Downloaded viaMPI BIOCHEMIE on October 29, 2020 at 15:15:29 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

License, which permits unrestricted use, distribution and reproduction in any medium,

This is an open access article published under a Creative Commons Attribution (CC-BY) Q

provided the author and source are cited.

NANO
; AUTHORCHOICE
+~ETTERS

pubs.acs.org/NanoLett

Peptide-PAINT Super-Resolution Imaging Using Transient Coiled
Coil Interactions

Alexandra S. Eklund,” Mabhipal Ganji,# Georgina Gavins, Oliver Seitz, and Ralf Jungmann™

Cite This: Nano Lett. 2020, 20, 6732-6737 I: I Read Online

ACCESS | m Metrics & More | Article Recommendations ‘ @ Supporting Information

ABSTRACT: Super-resolution microscopy is transforming research in the Peptide-PAINT 20-nm origami
life sciences by enabling the visualization of structures and interactions on the
nanoscale. DNA-PAINT is a relatively easy-to-implement single-molecule-
based technique, which uses the programmable and transient interaction of
dye-labeled oligonucleotides with their complements for super-resolution
imaging. However, similar to many imaging approaches, it is still hampered
by the subpar performance of labeling probes in terms of their large size and
limited labeling efficiency. To overcome this, we here translate the <
programmability and transient binding nature of DNA-PAINT to coiled

coil interactions of short peptides and introduce Peptide-PAINT. We

benchmark and optimize its binding kinetics in a single-molecule assay and

demonstrate its super-resolution capability using self-assembled DNA
origami structures. Peptide-PAINT outperforms classical DNA-PAINT in
terms of imaging speed and efficiency. Finally, we prove the suitability of
Peptide-PAINT for cellular super-resolution imaging by visualizing the microtubule and vimentin network in fixed cells.
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Recently developed super-resolution fluorescence micros- including nanobodies,” genetically encoded self-labeling tags
copy approaches allow researchers to characterize cellular (e.g, SNAP and Halo),"”"* small protein scaffolds (e.g,
structures on the nanoscale." A widely used super-resolution affimers or iris probes),">'® and aptamers.'”'® However, these

1rnplementat10n is single molecule localization microscopy methods fall short on delivering all prerequisites for an “ideal”
(SMLM),” which uses fluorophore blinking to enable probe, which are (1) site-specific target labeling, (2) smallest
subdiffraction resolution imaging. Blinking can be achieved label size, (3) highest labeling efficiency, and (4) multiplexing

using photoswitchable proteins or orgamc dyes as in capabilities. Recently, programmable designer peptides gen-
photoactivated localization microscopy (PALM)’ and stochas- erating coiled coil interactions have been identified as
tic optical reconstruction microscopy (STORM). In points potentially ideal probes for fluorescence microscopy with
accumulation in nanoscale topography (PAINT),” transient high specificity and small label size."””7** Furthermore, the use
binding interactions between freely diffusing dyes and their of heterodimeric orthogonal coiled coils should allow multi-
targets generate the required blinking pattern, making it easy to plexing applications.””*> The coiled coil motif involves a-
implement as photophysical switching of target-bound dye helical peptides that wrap around each other and form a
molecules from bright to dark states is not necessary. DNA- superhelix.26 An archetypical coiled coil-forming peptide

PAINT,’ an adaptation of this concept, uses short dye-labeled
DNA oligonucleotides that can transiently, yet sequence-
specifically, and repetitively interact with their target-bound
complementary strands. Advantages of this approach include
better than 5 nm spatial resolution®” and high multiplexin
capability using DNA-barcoded probes on targets of interest.
One of the main shortcomings of current super-resolution
microscopy approaches is due to suboptimal labeling probes
like antlbodles, which are large in size and have limited labeling
eﬂiaency While large probes introduce significant linkage
artifacts,' "' suboptimal binding efﬁaency may compromise
sensitivity and quantitative detection.'” To overcome some of
the limitations of antibodies, several different labeling probes
have been developed for super-resolution microscopy,

comprises repeats of heptad sequences (hxxhcxc) arranging
hydrophobic (h) and charged (x) amino acids residues in a
way that enables mutual recognition of “complementary”
peptide strands by means of hydrophobic and ionic
interactions (x could be any amino acid but proline).””*®

We envisioned that the use of heterodimeric coiled coils
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Figure 1. Characterization of transient coiled coil interactions using single-molecule imaging. (a) Schematic diagram depicting the single-molecule
imaging assay for characterizing Peptide-PAINT. A peptide coil (K22) is conjugated to a DNA strand (DBCO-SIHP3H, see Table S4) for
hybridization to a surface-bound complement. The strand on the coil is furthermore extended with a DNA-PAINT docking sequence for direct
visualization. (b) Representative single-molecule localization data resulting from DNA-PAINT (left, cyan), Peptide-PAINT (middle, red), and their
overlay (right) of a selected field of view. Zoom-ins highlight colocalization of DNA- and Peptide-PAINT. (c) Colocalization analysis (from DNA-
to Peptide-PAINT signals) yields 86 + 3% (mean and standard deviation) for the positive control and no colocalization for the negative control,
which lacks the K22 peptide (n > 1500). (d) Exemplary binding traces showing transient interactions of E19 with surface immobilized K22 and P3
binding to its corresponding docking strand (with highlighted bright and dark times 7, and 7,). (e) 7, and 7, distributions for E19 (n = 18938) and
P3 (n = 15544) and corresponding Gaussian fits (mean and standard deviation are stated). Scale bars: 300 nm (b, overview), 50 nm (b, zoom-ins).

enables a design in which one peptide serves as a landing hub
for transient interactions with a fluorescence-labeled imager
peptide. The mutual interactions between coiled coil peptides
are tunable,” potentially making them suitable for PAINT-
based super-resolution microscopy.

Here, we rationally redesigned the well-studied, hetero-
dimeric E/K coiled coil peptide pair’’~>* for transient binding
to be applicable for PAINT-type super-resolution microscopy
and named it Peptide-PAINT. We tuned the coiled coil affinity
by varying the length, achieving even faster association kinetics
compared to classical DNA-PAINT. The resulting coiled coil
pair of approximately 20 amino acids could considerably
decrease target-linkage error when genetically fused to a
protein of interest, furthermore leading to improved labeling
efficiency. We quantitatively characterized the kinetics as well
as labeling and imaging efficiency of Peptide-PAINT by single-
molecule imaging. We then used DNA origami structures to
demonstrate its suitability for super-resolution microscopy.
Finally, we successfully demonstrated Peptide-PAINT in cells
by super-resolving the microtubule and vimentin network.

B RESULTS AND DISCUSSION

The PAINT process requires a dynamic equilibrium between
bound and unbound states of the fluorescently labeled imager
probe. In DNA-PAINT, this is achieved when the transiently
formed duplexes have stabilities in the micromolar range (Kp
~ 1 uM). The interaction between the 21 amino acid (aa) lon%
E, and K; peptides previously used for protein imaging”®™”
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leads to a coiled coil complex with nanomolar stability (K =
20 nM, Figure S1). Aiming for the identification of a suitable
weaker affinity, we investigated the length dependence of
coiled coil stability (Figure S1). This analysis suggested that
complexes comprised of a 22 aa long E peptide and 19 or 18 aa
long K peptides provide stability characteristics (Kp ~ 81 nM
or Ky & 1.7 uM, respectively) suitable for PAINT.

Next, we developed a single-molecule imaging assay to
characterize the kinetics of coiled coil interactions between the
short peptides. In this assay, the 22 aa long K peptide (K22)
served as a docking coil, which was linked to a DNA strand
offering an additional docking site for DNA-PAINT. Hybrid-
ization with a second biotinylated-DNA strand allowed
immobilization on a poly ethylene-glycol (PEG) passivated
glass surface via biotin—neutravidin—biotin interactions
(Figure la). We first located the positions of immobilized
molecules via DNA-PAINT imaging of the P3 extension using
complementary Cy3B-labeled imager strands (Figure 1b).
After a washing step similar to Excha.nge-PAlNT,8 we then
performed Peptide-PAINT imaging via transient binding of
Cy3B-labeled imager peptides (E19) to the immobilized
complementary docking peptide (K22). A negatively charged
E19-Cy3B imager peptide was used akin to the DNA-PAINT
concept, where negatively charged imager strands bind to their
targets. This assay enabled us to precisely characterize the
kinetic properties and imaging efficiency of transient coiled coil
interactions in direct comparison to DNA-PAINT. The
multiplexed single-molecule data qualitatively showed a high
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Figure 2. Peptide-PAINT super-resolution imaging of 20 nm DNA origami grids. (a) DNA-PAINT data (cyan) of 20 nm-grids (inset: schematic
representation of 20 nm-grids with single-stranded extensions for DNA- and Peptide-PAINT, reminiscent of single-molecule assay in Figure 1). (b)
Peptide-PAINT image (red) of the same region. (c) DNA-PAINT sum image obtained from 100 individual DNA origami (left) and cross-sectional
histogram analysis of the localizations in the highlighted region. Gaussian fits yield the designed 20 nm-distances. (d) Corresponding Peptide-
PAINT analysis. Scale bars: 300 nm (a, b), S0 nm (¢, d). The experiment was repeated three times independently with similar results.

degree of colocalization between the immobilized DNA
extensions and that of the peptides (Figure 1b, see Figure S2
for whole field of view). To quantify Peptide-PAINT’s
efficiency, we performed a colocalization analysis from the
DNA- to the Peptide-PAINT signal, resulting in 86%
colocalization (Figure 1c). As expected, in the absence of the
K22 peptide on the surface-tethered DNA molecules, we
observed no Peptide-PAINT signal, indicating that there is no
unspecific interaction between the immobilized DNA and the
peptide imager (Figure S3).

We observed transient binding kinetics for Peptide-PAINT
imaging, similar to DNA-PAINT, indicating that these coiled
coil interactions are suitable for super-resolution imaging
(Figure 1d, see Table S1 for a binding kinetics overview),
yielding comparable localization precisions (3.6 nm for DNA-
PAINT and 4 nm for Peptide-PAINT). Intriguingly, time
traces of Peptide-PAINT qualitatively show more frequent
binding than DNA-PAINT for the same imager concentration.
Indeed, statistical analysis of bright and dark times for Peptide-
and DNA-PAINT demonstrated that the E19 imager peptide
manifests faster kinetics than its DNA-PAINT counterpart
(Figure le), with more than two-times higher association rates
(Peptide-PAINT average dark time = 30.0 = 0.9 s, DNA-
PAINT average dark time = 71.2 + S.5 s), ultimately leading to
faster image acquisition.”® In addition, in an inverse
configuration to what is presented in Figure la, we showed
that E22 docking peptides (immobilized on a surface) can be
imaged with K19 imager peptides with similar performance
(Figure S4). Peptide-PAINT was also tested in this inverted
configuration, in case a positively charged imager peptide
(such as K19-Cy3B) would be preferred in future studies. In a
negative control, where the surface-immobilized DNA
molecules lacked the E22 peptide, no detectable binding of
K19 imagers to the DNA was observed (Figure SS), once again
indicating that the coiled coil interactions are specific and do
not interact nonspecifically with DNA.

Similar to the imager-docking strand interactions in DNA-
PAINT, the binding (or bright) time of coiled coil interactions
are also tunable based on the length of the peptide coils.”*
Indeed, shortening the imager peptide by one amino acid (now
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called K18), resulted in a reduced bright time (59.8 + 1.6 ms)
compared to the 19 amino acid version (K19, 209.5 + 2.8 ms),
with similar dark times (Figure S6). In a negative control
lacking E22 peptide, no detectable binding of K18 imagers to
the DNA was observed (Figure S7). Due to the relatively short
bright times of the K18 imager (potentially advantageous for
live cell applications™”), single binding events lead to a reduced
number of collectable photons, resulting in suboptimal
localization precisions (8.5 nm for Peptide-PAINT with
K18) (Figure S6). Additionally, we note that coiled coil
interactions can be tuned””*® by modulating the sequence’’
and overall charge of the peptide pairs™* or the ionic strength
of the buffer.”® In fact, decreasing the salt concentration by half
yields an increased dark time (average dark time for S nM E19-
Cy3B imaging in a 0.5X PBS buffer is 57.3 + 1.6 s), whereas
increasing the salt concentration results in a reduced dark time,
thus increasing acquisition speed (average dark time for S nM
E19-Cy3B imaging in a 1X PBS buffer supplemented with 150
mM NaCl is 17.2 s + 3.6 s).

Next, we tested the achievable spatial resolution of Peptide-
PAINT in a more controlled setting using programmable, self-
assembled DNA nanostructures.””” We used 20 nm-grid
origami, decorated with DNA-conjugated K22 docking
peptides (Figure 2a), reminiscent of the single-molecule
assay described above. Using the origami platform, we were
able to image 20 nm-grid points with both DNA- and Peptide-
PAINT with similar spatial resolution (Figure 2b and c). We
used 100 origami structures for averaging (Figure 2d and
Figure S8) and performed a cross-sectional histogram analysis
on Peptide- and DNA-PAINT data, yielding the designed
distances for the 20 nm-grid structures. Interestingly, when
comparing the normalized number of localizations for both
cases, Peptide-PAINT yielded approximately 20% more
localizations, suggesting higher imaging efliciency compared
to DNA-PAINT. We note that this difference in efficiency is
unlikely to have originated from different accessibility of DNA
versus Peptide location, as both were designed with sufficient
spacing to the underlying DNA origami structure. In a negative
control, where the DNA origami lacked the K22 peptide, no
detectable binding of E19 imagers to the DNA nanostructures
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Figure 3. Peptide-PAINT super-resolution imaging of microtubules and vimentin in U20S cells. (a) Exemplary super-resolved Peptide-PAINT
image of microtubules labeled with primary and K22-conjugated secondary antibodies (inset: labeling scheme). (b) Representative super-resolved
Peptide-PAINT data of the vimentin network. (c) Zoom-ins of highlighted areas from (a) and (b). Scale bars: S um (a, b), 2 um (c). Each
experiment was repeated three times independently with similar results.

was observed (Figure S9). We observed similar performance
with K19 imager peptides and E22-decorated DNA origami
(Figures S10—S12).

We also performed super-resolution imaging with the
shorter K18 imager peptide on DNA origami with E22
docking peptides located at each corner of the origami (Figures
S13 and S14). We chose these—easier to resolve—four-
cornered structures to match the lower localization precision
and thus reduced spatial resolution of the K18 imager peptide
originating from its shorter binding time (Table S2).

Finally, we sought to demonstrate the ability of Peptide-
PAINT to image cellular protein structures. In a proof-of-
principle experiment, we chose microtubules and vimentin as
targets because of their unique and recognizable morphology.
For this, we labeled U20S cells with primary antibodies against
a-tubulin or vimentin, followed by incubation with K22-
peptide-conjugated secondary antibodies (inset in Figure 3a).
Subsequently, Peptide-PAINT imaging was performed with
E19 imagers. The reconstructed super-resolution images
clearly demonstrate the faithful visualization of the microtubule
(Figure 3a) and vimentin filament network (Figure 3b) with
high specificity and spatial resolution, similar to previous
DNA-PAINT imaging of those targets,w"%?”m’41 which were
not visible in the negative control (Figure S15).

B CONCLUSIONS

In conclusion, we developed Peptide-PAINT as a novel super-
resolution imaging modality that uses transient interactions of
short peptides. We have implemented a single-molecule assay
to quantitatively characterize the binding kinetics of these
programmable coiled coil interactions and observed that
Peptide-PAINT exhibits faster association kinetics compared
to classical DNA-PAINT, eventually allowing for faster
imaging. We furthermore demonstrated the spatial resolution
capabilities of Peptide-PAINT using DNA origami structures.
Interestingly, we found that Peptide-PAINT yielded an
approximately 20% improved imaging efficiency compared to
DNA-PAINT. In a proof-of-principle experiment, we showed
the applicability of Peptide-PAINT for cellular imaging by
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targeting the microtubule and vimentin network using primary
and peptide-conjugated secondary antibodies.

We anticipate exciting future applications for Peptide-
PAINT based on its improved imaging efliciency and speed
compared to classical DNA-PAINT. The speed of Peptide-
PAINT could be further increased by changing the salt
concentration of the buffer’ or potentially by increasing the
numbers of heptad repeats on the docking strand in
combinations with a shorter peptide, similarly to recent
speed improvements in DNA-PAINT." Alternatively, Pep-
tide-PAINT kinetics could be fine-tuned for future applications
by varying the sequence of the peptide pairs or the length of
the imager peptide. Furthermore, Peptide-PAINT could be
extended for multiplexing by adapting orthogonal coiled coil
pairs, which have been reported in the literature,”* and testing
them on our combined single-molecule and DNA origami
characterization platform. We anticipate a multiplexing
capability of at least six targets from orthogonal coiled coil
pairs previously tested in cells.”> Due to the small size of the
docking peptide, we expect that a genetically encoded peptide
tag would be easier to clone and express while causing only
minimal distortion to the physiological protein function, in
contrast to a larger tag such as GFP (green fluorescent
protein). Finally, with the combination of a short imager
peptide, we also foresee that Peptide-PAINT will enable
highest resolution and labeling efficiency by reducing the
linkage error to a minimum and become the preferred labeling
strategy for super-resolution microscopy.
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