster of peaks arising from a
single molecule can, in principle, be used to estimate the contribution of multiple
appearances of single molecule to the overall spatial distribution.

Pair-correlation (PC) analysis can be used to obtain an objective description of the spatial
scales of density fluctuation. This information can be used to construct a functional model
for the spatial organization of proteins. Autocorrelation function measures the probability of
finding a protein at a given distance from another protein (Fig. 3A). Since the average
density of proteinsis used to normalize the autocorrelation function, it quantifies the
increased probability with respect to that expected from random distribution of proteins. The
defined spatial signature of peaks arising from multiple appearances of a single protein will
have a characteristic autocorrelation function. Specifically, the autocorrelation function of
the 2-D Gaussian function describing the distribution of peaks is another 2-D Gaussian

function with increased width (V2 times).
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Thus, once, the autocorrelation function for all detected peaksin a PALM dataset is
computed, it is possible to identify the contribution of correlation function corresponding to
the multiple appearances of peaksto total correlation function. The derivation of the models
for fitting computed correlation function is described in detail in arecently published

paper[23].

Model for fitting computed pair-wise autocorrelation function

Briefly, the radial autocorrelation function of al the peaks (¢g(7)) essentially quantifies the
correlation function of all the protein molecules at different spatial scales (i.e. radii).
Autocorrelation of protein at = 0 measures the correlation of the protein centroids with
themselves, and it is a delta function that scales inversely with the density of proteins (Fig.
3B). Because of multiple appearances and the uncertainty in position determination, each
protein centroid is represented by a cluster of peaks distributed over a 2D-gaussian, the
effective PSF of the PALM measurements. Thus, the delta function at r= 0 isblurred by this
effective PSF of the system (Fig. 3B). The PSF-convoluted autocorrelation function
corresponding to the centroid of the protein is designated as (A%, and it takes the
following form:

2
exp(——=) Egn.2

r sloch:
8(r) 4ro2p 402

where o sis the average uncertainty in position determination, and p is the average density of
proteins.

The second part of the total calculated correlated function (i.e. g(7) isthe correlation
function at > 0. This represents the correlation arising from the relative spatial organization
of the proteins, and is designated as ()P ( HProlen essentially provides a measurement
of the clustering of the protein. Thus the total correlation function, g(7), can be written as:

stoch ) protein PSF }

g()=g(r)" " +{g(r xg(r) Eqn. 3

Note that the protein correlation function, g(AP"?@" is also convolved (*) with the
correlation function of the PSF (g(7)™) of the PALM experiment.

Under conditions where the proteins are randomly distributed, g(A”"is equal to 1, and
the total correlation function is given by:

g(N=g(rN*™"+1 Eqn.4

Estimation of parameters required for fitting of measured correlation

function

To fit the computed correlation function to the models described above, estimates of (i) the
mean localization precision (o g, and, (ii) the protein density (p), are required. The mean
localization precision can be determined from the distribution of the localization precision of
the peaks in the PALM dataset. The total protein density can be calculated by dividing the
total number of detected peaks by the average appearances of a single protein[23].

Careful characterization of the photoactivable (or photoswitcable) proteins needs to be
carried out to obtain an estimate of the average number of appearances. This value depends
on experimental conditions like laser power density, ambient surrounding of the probe

Bioessays. Author manuscript; availablein PMC 2013 May 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sengupta and Lippincott-Schwartz Page 7

molecules, and the photoactivable protein being studied. By imaging a sample with sparsely
labeled samples and performing careful grouping operations, it is possible to obtain an
estimate of average number of appearances under the particular experimental conditions. It
isalso advisable to perform in vitro characterization of the photoactivable proteins under
conditions where the density of the proteins can be precisely controlled.

Recently, it has been reported that photoswitchable cerulean fluorescent protein 2[46] (PS-
CFP2) undergoes irreversible photobleaching without blinking[25], and this assumption has
been used to quantify spatial distribution of PS-CFP2 labeled proteinsin T-cells. However,
in experiments performed in our lab, we observed that PS-CFP2 undergoes reversible cycles
of blinking before undergoing terminal photobleaching, though the number of reappearances
of PS-CFP2 appears to be less than other photoactivable (or photoswitchable) proteins. A
photoactivable probe which undergoes irreversible conversion to dark state without blinking
will be an immensely useful probe for quantitative PALM experiments, and will make
analysis of point-pattern much more simpler. However, it isimportant to do careful
experiments to ensure that the photoactivable protein being used does not blink under the
given set of experimental conditions. Careful optimization of experimental conditions might
minimize or eliminate blinking of PS-CFP2. In such a scenario, PS-CFP2 can become a
valuable probe for interrogating the nanoscale spatial organization of proteins.

Estimation of number of photoactivable (or photoswitchable) proteins in a

sample

A recent paper discusses an elegant algorithm for calculating the total number of proteins
present in PALM images [24]. The authors demonstrate that it is possible to get an estimate
of the number of molecules present in a PALM dataset by fitting the plot of number of
molecul es versus various maximum dark time intervals (i.e. group gap windows) in the low
dark-time threshold region. The actual number of molecular reappearances depend on the
photophysical parameters like rate of activation and photobleaching, whichinturnis
determined largely by the experimental conditions including the laser power, photoactivable
proteins used and the immediate microenvironment of the PA-FPs. Thus, there can be large
variations in average number of reappearances from experiment to experiment due to
variations in these parameters. If the molecular count for the specific experiment can be
estimated accurately by analyzing the PALM dataset using this algorithm, it will alow for
more accurate determination of the density of molecules. Thus the combination of this
algorithm, proposed by Radenovic and colleagues, with pair-correlation analysis can provide
more robust description of spatial distribution of single molecules.

Model for pair-wise autocorrelation function for non-randomly organized
protein molecules

Once an estimate of the parameters for the correlation function is obtained, the total
correlation function can be fit to either Eqn.3 or Eqn.4. This would provide a quantitative
description of the spatial organization. Eqn.4 should adequately describe the correlation
function of randomly distributed molecules, e.g. proteins immobilized on a glass cover dlip.
In contrast, to obtain a description of the spatial scales of organization when proteins are
distributed non-randomly, the correlation function has to be fit to Eqn. 3 (Fig. 4A). In order
to perform such afitting, amodel function for the protein correlation function has to be
used. Existing knowledge about the organization of the protein should inform the choice of
this model function. The correlation function of proteins organized into randomly distributed
domains with no specific shape can be modeled with a simple exponential function,

Bioessays. Author manuscript; availablein PMC 2013 May 21.
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)pmtcm =A9XP(__r) Egn.5

g(r z

where exp designates exponential function, A is the amplitude of the protein correlations
extrapolated to 7= 0, and, € isthe correlation length. £ gives a measure of the domain size.

Without any information about the organization of the proteins, an exponential functionisa
good starting model. We used such afunction to model the distribution of plasma membrane
proteins, and could obtain satisfactory fits of the correlation functions. The fitting enabled us
to describe the details of the spatial organization of plasma membrane proteins by obtaining
parameters like protein cluster size (€), number of detected proteinsin cluster (V94 and
density of proteinsin cluster (y“4S&)[23] (Fig. 4B)

Pairwise cross-correlation analysis can provide insights about relative
spatial organization of two proteins

Various biological processesincluding receptor signaling, cell polarization, transport
intermediate biogenesis and viral budding, involve critical interactions between two or more
proteing[47,48]. In order to obtain mechanistic insight into these processes, it is crucia to
characterize the spatial and temporal scales of such intermolecular interactions. Pair-
correlation analysis can be performed to interrogate the relative spatial distribution of two
different proteins, which are labeled with distinct photoactivable probes. Cross-correlation
function, d(r), quantifies the probability of finding a second kind of probe moleculein the
vicinity of aprobe. Mathematical fitting of cross-correlation datais simpler than
autocorrelation data since the multiple appearances of a single protein do not contribute to
the cross-correlation function. Thus, the calculated cross-correlation function can be
described as the protein cross-correlation convoluted with the PSF of the PALM
measurements, and is represented as:

C(r):C(r)prutein *g(r)PSF Eqn.6

By choosing an appropriate model for the protein cross-correlation function, it is possible to
assess the spatial scales of interaction between the proteins of interest.

Choice of photoactivable proteins for two-color PALM experiments

Careful considerations of the photophysical properties must inform the choice of PA-FPs as
probes used in cross-correlation PALM experiments. Imaging conditions need to be
calibrated such that thereis minimal crosstalk in the emission channels of the two probes.
Separation of spectral profilesis critical for multi-color single molecule experiments since
there is always some spontaneous activation and excitation of the photoactivable proteins.
Such excitation can lead to significant misassignment of probes unless the emission spectra
of the probes are well separated. Additionally, atwo-color PALM experimental protocol
should ensure that there is minimal loss of signal due to cross-activation. Ideally, the two
PA-FPs should have different sensitivities to the activation laser. Thiswill ensure that the
probes can be differentially activated, and imaged separately.

Using photoactivable green fluorescent protein[40] (PAGFP) and photoactivable
mCherry1[49] (PAMChl), it is possible to satisfy the above criteria. The emission spectra of
these two PA-FPs are well separated (PAGFP emission maximum is at 515 nm, whereas
emission maximum of PAmCh1 is at 595 nm). PAGFP can be both simultaneously activated
and imaged by a 488 nm laser[23,50]. PAMCh1 on the other hand reguires a pul se of 405
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nm for activation, and has to be subsequently imaged using a green laser (~560 nm). Thus, it
is possible to devise the following imaging protocol for these two probes, which should
minimize the loss of signal due to cross-activation of PA-FPs:

i. Image PAGFP exhaustively by activating and exciting with 488 nm laser.
ii. Next, activate PAmCh1 with 405 nm laser and image with 561 nm laser line.

We used this protocol to examine the spatial relationship between PAGFP-labeled GPI-
anchored protein and PAmCh1-labeled actin in COS-7 cells under different conditions[23].
PAmMCh1 is not efficiently activated by low power 405 nm laser line. So, a short, low power
405 nm laser pulse can be used in between the two acquisition stepsto collect the residual
PAGFP fluorescence. Following this, PAmCh1 can be activated with higher power density
of 405 nm laser line. The laser powersto be used in such a protocol should to be decided by
doing careful standardization of the experimental conditions.

An important consideration for selection of PA-FPs is the contrast between post-activation
and pre-activation images (or that following photoswitching). This parameter, commonly
called contrast ratio, is ameasure of the brightness (i.e. number of photons emitted) by the
activated form relative to the initial one. A higher contrast ratio translates into a higher
signal-to-noise ratio, and thus improves the localization precision of the single molecules.
PAGFP does not have a good contrast ratio (~100) and has low photon count compared to
some of the newly developed PA-FPS[7]. Additionally, since both PAGFP and PAmCh1 are
dark before activation, it becomes difficult to choose cells and regions of interest during
imaging with these proteins.

New and improved probes for PALM experiments

Among the recently developed probes, PS-CFP2[46] and monomeric Eos2[51,52] (mEos2)
are promising pair for two color PALM experiments. Both PSCFP2 and mEos2 are
photoswitchable fluorescent proteins. PSCFP2 has cyan fluorescence before activation, and
its emission switches to green upon illumination with violet (~405 nm) light. Emission of
ME0s2, in contrast, switches from green to red upon activation with 405 nm laser line. Both
PSCFP2 and mEos2 have alarge contrast ratio (the contrast ratio of PSCFP2 is ~2000) and
photon count. Thus, the PSCFP2-mEos2 pair should allow imaging of single moleculeswith
higher precision. The increased number of photons detected from these proteins and the
higher contrast ratio should also ensure detection of larger number of single molecules. This,
in turn, should increase the effective resolution by enabling imaging of structures at higher
sampling density. mEos2 also undergoes spontaneous activation with 561 nm laser line
(unpublished result), and can be exhaustively photoactivated with low power 405 nm laser.
PSCFP2 requires higher power 405nm laser for activation. Thusit should be possible to
devise an optimal imaging protocol in the following way:

i. mEos2isfirst activated and imaged with 561 nm laser.

ii. mEos2 isimaged further with a combination of low power 405 nm and 561 nm
lasers. This step should allow exhaustive imaging of mEos2 labeled protein with
minimal activation/excitation of PSCFP2 molecules.

iii. Finaly, PSCFP2 can be activated with high power 405 nm and imaged with 488
nm laser.

Laser intensities to be used in each step of this protocol would have to be carefully
calibrated to ensure minimal cross-activation and optimal detection of single molecules.

Photoswitchable monomeric orange [53](PSmOrange), with its orange to far-red switching
of emission profile, can also be used with PSCFP2 for two color PALM experiments.

Bioessays. Author manuscript; availablein PMC 2013 May 21.
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PSmOrange undergoes photoswitching with blue light. In atwo-color experiment involving
these two proteins, an imaging protocol can be set up such that PSmQOrange isinitially
activated and imaged using a combination of blue (~488 nm) and far-red laser (~640 nm)
lines. Following this, PSCFP2 can be photoswitched and imaged using violet (~405 nm) and
blue lasers, respectively. The laser powersin the first segment of the experiment have to be
meticulously optimized to minimize the activation of PSCFP2 molecules. The wide
separation of the excitation and emission spectra of the photoconverted form of these two
proteins should ensure minimal cross talk between these proteins (excitation and emission
maximum of photoconverted PSCFP2 are 468 nm and 511 nm, respectively; excitation and
emission maximum of photoswitched form of PSmOrange are 636 nm and 662 nm,
respectively).

Conclusion

In recent years, the development of various single molecule super-resol ution imaging
techniques has hel ped to circumvent the diffraction limit of visible light. Consequently, it
has become possible to improve the resolution of images of biological structures by more
than an order of magnitude. Using imaging techniques like PALM, it is now possible to
interrogate a wide range of length scales (~30—250nm). This, in turn, is furnishing valuable
information about fundamental biological structures and processes at molecular level,
hitherto unattainable by conventional light microscopy. The super-resolution images contain
vast amount of information organized into complex patterns with complicated spatial and
temporal relationships. These datasets have necessitated the devel opment of appropriate
statistical algorithms, which can comprehensively and accurately analyze the spatial
information contained in them. Such analysis would provide invaluable mechanistic insights
about various biological processes, and help usto realize the full potential of PALM and
related super-resolution imaging techniques.

Multiple appearances of a single protein with associated stochastic uncertainty in position,
and reversible blinking of individual fluorophores complicate quantitative analysis of image
sequences of single molecules. Pair-correlation analysis, described in this review, provides
an objective analysis method to quantify complex patterns of single molecule images. This
method can characterize the spatial features of nanoscale protein distribution across different
spatial scales (~30-250 nm), and provides estimates including size, number of molecules
and molecular density of clusters. The analysis can describe the organization of both small
protein oligomers as well as larger domains of proteins, thus making it a versatile tool for
studying organizational remodeling during various physiological processes. Furthermore,
the general concepts of the algorithm discussed here can be adapted for analysis of high-
resolution data from other single molecule techniques where multiple appearances of single
probe mol ecules confound accurate description of spatial organization[54].
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Figure 1.

A: Image of asingle fluorescent protein is convoluted by the point spread function (PSF) of
the imaging system and appears as an extended blob. B: Intensity distribution of fluorescent
proteins expressed at different densities. Images of single fluorescent proteins that are
spatially separated by distances greater then the width of the PSF can be individually fit and
localized with high precision. In contrast, PSFs of closely spaced molecules merge (high
density of molecules), and individual molecules can no longer be distinguished. C: Imaging
protocol for PALM. A sparse subset of photoactivable proteinsis activated, imaged and their
localization is determined with subdiffraction precision by a 2-D Gaussian fit. Following
photobleaching of the activated proteins, anew set of moleculesis activated, and the cycleis
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repeated. Finally the individual localizations are combined together to construct a super-
resolution image, which depicts structural details unobservable by conventional, diffraction-
limited imaging. The summation of the diffraction-limited spots, in contrast, gives back an
image, which is eguivalent to one captured by conventional optical microscope.
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Figure 2.

A: A single molecule appears multiple times punctuated by variable dark intervals before it
is terminally photobleached. Theimage frameisindicated in yellow at the top right corner
of each sub-image. B: Image of single molecule peakslocalized in a PALM experiment.
Peaks are color-coded based on their time of appearance during the course of the
experiment. Stochastic variation in photon count during individual appearances resultsin the
spatial dispersal of the estimated positions for the multiple appearances of a single molecule.
Consequently, in a compiled super-resolution image, a single molecule appears as a cluster
of peaks. Peaks arising from the same molecule appear within a time-window, and can be
assigned to asingle molecule if the molecules are sparsely distributed and the individual
clusters are well separated. The actua position and localization uncertainty of the molecule
can be calculated as a weighted average of the positions and localization uncertainty of the
individual peaksin the cluster (white asterisk represents estimated position of single
molecule from the cluster of pesks). C: Cluster of peaks arising from two molecules can be
easily distinguished if they are spatially and temporally well separated. D: Localized peaks
from a sample with densely labeled fluorescent molecules. Grouping of cluster of peaks and
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assigning them to single molecule is complicated by the smaller spatial and temporal
separation of peaks belonging to different molecules. Images adapted from Reference [23].
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Figure 3.
A: Pair-correlation analysis quantifies the probability of finding a second protein at a certain

distance r (represented by r1, r2 and r3) away from agiven protein (central red circle)
compared to random distribution. B: A single protein is represented by a cluster of peaks
distributed over a 2D-surface representing the PSF of localization uncertainty of the PALM
experiment. Autocorrelation function of the protein at /=0, g(r)°®"9d s a delta function
represented by red spike at the centroid of the protein. g(r)°@"9ds convolved with the
autocorrel ation function of the PSF. The resulting Gaussian function, g(r)9¢", quantifies the
spatial distribution of multiple peaks arising from a single molecule.
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Figure4.

A: Distribution of single molecule peaks of Lyn-PAGFP across the plasma membrane of a
COS-7 cell. Pesks collected in individual frames are combined together. A sub-section of
the cell, shown in the red box, is used for pair-correlation anaysis. Correlation function of
the distribution of peaks (black circles) could be fit to a clustered model using Egn. 3 (red
line). Correlation describing multiple appearances of a single fluorescent protein (g(r)goc”,
blue circle) was evaluated from the fit. The protein correlation function (g(7)? ", green
circles) is calculated by subtracting g(r)°ch from the measured correlation function. Using
g(r)Proren physical parameters describing the nanoscale organization of Lyn-PAGFP could
be determined. B: Distribution of cluster parameters evaluated by pair-correlation analysis
of spatial distribution of Lyn-PAGFP across plasma membrane of COS-7 cells. Lyn-PAGFP
is organized into clusters of 3 or more proteins, and the clusters have a wide range of sizes
(60nm —>180nm). Most clusters of Lyn have increased local density ranging from 2 to > 4.
Images adapted from Reference [23].
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