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Triple-Color Super-Resolution Imaging of Live Cells: Resolving
Submicroscopic Receptor Organization in the Plasma Membrane**

Stephan Wilmes, Markus Staufenbiel, Domenik Lifie, Christian P. Richter, Oliver Beutel,
Karin B. Busch, Samuel T. Hess, and Jacob Piehler*

The spatiotemporal organization of receptor proteins into
submicroscopic structures in the plasma membrane is
believed to play a critical role in regulation and coordination
of signaling pathways. Several specific features of the plasma
membrane have been shown to contribute to the transient
assembly of nanoscopic heterogeneities (20-200 nm).!!! Fluo-
rescence imaging techniques based on single-molecule local-
ization provide versatile means for probing such submicro-
scopic organization of the cell with a resolution beyond the
diffraction limit.”! Super-resolution (SR) imaging in living
cells is possible by fluorescence photoactivation localization
microscopy (FPALM), for which various photoactivatable
and photoswitchable autofluorescent proteins have been
employed successfully.”! Multicolor FPALM imaging, how-
ever, is currently limited by the choice of photoactivatable
proteins having sufficient brightness for single-molecule
localization techniques. Successful combination of photo-
activatable green fluorescent protein (PAGFP) with photo-
activatable orange fluorescent proteins such as PAmCherry™!
or PAtagRFPP has been reported. Triple-color FPALM
imaging by including PAmKate is possible but limited by its
significant spectral overlap with PAmCherry.*! Herein we
aimed to overcome this limitation by combination of dual-
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color FPALM with direct stochastic optical reconstruction
microscopy (ASTORM).P! This technique is based on photo-
chemically trapping fluorophores in the dark state under
reducing conditions, and can be applied to numerous fluo-
rophores.®! For the red fluorescent dye ATTO655, which is
particularly susceptible to photoreduction, efficient photo-
switching in the cytoplasm of living cells has been demon-
strated.”®®7 This dye could be ideal for the combination with
FPALM imaging using green and orange fluorescent photo-
activatable proteins. A key challenge for its application in
live-cell imaging, however, is the specific labeling of target
proteins in the cytoplasm with ATTO655. Recently, a live-cell
labeling approach based on a noncovalent interaction has
been successfully demonstrated./”! For more robust, long-term
fluorescence labeling, however, irreversible attachment of the
dye to the target proteins is preferable.

To readily combine dSTORM with dual-color FPALM,
we aimed for implementing fast and efficient covalent
labeling of the target proteins inside the cells with
ATTOG655. To this end, we have employed covalent labeling
by means of the HaloTag, which has been reported to react
rapidly with its substrate.’! Moreover, the relatively hydro-
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Figure 1. Efficient and specific covalent labeling with HTL-ATTO655.
a) Structure of HTL-ATTOG655. b) Reaction of 100 nm HTL-ATTO655
with immobilized HaloTag as detected by TIRFS (blue line). As

a negative control, binding of HTL-ATTO655 to a blank surface was
probed (red line). The injection period is marked in grey. c) Epifluor-
escent image of Hela cells stably transfected with Lifeact-EGFP-
HaloTag after incubation with HTL-ATTO655. Green: GFP channel,
red: ATTO655 channel; yellow: overlay (scale bar: 20 um).
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phobic nature of the HaloTag ligand (HTL; Figure 1a) may
better support efficient permeation of the substrate across the
plasma membrane compared to other labeling techniques.
This is particularly important because the zwitterionic nature
of ATTO655 impedes its membrane permeability. ATTO655
was coupled to the HTL by N-hydroxy succinimidyl chemistry
(see Scheme S1 in the Supporting Information) and efficient
reaction with the HaloTag was confirmed in vitro by solid-
phase binding assays based on simultaneous total internal
reflection fluorescence spectroscopy (TIRFS) and reflectance
interference (RIf) detection.”) For this purpose, purified
HaloTag was immobilized through its His-tag (see Figure S1
in the Supporting Information) and binding of
HTL-ATTO655 was monitored in real time by TIRFS
(Figure 1b). Specific and very rapid binding was detected,
thus yielding a reaction rate constant of (8 +3)x10°m 's™\.
Surprisingly, an HTL derivative with a longer ethylene glycol
linker showed a 10-fold slower rate constant (Figure S1c). For
this reason, we used compound 1 for further labeling experi-
ments.

Protein labeling in living cells was explored by using HeLa
cells stably expressing Lifeact fused to both monomeric
enhanced green fluorescent protein (mEGFP) and the
HaloTag (Lifeact-EGFP-HaloTag). Lifeact specifically
binds to actin and therefore can be used for labeling the
actin cytoskeleton in living cells'” and has been already
exploited for SR imaging."!! After incubating these cells with
HTL-ATTOG655, efficient labeling of the cytoskeleton was
confirmed by epifluorescence microscopy (Figure 1c). A very
good correlation of the EGFP and the ATTO655 channel can
be seen. Moreover, no increase in the background for the
ATTOG655 channel compared to the GFP channel was
observed, thus confirming the efficient washout of excess
HTL-ATTOG655. These results demonstrate successful per-
meation of HTL-ATTOG655 across the membrane and specific
reaction with the HaloTag in the cellular context. Thus,
efficient and selective labeling of the HaloTag within the
cytosol was achieved with HTL-ATTOG655.

In the next step, we employed this labeling technique for
SR imaging of the actin cytoskeleton in live cells by
dSTORM. To selectively image the membrane cytoskeleton,
total internal reflection fluorescence microscopy (TIRFM)
was applied. Upon illumination of these cells with increased
laser power (ca. 0.2-0.4 kW cm™2), rapid decay of the fluo-
rescence intensity was observed until a steady state was
reached and blinking of individual ATTO655 molecules could
be discerned. The decay of the particle localization density of
fluorescent ATTOG655 could be substantially slowed by pulsed
illumination at A =405 nm (see Figure S2 in the Supporting
Information).”® Under these conditions, a relatively moder-
ate decrease of localizations/frame from 0.20 molecules um >
to 0.05 molecules um ™~ was detected within 10000 frames with
an average localization precision of 20-25 nm (Figure S3).
Live-cell SR images of the membrane skeleton obtained from
these measurements by single-molecule localization are
shown in Figure 2. Compared to the diffraction-limited
image, a much higher resolution was obtained (Figure 2b,c
and Figure S3) and submicroscopic filaments with diameters
below 100 nm could be discerned (Figure 2d and e).
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Figure 2. Live-cell SR imaging with HTL-ATTO®655. a) Live Hela cells
stably transfected with Lifeact-EGFP—HaloTag after staining with HTL-
ATTOG655 as detected on the GFP channel (green) compared to an SR
image rendered from individual ATTO655 molecules. Imaging was
carried out by continuous excitation at =647 nm with a readout time
of 32 ms/frame (scale bar: 2 pm). b,c) Detailed images of the boxed
regions showing the diffraction-limited GFP channel (green) and SR
image obtained from dSTORM imaging (red hot; scale bar: 300 nm).
d,e) Cross-sections through actin filaments shown in panels c and b,
respectively (Super-resolved: red line; diffraction-limited: green line).
The full-width at half-maximum is shown in nanometers.

Reversible photoswitching of the dye in combination with
the reversible binding of Lifeact to the cytoskeleton enabled
imaging over extended time periods (typically 10000 frames).
By rendering images from substacks of 1000 frames, time-
lapse SR images were obtained, thus enabling the dynamics of
the membrane skeleton to be resolved on the nanoscale level
(Figure 3a and see Video 2 in the Supporting Information).

Having established site-specific cytosolic labeling with
ATTOG655 and SR imaging of cellular structures by dSTORM,
we explored imaging of more dynamic cellular nanostructures
at the plasma membrane. We chose clathrin-coated pits, which
play an important role in regulating cell signaling and have
been shown to be involved in the endocytosis of the type I
interferon receptor (IFNAR) signaling complex.? For SR
imaging of clathrin-coated pits, clathrin light chain (CLC)
fused to the HaloTag (CLC-HaloTag) was expressed and
labeled in the cell with HTL-ATTOG655 as described above.
Upon imaging CLC-HaloTag/ATTO655, bound to the cyto-
solic leaflet of the plasma membrane, by excitation in TIRF
mode, fluctuations of signals from individual ATTO655
molecules were observed over extended time periods with
high localization precision (see Video 3 and Figure S4 in the
Supporting Information). A cumulative SR image rendered
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Figure 3. Time-lapse SR imaging of cellular nanostructures. a) Dynam-
ics of the cortical actin skeleton stained with Lifeact-HaloTag/
ATTOG655. Each image was rendered 1000 frames (scale bar: 500 nm).
b) SR dynamics of clathrin-coated pits at the plasma membrane
stained with CLC-HaloTag/ATTO655. Each image was rendered from
50 frames (scale bar: T um).

from 1000 frames is shown in Figure S5 in the Supporting
Information. However, clathrin nanostructures could be
discerned in images rendered from only 50 frames. Therefore,
time-lapse SR image sequences were assembled by rendering
50 frames (1.28 s) with a step size of 10 frames (Figure 3b and
Video 4). These time-lapse SR image sequences revealed
rapid nanoscale dynamics of clathrin structures. Thus,
directed motion of clathrin-coated vesicles, probably resulting
from endocytosis events, could be observed with a resolution
of approximately 30 nm. From these time-lapse experiments,
a transport velocity of about 400 nms~' was estimated, which
is in good agreement with previous studies.!"”

Having established live-cell dASTORM microscopy based
on labeling with ATTO655, we tested the combination with
dual-color FPALM. To this end, we transiently co-expressed
the subunits of the type I interferon receptor, IFNAR1 and
IFNAR? fused to PAGFP and PAtagRFP, respectively. Dual-
color FPALM imaging in TIRF mode yielded SR images
demonstrating heterogeneous distribution of both receptor
subunits in the plasma membrane (Figures 4a,b). Strikingly,
partial co-clustering of both receptor subunits in submicro-
scopic domains was observed. To identify the cellular nano-
structures underlying these clusters, CLC-HaloTag or Life-
act-HaloTag were transiently co-expressed with IFNARI1-
PAGFP and IFNAR2-PAtagRFP. After staining with HTL-
ATTOG655, images were acquired by repeated cycles of
photoactivation at 4=405nm and sequential excitation at
A =488, 568, and 647 nm (each 32 ms), thus yielding triple-
color SR images with a cycle interval time of approximately
155 ms (see Figure S6 in the Supporting Information). Only
weak co-localization of IFNAR1 and IFNAR2 with CLC
could be observed (see Figure S7 in the Supporting Informa-
tion). In contrast, SR images of IFNAR1 and IFNAR?2 in
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Figure 4. Simultaneous triple-color SR imaging in live cells. Hela cells
transiently transfected with IFNART-PAGFP (green), IFNAR2—PAtagRFP
(red) and Lifeact—-HaloTag labeled with HTL-ATTO655 (blue). Imaging
was carried out in cycles starting with photoactivation at =405 nm

(4 ms) followed by sequential readout during excitation at 1 =488,
568, and 647 nm (32 ms each), respectively. SR images were obtained
from 1000 frames taken within 90 s. a) SR images obtained from the
three channels. b) Detailed close-up of a region of interest (ROI) in the
image for IFNAR1 and IFNAR2 marked in (a) and an overlay of the
two channels. c) Overlay of IFNAR1, IFNAR2, and the cytoskeleton in
the same ROI. d) Enlarged ROI showing the cytoskeletal association of
IFNART and IFNAR2 (scale bar: 500 nm).

combination with Lifeact-HaloTag revealed nanostructured
co-organization of the receptor subunits at the membrane
skeleton (Figure 4c and Figure S8). Remarkably, IFNAR1
and IFNAR?2 were frequently found in the periphery of actin
structures (Figure 4d), thus suggesting interaction with actin
or actin-bound adaptor proteins. Indeed, several adaptor and
scaffolding proteins have been suggested to play a key role for
IFN signaling." Moreover, cytoskeletal association has
previously been suggested to be involved in typel IFN
receptor activation.” Further experiments will be required to
characterize these interactions at the membrane skeleton in
more detail.

In summary, we have here established triple-color SR
imaging in living cells by combination of dSTORM and
FPALM. While several approaches for multicolor SR imaging
in fixed cells have been reported,’!°! triple-color imaging
under physiological conditions remains challenging.!*! Halo-
Tag-specific labeling with HTL-ATTOG655 allows efficient,
irreversible labeling of fusion proteins in the cytoplasm of
living cells, which makes it advantageous compared to
previously reported, noncovalent labeling. Since ATTO655
is not readily membrane permeable, conjugation to the
hydrophobic HTL may contribute to the good labeling
efficacy. Moreover, labeling through the HaloTag is orthog-
onal to other posttranslational labeling techniques such as the
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SNAP-tag and thus readily allows combination with other
live-cell dSTORM dyes such as tetramethylrhodamine.['”]
Based on this approach, we have demonstrated long-term
SR imaging by dSTORM in living cells, which enables
imaging the dynamics of cellular nanostructures over
extended time periods. Imaging was possible under physio-
logical conditions,”™™®7 that is, without the need to add
reducing agents into the supernatant as required for live-cell
STORM."! The fluorescence emitted by ATTO655 can be
spectrally well separated from the fluorescence emitted by
orange fluorescent, photoactivatable proteins such as PAm-
Cherry or PAtagRFP. Thus, dSTORM is readily combined
with FPALM and simultaneous triple-color SR imaging was
possible with an average localization precision of less than
25nm in all channels (see Figure S9 in the Supporting
Information). Based on this method, we were able to resolve
characteristic submicroscopic co-organization of the subunits
of a cytokine receptor in the context of the cytoskeleton.
Combined dSTORM and FPALM will prove powerful for
probing the dynamics of cellular microcompartments.
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