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1. Introduction

Photoactivatable localization microscopy (PALM)
and stochastic optical reconstruction microscopy
(STORM) were first demonstrated in 2006 as meth-
ods for producing super-resolution fluorescence
images [1, 2]. Both PALM and STORM can gener-
ate images with a spatial resolution of tens of nan-
ometers – significantly higher than conventional mi-
croscopy [3]. The PALM method is based on the use

of photo-convertible or photo-activatable fluorescent
proteins of which a wide range are now available [4].
In this study, we use the tandem-dimer photo-con-
vertible protein tdEos, a variant of wtEosFP from
the coral Lobophyllia hemprichii [5] or PS-CFP2 for
dual color imaging. In the unconverted state tdEos is
excited at 506 nm and emission is at 516 nm (green).
Upon irradiation with 405 nm light, the protein con-
verts to red fluorescence (excitation 569 nm, emis-
sion 581 nm) due to cleavage at His61 leading to the
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The authors employed photoactivatable localization mi-
croscopy (PALM) and direct stochastic optical recon-
struction microscopy (dSTORM) imaging and image
analysis based on Ripley’s K-function to quantify the
distribution and heterogeneity of proteins at the cell
plasma membrane. The membrane targeting sequence of
the N-terminal region of the T cell receptor-pathway ki-
nase Lck fused to the photo-convertible fluorescent pro-
tein tdEos (LckN10-tdEos), clusters into sub-100 nm re-
gions which cover �7% of the cell surface. 2-channel
PALM imaging of LckN10-tdEos and the N-terminus of
the kinase Src (SrcN15-PS-CFP2) are demonstrated. Fi-
nally, T cell microclusters at the immune synapse are
imaged at super-resolution using dSTORM, showing that
conventional TIRF images contain unresolved, small
clusters. These methods are generally applicable to other
cell and fluorophore systems to quantify 2-D molecular
clustering at nanometer scales.

PALM image (a) and quantitative cluster map (b) based
on Ripley’s K-function of the membrane targeting se-
quence of the kinase Lck (LckN10-tdEos) in the plasma
membrane of fixed HeLa cells. Scale bar 200 nm.

* Corresponding author: e-mail: dylan.owen@unsw.edu.au

J. Biophoton. 3, No. 7, 446–454 (2010) / DOI 10.1002/jbio.200900089



incorporation of a second imidazole ring into the
conjugated HYG chromophore.

By illuminating the sample with low intensity
405 nm radiation and imaging the red-fluorescent
species with single-molecule sensitivity, the density of
observed molecules can be made to be less than one
molecule per diffraction-limited observation volume.
This permits the position of the molecule, which is
the centre of the point-spread-function (PSF), to be
located. To facilitate single-molecule imaging, total
internal reflection fluorescence (TIRF) microscopy is
used [6]. Evanescent wave excitation provides
�100 nm optical sectioning, thus reducing out of
focus background and increasing signal-to-noise
levels. Figure 1 shows an illustration of the PALM
method applied to LckN10 or SrcN15 fluorescent fu-
sion constructs at the cell plasma membrane.

STORM, employed here as direct STORM
(dSTORM) [7], relies on the reversible photo-
switching of conventional fluorophores, in this case
Cy5, into a dark state when excited using 633 nm la-
ser radiation. This is achieved by means of a ‘switch-
ing buffer’ that allows a broad palate of conventional
dyes to cycle between ‘on’ and ‘off’ states [7, 8]. This
technique is in contrast to conventional STORM in
which two small molecule dyes in close proximity
are required to achieve photo-switching which can
lead to an undesirable increase in the complexity of
the sample preparation. Switching of Cy5 back out

of the dark or ‘off’ state in dSTORM is achieved by
exposure to low intensities of 488 nm laser light. This
method allows the use of immunostaining to visu-
alize proteins of interest.

PALM and STORM are unique in that an image
is built up molecule by molecule. Hence PALM and
STORM images contain information about the 2-di-
mensional molecular distribution of proteins within
the plasma membrane. Ripley’s K-function is a sta-
tistical method for analyzing the clustering of points
in a 2-dimensional distribution [9]. Recently, it has
been shown theoretically to be appropriate for ex-
tracting properties of domains in the plasma mem-
brane [10]. The method has also been used exten-
sively in the quantification of clustering in electron
microscopy images of labeled proteins at the plasma
membrane, for example Ras [11].

Lck is a 56 kD protein tyrosine kinase of the
Src-family which is involved in numerous signalling
cascades including in the early T-cell receptor
signaling pathway. The protein is targeted to the
plasma membrane by three post-translational lipid
modifications at the N-terminus. These are a myris-
toylation site at glycine 2 and two palmitoylation
sites at cysteins 3 and 5. It is thought that these
lipid modifications further serve to target Lck to or-
dered membrane lipid microdomains or lipid rafts.
Lipid rafts have been shown to be important in the
formation of the immunological synapse between T

Figure 1 (online color at: www.biophotonics-journal.org) PALM imaging. (A) The photo-convertible protein tdEos is tar-
geted to the membrane by fusion to the peptide LckN10 which has 3 post-translational acyl modifications or SrcN15 which is
only myristoylated. (B) Both peptide sequences target the protein to the plasma membrane but they may reside in differ-
ent membrane domains. (C) Prior to conversion, the protein exhibits green fluorescence but exposure to 405 nm radiation
produces a red chromophore. From images of this red chromophore, the centroid of the PSF can be found, allowing the
molecule to be localized with high precision. Repeating this process many times assembles a single super resolution image.
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cells and their targets and therefore may be impor-
tant in regulating the distribution of Lck at the cell
surface [12].

Much of the controversy surrounding the lipid
raft hypothesis [13] stems from our inability to ob-
serve these domains directly due to spatial and tem-
poral resolution restrictions of available microscopes.
Here, we used PALM microscope and Ripley’s K-
function analysis to examine the distribution of the
first 10 amino acids of N-terminal tail of Lck
(LckN10) fused to tdEos in HeLa cells. We generated
cluster maps from which important cluster para-
meters about the clustering behavior were extracted.
We also demonstrated 2-color PALM and cluster
analysis of LckN10 together with the first 15 amino
acids of the N-terminus the kinase Src. (SrcN15). Like
Lck, Src kinases are involved in many signaling pro-
cesses including G-protein coupled receptor signal-
ing pathways. The N-terminus peptide is only myris-
toylated with apparently no preference for lipid
rafts.

The T cell immune synapse is a stable cell-cell
junction formed between a T cell and an antigen
presenting cell (APC) [14–16]. T cell receptor
(TCR) triggering results in the formation of TCR
microclusters at the immunological synapse, which
include clusters of the scaffolding protein Linker for
Activation of T cells (LAT) [16]. These TCR LAT
clusters facilitate the early T cell signalling events
and are essential for T cell activation [18–21]. De-
spite their functional importance, due to spatial reso-
lution limitations of conventional fluorescence mi-
croscopes, key parameters such as the fraction of
LAT molecules found in microclusters remain un-
known.

We applied the dSTORM method to the analysis
of microclusters of phosphorylated LAT at the T cell
immunological synapse for the first time. This is
achieved by activating Jurkat T cells on glass cover-
slips using antibodies to the T cell receptor molecule
CD3 followed by fixation and immune-staining with
antibodies specific for pLAT191. In this system, we
were able to extract key quantitative parameters de-
scribing the organization of these entities.

2. Materials and methods

2.1 Sample preparation

HeLa cells were cultured on piranha (70% H2SO4,
30% H2O2)-cleaned glass coverslips in DMEM me-
dia (Gibco, Invitrogen, Carlsbad, CA) supplemented
with 10% foetal calf serum (FCS) at 37 �C in a 5%
CO2 atmosphere.

The 10-amino acid N-terminus region of Lck was
fused to the photo-switchable fluorescent protein
tdEos or PS-CFP2 via a short 4 amino-acid (GGGG)
linker (LckN10-tdEos or SrcN15-PS-CFP2). This re-
gion contains the membrane targeting sequence
(1 myristoylation and 2 palmitoylation sites) which
targets the construct to detergent-resistant mem-
branes similarly to the full-length protein [23, 24].
The constructs were transfected into HeLa cells
24 hours prior to imaging using lipofectamine LTX
(Invitrogen, Carlsbad, CA).

The cells were washed twice with phosphate-buf-
fered saline (PBS) and fixed using 4% paraformal-
dehyde (PFA) at 37 �C for 20 minutes before being
washed again with PBS. For imaging, cells were
mounted in POC-R2 chambers (PeCon GmbH, Er-
bach, Germany).

For dSTORM, Jurkat E6.1 T cells were cultured in
RPMI1640 media (Gibco, Invitrogen, Carlsbad, CA)
supplemented with 10% FCS at 37 �C in a 5% CO2

atmosphere. Cells were allowed to form synapses on
Piranha-cleaned glass coverslips which were coated
by 20 mg/mL anti-CD3 antibody (OKT3, Ebioscience,
San Diego, CA) for 10 min at 37 �C. Cells were then
fixed with 4% PFA for another 10 min at 37 �C, per-
meabilized and stained with a rabbit anti-pLat191
antibody (Invitrogen, Carlsbad, CA) and a goat Cy5
conjugated anti-rabbit secondary antibody (Jackson
Immunoresearch, West Grove, PA).

Antibody stained cells were imaged in an oxygen
scavenging buffer (0.1 mg/ml glucose oxidase,
0.1 mg/ml horseradish peroxidase, 1% b-mercap-
toethanol, 25 mM Hepes, 25 mM glucose, 5% glycer-
ol in PBS, pH 8) in a sealed in a POC-R2 chamber
(PeCon GmbH, Erbach, Germany). Cells were im-
aged with surface-immobilized 100 nm colloidal gold
beads that allow correction for sample drift during
the acquisition.

2.2 Microscopy

PALM images were acquired on a prototype PALM
temperature-controlled inverted fluorescence micro-
scope (Carl Zeiss GmbH, Jena, Germany) with
TIRF illumination and a 1.45NA 63X oil-immersion
TIRFM objective. Photo-conversion was achieved
using a diode-pumped solid state laser (DPSSL) op-
erating at 405 nm. tdEos was excited using a DPSSL
operating at 488 nm before conversion and 561 nm
after conversion. PS-CFP2 was also converted at
405 nm and imaged after photoconversion with
488 nm. Laser powers used for imaging were ap-
proximately 10 mW (in the incidence beam) at
561 nm and approximately 160 nW at 405 nm at the
sample. The penetration depth of the evanescent
field (1/e) was calculated theoretically to be
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�100 nm for the activation laser and �140 nm for
the imaging laser. For dSTORM of Cy5, the lasers
lines used were 633 nm (15 mW) (for imaging) and
488 nm (0.1–1 mW) (for recovery of the ‘on’ state),
both from DPSSLs. Images were captured using an
Andor iXon DU-897D EMCCD camera (Andor
Technology Plc, Belfast, UK) operating at �50 �C
with an integration time of 0.02 s and with an addi-
tional 1.6X magnification before the camera such
that the final image pixel size was 100 nm. PALM
images were reconstructed from a series of 15,000
TIRF images using Zeiss Zen software (Carl Zeiss
GmbH, Jena, Germany).

2.3 Cluster analysis

The data generated by the PALM microscope is of
the form of a table of x� y co-ordinates of all the
detected events. This can be used to construct a 2-D
spatial point pattern of the molecular distribution. In
this case, the molecular density was approximately
1500 molecules per square micron. For analysis, 2 �
2 mm2 areas were selected. Ripley’s K-function was
then calculated using SpPack [22] as:

K̂KðrÞ ¼ A
P
ðði ¼ 1Þ ! nÞ

P
ðði ¼ 1Þ ! nÞ ðdij=n2Þ

where dij ¼ 1 if dij < r, otherwise 0

Where A is the area, n is the number of points, r is
the spatial scale (radius) for the K-function calcula-
tion and dij is the distance between points i and j.
This essentially counts the number of other points
encircled by concentric rings centered on each point.
This function is then linearized to generate the L-
function according to:

LðrÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ððKðrÞÞ=pÞ

p

For a random distribution of points, LðrÞ ¼ r and
therefore we plot LðrÞ � r (sometimes termed the
H-function) against r such that a random distribu-
tion has LðrÞ � r ¼ zero for all r. Therefore, for
scales at which the distribution is more clustered
than would be expected of a random distribution,
LðrÞ � r is positive, whereas LðrÞ � r is negative if
the points are less clustered than would be expected
for random events. Edge-effects were negated by
weighting edge points and cropping image edges
after the calculation.

Values of LðrÞ generated for each point were
used to produce a map of clustering by interpolating
a surface plot with LðrÞ as the z-axis (color scale).
Spatial interpolation was performed with a resolu-
tion of 10 nm using MatLAB (The Mathworks Inc.,
Natick, MA) to generate a 2-dimensional cluster
map. This cluster map was then thresholded to pro-
duce a binary cluster map from which the number of

clusters, cluster size and shape etc. could be ex-
tracted.

3. Results and discussion

Fibroblasts were transfected with LckN10-tdEos and
the samples excited under TIRF illumination with
�160 nW 405 nm for photo-conversion of tdEos nm
and �10 mW 561 nm to image the converted red
fluorescent tdEos. Figure 2a) shows the TIRF image
and Figure 2b) shows a representative PALM image
of LckN10-tdEos. The zoomed regions in each case
demonstrate the increased resolution available from
PALM microscopy. In Figure 2c), the histogram of
molecular localization precision is shown, demon-
strating that the peak localization precision is
�20 nm. The histogram was calculated according to
a method previously described, taking into account
the photon count for each molecule, noise, the full
width half maximum of the observed point-spread-
function and the camera pixel size [25].

The averaged Ripley’s LðrÞ � r plot for the whole
image is displayed in Figure 2d). From this plot it is
clearly evident that the point-pattern displays a
highly clustered nature. The value of LðrÞ � r rises
significantly above zero indicating clustering (more
points are being encircled by concentric circles, cen-
tered on each point, than would be expected for a
random distribution for circle radii between 0 and
500 nm). The spatial scale, at which LckN10-tdEos
clusters to the highest degree, is 70 nm, however, the
protein remains significantly clustered up to scales of
several hundred nanometers. Beyond approximately
500 nm, the points become less clustered than would
be expected of a random distribution (less points are
being encircled at these radii), resulting in the values
of LðrÞ � r in the plot becoming negative.

An expanded 2 � 2 mm2 area from Figure 2b) is
displayed in Figure 2e). From this spatial point-pat-
tern, Figure 2f) shows a 2-D map of clustering based
on Ripley’s K-function analysis of each point. For
every point, concentric circles were drawn and the
number of encircled points counted and comparing
this value to a random distribution. This image was
calculated by assigning each point a value for the
number of other points encircled within a 50 nm ra-
dius circle. Once each point had been assigned this
value, a color coded surface was interpolated to gen-
erate the cluster map. Red represents highly clus-
tered regions whereas green and blue colors denote
low values for clustering. From this map it can be
seen that the construct is highly clustered on spatial
scales below the resolution of a standard fluores-
cence microscope.

Finally, Figure 2g) shown the binary cluster map
generated by applying a threshold to Figure 2f). The
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threshold was set at 60% of the peak value. From
this binary map, a number of important experimen-
tal parameters can be extracted. For example, this
2 � 2 mm2 area contains 54 cluster domains, which
cover 6.8% of the total area. On average each mole-
cular cluster has an area of 50,370 nm2, which, if they
were circular, would indicate an average radius of
126 nm. In fact, the clusters have a circularity of 0.71
(measured as the ratio of perimeter to area such that
a perfect circle equals 1) indicating they are rela-
tively circular. 58% of molecules are found in these
clusters meaning that the molecular density inside
these regions (12,202 molecules/mm2) is over 8 times
higher than that outside (1,407 molecules/mm2).

We next ran simulated data to confirm that the
image analysis method does return the correct param-
eters. Point data was simulated with set cluster posi-
tions, cluster sizes and densities on a randomly dis-
tributed background of a set density. Figure 3 shows
2 examples of the simulated data, each containing a
single (uniform) circular cluster. The cluster size was
set to 70 nm and 200 nm, with the density ratio in/
out of clusters as 8 : 1 (roughly similar to that ob-
served for the LckN10-tdEos clusters in HeLa cells).

The 70 nm simulated clusters resulted in a cluster
size of 71.4 nm after the analysis process, an overes-
timation by 2%. The 200 nm clusters resulted in an

output of 210 nm, a 5% error. Cluster circularity was
0.845 and 0.804 respectively (calculated, as above, as
the ratio of area to perimeter). Given the relatively

Figure 2 (online color at:
www.biophotonics-journal.org)
PALM microscopy and cluster ana-
lysis of LckN10-tdEos. (a) TIRF im-
age and zoomed region. (b) PALM
image and zoomed region (scale
bar 5 mm) showing increased image
resolution of PALM imaging. (c)
Localization precision histogram of
the PALM image identifies peak lo-
calization at �20 nm. Localization
precisions were calculated as de-
scribed elsewhere [23]. (c) Ripley’s
K-function plot showing peak clus-
tering scales at �70 nm and cluster-
ing above the level expected for a
random distribution on length
scales up to 500 nm. (e) Expanded
2 � 2 mm2 region of the PALM im-
age showing point distribution of
molecules. (f) Interpolated cluster
map based on Ripley’s K-func-
tion analysis indicating a highly
clustered distribution (red areas)
(scale bar 200 nm). (g) Binary clus-
ter image generated from Fig. 2f)
using a threshold. From this image
the number of clusters, cluster size,
shape and other parameters can
be extracted.

Figure 3 (online color at: www.biophotonics-journal.org)
Simulated cluster data of 70 nm (a)–(c) and 200 nm (d)–(f)
scale uniform circular clusters. (a) and (d) simulated point-
patterns based on a uniform circle of high density points
over a uniform background of low density points. (b) and
e) quantitative cluster maps of these distributions showing
detection of the simulated cluster. (c) and (f) binary cluster
maps which allow the cluster size to be extracted (scale
bar 1 mm).

D. M. Owen et al.: PALM and cluster analysis450

Journal of 

BIOPHOTONICS

# 2010 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.biophotonics-journal.org

PoulterN
Highlight

PoulterN
Highlight

PoulterN
Highlight

PoulterN
Highlight

PoulterN
Highlight

PoulterN
Highlight

PoulterN
Highlight

PoulterN
Highlight



small overestimation of cluster sizes, we conclude
that the method is appropriate for the analysis of
cluster sizes in cell membranes. Other simulated
parameters (data not shown) also returned accurate
values. Further, the simulated data indicated that the
LckN10-tdEos cluster size in HeLa cells (Figure 2) is
likely to be approximately 120 nm.

After confirming the validity of the method, we
went on to demonstrate 2-channel PALM and clus-
ter analysis. HeLa cells were transfected with both
LckN10-tdEos and SrcN15-PS-CFP2 simultaneously.
SrcN15 is targeted to the non-raft fraction during
detergent resistant membrane preparations [23, 24].
These were imaged by PALM sequentially, with
tdEos imaged as described above. Note that chro-
matic aberration was not corrected for in this data.
PS-CFP2 was also photo-converted using 405 nm ir-
radiation but was imaged using 488 nm light. The
quantitative cluster mapping was then performed
on each data set individually. The rainbow color
map for the cluster map (shown in Figure 2f) was
replaced by either a green (SrcN15) or red (LckN10)
monochrome color scale representing the cluster
value. These two maps are then merged which
allowed us to determine whether clusters of each
protein are overlapped and quantify the degree of
co-clustering. An example of this merged two-color
cluster map is shown in Figure 4. From these data,
we determine that clusters of LckN10-tdEos and
SrcN15-PS-CFP2 were not significantly overlapped
and indeed may be excluded from one another.

For example, only just over 2% of LckN10 mole-
cules were found to reside in areas containing clus-
tering as defined by the SrcN15 molecular distribu-
tion, despite these clusters accounting for 9% of
the total image area.

We then used dSTORM to image T cell micro-
clusters at the immunological synapse (Figure 5). To
activate T cells, clean coverglass was coated with
anti-CD3 antibodies and incubated with T cells for
10 minutes. Once engaged, the antibodies cause the
adhesion of the T cells to the coverglass and trigger
T cell signaling. Signaling is mediated by the forma-
tion of TCR microclusters that contain the scaffold-
ing protein, LAT [19]. Once associated with TCR
microclusters, LAT is phosphorylated by the kinase
ZAP-70 at the tyrosine 191. Figure 5 shows TIRF,
dSTORM and a quantitative cluster map of
(pY191)LAT at the T cell immunological synapse
formed between a Jurkat T cell and an anti-CD3-
coated glass coverslip.

In the conventional TIRF image (Figure 5a), T
cell microclusters can be observed as bright punctu-
ate structures on an otherwise dark background. In
contrast, dSTORM images and cluster analysis iden-
tified TCR microclusters that were unresolved in the
TIRF images or were in fact made up of several
smaller entities (example marked by a red circle in
Figure 5b and d). Further, the dSTORM data also
shows that some clusters were formed by highly clus-
tered molecules, where as others show a more dif-
fuse pattern (example marked by a green circle in
Figure 5b and d). These different TCR microclusters
were of course indistinguishable when viewed with
standard optical resolutions of TIRF microscopy.
The different patterns within pLAT clusters may de-
rive from distinct populations of microclusters. For
example, it has been speculated that some may be
surface microclusters whereas others are located on
sub-synaptic membrane vesicles (D. M. Davis et al.,
unpublished observations). In the conventional
TIRF zoom (Figure 5b) (resolution �250 nm), there
were of the order of 20 pLAT clusters within the im-
aged area (3 � 5 mm). The quantitative analysis (Fig-
ure 5d) identifies around 30 clusters in the same
area, indicating that the diffraction-limited TIRF
imaging commonly used to study T cell microclusters
may underestimate the number of clusters by up to
50%. The quantitative nature of the analysis allows
us to determine that that these clusters contain ap-
proximately 81% of the pLAT molecules in the im-
age. Because dSTORM produces multiple localiza-
tions from each fluorophore, it was not possible to
determine the absolute number of molecules in the
field of view. As the localization precision (10–
20 nm) is much smaller than the cluster size
(�100 nm) the multiple localizations have the effect
of only slightly reducing the resolution of the final
image.

Figure 4 (online color at: www.biophotonics-journal.org)
2-color PALM clustering map showing overlaid LckN10-
tdEos (red) and SrcN15-PS-CFP2 (green) which exist in
mainly non-overlapping clusters. (Scale bar 200 nm).
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4. Conclusion

We have demonstrated that super-resolution PALM
and dSTORM imaging and quantitative cluster map-
ping and analysis is a powerful quantitative tool to
determine protein distributions at the cell surface.
We have found that the N-terminal acylated tail of
Lck, fused to the photo-convertible protein tdEos, is
clustered at the plasma membrane. These clusters
are of the order of 120 nm in size (clusters between
20 and 190 nm show LðrÞ � r values above 50% of
the peak and LðrÞ � r remains positive (clustered)
up to length scales of 510 nm), contain 58% of the
molecules and cover approximately 7% of the cell
surface. The validity of the method has been tested
using simulated data.

We have further used 2 color PALM microscopy
to compare the distribution of two different mem-
brane targeting sequences: LckN10 and SrcN15. While
we find that both of these proteins are clustered into
sub-resolution domains, the clusters of each protein
do not significantly overlap. Given the small size of
membrane domains, at least in resting cells, it is
likely that PALM imaging will be a suitable ap-
proach to determine the distribution of raft and non-
raft proteins at the plasma membrane of fixed cells.

Finally, we have imaged T cell microclusters of
the phosphorylated scaffolding protein LAT at the
immunological synapse using dSTORM. We find
previously unseen diversity in the size and molecular
density of these protein microclusters.

In conclusion, our proof-of-principle study shows
that PALM and dSTORM imaging and quantitative
cluster analysis can be used to enhance our under-
standing of the heterogeneity of cell surface proteins.

Acknowledgements The authors acknowledge funding
from the Australian Research Council (ARC) and Human
Frontier Science Program (HFSP).

Figure 5 (online color at: www.biophotonics-journal.org)
dSTORM and cluster analysis of T cell microclusters of
pLAT at the immunological synapse formed on anti-CD3
coated coverslips. (a) Conventional TIRF image. (b)
Zoomed region with an example of T cell microclusters
(red and green circles) (c) Raw dSTORM image showing
molecular localization and (d) quantitative cluster map il-
lustrating how the microcluster circled in red is in fact two
distinct entities while the one circled in green is a more
diffuse molecular aggregate (scale bar 1 mm).
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