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Coordinate-Targeted and Coordinate-Stochastic Super-
Resolution Microscopy with the Reversibly Switchable

Fluorescent Protein Dreiklang

Nickels A. Jensen,”” Johann G. Danzl,” Katrin I. Willig,”” Flavie Lavoie-Cardinal,”
Tanja Brakemann,”” Stefan W. Hell,*® and Stefan Jakobs*™ "

1. Introduction

The resolution of far-field optical microscopy has long been
limited by diffraction, which prevents light from being focused
more sharply than to a spot of diameter ~)\/(2NA) with
A being the wavelength of light and NA the numerical aperture
of the lens. Because diffraction is intrinsic to all wave propaga-
tion, the diffraction barrier was regarded as practically insur-
mountable. Within the last two decades, concepts for resolving
fluorescent samples without diffraction limit have emerged,
enabling fluorescence microscopy (nanoscopy) with resolution
at the nanoscale. These concepts overcome the diffraction
limit by causing the fluorophores of neighboring features to
briefly assume two different states, making them distinguisha-
ble; usually the two states are a fluorescent (on-) and a non-
fluorescent (off-) state.”

A number of state transitions have been identified that can
be exploited to distinguish identical fluorophores that are spa-
tially closer than the diffraction limit. However, depending on
how the transition is implemented, current fluorescence nano-
scopy or super-resolution methods may be assigned to one of
two classes, namely, those that are based on a light-induced
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coordinate-targeted state transfer and those that are based on
a spatially stochastic single-molecule based switching and
read-out."*? Prominent members of the former family of tech-
niques are RESOLFT [reversible switchable optical linear (fluo-
rescence) transitions]™ and STED (stimulated emission deple-
tion) microscopy.” In RESOLFT and STED microscopy, a light
pattern is used that transfers fluorophores briefly to one of
these states (usually to the non-fluorescent state) at well-de-
fined coordinates in space. In STED microscopy this is accom-
plished by stimulated emission of excited fluorophores to the
ground state, whereas the generalized RESOLFT concept in-
cludes transient transfers of the fluorophore to metastable
dark states. In RESOLFT and STED microscopy, the spatial co-
ordinate range in which molecules are able to assume one of
these  states  (usually  the  fluorescent one) s
d = A/NA+/1 + I...x/Is defining the resolution. I is a characteris-
tic of the fluorophore and /.., denotes the intensity of the
peak enclosing the zero.”? For I,,/I.> 1, the resolution d funda-
mentally exceeds the diffraction limit. Hence, RESOLFT and
STED microscopy differ only in the type of state transition
modulating the fluorescence signaling. Whereas STED micros-
copy creates the state difference with relatively short-lived
states, RESOLFT microscopy typically uses long-lived states for
feature separation. Thus the light intensities used for switching
in RESOLFT microscopy are typically by about 10° to 10° fold
lower than in STED microscopy.

In the spatially stochastic super-resolution approaches, indi-
vidual fluorophores are stochastically switched to the on-state
and localized with subdiffraction precision using the many
fluorescence photons emitted in the on-state. The localization
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precision of single molecules scales approximately with the in-
verse square root of the number of photons detected from the
single emitter. Images are assembled by registering the individ-
ual fluorophores with high precision at random locations. This
family of methods typically requires the recording of up to sev-
eral 10000 camera frames to collect and establish the position
of a statistically representative number of molecules. The first
implementations of this family of approaches were termed sto-
chastic optical reconstruction microscopy (STORM),” photo-
activated localization microscopy (PALM),”® and fluorescence
photoactivation localization microscopy (FPALM).”’ Switching
mechanisms based on different state transitions have also
been exploited since then, further expanding the repertoire of
stochastic fluorescence nanoscopy. This includes ground-state
depletion followed by individual molecule return (GSDIM; also
called dSTORM) microscopy that transfers fluorophores from
the bright singlet system to a long-lived dark state.”’ Altogeth-
er, both super-resolution classes require fluorophores to be
transferred between different states, and fluorescent proteins
have been widely used for this purpose.

An emerging class of high-potential fluorophores are the re-
versibly switchable fluorescent proteins (RSFPs).”’ These pro-
teins are structurally similar to the green fluorescent protein
(GFP), but can be switched reversibly by irradiation with differ-
ent wavelengths between a non-fluorescent and a fluorescent
state. This property has been used to overcome the diffraction
barrier in RESOLFT nanoscopy in living cells by applying rela-
tively low light intensities."” In conventional RSFPs such as
Dronpa-M159T"" or rsEGFP"® fluorescence readout concomi-
tantly induces switching. This entanglement is ultimately
rooted in the switching mechanism, an optically induced rever-
sible cis-trans isomerization of the chromophore that is often
accompanied by a change in its protonation state.”'? Because
of the entanglement of switching and fluorescence generation,
conventional RSFPs are presumably less suited for methods re-
lying on stochastic single molecule switching.

In the recently introduced RSFP Dreiklang, fluorescence
readout and switching are disentangled."* This is due to an
entirely different molecular switching mechanism, namely a re-
versible light-induced water addition/elimination reaction oc-
curring at the chromophore. Dreiklang is switched off with
blue light (~405 nm), switched on with UV light (~350 nm)
and the fluorescence is excited with ~515 nm. Using this light
driven switching mechanism, Dreiklang has previously been
exploited for both coordinate-targeted RESOLFT as well as for
coordinate-stochastic super-resolution microscopy (DSSM: de-
coupled stochastic switching microscopy)."®

In this study we demonstrate that Dreiklang can in addition
also be used for STED and GSDIM microscopy, which are coor-
dinate-targeted and stochastic, respectively, and rely on differ-
ent state transfers.

2. Results

2.1. Exploiting the Unique Switching Mechanism of
Dreiklang for RESOLFT and DSSM Microscopy

To evaluate the usability of Dreiklang as a probe for super-res-
olution microscopy, we expressed a fusion protein consisting
of Vimentin and Dreiklang in Hela cells, a human cell line de-
rived from a cervical cancer. Vimentin is a member of the inter-
mediate filament protein family and Vimentin-Dreiklang forms
an extended meshwork of fibers of variable widths in the Hela
cells. The meshwork can be very dense, making it challenging
to resolve the finest fibers with confocal or widefield micros-
copy (Figure 1).

Relying on the reversible light-induced water addition/elimi-
nation reaction occurring at the chromophore to switch be-
tween the fluorescent and the non-fluorescent state, Dreiklang
has been used in its initial demonstration for RESOLFT nano-
scopy, but also for coordinate-stochastic super-resolution
methods.'® To demonstrate that Vimentin-Dreiklang express-
ing cells are also better resolved when imaged with these two
methods, we first imaged them by RESOLFT microscopy.
To this end, a home-built RESOLFT microscope was used that
provided a regularly focused focal light spot for switching Drei-
klang into the on-state (A=355nm; 1ms; 0.3 kWcm™).
A doughnut-shaped focal spot of blue light (1=405nm;
17 ms, 10 kW/cm?) with a central intensity minimum was used
for switching Dreiklang off at the focal spot periphery. Finally,
the fluorescence was probed by 491 nm excitation (2 ms,
0.8 kWcm™2).

Images were generated by scanning over the sample using
this irradiation scheme at every 30 nm sized pixel. Thin fila-
ments were better resolved in the RESOLFT images than in the
corresponding confocal counterparts (Figure 1a). Measuring
several adjacent intensity profiles across thin filaments and fit-
ting them with a Lorentzian function resulted in full width at
half maximum (FWHM) of ~55nm in case of thin filaments
(Figure 1a). As the determined FWHM is co-determined by the
actual thickness of the filaments, we conclude that the focal
plane resolution was better than 50 nm in this living cell
RESOLFT recording.

To use the Dreiklang-specific switching mechanism for sto-
chastic super-resolution microscopy as well, we modified
a commercial GSDIM microscope (Leica SR GSD) so that the
sample could be irradiated with UV light of 365-375 nm pro-
vided by a 100W Hg lamp (in addition to the already available
light of 405 and 488 nm provided by lasers). The availability of
blue and UV light allows us to directly control the number of
on-state molecules in the sample, providing an additional level
of flexibility to adapt the imaging conditions to the fluoro-
phore distribution in the sample. Because this immediate con-
trol requires a reversible light-driven switching mechanism
whose switching is decoupled from the fluorescence excitation
(as provided by Dreiklang), we refer to this specific super-reso-
lution variant as decoupled stochastic switching microscopy
(DSSM). For DSSM, the cells were initially irradiated for 1s at
405 nm (0.2 kWcm™) to switch the majority of Dreiklang pro-
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Figure 1. Live cell imaging of HelLa cells expressing Vimentin-Dreiklang using different super-resolution microscopy methods: A) RESOLFT (coordinate-target-
ed), B) DSSM (coordinate-stochastic), C) STED (coordinate-targeted), D) GSDIM (coordinate-stochastic). In all rows: Left: conventional (confocal or widefield)
overview and the corresponding super-resolution image. Middle: magnifications of the areas indicated in the overview images. Right: four or five neighboring
intensity profiles taken across a thin filament at the indicated sites (in the magnifications) were averaged and fitted with a Lorentzian function. The FWHM
was determined from this fit. The final nanoscopy images were recorded (RESOLFT, STED) or calculated (DSSM, GSDIM) with a pixel size of 20 nm (STED,
DSSM, GSDIM) or 30 nm (RESOLFT). Scale bars: 2 um (overview images) and 200 nm (magnifications).

teins off. Subsequently, we recorded 20000 image frames
(10 ms each) with irradiation at 488 nm (3 kWcm2). Based on
the number of detected photons (~400 per individual burst),
the obtained theoretical localization precision was <20 nm,!"
resulting in final images that were clearly superior to the con-
ventional counterparts (Figure 1b). The FWHM of thin Vimen-
tin—filaments was ~45 nm, which is comparable to the value
measured by RESOLFT nanoscopy on a different cell. The mea-
sured FWHM is substantially larger than the localization preci-
sion, suggesting that also in this case the structure limits the
resolution obtained. We conclude that the reversible photo-
switching with blue and UV light exploiting the unique photo-
chemical switching mechanism of Dreiklang can be used to
overcome the diffraction barrier in living cells both by coordi-
nate-targeted imaging as well as by coordinate-stochastic
super-resolution microscopy.

2.2. STED Nanoscopy with Dreiklang

Dreiklang has been derived from the fluorescent protein
Citrine,"" which reportedly is among the most suited fluores-

cent proteins for STED microscopy."™ We reasoned that Drei-
klang may also be well suited for STED microscopy. To test
this, living cells expressing Vimentin-Dreiklang were imaged
with a home-built STED microscope."™ Dreiklang was excited
at 488 nm and STED was applied at 595 nm. We found Drei-
klang usable for STED microscopy and found it at least as pho-
tostable as Citrine under these imaging conditions. Generally,
4-6 STED images could be recorded of a living cell expressing
Vimentin-Dreiklang. Thin filaments imaged in the STED mode
had a diameter of ~50 nm (Figure 1c). Hence, also STED mi-
croscopy can be performed with Dreiklang as a fluorescence
probe, relying on an entirely different switching mechanism as
in RESOLFT or DSSM.

2.3. GSDIM with Dreiklang

Next, we investigated whether Dreiklang could also be utilized
for GSDIM, which operates in a spatially stochastic mode.®”
In this approach, laser light (here A =488 nm), is used to trans-
fer the fluorophores from the singlet ground state (S,) into
a long-lived dark state, via the excited state S,. From this dark
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state they return stochastically in time and space back to the
ground state and their positions are determined after record-
ing the fluorescence signal on a camera. This coordinate-sto-
chastic approach does not require any additional laser line for
switching and is performed in living cells. Cells were imaged in
DMEME™ growth medium to reduce photobleaching."® As pre-
viously observed with RESOLFT, DSSM and STED, we also mea-
sured ~50 nm FWHM on thin filaments that were recorded
with GSDIM (Figure 1d). We therefore conclude that Dreiklang
may also be used for GSDIM microscopy relying on yet another
optically driven on-off switching mechanism.

2.4. Comparison of Coordinate-Stochastic GSDIM and DSSM
Utilizing Dreiklang

Comparing cells expressing Vimentin—Citrine or Vimentin-Drei-
klang, we found that the labeling efficiency and the overall ex-
pression levels of Dreiklang and Citrine were similar. Also,
using the same irradiation scheme and the same optical inten-
sities for GSDIM, we found that the number of emitted pho-
tons per single fluorescence burst from Dreiklang or Citrine
were comparable (~400 photons), enabling a theoretical locali-
zation precision™ of <20 nm for both proteins (Figure 2).
However, Dreiklang generally enabled the recording of more
image frames than Citrine, indicating stronger resistance to
photobleaching (Figure 23, b).

As a coordinate-stochastic method, DSSM is conceptually
similar to GSDIM but relies on a different switching mechanism
as detailed above. Nonetheless, presumably, also in DSSM,
a number of on-state Dreiklang molecules are transferred by
the 488 nm probing light into a long-lived dark state, followed
by spontaneous relaxation back into the fluorescent state as in
GSDIM. The degree of GSDIM-like switching will depend on
the probing light intensity and the wavelength used. Imaging
by DSSM also led to an average number of ~400 emitted pho-
tons per burst (Figure 2d). A side-by-side comparison of DSSM
and GSDIM using the same samples expressing Vimentin-Drei-
klang generally showed a similar number of blinking events in
the first ~10000 image frames recorded. However, in later
image frames, comparatively more blinking events were re-
corded when the cells were imaged in the DSSM mode, even
when we did not activate Dreiklang additionally at 370 nm
(Figure 2b-d). We attribute the larger number of recorded
blinking events to reduced photobleaching in case of the pho-
tochemical switching to the off-state (A=405nm; 1s5;
0.2 kWcm™) in DSSM as compared to switching into a dark
state from the S, via the S;, as in GSDIM (1=488 nm; 10s;
3 kWcm™?), requiring much higher light intensities albeit with
light of longer wavelength.

Altogether, we regard Dreiklang superior for live cell coordi-
nate-stochastic imaging when compared to Citrine, which has
been reported to be among the best suited fluorescent pro-
teins for GSDIM."™

3. Discussion

Dreiklang may be reversibly transferred by any one of the
three distinct light-driven photochemical or photophysical
pathways into different dark states, namely, by a reversible op-
tically induced water addition/elimination reaction occurring at
the chromophore, by stimulated emission, or by transferring
the chromophore with strong excitation light from the S,
ground state into a long-lived dark state. We demonstrated
that all three switching mechanisms can be used to overcome
the diffraction barrier either in a coordinate-targeted and/or
a coordinate-stochastic approach (Figure 3). Presumably, this
collection of Dreiklang applications could be further extended
to methods that also rely on stochastic blinking of fluoro-
phores such as super-resolution optical fluctuation imaging
(SOFI)," and others.!"®

Dreiklang is a versatile RSFP that proved to be usable for dif-
ferent super-resolution methods providing comparable sub-dif-
fraction resolution in living cells. However, because Dreiklang
has not been optimized specifically, it may not necessarily be
used to directly compare the different imaging perfomances of
the various super-resolution methods. Based on previous mu-
tagenesis efforts aimed at improving other RSFPs,"®! it can be
anticipated that Dreiklang may be further improved at least
with respect to switching fatigue and speed, which would be
especially beneficial for RESOLFT microscopy.

In STED imaging and GSDIM, Dreiklang bleached less com-
pared to its progenitor Citrine. This effect might be explained
by the additional switching pathway offered by Dreiklang that
may open up a further pathway to avoid irreversible destruc-
tion. In DSSM, the reversible photochemical switching requires
orders-of-magnitude-lower light intensities than those needed
in GSDIM imaging, whereas at the same time it offers addition-
al degrees of freedom to adjust the imaging conditions, ena-
bling the recording of more blinking events and thus higher
quality images.

Experimental Section
Sample Preparation

The mammalian expression plasmids pVimentin-Citrine and pVi-
mentin-Dreiklang were constructed by a gateway vector conver-
sion system using pDONR223-Vim, as described previously."*
Hela cells were cultured at 37°C with 5% CO, in DMEM (Invitro-
gen, Carlsbad, USA) containing 10% FCS (PAA Laboratories, Colbe,
Germany), 1 mm pyruvate (sigma, St-Louis, USA), 100 UmL™" strep-
tomycin and 100 ugmL™" penicillin (Biochrom Berlin, Germany).
Cells were seeded on coverslips in six well plates and transiently
transfected with the plasmids using Turbofect (Thermo Scientific,
Waltham, USA) the following day according to the manufacturer’s
instructions. 24 to 48 h after transfection, the cells were transferred
in DMEM9® (Evrogen Moscow, Russia), mounted on concavity slides
and sealed with twinsil (Picodent, Wipperfirth, Germany).

GSDIM and DSSM

GSDIM and DSSM studies were performed with a custom modified
Leica SR GSD microscope (Leica Microsystems, Wetzlar, Germany)
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Figure 2. GSDIM and DSSM of Hela cells expressing Vimentin-Citrine or Vimentin-Dreiklang: A) GSDIM of cells expressing Vimentin-Citrine. Large images,
right: GSDIM image calculated from the first 40000 image frames; left: corresponding conventional widefield image. Small images: magnified GSDIM images
from the area indicated in the large GSDIM image; each calculated from 10000 image frames, as indicated. B) GSDIM imaging of cells expressing Vimentin-
Dreiklang. C) DSSM imaging of cells expressing Vimentin-Dreiklang. D) Table summarizing the mean number of detected photons per individual burst and
the number of localization events in (A-C). Scale bars: 2 um (large images), 200 nm (small images).

equipped with an oil immersion objective (HCX PL Apo 100x, NA
1.47) in the epifluorescence mode. For detection, an emission filter
from 505-605 nm was used and images were collected with an
Andor iXon camera (Andor Technology, Belfast, UK) over an area of
18x 18 um Up to 40000 frames with a frame rate of 100 Hz were
recorded. The data sets were analyzed with the GSDIM analysis
module of the Leica LASAF software. A detection threshold of 15
photons was used for event recognition. The final images were cal-
culated using a pixel size of 20 nm in the histogram mode. For

GSDIM imaging, the Dreiklang molecules were initially pumped
into a dark state using 3 kWcm™2 488 nm light until single events
were detectable (~105s); subsequently, single molecules were
imaged using the same light intensity. For DSSM, the sample was
irradiated with blue light (100 Wcm™, 405 nm) for one second to
switch the proteins off, followed by imaging of single molecules
with 488 nm light at 3 kWcm ™2 To increase the number of blinking
events by switching Dreiklang on, the sample could be illuminated
with 10 Wem™2 UV light of 365-375 nm from a 100W Hg lamp.
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Figure 3. Nanoscopy with Dreiklang: The different approaches used and a schematic representation of the ex-
ploited light-driven switching mechanisms. A) STED: stimulated emission depletion microscopy. B) RESOLFT: rever-
sible switchable optical linear (fluorescence) transitions microscopy. C) GSDIM: ground-state depletion followed by

Cobolt, Solna, Sweden, with a 491/
10nm bandpass and 532 nm
notch filters) and a 355 nm laser
(Zouk, Cobolt, Solna, Sweden, with
a 355/10 nm filter), respectively.
A 405 nm laser beam (DL100 diode
laser, Toptica, Berlin, Germany)
containing a 405/10 nm filter with
circular polarization, after passing
through a VPP-1b vortex plate
(RPC Photonics, Rochester, NY) to
imprint a 2w helical phase ramp,
provided a  doughnut-shaped
focus with a central intensity mini-
mum to switch Dreiklang off only
at the focal rim. The irradiation
times and intensities were con-
trolled by acousto-optic modula-
tors. An average power of 100 nW
for the 355 nm beam (1 ms), 8 uyW
for the 405 nm beam (17 ms), and
350 nW for the 491 nm excitation
beam (2 ms), measured at the back
aperture of the objective, were ap-
plied. A piezo stage scanner was
used for scanning the probe along
the xy axes. Fluorescence was de-
tected using a bandpass filter
(550/88 nm) and an avalanche
photodiode (SPCM-AQR-13, Perkin-
Elmer, Waltham, MA).

individual molecule return microscopy. D) DSSM: dreiklang stochastic switching microscopy. (A) and (B) rely on
a targeted switching and read-out mode, whereas (C) and (D) use a stochastic switching and read-out approach.

STED Nanoscopy

STED nanoscopy was performed with a home-built setup, as de-
scribed previously." In brief, the excitation pulses of 488 nm and
100 ps duration were delivered by a pulsed-laser diode (Toptica
Photonics, Graefelfing, Germany). The 300 ps STED pulses at
595 nm originated from an optical parametric oscillator (OPO, APE,
Berlin, Germany) pumped by a Ti:Sapphire laser. A helical phase
ramp was imprinted on the STED light by a polymeric phase plate
(RPC Photonics, Rochester, NY) to produce a doughnut-shaped in-
tensity profile in the focal plane. An NA 1.3 glycerol immersion ob-
jective was used (PL APO, CORR CS, 63x, glycerol, Leica Microsys-
tems, Wetzlar, Germany) for the imaging. For the detection, an ava-
lanche photodiode (PerkinElmer,Waltham, MA, USA) and a 535/
50 nm band pass filter were used. An average power of 56 mW for
the STED beam and 3.5 uW for the excitation beam measured at
the back aperture of the objective were applied. Images were re-
corded with resonant mirror scanning (15 kHz, SC-30, Electro-Opti-
cal Products Corp., Ridgewood, NY, USA) along the x axis and stage
scanning along the yaxis (P-733, Physik Instrumente, Karlsruhe,
Germany) with a pixel size of 20 nm and a dwell time of 10 ps.

RESOLFT Nanoscopy

RESOLFT nanoscopy was performed with a home-built confocal mi-
croscope setup similar to the one previously described.® An NA
1.3 oil immersion objective lens (ACS APO 63x/1.3 OIL CS, Leica Mi-
crosystems, Wetzlar, Germany) was used for imaging. The diffrac-
tion-limited foci of the excitation beam and the beam for switch-
ing Dreiklang on were delivered by a 491 nm laser (Duo Calypso,
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