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1 | INTRODUCTION

In conventional microscopy, the overlapping fluores-
cence from molecules separated by distances shorter
than the diffraction limit of light, ~250 nm, prevents
them from being distinguished (Abbe 1873; Lelek
et al. 2021). To overcome this limitation, super-

Super-resolution microscopy has revolutionized biological imaging, enabling
the visualization of structures at the nanometer length scale. Its application in
live cells, however, has remained challenging. To address this, we adapted
LIVE-PAINT, an approach we established in yeast, for application in live mam-
malian cells. Using the 101A/101B coiled-coil peptide pair as a peptide-based
targeting system, we successfully demonstrate the super-resolution imaging of
two distinct proteins in mammalian cells, one localized in the nucleus, and the
second in the cytoplasm. This study highlights the versatility of LIVE-PAINT,
suggesting its potential for live-cell super-resolution imaging across a range of
protein targets in mammalian cells. We name the mammalian cell version of
our original method mLIVE-PAINT.

dynamics, mitochondria, nucleus, peptide—peptide interactions, single-molecule, super-
resolution microscopy

resolution (SR) microscopy has been developed to study
proteins at the nanometer length scale in various biolog-
ical systems, achieving resolutions as high as 5nm
(Loschberger et al. 2014). One branch of SR microscopy,
single-molecule localization microscopy (SMLM),
achieves this by separating and locating the fluores-
cence from individual emitters over time as they
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stochastically blink (Lelek et al. 2021) (for a comprehen-
sive review, see Horrocks et al. 2014).

In recent years, DNA-PAINT (Point Accumulation for
Imaging in Nanoscale Topography) has emerged as a
popular SMLM method for imaging protein targets in
fixed biological samples. This approach involves tagging
proteins of interest (POIs) with short DNA oligonucleo-
tide “docker” strands. An image is constructed as
fluorescently-tagged complementary “imager” oligonu-
cleotides transiently hybridize with the docker strands
and are localized with nanometer precision. DNA-
PAINT, however, usually requires the use of antibodies
or nanobodies (Chung et al. 2022; Schnitzbauer
et al. 2017) as well as internalization of DNA imager
strands, and so cannot be used to image internal struc-
tures in live cells.

Inspired by DNA PAINT, we developed an imaging
strategy using peptide-peptide interactions that can be
used in living cells. We demonstrated its efficacy in live
yeast (Gidden et al. 2023; Oi et al. 2020). Analogous to
DNA-PAINT, we demonstrated that a protein-of-interest
(POI) tagged with one partner of a coiled-coil
(CC) peptide pair can be localized as the partner CC pep-
tide fused to a fluorescent protein (FP) transiently binds
to it. We also recently imaged F-actin inside live mamma-
lian cells using direct-LIVE-PAINT, which uses a peptide
that transiently binds directly to the POI (Bhaskar
et al. 2023).

In this study, we present mammalian LIVE-PAINT
(mLIVE-PAINT) using the 101A/101B (Chen et al. 2015)
CC peptide pair to image nuclear (H2B) and cytoplasmic
(TOM20, mitochondria) targets in live SH-SY5Y cells. By
generating stable cell lines expressing the FP-tagged CC
imaging construct, mNeonGreen-101A, and transiently
transfecting in our POI-101B, we imaged these targets
using both spinning disk confocal microscopy (diffraction
limited, DL) and total internal reflection fluorescence
(TIRF) microscopy (SR). As a proof-of-principle, we dem-
onstrate that mammalian LIVE-PAINT can be used to
image both static and dynamic targets within living cells,
offering versatile and minimally perturbative SR
detection.

2 | RESULTS
2.1 | 101A/101B peptide pair can be used
to image proteins in mammalian cells

To use peptide pairs for imaging proteins in cells, they
must bind to each other specifically to avoid mislocaliza-
tion, and must also have a reasonably tight binding affin-
ity (Kd in the nanomolar range). The CC pair 101A/101B

is a 42 AA-long peptide pair published as part of a
synthetic toolkit for barcoding yeast strains in high-
throughput screening studies (Chen et al. 2015), and sat-
isfies these two criteria. The LIVE-PAINT system using
this pair consists of two components: (i) the 101A peptide
fused to the C-terminus of the FP, mNeonGreen (mNG),
stably expressed under a doxycycline inducible promoter
in SH-SY5Y cells and (ii) its partner peptide 101B, fused
to the C-terminus of the POI, transiently transfected into
this stable line (Figure 1a,b).

We first assessed whether the 101A/101B peptide pair
could effectively target and localize the imaging construct
(mNG-101A) specifically to the POI (POI-101B). To test
this, we transfected the mNG-101A-expressing stable cell
line with TOM20-101B (a mitochondrial protein) or H2B-
101B (a nuclear protein) and performed live imaging
using spinning disk confocal microscopy (Figure 1c). The
mNG signal showed specific localization to the mitochon-
dria and nucleus under their respective transfection con-
ditions, with high colocalization to their respective
organellar stains (Pearson's correlation H2B-0.85,
TOM20-0.89).

Next, we imaged these samples in TIRF, using SML
microscopy to detect single binding events between the
imager and POI with a higher signal-to-background ratio.
Temporally separated blinking events were detected for
both targets at an average localization rate of 250 localiza-
tions per second (Figure S2, Supporting Information) and
used to reconstruct a SR image (Figure 1d). These results
suggest that the 101A/101B peptide pair has suitable
binding kinetics for single-molecule localization detec-
tion of both cytoplasmic and nuclear protein targets.

2.2 | Increased spatial resolution allows
detection of “clutch”-like organization
of H2B

Increased spatial resolution can reveal structural organi-
zation at the nanometer scale that is undetectable using
DL imaging approaches (Broadhead et al. 2016; Pageon
et al. 2016; Zhu et al. 2023). Indeed, we have recently
used peptide—protein interactions to show the presence of
nanoclusters of post-synaptic proteins in fixed synapto-
somes (De Moliner et al. 2023). We therefore sought to
determine whether such clustering behavior could be
observed by H2B in the nucleus of live cells using
mLIVE-PAINT.

First, we imaged H2B-101B with LIVE-PAINT,
achieving a resolution of 66.6 + 5.7 nm within 20s of
imaging (Figure 2b) (Brink, 2022). This allowed us to
observe individual H2B proteins organized into distinct
densities, reminiscent of nucleosome “clutches” reported
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FIGURE 1 (a)Schematic representation of a mammalian cell expressing the components necessary for LIVE-PAINT imaging. Protein of
Interest (POI) is shown in pink, fused to the 101B peptide (light blue) and the imaging component (mNeonGreen (mNG) fused to the 101A
peptide) is shown in green and dark blue. (b) AlphaFold 3 structure prediction of mNeonGreen-101A and TOM20-101B and modeling of
interaction via 101A/B peptide pair. mNeonGreen (green), 101A (cyan), TOM20 (magenta), 101B (blue), and linkers shown in gray.

(c) Schematic representations of expected cellular locations and structures of nuclear protein H2B and mitochondrial protein TOM20 shown
in the first column. Spinning disk confocal images of respective targets imaged with live cell organelle specific dyes (mitochondria—MitoLite
Red FX600; nucleus—Hoechst) and the LIVE-PAINT system in SH-SYS5Y cells transiently transfected with either TOM20-101B or H2B-101B
shown in subsequent panels and overlayed. 5 pm scale bar. (d) Super-resolution (SR) reconstructions (colored “red hot”) of SH-SY5Y cells
transfected with either TOM20-101B or H2B-101B and imaged in TIRF. Localizations were consolidated from 100 s of imaging (2000 frames,
50 ms exposure) and diffraction-limited section of the field-of-view shown as a maximum intensity time-integration over the same imaging
period. Precision threshold <30 nm. 5 pm scale bar.

previously (Figure 2a, yellow arrows, Figure S5) (Ricci + 9e-4 pm* (Figure 2d) and eccentricity of 0.66 + 0.005
et al. 2015). Subsequent clustering, using DBSCAN  (Figure 2f), suggesting that H2B is not evenly distributed
(Figure 2c) (Pedregosa et al., 2011), revealed that >99% of in the nucleus (Figure 2b). These results corroborate sev-
localizations were detected within >1000 concentrated eral previous studies in different cell lines (Hauke
patches of localizations covering a mean area of 8e-3 et al. 2017; LukinaviCius et al. 2013; Maity et al. 2023;
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(a) SR image of H2B protein located at the nucleus. The imaging was performed over 100 s (2000 frames, 50 ms exposure

time) within SH-SYS5Y cell stably expressing mNG-101A transfected with H2B-101B. Zoomed in ROI showing distinct clustered localizations.
Scale bar for full sized image is 2 pm, and 0.2 pm for the zoom-in. (b) Resolution response to increasing integration times. Frame subsets
were sampled randomly at each integration time for resolution calculation with Fourier ring correlation (FRC). Standard deviation error is
shown as shaded region (n = 3). Precision threshold <30 nm (Figure S3). (c) DBSCAN analysis reveals clustered organization of H2B.
Rainbow colors distinguish neighboring clusters. Scale bars from panel (a) apply. (d) Histogram of mean cluster areas of a representative
image shows areas of 0.01 um?. (e) Nearest neighbor (NN) analysis shows a high local density of proteins within the clusters. Scale bars from
panel (a) apply. (f) Distribution of H2B cluster eccentricity calculated as ratio of major to minor axis lengths for a representative image.

Wombacher et al. 2010). To visualize the distribution of
individual H2B molecules, the measured locations were
plotted and color-coded based on their local density
(Figure 2e) (MacGillavry et al. 2013). This process
involved calculating the mean density around each mole-
cule by determining the number of neighboring
molecules within a radius that was scaled according to
the mean density of its cluster (Figure S6). As a result of
this analysis, maps displaying the local molecular density
within individual clusters were generated. These maps
revealed a highly nonuniform distribution of H2B mole-
cules within each cluster, indicating regions of varying
density and suggesting a complex organization pattern.

2.3 | The dynamics of mitochondria can
be captured using mLIVE-PAINT

Mitochondria have been imaged extensively using fluo-
rescence microscopy techniques in live mammalian cells
(Jans et al. 2013; Palmer et al. 2021; Wurm et al. 2011).
Dynamic imaging approaches have also been applied to
track fission and fusion events in response to

mitochondrial stressors (Guo et al. 2018). In this study,
we aimed to show the versatility of mLIVE-PAINT by
imaging a dynamic target in the cytoplasm.

Imaging for a period of ~100 s revealed mitochondria
that were motile and underwent changes in position and
shape within this timescale (Figure 3a and Video S1). Sub-
setting the imaging period into 25 s time-frames and recon-
structing the localizations from this period revealed the
dynamic structures within the ROIL. Comparing this region
with the full FOV showed that not all regions were dynamic
to the same extent. To better visualize these shape changes
over time, we plotted color-coded localizations based on
time of acquisition (Figure 3b), which highlighted the spa-
tiotemporal dynamics of mitochondrial networks, espe-
cially within the ROI. Higher localization rates and longer
imaging periods could enable detection of faster dynamics
such as fission and fusion events with this technique.

3 | DISCUSSION

In this study, we have demonstrated that peptide binding
pairs can be used for PAINT imaging of proteins in live
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FIGURE 3
TOM20 imaged over a period of

(a) SR images of

100 s. 2 m scale bar. Subsequent
panels show a ROI reconstructed
with images from discrete time
periods within the total 100 s
imaging duration. 1 pm scale bar.

(b) Localizations from the whole
FOV and the ROI over the 100 s
imaging period, color-coded based on
time of acquisition between

0 and 100 s.
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mammalian cells at the nanometer length scale.
Although achieved using the CC peptide pair 101A/B,
other peptide pairs are available and would be amenable
to this approach, for example the SYNZIP pairs
(Thompson et al. 2012) and the tetratricopeptide repeat
(TPR) proteins (Jackrel et al. 2010). Indeed, the use of
multiple orthogonal pairs would enable multi-target and
multi-color imaging, as we have demonstrated previously
in yeast (Gidden et al. 2023). Although other approaches
are available for SR imaging in live cells, they each have
their own drawbacks. Stimulated emission depletion
microscopy (STED; Hell and Wichmann 1994) requires
the use of high laser powers, which can lead to phototox-
icity (Vicidomini et al. 2018). Structured illumination
microscopy (SIM) uses lower laser excitation powers but
requires the use of expensive equipment and can only
achieve resolutions of ~100 nm (Gustafsson 2005). Fur-
thermore, photoactivatable localization microscopy
(PALM), STED, and SIM all require the direct fusion of
the POI to a large fluorescent protein, which can perturb
its function and/or localization (Agbulut et al. 2006; Hin-
richsen et al. 2017; Lisenbee et al. 2003; Paine
et al. 2021).

In contrast, mLIVE-PAINT is minimally perturbative,
and can be used for imaging multiple protein targets at
high resolution with the possibility for signal replenish-
ment and relatively low laser powers. Furthermore, there

is a significant potential for detection of proteins with
short lifetimes and ones that do not tolerate fluorescent
protein fusions to one or both ends. By imaging the
nuclear protein H2B, we have shown that LIVE-PAINT is
a sensitive technique to probe protein location at the
nanometer length scale. We also demonstrated that
mLIVE-PAINT can measure the dynamics of organelles
at the nanometer length scale by imaging TOM20 in live
cells. We can detect mitochondrial dynamics in the order
of ~10s of pm with these imaging conditions, but longer
imaging durations can reveal further information about
fission and fusion dynamics.

4 | CONCLUSION

In this study, we demonstrate that LIVE-PAINT using
the 101A/101B peptide pair is a versatile method to probe
dynamic and relatively static protein targets inside live
mammalian cells in SR. Compared to existing live-cell SR
approaches, LIVE-PAINT presents a minimally perturba-
tive system that preserves protein function and localiza-
tion while also minimizing phototoxicity. We also
showed examples of downstream analyses that can be
performed with this data and aim to apply this technique
to image difficult-to-tag proteins involved in human dis-
ease in the future.
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5 | MATERIALS AND METHODS
5.1 | Stable mammalian cell line
generation and characterization

All initial plasmid constructs (mNG-101A and POI-
101B) were designed with the Rosser Lab using the
EMMA cloning system in mammalian expression vec-
tors (Martella et al. 2017). Further cloning and lentivirus
production were performed by the Francis Crick Insti-
tute's vectorcore facility using standard protocols. Lenti-
virus expressing mNeonGreen-101A was added at ~5
MOI to SH-SY5Y cells grown in T75 flasks at ~60% con-
fluency. Expression was carried out for 48 h before
applying selection at 1.0 mg/mL geneticin. Media was
refreshed every 2-3 days for 11 days. Surviving cells
were single cell sorted based on size and positive fluo-
rescence upon doxycycline induction (2 pg/mL) into
96-well plates. Plates were inspected for surviving single
colonies 2 weeks post sort. Cells were then moved to
48-well plates once confluent and treated with doxycy-
cline at 2 pg/mL to test for expression and clone quality
under a confocal microscope. Clones expressing mNG-
101A were expanded further and characterized for suit-
able expression levels by fluorescence under a range of
doxycycline concentrations and frozen down for long-
term storage.

5.2 | Mammalian cell culture and
transfection

SH-SY5Y neuroblastoma cell line was cultured using
standard ATCC protocols. Briefly, DMEM was supple-
mented with 10% FBS and 1% Pen/Strep for cell culture
(Gibco™, 31966-021). Cells were subcultured approxi-
mately once every 3 days by detaching with 0.5 mM
EDTA and incubating for 5 min at 37°C before resus-
pending in DMEM (Gibco, Cat No. 21063-029) and
centrifuging at 200 G for 4 min. Cell pellet was resus-
pended in fresh media and transferred to a fresh flask
(1:6) or counted with Trypan Blue at a 1:1 cell:dye ratio
(1:2 dilution) and seeded at 10-12 k cells/well into Ibidi
glass-bottom 18-well imaging plates (#81817). Plates were
then incubated at 37°C, 5% CO, for 24 h.

All transient transfections of POI-101B were carried
out using Lipofectamine™ 3000 reagent according to
manufacturer's protocol and as described in more detail
in our previous study (Invitrogen™, L3000015). Briefly,
24 h after cell seeding, transfection reagents were made
up in Opti-MEM™ (Gibco™, 31985062) and mixed with
plasmid DNA of POI-101B at an equivalent of 25 ng
DNA/well and added to cells. Doxycycline was added

24 h after transfection at a final concentration of 60 ng/
mL based on characterization experiments (Figure S1)
and plates were imaged in TIRF for SMLM, 24 h
after that.

5.3 | Live-cell confocal microscopy

Cells were plated on uncoated glass ibidi 18-well plates
(#81817) and transfected with POI-101B once at 60-70%
confluency. Twenty-four-hour post transfection, doxycy-
cline was added at a final concentration of 200 ng/mL
and incubated for 24 h before imaging. If staining with
live cell mitochondrial and nuclear markers, MitoLite™
FX600 (AATBIO, 22677) and Hoechst 33342 (Thermo
Scientific™, 62249) were diluted in DMEM without phe-
nol red (Gibco™, 31053028) and added to cells 30 min
before imaging to achieve final dilutions of 500x and
1000x, respectively. Cells were imaged on a commercial
spinning-disk confocal system using a 20x or a 40x
water-immersion objective.

5.4 | TIRF microscopy and super-
resolution analysis

Cells were prepared for imaging as described above for
confocal microscopy. All TIRF imaging was performed
on the ONI Nanoimager (Oxford Nanoimaging Ltd.)
equipped with a 100x /1.4 numerical aperture oil immer-
sion objective lens and ORCA-Flash 4.0 V3 scientific
complementary metal-oxide semiconductor (CMOS)
camera. TIRF angles between 51° and 53° were used to
maximize signal to background. Stage temperature was
set to 30°C. The 488 laser line was used to excite the sam-
ple between 12.5 and 62.5 W/cm?. Images were collected
continuously at an exposure of 50 ms for a maximum of
4000 frames (200 s). Raw data is available at https://doi.
org/10.5281/zenodo.11502743.

SR image reconstruction was performed as described
in our previous study using the FIJI plugin, Thunder-
STORM (version dev-2016-09-10-b1; Ovesny et al. 2014),
and FRC resolution calculation was performed using the
RustFRC python package (Brink, 2022). Merge function
in ThunderSTORM (20 nm radius in x,y and maximum
of 1 off-frame) was used to link localizations across multi-
ple frames to output distribution of residence times
(Figure S4). DBSCAN clustering was performed using the
DBSCAN python package (Ester et al. 1996; Pedregosa
et al, 2011). DBSCAN parameters were set
(eps_threshold = 0.3, minimum_localisations = 5) using
the script and results visualized using the matplotlib and
seaborn packages on Python. Nearest Neighbor


https://doi.org/10.5281/zenodo.11502743
https://doi.org/10.5281/zenodo.11502743

BHASKAR ET AL.

(NN) analysis involved computing pairwise lengths
between all detected localizations and generating an
ordered list of distances. Once the NN distance of each
localization was determined, the average NN distance
within each cluster was calculated. To better visualize
this analysis, an arbitrary threshold of 5 x mean NN dis-
tance was used to highlight the localizations that fell
within this threshold. Mitochondria dynamics was visual-
ized using the seaborn package on Python. All scripts
used in this study are available at https://doi.org/10.
5281/zenodo.11502743.

AUTHOR CONTRIBUTIONS

Haresh Bhaskar: Methodology; investigation; formal
analysis; writing — original draft; writing — review and edit-
ing; visualization; data curation. Zoe Gidden: Methodol-
ogy; investigation; writing - review and editing. Gurvir
Virdi: Investigation. Dirk-Jan Kleinjan: Methodology;
writing - review and editing. Susan J. Rosser:
Writing - review and editing; methodology; resources.
Sonia Gandhi: Methodology; supervision; investigation;
writing - review and editing; resources. Lynne Regan:
Investigation; methodology; supervision; writing — review
and editing; conceptualization. Mathew H. Horrocks:
Conceptualization; methodology; investigation; supervi-
sion; writing — review and editing.

ACKNOWLEDGMENTS

HB acknowledges the support of Wellcome Trust via the
Integrative Cell Mechanisms PhD program (Grant
No. 226437/Z/22/Z). The authors would like to thank
Molly Strom and Ana Cunha from the Francis Crick
Institute's Viral Vector services for their support in build-
ing plasmids and lentivirus used in this study. We would
also like to thank the Institute of Regeneration and
Repair (IRR) Flow Facility (University of Edinburgh) for
their cell sorting expertise used for stable cell line genera-
tion and Dr. Justyna Cholewa-Waclaw for her support in
the spinning disk confocal imaging experiments. Finally,
we thank Drs. Marcus Wilson & Nick Gilbert (University
of Edinburgh) for their valuable input on histone protein
organization and nuclear structure. The ONI was funded
by UCB Biopharma. We also wish to thank Dr. Jim Love
for a kind donation to M.H.H.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

ORCID

Haresh Bhaskar ‘© https://orcid.org/0000-0002-2011-2304
Mathew H. Horrocks © https://orcid.org/0000-0001-5495-
5492

B o WILEY-L

REFERENCES

Abbe E. Beitrdge zur Theorie des Mikroskops und der mikrosko-
pischen Wahrnehmung. Arch Mikrosk Anat. 1873;9(1):413-68.
https://doi.org/10.1007/BF02956173

Agbulut O, Coirault C, Niederlander N, Huet A, Vicart P,
Hagege A, et al. GFP expression in muscle cells impairs actin-
myosin interactions: implications for cell therapy. Nat Methods.
2006;3(5):331. https://doi.org/10.1038/nmeth0506-331

Bhaskar H, Kleinjan D, Oi C, Gidden Z, Rosser SJ, Horrocks MH,
et al. Live-cell super-resolution imaging of actin using LifeAct-
14 with a PAINT-based approach. Protein Sci. 2023;32(2):e4558.
https://doi.org/10.1002/pro.4558

Brink T. Fourier ring correlation with a single image. TU Delft
Repository. 2022.

Broadhead MJ, Horrocks MH, Zhu F, Muresan L, Benavides-
Piccione R, DeFelipe J, et al. PSD95 nanoclusters are postsyn-
aptic building blocks in hippocampus circuits. Sci Rep. 2016;
6(1):24626. https://doi.org/10.1038/srep24626

Chen R, Rishi HS, Potapov V, Yamada MR, Yeh VJ, Chow T, et al.
A barcoding strategy enabling higher-throughput library
screening by microscopy. ACS Syn Biol. 2015;4(11):1205-16.
https://doi.org/10.1021/acssynbio.5b00060

Chung KKH, Zhang Z, Kidd P, Zhang Y, Williams ND, Rollins B,
et al. Fluorogenic DNA-PAINT for faster, low-background
super-resolution imaging. Nat Methods. 2022;19(5):554-9.
https://doi.org/10.1038/s41592-022-01464-9

De Moliner F, Konieczna Z, Mendive-Tapia L, Saleeb RS, Morris K,
Gonzalez-Vera JA, et al. Small fluorogenic amino acids for
peptide-guided background-free imaging. Angew Chem Int Ed.
2023;62(4):202216231. https://doi.org/10.1002/anie.202216231

Ester M, Kriegel HP, Sander J, Xu X. A density-based algorithm for
discovering clusters in large spatial databases with noise. The
Second International Conference on Knowledge Discovery and
Data Mining (KDD-96) Proceedings. Boston: AAAI Press; 1996.

Gidden Z, Oi C, Johnston EJ, Konieczna Z, Bhaskar H, Mendive-
Tapia L, et al. Imaging proteins sensitive to direct fusions using
transient peptide-peptide interactions. Nano Lett. 2023;23(22):
10633-1064.

Guo Y, Li D, Zhang S, Yang Y, Liu J-J, Wang X, et al. Visualizing
intracellular organelle and cytoskeletal interactions at nano-
scale resolution on millisecond timescales. Cell. 2018;175(5):
1430-1442.e17. https://doi.org/10.1016/j.cell.2018.09.057

Gustafsson MGL. Nonlinear structured-illumination microscopy:
wide-field fluorescence imaging with theoretically unlimited
resolution. Proc Natl Acad Sci U S A. 2005;102(37):13081-6.
https://doi.org/10.1073/pnas.0406877102

Hauke S, Von Appen A, Quidwai T, Ries J, Wombacher R. Specific
protein labeling with caged fluorophores for dual-color imaging
and super-resolution microscopy in living cells. Chem Sci.
2017;8(1):559-66. https://doi.org/10.1039/C6SC02088G

Hell SW, Wichmann J. Breaking the diffraction resolution limit by
stimulated emission: stimulated-emission-depletion fluores-
cence microscopy. Opt Lett. 1994;19(11):780-2. https://doi.org/
10.1364/0L.19.000780

Hinrichsen M, Lenz M, Edwards JM, Miller OK, Mochrie SGJ,
Swain PS, et al. A new method for post-translationally labeling
proteins in live cells for fluorescence imaging and tracking. Pro-
tein Eng Design Sel. 2017;30(12):771-80. https://doi.org/10.
1093/protein/gzx059


https://doi.org/10.5281/zenodo.11502743
https://doi.org/10.5281/zenodo.11502743
https://orcid.org/0000-0002-2011-2304
https://orcid.org/0000-0002-2011-2304
https://orcid.org/0000-0001-5495-5492
https://orcid.org/0000-0001-5495-5492
https://orcid.org/0000-0001-5495-5492
https://doi.org/10.1007/BF02956173
https://doi.org/10.1038/nmeth0506-331
https://doi.org/10.1002/pro.4558
https://doi.org/10.1038/srep24626
https://doi.org/10.1021/acssynbio.5b00060
https://doi.org/10.1038/s41592-022-01464-9
https://doi.org/10.1002/anie.202216231
https://doi.org/10.1016/j.cell.2018.09.057
https://doi.org/10.1073/pnas.0406877102
https://doi.org/10.1039/C6SC02088G
https://doi.org/10.1364/OL.19.000780
https://doi.org/10.1364/OL.19.000780
https://doi.org/10.1093/protein/gzx059
https://doi.org/10.1093/protein/gzx059

v | WILEY-$9 By

BHASKAR ET AL.

Horrocks MH, Palayret M, Klenerman D, Lee SF. The changing
point-spread function: single-molecule-based super-resolution
imaging. Histochem Cell Biol. 2014;141(6):577-85. https://doi.
0rg/10.1007/s00418-014-1186-1

Jackrel ME, Cortajarena AL, Liu TY, Regan L. Screening libraries
to identify proteins with desired binding activities using a Split-
GFP reassembly assay. ACS Chem Biol. 2010;5(6):553-62.
https://doi.org/10.1021/cb900272j

Jans DC, Wurm CA, Riedel D, Wenzel D, Stagge F, Deckers M,
et al. STED super-resolution microscopy reveals an array of
MINOS clusters along human mitochondria. Proc Natl Acad
Sci U S A. 2013;110(22):8936-41. https://doi.org/10.1073/pnas.
1301820110

Lelek M, Gyparaki MT, Beliu G, Schueder F, Griffi¢ J, Manley S,
et al. Single-molecule localization microscopy. Nat Rev
Methods Primers. 2021;1(1):39. https://doi.org/10.1038/s43586-
021-00038-x

Lisenbee CS, Karnik SK, Trelease RN. Overexpression and misloca-
lization of a tail-anchored GFP redefines the identity of peroxi-
somal ER. Traffic. 2003;4(7):491-501. https://doi.org/10.1034/j.
1600-0854.2003.00107.x

Loschberger A, Franke C, Krohne G, Van De Linde S, Sauer M.
Correlative super-resolution fluorescence and electron micros-
copy of the nuclear pore complex with molecular resolution.
J Cell Sci. 2014;127:4351-5. https://doi.org/10.1242/jcs.156620

Lukinavi¢ius G, Umezawa K, Olivier N, Honigmann A, Yang G,
Plass T, et al. A near-infrared fluorophore for live-cell super-
resolution microscopy of cellular proteins. Nat Chem. 2013;
5(2):132-9. https://doi.org/10.1038/nchem.1546

MacGillavry HD, Song Y, Raghavachari S, Blanpied TA. Nanoscale
scaffolding domains within the postsynaptic density concen-
trate synaptic AMPA receptors. Neuron. 2013;78(4):615-22.
https://doi.org/10.1016/j.neuron.2013.03.009

Maity BK, Nall D, Lee Y, Selvin PR. Peptide-PAINT using a
transfected-docker enables live- and fixed-cell super-resolution
imaging. Small Methods. 2023;7(4):2201181. https://doi.org/10.
1002/smtd.202201181

Martella A, Matjusaitis M, Auxillos J, Pollard SM, Cai Y. EMMA: an
extensible mammalian modular assembly toolkit for the rapid
design and production of diverse expression vectors. ACS Syn Biol.
2017;6(7):1380-92. https://doi.org/10.1021/acssynbio.7b00016

Oi C, Gidden Z, Holyoake L, Kantelberg O, Mochrie S,
Horrocks MH, et al. LIVE-PAINT allows super-resolution
microscopy inside living cells using reversible peptide-protein
interactions. Commun Biol. 2020;3(1):458. https://doi.org/10.
1038/542003-020-01188-6

Ovesny M, Kftizek P, Borkovec J, §vindrych Z, Hagen GM. Thunder-
STORM: a comprehensive ImageJ plug-in for PALM and STORM
data analysis and super-resolution imaging. Bioinformatics. 2014;
30(16):2389-90. https://doi.org/10.1093/bioinformatics/btu202

Pageon SV, Tabarin T, Yamamoto Y, Ma Y, Nicovich PR,
Bridgeman JS, et al. Functional role of T-cell receptor nanoclus-
ters in signal initiation and antigen discrimination. Proc Natl
Acad Sci U S A. 2016;113(37):E5454-63. https://doi.org/10.
1073/pnas.1607436113

Paine KM, Ecclestone GB, MacDonald C. Fur4-mediated uracil-
scavenging to screen for surface protein regulators. Traffic.
2021;22(11):397-408. https://doi.org/10.1111/tra.12815

Palmer CS, Lou J, Kouskousis B, Pandzic E, Anderson AJ, Kang Y,
et al. Super-resolution microscopy reveals the arrangement of
inner membrane protein complexes in mammalian mitochon-
dria. J Cell Sci. 2021;134(13):jcs252197. https://doi.org/10.1242/
j€s.252197

Pedregosa F, Varoquaux G, Gramfort A, Michel V, Thirion B, Grisel
O, et al. Scikit-learn: machine learning in python. J Mach Learn
Res. 2011;12:2825-30.

Ricci MA, Manzo C, Garcia-Parajo MF, Lakadamyali M,
Cosma MP. Chromatin fibers are formed by heterogeneous
groups of nucleosomes in vivo. Cell. 2015;160(6):1145-58.
https://doi.org/10.1016/j.cell.2015.01.054

Schnitzbauer J, Strauss MT, Schlichthaerle T, Schueder F,
Jungmann R. Super-resolution microscopy with DNA-PAINT.
Nat Protoc. 2017;12(6):1198-228. https://doi.org/10.1038/nprot.
2017.024

Thompson KE, Bashor CJ, Lim WA, Keating AE. SYNZIP protein
interaction toolbox: in vitro and in vivo specifications of Het-
erospecific coiled-coil interaction domains. ACS Syn Biol. 2012;
1(4):118-29. https://doi.org/10.1021/sb200015u

Vicidomini G, Bianchini P, Diaspro A. STED super-resolved micros-
copy. Nat Methods. 2018;15(3):173-82. https://doi.org/10.1038/
nmeth.4593

Wombacher R, Heidbreder M, Van De Linde S, Sheetz MP,
Heilemann M, Cornish VW, et al. Live-cell super-resolution
imaging with trimethoprim conjugates. Nat Methods. 2010;
7(9):717-9. https://doi.org/10.1038/nmeth.1489

Wurm CA, Neumann D, Lauterbach MA, Harke B, Egner A,
Hell SW, et al. Nanoscale distribution of mitochondrial import
receptor Tom20 is adjusted to cellular conditions and exhibits
an inner-cellular gradient. Proc Natl Acad Sci U S A. 2011;
108(33):13546-51. https://doi.org/10.1073/pnas.1107553108

Zhu W, Yang X, Gou X, Fu S, Chen J, Gao F, et al. Nanoscale reor-
ganisation of synaptic proteins in Alzheimer's disease. Neuro-
pathol Appl Neurobiol. 2023;49(4):e12924. https://doi.org/10.
1111/nan.12924

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Bhaskar H, Gidden Z,
Virdi G, Kleinjan D-J, Rosser SJ, Gandhi S, et al.
Super-resolution imaging of proteins inside live
mammalian cells with mLIVE-PAINT. Protein
Science. 2025;34(2):€70008. https://doi.org/10.

1002/pro.70008



https://doi.org/10.1007/s00418-014-1186-1
https://doi.org/10.1007/s00418-014-1186-1
https://doi.org/10.1021/cb900272j
https://doi.org/10.1073/pnas.1301820110
https://doi.org/10.1073/pnas.1301820110
https://doi.org/10.1038/s43586-021-00038-x
https://doi.org/10.1038/s43586-021-00038-x
https://doi.org/10.1034/j.1600-0854.2003.00107.x
https://doi.org/10.1034/j.1600-0854.2003.00107.x
https://doi.org/10.1242/jcs.156620
https://doi.org/10.1038/nchem.1546
https://doi.org/10.1016/j.neuron.2013.03.009
https://doi.org/10.1002/smtd.202201181
https://doi.org/10.1002/smtd.202201181
https://doi.org/10.1021/acssynbio.7b00016
https://doi.org/10.1038/s42003-020-01188-6
https://doi.org/10.1038/s42003-020-01188-6
https://doi.org/10.1093/bioinformatics/btu202
https://doi.org/10.1073/pnas.1607436113
https://doi.org/10.1073/pnas.1607436113
https://doi.org/10.1111/tra.12815
https://doi.org/10.1242/jcs.252197
https://doi.org/10.1242/jcs.252197
https://doi.org/10.1016/j.cell.2015.01.054
https://doi.org/10.1038/nprot.2017.024
https://doi.org/10.1038/nprot.2017.024
https://doi.org/10.1021/sb200015u
https://doi.org/10.1038/nmeth.4593
https://doi.org/10.1038/nmeth.4593
https://doi.org/10.1038/nmeth.1489
https://doi.org/10.1073/pnas.1107553108
https://doi.org/10.1111/nan.12924
https://doi.org/10.1111/nan.12924
https://doi.org/10.1002/pro.70008
https://doi.org/10.1002/pro.70008

	Super‐resolution imaging of proteins inside live mammalian cells with mLIVE‐PAINT
	Abstract
	1  |  INTRODUCTION
	2  |  RESULTS
	2.1  |  101A/101B peptide pair can be used to image proteins in mammalian cells
	2.2  |  Increased spatial resolution allows detection of ``clutch´´‐like organization of H2B
	2.3  |  The dynamics of mitochondria can be captured using mLIVE‐PAINT

	3  |  DISCUSSION
	4  |  CONCLUSION
	5  |  MATERIALS AND METHODS
	5.1  |  Stable mammalian cell line generation and characterization
	5.2  |  Mammalian cell culture and transfection
	5.3  |  Live‐cell confocal microscopy
	5.4  |  TIRF microscopy and super‐resolution analysis

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


