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Abstract

Living cells are complex and dynamic assemblies that carefully sequester and orchestrate multiple
diverse processes that enable growth, division, regulation, movement, and communication.
Membrane-bound organelles such as the endoplasmic reticulum, mitochondria, plasma membrane,
and others are integral to these processes and their functions demand dynamic reorganization in
both space and time. Visualizing these dynamics in live cells over long time periods demands
probes that label discrete organelles specifically, at high density, and withstand long-term
irradiation. Here we describe the evolution of our work on the development of a set of High
Density Environmentally sensitive (HIDE) membrane probes that enable long-term, live-cell
nanoscopy of the dynamics of multiple organelles in live cells using SMS and STED imaging
modalities.
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Living cells are the foundational unit of complex organisms. Cells are complex and dynamic
assemblies and must carefully sequester and orchestrate a staggering array of biochemistry
to perform functions required for growth, division, regulation, movement, and intra- and
inter-cellular communication.! Membrane-bound organelles such as the nucleus,
endoplasmic reticulum (ER), Golgi, endosomes, lysosomes, mitochondria, and plasma
membrane (PM) are integral to these processes.! Importantly, organelles are not static
assemblies, and their functions demand dynamic reorganization in both space and time.
While electron microscopy (EM)? studies have historically revealed the ultrastructure of
cellular organelles at sub-nanometer resolution,® EM cannot reveal dynamic events in live
cells that are evident using traditional light microscopy, albeit, due to the diffraction limit of
light,* at approximately two orders of magnitude lower resolution.

Over the past two decades, a number of super-resolution microscopy techniques have been
developed to overcome the resolution barrier posed by the diffraction limit of traditional
light microscopy and visualize cellular components and structures at resolutions in the tens
of nanometers in living cells.>1! The development of super-resolution microscopy
techniques was recognized by a Nobel Prize in 201412 and many excellent reviews are
available to the interested reader.13-15 In brief, super-resolution microscopy or “nanoscopy”
techniques that truly break the diffraction limit are embodied by two major modalities that
are often referred to as Stimulated Emission Depletion or STED®: 7 and Single Molecule
Switching, often referred to as SMS, and which includes techniques known as STORM,?
dSTORM,1 PALM,8 FPALM,® GSDIM, 1 and others. Both STED and SMS rely on
targeted or stochastic switching of fluorophores between off (dark) and on (fluorescent)
states, and they demand distinct (and sometimes hard to attain) photophysical properties
from the requisite chromophores, typically fluorescent proteins and organic fluorophores.13
The STED depletion laser is orders of magnitude more powerful than a traditional excitation
laser, which demands exceptionally photostable fluorophores, while SMS requires that the
fluorophores “blink” to allow accurate localization of single molecules. These photophysical
properties are easy to attain in fixed cells through the use of highly engineered fluorophores,
16 anti-fade buffers,1” and “blinking” buffers, 1 but their translation into living cells has
been difficult. 1 In this Perspective, we describe the evolution of our work on a unique
family of membrane probes that enable long-term live-cell nanoscopy of multiple organelles
and their dynamics using both SMS and STED imaging modalities (Figure 1).
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Although membrane-bound organelles have traditionally been visualized at super-resolution
by labeling membrane-resident proteins with fluorescent or self-labeling proteins, we
reasoned that labeling the organelle membrane itself-the lipid—could offer a genuine
advantage because of the exceptionally high density of lipids relative to proteins in a typical
membrane (Figure 2). High labeling density is critical for super-resolution methods, because
as the resolution or detection volume decreases so does the number of detectable molecules.
15,19, 20 Excluding polymeric protein assemblies, such as actin and tubulin, the density of
lipid in a membrane is naturally over a hundred times higher than that of any protein.21 We
further reasoned that by labeling the lipid we could take advantage of known, fast,
bioorthogonal?2 reactions to perform the labeling reaction in two steps: an initial step in
which an orthogonally reactive, but minimally perturbing, lipid is added to cells and a
subsequent step in which the dye is appended. This two-component approach provides a
high level of flexibility for labelling organelles with dye conjugates across the visible
spectrum. Thus, our initial work evaluated whether linking an appropriate dye not to a
protein, but to a lipid, would provide a benefit for imaging organelles at super-resolution.

This two-component membrane probe strategy builds on significant work of many others.
Most notable, both Shim et a/19 and Carlini er a/.23 recognized the need for high-density
labeling and utilized commercially available organelle probes to label live cells for SMS
microscopy; these probes unfortunately required non-benign24 405 nm illumination and an
oxygen scavenging system. Lukinaviius et al. also recognized the need for high-density
labeling and developed a single-component labeling strategy based on small molecules that
engage multimeric proteins2> 26 and DNA.27 Our work was also inspired by the unique
attributes of PAINT microscopy, which utilizes the reversible binding and fluorescence of
classic fluorophores like Nile Red?8: 29 or next generation dyes like AzepRh3in a
membrane to achieve high-density stochastic blinking for SMS.

Our initial work focused on ceramide lipids, which are biosynthesized in the ER before
trafficking through the Golgi apparatus for further modification.3! Subsequent trafficking
from the Golgi can be halted by a temperature block, which accumulates ceramide within
the Golgi/trans-Golgi network.32-34 Indeed, the lipid probe BODIPY-Cer exploits this
property and has been used for decades to image Golgi membranes using confocal
microscopy. 3° But BODIPY dyes rapidly bleach, especially when exposed to the high-
powered illumination required for super-resolution microscopy. We hypothesized that
linking a ceramide lipid to a more photostable, STED-compatible dye, such as a member of
the silicon rhodamine (SiR) family,3¢: 37 might allow imaging of the Golgi in live cells at
super-resolution.38 To test this hypothesis, we synthesized a modified ceramide lipid
equipped with a trans-cyclooctene (Cer-TCO) that could react via a tetrazine ligation
reaction?? with SiR-Tz, 37 a silicone rhodamine derivative, to form Cer-SiR in live cells
(Figure 1). As expected, we found that Cer-SiR was enriched in the Golgi by a short
incubation at 19.5 °C,32-34 as demonstrated by a typical perinuclear labeling pattern and
colocalization with GalNaAcT2-GFP, a Golgi-resident protein (Figure 3a—d). Surprisingly,
preformed Cer-SiR did not label the Golgi, providing additional support to the utility of our
two-componenent strategy.38 The presence of Cer-SiR in the Golgi did not perturb the
mobility of Golgi-resident enzymes or the trafficking of cargo from the endoplasmic
reticulum through the Golgi and to the plasma membrane.38 Cer-SiR did, however, facilitate
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the acquisition of STED super-resolution images, and to our surprise, was far more
photostable than a conjugate assembled from the same SiR dye joined through a SNAP-tag
to the Golgi-resident protein Rab6 (Figure 3e). Notably, we observed the fluorescence of
fixed cells labeled with Cer-SiR for more than 29 min (900 images), 4 whereas fixed cells
labeled with Rab6-SiR were visible for only 300 frames. This increase in photostability was
sufficient to visualize vesicles budding and exiting the Golgi in live cells (Figure 3f).

But why was Cer-SiR so much more photostable than Rab6-SiR? An interesting hint was
that although Cer-SiR took a longer time to bleach, its initial brightness was not so different
than that of Rab6-SiR. We hypothesized that Cer-SiR was more photostable because it
resided within a more hydrophobic environment than Rab6-SiR. Like all dyes in the
rhodamine family, SiR derivatives exist in an equilibrium between two states: a dark neutral
state and a bright charged state (Figure 4a). The position of this equilibrium is affected by
both pH and dielectric constant, with the dark state favored at low pH and/or within a
lipophilic environment (low dielectric constant).3” Thus, we reasoned that placing the SiR
dye in a hydrophobic environment within the membrane could shift the dark/bright
equilibrium to favor the dark form, creating a large pool of non-fluorescent molecules that
would not absorb excitation light and would be thereby protected from photobleaching
(Figure 4b). We reasoned further that this pool could act to slowly replace fluorophores that
have been photobleached, leading to a large apparent increase in photostability. By contrast,
when appended to a protein (e.g. Rab6), SiR would be in a more aqueous environment,
which favors the charged form of the dye, leaving it exposed to photobleaching.

Around the time we completed our work with Cer-SiR, the Urano Lab at the University of
Tokyo disclosed HMSIR, 3 the first fluorophore to blink spontaneously viaa ground state
mechanism, and demonstrated its utility for SMS nanoscopy. HMSIR is a silicon rhodamine
derivative in which the carboxylic acid of SiR-CO,H has been replaced by a hydroxyl group
(Figure 5a). This change shifts the intramolecular cyclization equilibrium towards the closed
(OFF) form at physiological pH, and endows HMSIR with the ability to “blink” through a
ground state mechanism that does not require toxic blinking buffers. At pH 7.4, 1.2-1.3% of
HMSIR exists in the open (ON) form, which is sufficient to visualize proteins present at low
density by SMS nanoscopy. Unfortunately, an ON-fraction of even 1% is too high to
visualize lipids present at high density, as it precludes the localization of single molecules.*0

We wondered whether placing HMSIR in a membrane environment would also increase its
photostability, in the manner observed for Cer-SiR—this time in the context of SMS
nanoscopy. To test this idea, we performed /in vitro experiments that compared the apparent
photostability of HMSIR within an aqueous (protein) and hydrophobic (liposome)
environment assembled on glass slides (Figure 5b). This experiment revealed that the signal
from Cer-HMSIR in a hydrophobic liposome environment could be observed for >6-fold
longer than that of GST-HMSIR in an aqueous environment (Figure 5c,d).4? We reasoned
that placing HMSIR in a hydrophobic membrane environment results in two changes that
work together to improve apparent photostability: it shifts the ON/OFF equilibrium to a
lower value (0.03% in liposomes vs. 0.2% for GST-HMSIR), preventing the rejection of
overlapping single molecules during localization, and simultaneously establishes a dark state
reservoir that is protected from photobleaching. Monte Carlo simulations are fully consistent
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with this model, showing that combining a strongly reduced ON fraction with high labeling
density results in a dramatic increase in apparent photostability.4°

To test this concept in live cells, we focused first on visualizing the endoplasmic reticulum,
whose neutral pH would favor a lower ON/OFF ratio than the more acidic Golgi (pH = 6.4
+0.3)*1 and is also effectively targeted with ceramide lipids such as Cer-TCO (Figure 6a).40
Subsequent SMS super-resolution imaging with Cer-HMSIR in the ER recapitulated the
benefits of combining high-density labeling with a membrane probe: we were able to
acquire movies of a highly dynamic ER for >20 mins, imaged at 400 frames/s and combined
to achieve a 2 s temporal resolution and a spatial resolution of about 50 nm (Figure 6b).
When labeled with Cer-HMSIR, the ER could be imaged for >50-fold longer than when
labeled with the protein probe Sec61p-HMSIR (Figure 6¢). This increase in imaging time
was also accompanied by >30-fold increase in labeling density. By combining high spatial
and temporal resolution over an extended time period, we observed ER tubules as well as
sheets dynamically interconverting over the course of the >20 min acquisition (Figure 6b).
Cer-HMSIR was also amenable to two-color live-cell imaging in combination with mEos3.2.
We were able to visualize the ER and the Golgi labeled with Cer-HMSIR and COPpB1-
mEos3.2 (Figure 6d). We note that the lower photostability of mE0s3.2 precluded the
acquisition of long time lapse two-color images, emphasizing the continuing need for
orthogonal membrane probe systems and dyes with comparable photostabilities.

Labeling density is especially critical to achieve high quality super-resolution images in
three dimensions. We found that the high labeling density and improved photostability
provided by Cer-HMSIR allowed the acquisition of a 15 min movie of the ER with 10 s
temporal resolution, which represents the longest 3D SMS movie of which we are aware
(Figure 7a). This high level of structural detail revealed interconnections between ER tubules
at different depths that would not be visible in 2D (Figure 7b,c). Additionally, 3D imaging
deeper in the cell exposed ER channel structures traversing the nucleus. 40

The success of Cer-TCO in STED and SMS nanoscopy encouraged us to apply the HIDE
strategy to other organelles. This goal required the identification of new lipid-like molecules
known to localize selectively to organelles other than the ER or Golgi. Despite the
abundance of information about lipid organization*? in specific organelles, natural lipids can
be difficult to synthesize and their localization can be sensitive to even small structural
modifications. Instead, we chose to repurpose a pair of known and well-validated organelle-
specific probes and modify them with a TCO moiety to enable reaction with a tetrazine-
modified silicon rhodamine dye. This approach offered the benefit of synthetic ease and
well-established localization protocols, simplifying probe optimization. Furthermore, while
the well-validated organelle-specific probes we chose are fluorophores themselves, they are
generally not suitable for live cell super-resolution microscopy without additives,19 and
because they do not absorb near-IR light, invisible during SMS microscopy. Overall, this
strategy furnishes new utility for these canonical organelle probes for live-cell nanoscopy.
Two validated organelle-specific probes were chosen: the cationic rhodamine dye RhoB and
the family of dialkylindocarbocyanines exemplified by Dil.1°
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It is well known that cationic rhodamine derivatives localize to mitochondria due to the
mitochondrial membrane potential.#3 Functionalized Rhodamine B (RhoB) derivatives are
no exception.4* 4> After synthesizing RhoB-TCO, we confirmed that it labeled mitochondria
(Figure 8a) and proceeded to perform live-cell SMS imaging with HMSiR-Tz.40 Here again,
localizing HMSIR to an organelle membrane at high density enabled longterm imaging.4°
By targeting HMSIR to the mitochondria membrane with RhoB, we could obtain images for
more than 7 min, 13-fold longer than when the mitochondria was visualized using the
mitochondrial protein OMP-25 labeled with HMSIR (Figure 8b,c).

It is also well known that dialkylindocarbocyanines such as Dil localize to the plasma
membrane due to their long lipophilic C18 chains.3® We initially synthesized Dil-TCO
(Figure 1), which labeled the plasma membrane upon reaction with HMSiR-Tz (Figure 9a),
and was 14-fold more photostable than the plasma membrane marker Smoothened labeled
with HMSIR,0 and using Dil-HMSIR we could visualize filopodia dynamics over long time
periods by SMS (Figure 9b,c). Wondering whether we could improve photostability further,
we reasoned that an analog of Dil-TCO that contained a longer alkyl chain between HMSIR
and the Dil chromophore would allow for enhanced interaction with the membrane, leading
to a further decrease in the ON/OFF ratio of HMSIR and a concomitant increase in apparent
photostability. We therefore synthesized Dil-C6-TCO (Figure 1) and performed SMS
nanoscopy after its reaction with HMSIiR-Tz. Indeed, the increased linker length yielded a
probe that could be imaged for 2.4-fold longer than Dil-HMSIR alone.*0 The simplicity of
this rational design represents yet another advantage of two component lipid probes for
high-density labeling of cellular organelles.

Drawing from the observation that our membrane-labelling strategy improved apparent
photostability for Cer-SiR and Cer-HMSIR during both STED and SMS nanoscopy,
respectively, we next applied our membrane probe Dil-TCO to live-cell STED imaging by
pairing it with SiR-Tz.46 As expected, Dil-TCO reacts with SiR-Tz and labels the plasma
membrane of live HeLa cells (Figure 10a). Additionally, we were able to observe HeLa cell
dynamics for more than 25 minutes with minimal photobleaching—in stark contrast to the
fluorescence of cells labeled with a plasma membrane resident protein labeled with the same
SiR core and observed under STED conditions (Figure 10a).

Like all membrane probes, Dil-TCO does not require transfection. This advantage is
significant when one wants to visualize primary cell lines that are difficult to transfect. Our
standard Dil-TCO labeling conditions adapted easily to label live mouse hippocampal
neurons, and facilitated the dynamic STED imaging of early development events for more
than 9 min at a 2 sec temporal resolution (Figure 10b,c).#6 Using Dil-SiR, we could
visualize the dynamics of neuronal development, including self/nonself discrimination,4’-49
(Figure 10d,e) which is essential for the control of synaptic partner selection. These
observations underscore the utility of HIDE probes for applications in primary cell lines.

This work provides additional support for the hypothesis that the apparent photostability of
silicon rhodamine dyes can be enhanced during STED and SMS nanoscopy by positioning
them within the hydrophobic membrane environment that characterizes the boundaries of
many cellular organelles. This enhancement is possible because the dyes exist in two forms,
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one that fluoresces and one that does not. This increase in apparent photostability arises not
through fluorophore engineering, but through environmental engineering. Indeed, we think
of our membrane probes as if they are “hiding” the appended fluorophore in the membrane
to protect it from photobleaching. We therefore find it fitting to describe our strategy as High
Density Environmentally sensitive labeling, or HIDE.

We hope that this Perspective paints a bright future for long-term, live-cell nanoscopy of
membrane-bound organelles. We foresee the application of HIDE probes across multiple cell
types and organelles, into three dimensions, and using new imaging modalities, and
especially in multicolor mode to probe lipid and organelle interactions and dynamics.
Fluorophore design will likely be an important contributor in enabling even longer term
studies. Modifications to the fluorophores appended to membrane probes to endow them
with useful properties such as fluorogenicity®% 51 or membrane-specific 30 utility will also
augment imaging capabilities. Phototoxicity remains a major hurdle for long-term imaging
with high laser intensities, but brighter dyes®%-52 illuminated with near infrared light will
enable the use of lower laser intensities that are less phototoxic.24 Additionally, the adoption
of cell-friendly super-resolution microscopes outfitted with incubators will likely improve
cell viability. In order to truly leverage these modalities for studying biological processes, it
will be important to apply these strategies to 2- and 3-color imaging with orthogonal
labeling chemistries?2 and dye combinations. Additionally, imaging for long periods with
high temporal resolution generates extremely large datasets (many of the SMS single movies
have several TB (!) of raw data), which can make handling, analysis, and storage difficult.
The application of small-molecule based approaches to solving problems in microscopy is
only in its infancy. We expect that as the field continues to push the boundaries of live-cell
imaging, the focus will turn more and more towards the probes.
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Labeling live cells with HIDE probes derived from the reaction of Cer-TCO (targets ER

and/or Golgi), RhoB-TCO (targets mitochondria), or Dil-(C6-)-TCO (targets plasma

membrane) with silicon rhodamine dyes HMSIR-Tz or SiR-Tz to enable live-cell nanoscopy

using SMS or STED, respectively.
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Figure 2.
Cartoon illustrating the approximate relative densities of proteins and lipids within the

membrane of a typical cellular organelle. There are roughly 3 proteins and 500 lipids in a 10
x 10 nm? area of a bilayer. Data taken from Quinn et a/21
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Figure 3.
Cer-TCO localizes to the Golgi and reacts with SiR-Tz to enable live cell confocal and

STED imaging. a) HeLa cells expressing the Golgi marker Gal-NAcT2-GFP were incubated
with Cer-TCO and subjected to a temperature block before treatment with SiR-Tz to label
the Golgi with Cer-SiR. b-d) Colocalization with GaINAcT2-GFP was observed only upon
addition of Cer-TCO and SiR-Tz. ) Kymographs of fixed cells labelled with Cer-SiR or
Rab6-SiR. f) Time lapse STED images of a vesicle budding out of the Golgi in a living cell
(green arrows). Figure adapted with permission from Erdmann et al.38
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Figure 4.
Exploiting the environmental sensitivity of SiR-CO,H to increase apparent photostability. a)

SiR-CO»H equilibrates between two forms, a closed, lactone form that is dark, and an open
form that is bright. The position of this equilibrium depends on both pH and the polarity of
the environment. b) Appending the SiR chromophore to a protein in an aqueous environment
shifts this equilibrium towards the open, bright form, while appending it to a lipid in a
membrane environment shifts the equilibrium towards the closed, dark form.
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In vitro evaluation of HMSIR in a membrane environment. a) HMSIR equilibrates between a

closed, cyclized form that dark (OFF) and

an open (ON)form that is bright. Like SiR-CO5H,

the position of the HMSIR equilibrium depends on pH and hydrophobicity. b) Cartoon of an
in vitro experiment designed to assess whether the HMSIR ON/OFF fraction is affected by
hydrophobicity. HMSIR was immobilized to a glass surface via either a protein (generated
upon reaction of HMSIiR-CA and Halo-GST) or a liposome (generated upon reaction of Cer-
TCO with HMSIR-Tz). ¢) Super-resolution images of HMSIR immobilized as described in
b). Rainbow colored temporal look-up table. Scale bar: 200 nm. d) Plot illustrating the
normalized number of localizations observed as a function of time when HMSIR was
immobilized to a protein, within an aqueous environment, and within a liposome. t values
were calculated from a single exponential fit (mean £ SEM). Figure adapted with

permissionfrom Takakura et al.40
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Long time-lapse SMS imaging of endoplasmic reticulum (ER) dynamics using Cer-HMSIR.
a) Schematic illustration of the 2-step procedure employed to label the ER with Cer-HMSIR.
b) Single frame from a 25 min movie with 2 s temporal resolution. s: sheet-like ER, f:
fenestrated ER sheets, t: tubular ER. Diffraction limited inset shown in grey. Scale bar: 1
pum. ¢) Comparison of localizations observed between Cer-HMSIR and Sec61p-HMSIR d)
Image of COP1 vesicles and the Golgi and ER in HeLa cells expressing the marker COPB1-
mEo0s3.2 (green) and treated with Cer-TCO and HMSIR-Tz at 37 °C (red). An enlarged view
of the image within the yellow box is shown beneath. Figure adapted with permission from

Takakura et al.40
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Figure 7.
Long time-lapse imaging the ER in 3D with Cer-HMSIR. a) Perspective view of a depth-

colored snapshot from a 15 min movie of the ER in HeLa cells treated with Cer-TCO and
HMSIR-Tz. b) Top view of the magenta cube shown in (a). ¢) Front view of the magenta
cube shown in (b). Figure adapted with permission from Takakura et al.4°
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Figure8.
Long time-lapse, SMS imaging of mitochondria using RhoB-HMSIR. a) Schematic

illustration of the 2-step procedure employed to label mitochondria with RhoB-HMSIR. b,c)
Comparison between time-colored super-resolution images of mitochondria labeled with the
protein probe OMP25-HMSIR and RhoB-HMSIR. The diffraction-limited image obtained
from the RhoB channel is marked by the dashed white line in (c). Kymographs of both
images, derived from the time-dependent signal along each brown line vs. time, are shown
on the right side of each panel. Scale bar: 1 um. Figure adapted with permission from
Takakura et al.40
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Figure9.
Long time-lapse, SMS imaging of the plasma membrane using Dil-HMSIR and Dil-C6-

HMSIR. a) Schematic diagram of the 2-step procedure used to label the plasma membrane
with Dil-HMSIR or Dil-C6-HMSIR. b) Super-resolution image of the plasma membrane
visualized with Dil-HMSIR. Scale bar: 1 um. c) Time-lapse images of filopodia dynamics
from purple box in (b). Yellow arrows highlight major changes. Scale bar: 1 um. Figure
adapted with permission from Takakura et al.40
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Figure 10.
Long time-lapse STED imaging of live HeLa cells and mouse hippocampal neurons labeled

with Dil-SiR. a) HeLa cells treated with Dil-TCO and SiR-Tz were compared with cells
transiently expressing Smo-Halo and labelled with SiR-CA. A plot of the normalized
fluorescence intensity of Smo-SiR (blue) and Dil-SiR (red) over time (mean + SD) is shown
below. b) DIV 4 neurons were labeled with Dil-TCO followed by SiR-Tz. ¢) Snapshot of a
STED movie with a confocal cutaway in gray. d) Pink, and e) green square outline from c;
time courses with corresponding pink and green arrows denoting filopodia dynamics; yellow
outlines designate contact events. Scale bars: 2 um in ¢, 1 um in d,e. Figure adapted with
permission from Thompson et al. 46
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