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ABSTRACT: We demonstrate live-cell STED microscopy of two
protein species using photochromic green fluorescent proteins as
markers. The reversible photoswitching of two markers is imple-
mented so that they can be discerned with a single excitation and
STED wavelength and a single detection channel. Dual-label STED
microscopy is shown in living mammalian cells.
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Emergent superresolution fluorescence microscopy (nano-
scopy) displaying far-field optical resolution well beyond
the diffraction limit has the potential to transform the life sciences.
Over the last years several concepts for overcoming the diffraction
barrier have been developed. While they all rely on modulating
the fluorescence emission such that adjacent features fluoresce
sequentially in time, these methods also boast differences in
operation and strengths." Among the reported methods, STED
fluorescence nanoscopy stands out by its ease of operation, wide
range of applicability, recording speed, and ability to record 3D
images from deep inside transparent specimens.

In a typical STED microscope,™ the majority of the fluo-
rophores covered by the diffracted focal spot of excitation light are
transiently rendered nonfluorescent, by preventing them from
occupying the fluorescent state. This is accomplished by super-
imposing the spot of excitation light with a doughnut-shaped
light spot of a wavelength inducing stimulated emission from the
excited state of the fluorophore back down to its ground state.
Only those fluorophores that happen to reside in subdiffraction
proximity to the doughnut center are allowed to fluoresce.
Scanning the beams across or through the sample forces adjacent
features to fluoresce consecutively, so that they can be discerned
by the detector.

Single-color live-cell STED microscopy has been shown in a
variety of applications including the imaging of labeled vesicles at
video rate,* of cultured mammalians cells expressing various
fusion proteins labeled with organic dyes,®® of YFP-labeled
neurons in living organotypic brain slices,” and others. Clearly,
many applications require the imaging of two different fluores-
cent proteins in living cells. However, while STED microscopy
has been extended to multiple colors,® implementations of two-
color STED entailed (a combination of) additional pairs of laser
lines,®® or an additional detection channel,® or the use of
fluorophores with long Stokes shifts.'” '* The latter also re-
quires an additional excitation wavelength. While STED micro-
scopy has recently been extended to three colors by exploiting a

multilifetime analysis,"*> two-color measurements in living cells
have still been hampered by the complexity involved.

In this study we introduce a technically simple approach for
STED microscopy of two fluorophores. The method is demon-
strated with photochromic fluorescent proteins, which are ge-
netically encoded and hence inherently compatible with living
cells. Photochromic fluorescent proteins or reversible switchable
fluorescent proteins (RSFPs) are structurally similar to the green
fluorescent protein (GFP) but may be reversibly photoswitched
from a nonfluorescent (off) to a fluorescent (on) state and back
by irradiation with light of different wavelengths, whereby the
longer switching wavelength also leads to fluorescence emission.
RSFPs exhibit either a negative switching mode whereby the light
eliciting fluorescence induces the off-switching or a positive
switching mode in which the on-switching is induced."*

Here we use both the positive switching RSFP Padron'* and
the negative switching Dronpa-M159T,"® which is an improved
and faster switching variant of Dronpa'® (Figure 1A). The
fluorescence of both proteins is induced by optical irradiation
at 488 nm. Moreover, Padron and Dronpa-M159T feature a
similar spectrum peaking at SIS and 511 nm, respectively
(Figure 1B). To optimize these RSFPs for the expression in
mammalian cells, we introduced the point mutation E218G and
altered their N- and C-termini. Hence, we refer to these RSFPs as
Padron**? and Dronpa-M159T"*®, with v2.0 standing for “im-
proved version 2”. Since the fluorescence excitation and emission
spectra of both proteins are very similar, one can expect the same
excitation and STED wavelengths to work for both. Importantly,
because they exhibit antipodal switching characteristics, one should
be able to switch these RSFPs successively to the on-state so that
they are sequentially recorded by STED nanoscopy. Since the two
RSFPs are separated by seczluential switching rather than wavelength,
the recording of Padron'*° and Dronpa-M159T"* is inherently
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monochromatic. Chromatic distortions are excluded. Our ap-
proach requires just a single additional wavelength for RSFP
switching, which for the proteins in use was at 405 nm.

To demonstrate this approach, we expressed Padron"*? fused
to the microtubule associated protein Map2 (Padron**°-Map2)
in cultured mammalian cells and then Dronpa-M159T"*° fused
to connexin37, which is a key component of gap junctions

(Cx37-Dronpa-M159T"*?). The fusion proteins highlighted
the microtubule cytoskeleton and the gap junctions, respectively
(Figure 2). To image the distribution of Padron**°-Map2 in the
diffraction-limited confocal mode, we irradiated just with 488 nm
light, which kept the proteins in the on state and concomitantlgr
induced fluorescence. In the case of Cx37-Dronpa—M159TV2' ,
the cells were additionally irradiated with light of 405 nm to keep
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Figure 1. The photochromic fluorescent proteins Padron and Dronpa-M159T display antipodal switching behavior. (A) 488 nm light switches the
fluorescence ability of Padron on and that of Dronpa-M159T off by transferring the proteins between two long-lived (on and off) states. 405 nm light
reverses the switching: Padron is switched off and Dronpa-M159T on. In the on state, both proteins are excited with 488 nm light and fluorescence is
transiently and instantly inhibited by stimulated emission (STED) at 595 nm. (B) Absorption (solid line) and emission (dashed line) spectra recorded
on purified protein solution for Padron (green) and Dronpa-M159T (red), both in the on-state.
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Figure 2. Cross talk of the Padron*>° and Dronpa-M159T**° channel with and without STED. (A) Padron**°-Map2 highlights microtubules in PtK2
cell. It is switched on and read out with 488 nm light (green). Additional 595 nm STED light improves the resolution significantly beyond the diffraction
limit. Switching off with additional 405 nm light yields a small signal which results in cross talk into the Dronpa-M159T"> channel (red). (B) Cx37-
Dronpa-M159T"*? forming gap junctions in the plasma membrane. No significant fluorescence is detected upon 488 nm illumination both with and
without 595 nm STED light. Additional 405 nm light switches Dronpa-M159T** to the on state showing clusters in the confocal mode and with
subdiffraction resolution just by turning on the STED beam as well. The color maps of the “ON” and corresponding “OFF” images have the same range.
Focal excitation power 1.4 4W for all confocal and 4.2 4W for all STED images; focal STED power 22.6mW. Scale bars = 500 nm.
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Figure 3. Live-cell STED microscopy using two reversible switchable fluorescent proteins. (A) The keratin intermediate filament network (green) of a
PtK2 cell is marked with Krt19-Padron">° and the peroxisomes (red) with Pex16-Dronpa-M159T"*°, The STED image resolves the filaments of the
keratin network which is blurred in the confocal image. Repeating the STED images (#1, #2, #3) shows the dynamics of keratin network (highlighted by
arrows) and peroxisomes in the living cells with subdiffraction resolution. (B) Gap junctions (Cx37-Padron***, green) and caveolinl (Cavl-Dronpa-
M159T**°, red) form cluster in the plasma membrane of a Vero cell. STED microscopy distinguishes the clusters much better than the standard confocal
image and shows a small movement of the clusters between the STED images #1, #2, and #3 (compare arrows). (C) Two cytoskeletal structures,
Padron"*%-Map2 (green) attached to microtubule and keratin (Krt19-Dronpa-M159T"*?, red) form an intricate mesh. STED microscopy reveals the
network much better than the confocal mode. (D) Magnification of the boxed area in (C); display of the separate channels. (E) Line profiles averaged
over three pixels of the dashed line in (D) show separately resolved fibers only by using STED microscopy. All images were recorded within ~20 s per
frame directly one after the other. The color maps of both channels of an image have the same range. Excitation and STED power equivalent to those

used in Figure 2, besides excitation #2 STED, 8.3 uW; #3 STED, 11.4 uW. Scale bars = 500 nm.

the proteins in the on state during imaging. Both Padron**° and

Dronpa-M159T**° could be imaged in the STED mode using
light of 595 nm for stimulated emission (Figure 2).

The images demonstrate the resolution improvement gained
by STED, as structures are clearly discernible in the STED
recordings which are blurred in their confocal counterparts.
The residual fluorescence of Dronpa-M159T"** residing in the
off state was below 2% of that of its on-state fluorescence in
the confocal mode and 9% in the STED mode, demonstrating
the good switching contrast obtainable with this protein. With
the same light intensities, Padron"*° was switched to 30% of the
maximal fluorescence in both the confocal and the STED mode
(Figure 2A). We note that in the case of Padron*>*, the switching
contrast can be further improved by adjusting the light inten-
sities, if required. Together, these data demonstrate that Pa-
dron"* and Dronpa-M159T"*? can be expressed as functional
fusion proteins in living cells, that both proteins facilitate
subdiffraction imaging in the STED mode, and that they can
be antagonistically photoswitched such that the two protein
species can be discriminated.

To demonstrate STED imaging of living cells coexpressing
Padron**° and Dronpa-M159T"*°, we fused both RSFPs to

different host proteins. Figure 3A shows the intermediate
filament network (Krt19-Padron"*?, green) and the peroxisomes
(Pexl6—Dr0npa—M159TV2‘0, red) imaged in the confocal and
STED microscopy mode. STED microscopy resolves individual
filaments within the network and the peroxisomes as small
spherical structures. Repetitive STED imaging reveals slight
dynamical changes in the structures (see arrows in Figure 3A).
Next, we tagged two proteins which are known to form clusters in
the plasma membrane: the gap junction protein connexin37
(Cx37-Padron"*?) and caveolinl (Cavl-Dronpa-M159T"*?).
STED resolves the clusters in much finer detail than its diffrac-
tion-limited confocal counterpart (Figure 3B). Again, several
STED images could be recorded on the same cell, demonstrating
some movements of the protein clusters within the plasma
membrane. Finally, we colabeled the microtubule and the inter-
mediate filament cytoskeleton with Padron**°-Map2 and Krt19-
Dronpa-M159T"*? (Figure 3C). These dense networks are
highly interwoven in PtK2 cells. Whereas they appear largely
blurred in the confocal image, individual filaments can be clearly
separated in the STED images (Figure 3C—E).

In STED microscopy, the attainable resolution depends on the
applied STED laser intensity and the cross section for stimulated
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emission. We adjusted the STED intensity so that several
consecutive images in both channels could be recorded. A higher
STED power would have resulted in a higher resolution at the
expense of increased photobleaching. Under the chosen experi-
mental conditions, we found that in the dual-label images, the full
width at half-maximum (fwhm) of small structures (which is an
estimate of the resolution) was ~70 nm or ~90 nm in the case of
Padron"® or Dronpa-M159T"**-labeled structures, respec-
tively. Presumably, the slightly lower resolution in the Dronpa-
M159T"*° STED images can be attributed to two properties of
this fluorophore: (i) its fluorescence emission is blue-shifted by
4 nm as compared to Padron"*°, lowering the cross section for
stimulated emission, (ii) the fluorescence lifetime of Dronpa-
M159T"* is only 0.8 ns which is much shorter than the 2.5 ns
fluorescence lifetime of EYFP which has previously been used in
STED microscopy. Also, it is much shorter than the 3.0 ns
lifetime of Padron “*°. All these factors reduce the STED
efficiency further, making STED of Dronpa-M159T**° more
sensitive to pulse timing jitter.17

To minimize the spurious autofluorescence induced by the
405 nm line, we also implemented a modality in which we
alternated the irradiation with the 488 and 405 nm laser lines.
Whereas in the first half of the resonant scanner duty cycle one of
the lines was on, in the second half the other line was on, while
the signal of both duty cycles was collected separately to form an
image. However, this measure is not strictly needed because the
autofluorescence background can also be avoided by spatially
offsetting the beams. The 405 nm switching light spot can be
slightly displaced in which case the autofluorescence is not
sensed by the confocal detection. Confocal detection was used
because it conveniently suppresses the background. Note that
neither STED microscopy per se nor this dual-label version
strictly require the use of a confocal arrangement.

Importantly, this study has been performed with two photo-
chromic proteins that were not specifically optimized for STED
microscopy. Hence future generations of RSFPs specifically
tailored for this approach or smart labels using photochomic
synthetic fluorophores are likely to facilitate higher imaging
speeds as well as higher resolution values. In summary, the use
of photochromic fluorescent proteins enabled the first dual-label
STED microscopy recording in living cells. Using a single
wavelength channel for excitation, STED, and detection, the
concept is readily implemented and hence should find wide use
in superresolution imaging of living cells.
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