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Adherens junctions (AJs) play a fundamental role in tissue in-
tegrity; however, the organization and dynamics of the key AJ
transmembrane protein, E-cadherin, both inside and outside of
AJs, remain controversial. Here we have studied the distribution
and motility of E-cadherin in punctate AJs (pAJs) of A431 cells.
Using single-molecule localization microscopy, we show that pAJs
in these cells reach more than 1 μm in length and consist of several
cadherin clusters with crystal-like density interspersed within
sparser cadherin regions. Notably, extrajunctional cadherin ap-
pears to be monomeric, and its density is almost four orders of
magnitude less than observed in the pAJ regions. Two alternative
strategies of tracking cadherin motion within individual junctions
show that pAJs undergo actin-dependent rapid—on the order of
seconds—internal reorganizations, during which dense clusters
disassemble and their cadherins are immediately reused for new
clusters. Our results thus modify the classical view of AJs by depict-
ing them as mosaics of cadherin clusters, the short lifetimes of
which enable stable overall morphology combined with rapid
internal rearrangements.
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Adherens junctions (AJs) serve as major intercellular adhe-
sive structures in nearly all vertebrates (1, 2). While AJs are

extremely diverse in their morphology, they all employ classical
cadherin that forms intercellular adhesive bonds, the distribu-
tion, strength, and dynamics of which are controlled in part by
catenins, cytosolic cadherin-bound proteins (3–6). Despite being
a key component of cell–cell adhesion, many basic issues, such as
the detailed structure of AJs, mechanisms of their plasticity, and
homeostasis, remain to be clarified.
Traditional light and electron microscopy (EM) have identi-

fied two major groups of AJs: linear AJs (lAJ) or zonula adherens
and punctate AJs (pAJ) or puncta adhaerentia (7, 8), each of
which can be further classified into a variety of subtypes. The
lAJs connect polarized epithelial cells along the apex of their
lateral membranes. They are relatively immobile, associate with
the prominent circumferential actomyosin ring, and may extend
up to 1–2 μm along the z axis (9, 10). The pAJs, by contrast, are
mobile, associate with the radial actin bundles (11, 12), and
appear as streaks or puncta, up to several microns in length (10,
13–15). In some AJs, an electron-dense intracellular plaque
consisting of cadherin tails and catenins appears uniform along
the entire junctional length (10, 14, 16). In many cases, however,
such plaques are interrupted by small gaps where density is less
prominent and cadherin or catenin signals are sparse (15). A
similar organization was detected by Superresolution Structured
Illumination Microscopy (SIM) of keratinocyte-like A431 cells
that showed that pAJs, ∼1 μm in size, consist of several laterally
associated cadherin and nectin clusters interconnected with an
actin bundle (17). Importantly, neither light microscopy nor EM
studies (18) revealed cadherin clusters on the free cell surface,

suggesting that cadherin clustering is induced by cell–cell inter-
actions and is a crucial step in AJ assembly.
This traditional model of AJs was recently challenged by

single-molecule localization microscopy (SMLM) of A431D cells
(19). This study revealed numerous cadherin clusters with a median
size of ∼50 nm that had unexpected properties: they were abundant
along the entire cell surface, including cell-contact–free regions,
and were not bound to actin filaments. The relationship of these
clusters to the traditional view of pAJs remains unclear. Most
importantly, their existence strongly contradicts the fundamental
concept that trans-cadherin interactions and binding to actin are
absolutely essential steps in cadherin clustering and AJ assembly.
Another fundamental, but undefined, aspect of AJ biology

is AJ dynamics. Indeed, AJs (pAJs in particular) are mobile,
morphologically unstable structures (11, 12), continuously shuf-
fling their adhesive bonds (16). Such plasticity is required so that
intercellular contacts can be adjusted as cells reorganize within
tissues. Fluorescent Recovery After Photobleaching (FRAP)
experiments showed that nearly 100% of cadherin in AJs can be
replaced during 1- to 5-min time intervals (11, 20), suggesting
that entire AJs can be rebuilt on this timescale. While some
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evidence suggests that the mechanism driving this phenomenon
is cadherin endocytosis (16, 20), no specific flow of cadherin-
containing endocytic vesicles from AJs was detected in live im-
aging experiments (21). Another set of FRAP data, by contrast,
showed that up to 50% of cadherin in AJs is immobile during a
5-min period (22–26). It was suggested therefore that AJs consist
of a stable adhesive core and a replaceable periphery (23, 26).
The processes coordinating the motility and reorganizations of
such a stable core between two contacting cells, however, remain
puzzling. Clearly, new approaches, other than FRAP, need to be
applied to clarify whether AJ homeostasis is based on gradual
remodeling of the same clusters or on their complete reassembly.
Furthermore, it is important to relate the dynamics of AJs to
their structure.
The dual aims of this study are to refine the superresolution

description of cadherin distribution in pAJs and, using comple-
mentary approaches, to track internal AJ dynamics. In agree-
ment with the traditional view, we show that pAJs of A431 cells
appear as micrometer-size adhesion units consisting of dense and
loose cadherin regions. Moreover, we find that nonjunctional
cadherin is predominantly monomeric. In addition, using two
different approaches to label a small fraction of cadherin mol-
ecules in pAJs, we show that these structures are continuously
and completely reassembled on a subminute timescale. Our
structural and live-imaging experiments suggest a dynamic model
of AJs, according to which AJ plasticity is based on regulatable
actin filament-driven instability of the intrajunctional cadherin
adhesive clusters.

Results
AJs Consist of Subregions with Different E-Cadherin Densities. To
study the organization of E-cadherin in AJs, we first performed
SMLM of A431 cells expressing Dendra2-tagged E-cadherin
(A431-EcDn). The basolateral actin/vinculin-associated pAJs of
these cells are located very close to and lie nearly parallel to the
cell substrate (11, 17). This feature makes these junctions ideal
for SMLM. Fig. 1 A and B show a group of pAJs as detected by
wide-field microscopy of Dendra2 fluorescence and by photo-
activated localization microscopy (PALM). This approach, in
agreement with our previous SIM analyses (17, 21), showed that
pAJs consisted of one to three separate submicron-sized clusters
(Fig. 1B). To approximate their molecular density, the EcDn
molecules identified in 30- × 30-nm grids of the correspondingly
gridded images were quantified. This analysis showed that the
distribution of cadherin-derived signals in pAJs was not uniform
and varied from 6 to 12 per grid (Fig. 1 C–F and K, direct count).
We had previously shown that A431-EcDn cells exhibited

approximately the same levels of Dendra-tagged and endoge-
nous cadherins (see figure 2C in ref. 11). Assuming the random
intermixing of both versions of E-cadherin, the cadherin density
in the densest pAJ areas was about 24 molecules per 30 × 30 nm2

—

approximately two times less than that in the cadherin crystal
lattice (about 40 molecules per 30 × 30 nm2). However, the real
cadherin count could significantly deviate from the PALM-
obtained numbers since this technique can overcount by count-
ing the same molecule several times or undercount by not
detecting some of the molecules (27). It was shown that only

Fig. 1. E-cadherin organization in basolateral AJs of A431 cells. (A) Conventional fluorescence microscopy and (B) 3D photoactivated localization microscopy
(3D-PALM) of the same pAJs of EcDn-expressing A431 cells. Note that most of the pAJs are located at a focus plane, which is about 600 nm above the coverslip.
Arrow in B points to the pAJ consisting of two microclusters. (Scale bar in B also applies to A.) (C) Enlarged area marked by the dashed box in A. Each PALM
signal is represented as a white dot. (D) The heat map of signal densities in the 30- × 30-nm gridded area shown in C. A heat bar showing the signal count in
each grid is presented in K (direct count). (E–G) High magnification of the individual pAJs boxed by dashed lines in D (marked e, g, and f). Note that pAJs
appear as compact structures consisting of regions with different cadherin densities. (H) PALM of the recombinant protein, GST-Dn, attached to the coverslip.
Each Dn signal appears as a red dot. Arrows show the doublets of signals. (I) Size exclusion chromatography of GST-Dn (only a part of the elution profile is shown;
m and d stand for monomers and dimers, correspondingly). Note that the protein is a dimer. (J) A percentage of GST-Dn signal appearance as detected by PALM.
Only 10% of the GST-Dn shows doublets, indicating that PALM recovers less than 50% of molecules. (K) A heat bar for the density maps shown in D–G. Direct
count: the counts of PALM-derived EcDn signals per each 30- × 30-nm2 grid as they appear in C; + endogenous, the number of cadherin molecules per grid taking
into account the endogenous cadherin; + undercount, the number of cadherin molecules per grid considering the 50% undercounting revealed in H–J.
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10% of Dendra2 molecules are detected more than once (28),
but the undetectable fraction of Dendra2 has not been
determined.
To assess this fraction, we performed PALM on recombinant

GST-Dendra2 (GST-Dn) covalently attached to coverslips. In
agreement with the potent dimerization properties of GST (29),
this protein formed a stable dimer (Fig. 1I). Therefore, if each
Dendra2 molecule produces only one PALM signal, GST-Dn
should generate doublets of signals. In reality, only 10% of
GST-Dn was presented as doublets (Fig. 1 H and J). This control
experiment clearly showed that our SMLM detected 50% or
even less of Dendra2 molecules. Such significant undercounting
was apparently caused by the low fluorescence intensity of
Dendra2, its unspecific bleaching, and/or incomplete Dendra2
maturation. Considering such significant undercounting, our SMLM
analysis shows that the pAJs of A431 cells consist of different
subregions with a range of cadherin densities. Several, usually
central, regions exhibit crystalline lattice-type density (∼40/30 ×
30 nm2) while densities of the sparse areas are about two times
less (Fig. 1K). The number of dense regions per pAJ, while not
specifically counted, varies from just a few (pAJ in Fig. 1F) to
10 and even more (pAJ in Fig. 1E). The size of these regions can
reach 100 nm in one of their dimensions.

Extrajunctional Cadherin Is Predominantly Monomeric. We failed to
identify the so-called nano-sized cadherin clusters, which were
found to be the most prominent form of cadherin organization
even on cell–cell contact-free edges of A431D cells (19). Rather,

extra-AJ cadherin was predominantly monomeric and only oc-
casionally was detected in small clusters (Fig. 1G; see also
below).
The majority of the nano-sized clusters in A431D cells were

reported to consist of just four to six molecules (19). Therefore,
there was a possibility that a dilution of EcDn by endogenous E-
cadherin in A431 cells made such clusters undetectable in our
study. To test this possibility, we knocked out E-cadherin using
CRISPR/Cas9. Several subclones of these A431cEcKO cells
expressing EcDn at the level of the endogenous E-cadherin were
obtained (Fig. 2E). As expected, SMLM of the resulting cells
showed a twofold increase in the detectable EcDn density in
pAJs (Fig. 2 A and B). To analyze extrajunctional cadherin
clustering in our cells, we determined the clustering index (CI),
which we based on the reported median diameter (50–60 nm) of
the nano-sized clusters (19). We defined CI as the ratio between
the number of 60- × 60-nm2 regions containing two or more
molecules and the number of such regions that contain only a
single molecule. The average CI of EcDn in extrajunctional re-
gions was about 0.25 (Fig. 2C), suggesting that most of the
cadherins in extrajunctional regions are monomeric. Further-
more, a color-coding for the instant of detecting each molecular
event showed that the clusters on AJ-free edges were mono-
chromatic. This feature strongly suggests that these clusters are
in fact monomeric and originated from Dendra2 molecules,
which blinked multiple times before bleaching (28).
Another factor that could render nano-sized clusters un-

detectable is a low Dendra2 detection rate. To probe this possibility,

Fig. 2. Extra-AJ organization of E-cadherin. (A)
Conventional fluorescence microscopy of two cells
located at the edge of the colony of EcDn-expressing
A431cEcKO cells. A group of pAJs (in the dashed box
within A labeled “B”) is zoomed in the Inset (mag-
nification: 2×), and its SMLM image expressing mo-
lecular density (direct count of molecules in 30 ×
30 nm2, as in Fig. 1D) is shown in B. (C) Localization
of the monomers, dimers, and oligomers (corre-
sponding to numbers of molecules in 60 × 60 nm2)
within the cell–cell contact-free area marked by the
box “C” in A. Their average abundance within 25-
μm2 areas (six independent areas in two images
were quantified) is given at the Right. (D) Two
clusters, “a” and “b” marked in C, are zoomed and
color-coded relative to the instant of detection. Note
that both clusters are monochromatic. (E) Western
blots of total lysates for cell lines used in this study.
(Left) WT (parental A431 cells), EcHaT (EcHaT expressed
in A431EcKO cells), EcKO (A431EcKO cells), EcGFP, and
GFP2-Ec (EcGFP and GFP2-Ec expressed in A431EcKO
cells). (Right) WT, EcKO, and EcDn (EcDn expressed in
A431EcKO cells). (F) The A431cEcKO cells expressing
GFP2-Ec were stained with AF647nab (2 μg/mL). Note
that the nanobody (nab) preferably targets extra-
junctional cadherin (arrowhead) but not the pAJs
(arrow). (Magnification: Insets, 2×.) (G) GFP2-Ec–
(GFP2-Ec) and control EcGFP- (EcGFP) expressing
A431cEcKO cells were stained by AF647nab imaged
by conventional microscopy for GFP and by SMLM
for AF647 (AF647nab). Monomers, dimers, and oligo-
mers are color-coded (as in C). The total number of
the AF647nab molecular events is given in the dia-
gram on the Right. A group of pAJs (in the dashed
box labeled “H”) is zoomed in the Inset (magnifica-
tion: 3×). (H) The molecular density (number of
molecules in 30 × 30 nm2, as in B) of the group of pAJs marked by dashed box “H” in G. Note that its apparent density of these pAJs is significantly lower than
that based on EcDn (compare with B). (I) Localization of the monomers, dimers, and oligomers within the cell–cell contact-free areas marked by the
dashed boxes I1–I3 in G. (J) The average abundance of the monomeric, dimeric, and oligomeric signals in contact-free areas (as in C ) revealed by
AF647nab in the GFP2-Ec–expressing cells (GFP-Ec) and on coverslips coated by dimeric (GST-GFP) or monomeric (pHis-GFP) forms of GFP. Their CI is
provided below the graph.
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we sought an approach to specifically label E-cadherin on the cell
surface with a fluorophore that is much brighter than Dendra2. To
this end, we expressed in A431cEcKO cells the endogenous level of
recombinant E-cadherin in which a mGFP (monomeric GFP) tag
was inserted in its ectodomain between Ser306 and Gln307 (GFP2-
Ec). N-cadherin bearing GFP at this site was shown to be functional
(30). Indeed, GFP2-Ec formed AJs that appeared typical for
A431 cells (Fig. 2G). These cells allowed us to label surface-exposed
GFP2-Ec in nonpermeabilized, formaldehyde-fixed cells using an
Alexa Fluor 647-conjugated anti-GFP nanobody (AF647nab),
which is monovalent, just 4 nm in diameter, and has 1:1 fluo-
rophore/protein molar ratio (31). Wide-field microscopy of the
labeled cells showed that the nanobody predominantly labeled the
periphery of pAJs but not their brightest regions, as detected by
mGFP (arrows in Fig. 2F).
SMLM of the labeled cells showed that the molecular density

of pAJs was significantly less than in the case of EcDn detection
(compare Fig. 2H with Fig. 2B) since labeling is not expected to
be stoichiometric. By contrast, in agreement with wide-field
microscopy, the detected cadherin density on the AJ-free edges
was much higher (∼4 molecules/μm2, Fig. 2C) than in EcDn-
expressing cells (∼1.4 molecules/μm2, Fig. 2I). This observation
showed that AF647nab labeling much more efficiently detected
extrajunctional molecules than the Dendra2 tag. The AF647nab
staining of these cells was specific since it generated two orders
of magnitude more signals than the same labeling of the control
EcGFP-expressing cells, in which mGFP is intracellular and
hence could not be detected by AF647nab (Fig. 2G). Never-
theless, the AF647nab labeling showed that the majority of the
open-edge molecules were still monomeric (CI ∼ 0.31). To
confirm that this CI value was due to monomeric molecules, we
determined the CIs of dimeric (recombinant GST-GFP) and
monomeric (polyHis-GFP) forms of GFP immobilized on cov-
erslips and stained with AF647nab. Fig. 2J shows that the CI of
the monomeric GFP (CI ∼ 0.3) but not of the GFP dimers (0.62)
exactly matches that of the extrajunctional GFP2-Ec. Taken to-

gether, these results unequivocally demonstrate that the AJ-free
pool of E-cadherin is monomeric in A431 cells.

Cadherin Molecules in AJs Are Rapidly Relocated. While SMLM
provides a map of the internal structure of pAJs, its static images
do not allow one to determine whether the loose and dense re-
gions are stationary or rapidly reorganized. To probe this ques-
tion, we sought an approach that allowed us to track a small pool
of E-cadherin within each pAJ. To this end, we produced A431-
EcKO cells stably expressing recombinant E-cadherin tagged at
its C terminus with the Halo tag (EcHaT). The pAJs formed in
these cells, which were, as judged by immunofluorescence, in-
distinguishable in their morphology from those of the WT
A431 cells, could be specifically labeled by the HaloTag-TMR
(tetramethylrhodamine) ligand (5 μM for 5 min, Fig. 3A). To
label just a small fraction of cadherin molecules in pAJs, we
gradually decreased the ligand concentration. At 0.06 nM, the
pAJs exhibited numerous small TMR-labeled speckles, some of
which corresponded to the brightest points of pAJs (Fig. 3B).
Based on bleaching kinetics (Fig. 3C), the speckles consisted of a
relatively large number of the labeled molecules. Reorganization
of such pAJ speckles over time should reflect the internal sta-
bility of the entire pAJ structure (32).
To record entire pAJs simultaneously with their TMR-labeled

speckles, we cocultured EcHaT cells with A431 cells expressing
EcGFP (E-cadherin labeled at the C terminus) and inspected the
mixed junctions with GFP- and TMR-labeled sides. Since all
molecules on the GFP side are labeled, the green channel reveals
the general shape of the junction (Fig. S1). In contrast, the
TMR-labeled (red) side of the same pAJ appeared as speckles,
the motion of which could be tracked. Time-lapse imaging with
10-s intervals and superimposition of the subsequent frames (Fig.
3 D and E and Movie S1) demonstrated very fast dynamics of the
TMR-labeled speckles. At the same time, the corresponding
GFP-labeled side retained its overall appearance. To quantify
the internal dynamics of pAJs, we determined the Pearson’s
correlation coefficient (PCC) of GFP and TMR between the

Fig. 3. Dynamics of the intrajunctional HaloTag-
tagged clusters. (A) The EcadHaT cells were in-
cubated with the 5-μM HaloTag-TMR ligand for
10 min, chased in the ligand-free media for 20 min,
and then stained with E-cadherin–specific mAb.
The corresponding areas marked by the dashed
box are zoomed at the Right. Note a nearly com-
plete colocalization of the antibody (Ab)- and
HaloTag (Halo)-derived images. (B) The cells were
incubated with the 0.06-nM TMR ligand for 2 min,
chased as in A, and stained for E-cadherin. Note
the patchy distribution of the labeled molecules in
pAJs. The arrow-indicated pAJ is zoomed in the
Inset (magnification: 2×.). (C ) Bleaching kinetics of
the patchily labeled pAJs. (D) The coculture of the
EcGFP and Ec-HaT–expressing A431cEcKO cells was
labeled as in C and time-lapsed at 10-s intervals
(Movie S1). The image on the Left is a total single
frame at time 0. GFP (green) and HaloTag (red)
fluorescence is merged. The dashed area of the
Left image is zoomed in the three Right images.
The background fluorescence is not subtracted.
Note the speckle-like character of the HaloTag
fluorescence. (Scale bars, 5 μm.) (E ) The areas
shown in D are presented as a sum of three con-
secutive frames, which are colorized in red, green,
and blue, respectively, and merged. Note that the
combined GFP-derived images (frames 0 + 10 +
20 and 30 + 40 + 50) are black and white, in-
dicating pAJ stability during 20 s. By contrast,
HaloTag-derived images are multicolored. (Scale bar, 5 μm; magnification: Insets, 2×.) (F ) Average PCC of the pAJs between two consecutive frames
taken using GFP (GFP) or HaloTag (Halo) fluorescence. The average of 20 pAJs from five independent movies is shown.
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subsequent frames. This quantification gave a value close to 1 for
the GFP-labeled and close to 0.5 for the TMR-labeled junctional
sides (Fig. 3F). These results clearly show that pAJs, while stable
over a time range in seconds, consist of continuously and rapidly
reorganizing cadherin molecules.

AJs Consist of Transient Cadherin Clusters. The HaloTag experi-
ments presented above clearly showed that E-cadherin molecules
continuously move within pAJs. Unfortunately, the relatively low
fluorescence intensity of TMR did not allow us to decrease the
pool of the labeled cadherin in pAJs to a size that permits
tracking individual molecules. Such labeling, however, is neces-
sary to elucidate the stability of the dense pAJ cadherin regions.
To increase brightness of the labeled molecules, we employed

the GFP2-Ecad–expressing cells described in the SMLM section
where the GFP is placed within the extracellular domain. In-
cubation of these cells with ATO 594-conjugated anti-GFP
nanobody (AT594nab) at 2 μg/mL for 10 min at 37 °C resulted
in complete labeling of all pAJs (Fig. 4A). Time-lapse microscopy
showed that the labeled pAJs were stationary over a time range of
∼3 min with virtually no detectable internal dynamics either in
green (GFP) or in red (ATO 594) fluorescence channels (Fig. 4B).
A conventional FRAP assay showed that the fluorescence re-
covery half-time of the nanobody-labeled pAJs was about 40 s,
and about 30% of the labeled molecules appeared to be immobile
(Fig. 4C, blue line). These values are similar to those obtained for
the control AT594nab-unlabeled pAJs (Fig. 4C, red line) and for
the pAJs in EcGFP-expressing cells (black line). These data are
consistent with the published FRAP data obtained for C-terminally
tagged E-cadherin (22–26) and verified that nanobody labeling did
not detectably affect AJ homeostasis.
We then decreased the concentration of nanobody in the labeling

media to 0.1 μg/mL. At this concentration, the pAJs exhibited la-
beled speckles, the distribution of which was very similar to that
observed in our HaloTag experiments (compare Figs. 3D and 4D),
indicating that each speckle was formed from the fluorescence
of numerous molecules. The exceptional brightness of ATO 594
allowed us to record the labeled speckles with a speed of five

frames per second (Fig. 4D–F andMovie S2). The obtained movies
(Fig. 4F) and their kymograph (Fig. 4E) showed that the speckles
did not change gradually. Instead, their pattern changed by the
rapid appearance or disappearance of individual speckles (yellow
arrows, Fig. 4F). The lifetime of some speckles was just 400 ms,
while other persisted for longer than a second (red arrows).
To exclude the possibility that the observed speckles were caused

by abnormalities in the behavior of E-cadherin upon AT594nab
binding, we produced GFP2-Ecad–expressing, α-catenin–depleted
cells. As expected, these cells were unable to form pAJs (Fig. S1,
GFP). While their surface E-cadherin was efficiently labeled by
AT594nab, no cell–cell contact-located speckles could be detected
in these cells (Fig. S2, nab). This observation verified that the
dynamic speckles that we observed reflected cadherin dynamics in
pAJs. The instant appearance and disappearance of the speckles
could be due to the instantaneous (on an approximate second
timescale) assembly and disassembly of small, immobile pAJ-
located clusters. Alternatively, our data could also be explained
by independent relocation of individual cadherin molecules be-
tween stationary clusters in pAJs.
To probe these two possibilities, we tracked single cadherin

molecules. If cadherin molecules were observed to be immobi-
lized in junctions for periods approximately matching the life-
time of the speckles (on the order of the lifetime of a cluster),
this would support the first scenario where clusters assemble and
disassemble as a unit. Periods of immobility significantly shorter
than the speckles’ lifetime would indicate the second possibility
where cadherin molecules enter and leave clusters indepen-
dently. To record single molecules, we decreased the nanobody
concentration in the labeling media to 25–50 ng/mL. At this
concentration, only individual puncta could be seen in each pAJ.
Analyses of the cells fixed after such staining showed that the
detectable fluorescent puncta, as expected for single fluorophores,
were photobleached in one step (Fig. 5C). Low fluorescence of
these puncta did not allow us to perform wide statistical analyses
of their trajectories. However, all puncta that could be manually
tracked showed a consistent motility pattern (Fig. 5 A and B and
Movie S3). The majority of the tracked molecules switched between

Fig. 4. Fluorescent speckle microscopy of the GFP2-
Ecad–expressing cells. (A) The cells were incubated
with AT594nab (2 μg/mL) for 1 min at 4 °C and then
chased for 5 min at 37 °C. Note that AT594nab la-
beled all AJs. (Magnification: Insets, 2×.) (B) Time-
lapse microscopy acquired in 10-s intervals of the
labeled cells. Three consecutive frames of GFP-
derived (GFP) and AT594nab-derived (nab) fluores-
cence were colorized in red, green, and blue (frames
taken 400, 410, and 420 s after labeling, re-
spectively) and merged (see Fig. 3E for details). The
resulting images are black and white for both fluo-
rescences, indicating the overall stability of the labeled
pAJs. (Magnification: Insets, 2×.) (C) Fluorescence re-
covery curves for cadherin in A431 cells expressing
EcGFP- (Ec-GFP, black line), GFP2-Ecad– (GFP-Ec, red
line), and GFP2-Ecad–expressing cells labeled with
AT594nab as in A. In the latter case, FRAP was per-
formed in GFP (GFP-Ec+nab, blue line) and in
AT594nab (AT594nab, green line) channels. Mean
values of immobile fraction (column “Im.Fr”) and re-
covery half-time (column “Rec.HT”) are shown in the
corresponding colors. The error bars represent SDs
(n = 30). (D) The GFP2-Ecad–expressing cells were
labeled as in A, but at a low AT594nab concentra-
tion (0.1 μg/mL). After labeling, the selected region
was imaged in the green channel (GFP) and then immediately time-lapsed with five frames per second in the red channel (Movie S2). A single frame (taken 5 s
after the start of the movie) is shown (nab). The dashed box in the GFP image is enlarged in the Insets (magnification: 1.5×). (E) Kymography of the AT594nab
fluorescence sampling along the line shown in D (nab). (Magnification: 4×, relative to “E” Inset in D.) (F) The ATTO 594 fluorescence in the area demarcated
by the dashed box in D in eight consecutive frames (time in seconds is indicated). Some of the speckles that persisted in three or more frames are marked by
the red arrows. Those that are present only in single frames are shown by yellow arrows.

E4410 | www.pnas.org/cgi/doi/10.1073/pnas.1720826115 Indra et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
9,

 2
02

1 

http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1720826115/video-2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1720826115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1720826115/-/DCSupplemental
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1720826115/video-3
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1720826115/video-2
www.pnas.org/cgi/doi/10.1073/pnas.1720826115


www.manaraa.com

mobile and immobile modes. In most cases, the consequent sta-
tionary positions were spatially very close. Some puncta (Fig. 5B,
molecule M2) periodically moved just for a pixel-size distance
(128 nm). In some cases, however, molecules moved as far as 1 μm
between their stationary sites (Fig. 5B, molecule M1). Each period
of immobility ranged from ∼800 ms to ∼10 s (Fig. 5B). Such im-
mobilization periods are consistent with the first scenario, where
each cluster behaves as a unit. However, the shortness of the re-
location distances, which could be below the microscope resolution
and hence undetectable, precluded the exact determinations of
cluster lifetime.

Both Sides of AJs Are Relatively Independent. In previous work, we
demonstrated that pAJ stability depends on both cis and trans
ectodomain interactions and cadherin anchorage to actin (33,
34). Here we have shown that pAJs consist of independent short-
lived clusters. We now ask whether cluster dynamics are driven
by active shuffling of cadherin molecules using intracellular machinery

or are primarily based on ectodomain interactions. To answer this
question, we designed experiments aimed at determining whether
cadherin dynamics on both halves of a junction are coupled or
independent. We cocultured two populations of A431-EcKO cells;
in one, recombinant E-cadherin was tagged with the red fluores-
cent protein mKate2 (EcKate) and the other with mGFP (EcGFP).
In control experiments, we imaged A431 cells coexpressing mGFP-
tagged β-catenin (βCatGFP) and EcKate. Time-lapse simultaneous
imaging of the red and green fluorescence of the mixed junctions
was performed using a two-camera setting.
Visual inspection of the obtained images clearly showed that,

while EcKate/βCatGFP fluorescence intensities perfectly matched
one another (Fig. 6A), the EcKate/EcGFP intensities did not (Fig.
6C). To verify this observation, we determined the ratio between
red and green fluorescence at each overlapping pixel after back-
ground subtraction. This showed that the cadherin/β-catenin ratio
was nearly constant in all frames of our movies (Fig. 6B andMovie S4).
By contrast, pAJs exhibited continuously changing heterogeneity

Fig. 5. Single GFP2-Ecad molecule tracking. (A) The GFP2-Ecad–expressing A431 cells were labeled as in Fig. 4, but using a very low (50 ng/mL) AT594nab
concentration. Before time-lapse recording (five frames per second) of the AT594nab (Movie S3), a single frame of GFP fluorescence (GFP, green) was taken.
Its dashed box area is enlarged at the Bottom (green). The corresponding AT594nab fluorescence (nab) of the frame taken 60 s after the start of the movie is
shown next. The dashed box of this area is further magnified on the Bottom Right. (B) Three sequences of ATTO 595 fluorescence taken from Movie S3
demonstrating the transient immobility of molecules marked as M1, M2, and M3 in A. The first site of immobility of each molecule is placed at the intersection
of dashed lines. Only selected frames (numbered according to the time, in seconds, at which they were taken) are demonstrated. The frame times, in which
the molecule was immobile at the same site, are color-coded. The maps of the immobile positions (each position has the same color as the color code of the
frame number) are shown on the Right. The time intervals that the molecules spent at each location are indicated. (Scale bars, 1.5 μm if not specifically
indicated.) (C) The photobleaching curves of the individual AT594nab puncta. A.U., arbitrary unit.
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in the red-to-green cadherin fluorescence ratio across each AJ
(Fig. 6D and Movie S5). To quantify the differences in distri-
bution of cadherin on both sides of the same AJs, we performed
pixel-by-pixel covariance analyses of red and green fluorescence
of pAJs in our movies using PCC. The E-cadherin/β-catenin
covariance index was close to 1 in all tested pAJs, while the
cadherin/cadherin index was about 0.4.
We then explored the role of the cadherin–actin interactions in

the maintenance of the detected asymmetry of the two junctional
halves. If actin is a key factor in maintaining junctional asymmetry,
one may expect that the changes in the actin cytoskeleton should
influence the differences. Indeed, Cytochalasin D (the drug
depolymerizing actin filaments) or Jusplakinolide and ATP de-
pletion (both of which inhibit actin filament disassembly) in-
creased PCC of the mixed junctions to ∼1 (Fig. 6 E and F).
To verify that the actin filament and pAJ dynamics are in-

terrelated, we compared TMR-labeled speckle reorganization in
A431 cells expressing HaloTag-tagged E-cadherin (EcHaT, see
above) in the presence of Jusplakinolide. While a 10-min-long
application of this drug (at 0.1 μM) had no detectable impact on
pAJ morphology, it completely stalled actin dynamics as recor-
ded by Sir-Actin staining of living cells (Fig. 6I). It also drastically
decreased TMR-labeled speckle dynamics (Fig. 6 G and I). Taken
together, these data show that intracellular actin-dependent mech-
anisms participate in continuous pAJ reorganization.

Discussion
We studied the basolateral pAJs typical for cells of different
origin (7, 8, 17, 35). In A431 cells, basolateral pAJs reach 1 μm or

longer in length. Our SMLM revealed that each pAJ is not
uniform, but exhibits dense and looser cadherin regions. Dense
regions are characterized by a crystal lattice-type density (∼3.6 ×
104/μm2), suggesting that cadherin here is engaged in trans- and
cis-interactions (33, 36, 37). The looser regions have densities of
∼1–2 × 104/μm2, suggesting that the intermolecular distances
here have increased by a factor of ∼1.4–2 relative to the
crystalline-like regions. This lower density is not compatible with
cis interactions, and it is not clear whether trans interactions are
formed. Notably, the density even in the looser regions is almost
four orders of magnitude greater than on the nonadhesive cell
edges where it is only approximately four to five molecules per
μm2. These aspects of pAJ structure are shown schematically in
Fig. 7. Future studies are needed to clarify several important
aspects of this model, one of which is a relationship between
cadherin and nectin clusters. According to SIM, these clusters
are adjacent to one another (17). A still-unanswered question is
whether they are completely separate or, rather, are nectin
clusters interspersed within loose cadherin regions.
The mosaic structure proposed here for pAJs is consistent with

much of the current literature. Available EM data (10, 13–15)
show that dense intracellular plaques in pAJs are broken by gaps
where the plaques are not clearly defined and the opposing
membranes are disengaged (10, 13, 14). These gaps, therefore,
could correspond to the loose cadherin areas in our SMLM
images. Notably, this mosaic model of pAJ structure also agrees
with our structural understanding of ectodomain assembly
through cis and trans interactions, in that each crystalline-like
cluster has a distinct directionality, which prevents its merging

Fig. 6. Differences in cadherin dynamics at two
sides of the same AJ. (A) The first frame of the movie
taken at 90-s intervals of A431 cells coexpressing
GFP-tagged β-catenin (βCtGFP, green) and mKate2-
tagged E-cadherin (EcKt, red). The boxed area is
zoomed in the Insets (magnification: 2×). Note the
nearly complete identity of green and red fluores-
cence in the merge image. (B) Four consecutive
frames of the same movie presented as a ratio of the
red to green fluorescence (Movie S4). The color-code
bar is at the Bottom. (C) The first frame of the time-
lapse movie (imaged as in A) of the coculture of
A431 cells expressing either EcGFP (EcGFP) or EcKt
(EcKt) E-cadherin. Note that the merge image shows
significant variations in green and red intensities of
AJs enlarged in the Inset (magnification: 2×). (D)
Four consecutive frames presented as a red-to-green
ratio (as in B) of the movie shown in C (Movie S5).
Note significant and changing variations of the ratio.
(E) Single frames of the movies taken as in C but
after treatment of the cells with Cytochalasin D or
after ATP depletion. The boxed areas are zoomed at
the Right, and the red-to-green ratios are shown in
the Insets. (F) Average PCC of the pAJs between
green and red fluorescence in the cases of cadherin
coculture (Ec/Ec), Cytochalasin treatment (Ec/Ec:CD),
ATP depletion (Ec/Ec:ATP), or βCatGFP and EcKt
coexpression (Ec/βC). (G) The coculture of the
EcGFP and Ec-HaT–expressing A431cEcKO cells was
labeled as in Fig. 3C and time-lapsed at 10-s intervals.
A single frame shows GFP-derived (GFP, green) and
HaloTag-TMR–derived (Halo, red) pAJs within the
selected contact between red and green cells. The
HaloTag-TMR–labeled pAJs are presented as a sum
of three consecutive frames (two sets of frames,
numbered, are presented for each movie), which are
colorized in red, green, and blue and merged (see
Fig. 3E for detail). Note that Jasplakinolide notably decreased the differences between frames. (H) Average PCC of the pAJs between two consecutive frames
taken using HaloTag (Halo) fluorescence in control Jusplakinolide-treated cells. The parallel cultures of EcGFP cells were stained with Sir-actin, and PCC of
junctional actin between consecutive frames was determined. The average of 20 pAJs from five independent movies is shown. (Scale bars, 10 μm.) (Mag-
nification in B, D, and G: 1.2×, relative to Insets in A and C.)
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into a single large cluster (33). In this light, regions of lower
cadherin density are expected between individual crystalline-like
clusters, as is indeed observed in computer simulations of junc-
tion assembly (38), and is consistent with recent immune-EM
investigations of interaction between cells and cadherin-coated
substrates (37).
While our data agree with a large body of EM and cadherin

structural data, they are difficult to reconcile with the recent
SMLM data published by Wu et al. (19). In contrast to our
finding that cadherin clusters are packed within discernible
micrometer-size pAJs, Wu et al. reported a large number of tiny,
∼50-nm cadherin clusters abundant all over the cells, even on
their noncontacting surfaces, regions where we were able to find
only cadherin monomers. In part, this inconsistency could be due
to the fact that Wu et al. used A431D cells. In our experience,
A431D cells, once transfected, contain a high population of cells
expressing abnormally high levels of cadherin. Such cells exhibit
fluorescence over the entire cell surface. It is possible, for ex-
ample, that the “nonadhesive” clusters observed by Wu et al.
represent cadherin trapped in contacts between plasma mem-
brane protrusions of the same cell.
Another published SMLM study investigated AJs in polarized

Drosophila epithelia (39). Consistent with our results, this study
showed that dense cadherin clusters, some of which are more
than 0.5 μm in size, were found exclusively in AJs. The major
difference from our work was that the isolated clusters were not
joined by the less dense cadherin regions. Their absence could be
due to the completely different ectodomain structures of Dro-
sophila and human cadherins and also, possibly, to differences in
cell types.
While published EM studies together with our cadherin den-

sity assessment describe a well-defined anatomy of pAJs, they
show only a static view of dynamic structure. Indeed, FRAP and
biochemical assays have demonstrated continuous ATP-dependent
turnover of cadherin molecules in AJs (11, 20, 24, 25). Both of
these techniques, however, were unable to answer a key ques-
tion: whether this turnover is caused by complete rebuilding of
an entire AJ or by partial replacement of some of its structural
elements. To shed light on this issue, we labeled a small fraction
of cadherin molecules and then tracked these molecules in pAJs.
Two complementary labeling approaches, each of which has specific
advantages, were used in these experiments.
The first approach involved HaloTag-tagged E-cadherin la-

beling by a HaloTag TMR ligand. The advantage of this technique
is that it directly labels cadherin in AJs. At low concentration of
the ligand, this labeling reveals bright intrajunctional speckles
composed of numerous labeled cadherin molecules, whose re-

organization occurs on a timescale of seconds. Over this time, the
overall morphology of pAJs themselves appeared unchanged.
These results suggest a significant motion of cadherin within
seemingly stable and stationary pAJs. However, due to the rela-
tively high density of the labeled speckles, this approach was not
able to determine whether pAJs also contain immobile elements.
The second approach was the labeling of E-cadherin externally

tagged with GFP using a red fluorescent anti-GFP nanobody
(AT594nab). In agreement with published experiments (30), we
found that cells expressing E-cadherin with the GFP tag posi-
tioned between Ser306 and Gln307 did not exhibit detectable
changes either in AJ morphology or in cadherin dynamics as
judged by FRAP assay. Staining of living cells with a low con-
centration of AT594nab generated transient fluorescent speckles
within preexisting pAJs. The advantage of this technique was the
exceptional brightness of the resulting speckles, which allowed us
to track them on the subsecond timescale. The lifetime of these
speckles varied from several hundred milliseconds to several
seconds. Importantly, the appearance and disappearance of in-
dividual speckles was not gradual but instant. If we assume that
AT594nab labeling is random, such instant changes of the la-
beled speckles indicate the absence in pAJs of any elements that
are immobile longer than several seconds. This finding was fur-
ther validated by tracking AT594nab-labeled single molecules,
which exhibited a short-range movement within pAJs from one
stationary point to another. While more work is needed to fully
describe the behavior of single E-cadherin molecules in pAJs, our
results are important since they reveal that cadherin molecules
exhibit temporary arrests within micrometer-size adhesions.
Taken together, our recording of cadherin motility showed

that pAJs, despite morphological stability over a period of mi-
nutes, undergo rapid, within seconds, internal reorganizations.
Importantly, none of our approaches detected immobile speckles
or single molecules, suggesting that these internal reorganiza-
tions involve both the dense and loose E-cadherin pAJ regions.
These results show a much more dynamic model of AJs than the
one proposed on the basis of FRAP experiments (23, 26). The
previous models proposed a gradual recruitment of new mole-
cules around the immobile pAJ core. Such models were based on
the fact that the majority of FRAP experiments detected the
relatively large (up to 50%) immobile fraction of cadherin
molecules in pAJs (22–26). However, in these FRAP experi-
ments, entire junctions were illuminated; clearly, the small,
submicron relocations of molecules within the same pAJ—the
major pattern of cadherin motion detected by our approaches—
would not be detectable by FRAP. According to our dynamic
model of pAJs, the cadherin-dense region that we detected
within these structures includes several independent adhesive
clusters. While determining the exact size and lifetime of the
individual clusters will require additional work, our data suggest
that the clusters are transient and that cadherin molecules re-
leased upon their disassembly are immediately recruited into
new clusters. This dynamical depiction of pAJs is compatible
with their overall stability, while the continuous rebuilding of
pAJs would allow cells to move within tissues without affecting
tissue integrity. This proposed mechanism of plasticity might well
be common for different structures involved in adhesion. For
example, recent data suggest that the continuous turnover of
focal adhesions is driven by an analogous assembly/disassembly
of small integrin clusters (40, 41).
What might be the driving force for the continuous reassembly

of cadherin clusters in pAJs? It seems clear that pAJ assembly is
initiated by trans recognition between cadherins from apposed
cells, followed by the formation of dense clusters mediated by cis
and trans interactions (33, 36, 42, 43). These clusters, in turn, are
stabilized by α-catenin, which provides a bridge to the actin cy-
toskeleton (34, 37, 44, 45). Our data suggest that once this in-
teraction is formed, the cytoskeleton becomes the primary

Fig. 7. Mosaic model of pAJ structure and dynamics. An individual pAJ is
shown in blue. The pAJ shown consists of four regions of crystal-like density,
suggesting that cadherins in these regions are engaged in both cis and trans
interactions, forming an ordered lattice as seen in classical cadherin crystal
structures. Each of these subregions has a directionality, indicated by the
arrow, which corresponds to the directionality of the cadherin lattice. Be-
tween crystalline regions cadherin has lower densities (blue) where its or-
ganization is not clear. (A) One crystalline cluster is shown in green. (B) Such
clusters are stable only transiently and disassemble, driven by actin dynamics,
as shown by disappearance of the green cluster. (C) New clusters reassemble.
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determinant of AJ dynamics. This model is supported by our
observations that the local cadherin densities and their changes
are not strongly correlated in apposed cells and that defects in
the actin cytoskeleton induced by Jusplakinolide or Cytochalasin
D decrease pAJ asymmetry. It is important to note that this
observation along with published data revealing a latrunculin-
resistant pool of actin in AJs (2, 6, 22, 46) support tight associa-
tion of cadherin clusters with actin filaments that is drug-resistant.
Thus, actin filaments apparently preserve pAJ integrity in the
presence of the inhibitors. In our model (Fig. 7), depolymerization
of cluster-associated actin filaments destabilizes the cluster, the
cadherin molecules of which are subsequently reused in new
clusters, initiated by new actin filament polymerization. The
observed cooperativity of α-catenin binding to actin (47–49) may
potentially be a key factor in such cadherin reclustering. Notably,
these processes take place continuously within a single pAJ, such
that its overall morphology appears constant.
In summary, our findings suggest that pAJs comprise mosaics

of cadherin clusters with crystal-like density interspersed within
high-density, but sparser, cadherin regions. While these junctions
display overall morphological stability over minutes, fast dynamic
processes occur, which continuously remodel individual junctions.

Materials and Methods
Plasmids. The plasmid (in pRcCMV; Invitrogen) encoding chimeric protein GFP2-
Ecad was constructed based on the Kim et al. (30) blueprint. The restriction sites
BsiWI and NheI were introduced into the human E-cadherin cDNA between
codons Ser306 and Gln307 in the plasmid pRcCMV-Ecad (containing unmodified
human Ecad cDNA). These sites were then used for the insertion of the mGFP
cDNA (obtained from Addgene, no. 21948). The plasmid encoding mGFP-,
mKate2-, and HaloTag at the E-cadherin C terminus was constructed from pRc-
EcDn (11) by replacing the tag. All plasmid inserts were verified by sequencing.

Cell Culture, Transfection, and Cell Labeling. Transfection and growth of
A431 cells were done as described (11). After transfection and antibiotic
selection, the cells were sorted for moderate transgene expression by FACS.
The levels of the recombinant proteins exposed on the cell surface were then
analyzed by the Western blotting of the surface-biotinylation proteins
performed as described earlier (16). To knock out Ecad expression, A431 cells
were stably transfected with the plasmid encoding Flag-tagged SP-Cas9 (#
62988; Addgene), and then the clone of these cells (A431cas) was selected
using anti-flag staining for the weakest and homogeneous expression of
Cas9. Genome editing of these cells was performed using Alt-R CRISPR-Cas9
System (IDT). In brief, the cells were transfected with an RNA complex
consisting of Ecad-specific CRISPR RNA (cgccgagagctacacgttca, designed by
software of Broad Institute of Harvard and Massachusetts Institute of
Technology) and tracrRNA. The Ecad-deficient cell clones were then selected
through cloning and verified by Western blotting.

For live-cell imaging the cells were labeled by adding into the cultures
for 1–2 min the ATTO 594-conjugated anti-GFP nanobody (Chromotek) at
the concentration indicated in the figure legends. After brief washing,
the labeled cells were imaged in the label-free imaging media. The
HaloTag-tagged AJs were labeled by 0.06 nM HaloTag-TRL ligand (that
was 8 × 104 times less than the concentration suggested by the manu-
facturer protocol) in culture media for 1–2 min, and then the cells were
washed several times and incubated in label-free imaging media at least
15 min before imaging.

Immunofluorescence Microscopy. For immunofluorescence, cells were fixed
and permeabilized with either methanol–acetone or, in the case of phal-
loidin staining, with 3% formaldehyde–1% Triton X-100 (17). Wide-field
images were taken using an Eclipse 80i Nikon microscope (Plan Apo 100×/
1.40 objective lens) and a digital camera (CoolSNAP EZ; Photometrics). The
images were then processed using Nikon’s NIS-Elements software. The fol-
lowing antibodies were used: mouse anti–E-cadherin, clone HECD1 (Zymed
Laboratories); rabbit anti-Dendra2 (Evrogen); goat anti–α-catenin (Santa
Cruz Inc.); Alexa Fluor 555-conjugated phalloidin and SIR-Actin were pur-
chased from Invitrogen and Cytoskeleton Inc., respectively.

Live-Cell Imaging and Data Processing. The experiments were performed
essentially as described earlier (11, 34) using halogen (Fig. 4), mercury
(Fig. 5), or LED (Figs. 3 and 6) light sources. In brief, cells were imaged (in

L-15 media with 10% FBS) by an Eclipse Ti-E microscope (Nikon) at 37 °C
controlled with Nikon’s NIS-Elements software. The microscope was
equipped with an incubator chamber, a CoolSNAP HQ2 camera (Photo-
metrics), and a Plan Apo VC 100×/1.40 lens. The 2 × 2 binning mode was
used in most imaging experiments. At this microscope setting the pixel
size was 128 nm.

Time-lapse images were taken in both FITC and mCherry filter sets (Figs. 4,
5, and 7A and ref. 9). For fluorescent speckle microscopy (Fig. 4) and single-
molecule tracking (Fig. 5), only the mCherry filter set was used. The FITC
filters were used only for taking a single image just before the movies. Two-
camera imaging (Fig. 6) was performed using a TwinCam adapter (Cairn
Redarch) and two SCimos prime 95B cameras (Photometrix). The cameras’
alignment was achieved by addition of fluorescence beads into the
imaging chambers.

All images were saved as Tiff files and processed using NIS-Element 4.0.0
(Nikon) or ImageJ software (National Institutes of Health). For kymograph
analysis, 15-pixel-deep strips taken from consecutive frames of time-lapse
movies were stacked together. For the FRAP assay (Fig. 4C), a part of junc-
tions ∼2.5 μm in length was photobleached by an exposure to the 405-nm
wave-length laser. Time-lapse images were then taken in red or green
channels at 5-s intervals with 1 s of image acquisition time. To display in-
tensity ratio (Fig. 6) or for PCC quantification, the images were processed
using NIS-Element 4.0.0 software using limited background reduction,
denoising, and then ratio-view or PCC functions.

In single-molecule tracking experiments, three movies, in which particle
concentration allowed their accurate tracking, were selected for detailed
analysis. The spatial and temporal positions of each molecule were analyzed
using Imaris 7.3 (Bitplane) and ImageJ. Background subtraction and fluo-
rescent particle identification were performed using Imaris built-in algo-
rithms with manual compensation. In total, over 300 particles representing
single molecules were tracked. Then the accuracy of tracks for 10 molecules
from each movie was manually verified and corrected. It showed a high level
of errors in the Imaris-based single-molecule tracking that precluded large
statistical analyses. The molecule was considered immobile when its fluo-
rescence was confined to the same 3 × 3 pixel (384 × 384 nm) square at least
in three subsequent frames. If a molecule became confined to a new 3- × 3-
pixel square, which was overlapped with the previous one, it was considered
as relocation. Therefore, the shortest distance between the two stationary
points was equal to a pixel size of 120 nm.

For the particle photobleaching experiment (Fig. 4C), after nanobody
staining, the cells were fixed with 3% paraformaldehyde, and time-series
images were acquired at a 5-Hz frame rate using a Nikon-Ti inverted micro-
scope equipped with a Plan-Apochromatic total internal reflection fluores-
cence (TIRF) 100× 1.49 objective lens and iXon3 camera (Andor Technology) at
60% of 561-nm laser intensity.

Single-Molecule Localization Microscopy. For SMLM, the cells were cultured on
a glass-bottom dish (P35G-1.5; MatTek) and fixed with 3% paraformaldehyde
and 0.1% glutaraldehyde for 10 min at room temperature. After washing
three times, the cells were immersed in the freshly prepared image buffer
containing 50 mM Tris·HCl (pH 8.0), 10 mM NaCl, 10% glucose, 5 mg/mL
glucose oxidase, 0.4 μg/mL catalase, and 0.14 M β-mercaptoethanol.
Samples were sealed immediately after adding image buffer. A Nikon N-
STORM system with a DU897 camera (Andor Technology) was used for
superresolution image acquisition. Images (20,000–40,000) were acquired
at 29 ms/frame of exposure time via TIRF illumination, using a Plan-
Apochromatic TIRF 100× 1.49 objective lens. Dendra-fused proteins were
activated with a 405-nm laser and acquired with 561-nm laser illumination.
The images were rendered using the built-in N-STORM single-molecule
localization analysis algorithms.

The recombinant GST and GST-tagged Dendra2 (GST-Dn) were isolated
from Escherichia coli as described (48). The dimerization status of GST-Dn
was verified using the size exclusion chromatography (Agilent 1260 series
HPLC, coupled to Superdex-200 column) in conjunction with multiangle light
scattering (DAWN HELEOS II; Wyatt Technology). The HPLC column was
equilibrated with the buffer containing 5 mM Tris (pH 7.5), 0.2 mM CaCl2,
2 mM MgCl2, and 50 mM KCl.

To covalently attach the recombinant proteins to coverslips, the coverslips
were first treated with 4% water solution of 3-aminopropyl-triethoxysilane
(Sigma) for 30 min. After rinsing with deionized water, the coverslips were
air-dried for 1 h and then incubated with 0.1 μg/mL of GST-Dn (or GST for
negative control) for 1 min in PBS. After brief washing with PBS, the GST-Dn
remaining on the coverslips was covalently attached to the aminosilane coat by
incubating the coverslips in 3% paraformaldehyde and 0.1% glutaraldehyde
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in PBS for 5 min at room temperature. Before N-STORM imaging the cov-
erslips were treated with 0.1% NaBH4.
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