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Bright ligand-activatable fluorescent protein for
high-quality multicolor live-cell super-resolution
microscopy
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We introduce UnaG as a green-to-dark photoswitching fluorescent protein capable of high-
quality super-resolution imaging with photon numbers equivalent to the brightest photo-
switchable red protein. UnaG only fluoresces upon binding of a fluorogenic metabolite,
bilirubin, enabling UV-free reversible photoswitching with easily controllable kinetics and low
background under Epi illumination. The on- and off-switching rates are controlled by the
concentration of the ligand and the excitation light intensity, respectively, where the dissolved
oxygen also promotes the off-switching. The photo-oxidation reaction mechanism of bilirubin
in UnaG suggests that the lack of ligand-protein covalent bond allows the oxidized ligand to
detach from the protein, emptying the binding cavity for rebinding to a fresh ligand molecule.
We demonstrate super-resolution single-molecule localization imaging of various subcellular
structures genetically encoded with UnaG, which enables facile labeling and simultaneous
multicolor imaging of live cells. UnaG has the promise of becoming a default protein for high-
performance super-resolution imaging.
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ingle-molecule localization (SML) microscopy such as

STORM!, (F)PALM?23 and PAINT# overcomes the optical

resolution limit by using fluorescent probes capable of
on-off switching of fluorescence emission. Fluorescent proteins
(FPs) are popular for live-cell SML imaging due to the simplicity
and specificity of labeling. However, FPs have limitations in
robust multicolor SML imaging despite many years of probe
development®-8. EosFPs, the brightest FPs, convert the fluores-
cence emission from green to red upon UV illumination®10. The
photoconvertible proteins occupy two color channels, leaving
little window for the second FP in the visible spectrum!?. On the
other hand, photoactivatable proteins that are activated from a
dark state have lower photon numbers than EosFPs, thereby
lower localization precisions!!~13, Spectrally similar FPs can be
distinguished by spectral demixing, but the high color crosstalks
can result in false positives!4. FPs with different activation pho-
tochemistry can be separated by activation light sequences!,
which slow down the imaging speed. Therefore, a new FP with
improved photophysics is still desired for multicolor SML
imaging.

Synthetic dyes, superior to FP in terms of brightness, photo-
stability and color option, face challenges in labeling live cells. A
protein of interest (POI) in a live cell can be labeled with an
organic dye via self-labeling enzymes such as FIAsH, SNAP, CLIP
and Halo!6-1°, However, these labeling schemes suffer from high
background fluorescence from non-specific binding of organic
dyes to the substrate and cellular membranes. The background
issue has been addressed by developing fluorogenic substrates for
the self-labeling enzymes or fluorogen-activating proteins such as
CRABPII, PYP and FAST20-22, However, synthetic materials
should be developed to exhibit cell-permeable characters or
delivered by perturbative means such as injection, electroporation
or lipofection, thereby impeding their application to in vivo
imaging. Thus, it is highly desired to find a probe that fulfills all
requirements for live-cell SML imaging, particularly combining
the labeling advantages of FPs and excellent photophysics of
organic dyes.

UnaG is the first fluorogenic ligand-activated protein that
emits green fluorescence with high quantum yield on par with
EGFP. The ligand binds to UnaG via multiple noncovalent
interactions, in contrast to conventional FPs whose chromo-
phores are constitutive of the protein residues or covalently linked
to the proteins (Supplementary Fig. 1)2324, The ligand for UnaG,
bilirubin (BR), is an endogenous metabolite produced in the
heme catabolism, and absorbs blue light efficiently, but does not
emit fluorescence. As a biological antioxidant, the oxidation
process of BR has been extensively investigated?>-%7. Light-
mediated reactions of BR, such as photo-isomerization and
photo-oxidation, have long been studied due to its clinical
importance28-31,

UnaG strongly fluoresces only when it binds with BR
(Fig. 1a)?3. The fluorogenic center of ligand-bound UnaG
(holoUnaG) is considered as BR rather than the protein, because
the protein without the ligand (apoUnaG) is not fluorescent. The
high contrasts between holoUnaG and apoUnaG and between
holoUnaG and BR, as well as the highly specific binding between
BR and UnaG, allowed efficient sensing of BR in vitro and in
cells>>33. The application area of UnaG was further extended to
monitor the activity of membrane transporters4, to regulate the
activity of a POI3?, to report the protein-protein interactions°, to
investigate hypoxia states of cells’”-38, and to monitor calcium
and BR simultaneously®. Despite these various applications as
sensors, UnaG has not been extensively used in general imaging
applications probably due to the sensitive photobleaching
through BR photo-oxidation, which we characterized and utilized
in this article.

Here, we report the photo-switchable nature of holoUnaG
with investigation on the switching kinetics and mechanism as
well as application to super-resolution imaging. The off-
switching reaction of photo-oxidation is reminiscent of
PALM/STORM and the replenishable on-switching reaction of
rebinding is similar to PAINT. The characterization of the on-
off transitions allows us to optimize the switching rates and to
acquire high localization precisions and spot densities in
standard Epi-illuminated SML super-resolution imaging of
various subcellular structures. We demonstrate live-cell SML
imaging up to three colors with high resolutions and virtually
no color crosstalk.

Results

Reversible switching of fluorescent holoUnaG. When a sample
of purified holoUnaG proteins was irradiated with intense 488-
nm laser, the fluorescence emission was switched off (Fig. 1b,
red lines). Then, upon addition of external BR, the bleached
fluorescence was spontaneously recovered (Fig. 1b, blue lines).
Interestingly, this fluorescence depletion and recovery could be
repeated when excess BR was added into the solution (Fig. 1c).
Here the imperfect fluorescence recovery might come from the
insufficient incubation time for holoUnaG transition to the
brighter state?0. From these observations, we assumed that
the photobleaching of holoUnaG causes damage to the ligand,
not to the protein*!. Due to the highly specific interaction and
the lack of ligand—-protein covalent bond, a damaged BR may be
easily displaced from UnaG (Supplementary Fig. 1c). Note that
FP chromophores, except for BR in holoUnaG, are covalently
attached to the proteins and cannot be removed from the
proteins after photobleaching (Supplementary Fig. 1)?4. When
undamaged BRs are around the freely exposed apoUnaG, a
fresh BR molecule can rebind to the empty protein and emit
fluorescence again. In contrast, the covalently bonded chro-
mophores in photo-switching FPs undergo photo-induced
chemical reactions such as isomerization and bond breakage
(Supplementary Fig. 1d, e).

Based on these observations, we tested SML capability of UnaG
in a fixed mammalian cell transfected with UnaG-Sec61 targeted
to endoplasmic reticulum (ER) with a standard Epi-illuminated
widefield instrument, and analyzed the localization statistics
under different buffer conditions (Fig. 1d-i). After taking a
widefield image with a low excitation intensity of 488-nm laser
(Fig. 1d), we increased the intensity to ~300 Wcm~2 and
observed the on- and off-switching events of single UnaG
molecules. In a simple buffer, only a limited number of switching
events were detected (Fig. le) because the fluorescence of many
single molecules per camera frame was too weak to detect above
the signal-to-noise threshold (Fig. 1h). When external BR was
supplemented to the buffer, the number of switching events
increased notably (Fig. 1f). When an oxygen scavenger (OS)
system was supplemented in addition to BR, the single-molecule
images became brighter (Fig. 1h), allowing SML imaging with
UnaG protein (Fig. 1g). Note that we could obtain a series of
localization dataset from the same field of view, thanks to the
reversible switching of UnaG. The photon counts were increased
upon oxygen depletion (Fig. 1h), and the BR supplementation
increased the number of detected switching events (Fig. 1i). These
results indicate that the off-switching reaction from the
fluorescent state to the dark state is related to the concentration
of dissolved oxygen while the on-switching reaction is associated
to the concentration of BR.

Fluorescence switching kinetics. To characterize the switching
reactions, we investigated the switching kinetics of UnaG proteins
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Fig. 1 Repetitive on- and off-switching of holoUnaG by external bilirubin (BR) and light exposure. a Scheme of BR-inducible fluorescence of UnaG.
Crystal structures of apoUnaG, BR and holoUnaG are obtained from Protein Data Bank (PDB, ID: 413B). b Absorption (dashed lines) and fluorescence
emission (solid lines) spectra of holoUnaG before bleaching (gray), after bleaching (red) and after recovery (blue). Abnormally large absorbance at < 460
nm in the blue dashed line may come from the additional BR at 1uM for the recovery. € Repetitive photobleaching and fluorescence recovery of holoUnaG.
Each picture was captured with 200 uW of 488-nm excitation light after indicated treatments for 60 min each. d-g Widefield image and series of
localization dataset of UnaG-Sec61f transiently expressed in a fixed Cos7 cell in different imaging buffer compositions. Raw data for single-molecule
localization were recorded with 10 ms camera exposure time for 30,000 frames. The same field of view was observed sequentially from the left (d) to the
right (g) under identical optical conditions for the localization datasets. h Normalized photon counts distribution and i the average number of localized
molecules from the localization datasets in d-g. The photon counts distributions were normalized by their own maximum counts. Scale bar: 2 um. Error

bars: standard deviations (n=80). BR bilirubin, OS oxygen scavenger.

in both directions between the fluorescent and non-fluorescent
states by using single-molecule pull-down assay*2. Under con-
tinuous illumination of 488 nm at a certain intensity, the fluor-
escence decreased in time with bi-exponential behaviors (Fig. 2a),
where the bi-exponential fits yielded two off-switching rate con-
stants (kogy and kogp). Higher light intensity accelerated both of
the bleaching rates (Fig. 2b), and the linear fits gave two first-
order rate constants of 2.0x 10~2cm2W—1s~! (R2=0.98) for
the slower rate (k,g) and 1.21x 10" 1cm2W—1s~1 (R2=0.99)
for the faster rate (ko). These off-switching rates were unaf-
fected by various buffer supplements and pHs, except for an OS
(Fig. 2¢, d). Depleting the dissolved oxygen using glucose oxidase
(GLOX) significantly slowed down both the off-switching reac-
tions (Fig. 2c), suggesting that oxygen participates in the oft-
switching reactions. Neither B-mercaptoethylamine (MEA) nor
potassium iodide (KI) affected the off-switching rates, indicating
that the off-switching processes are not related to the intersystem
crossing (Fig. 2c)4#%. Addition of sodium ascorbate (Ascb),
which is known to perturb the concentration of reactive oxygen
species (ROS) in the imaging buffer, did not change the oft-
switching rates considerably#°. Also, the off-switching rates with
GLOX were nearly the same with and without catalase (CAT),
indicating hydrogen peroxide (H,O,) did not influence the
reaction®®, In summary, oxygen concentration was the only factor
to significantly alter the off-switching rates among all the buffer
conditions that we tested.

Bleached UnaG could recover its fluorescence only when
additional BRs were supplemented to the solution (Fig. 2e). The
fluorescence recovery after adding BR also showed bi-exponential
behavior due to the two different, but spectrally indistinguishable,
fluorescent forms of holoUnaG#0, including a less bright state

(holoUnaGl1 in Supplementary Fig. 2a) that is formed immedi-
ately after apoUnaG binds to BR and a brighter state (holoUnaG2
in Supplementary Fig. 2a) that is formed via a reversible
conversion of the less bright state (Fig. 2e)40. To elicit the on-
switching rates from the experimental results, we derived the
analytical solution for the complex fluorescence switching model
(Supplementary Note 1 and Supplementary Fig. 2), which was
well fitted to our results and provided the on-switching rate
constants (Fig. 2e, solid lines). Higher concentration of BR
linearly accelerated the binding of BR to apoUnaG (ko =k, in
Supplementary Fig. 2a), and the linear fit yielded 0.12 uM~!s~!
(R2=10.98) for the first-order kinetics (Fig. 2f) with averaged
reaction rate constants of 0.002s~! and 0.008s~! for the
spontaneous transitions between holoUnaGl and holoUnaG2
(i.e. k, and k" in Supplementary Fig. 2a, respectively). In
contrast, the fluorescence emission remained near the back-
ground level when external BR was not supplemented (Fig. 2e,
gray line) and when photo-damaged BR (dmBR) was added
(Fig. 2e, purple dashed line). Adding dmBR to existing fresh BR
also did not affect the on-switching rate (Supplementary Fig. 3,
blue solid line).

From the kinetic studies, we concluded that the photo-
oxidation of BR is the major cause of the photobleaching of
holoUnaG since only the concentration of dissolved oxygen
significantly affected to the off-switching. The interaction
between UnaG and BR is known to be highly specific. Even
structurally very close compounds, such as conjugated BR species
and biliverdin (BV) (Supplementary Fig. 1b), do not bind to
apoUnaG?3. Hence, photo-oxidation of BR may lead to the
breakage of some ligand-protein interactions and subsequent
dissociation of the BR oxidation products from UnaG, emptying
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Fig. 2 Kinetic study of the photo-switching process. a Time-dependent
fluorescence decay of holoUnaG under different irradiation intensity of the
488-nm laser source. The fluorescence intensities were recorded with 5-ms
time resolution. Dotted lines are the averaged low decay curves, and solid
lines indicate bi-exponential fits to the decay curves. b Off-switching rates
(kossi and kofr2) of holoUnaG under various laser intensities obtained from a.
Linear fits (solid lines) gave first-order kinetic rate constants for the
bleaching reactions. ¢ Off-switching rates at 300 W cm~2 of intensity in
different imaging buffer supplements such as -mercaptoethylamine (MEA),
potassium iodide (KI) and ascorbic acid (Ascb). Only the oxygen scavenging
systems based on glucose oxidase and catalase (GLOX and CAT)
significantly slowed down the fluorescence decay, indicating that the major
photo-degradation pathway of holoUnaG is the photo-oxidation. d Off-
switching rates at 300 W cm~2 of intensity in different pH conditions. Little
notable differences were observed. e Time-dependent fluorescence
recovery of bleached holoUnaG in various concentration of external BR from
0.0 to 1.0 pM (dotted lines) and in photo-damaged BR (dmBR, purple
dashed line). Solid lines indicate the fitting results using Supplementary
Equation 14. The fluorescence intensities were recorded with 1-s time
resolution. f On-switching rates (k) of holoUnaG in different BR
concentrations obtained from ¢, displayed with a linear fit. g Proposed two-
state fluorescence switching model of holoUnaG. Light-induced oxidation of
BR inside of holoUnaG by dissolved oxygen turns off the fluorescence,
whereas the reverse reaction is purely affected by freely diffusing BR in
solution. Thus, the switching rates in both directions can be controlled
individually by either the light intensity or the BR concentration. Intensities in
a and e were normalized by the initial value. Error bars: standard deviations
(n=5, from independent bulk measurements of pulled-down samples).

the binding pocket. If there is no damage to the protein during
the oxidation reaction, apoUnaG can capture freely diffusing,
undamaged BR to fluoresce again.
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Fig. 3 Separation and mass spectrometry analysis of the major photo-
oxidation products. a UV/vis chromatograms, at 405 nm, of photo-
oxidation products of BR (OxBR) extracted from photobleached holoUnaG.
For guidance, each chromatogram was offset by O, 5 and 10 for irradiation
times of O (gray), 10 (blue) and 20 min (red), respectively. Vertical black
dashed line marks the retention time for BV obtained from a control
experiment (Supplementary Fig. 4b, c). b An averaged mass spectrum for
the retention time (RT) 9-11 min region of the LC-HRMS analysis. The most
abundant ion species at m/z 315.1336 could correspond to the protonated
ion ([M + HJT) of the possible oxidation product (M) inserted as an inset.
P propionic acid (-CH,CH,COOH), V vinyl (-CH=CH,).

By summarizing the kinetics results, we propose a simplified
two-state fluorescence switching model for UnaG (Fig. 2g). The
fluorescent holoUnaG is bleached under light exposure by the
photo-oxidation of BR, and the damaged BR displaces from UnaG
(Fig. 2g, forward reaction). The kg can be controlled by both the
light intensity and the concentration of dissolved oxygen, with the
overall rate constant (i.e. ko= [a1kom/(a; + a2)] + [ackom/ (a; +
a,)]) of 0.10cm?2 W~1s~1 for the atmospheric oxygen level and
0.02cm2W~1s~! for the oxygen-depleted condition by GLOX,
when 488-nm laser is used. The dark apoUnaG can restore its
fluorescence by rebinding with another, undamaged BR (Fig. 2g,
backward reaction). The k,, can be controlled by the concentra-
tion of BR, with a rate constant of 1.2 x 10°M~1s—1,

Photo-oxidation products of UnaG-encapsulated BR. To elu-
cidate the reaction mechanism of the photo-oxidation of
holoUnaG, we performed liquid chromatography (LC)-UV/vis
and LC/mass spectrometry (MS) analysis to identify the major
photo-oxidation products (Fig. 3). As increasing the light irra-
diation time, a few oxidation products with 405-nm absorbance
were observed in the retention times of 9-11 min (Fig. 3a). BV, a
well-known oxidation product of BR, was almost absent in LC
chromatogram (Fig. 3a and Supplementary Fig. 4b, c). Instead, we
noticed one major set (Fig. 3a, OxBR) of oxidation products
whose amounts significantly increased with longer light expo-
sures. The major ion signals for OxBR were detected around at m/
z 315.1 (Supplementary Fig. 4d) and accurate mass of these ions
was found to be m/z 315.1336 by high-resolution MS (HRMS,
Fig. 3b). HRMS/MS analysis of the ion corresponding to
m/z 315.1336 via collision-induced dissociation yielded fragment
ions (Supplementary Fig. 4e, f) that allowed us to predict the
chemical structure in Fig. 3b. OxBR has fully conjugated bi-
pyrrole rings segmented from either left or right half of BR
(Supplementary Fig. 5), whose highly conjugated structure is
consistent to its UV-absorbance (Fig. 3a). OxBR has cis/trans
isomers and structural isomers in which the vinyl group swaps
the position with the methyl group on the same ring, resulting in
four consecutive peaks in the LC-UV/vis chromatogram and in
the extracted ion chromatogram (EIC) (Fig. 3a and Supplemen-
tary Fig. 4d).
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There are a number of previous studies on the reaction
mechanism of BR oxidation?>-31. Our proposed structure for
OxBR was also reported in the previous studies on chemical or
light-induced oxidation of BR?6-7. In Supplementary Fig. 5, we
propose the reaction mechanism of the photo-oxidation reaction
for generating OxBR. Previous studies reported that excited BR
can react with ROS such as singlet oxygen (10,), superoxide
radical (O,°7), H,O, and hydroxide ion (OH™), to form BV or
radical species of BR2>-27:2947 Since BV was not detected in our
LC analysis (Fig. 3a), we ruled out BV formation and we
hypothesized that 10, or O,*~ can further oxidize the reactive BR
radicals via 1,2-cycloaddition forming four-membered rings,
which can readily fragment into two aldehyde species (Supple-
mentary Fig. 5)2°. Each pyrrole unit in BR forms one or more
hydrogen bonds (H-bonds) with UnaG, and the loss of any
pyrrole unit results in the loss of the related H-bonds
(Supplementary Fig. 1c). When we produced BR fragments
outside the protein?®, the photo-damaged BR solution failed to
recover fluorescence (Fig. 2e, purple dashed line), indicating that
the reduced number for H-bonding groups are insufficient for
binding to UnaG. Likewise, the reduced H-bonds between the
fragmented photo-oxidation products in UnaG may lead to the
dissociation from the protein. Since the two different conforma-
tions of holoUnaG proteins contain the same BR chromophore,
one oxidation reaction of BR may give rise to two different oft-
rates observed in Fig. 2a-d. Indeed, both the off-rates showed
similar behavior for various buffer conditions (Fig. 2¢, d),
indicating that the photoreactions are the same for the two
different holoUnaG forms.

Super-resolution imaging of various subcellular structures. No
fluorescence recovery without external BR of UnaG proteins
in vitro and in fixed cells indicates that the repetitive binding of
BR to the protein mainly causes the reversible photoswitching of
UnaG (Fig. 2e and Supplementary Fig. 6). Since the binding
kinetics of UnaG can be fully controlled by the light intensity
and the concentration of BR and the reaction mechanisms of the
off- and on-switching are independent to one another, we can
control the k., and k.g independently to tune the on-off duty
cycle, which is a critical advantage for SML imaging*8. The
on-off duty cycle is defined as the fraction of fluorophores in
the on state. Since a fluorophore with a duty cycle of 1/N allows
less than N molecules to be localized in a diffraction-limited
area, a low duty cycle is preferred. The lower the duty cycle, the
more fluorophores can be localized without causing artifact
related to overlapped images. The duty cycle of UnaG can be
estimated from the rates:

[holoUnaG| B 1
holoUnaG]l + [apoUnaG] 1+ k «/k .’
p off / Mon

(duty cycle) =

where ko, = k_1[BR] and k.g = k.. For instance, when I, =
300 Wcm~2 and [BR] =1 uM under which we obtained loca-
lization dataset in Fig. 1d-i, Fig. 2b, d estimates k¢~ 37 s~1 and
kon = 0.13 s71, resulting in the duty cycle of 0.0035 from Eq. 1,
which is on par with commercial dyes widely used for SML
imaging including Atto 48848, The duty cycle can be further
reduced by decreasing the BR concentration. Increasing
the oxygen concentration is not preferred because the number
of photons emitted in a switching cycle would be reduced
as observed in Fig. 1h, thereby worsening the localization
precision.

By using the controllable photo-switching properties of UnaG,
we optimized the SML imaging conditions and then performed
super-resolution imaging of UnaG-labeled subcellular structures
by genetically incorporating UnaG to proteins of interest in fixed

mammalian cells (Fig. 4). Before SML imaging, we could obtain
conventional widefield images with a low excitation intensity.
Then, at a high excitation intensity of ~300 Wcm™2 and an
exogenous BR concentration of ~1 uM, we could shelve most of
UnaG molecules in the view field to the non-fluorescent state and
leave only a small fraction of the molecules stochastically bound
with BR to fluoresce. The photon numbers per frame were
exponentially increased as the exposure time increased and
saturated at a sufficiently long exposure time (>150 ms), emitting
~1200 photons on average before off-switching, which is on par
with EosFPs, the brightest FPs for SML imaging’, and slightly less
than Atto 488, the preferred commercial blue-absorbing synthetic
dye for SML imaging (Fig. 4a-c)*%. Since the localization
uncertainty is inversely proportional to the square root of
photon numbers, UnaG is equivalent to EosFPs and Atto 488 in
terms of localization precision. From repetitive localization from
surface-immobilized single UnaG molecules, we measured the
localization precision as ~12 nm and the resolution in full-width
at half-maximum (FWHM) as ~28nm in lateral directions
(Fig. 4d).

We labeled various subcellular structures such as the ER
(UnaG-Sec61p), vimentin filaments (Vim-UnaG), mitochondrial
matrix (Mito-UnaG), peroxisomes (PMP70-UnaG), clathrin-
coated pits (UnaG-CLC, clathrin light chain) and lamin filaments
(UnaG-LaminA/C) with UnaG and took SML images from each
sample for 5000-100,000 frames at 100 Hz frame rate under Epi
illumination (Fig. 4e, f and Supplementary Figs. 7-9). The
expression of subcellular structures labeled with UnaG did not
severely perturb the cellular morphology observed by a bright-
field microscope and the cytoskeletal distributions were similar to
those labeled with other FPs that are known to minimally perturb
the structure (Supplementary Fig. 10)7. In various types of
subcellular structures including membrane, fibril and coated
vesicle, the morphologies appeared to be free from labeling
artifacts while the on-/off-switching properties of UnaG
were largely unchanged. The widefield and SML images of the
three subcellular structures (Fig. 4e, f) clearly demonstrated
the resolution enhancement of UnaG-based SML imaging. The
average cross-sectional profiles of vimentin filaments gave
FWHM of 57nm, whereas the widefield measurements of
the same fibers resulted in FWHM of 290 nm (Supplementary
Fig. 7b). The mean localization uncertainty of each localization
from the reconstruction image of vimentin filament was
measured as ~25nm (Supplementary Fig. 7c). The lengthwise
labeling coverage along each thin vimentin filament was 76% in
average (Supplementary Fig. 11), which is higher than that of
mMaple3 (56%) and similar to the value obtained from dye-
conjugated nanobody for BC2 tag, a small peptide tag®®. The high
labeling coverage of UnaG stems from the small size of the probe
(about half of most FPs) as well as the near complete labeling of
FPs (Supplementary Fig. 12).

Comparing to other FPs used in SML microscopy, UnaG
uniquely offers both high photon number and reversible switch-
ing. EosFPs undergo irreversible photoconversion and photo-
bleaching’. Reversibly photoswitching FPs offer low photon
numbers>!3*0, Some organic dyes offer significantly more
photons from reversible switching and can be genetically
incorporated via self-labeling proteins such as SnapTag and
HaloTag for SML imaging®!>2. However, synthetic dyes must be
exogenously supplied and are often impermeable to the cell
membrane, and also increase the background signals due to the
nonspecific bindings. Moreover, covalent bonding between dyes
and SnapTag/HaloTag prevent replacement of photobleached
fluorophores. Replenishable probes, such as DNA-PAINT probes,
are always fluorescent and can cause severe background signal at
nanomolar concentrations, and require specialized illumination

| (2020)11:273 | https://doi.org/10.1038/s41467-019-14067-4 | www.nature.com/naturecommunications 5


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

a Saturation level b Average e
g = 1210 photons = 1176 photons
S a3
£ 1000 2
g ria
g 500 % 1
£ o °
0 100 200 0 2000 4000
Exposure (ms) Photons per
switching cycle
c d
(o] 0
S < 1.0
) 1500 3 FWHM (x)
o o =27.1nm
2 1000 o
£5 505
5 S FWHM (y)
S 500 £ =28.4nm
o3 S
Q 0 Z 00
D O ® -100 0 100 -100 O 100
37 (@2, PO
‘(\\“?‘Q Ve xaxis (nm)  yaxis (nm)

UnaG-Sec61pB

Vim-UnaG UnaG-CLC

UnaG-CLC

Fig. 4 Applications to super-resolution microscopy of UnaG. a Averaged photon numbers per frame from single holoUnaG as increasing the camera
exposure time. b Distribution of photon counts per single switching event at 180 ms exposure time. ¢ Comparison of the photon numbers per switching
cycle for conventional super-resolution probes measured in an identical experimental setup, with 200 ms of camera exposure time. High illumination
powers at 561 nm (mMaple3) or 488 nm (UnaG and Atto 488) were used so that most of the single fluorophores switched off in a single camera frame. As
a result, UnaG gave more than 1200 photons, which stands between the mMaple3 and Atto 488. d Repetitive localization positions measured from
surface-immobilized single UnaG molecules, projected in x axis and y axis in the lateral directions. Multiple localization distributions were aligned by their
centroid positions obtained from Gaussian fits. The combined datasets were again fitted with Gaussian that yielded ~12 nm of localization precision
and ~28 nm of full-width at half-maximum (FWHM) in lateral planes. The localization distributions were normalized by their own maximum counts.

e Demonstration of SML imaging utilizing the photo-switchable nature of holoUnaG in various subcellular structures (left: ER, middle: vimentin filaments,
right: clathrin-coated pits) in fixed Cos7 cells. f Close-up widefield and SML images from the yellow-boxed regions in e. Scale bars: 2 um for e; 200 nm for f.
Error bars: standard deviations (n =5, each measurement contained more than 500 single-molecule information). CLC clathrin light chain.

geometry such as TIR-illumination (Supplementary Fig. 13). In
contrast, UnaG offers the unique combination of following
advantages simultaneously: (1) simple labeling method of
standard genetic incorporation; (2) high photon numbers
comparable to EosFP and Atto 488; (3) reversible switching
between the dark and green fluorescence states; (4) fluorescence
recovery by binding a natural metabolite (i.e. BR) that can be
exogenously supplemented when necessary; (5) little fluorescent
background under Epi illumination at micromolar ligand
concentration that acts as pseudo-unlimited reservoir (Supple-
mentary Fig. 14).

Live-cell multicolor super-resolution imaging. The genetically
incorporated UnaG can be readily applied to live-cell SML
imaging and offers fast tracking for the cellular dynamics due to
the high photon numbers and easily controllable UV-free
kinetics. We first investigated the possible cytotoxic effects of
our imaging conditions to the live cells. As an endogenous
metabolite, external BR did not induce any severe cytotoxic
effects to the live cells up to 2uM in general cell growth
conditions (Supplementary Fig. 15a). However, intense light
irradiation (488 nm, 300 W cm~2) induced cell freezing with
long observation time, which differed from the effect of weak
405-nm activation light (4.5 mW cm~2) that caused cell apop-
tosis (Supplementary Fig. 15b—e)>3. Interestingly, the phototoxic
effect of 488-nm light was practically eliminated in the SML
imaging buffer that contains both GLOX and BR (Supplemen-
tary Fig. 15f, g). Excess BR can efficiently absorb the blue light
instead of cellular materials and GLOX can decrease the con-
centration of ROS by depleting the dissolved oxygen and the
H,0, (Supplementary Fig. 15h)28. As a result, the cells survived
for more than 3 h after they were illuminated by 300 W cm~2 of
488-nm laser for up to 15 min. PAINT with no chemical addi-
tives or primed conversion with near-infrared activation may
offer more cell-friendly imaging conditions. But applications of

PAINT to live cells are limited by impermeability and chemical
toxicity of the probes and primed conversion FPs convert the
emission from green to red upon exposure to blue and red/
infrared lasers, making simultaneous multicolor imaging near
impossible>4>°,

In Fig. 5, we obtained live-cell SML images of UnaG-Sec61p on
the cytosolic side of the ER membrane. The imaging buffer was
supplemented with the oxygen scavenging system based on GLOX
for slowing down the off-switching rate and with exogenous BR at
the final concentration of 300 nM for accelerating the on-switching
rate. The imaging medium with GLOX was previously used in live-
cell STORM imaging®®. As like in the case of fixed cells, GLOX and
external BRs also could control the switching kinetics of UnaG
expressed in a live cell (Supplementary Fig. 16a, b). Under these
SML imaging conditions, UnaG could be repetitively switched on
and off with slight decrement of maximum fluorescence probably
due to the insufficient recovery time for the spontaneous transition
to the brighter state (Supplementary Fig. 16c)#0. The off-switching
rate was constantly maintained during the switching events,
whereas the on-switching rate was continuously decreased probably
due to the local depletion of BR molecules in solution by direct
photo-oxidation (Supplementary Fig. 16d, e). Finally, we obtained a
continuous time series consisting of ten super-resolution snapshots,
each took 1 s for reconstructing the super-resolution image (Fig. 5b
and Supplementary Movie 1). The movie resolves dynamic
remodeling of the ER tubule network. Repetitive switching of
UnaG lasted more than 15min continuously providing 1-s SML
snapshots (Supplementary Fig. 17a). The number of localized
molecules decreased initially, but it settled to an almost stationary
state with roughly half of the initial number after the switching
reaction reached the equilibrium (Supplementary Fig. 17b). UnaG
also successfully resolved the ring-like projections of clathrin-coated
pits in live cells with 2-s temporal resolution by increasing the
excitation intensity tenfold higher (I, ~3 kW cm~2, Supplemen-
tary Fig. 18). Without supplementing exogenous BR, the live-cell
images of clathrin-coated pits became blurred by the motion and
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Fig. 5 Live-cell super-resolution microscopy. a, b One-second-long SML
images of the ER in a live Cos7 cell transfected with UnaG-Sec61p. a A far
view with conventional widefield and SML images. The widefield image was
taken immediately before super-resolution imaging. b A time series of
closed-up SML images from the yellow-boxed region in a. Scale bars: 2 um
for a; 500 nm for b.

structural evolution during the substantially longer time for data
acquisition (Supplementary Fig. 19).

In addition, UnaG’s narrow spectral window in green streamlines
multicolor live-cell SML imaging. Since UnaG only emits green
fluorescence, orange-to-red window is available for other live-cell
compatible photo-switching probes. Photoconvertible FPs occupy-
ing green and red channels cannot be combined with UnaG>® and
only allow for far-red dyes to be simultaneously imaged>’. FPs that
switch between the dark and fluorescent state such as YFP and
PAmCherry can be combined with UnaG (Supplementary Fig. 20b),
but the low number of photons and activation with UV light is less
preferred for live-cell SML imaging®>8. Instead, lipophilic cell-
permeable dyes that reversibly switch between red and dark states
and produce >2000 photons can be readily combined with UnaG
for high-quality SML imaging®®.

With MitoTracker Red, a cationic rosamine dye, we stained the
mitochondrial inner membrane of live cells transfected with
UnaG-Sec61P. By separating the two fluorescence images with a
dichroic mirror and filtering the two images separately with
single-band bandpass filters, we simultaneously obtained two-
color super-resolution images of the ER and mitochondria in a
live cell with virtually no color crosstalk between the channels
(Fig. 6a). The quantified color crosstalk was 1.45+0.09% and
0.07£0.02% from green to red and vice versa, respectively
(Fig. 6b, + values are the standard deviations from five indepen-
dent measurements of >10,000 molecules per experiment). With
the crosstalk-free methods, we imaged the mitochondrial matrix
and inner membrane using mito-UnaG and MitoTracker Red,
respectively (Fig. 6¢c-f). The matrix and inner membrane appear
completely colocalized in conventional widefield images (Fig. 6c,
d). The two bright probes with little crosstalk enabled us to
resolve the outline of the membrane enclosing the matrix in the
super-resolution images (Fig. 6d). In addition, thin membrane
tubes lacking matrix were observed during fission/fusion events
(arrows in Fig. 6e, f).

The same multicolor super-resolution imaging condition for
live cells can be expanded to many different targets and probes.
For instance, other photoswitching red membrane probes specific
to the ER, lysosome and the plasma membrane®® can be
combined with UnaG fused to various proteins of interest,
generating a large number of two-color combinations (Supple-
mentary Fig. 20a—c). Moreover, far-red probes can be added to
the two-color method for three-color live-cell super-resolution
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Fig. 6 Two-color live-cell super