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Tracking the localization and mobility of individual proteins in live cells is key for understanding how they
mediate their function. Such information can be obtained from single molecule imaging techniques
including as Single Particle Tracking (SPT) and Single Molecule Localization Microscopy (SMLM). Genetic
code expansion (GCE) combined with bioorthogonal chemistry offers an elegant approach for direct
labeling of proteins with fluorescent dyes, holding great potential for improving protein labeling in single
molecule applications. Here we calibrated conditions for performing SPT and live-SMLM of bioorthogon-
ally labeled plasma membrane proteins in live mammalian cells. Using SPT, the diffusion of bioorthogon-
ally labeled EGF receptor and the prototypical Shaker voltage-activated potassium channel (Kv) was
measured and characterized. Applying live-SMLM to bioorthogonally labeled Shaker Kv channels enabled
visualizing the plasma membrane distribution of the channel over time with ~30 nm accuracy. Finally, by
competitive labeling with two Fl-dyes, SPT and live-SMLM were performed in a single cell and both the
density and dynamics of the EGF receptor were measured at single molecule resolution in subregions of
the cell. We conclude that GCE and bioorthogonal chemistry is a highly suitable, flexible approach for
protein labeling in quantitative single molecule applications that outperforms current protein live-cell

rsc.li/nanoscale labeling approaches.

Introduction

Genetic code expansion (GCE) together with biorthogonal
labeling offers an elegant tool for labeling proteins
with organic Fluorescent dyes (Fl-dyes) in live mammalian
cells. In GCE-based labeling, a non-canonical amino acid
(ncAA) carrying a functional group is incorporated into the
protein sequence in response to an in-frame amber stop codon
(TAG), via an orthogonal tRNA/tRNA-synthetase pair (reviewed
in ref. 1 and 2). Labeling is then carried out by a rapid and
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specific bioorthogonal reaction between the functional
group and a Fl-dye (for details see Fig. S1t). As a result, the
protein of interest is fluorescently labeled on a specific
residue, avoiding the need for conjugating protein tag fusions
(i.e. fluorescent proteins or self-labeling proteins) in live cell
applications.

Direct labeling of proteins in live cells with Fl-dyes has
several advantages for quantitative, high-end live cell imaging.
First, Fl-dyes are brighter and more photostable than fluo-
rescent proteins and therefore cells can be imaged for longer
times and at reduced laser intensities.® Second, the label itself
is relatively small (Fl-dye, ~0.5 nm; GFP, 4.2 nm; antibodies
>10 nm; quantum dots 2-60 nm) thereby allowing higher accu-
racy in localization measurements and better representation of
the physiological properties of the protein.’™ Third, labeling
does not involve amplification, and therefore the number of
molecules can be quantified. Fourth, the Fl-dye is applied at
the last step of the reaction providing flexibility in optimizing
the Fl-dye to specific applications and offering simultaneous
labeling of protein populations with more than one dye.®
Indeed, GCE combined with bioorthogonal labeling have been
demonstrated, in recent years, in several microscopy tech-
niques including live cell imaging and the super resolution
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techniques Structured Illumination Microscopy (SIM),
Stimulated Emission Depletion (STED) and Single Molecule
Localization Microscopy (SMLM).®

Here we set out to perform quantitative analysis of the
dynamics and spatial distribution of plasma membrane (PM)
proteins labeled via GCE and bioorthogonal chemistry. To this
aim, we calibrated conditions for performing the live-cell
single-molecule applications, Single Particle Tracking (SPT)
and live-SMLM using extracellular bioorthogonal labeling. We
then applied our optimized SPT assay, to measure the
diffusion coefficients of bioorthogonally labeled epidermal
growth factor receptor (EGFR) and the prototypical Shaker B
voltage dependent potassium (Kv) channel. Significantly more
tracks and longer trajectories were obtained for bioorthogon-
ally labeled EGFR, compared to EGFR-GFP. Moreover, while
SPT was successfully applied to bioorthogonally-labeled
Shaker B, no tracks could be generated using mCherry-Shaker
B. Consistent with previous reports, EGFR diffusion was more
confined upon ligand activation and Shaker B diffusion
became less confined in the presence of the actin polymeriz-
ation inhibitor Latrunculin A (LatA)."**® Hence, labeling pro-
teins via GCE and bioorthogonal chemistry is consistent with,
and outperforms Fl-protein labeling for particle tracking.
SMLM experiments of bioorthogonally labeled EGFR and
Shaker B were successfully performed in fixed and live cells
using our calibrated assay and allowed quantifying the dynamic
distribution of PM proteins over time. Finally, using simul-
taneous labeling with two different Fl-dyes we performed live-
SMLM and SPT in a single cell and determined the density and
the dynamics of EGFR in subcellular regions at nanoscale
resolution. Based on these results we concluded that GCE-based
bioorthogonal labeling of proteins is an improved, more flexible
approach for quantitative live cell single molecule applications.

Results

Calibrating conditions for SPT of bioorthogonally labeled PM
proteins using EGFR

We began by testing the applicability of bioorthogonal labeling
via GCE for single molecule imaging by using EGFR, a well-
studied receptor that has been previously labeled via GCE, as a
benchmark.'® To this end, EGFR was mutated to carry a TAG
codon at the previously published labeling site, Leu 128, and
cloned into a single expression vector that encodes the cognate
pair of tRNA_,:tRNA-synthetase'”'® (Fig. S1at). The vector was
then expressed in COS7 cells in the presence of the ncAA
Bicyclo[6.1.0]nonyne--lysine (BCNK), which reacts bioortho-
gonally with tetrazine conjugated dyes (Fig. 1a, left panel,
Fig. S1bt)."®'® Under these conditions, specific PM labeling
was obtained using the cell impermeable tetrazine conjugated
Fl-dyes: AF647, Cy3, Cy5 or ATTO532, with Tet-Cy3 providing
the most robust labeling, indicating that the EGFR™*?NK ig
efficiently expressed and targeted to the PM (Fig. 1a). Next,
we tested the suitability of the different dyes for SPT, in vitro.
This analysis was required because the tetrazine moiety is
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known to change the fluorogenicity of Fl-dyes and therefore
may also affect their photophysical properties.” Among the
Tet-conjugated dyes tested, Tet-Cy3 had the best overall pro-
perties for SPT applications; it was the brightest and it pro-
duced the longest tracks and the largest number of tracks
(Fig. Sict).

A uniform decoration of the PM was observed in cells
expressing EGFR"®®“NX labeled with Tet-Cy3 and imaged in
total internal reflection (TIRF) mode, which supports high
labeling efficiencies, but does not allow single molecule
imaging. Under mild photobleaching conditions, single spots
could be readily detected with relatively high signal to noise
ratio (SNR) (2.66 + 0.45) (Fig. 1b). In cells expressing
EGFR-GFP individual spots could be seen without applying
photobleaching and were significantly dimmer (SNR = 2.01 =
0.27), indicating that bioorthogonally labeled EGFR is brighter
and more efficiently expressed at the PM compared to
EGFR-GFP (Fig. 1b, ¢ and Videos 1, 2).

Next, we plotted the distribution of brightness measured
for individual foci in single frames and fitted it to the smallest
sum of Gaussian distributions that fit our data well (Fig. S27).
For EGFR-Cy3 the best fit was obtained for three Gaussians,
suggesting that one to three labeled EGFR molecules can
reside in a single diffraction limited spot. For EGFR-GFP, on
the other hand, the best fit was obtained for a single Gaussian,
indicating a homogenous population. EGFR is known to reside
in monomers, dimers and small clusters at the PM." It is
therefore reasonable that at high expression levels labeled
EGFR will mix with the endogenous population of EGFR at
different stoichiometries giving rise to heterogeneous bright-
ness population, as observed for EGFR-Cy3. The results
obtained for EGFR-GFP may suggest that EGFR-GFP only
resides in monomers at the PM or that under these expression
levels, on average, one or less EGFR-GFP molecules assemble
in each EGFR complex.

For tracking analysis, trajectories were extracted from
videos of EGFR tagged with GFP (EGFR-GFP) or bioorthogon-
ally labeled with Cy3 (EGFR-Cy3), recorded in TIRF mode at
20 ms intervals for up to three minutes (Fig. 1b and c). For
each condition, videos recorded in at least three different inde-
pendent experiments were used for the analysis. About 810 tra-
jectories were obtained from each cell labeled via GCE
(EGFR-Cy3) while only ~290 trajectories were obtained from
cells expressing EGFR-GFP. This difference may result from the
tendency of Fl-dyes to nonspecifically bind to membranes and
to the glass bottom of the imaging chamber.>?° To avoid
including these nonspecific, stationary Fl-dye molecules in our
measurements, we tracked fluorophores located outside the
cells and calculated their mean square displacements (MSDs)
and diffusion rates (Fig. S3a and ct). We then used these back-
ground trajectories to filter out trajectories with similar MSD
values (Fig. S3ef). To avoid bias, a similar procedure was
applied to EGFR-GFP tracks (Fig. S3b, d and f}). Additionally,
we noticed that tracks obtained for bioorthogonally labeled
EGFR were considerably longer than EGFR-GFP tracks, allow-
ing measuring diffusion at longer timescales (Fig. 1d). After fil-
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Fig. 1 Bioorthogonal labeling with Fl-dyes enables single particle tracking of EGFR. (a) Left panel: Schematic representation of the labeling strategy.
The extracellular domain of EGFR (yellow) was mutated to carry the ncAA BCNK (red) at position 128. Labeling was obtained via a bioorthogonal
reaction between BCNK and a tetrazine conjugated Fl-dye (green star). Panels 2-5: Live COS7 cells expressing EGFRBCNK together with GCE com-
ponents (Fig. Slat) were labeled with 1.5 pM of: Tet-AF647, Tet-Cy3, Tet-Cy5 or Tet-ATTO532 (Fig. S1bt) and imaged using a spinning disk confocal
microscope. Shown are single slices taken from the center of the cell. Scale bar = 10 um. (b and c) COS7 cells transfected with either GCE system
plasmid with carrying EGFR*BNK and labeled with Tet-Cy3 (b) or EGFR-GFP (c), were imaged in TIRF mode at 50 fps. Tracks were then obtained as
described in methods section. Left panel: Representative images of the first frame (the complete video sequences are provided in Videos 1 and 2).
Middle panels: The diffusion coefficient [D] of all particles tracked. EGFR-Cy3 median, 0.11 ym? s~ (with 95% confidence interval of 0.02-0.4 um?
s7%, n = 1177). EGFR-GFP median, 0.15 pm? s~* (with 95% confidence interval of 0.04-0.47 pm? s™%, n = 1018). Right panels: Ensemble-averaged MSD
(top plots) and ensemble-averaged time-averaged MSD (bottom plots) in log scale, MSD ~t” where « is the anomalous exponent. (d) The tracking
time probability density function of EGFR-GFP (green) or EGFR-Cy3 (red). (e) MSD curves of EGFR-GFP (green) or EGFR-Cy3 (red) as a function of
time. Thick lines are the ensemble means for each labeling type with error bars representing SEM. Thin lines represent measurements obtained from
individual cells (EGFR-Cy3 n = 9 cells, EGFR-GFP n = 17 cells, obtained from three independent experiments). (f) MSD curves obtained for
EGFR-Cy3 under three different concentrations of EGF: no EGF (magenta), 10 nM EGF (dark green) or 100 nM EGF (blue) as a function of time. Thick
lines are the ensemble means for each labeling type with error bars representing SEM. Thin lines represent measurements obtained from individual
cells (no EGF n = 18 cells, 10 nM EGF n = 15 cells, and 100 nM EGF n = 18 cells).

tering background trajectories and short trajectories measurements. Therefore, measurements obtained using

(<20 frames) about 130 trajectories were obtained from each
cell with EGFR labeled via GCE (EGFR-Cy3) and only ~60 tra-
jectories were obtained from cells expressing EGFR-GFP. The
larger number of tracks with increased length obtained for
bioorthogonally labeled EGFR improves the accuracy of the
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EGFR-Cy3 are likely to provide more realistic view of EGFR
dynamics in cells.

Under these conditions, MSDs and median diffusion rates
were calculated for EGFR-GFP (0.15 pm” s~ with 95% confi-
dence interval of 0.04-0.47 ym?® s™') and for bioorthogonally
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labeled EGFR (0.11 pm® s~ with 95% confidence interval of
0.02-0.4 pm? s™') (Fig. 1b, ¢ and e). Fluorescence recovery after
bleaching (FRAP) analysis performed in cells expressing
EGFR'**®*"K and bioorthogonally labeled with Cy3 resulted in
a mean diffusion coefficient of 0.05 pm? s~ + 0.017, which
falls in the range of diffusion rates measured by SPT
(Fig. S4aft). To further characterize EGFR diffusion, we plotted
the ensemble-averaged and time-averaged MSDs.”' The
observed scaling exponents corresponded to subdiffusion, e.g.
with anomalous diffusion exponents a < 1.>* Different curves
were obtained for ensemble and time averaged MSDs of
bioorthogonally labeled EGFR, supporting non-ergodic behav-
ior at short time lags (Fig. 1b, right panel). A milder difference
was observed for EGFR-GFP (Fig. 1c, right panel). The time-
averaged MSD (TA-MSD) plots as a function of lag time A for
individual trajectories are shown in Fig. S4b.f Plotting the
turning angle distribution showed a high probability around
turning angle of 180 degrees (n radians), which points to
strong directional correlation in the particle motion for
EGFR-Cy3; specifically, particles tend to reverse their direction
after each step. This is consistent with either motion in visco-
elastic media or in confined geometries.*® The non-ergodicity
at short timescales deduced from the MSD curves is more con-
sistent with confined motion.>"**?*7>° Based on the ensemble
averaged MSD plots, the time-averaged MSD plots and the
turning probability plots, diffusion appeared to be noisier and
less confined for EGFR-GFP (Fig. 1e and S4b, ct).

EGFR is known to dimerize, cluster and endocytosed upon
activation with its ligand, EGF.'* To quantify the changes in
EGFR diffusion upon ligand activation we performed SPT of
bioorthogonally labeled EGFR (EGFR-Cy3) in cells under star-
vation (no EGF) and in cells that were subjected to low (10 nM)
and high (100 nM) doses of EGF. In agreement with previous
reports, EGFR diffusion was slower and more confined upon
EGFR activation (high doses of EGF) (Fig. 1f, right panel).****

Measuring PM diffusion of the prototypic Kv channel, Shaker
B, using bioorthogonal labeling and SPT

Convinced by the suitability of GCE-based labeling for SPT, we
set out to study the dynamics of the prototypic Shaker B Kv
channel. Voltage activating potassium channels are allosteric
pore-forming proteins that open and close in response to
changes in membrane potential.”” Kv channels are homotetra-
meric with the four channel subunits giving rise to the ion
conductive pore domain.”® Each subunit is comprised of six
transmembrane helices, with helices 1-4 (S1-S4) constructing
the voltage-sensing domain, and helices 5 and 6 making the
selective pore domain (Fig. 2a).”” The channel is known to
interact with scaffold proteins such as PSD-95 that determines
the organization of the channel on the PM.?**° Tagging the
channel with fluorescent proteins is challenging because its N
and C termini are respectively engaged in the fast inactivation
and PM organization of the channel.*!?

We began by testing the suitability of several extracellular
positions in Shaker B for bioorthogonal labeling. Shaker B
channels are not endogenously expressed in COS7 cells and

This journal is © The Royal Society of Chemistry 2020
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therefore successful labeling of the channel on the PM will
only be obtained upon tertramerization of four ncAA-contain-
ing Shaker B monomers.””*® Two positions in the loop linking
helices S1-S2, K253 and 1275, and one in the S3-S4 loop,
V345, were tested. While almost no labeling was obtained in
cells expressing Shaker B*****“N¥ and Shaker B">"*®“N| robust
and specific PM labeling was obtained by encoding BCNK at
position 345 in Shaker B (Fig. 2a and S5t). Interestingly, suc-
cessful labeling of Shaker BY***®*“NX was obtained using Tet-
Cy3 or Tet-Cy5, while no labeling obtained using Tet-ATTO-532
or Tet-AF647 (Fig. 2a). We suspected that this difference stems
from the different chemical properties of the dyes and the
proximity of the S3-S4 loop to the PM.**** To test this possi-
bility, we inserted a 14-residue long peptide linker that
encodes for BCNK, which we have recently optimized for
biorthogonal labeling (Fig. S1a,i bottom panel),*® between
positions 344 and 345 in Shaker B. Using the linker, specific
PM labeling of Shaker B was obtained using any of the dyes
tested, suggesting that displacing BCNK from the PM may
improve labeling (Fig. 2b). The linker-based version of
BCNK-Shaker B (Shaker B"™*"™®“NK) was therefore used in all
future experiments.

SPT experiments were successfully performed for GCE
modified Shaker B, bioorthogonally labeled with Tet-Cy3. The
distribution of brightness best fitted to a single Gaussian
(Fig. S6at). Given that the channel is heterologously expressed
and is known to be a homotetramer, we consider each fluo-
rescence spot as a single channel labeled with four
Cy3 molecules. Approximately 100 tracks were obtained from
each cell, after filtering, with a median track length of 37 frames
(compared to 130 tracks and median track length of 30 frames
obtained for EGFR-Cy3), indicating that measurements are
reliable. No trajectories could be generated upon applying
similar experimental conditions to cells expressing mCherry-
Shaker B due to low SNR (Fig. Sébt). This indicates that in
addition to the potential artifacts associated with tagging the
channel at the N terminal, the resulting signal is too dim for
particle tracking. The median diffusion rate obtained for Shaker
B-Cy3 after thresholding was 0.07 pm? s~ (with a 95% confi-
dence interval of 0.01-0.3 yum” s ') (Fig. 2c and Séc, dt). This
value is 0.04 pm?* s~ slower than the diffusion rate obtained for
EGFR-Cy3, indicating that the channel is 36% less mobile than
the receptor. Applying the actin polymerization inhibitor, LatA
to cells with bioorthogonally labeled Shaker B, resulted in an
increased diffusion rate (0.11 pm” s~ with a 95% confidence
interval of 0.02-0.4 pm” s™") (Fig. 2d). Additionally, based on the
ensemble MSD plots and the turning angle probability plots,
diffusion was less confined in the presence of LatA (Fig. 2d, e, f
and S6et). This indicates that, in agreement with previous
results, the actin cytoskeleton plays a role in controlling the
mobility of the Shaker B channel on the PM.">**

Performing live-SMLM on bioorthogonally labeled PM proteins

SMLM can be used to resolve the spatial distribution of PM
proteins at ~30 nm resolution.’**® Bioorthogonal labeling is
expected to be advantageous for SMLM; the small size of the

Nanoscale, 2020, 12, 3236-3248 | 3239
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Fig. 2 Measuring the PM dynamics of bioorthogonally labeled Shaker B channels. (a and b) COS7 cells transfected with the GCE system plasmid
carrying Shaker BY34°B<NK (3) or with Shaker B in which BCNK is encoded via a short 14 AA linker (b) (Fig. S1at), were labeled with the indicated tetra-
zine conjugated Fl-dyes and imaged in a confocal spinning disk microscope. Shown are single slices taken from the center of the cell. Schematic
representations of the labeling strategies are shown on the left. Scale bar = 10 pm. (c and d) Single particle tracking of Shaker B-Cy3 in naive cells (c)
and cells treated with 1 uM Latrunculin A (LatA) (d). Left panels, tracks obtained in representative COS7 cells. Each track is represented by a different
color. Middle panels: The distribution of diffusion coefficients [D] of all particles tracked. Naive cells median, 0.07 pm? s™* (with 95% confidence
interval of 0.01-0.3 pm? s, n = 1497). LatA treated cells median, 0.11 pm? s™* (with 95% confidence interval of 0.02-0.4 ym? s™%, n = 4619). Right
panels: ensemble averaged MSD (top plots) and ensemble averaged time-averaged MSD (bottom plots) in log scale, MSD ~t%, where a is the anoma-
lous exponent (e) MSD curves of cells expressing either Shaker B-Cy3 (blue) or Shaker B-Cy3 with LatA (purple) as a function of time. Thick lines are
the ensemble means for each labeling type with error bars representing SEM. Thin lines represent measurements obtained from individual cells
(Shaker B-Cy3 n = 16 cells, Shaker B-Cy3 with LatA n = 27 obtained from three independent experiments). (f) Turning angle distributions for Shaker
B-Cy3 (blue) and Shaker B-Cy3 + LatA (purple) measured with lag times of 1, 2 and 5 frames (20, 40 and 100 ms).

label improves the theoretical resolution of the technique and SMLM and especially in live-SMLM experiments for obtaining
the superb photophysical properties of Fl-dyes enables acqui- a “true” representation of protein distributions. Encouraged by
sitions at reduced laser powers that may enable performing the high labeling densities obtained for EGFR and Shaker B in
SMLM in live cell.>*° High density labeling is required in SPT experiments, we set to optimize conditions for live-SMLM

3240 | Nanoscale, 2020, 12, 3236-3248 This journal is © The Royal Society of Chemistry 2020
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of bioorthogonally labeled PM proteins. SMLM experiments
were successfully performed in fixed COS7 cells expressing
either EGFR"**“NX or Shaker B"™"™®“™X and labeled with Tet-
AF647 (Fig. S71).

More than 3170 + 553 localizations per pm* and 1600 + 583
localizations per pm” were obtained for EGFR and the Shaker
Kv channel respectively, with an average localization uncer-
tainty of 28.5 + 10.2 nm for EGFR and 23.3 + 6.9 nm for Shaker
B. Approximately 195 localizations per pm” and 318 localiz-
ations per pm® were measured outside cells expressing
EGFR-Cy3 and Shaker B, which corresponds to 6% and 20%
background levels, respectively. The localization pattern of
both EGFR and Shaker B on the PM appeared to be uniform
with small accumulations appearing occasionally. To ensure
that these accumulations are not an artifact resulting from low
laser intensities we performed SMLM on fixed cells expressing
EGFR'**®*NK and labeled with Tet-AF647 using 10-100% laser
powers. We found that under low laser powers, EGFR was
almost exclusively found in dense clusters, manifesting the
previously reported artifacts.>® Increasing the laser power to
70% or above, abolished these artifacts indicating that
measurements performed at these laser powers are reliable.

Next, we calibrated conditions for live SMLM. First, we
tested different SMLM buffers that are known to induce
efficient blinking of Tet-AF647 and are compatible with live
cell imaging.>”** We found OptiMEM supplemented with 5%
glucose, a GLOXY oxygen scavenging system and 1%
f-mercaptoethanol, suitable for extracellular live-SMLM.
Second, we calibrated the acquisition protocol. In classical
SMLM experiments, the number of new molecules that appear
in each frame decreases overtime until the entire population
of molecules is exhausted. Yet, to acquire representative data
over time the number of localizations should be as similar as
possible in each time point. By reducing the laser power to
70% and using a milder protocol for the 405-activation laser we
obtained an acquisition protocol that is compatible with live cell
recordings (Fig. S87). Last, we estimated temporal resolution. An
SMLM image is built from a series of images hence, the tem-
poral resolution should be set by the minimal number of
frames needed for obtaining a representative image of the distri-
bution of molecules across the PM. Based on SMLM experi-
ments performed on bioorthogonaly-labeled Shaker Kv chan-
nels in fixed cells, we estimated that ~150 frames are needed for
getting a representative SMLM image, providing a temporal
resolution of 2.7 seconds (at 18 ms frame rate) (Fig. S97).

Using these optimized conditions, live-SMLM experiments
were successfully recorded in COS7 cells expressing GCE modi-
fied Shaker B channels and labeled with Tet-AF647 (Fig. 3 and
Video 3). Live SMLM videos of Shaker B-AF647 were recorded
for 27 seconds and each 150 frames were merged into a single
timepoint. Approximately 33 localizations per pm® (total of
1577 localizations per cell) with an average uncertainty of 25.5
+ 6.8 nm, were obtained in each timepoint. Under these con-
ditions ~5.5 localizations per pm” were obtained in regions
outside cells suggesting that noise is about 16%. The entire
time series was overlaid using a color-coded map or played as
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a video (Fig. 3a-c and Video 3). At this temporal resolution,
substantial changes in the localization of particles within the
cell were observed, which did not allow following single local-
izations over time. Almost no movements were recorded for
particles located outside cells, indicating that these changes
do not result from drift (Fig. 3c, blue arrow, steady particle;
red arrows moving particles). Although, individual shaker B
channels could not be tracked over time a large-scale overview
of the dynamic distribution of Shaker B channels at the PM
could be obtained. To quantitatively estimate these large-scale
changes, we plotted the distribution of molecule densities over
time. Consistent with the SMLM data obtained in fixed cells,
the probability of a Shaker B channel to reside at low densities
was the highest and did not change over time (up to ~100 par-
ticles per pm?), indicating that the overall density of Shaker B
at the PM is relatively low and steady (Fig. 3d). The stable prob-
ability of Shaker B to reside at these densities throughout time
further validates our assay conditions. Shaker B was addition-
ally found to reside at higher densities (125-375 particles per
pum?). At these high densities, however, the probability
appeared to change between timepoints. These differences
were irregular and fluctuated differently in different cells, indi-
cating that they do not result from the acquisition itself but
rather reflect a change in the probability of Shaker B to
arrange at high-density units (Fig. 3d and S107). To confirm
that these high densities indeed reflect specific organization
of Shaker B at high densities, we performed a similar analysis
on simulated data in which the same number of localizations,
depicted at each timepoint, were randomly positioned inside
the cell (Fig. S10bf). The simulated data resulted in a steady
probability to reside at low densities (up to ~100 particles per
pum?) with zero probability to reside at the higher densities
found in the data acquired in cells. Therefore, in cells, a small
population of Shaker B appears to reside at high densities.
Notably, while the low-density population is uniform and steady
the high-density regions are heterogeneous and dynamic and
may form and collapse within seconds. Shaker B is known to
assemble into clusters at the PM upon binding to the scaffold
protein PSD-95.>%3° PSD-95 is specifically expressed in neuronal
cells and therefore is not included in our heterologous COS7
expression system. The high-density regions observed here for
Shaker B suggest that it can arrange in small unstable clusters
at the PM in the absence of PSD-95.

Sequential live-SMLM and SPT acquisitions in single cells via
simultaneous two-color labeling of EFGR

In GCE-based bioorthogonal labeling of proteins, more than
one type of Fl-dye can be applied at the labeling step, resulting
in competitive labeling of the protein with different Fl-dyes.®*"
This can potentially be used for performing SPT and live-
SMLM (that require Fl-dyes with different fluorescent pro-
perties) in the same cell. To this end, we expressed
EGFR"*®*NK in COS7 cells and applied both Tet-Cy3 and Tet-
AF647 at the labeling step (as described in materials and
methods). Cells were then imaged live in SMLM mode, using
AF647 channel, and then in SPT mode, using Cy3 channel,
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Fig. 3 Bioorthogonal labeling enables super-resolution imaging of Shaker B in live cells. (a) A live-SMLM time stack image of a representative COS7
cell transfected with GCE system plasmid with Shaker B carrying BCNK via a peptide linker (Fig. Slat), and labeled with 1.5 pM Tet-AF647.
Timepoints are encoded by colors. Each timepoint was reconstructed from 150 frames. A zoomed-in image of the region depicted in black square in
top panel, is shown in bottom panel. Scale bars: top panel, 10 pm; bottom panel, 1 pm. (b) Time sequence of the cropped region shown in (a). See
also Video 3. Scale bar = 1 um. (c) Left panel: Zoomed-in image of the region depicted in black square in bottom panel in (a). Right panels: Zoomed-
in images of regions located inside the cell (red arrows in left panel) and a region located outside the cell (blue arrow in left panel). Scale bars: Left
panel, 250 nm; Right panels, 100 nm. (d) Three-dimensional density analysis of the cell shown in (a—c); each row in the Y-axis represents a single
timepoint, X-axis represents different particle densities and color encodes for the probability of a particle to reside at a given density, in logarithmic
scale. Density profiles of additional cells and of simulated data, and a representative single timepoint plot are provided in Fig. S10.}

according to the acquisition parameters optimized for each
technique. Using this protocol, both the overall distribution of
molecules over time (live-SMLM) and the dynamics of EGFR
molecules at the PM (SPT) were obtained from the same cell
(Fig. 4a-d). Notably, such analysis allows correlating
molecular densities and other spatial related information with
diffusion rates at subregions of the cell, as demonstrated in
Fig. 4e.

3242 | Nanoscale, 2020, 12, 3236-3248

Discussion

To conclude, we showed that GCE-based bioorthogonal labeling
of proteins with Fl-dyes could be used for live cell single molecule
applications. SPT of EGFR and Shaker B carrying a ncAA and
labeled with Tet-cy3, enabled measuring the diffusion of these
proteins at different conditions. Moreover, live-SMLM were suc-
cessfully performed and allowed recording the distribution of

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Performing single particle tracking and live-SMLM in the same cell by bioorthogonal labeling of EGFR with two Fl-dyes. COS7 cell trans-
fected with GCE system plasmid and ERGR'288NK (Fig. S1at) and labeled with Tet-AF647 and Tet-Cy3. (a) A live-SMLM time stack image acquired in
the 640 nm channel (Tet-AF647). Color represents single timepoints that were each reconstructed from 150 frames. (b) Zoomed-in images of four
regions depicted in squares in (a). (c) TIRF image of the same cell, captured using 561 nm channel (Cy3), in SPT mode. (d) Tracks obtained from the
zoomed in regions shown in (b). Colors represent individual tracks. (e) MSD plots of tracks taken from each of the zoomed-in regions shown in (b)

and (d). Scale bars: (a), (c) 5 pm; (b), (d) 1 pm.

Shaker B at the PM over time with ~30 nm accuracy. Finally, by
combining these two approaches in a single cell, the distribution
of EGFR at the PM was documented at nanoscale resolution (live-
SMLM) and its diffusion rates were measured with high accuracy
(SPT). This opens up the opportunity to correlate protein
diffusion with density using a minimal tag, that allows preser-
ving the physiological properties of the protein. Such information
can shed light on the local spatiotemporal changes PM proteins
undergo upon activation/inactivation conditions.

This journal is © The Royal Society of Chemistry 2020

Diffusion rates ranging from 0.006 to 0.05 um?> s~ " were pre-
viously reported for EGFR using different labeling approaches
and cell types, raising the possibility that the labeling method
itself, the cell line or the analysis approach affect diffusion
constants.'>"® In our study, stringent filtering was
implemented to increase the reliability of our measurements,
which can explain the faster diffusion rates measured in our
study. Under these conditions, slower diffusion rates were
measured for EGFR-Cy3 compared to EGFR-GFP (0.11 pm® s™*
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and 0.15 pm” s~", respectively). Additionally, different bright-
ness distributions were obtained for EGFR-Cy3 and EGFR-GFP
in COS7 cells, suggesting that these molecules do not assem-
ble at similar stoichiometries with the endogenous EGFR
population. Given the ability of EGFR-Cy3 to assemble with
endogenous EGFR at higher stoichiometries, the larger
number of tracks and longer trajectories obtained for
EGFR-Cy3, and the higher consistency with previously pub-
lished data, we find the EGFR-Cy3 measurement better reflect-
ing EGFR diffusion under physiological conditions. EGFR
diffusion is known to be complex and to have more than a
single diffusion component.'* By quantitatively characterizing
EGFR diffusion we showed that EGFR diffusion is anomalous
and confined. Notably, confined diffusion was seen in the
presence or absence of the EGFR ligand, EGF, confirming pre-
vious reports of EGFR high-ordered organization prior to
ligand activation.'>'* Consistent with previous findings, low
doses of EGF did not affect EGFR diffusion on the PM while
high doses slowed diffusion and increased confinement.
Measuring the diffusion of Shaker B channels using con-
ventional N and C terminal tags is known to be challenging
due to the engagement of both tails of the protein in the
activity of the channel.*"*> GCE-based labeling allowed over-
coming these challenges by allowing labeling within the
protein coding sequence. Additionally, the small size of the
tag is expected to be exceptionally advantageous to Shaker B,
as forming the functional channel pore relies on a complex
network of protein-protein interactions in the tetramer.”® The
diffusion constants measured for Shaker B in our study are
consistent with measurement performed for other voltage
gated potassium channels (0.07 pm?® s~ vs. 0.04-0.06 pm?>
s71).1>21 In agreement with the tetrameric nature of the chan-
nels, diffusion rates obtained for Shaker B were slower than
those measured for EGFR, which mostly resides in monomers
and dimers."* Moreover, Shaker B exhibited confined diffusion
that was shown to be, at least partly, dependent on cortical
actin. As experiments were performed in a heterologous
system that does not express PSD-95, which presumably con-
fines diffusion,”®° these data indicates that Shaker B
diffusion is confined even in the absence of a scaffold protein
by additional cellular factors such as the actin cytoskeleton.
High density labeling is key for the success of super resolu-
tion microscopy techniques and specifically for SMLM. To
apply these methodologies using GCE and bioorthogonal
labeling, we performed a series of calibration and optimization
steps. Under our optimized conditions, efficient labeling of
EGFR and Shaker B at the PM was obtained (with higher label-
ing efficiencies obtained for EGFR) which allowed performing
localization microscopy of these proteins in fixed and live
cells. Background levels were relatively low for EGFR (6%) and
marginal for Shaker B (20%). These differences in background
levels most probably correspond to the different labeling
efficiencies observed for these proteins. Under these con-
ditions, live SMLM was performed for Shaker B at ~2.5 s tem-
poral resolution. While background localizations (localizations
measured outside the cell) appeared to be stationary, localiz-
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ations inside the cell were very dynamic and exhibited density
changes over time. Therefore, performing live-SMLM on
bioorthogonally labeled PM proteins can be used for recording
the dynamics of proteins at the PM with high accuracy.
Notably, the temporal resolution used here was determined
based on the number of localization obtained in a single
frame and the maximal frame rate of the camera (55 fps).
Temporal resolution may be further improved by increasing
labeling densities or by using higher frame rate cameras.

SPT and SMLM were previously performed on bioorthogon-
ally labeled glycans by hijacking the metabolic pathway of
glycan synthesis and introducing artificial monosaccharides
that carry a bioorthogonal handle.**** As numerous PM pro-
teins are known to be glycosylated, these studies provide a
unique view on the overall organization of proteins on the PM.
In these studies, the diffusion coefficient values were between
0.06 to 0.13 pm® s, which is in the range of the values we
obtained for EGFR and Shaker B, confirming our SPT assay
and analysis.””> Homogenous distribution of glycans at the PM
was observed in neuroblastoma and U20S cells, using
SMLM.* Together with the overall homogenous distribution
we observed using SMLM for EGFR and Shaker B on the PM,
these data support the notion that proteins are uniformly dis-
tributed on the PM and are not organized in stable domains
with a defined size. However, this does not rule out the exist-
ence of small, dynamic clusters as inferred from our SPT and
live-SMLM experiments.

The high labeling efficiencies obtained for EGFR'*P°N¢
enabled SPT and live-SMLM to be recorded in the same cell.
Because our microscope setup includes one camera, these
datasets were recorded sequentially. Using a dual camera
setup these datasets may be recorded in parallel, providing the
opportunity to document both the distribution and the
dynamics of PM proteins in real time.

Materials and methods
Cell culture

COS7 cells were grown in Dulbecco’s Modified Eagle Medium
supplemented with 10% fetal bovine serum (FBS), 2 mM gluta-
mine, 10 000 U ml~" penicillin, and 10 mg ml™" streptomycin.

Genetic code expansion and bioorthogonal labeling in
mammalian cells

For live cell experiments, cells were plated 24 h before transfec-
tion at 15% confluency in a four-well p-Dish glass-bottom
chamber slide (Ibidi, Martinsried, Germany). Transfection
with the plasmids described in Fig. Sla,f was carried out
using Lipofectamine 2000 (Life Technologies, Carlsbad, CA)
according to the manufacturer’s guidelines. Genetic code
expansion and biorthogonal labeling was carried out as
described in Schvartz et al.'* In short, cells were incubated for
48 h in the presence of BCNK (0.5 mM; Synaffix, Oss,
Netherlands) and washed with fresh medium at 37 °C.
Labeling was then carried out in the dark (30 min 37 °C) with

This journal is © The Royal Society of Chemistry 2020
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1.5 pM of: Tet-Cy3, Tet-Cy5, Tet-ATTO532 (Jena Bioscience
GmbH, Jena, Germany) or AF647 (Thermo Fisher Scientific,
Waltham, MA), that was coupled with the tetrazine as pre-
viously described.’ For live cell TIRF imaging, all cells were
kept at 4 °C to avoid internalization. Finally, cells were washed
and imaged as described below.

Live cell imaging

Single Z-slices were collected at 37 °C using a fully incubated
confocal spinning-disk microscope (Marianas; Intelligent
Imaging, Denver, CO) with a 63X N.A 1.4 oil immersion
objective and were recorded on an electron-multiplying
charge-coupled device camera (pixel size, 0.079 pmy;
Evolve; Photometrics, Tucson, AZ). Image processing and
analysis were done using SlideBook version 6 (Intelligent
Imaging).

Single particle imaging and analysis

Images were collected on the Zeiss Elyra inverted wide field
fluorescence microscope using a Zeiss 100X N.A 1.46 TIRF oil
immersion objective. Excitation was achieved using solid-state
lasers (488 nm for GFP or 561 nm for Tet-Cy3 and mCherry).
Laser intensities and exposure times were optimized in
each labeling strategy for maximal SNR and minimal
photobleaching. Images were recorded on an electron-multi-
plying charge-coupled device camera (iXon DU897, Andor,
Belfast, Northern Ireland). For each SPT experiment at least
500 images and up to 10 000 were recorded with a frame rate
of 50 fps. For Cy3 labeled samples (EGFR-Cy3, Shaker B-Cy3) a
short (~10 s) bleaching step with laser intensities of ~20%
was applied prior to acquisition to reduce particle density
and enable single foci detection. For EGF stimulation
cells were maintained in FBS free media for 2 hours prior to
imaging followed by the addition of 10 nM, 100 nM recombi-
nant human EGF (Sigma-Aldrich, St Luis, MS). For LatA treat-
ments 1 uM LatA was added to cells and incubated for 10 min
at 37 °C prior to imaging. SNRs were determined for
individual spots by measuring the intensity profile along a line
that crosses a few spots. Peak intensities were regarded as
signal while the average local minima between the peaks was
regarded as noise. Three time-points were chosen in each
acquisition and 4-5 particles were measured at each time-
point. This was repeated for 10 cells from each sample
(EGFR-Cy3 or EGFR-GFP). Brightness analysis was performed
by plotting the distribution of intensity values obtained for
each particle, as measured in the second frame of the
time acquisition. Plots were fitted with a combination of
Gaussian distributions. Best fits are shown in ESI Fig. S2
and Sea.t

Single particle tracking

Movies of cells, recorded on different days, were quantified for
each condition. Single particles were detected and tracked
using a custom MATLAB (MathWorks, Natick, Massachusetts)
code. The ensemble average mean squared displacement of
traced particles was defined as the average over all particles of
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the squared displacement of each particle at time 7 from its
position at z = 0:

N
MSD(z) = 1/N 3 (&(r) — %(0))?
i—1
where X;(7) is the position of particle i at time 7z, and N is the
total number of tracked particles.

Background filtering was performed by measuring
diffusion of nonspecific Fl-dye molecules attached to the glass
bottom and including and excluding tracks with similar
diffusion rates, as detailed in Fig. S3.1 In addition to back-
ground filtering, trajectories were filtered based on length;
only trajectories longer than 20 frames were considered. To
avoid bias due to difference in trajectory lengths, MSD values
for filtering purposes were calculated only for the first 20
frames of each trajectory.

The distribution of the diffusion coefficients was calculated
using the time averaged MSD of each trajectory:

1 T—At

T As > (Rt + Ar) — Xi(t))?

t=0

MSD,’(A‘[) =

where i indicates a particle index and T is the total number of
frames the particle was tracked.

The diffusion coefficient for each particle is then derived
from the slope of the MSD;(A7) for Az < 0.1 s, which is the
MSDZ‘(AT)

4A7
have obtained the slope by linear least squares fit and con-
sidered only results that had less than 0.01 standard regression
error. We note that the ensemble and time average MSDs do
not coincide, which is typical for protein diffusion in the
PM.>* The turning angle is defined as the angle between the
direction of a displacement AX(z);, and a following displace-

l
ment AX(z);, ,. Probability distribution of turning angles was

linear domain of the MSD, according to D; = . We

i1
calculated as previously described.*

Fluorescence recovery after photobleaching (FRAP)

Time series were collected on a Zeiss LSM880 inverted laser
scanning confocal microscope using a Zeiss 63X N.A 1.4 oil
immersion objective. COS7 cells expressing EGFR-Cy3 were
imaged for 5 timepoints (pre-bleach), followed by bleaching a
specified ROI along the membrane contour. Cells were then
imaged (post bleach) until fluorescence intensity reached a
plateau. Intensity levels were subjected to background subtrac-
tion and photobleaching correction. Experimental results were
fitted to a single exponential decay curve using GraphPad
(GraphPad Software, CA) from the fit the half-life of recovery

(t12) was obtained. Using the half-life value, the diffusion
2

coefficient was calculated as follows: D = where a rep-

1/2
resents the width of the area bleached as described in ref. 44.

Single molecule localization microscopy (SMLM)

Images were collected on the Zeiss Elyra inverted wide field
fluorescence microscope using a Zeiss 100X N.A 1.46 TIRF oil
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immersion objective as described in live cell single molecule
section. All experiments were performed using uHP laser
focusing mode available in the Zeiss Elyra system. Fixed
samples were imaged using the following buffer: 50 mM TRIS,
10 mM NacCl to pH = 8.0 supplemented with 10% glucose (%
w/v), GLOXY oxygen scavenging system (170 U mL™" Glucose
oxidase, 1400 U mL™" Catalase) and 10 mM mercaptoethyl-
amine (MEA).*” Live samples were imaged in OptiMEM™
(Gibco™; Dublin; Ireland) supplemented with 2 mM gluta-
mine, 5% glucose (%w/v), GLOXY oxygen scavenging system
(170 U mL™" Glucose oxidase, 1400 U mL ™" Catalase) and 1%
f-mercaptoethanol (%v/v) (BME). For fixed cells, 100% laser
power was used, and 405 nm irradiation was applied as
needed. For live cells, 70% laser power was used, and 405 nm
irradiation was applied in linearly increasing amounts up to a
maximum of 5%. For both fixed and live cell SMLM, 10 000
images were collected in each experiment with a frame-rate of

55 fps using irradiation intensities of ~1-3 kW cm™.

SMLM image analysis

Single particles were localized, fitted and reconstructed using
ThunderSTORM.** Fixed SMLM localizations were filtered by
number of photons and localization uncertainties.
Localization uncertainty was calculated in ThunderSTORM as
described in ref. 45. In short, uncertainty values were calcu-
lated for each localization spot based on the standard devi-
ation of the Gaussian function fitted to each spot, the back-
projects pixel size, and the number of photons.

Images were drift corrected using cross-correlation prior to
reconstruction. In live SMLM, localizations were filtered, but
not drift corrected. Localizations obtained from 150 sequential
frames were compiled into a single timepoint, using a custom
written Python code (see optimization in Fig. S9t). Each frame
was acquired at 18 ms. Density analysis (Fig. 4d and S107) was
performed for each timepoint using a custom written Python
code, by applying a circular rolling window with a 50 nm
radius. Number of particles was normalized for each time
point. All codes are freely available at https://gitlab.com/sorkin.
raya/storm-analysis. Randomized particle distribution simu-
lation: in each stack of 150 frames, the total number of par-
ticles was counted. Then, the same number of particles was
randomly positioned within the cell, with arbitrarily generated
x,y coordinates, thus creating a randomized distribution of
particles. A mask to identify the cell location was created
based on the density of particles summed over the whole
movie series. Density analysis of the particle distribution was
then performed as described above.

Live SMLM-SPT imaging

COS7 cells were transfected as described above and bioortho-
gonally labeled with both Tet-Cy3 and Tet-AF647 (150 nM and
1.5 uM respectively). Cells were first imaged in live-SMLM as
described above (5000 frames) using a 640 nm channel. Then,
live-SMLM buffer was substituted with growth media and the
same cell was imaged using the SPT protocol described above.
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Videos were then processed for both live-SMLM and SPT as
detailed above.

Author contributions

AX. and N.E. designed and were involved in the analysis of all
experiments. A.K. performed all experiments. A.K. and A.A.
helped writing the manuscript. D.N. and E.A. provided techni-
cal help and knowledge in genetic code expansion. K.D. and E.
A. synthesized Tet-AF647. R.S. and Y.R. did all SPT analysis
and measurements. R.S. and A.K. generated the figures and
sup figs. G.B. and R.S. performed density analysis in live-
SMLM. O.Y. contributed Shaker B plasmid and helped design-
ing Shaker B mutants. N.E. conceptualized the work and wrote
the manuscript.

Funding sources

The project leading to this application has received funding
from the European Research Council (ERC) under the
European Union’s Horizon 2020 research (N.E., startup grant).
Y.R. is supported by the ISF (Israel Science Foundation) grant
988/17. R.S. acknowledges support through HFSP postdoctoral
fellowship LT000419/2015.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We thank Levi Gheber for help with FRAP analysis and Ronit
Pinkas-Kramarski (TAU, Israel) for contributing the EGFR
plasmid. We also thank Dr Uzi Hadad from the Ilse Katz
Institute for Nanoscale Science and Technology Shared
Resource Facility for technical help with Zeiss LSM880
Airyscan confocal system. Finally, we thank members of the
Elia laboratory for fruitful discussions and critical reading of
the manuscript.

References

1 J. W. Chin, Expanding and reprogramming the genetic
code, Nature, 2017, 550, 53-60, DOI: 10.1038/nature24031.

2 K. Lang and J. W. Chin, Cellular incorporation of unnatural
amino acids and bioorthogonal labeling of proteins, Chem.
Rev., 2014, 114, 4764-4806, DOI: 10.1021/cr400355w.

3 S. van de Linde, M. Heilemann and M. Sauer, Live-cell
super-resolution imaging with synthetic fluorophores,
Annu. Rev. Phys. Chem., 2012, 63, 519-540, DOIL: 10.1146/
annurev-physchem-032811-112012.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9nr08594g

Open Access Article. Published on 20 January 2020. Downloaded on 3/12/2026 7:35:03 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

4

10

11

12

13

14

15

U. Resch-Genger, M. Grabolle, S. Cavaliere-Jaricot,
R. Nitschke and T. Nann, Quantum dots versus organic
dyes as fluorescent labels, Nat. Methods, 2008, 5, 763-775,
DOI: 10.1038/nmeth.1248.

K. M. Dean and A. E. Palmer, Advances in fluorescence
labeling strategies for dynamic cellular imaging, Nat.
Chem. Biol, 2014, 10, 512-523, DOIL  10.1038/
nchembio.1556.

1. Nikic and E. A. Lemke, Genetic code expansion enabled
site-specific dual-color protein labeling: superresolution
microscopy and beyond, Curr. Opin. Chem. Biol., 2015, 28,
164-173, DOI: 10.1016/j.cbpa.2015.07.021.

F. Neubert, G. Beliu, U. Terpitz, C. Werner, C. Geis,
M. Sauer and S. Doose, Bioorthogonal Click
Chemistry Enables Site-specific Fluorescence Labeling of
Functional NMDA Receptors for Super-Resolution Imaging,
Angew. Chem., 2018, 57, 16364-16369, DOIL 10.1002/
anie.201808951.

I. Nikic, T. Plass, O. Schraidt, J. Szymanski, J. A. Briggs,
C. Schultz and E. A. Lemke, Minimal tags for rapid dual-
color live-cell labeling and super-resolution microscopy,
Angew. Chem., 2014, 53, 2245-2249, DOL 10.1002/
anie.201309847.

C. Uttamapinant, J. D. Howe, K. Lang, V. Beranek, L. Davis,
M. Mahesh, N. P. Barry and J. W. Chin, Genetic code expan-
sion enables live-cell and super-resolution imaging of site-
specifically labeled cellular proteins, J. Am. Chem. Soc.,
2015, 137, 4602-4605, DOI: 10.1021/ja512838z.

I. C. Vreja, 1. Nikic, F. Gottfert, M. Bates, K. Krohnert,
T. F. Outeiro, S. W. Hell, E. A. Lemke and S. O. Rizzoli,
Super-resolution Microscopy of Clickable Amino Acids
Reveals the Effects of Fluorescent Protein Tagging on
Protein Assemblies, ACS Nano, 2015, 9, 11034-11041, DOI:
10.1021/acsnano.5b04434.

T. Schvartz, N. Aloush, I. Goliand, I. Segal, D. Nachmias,
E. Arbely and N. Elia, Direct fluorescent-dye labeling of
alpha-tubulin in mammalian cells for live cell and superre-
solution imaging, Mol. Biol. Cell, 2017, 28, 2747-2756, DOLI:
10.1091/mbc.E17-03-0161.

Z. Xiao, W. Zhang, Y. Yang, L. Xu and X. Fang, Single-mole-
cule diffusion study of activated EGFR implicates its endo-
cytic pathway, Biochem. Biophys. Res. Commun., 2008, 369,
730-734, DOI: 10.1016/j.bbrc.2008.02.084.

M. Boggara, K. Athmakuri, S. Srivastava, R. Cole and
R. S. Kane, Characterization of the diffusion of epidermal
growth factor receptor clusters by single particle tracking,
Biochim. Biophys. Acta, 2013, 1828, 419-426, DOI: 10.1016/j.
bbamem.2012.08.022.

D. T. Clarke and M. L. Martin-Fernandez, A Brief History of
Single-Particle Tracking of the Epidermal Growth Factor
Receptor, Methods Protoc., 2019, 2, 12, DOL 10.3390/
mps2010012.

M. M. Tamkun, K. M. O’Connell and A. S. Rolig, A cyto-
skeletal-based perimeter fence selectively corrals a sub-
population of cell surface Kv2.1 channels, J. Cell Sci., 2007,
120, 2413-2423, DOI: 10.1242/jcs.007351.

This journal is © The Royal Society of Chemistry 2020

16

17

18

19

20

21

22

23

24

25

26

27

View Article Online

Paper

K. Lang, L. Davis, S. Wallace, M. Mahesh, D. ]J. Cox,
M. L. Blackman, J. M. Fox and J. W. Chin, Genetic Encoding
of bicyclononynes and trans-cyclooctenes for site-specific
protein labeling in vitro and in live mammalian cells via
rapid fluorogenic Diels-Alder reactions, J. Am. Chem. Soc.,
2012, 134, 10317-10320, DOI: 10.1021/ja302832g.

N. Aloush, T. Schvartz, A. I. Konig, S. Cohen, E. Brozgol,
B. Tam, D. Nachmias, O. Ben-David, Y. Garini, N. Elia and
E. Arbely, Live Cell Imaging of Bioorthogonally Labelled
Proteins Generated With a Single Pyrrolysine tRNA Gene,
Sci. Rep., 2018, 8, 14527, DOI: 10.1038/s41598-018-32824-1.
S. Cohen and E. Arbely, Single-Plasmid-Based System for
Efficient Noncanonical Amino Acid Mutagenesis in
Cultured Mammalian Cells, ChemBioChem, 2016, 17, 1008—
1011, DOI: 10.1002/cbic.201500681.

M. L. Blackman, M. Royzen and J. M. Fox, Tetrazine lig-
ation: fast bioconjugation based on inverse-electron-
demand Diels-Alder reactivity, J. Am. Chem. Soc., 2008, 130,
13518-13519, DOI: 10.1021/ja8053805.

T. Klein, A. Loschberger, S. Proppert, S. Wolter, S. van de
Linde and M. Sauer, Live-cell dSTORM with SNAP-tag
fusion proteins, Nat. Methods, 2011, 8, 7-9, DOIL: 10.1038/
nmeth0111-7b.

A. V. Weigel, B. Simon, M. M. Tamkun and D. Krapf,
Ergodic and nonergodic processes coexist in the plasma
membrane as observed by single-molecule tracking, Proc.
Natl. Acad. Sci. U. S. A., 2011, 108, 6438-6443, DOI:
10.1073/pnas.1016325108.

D. Krapf, Mechanisms underlying anomalous diffusion in
the plasma membrane, Curr. Top. Membr., 2015, 75, 167-
207, DOI: 10.1016/bs.ctm.2015.03.002.

S. Burov, S. M. Tabei, T. Huynh, M. P. Murrell,
L. H. Philipson, S. A. Rice, M. L. Gardel, N. F. Scherer and
A. R. Dinner, Distribution of directional change as a signa-
ture of complex dynamics, Proc. Natl. Acad. Sci. U. S. A.,
2013, 110, 19689-19694, DOI: 10.1073/pnas.1319473110.
M. Chein, E. Perlson and Y. Roichman, Flow Arrest in the
Plasma Membrane, Biophys. J., 2019, 117, 810-816, DOL:
10.1016/j.bpj.2019.07.001.

T. K. Fujiwara, K. Iwasawa, Z. Kalay, T. A. Tsunoyama,
Y. Watanabe, Y. M. Umemura, H. Murakoshi, K. G. Suzuki,
Y. L. Nemoto, N. Morone and A. Kusumi, Confined
diffusion of transmembrane proteins and lipids induced by
the same actin meshwork lining the plasma membrane, Mol.
Biol. Cell, 2016, 27, 1101-1119, DOL 10.1091/mbc.E15-04-
0186.

A. Kusumi, C. Nakada, K. Ritchie, K. Murase, K. Suzuki,
H. Murakoshi, R. S. Kasai, ]J. Kondo and T. Fujiwara,
Paradigm shift of the plasma membrane concept from the
two-dimensional continuum fluid to the partitioned fluid:
high-speed single-molecule tracking of membrane mole-
cules, Annu. Rev. Biophys. Biomol. Struct., 2005, 34, 351-378,
DOI: 10.1146/annurev.biophys.34.040204.144637.

F. Bezanilla, The voltage sensor in voltage-dependent ion
channels, Physiol. Rev., 2000, 80, 555-592, DOI: 10.1152/
physrev.2000.80.2.555.

Nanoscale, 2020, 12, 3236-3248 | 3247


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9nr08594g

Open Access Article. Published on 20 January 2020. Downloaded on 3/12/2026 7:35:03 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

28

29

30

31

32

33

34

35

36

37

R. MacKinnon, Determination of the subunit stoichiometry
of a voltage-activated potassium channel, Nature, 1991,
350, 232-235, DOI: 10.1038/350232a0.

E. Kim, M. Niethammer, A. Rothschild, Y. N. Jan and
M. Sheng, Clustering of Shaker-type K+ channels by inter-
action with a family of membrane-associated guanylate
kinases, Nature, 1995, 378, 85-88, DOI: 10.1038/378085a0.
A. M. Tiffany, L. N. Manganas, E. Kim, Y. P. Hsueh,
M. Sheng and J. S. Trimmer, PSD-95 and SAP97 exhibit dis-
tinct mechanisms for regulating K(+) channel surface
expression and clustering, J. Cell Biol., 2000, 148, 147-158,
DOI: 10.1083/jcb.148.1.147.

N. Zandany, L. Lewin, V. Nirenberg, I. Orr and O. Yifrach,
Entropic clocks in the service of electrical signaling: ‘Ball
and chain’ mechanisms for ion channel inactivation and
clustering, FEBS Lett., 2015, 589, 2441-2447, DOI: 10.1016/
j-febslet.2015.06.010.

V. N. Uversky, The most important thing is the tail: multitu-
dinous functionalities of intrinsically disordered protein
termini, FEBS Lett., 2013, 587, 1891-1901, DOIL: 10.1016/j.
febslet.2013.04.042.

D. J. Posson, P. Ge, C. Miller, F. Bezanilla and P. R. Selvin,
Small vertical movement of a K+ channel voltage sensor
measured with luminescence energy transfer, Nature, 2005,
436, 848-851, DOI: 10.1038/nature03819.

A. D. Thompson, J. Bewersdorf, D. Toomre and A. Schepartz,
HIDE Probes: A New Toolkit for Visualizing Organelle
Dynamics, Longer and at Super-Resolution, Biochemistry,
2017, 56, 5194-5201, DOI: 10.1021/acs.biochem.7b00545.

K. M. O’Connell, R. Loftus and M. M. Tamkun,
Localization-dependent activity of the Kv2.1 delayed-recti-
fier K+ channel, Proc. Natl. Acad. Sci. U. S. A., 2010, 107,
12351-12356, DOI: 10.1073/pnas.1003028107.

G. H. Patterson, Fluorescence microscopy below the diffrac-
tion limit, Semin. Cell Dev. Biol., 2009, 20, 886-893, DOI:
10.1016/j.semcdb.2009.08.006.

R. Henriques, C. Griffiths, E. Hesper Rego and
M. M. Mhlanga, PALM and STORM: unlocking live-cell

3248 | Nanoscale, 2020, 12, 3236-3248

38

39

40

41

42

43

44

45

46

View Article Online

Nanoscale

super-resolution, Biopolymers, 2011, 95, 322-331, DOI:
10.1002/bip.21586.

M. Sauer and M. Heilemann, Single-Molecule Localization
Microscopy in Eukaryotes, Chem. Rev., 2017, 117, 7478-
7509, DOI: 10.1021/acs.chemrev.6b00667.

A. Burgert, S. Letschert, S. Doose and M. Sauer, Artifacts in
single-molecule localization = microscopy, Histochem.
Cell Biol., 2015, 144, 123-131, DOI: 10.1007/s00418-015-
1340-4.

C. E. Aitken, R. A. Marshall and J. D. Puglisi, An oxygen
scavenging system for improvement of dye stability in
single-molecule fluorescence experiments, Biophys. J., 2008,
94, 1826-1835, DOI: 10.1529/biophysj.107.117689.

R. Serfling, L. Seidel, A. Bock, M. J. Lohse, P. Annibale and
I. Coin, Quantitative Single-Residue Bioorthogonal
Labeling of G Protein-Coupled Receptors in Live Cells, ACS
Chem. Biol, 2019, 14, 1141-1149, DOIL  10.1021/
acschembio.8b01115.

H. Jiang, B. P. English, R. B. Hazan, P. Wu and B. Ovryn,
Tracking surface glycans on live cancer cells with single-
molecule sensitivity, Angew. Chem., 2015, 54, 1765-1769,
DOLI: 10.1002/anie.201407976.

S. Letschert, A. Gohler, C. Franke, N. Bertleff-Zieschang,
E. Memmel, S. Doose, ]J. Seibel and M. Sauer, Super-
resolution imaging of plasma membrane glycans,
Angew. Chem., 2014, 53, 10921-10924, DOIL 10.1002/
anie.201406045.

J. Ellenberg and ]J. Lippincott-Schwartz, Dynamics and mobi-
lity of nuclear envelope proteins in interphase and mitotic
cells revealed by green fluorescent protein chimeras,
Methods, 1999, 19, 362-372, DOL: 10.1006/meth.1999.0872.
M. Ovesny, P. Krizek, ]J. Borkovec, Z. Svindrych and
G. M. Hagen, ThunderSTORM: a comprehensive Image]
plug-in for PALM and STORM data analysis and super-
resolution imaging, Bioinformatics, 2014, 30, 2389-2390,
DOI: 10.1093/bioinformatics/btu202.

I. Segal, D. Nachmias, E. Arbely and N. Elia, 2019, bioRxiv:
708545, DOI: 10.1101/708545.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9nr08594g

	Button 1: 


