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ABSTRACT Superresolution microscopy determines the localization of fluorescent proteins
with high precision, beyond the diffraction limit of light. Superresolution microscopic tech-
niques include photoactivated localization microscopy (PALM), which can localize a single
protein by the stochastic activation of its fluorescence. In the determination of single-mole-
cule localization by PALM, the number of molecules that can be analyzed per image is limit-
ed. Thus, many images are required to reconstruct the localization of numerous molecules in
the cell. However, most fluorescent proteins lose their fluorescence upon fixation. Here, we
combined the amino acid substitutions of two Eos protein derivatives, Skylan-S and mEos4b,
which are a green reversibly photoswitchable fluorescent protein (RSFP) and a fixation-resis-
tant green-to-red photoconvertible fluorescent protein, respectively, resulting in the fixation-
resistant Skylan-S (frSkylan-S), a green RSFP. The frSkylan-S protein is inactivated by excita-
tion light and reactivated by irradiation with violet light, and retained more fluorescence
after aldehyde fixation than Skylan-S. The qualities of the frSkylan-S fusion proteins were
sufficiently high in PALM observations, as examined using a-tubulin and clathrin light chain.
Furthermore, frSkylan-S can be combined with antibody staining for multicolor imaging.
Therefore, frSkylan-S is a green fluorescent protein suitable for PALM imaging under alde-
hyde-fixation conditions.
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INTRODUCTION

Superresolution microscopy has achieved imaging with extremely
high resolution using optical microscopes. The optical resolution is
limited by the Abbe diffraction limit of the light, and thus the spatial
resolution of an image, for example, by ~400 nm light, is restricted
to ~150-200 nm. This optical limit of image resolution has been
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overcome with various superresolution microscopies, including
structured illumination microscopy (SIM) (Gustafsson, 2000), stimu-
lated emission depletion microscopy (STED) (Hell and Wichmann,
1994; Klar et al., 2000), and single-molecule localization microscopy
(SMLM) (Betzig et al., 2006; Rust et al., 2006). STED directly im-
proved the optical resolution, while SIM and SMLM achieved spatial
accuracy below the optical resolution by image reconstruction.

The widely used SMLM methods are stochastic optical recon-
struction microscopy (STORM) (Rust et al., 2006) and photoactivated
localization microscopy (PALM) (Betzig et al., 2006). STORM uses
photoswitchable dyes that chemically label antibodies and nucleic
acids (Heilemann et al., 2005; Bates et al., 2007; van de Linde et al.,
2011), whereas PALM was named after photoactivatable fluorescent
proteins (PA-FPs), including Kaede, Dronpa, and EosFP (Habuchi
et al., 2005; Lippincott-Schwartz and Patterson, 2009; Bourgeois
et al., 2012; Shcherbakova et al., 2014).

The SMLM image is reconstructed using the spatial coordinates
of the observed molecules. The determination of the coordinates
requires single-molecule observation, but the density of proteins is
normally higher than that suitable for such observations; that is,
the spacing is shorter than the diffraction limit of light. Thus, the
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mEos2 1 AIKPDMKIKLRMEGNVNGHHFVIDGDGTGKPFEGKQSMDLEVKEGGPLPFAFDILTTA] RVFAKYPDNIQDYF 79
mEos3.1 1 AIKPDMKIKLRMEGNVNGHHFVIDGDGTGKPFEGKQSMDLEVKEGGPLPFAFDILTTA] RVFAKYPDNIQDYF 79
Skylan-S 1 AIKPDMKIKLRMEGNVNGHHFVIDGDGTGKPFEGKQSMDLEVKEGGPLPFAFDILTTA] RVFAKYPDNIQDYF 79
Skylan-NS 1 AIKPDMKIKLRMEGNVNGHHFVIDGDGTGKPFEGKQSMDLEVKEGGPLPFAFDILTTA] RVFAKYPDNIQDYF 79
mEos4b 1 MVSAIKPDMIIKLRMEGNVNGHHFVIDGDGTGK: GK LEVKEGGPLPFAFDILTTAI RV YPDNIQDYF 80
frSkylan-S 1 MVSAIKPDM:IIKLRMEGNVNGHHFVIDGDGTGK: GK LEVKEGGPLPFAFDILTTAI RV YPDNIQDYF 80
frSkylan-NS 1 MVSAIKPDM:IKLRMEGNVNGHHFVIDGDGTGK GK LEVKEGGPLPFAFDILTTAI RV YPDNIQDYF 80
g AN SR
mEos2 80 KQSFPKGYSWERSLTFEDGGICEiARNDITMEGDTFYNKVRFYGTNFPANGPVMQKKTLKWEPSTEKMYVRDGVLTGDIEM 159
mEos3.1 80 KQSFPKGYSWERSLTFEDGGICNARNDITMEGDTFYNKVRFYGTNFPANGPVMQKKTLKWEPSTEKMYVRDGVLTGD) 159
Skylan-S 80 KQSFPKGYSWERSLTFEDGGICNARNDITMEGDTFYNKVRFYGTNFPANGPVMQKKTLKWEPSTEKMYVRDGVLTGI 159
Skylan-NS 80 KQSFPKGYSWERSLTFEDGGICNARNDITMEGDTFYNKVRFYGTNFPANGPVMQKKTLKWEPSTEKMYVRDGVLTGI 159
mEos4b 81 KQSFPKGYSWERSLTFEDGGICNARNDITMEGDTFYNKVRFYGTNFPANGPVMQKKTLKWEPSTEKMYVRDGVLTGDIEM 160
£frSkylan-S 81 KQSFPKGYSWERSLTFEDGGICNARNDITMEGDTFYNKVRFYGTNFPANGPVMQKKTLKWEPSTEKMYVRDGVLTGDIEM 160
£rSkylan-NS 81 KQSFPKGYSWERSLTFEDGGICNARNDITMEGDTFYNKVRFYGTNFPANGPVMQKKTLKWEPSTEKMYVRDGVLTGDIEM 160
**********************_******************************************************__*
mEos2 160 ALLLEGNAHYRCDFRTTYKAKEKGVKLPG4HFVDHCIEILSHDKDYNKVKLYEHAVAHSGLPDNARR 226
mEos3.1 160 ALLLEGNAHYRCDFRTTYKAKEKGVKLPGAHFVDHCIEILSHDKDYNKVKLYEHAVAHSGLPDNARR 226
Skylan-S 160 ALLLEGNAHYRCDFRTTYKAKEKGVKLPGAHFVDHCIEILSHDKDYNKVKLYEHAVAHSGLPDNARR 226
Skylan-NS 160 ALLLEGNAHYRCDFRTTYKAKEKGVKLPGAHFVDHCIEILSHDKDYNKVKLYEHAVAHSGLPDNARR 226
mEos4b 161 ALLLEGNAHYRCDFRTTYKAKEKGVKLPGAHFVD! EILSHDKDYNKVKLYEHAVAHSGLPDNARR 227
frSkylan-S 161 ALLLEGNAHYRCDFRTTYKAKEKGVKLPGAHFVD! EILSHDKDYNKVKLYEHAVAHSGLPDNARR 227
frSkylan-NS 161 ALLLEGNAHYRCDFRTTYKAKEKGVKLPGAHFVDH:IEILSHDKDYNKVKLYEHAVAHSGLPDNARR 227
*****************************.*****.*******************************
—
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FIGURE 1: Properties of frSkylans. (A) Amino acid sequences of frSkylans and other EosFP-derived PA-FPs. The
rectangle indicates the residues in the chromophore region. The differences in amino acid residues are highlighted.

(B) Fluorescence emission spectra of mEos4b, frSkylan-S, and frSkylan-NS upon exposure to 430 nm excitation light,
normalized at their emission maxima. Dashed lines show the emission maximum of mEos4b. (C) Absorption spectra of
mEos4b, frSkylan-S, and frSkylan-NS in the ON and OFF states. Absorption spectra of the purified PA-FPs were
measured in their ON state; that is, without any treatment. The OFF state was created by irradiation with 488 nm light
for 10 min. Absorbances at ~500 nm in frSkylans, but not in mEos4b, decreased after irradiation with 488 nm light. The
arrows indicate the increase in the absorbance at the OFF state. These absorption spectra were normalized at their
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fluorophore labels of the molecules need to be inactivated and
reactivated or activated from the nonobservable state. The blink-
ing or activatable fluorophores by light irradiation enable the ob-
servations of sparsely populated fluorophores among all the la-
beled molecules (Betzig et al., 2006; Rust et al., 2006). The images
are then reconstructed by the coordinates of the molecules, where
each molecule localization has accuracy beyond the diffraction
limit of light. The reconstruction requires a large number of coordi-
nates; that is, many images. However, the collection of numerous
images necessitates a longer acquisition time. Thus, the use of
fixed cells is often preferred.

Fixation by commonly used aldehydes, including formaldehyde,
paraformaldehyde (PFA), and glutaraldehyde (GA), causes the loss
of fluorescent signals and photoactivatable ability (Joosen et al.,
2014; Johnson and Kaufmann, 2017). Therefore, the development
of mEos4b, which is resistant to fixation, greatly improved the qual-
ity of reconstructed images in PALM (Paez-Segala et al., 2015). The
mEos4b protein is a derivative of EosFP, which is a tetrameric green-
to-red photoconvertible fluorescent protein found in the stony coral
Lobophyllia hemprichii (Wiedenmann et al., 2004). A variant of
EosFP, mEos2, is monomeric and shows better fluorescence at 37°C
than monomeric EosFP (mEosFP) (McKinney et al., 2009). mEos4db
was subsequently developed from mEos2 by amino acid substitu-
tions with less nucleophilicity, which reduced the surface reactivity
and improved the thermodynamic stability, resulting in more robust
resistance to fixation by aldehyde or OsO, and highlighting its utility
for PALM imaging after chemical fixation (Paez-Segala et al., 2015).
mEosdb has a long-lived dark state and is suitable for SMLM (De
Zitter et al., 2019, 2020). However, photoconvertible fluorescent
proteins occupy a wide range of wavelengths, and their applications
in multicolor imaging are limited.

Reversibly photoswitchable fluorescent proteins (RSFPs) have a
limited range of wavelengths. Green RSFPs include the stony coral
Pectiniidae protein Dronpa (Ando et al., 2004) and the Eos deriva-
tives Skylan-S (Zhang et al., 2015) and -NS (Zhang et al., 2016), in
which fluorescence states can be turned ON or OFF through cis—
trans isomerization by light irradiation (Hutchison et al., 2017). RS-
FPs can emit fluorescence multiple times with adequate inactivation
and reactivation by excitation and activation lights, respectively, al-
lowing the detection of several signals from a single fluorophore
and leading to robust image reconstruction. Skylan-S and Skylan-NS
have been applied for superresolution optical fluctuation imaging
(SOF]I) (Dertinger et al., 2009; Zhang et al., 2015) and nonlinear-SIM
(Lu-Walther et al., 2016; Zhang et al., 2016), respectively. However,
the contrast and fluorescence of most of the RSFPs, including Sky-
lans, decreases upon chemical fixation (Shinoda et al., 2019), thus
limiting their applications.

In this study, we developed fixation-resistant green RSFPs, frSky-
lan-S and frSkylan-NS, by combining the amino acid substitutions of
mEos4b and Skylans. We found that frSkylan-S and frSkylan-NS had
greater aldehyde-fixation resistance in vitro than Skylan-S and Sky-
lan-NS, respectively. Furthermore, we showed that frSkylan-S is
brighter than frSkylan-NS and thus suitable for PALM imaging.

RESULTS AND DISCUSSION

The amino acid sequences of the green RSFPs

Skylans are green RSFPs (Zhang et al., 2015, 2016) that were devel-
oped by amino acid substitutions in the chromophore of mEos3.1,
a monomeric and brighter version of mEos2 (Zhang et al., 2012).
Accordingly, Skylan-S and Skylan-NS were mEos3.1-H62S and
mEos3.1-H62L, respectively. On the other hand, mEos4b was de-
veloped by substitutions of amino acid residues primarily on the
protein surface of mEos2 (Paez-Segala et al., 2015). Therefore, we
introduced amino acid substitutions into the chromophore of
mEos4b in a manner analogous to the Skylans, resulting in mEos4b-
H63S and mEos4b-H63L, which we named frSkylan-S and frSkylan-
NS, respectively, because of their fixation resistance (described
below). The amino acid sequences of these mEos derivatives are
shown in Figure 1A.

Characterization of frSkylans
To characterize the photophysical properties of frSkylans, we per-
formed spectroscopic measurements using the purified proteins in
comparison with EGFP and mEos4b. The maximum emission wave-
lengths of frSkylan-S (512.9 nm) and frSkylan-NS (513.3 nm) were
slightly shifted to a shorter wavelength than that of mEos4b (516.1
nm). The fluorescence spectra of these proteins were similar (Table
1; Figure 1B). Moreover, the maximum absorption wavelengths of
frSkylan-S (499.5 nm) and frSkylan-NS (500.0 nm) also slightly shifted
to a shorter wavelength than that of mEos4b (504.0 nm; Table 1).
The quantum yield, molar extinction coefficient, and brightness of
frSkylans were comparable to those of mEos4b, but frSkylan-S was
brighter than frSkylan-NS (Table 1). The lifetimes of frSkylan-S (2.93
ns) and frSkylan-NS (2.88 ns) were shorter than that of mEos4b (3.26
ns), as measured by fluorescence lifetime imaging microscopy (Table
1). These results suggested that the H63S and H63L substitutions
affected the fluorescence properties of these mEos4b proteins.
Reversible photoswitching by cis-trans and trans—cis photoi-
somerization is caused by light irradiation for excitation and activa-
tion, shifting from the ON state to the OFF state and the OFF state
to the ON state, respectively (Pennacchietti et al., 2018). X-ray crys-
tallography revealed that the chromophore structure of Skylan-NS is
altered by cis—trans photoisomerization via excitation light irradiation
(Hutchison et al., 2017). Thus, we examined whether frSkylans had
photoswitching ability by monitoring their absorption spectra upon
irradiation with 488 nm light (Figure 1C). As shown for Skylans (Zhang
et al., 2015, 2016), the absorbance at the absorption maxima of fr-
Skylans was expected to be decreased by the excitation light (488
nm) and then increased by the activation light (405 nm). We found
that the peak absorbance of frSkylans was dramatically reduced
upon excitation by light irradiation (Figure 1C) in a manner similar to
that of Skylans (Supplemental Figure S1). Importantly, the absor-
bance peak of frSkylans at approximately 380 nm appeared after the
irradiation with 488 nm light (arrowheads in Figure 1C), indicating
the photoswitching by the absorption of the UV light, as previously
described for Skylans (Supplemental Figure S1). mEos4b did not
exhibit a marked change in the absorbance upon the irradiation

absorption maximum. These spectra have an abnormal spike at around 340 nm because the light source was switched
from the halogen lamp to the deuterium lamp at 340.8 nm while measuring the absorption. (D) Fluorescence of the
PA-FPs in the fixation reagents. Fluorescent proteins were incubated in PBS, with or without PFA and GA, at 37°C for 30
min. The fluorescence spectra were then examined in the presence or absence of fixatives. The fluorescence intensity at
the maximum emission wavelength in the presence of fixatives was compared with that in the absence of fixatives,
shown by the means + SD (n = 4). P values were determined by two-way ANOVA with Tukey’s multiple comparisons

tests.
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mEos4b (green) Skylan-S frSkylan-S Skylan-NS frSkylan-NS

EGFP

Characteristic of protein:

~

<

499.0 499.5 499.5 500.0
513.1

504.0

488.5

Absorption, nm

512.9 512.7 513.3
0.77 0.76 0.80 0.67 0.68
97,000 94,200 95,400 86,900 99,100

516.1

510.5
(0.60)
62,700

e-max, M~'ecm™

Emi, nm

>
g

. Osuga et al.

74.7 72.0 76.3 57.8 67.4

37.6

Brightness

77
2.88+0.010

66 75 73 77
2.871+0.009 2.93+£0.010 2.93+0.019

3.26+0.015

70
2.55+0.015

Mature fraction, %

Lifetime, ns

[N

16

N/A
N/A

N/A
N/A

The maximum absorption wavelength, maximum emission wavelength (Emi), quantum yield (QY), and molar extinction coefficient at the maximum absorption wavelength (e-max) were measured in PBS (pH 7.4) for the

Photofatigue half decay without fixation, cycle

Photofatigue half decay with fixation, cycle

ON states for the RSFPs or in the green fluorescence-emitting state for mEos4b. QYs were determined relative to the reported value of EGFP (0.60) (Sarkisyan et al., 2015). Brightness was calculated as e-max x QY x 103.

The mature fraction was defined as the percentage of the mature chromophore of the purified protein. Lifetimes were measured in Hela cells expressing fluorescent protein—tagged CLTA, and the values were weight

averaged. The photofatigue half decay is the switching cycle at which MAX intensity reaches half its maximum with or without fixation.

TABLE 1: Photo-characteristics of fluorescent proteins.

(Figure 1C). These results suggested that frSkylans shared photo-
switching ability similar to that of Skylans.

Fixation resistance of frSkylans

The fluorescence of the frSkylan proteins in the presence of alde-
hyde fixative was examined in comparison with that in the absence
of fixative. As previously reported (Paez-Segala et al., 2015), the
mEos4b protein was resistant to fixation, and its fluorescence in the
presence of aldehydes was robustly maintained as compared with
that of EGFP (Figure 1D). The frSkylan-S and -NS proteins were
more resistant to fixation than the Skylan-S and -NS proteins, re-
spectively (Figure 1D), suggesting that the surface amino acid resi-
dues of the mEos4b protein contributed to the fixation resistance.

The fluorescence of frSkylan-S that persisted after fixation, in
comparison with that without fixation, was the largest among the
proteins examined, suggesting its stronger resistance to fixation
(Figure 1D). The remaining fluorescence of frSkylan-S was higher
with 4% PFA than with 4% PFA + 2% GA but was similar to that with
4% PFA + 0.2% GA (Figure 1D). The resistance of frSkylan-NS was
comparable to that of mEos4b. frSkylan-S, frSkylan-NS, and mEos4b
contain serine, leucine, and histidine at residue 63, respectively
(Figure 1A), which may be responsible for the differences in the
chromophore stabilization upon aldehyde fixation.

We next examined the photoswitching kinetics of RSFPs embed-
ded within polyacrylamide gels. The gels were treated with phos-
phate-buffered saline (PBS) containing 4% PFA or with PBS alone
and then washed to remove the fixative (Figure 2A). After the mea-
surement of the photoswitching, the fitting of the exponential decay
equation (y = a x exp (~bx) + ¢) to each cycle was performed to ob-
tain the photoswitching parameters. The photofatigue resistances
of Skylan-S and frSkylan-S upon the aldehyde fixation were higher
than those of Skylan-NS and frSkylan-NS, as shown by the max in-
tensity of fluorescence over cycles (Figure 2B; Table 1). The expo-
nential decay constant (b) of the RSFPs in PBS increased as the pho-
toswitching cycles increased (Figure 2C). Interestingly, the
exponential decay constant of frSkylan-S was the smallest among
the RSFPs (Figure 2C). With the treatment of 4% PFA, the exponen-
tial decay constants of frSkylan-S and frSkylan-NS were relatively
unchanged (Figure 2C), whereas that of Skylan-S slightly increased
and that of SkylanNS decreased (Figure 2C). In PBS, the photo-
switching ON/OFF contrasts ((a +¢) / c) of the RSFPs were decreased
as the photoswitching cycles increased (Figure 2D). By 4% PFA, the
ON/OFF contrast over the cycles for frSkylan-S increased, but that
of frSkylan-NS decreased (Figure 2D). The ON/OFF contrast of the
parental Skylans decreased as the cycles increased, suggesting the
improvement of fixation resistance, especially for frSkylan-S (Figure
2D). Accordingly, the OFF-state background; that is, the baseline
intensity ratio (c / (a + ¢)), of the fixed frSkylan-S decreased with in-
creasing photoswitching cycles (Figure 2E).

Superresolution imaging of the frSkylan-S fusion proteins

To assess whether frSkylan-S is applicable to superresolution micros-
copy, o-tubulin fused to frSkylan-S (frSkylan-S-oi-tubulin) was sub-
jected to PALM imaging. The cells that stably expressed frSkylan-S-
o-tubulin were fixed with 4% PFA + 0.2% GA, followed by PALM
imaging. frSkylan-S-a-tubulin achieved sufficiently sparse blinking to
allow the determination of the localization of each fluorescent signal,
and the reconstruction of the coordinates of frSkylan-S-o-tubulin re-
sulted in the images of tubulin (Figure 3, A and B). The full width at
half-maximum (FWHM) of the tubulin filaments was measured by fit-
ting a Gaussian function to the axis perpendicular to the filament line
(Figure 3, C and D). The average FWHM of the frSkylan-S-a-tubulin
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FIGURE 2: Photoswitching kinetics of frSkylans and Skylans with or without fixatives. (A) Averaged photoswitching
kinetics of the RSFP proteins embedded in the acrylamide gels. Gels were incubated in PBS or PBS with 4% PFA for

10 min at room temperature, washed, and observed under a confocal microscope. Fluorescence images were
continuously acquired by a 488 nm laser. Irradiation by a 405 nm laser was performed at 30 s intervals to activate
fluorescence. Fluorescence intensity profiles for the initial 300 s are enlarged and shown at the bottom. Error bar:

SD (n = 3). (B) Photoswitching fatigue of the RSFPs. The photoswitching curve from each cycle was fitted to the
“exponential with offset” formula (y = a x exp (-bx) + ¢) to calculate the MAX intensity (a + c) of each cycle, and the
decrease rate reflects the photoswitching fatigue resistance of RSFPs. These averaged MAX intensities were normalized
by the initial values of cycles under each condition. Error bar: SD (n = 3). (C) Exponential decay constant of fluorescence
in the photoswitching cycles of RSFPs. The averaged exponential decay constant (b) of each cycle is plotted with SD
(n=3). (D) Photoswitching ON/OFF contrast of RSFPs. The mean of the photoswitching ON/OFF contrast ((a + ¢)/c)
was plotted with SD (n = 3). (E) OFF-state background of RSFPs. The mean of the baseline intensity ratio (OFF-state
background) (c / (a + ¢)) was plotted with SD (n = 3).

microtubules was 66.0 £ 8.1 nm (Figure 3D; Supplemental Figure
S2), which was superior to the result reported for mEos3.2-0-tubulin
(median 109 nm) (Khan et al., 2017). Therefore, frSkylan-S achieved
adequate superresolved image acquisition of microtubules.
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Clathrin light chain A (CLTA) was fused with frSkylan-S and tested
for PALM imaging. In the reconstructed image of the clathrin light
chain by SMLM, clathrin-coated pits and plaque-like structures were
observed, as reported (Leyton-Puig et al., 2017). The z-projected
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PALM imaging of frSkylan-S tagged with o-tubulin and CLTA. (A) Reconstructed image of frSkylan-S-o-
tubulin by PALM imaging. frSkylan-S-o-tubulin stably expressed in Hela cells was observed. Scale bar, 5 pm.
(B) Enlarged image of A. The microtubule filament marked with yellow is a representative for the quantification of
FWHM shown in C. Scale bar, 500 nm. (C) Signal density profile graph of the microtubule filament in B perpendicular to
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reconstructed image of frSkylan-S-CLTA is shown in Figure 3E, and
the highlighted area is magnified in Figure 3F. The 50-nm-thick sec-
tion in Figure 3F is shown in Figure 3G, in which the highlighted area
shows that frSkylan-S-CLTA was able to image the ring-like structure
of a clathrin-coated pit (Figure 3H). The signal density profile indi-
cated that the diameter of the ring-like structure was 121.5 nm
(Figure 3l), consistent with that of the clathrin-coated pit determined
by SMLM (Ehrlich et al., 2004; Leyton-Puig et al., 2017) (Figure 3J).
These results indicated that frSkylan-S is suitable for PALM imaging
under aldehyde fixation.

Then, we compared the efficiency of frSkylan-S with those of fr-
Skylan-NS and Skylan-S in PALM imaging (Figure 3K). After the im-
age reconstruction, the signal density of RSFP-fused clathrin was
quantified (Figure 3L). The signal density was then normalized by
the expression levels of RSFP-clathrin relative to endogenous CLTA
(Figure 3, M and N). The frSkylan-S-CLTA produced the most sig-
nals; that is, the highest image quality compared with those tagged
with frSkylan-NS or Skylan-S (Figure 3N).

To further confirm the advantages of using fixation, we tried to
stain the cells expressing the frSkylan-S-CLTA with the antibody for
o-tubulin, which was detected by the fluorescently labeled second-
ary antibody conjugated with Alexa dye. After superresolution im-
aging of frSkylan-S-CLTA and Alexa-labeled tubulin, the CLTA and
o-tubulin localization signals were both clearly identified with the
appropriate CLTA cluster diameters and the tubulin FWHMs (Figure
4, A and B), corroborating the usefulness of frSkylan-S in PALM
imaging.

In this study, frSkylan-S showed the highest fixation resistance in
vitro and provided a genetic label for the detection of proteins in
PALM imaging. The numerous photon emissions per signal enable
higher accuracy in SMLM (Betzig et al., 2006). Thus, the slower pho-
toswitching speed of frSkylan-S, as compared with those of Skylan-S
and frSkylan-NS, was assumed to contribute to the imaging quality
in PALM (Figures 2C and 3N). Furthermore, the higher switching fa-
tigue resistance after the fixation and the better switching contrast
of frSkylan-S in the increasing switching cycles appeared to be the
possible reasons for the enhanced image quality of frSkylan-S in
PALM (Figure 3, B and D). We confirmed that frSkylan-S could be
utilized for the PALM imaging of microtubules and clathrin (Figure
3). In addition, the fixation resistance allowed the immunostaining of
another protein, enabling the detection of two kinds of proteins
(Figure 4). However, because the RSFPs in colors other than green
are limited, the development of fluorescent proteins with different
colors and fixation resistance will be required for multiprotein super-
resolution imaging by using RSFPs.

MATERIALS AND METHODS

Plasmid construction

The mEos4b cDNA was inserted into the pRSET-B vector (Paez-Seg-
ala et al, 2015). pRSET-B-frSkylan-S and -frSkylan-NS were con-
structed by introducing point mutations in pRSET-B-mEos4b, using
PrimeSTAR Max DNA polymerase (TaKaRa). To express frSkylan-S—
tagged a-tubulin in mammalian cells, the EGFP gene in the pEGFP-
Tub vector (Clontech) was replaced with mEos4b, and point muta-
tions were introduced using PrimeSTAR Max DNA polymerase to
construct pfrSkylan-S-Tub. To construct the frSkylan-S-tagged CLTA
expression plasmid, named pEF1-frSkylan-S-CLTA, we first con-
structed a pEF1-mEos4b-CLTA vector by replacing EGFP of an
EGFP-tagged CLTA-containing vector harboring the EF1-o pro-
moter with mEos4b. We then introduced point mutations into the
mEos4b sequences of pEF1-mEos4b-CLTA to construct pEF1-frSky-
lan-S-CLTA, pEF1-frSkylan-NS-CLTA, and pEF1-Skylan-S-CLTA. All
plasmid ligations were performed using Gibson Assembly Master
Mix (New England Biolabs).

Protein expression and purification

Escherichia coli BL21(DE3) cells were transformed with the above
PRSET-B plasmids and cultured in 1 | of Studier autoinduction me-
dium (Grabski et al., 2005; Studier, 2005), with 50 pg/ml ampicillin at
37°C for 12-16 h, for the expression of fluorescent proteins. E. coli
cell pellets were resuspended in 37.5 ml of native lysis buffer (50 mM
NaH,POy4, 300 mM NaCl, 10 mM imidazole, pH 8.0) and sonicated
using an ultrasonic homogenizer (Qsonica; Q700). After ultracentri-
fugation in an OPTIMA L-90K (Beckman Coulter; 45 Ti rotor) at
35,000 rpm (142,000 x g) for 35 min, the supernatants were mixed
with a 1-ml bed volume of Ni-Sepharose é Fast Flow resin (GE
Healthcare) on a rotary shaker for 30 min at 4°C. The resin was equili-
brated with native lysis buffer and rotated. The resin was then placed
in an open column (Bio-Rad; Econo-Pac column) and washed three
times with 10 ml of the native wash buffer. The proteins were eluted
twice with 500 pl of elution buffer (50 mM NaH,PQO,4, 300 mM NaCl,
pH 8.0) supplemented with increasing concentrations of imidazole
(50, 150, 250, 350, and 450 mM). The fractions containing the pro-
teins of interest were dialyzed three times against PBS (pH 7.4) for
12 h at 4°C.

Measurement of the photo-characteristics of PA-FPs

The purified protein concentration was determined by using a bicin-
choninic acid assay kit (Nacalai Tesque), and the protein ratio was
calculated from the SDS-PAGE results. Absorption spectra from
250 to 700 nm were measured using a UV-1800 spectrometer

the microtubule with the FWHM is shown in red. (D) Distribution of the FWHM values of the microtubules in the
reconstructed images. The FWHM values of 75 filaments were plotted. The bar indicates the mean + SD. Filaments used
for the quantification are shown in Supplemental Figure S2. (E-G) Reconstructed PALM image of frSkylan-S-CLTA stably
expressed in cells. (E) Z-projected whole-cell image, (F) enlarged image of the area marked with the square in E, and

(G) the 50-nm-thickness slice of F. (H) CLTA localization at the possible clathrin-coated pit in the 50 nm slice. The
enlarged image of the area marked with the square in G is shown with the line for the profiling in 1. () Intensity profile of
the ring-like structure of the CLTA cluster in H. (J) Distribution of the diameters of the CLTA clusters. SR-Tesseler
software was used for the cluster analysis, as described in Materials and Methods. The bar indicates the mean + SD
(n=129). (K) Reconstructed PALM images of RSFP-tagged CLTAs that were stably expressed in cells. The cells were
fixed by 4% PFA/2% GA/HEPES buffer for 20 min before PALM observation. Scale bars, 5 pm. (L) Average densities of
the detected signals of CLTA tagged with the RSFPs in the CLTA cluster. Bars indicate the average + SD (n= 10 cells).
(M) Western blotting of the cells expressing CLTA tagged with the RSFPs, using an anti-CLTA antibody. Endo:
endogenous CLTA; FP: RSFP-labeled CLTA. (N) Comparison of the relative numbers of detected molecules in the CLTA
cluster, as normalized to the expression level of RSFP-CLTA. Bars indicate the weighted average + SD (n = 10 cells).

P values were determined by one-way ANOVA with Tukey’s multiple comparisons tests.
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Multicolor superresolution observation for frSkylan-S-CLTA with immunostained
o-tubulin. (A) Multicolor superresolution image of frSkylan-S-CLTA with immunostained
o-tubulin. Cells stably expressing frSkylan-S-CLTA were fixed with 4% PFA/2% GA for 20 min,
immunostained by an anti-o-tubulin antibody, and visualized by an Alexa 647-labeled anti-
mouse (Fab), antibody. Scale bar, 2 pm. (B) Quantification of the diameters of the CLTA clusters
(n = 6) and the FWHM values of the microtubules by a-tubulin staining (n = 30), visualized by the
multicolor superresolution observation shown in panel A. Bars indicate the mean + SD.

(Shimadzu). Emission spectra were measured by excitation at
430 nm, using an FP-6500 fluorometer (JASCO).

The chromophore concentrations were measured using the al-
kali-denaturation method (Shaner et al., 2013; Shinoda et al., 2019).
In brief, a double-concentration sample was prepared and mixed
with equal amounts of 2 M NaOH. The absorbance of the mixed
sample was then measured immediately, using a UV-1800 spec-
trometer. The molar extinction coefficient of the acquired peak ab-
sorbance at ~447 nm was assumed to be equivalent to that of the
denatured original Aequorea victoria GFP (avGFP) chromophore
(44,000 M~" cm™) (Shinoda et al., 2018), and thus the concentration
of the chromophore was calculated.

The mature fraction was calculated as the concentration of chro-
mophore divided by the concentration of total fluorescent protein,
as previously described (Shinoda et al., 2018). The molar extinction
coefficient was calculated using the Beer—Lambert law (Absorbance
= gcl), where ¢is the molar extinction coefficient, ¢ is the molar con-
centration, and [ is the optical path length.

Fluorescence quantum yields were determined relative to the
values reported for EGFP (0.60) (Sarkisyan et al., 2015). Fluores-
cence spectra were acquired using 480 nm light, and the absor-
bance at 480 nm was measured for quantum yield calculations.

The photoswitching ability was evaluated by measuring the ab-
sorption spectra of the purified protein solution (ON state). The OFF
state was induced by irradiation with 488 nm light for 10 min in the
fluorometer, followed by another measurement of the absorption
spectra (OFF state).

To evaluate the fixation resistance of the fluorescent protein,
each purified protein was diluted to 1 pM in PBS (pH 7.4) with or
without fixatives and incubated at 37°C for 30 min. The fluorescence
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was then measured using a fluorometer.
Fixation resistance was calculated as the
percentage of the maximum fluorescence
intensity with fixatives relative to that with-
out fixatives, as follows: 4% PFA in PBS, 4%
PFA + 0.2% GA in PBS, and 4% PFA + 2%
GA in PBS.

The lifetime of the fluorescent protein
was measured using an SP8 FALCON confo-
cal microscope (Leica). Hela cells trans-
fected with fluorescent protein-tagged
CLTA were used, and the lifetimes of the
CLTA fusion proteins were determined by
fitting to the n-exponential reconvolution
model with two exponential components.
The weighted averages of the obtained life-
times with x? fittings under two were calcu-
lated. The sample sizes were five for EGFP,
three for mEos4b, eight for Skylan-S, five for
frSkylan-S, three for Skylan-NS, and four for
frSkylan-NS.

Measurement of the photoswitching
kinetics

Purified fluorescent proteins (final concen-
tration: 39.7 pM) were mixed with 20.3%
(wt/vol)  acrylamide/bis mixed solution
(37.5:1) containing 0.1% ammonium persul-
fate (APS) and 0.134% Tetramethylethylene-
diamine (TEMED), and then the mixture was
solidified between 12 mm coverslips and
parafilm for 40 min. The fluorescent pro-
tein—containing gel was removed from the coverslip and treated
with PBS, with or without 4% PFA, for 10 min. After two washes with
PBS for 3 min each, the gel was mounted onto a glass slide enclosed
by adhesive tape and covered with a coverslip.

The photoswitching kinetics were analyzed using a confocal mi-
croscope (FV1000; Olympus) equipped with a 60x oil (NA 1.35)
objective lens, 38.1 yW 488 nm laser, and 14.6 pW 405 nm laser.
Fluorescent proteins were activated by a 405 nm laser at 30 s inter-
vals and then monitored continuously using a 488 nm laser at
room temperature (25°C). The area monitored by the 488 nm laser
was 696.96 um?, and the area activated by the 405 nm laser was
136.78 um?. The average fluorescence intensity of the activated
area was measured. The results from three independent positions
were recorded for each fluorescent protein. The off-switching
curve of each photoswitching cycle was fitted to the “exponential
with offset” formula (y = a x exp (-bx) + ¢), using the solver plug-in
of Excel (Microsoft) and the least-squares method, in which b is the
exponential decay constant, a + ¢ is the max intensity, (a + ¢)/c is
the switching on/off contrast, and c/(a + ¢) is the baseline intensity
ratio.

Cell culture and transfection

Hela cells (a generous gift from Tadaomi Takenawa, University of
Tokyo) were grown in DMEM (Nacalai) supplemented with 10%
fetal bovine serum (Hyclone), 63 pug/ml benzylpenicillin potas-
sium, and 100 pug/ml streptomycin. Hela cells were transfected
with the above plasmids, using Lipofectamine 3000 (Thermo
Fisher) according to the manufacturer’s instructions, and selected
using G418 (Roche Diagnostics) to obtain stably expressing sin-
gle cell clones.
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Western blotting

Western blotting was performed using an anti-clathrin light chain
antibody (Proteintech; 10852-1-AP; 1:1000) and alkaline-phospha-
tase (AP)-conjugated anti-rabbit immunoglobulin G (IgG) (Promega),
as well as AP substrate, consisting of 5-bromo-3-chloro-indolyl
phosphate (Roche Diagnostics) and 4-nitro blue tetrazolium chloride
(Roche Diagnostics) for detection. The signals were quantified using
ImageJ software (National Institutes of Health [NIH]).

Immunostaining

Hela cells stably expressing frSkylan-S—tagged CLTA were fixed
with 4% PFA and 2% GA in buffer containing 30 mM HEPES (pH
7.4), 100 mM NaCl, and 2 mM CaCl,, for 20 min at room tempera-
ture. After three washes with PBS, the cells were treated with 0.1%
NaBHj, in PBS for 7 min on ice. After three 5 min washes with PBS,
the cells were blocked by blocking buffer containing 3% bovine se-
rum albumin (BSA) and 0.2% Triton X-100 in PBS for 2 h at room
temperature. The mouse anti-o-tubulin antibody (clone DM1A;
CST; #3873; 1:1000) in blocking buffer was added to the cells and
incubated for 1 h at room temperature. After five washes with wash
buffer containing 0.2% BSA and 0.05% Triton X-100 in PBS, Alexa
647—-labeled F(ab’),-goat anti-mouse IgG (H+L) antibody (Invitro-
gen; A21237; 1:6400) was added and incubated for 1 h at room
temperature. After five washes with the wash buffer and one wash
with PBS, the cells were stored at 4°C in 1% (wt/vol) polyvinyl alco-
hol and 10 mM cysteamine in PBS until the PALM observation.

PALM imaging and analysis
Hela cells stably expressing frSkylan-S-o-tubulin or CLTA were cul-
tured in glass-based dishes. In the case of a-tubulin, the cells were
simultaneously permeabilized with fixation by 30 mM HEPES buffer
(pH 7.4) containing 4% PFA, 0.2% GA, 2 mM CaCl,, 100 mM NaCl,
and 0.5% Triton X-100 for 20 min at room temperature. Hela cells
stably expressing frSkylan-S-CLTA were fixed by the same solution
without Triton X-100. Subsequently, the fixatives were quenched
with 0.1% NaBHy in PBS for 7 min on ice, and then the cells were
washed with PBS and soaked in PBS containing 1% (wt/vol) polyvinyl
alcohol and 10 mM cysteamine. An N-STORM (Nikon) superresolu-
tion microscope equipped with a 100x/1.49 objective lens (Apo
TIRF 100x Oil DIC N2; Nikon) and an EMCCD camera (iXon Du-897;
ANDOR) was used to obtain 100,000 images of 256 x 256 pixels
(40.96 x 40.96 pym), with a 16 ms exposure time. A 405 nm laser
(CUBE 405-100C; Coherent) and a 488 nm laser (IMA101065ALS;
Melles Griot) were used to activate frSkylan-S and detect its fluores-
cence, respectively. The acquired images were analyzed using NIS-
Elements software (Nikon). These coordinate data were processed
with ChriSTORM (Leterrier et al., 2015) for reconstruction using
ThunderSTORM (Ovesny et al., 2014) with filtering, duplicate re-
moval, drift correction by cross-correlation, and visualization by the
normalized Gaussian method.

frSkylan-S-CLTA-expressing Hela cells that were stained with a-
tubulin were observed according to the reported procedure, with
slight modifications (Olivier et al., 2013; Tachikawa et al., 2017).
Briefly, the cells were soaked in PBS, supplemented with 10 mM Tris
HCI, pH 7.5, 10% glucose, 10 mM cysteamine, 50 mM 2-mercapto-
ethanol, 2.5 mM protocatechuic acid, 2 mM cyclooctatetraene, and
50 mM protocatechuic dioxygenase just before the observation. A
total of 40,000 fluorescence images were sequentially acquired, in
which the first 20,000 images were of frSkylan-S-CLTA and the re-
maining 20,000 images were of a-tubulin. The 405 nm laser was used
for the fluorophore activation, and the 488 and 647 nm lasers were
used for the detection of frSkylan-S-CLTA and a-tubulin, respectively.
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Quantification of the filament width of microtubules

The FWHM of the microtubules was determined as described previ-
ously (Virant et al., 2018). Five regions of 10 x 10 pm squares were
selected in a reconstructed image. In each region, 15 microtubules
were randomly selected along the peak of the gray value, using the
segmented line tool in ImageJ (NIH). Subsequently, each line width
was set at 300 nm to cover the filament, and then the line was
straightened using the straighten tool. Averaged intensity profiles
perpendicular to the straightened line were obtained by a straight
line that was 300 nm in width and 1 pm in length. To obtain the
FWHM, the intensity profile was fitted to a Gaussian curve, and the
obtained sigma value was multiplied by 2.35 (Virant et al., 2018). In
the multicolor PALM imaging, the 30 positions of microtubules
shown in Figure 4A were measured by the same method as above.

Quantification of the CLTA cluster
Quantification was performed using SR-Tesseler software (Levet
et al., 2015; Staszowska et al., 2018). In brief, a Voronoi diagram was
generated by drawing bisector lines between each molecule, from
which the molecular density was calculated. Next, the region where
the molecular density was more than twofold, as compared with the
average density in the entire region, was selected. A clathrin cluster
was then defined as the area where the molecular density was more
than twofold, as compared with the average density of the selected
region. Among the CLTA clusters, those with areas of 7850-115,600
nm? were selected, because the typical cluster radius of clathrin-
coated pits was 50-170 nm (Staszowska et al., 2018), and then quan-
tified for the diameter as described previously (Levet et al., 2015).
To obtain the signal density, the clathrin signals/nm? in the clus-
ters were calculated by the number of signals divided by the area in
each determined cluster. The values of signals/nm? of clusters in the
cell were averaged, giving the signal density of the cell. The aver-
aged signals/nm? from 10 cells are shown in Figure 3L. The relative
performances of the RSFPs were obtained by normalization to the
amount of RSFP-CLTA, as determined by the endogenous CLTA
amount, where the expression level of Skylan-S-CLTA was set to
100%. In the multicolor PALM imaging, the CLTA clusters in Figure
4A were measured by the same method as above.

Statistical analysis

Histograms and line charts are expressed as the mean + SD, as indi-
cated in the figure legends. Statistical analyses were performed us-
ing GraphPad Prism 7.02 software (GraphPad.com). The statistical
significance for fixation resistance was examined by two-way analy-
sis of variance (ANOVA) with Tukey’s multiple comparisons tests,
and that of the signal density of a CLTA cluster was examined by
one-way ANOVA with Tukey’s multiple comparisons tests. P values
were adjusted for multiple tests using Tukey’s method. The statisti-
cal significance was set at P < 0.05.
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