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ABSTRACT: Fluorescence microscopy enables specific visualiza- Direct fusion

tion of proteins in living cells and has played an important role in

our understanding of the protein subcellular location and function. Mem?r?ne

Some proteins, however, show altered localization or function when el —)
labeled using direct fusions to fluorescent proteins, making them

difficult to study in live cells. Additionally, the resolution of

fluorescence microscopy is limited to ~200 nm, which is 2 orders of | |VE-PAINT

magnitude larger than the size of most proteins. To circumvent these

challenges, we previously developed LIVE-PAINT, a live-cell super- Membrane -—)
resolution approach that takes advantage of short interacting protein =

peptides to transiently bind a fluorescent protein to the protein-of- Interacting

interest. Here, we successfully use LIVE-PAINT to image yeast peptides

membrane proteins that do not tolerate the direct fusion of a
fluorescent protein by using peptide tags as short as S-residues. We also demonstrate that it is possible to resolve multiple proteins at
the nanoscale concurrently using orthogonal peptide interaction pairs.

KEYWORDS: membrane protein, protein—protein interaction, super-resolution microscopy, live-cell imaging, LIVE-PAINT, yeast

he ability to visualize proteins in their native cellular
environment using direct genetic fusion to a fluorescent
protein (FP) has revolutionized cell biology. Unfortunately,
not all proteins tolerate fusion to a FP, and can mislocalize or
malfunction.”” One class of proteins that are frequently
perturbed are yeast membrane transporter proteins, which
show little or no localization to the plasma membrane when
green fluorescent protein (GFP) is directly fused to their C-
terminus.”” The highly abundant proton pump Pmal, for
example, is well-known to localize to the plasma membrane;*~*
however, Pmal tagged with GFP at the C-terminus primarily
localizes to the vacuole.”* Another easily perturbed protein in
yeast is the nicotinic acid transporter Tnal, which is retained
in the endoplasmic reticulum rather than localizing to the
plasma membrane when tagged at the C-terminus with GEP.’
Imaging protein subcellular localization using fusions to FPs
or other fluorescence techniques also has the drawback that the
resolution is restricted to ~200 nm due to the diffraction of
light, unless a super-resolution (SR) technique is used.'’~"* SR
microscopy is an umbrella term for techniques that either
illuminate a region of the sample smaller than the diffraction
limit or use stochastic activation of fluorophores to enable the
identification and precise localization of single emitters."” Most
SR techniques are challenging to apply to live-cell imaging,
however, stimulated emission depletion (STED),"" reversible
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saturable optical fluorescence transition (RESOLFT);'*
structured illumination microscopy (SIM);'°® and some
single-molecule localization microscopy (SMLM) approaches,
such as photoactivated localization microscopy (PALM),"”
have been used to obtain SR images of proteins in live cells.
For a comprehensive overview of live-cell SR techniques, see
Godin, Lounis, and Cognet, 2014.'6

Furthermore, SR imaging of more than two proteins in live
cells remains challenging unless SIM is used, but the
improvement in resolution relative to diffraction limited
imaging is only around 2-fold.'” Halo,"® SNAP," and
CLIP* are orthogonal protein tags can be used to label
proteins with exogenously added fluorescently labeled ligands
and have been used for two-color SR microscopy in living
cells.”'~** Three color SR imaging has been achieved in live
cells by combining PALM with direct stochastic optical
reconstruction microscopy (dSTORM).** However, both of
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Figure 1. Membrane transporter proteins tolerate peptide fusions better than direct fusion to a FP. (ai) Membrane protein (purple) directly fused
to a FP (green) often mislocalizes to the vacuole (light blue oblong shape) or cytoplasm rather than locating to the plasma membrane (gray). (aii)
Diffraction-limited TIRF images of three different membrane transporter proteins labeled by directly fusing mNG to their C-terminus. Scale bar is 2
pm and all images have the same dimensions. (bi) Membrane proteins fused to one-half of a coiled-coil peptide (light blue rod) are less likely to
mislocalize and can be imaged using the other half of the coiled-coil peptide (dark blue rod) fused to a FP. (bii) Diffraction-limited TIRF images
the same three membrane transporter proteins tagged using the 101A/101B coiled coil pair: one-half is fused to the C-terminus of the membrane
protein, and the other half is fused to mNG and expressed in vivo. Scale bar is 2 ym and all images have the same dimensions.

iv. Bottom

Figure 2. Membrane proteins imaged using the peptide tagging approach show a fluorescent signal at the plasma membrane in live cells. (a)
Diffraction-limited TIRF images of membrane transporter proteins tagged with the 101B peptide at their C-terminus and imaged by coexpressing
101A-mNG. Scale bar is 2 ym and all images have the same dimensions. (bi) Schematic representation of z slices through a yeast cell shown in (bii)
- (biv). Glass slide represented by the blue band and an eye showing the view from above. (bii—biv) Top, middle, and bottom z slices of Pmal—
101B imaged by coexpressing 101A-mNG acquired using an Airyscan microscope. Scale bar in part bii is 2 gm and all images bii—biv have the same
dimensions.

these multicolor strategies and most other live-cell SR
techniques use FPs (~25 kDa) or large protein tags (33 kDa
for HaloTag and ~20 kDa for SNAP-tag and CLIP-tag) to
label the protein being studied, which can be detrimental to
normal localization and function. Peptide based point

10634

accumulation for imaging in nanoscale topography (PAINT)
approaches offer a solution to the large tags often necessary for
live-cell SR microscopy but have so far only been used to
image proteins on the surface of live cells or to image internal
structures in fixed cells.”> ™’
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Figure 3. Live cell imaging of membrane proteins using LIVE-PAINT measures protein localization with nanometer precision. (a) Diffraction-
limited and super-resolution LIVE-PAINT images for four representative membrane transporter proteins; Ato3, Bap2, Dip$5, and Pmal. For these
proteins, 101B is fused to the C-terminus and imaged by coexpressing 101A-mNG. Scale bars are 2 um for full-cell images and 250 nm for zoom
ins. Full-cell LIVE-PAINT images are shown in Figure SS. (b—e) Box plots showing the mean value for (b) percent of localizations at the
membrane, (c) distance to the nearest cluster, (d) cluster eccentricity, and (e) maximum cluster length for each cell imaged. Ato3 (n = 4 cells),

Bap2 (n = 15 cells), DipS (n = 6 cells), and Pmal (n = 13 cells).

We have recently developed a live-cell SR imaging method
that can be applied to proteins that do not tolerate a direct
fusion to a FP. Rather than directly fusing the protein-of-
interest to a FP, Live cell Imaging using reVersible intEractions
Point Accumulation for Imaging in Nanoscale Topography
(LIVE-PAINT) uses noncovalent transient interactions
between a peptide fused to the target protein, and the binding
partner of the peptide fused to a FP.”® The use of the small
peptide tag (<S kDa) renders this approach less perturbative
than direct FP fusions. Here, we demonstrate that LIVE-
PAINT can be used to locate a variety of difficult-to-image
membrane proteins in yeast with nanometer precision. For

10635

proteins that are particularly sensitive to modifications, we
show that it is possible to implement LIVE-PAINT on proteins
tagged with only a S-residue peptide (<1 kDa).

Furthermore, using multiple orthogonal peptide—peptide
interaction pairs and FPs with different emission wavelengths,
we image two membrane-associated proteins simultaneously
with nanometer precision. Although we demonstrate this
functionality using membrane-associated proteins here, we
expect that LIVE-PAINT will enable us to visualize any
difficult-to-label protein at the nanometer length scale.
Additionally, LIVE-PAINT can be performed using any bright
FP, unlike PALM, which requires photoactivatable or photo-

https://doi.org/10.1021/acs.nanolett.3c03780
Nano Lett. 2023, 23, 10633—-10641
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convertible FPs.'> This means that LIVE-PAINT has access to
a much larger array of FPs, with varied absorption and
emission spectra; this makes LIVE-PAINT an ideal SR method
for tagging and imaging multiple target proteins concurrently.

B SMALL PEPTIDE TAGS ENABLE VISUALIZATION
OF FUSION-SENSITIVE MEMBRANE PROTEINS

Rather than relying on the genetically encoded fusion of full-
length FPs to target proteins, LIVE-PAINT uses a peptide—
peptide interaction pair to noncovalently and transiently
associate a FP with the protein-of-interest (Figure lai,bi).
We hypothesized that the fusion of a small peptide tag to the
target protein would be less perturbative to the localization or
function of the protein than direct fusion to a FP, and we
therefore sought to apply LIVE-PAINT to image membrane
proteins that mislocalize or have proven difficult to visualize
when directly fused to GFP.

We first selected a set of Saccharomyces cerevisiae membrane
transporter proteins that either accumulate at the vacuole or
cannot be visualized upon direct fusion to GFP." Other
researchers have previously carried out diffraction limited
imaging of membrane proteins by labeling the target protein
with a coiled-coil oriented outside of the cell and introducing
the partner peptide in the imaging buffer so we anticipated our
LIVE-PAINT approach would be feasible.”” We fused the
coiled-coil peptide 101B to the C-terminus of each of these
membrane proteins; the C-terminus for each of these proteins
is predicted to be cytoplasmic.”® We also integrated a gene
encoding the coiled-coil peptide 101A fused to mNeonGreen
(mNG) into the genome driven by the galactose-inducible
promoter pGALL,” replacing the GAL2 gene in the process.
Chen et al. designed the 101A/101B leucine zipper coiled-coils
and showed that they interact with an estimated Ky of ~200
nM in the cytosol of live yeast.”'

When imaged using total internal reflection fluorescence
(TIRF) microscopy, membrane proteins tagged using the
LIVE-PAINT system appear as a ring around the periphery of
the cell (Figure 1bii). However, this does depend on the
orientation of the yeast on the slide, the TIR angle, and the z
plane used for imaging.

We subsequently used LIVE-PAINT to image a collection of
12 plasma membrane proteins that have been reported to
exhibit partial or complete mislocalization when directly fused
to GFP in yeast (Figure 2a).* For the negative control, 101A-
mNG expressed in yeast in the absence of a target protein
fused to 101B, we did not observe more than background
fluorescence at any specific location within the cell, including
at the plasma membrane (Figure S4). In addition, we
demonstrate that the function of the protein is not impaired
by tagging with 101B for LIVE-PAINT imaging for three of
these strains (Figures S2 and S3). We found that the success of
this approach does not depend on the abundance of the
membrane protein, although there is generally improved
contrast between the membrane signal and background signal
for more abundant proteins (see Table S1 for approximate
abundance and Figure 2a). We believe that this effect is
because the fraction of FP bound to the target protein should
increase as the concentration of target protein increases.

To demonstrate that this technique was compatible with
other widely available microscopy techniques, we used LIVE-
PAINT to image Pmal in different planes through the yeast
cell using a Zeiss LSM880 confocal microscope with Airyscan
(Figure 2b). This also enabled a 3D rendering of the

distribution of Pmal throughout the entire cell (Video S1).
Clear plasma membrane signal with minimal internal signal is
observed in the plane that cuts through the middle of the cell
(Figure 2biii). In both planes that cut through the membrane
at the top and bottom of the cell, regions where Pmal is
excluded can be clearly observed (Figures 2bii and 2biv). This
is consistent with the network-like distribution, exclusive of the
membrane compartment of Canl domains or eisosomes,
which has previously been described for Pmal. This is
expected as Pmal is known to be arranged in microcompart-
ments at the membrane.*”

B SUPER-RESOLUTION IMAGING OF MEMBRANE
PROTEINS REVEALS CLOSELY SPACED PROTEIN
CLUSTERS

We next selected four membrane transporter proteins that
showed clear localization at the plasma membrane when
tagged using 101A/101B for super-resolution imaging using
LIVE-PAINT (Figure 3a). In less than two min of data
acquisition for Pmal, LIVE-PAINT led to 367 =+ 315
localizations (mean + SD, n = 15 cells) with a precision of
10.7 + 04 nm (mean = SD, n = 15 cells), leading to a
resolution of 67.3 + 13.4 nm (mean + SD, n = 15 cells)
(calculated using Fourier Ring Correlation (10 Brink, T.
RustFRC [Computer software]) (see Table S2 for a summary
of resolution, precision, and number of localizations achieved
for each protein presented in Figure 3). Although not our focus
in this work, it is possible to extend the imaging time beyond 2
min to obtain a higher number of localizations (Figure $9).2®8

The success of the labeling strategy was measured by
quantifying the percentage of localizations at the membrane
(Figure 3b). We found that 60%, 70%, 67%, and 82% of total
localizations were at the membrane for Ato3, Bap2, Dip$§, and
Pmal, respectively. The resulting images revealed clusters of
localizations spaced less than 200 nm apart (Figures 3c and
S6a). We were also able to measure the eccentricity (Figures
3d and S6b) and maximum cluster length (Figure 3e and S6c)
for the clusters detected. We found that most of the clusters
were elliptical, with eccentricity values close to 1, which is
expected, as they are bounded in one axis by the width of the
membrane. These protein clusters are too small, approximately
36 nm in length, and are spaced too close to one another to be
distinguished by diffraction-limited microscopy. This highlights
the importance of imaging such proteins using SR methods, as
such detailed information about their arrangement would not
be possible to measure with other techniques.

B A FIVE-RESIDUE FUSION TAG IS SUFFICIENT TO
ENABLE LIVE-CELL SUPER-RESOLUTION IMAGING

Although most proteins will tolerate fusion to a S kDa peptide
tag, sometimes this may be too large, and we therefore sought
to demonstrate LIVE-PAINT with a shorter peptide tag. For
this purpose, we selected the S-residue KQTSV peptide that
binds reversibly to the 11 kDa protein PDZ3. To test this
system, we fused KQTSV to the endogenous septum protein
Cdcl12 and coexpressed PDZ3 protein fused to mNG under
the galactose inducible promoter (Figure S11). While it was
possible to observe some fluorescence at the septum
(diffraction-limited and LIVE-PAINT images shown in Figure
S11b), there was also significant background fluorescence in
the cell, and the spatial resolution was lower than expected
(269 + 108 nm, mean + SD, n = § cells). We reasoned that

https://doi.org/10.1021/acs.nanolett.3c03780
Nano Lett. 2023, 23, 10633—-10641
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Figure S. LIVE-PAINT can be used to image two proteins in live cells, concurrently, with nanometer precision. (a) Schematic representation of the
LIVE-PAINT labeling strategy used to image Arc35 and Pill simultaneously. The orthogonal peptide pairs 101A/101B and 108A/108B were used
to label Arc3S and Pill with mNG and mCherry, respectively. (b) Diffraction-limited and SR images of Arc35 (green) and Pill (magenta)
simultaneously imaged using the LIVE-PAINT. Scale bars are 2 ym for full-cell images and 250 nm for zoom ins. (c) Histogram showing the
distance between each Pill cluster and its closest Arc35 cluster in the same cell (n = 6 cells).

this was due to the low affinity of the KQTSV/PDZ3 system After establishing the feasibility of using the 2xPDZ3/
(Kp 670 + 110 nM, mean =+ SD, 1 = 2, see Figure $12),”* and KQTSV protein—peptide pair for LIVE-PAINT imaging, we
we therefore trialed tagging mNG with two tandem repeats of used this interaction pair to image two more proteins: Pmal,
the PDZ3 protein, in an approach analogous to that utilized which is not amenable to direct fusions to GFP, and Pill,
with DNA-PAINT to enhance the signal-to-background which is a membrane-associated protein (Figure 4). Similar to
ratio.”* Tt is worth noting that this approach does not change the 101A/B peptide pair, imaging using the 2xPDZ3/KQTSV
the Kp, we measured the Ky, for the KQTSV/2xPDZ3 system interaction pair produces clear plasma membrane localizations
to be the same as the 1xPDZ system (680 + 170 nM, mean =+ for both Pmal and Pill with very little internal signal for both
SD, n = 3, see Figure S12). As expected, this led to clearer the diffraction-limited and SR images (Figure 4b,c). To
images of the septum (Figure S11b), and a higher resolution quantify the success of the labeling strategy, the percentage
was obtained (123 + 37 nm, mean + SD, n = 14 cells) of the membrane specific to total localizations was calculated
(imaging of Cdcl2 using 101A/B and the negative control for each protein (Figure 4d). On average, for Pmal, 83% of
with 2xPDZ3 only is also shown in Figure S11). localizations were at the membrane and for Pill 74% of
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localizations were membrane specific. See Table S3 for a
summary of the resolution, precision, and number of
localizations achieved for Pmal and Pill imaged with the
2xPDZ3/KQTSV protein-peptide pair. The success of this
labeling approach demonstrates the generalizability of LIVE-
PAINT: other interaction pairs, not only 101A/101B, can be
used to achieve clear labeling of membrane proteins that
mislocalize when directly fused to GFP.

B LIVE-PAINT ENABLES SIMULTANEOUS LIVE-CELL
SUPER-RESOLUTION IMAGING OF TWO
PROTEINS

As two-color live-cell SR imaging is challenging with current
methods and often requires a direct fusion to an FP, we sought
to use LIVE-PAINT to image two proteins simultaneously in
live cells. We chose to image two plasma membrane associated
proteins, Arc3S and Pill, which are predicted to be close
together but not localized to the same structures. Arc35 is a
component of actin patches and assists in the organization of
actin to facilitate endocytosis®> and Pill is a BAR domain
protein that facilitates the formation of eisosome subdomains
of the plasma membrane,’® which are associated with sites of
protection from endocytosis.”” We used two leucine zipper
coiled-coils, 101A/101B and 108A/108B, that have previously
been shown to be orthogonal,31 to C-terminally tag Arc35 and
Pill, respectively (Figure 5a).”' 101A fused to mNG was
integrated into the genome and expressed under the galactose
inducible promoter, pGAL1, as before, and 108A fused to
mCherry was also integrated into the genome and expressed
under the same promoter.

The SR images generated show that Arc3S and Pill are
arranged in clusters with little to no overlap between the two
proteins (Figure Sb). We achieved a resolution of 83 + 22 nm
(mean + SD, n = 6 cells) with mNG and 68 + 24 nm (mean +
SD, n = 6 cells) with mCherry (10 Brink, T. RustFRC
[Computer software]) (see Table S4 for a summary of
resolution, precision and number of localizations achieved for
Arc3S and Pill in Figure S). For each Pill cluster, we
calculated the distance to the nearest Arc35 cluster (Figure Sc)
and found that all of the nearest clusters were closer than the
diffraction-limit of light (210 nm), meaning that they would
not be spatially distinguished using standard fluorescence
microscopy. This demonstrates the value of using a live-cell SR
imaging technique for concurrent imaging of proteins such as
Arc35 and Pill that localize near each other in the cell.

B CONCLUSIONS AND DISCUSSION

We have demonstrated that proteins sensitive to direct fusion
to GFP can be fused to a small peptide and imaged in live cells
using the binding partner of the peptide fused to a FP. We
used membrane transporter proteins as an example class of
proteins that are generally sensitive to direct fusion to GFP and
show that they generally tolerate fusion to a small (<$ kDa)
peptide and subsequent LIVE-PAINT imaging. Our approach
clearly recovers the expected localization of the tagged protein
in 12 membrane transporter proteins we tagged and imaged.
We also carried out 3D imaging on one of the membrane
proteins, Pmal, using a peptide tagging approach. Additionally,
we have also demonstrated that we can perform LIVE-PAINT
SR imaging of multiple proteins in yeast, both separately and
simultaneously using two orthogonal peptide—peptide inter-
action pairs.
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We expect this approach to be broadly useful for tagging and
imaging proteins sensitive to direct fusions to a FP. Here, we
have demonstrated the use of LIVE-PAINT for imaging yeast
membrane transporter proteins, but the small size of the
peptides used relative to a FP suggests that this approach will
be useful for visualizing other difficult-to-label proteins.”***’
We note that while we successfully used LIVE-PAINT to
image membrane proteins with a variety of abundances, we
generally found that higher abundance proteins produced
images with a clearer membrane signal. In our previous work,
we have shown that, like other PAINT-based methods, LIVE-
PAINT enables long imaging times through replenishment of
imaging strands.”**” For low abundance proteins, it may be
beneficial to extend imaging times to obtain a higher number
of total localizations.

In addition to showing that our peptide tagging approach
can be less perturbative to the localization of the target protein,
we showed that the binding affinity of the interaction of
peptide—peptide or peptide—protein pairs was important for
successful LIVE-PAINT imaging. Through this work and our
previous work, we have found that interaction pairs with a
binding affinity between 1 and 300 nM work well;*® however,
here we also show that weaker binding pairs can potentially be
used if the number of binding sites available on the imaging
strand is increased. For proteins that do not tolerate a S-
residue-tag it is also possible to use the imaging strand to
directly label the protein target in a technique called direct-
LIVE-PAINT.*" However, this approach is less universal than
LIVE-PAINT as it relies on the generation or presence of
existing peptide probes that bind directly to the endogenous
target protein with appropriate kinetics for LIVE-PAINT.

Finally, we demonstrate that LIVE-PAINT can be used to
image two targets simultaneously in live cells. This approach
could be used to carry out live-cell colocalization studies on
proteins that do not tolerate direct fusions and to investigate
colocalization at resolutions higher than the diffraction-limit of
light. Two-color imaging using E/K coiled-coil interaction
pairs has also been demonstrated by Eklund and Jungmann in
fixed mammalian cells.*” To date, we have used 5 different
interaction pairs for LIVE-PAINT imaging: the protein-peptide
interaction pairs TRAP4/MEEVF and 2xPDZ3/KQTSV, and
the peptide—peptide interaction pairs SYNZIP17/SYNZIP18,
101A/B and 108A/B.”® The diversity of interaction pairs
suitable for LIVE-PAINT illustrates the broad potential of this
approach for tagging and imaging proteins sensitive to direct
fusions to FPs. Similarly, the growing set of orthogonal
interaction pairs that we have shown to be suitable for LIVE-
PAINT reveals the potential for simultaneous live-cell SR
imaging of multiple proteins; here, we demonstrate this with
two proteins, but we envision that simultaneous LIVE-PAINT
imaging of three or more proteins is also possible.

B ASSOCIATED CONTENT
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Movie of a 3D rendering of Pmal labeled using LIVE-
PAINT (Video S1) (AVI)
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impaired by tagging with a peptide for LIVE-PAINT
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(Figures S2 and S3); negative control for LIVE-PAINT
imaging with 101A-mNeonGreen and 2xPDZ3-mNeon-
Green (Figures S4 and S11, respectively); comparison of
LIVE-PAINT imaging with 101A, 1xPDZ3, or 2xPDZ3
fused to mNeonGreen (Figure S11); full-cell super-
resolution images of proteins imaged using LIVE-
PAINT (Figure SS and S13); supporting analysis of
protein clusters (Figures S6 and S7); histograms of
photon counts for images presented in Figure 3 (Figure
S8); representative plots to show localization classi-
fication as membrane, cellular or external (Figures S10
and S14); quantification of localizations detected during
LIVE-PAINT imaging (Figure S9); graphs of diffusion
lag time used to measure the binding kinetics of 1xPDZ3
and 2xPDZ3 with the KQTSV peptide (Figure S12); list
of proteins imaged in this study (Table S1); summary
statistics for all super-resolution images (Tables S2—S4);
constructs used to measure the binding kinetics of the
PDZ peptides (Table SS); list of primers used in this
study (Tables S6 and S7); and list of yeast strains used
in this study (Table S8) (PDF)
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B ABBREVIATIONS

FP, fluorescent protein; GFP, green fluorescent protein; SR,
super-resolution; STED, stimulated emission depletion;
RESOLFT, reversible saturable optical fluorescence transition;
SIM, structured illumination microscopy; SMLM, single-
molecule localization microscopy; PALM, photoactivation
localization microscopy; PAINT, point accumulation for
imaging in nanoscale topography; dSTORM, direct stochastic
optical reconstruction microscopy; LIVE-PAINT, live cell
imaging using reversible interactions point accumulation for
imaging in nanoscale topography; mNG, mNeonGreen; TIRF,
total internal reflection fluorescence; DL, diffraction-limited
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