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Abstract

DNA-PAINT is a powerful super-resolution microscopy method that can acquire high-fidelity
images at nanometer resolution. It suffers, however, from high background and slow imaging
speed, both of which can be attributed to the presence of unbound fluorophores in solution. Here
we present 2-color fluorogenic DNA-PAINT which uses improved imager probe and docking
strand designs to solve these problems. These self-quenching ssDNA probes are conjugated with
a fluorophore and quencher at the terminals, which permits an increase in fluorescence by up

to 57-fold upon binding and unquenching. In addition, the engineering of base pair mismatches
between the fluorogenic imager probes and docking strands allowed us to achieve both high
fluorogenicity and the fast binding kinetics required for fast imaging. We demonstrate a 26-fold
increase in imaging speed over regular DNA-PAINT and show that our new implementation
enables 3D super-resolution DNA-PAINT imaging without optical sectioning.
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2-color fluorogenic DNA-PAINT introduces self-quenching, kinetics-optimized probe designs.
This approach improves imaging speed by 26-fold and eliminates the need for optical sectioning.
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Introduction

Single-molecule localization microscopy (SMLM) has become an invaluable tool in
biological research, revealing subcellular structure and function at ten or more times the
resolution of conventional fluorescence microscopy 1. Among SMLM techniques, DNA-
based points accumulation for imaging nanoscale topography (DNA-PAINT) microscopy
is becoming increasingly popular because of the high-quality images that can be obtained
with relative ease 272, DNA-PAINT, in contrast to the other techniques, does not rely on
light to switch fluorescent molecules between “visible’ and ‘invisible” states 2. Instead,

it takes advantage of transient DNA binding to achieve the same switching or ‘blinking’
effect. Single-stranded DNA (ssDNA) ‘docking strands’ attached to a biological structure
of interest are individually highlighted as they capture an ‘imager probe’, a complementary
ssDNA molecule linked to a fluorophore, from a diffusing pool.

There are several advantages to this approach: (1) Binding-based blinking frequency is
proportional to the imager probe concentration and is therefore easily adjustable (see Suppl.
Note 2) 2. (2) Fluorophores and buffers are not limited to those suitable for photophysical
blinking and can be chosen to allow for maximum brightness and thereby best localization
precision 2 6. (3) DNA-PAINT is robust against photobleaching as bleached probes are
replenished from the large reservoir of probes in solution °. (4) Sequential multiplex
imaging is possible with the use of multiple pairs of orthogonal imager/docking strands ’.
(5) DNA-PAINT can take advantage of the powerful toolbox available for /n vitro DNA
technology, for example creating libraries of fluorescence /n situ hybridization (FISH)
probes for OligopDNA-PAINT #, using photoreactive nucleosides for Action-PAINT 8, or
labeling via click-chemistry reactions .

However, the use of transient chemical binding-based switching is also responsible for the
greatest weakness of DNA-PAINT: unbound imager probes can contribute massive amounts
of background fluorescence, which drowns out the signal peaks of individual bound probe
molecules. To minimize background, early DNA-PAINT realizations therefore relied on low
probe concentrations and the use of total internal reflection fluorescence (TIRF) to minimize
illumination volume 10, Consequently, DNA-PAINT was limited to imaging regions within
a few hundred nanometers of the coverslip. Using a spinning disk confocal microscope,
regions deeper in a cell could be imaged, but at the cost of a compromise in resolution,
caused by lower detected photon numbers per blinking event 11. The constraint on probe
concentration to typically less than 5 nM also limits the number of blinking events per
second, leading to slow imaging speeds. This problem can be mitigated to some extent by
increasing the rate constant of an imager probe binding a docking strand, kpp, as recently
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demonstrated 12 13, While these publications showed super-resolution images acquired in
minutes instead of hours, they still required TIRF to keep background low.

None of these approaches, however, solve another background-related problem: at high
camera frame rates, as required for fast imaging, exposures are so short that unbound
molecules are no longer blurred by diffusion. These molecules will appear as local
fluctuations in background and, at worst, erroneous binding events.

To address both background-related issues requires a reduction in the molecular brightness
of the diffusing unbound probes. Recently, two groups introduced Forster resonance energy
transfer (FRET)-based DNA-PAINT to achieve this effect 14-16. Donor and acceptor
fluorophores were conjugated to separate imager probes; only when they coincidentally
bind to the same docking strand will donor excitation lead to acceptor emission (Fig. laii).
Unfortunately, the demonstrated localization precision was substantially worse than for
regular DNA-PAINT, failing the ‘gold standard’ of resolving the hollow center of labeled
microtubules. This reduction in image quality can be attributed to FRET DNA-PAINT
being fundamentally limited by the trade-off between maximizing energy transfer efficiency
for bright blinking events and minimizing excitation and emission crosstalk to reduce
background.

High background fluorescence therefore remains a substantial problem in DNA-PAINT and
severely limits its application: it has not yet been possible to image whole cells in 3D

using DNA-PAINT without optical sectioning. Even with optical sectioning, compromises
are made between quality and speed, requiring either imaging for hours at low probe
concentration to acquire high-quality DNA-PAINT images or for minutes at high probe
concentration at the risk of undersampling, resolution loss, the introduction of artifacts from
too many molecules blinking at once and high, inhomogeneous background.

In this study, we improved upon current designs in imager probe and docking strands to
develop fluorogenic DNA-PAINT. We show a 26-fold increase in imaging speed by imaging
DNA origami nanostructures and immunolabelled microtubules. 3D super-resolution images
of microtubules and mitochondria acquired throughout whole mammalian cells demonstrate
that fluorogenic DNA-PAINT does not require optical sectioning. We further present the
development of two orthogonal sets of imager probes and docking strands which allowed us
to perform simultaneous 2-color fluorogenic DNA-PAINT imaging.

Imager probe and docking strand design

Here we introduce fluorogenic DNA-PAINT to overcome these limitations. Our
implementation is based on modifications in the design of the imager probe and docking
strand so that the probe is dark when in solution and bright when bound to a docking
strand, while still achieving fast binding kinetics required for fast image acquisition (Suppl.
Notes 3). This development enables us to perform high-quality DNA-PAINT imaging
without compulsory optical sectioning. It also allows us to substantially increase the probe
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concentration and record blinking events at 100 frames per second (fps), with negligible
compromises in localization precision.

Our goal was to implement fluorogenic DNA-PAINT without sacrificing the many benefits
of regular DNA-PAINT. To maintain resilience against photodamage, any photosensitive
component should reside solely in the probes so that any damaged probes can be quickly
replaced. Furthermore, a single probe system would be desirable to keep binding kinetics
simple and avoid the need to titrate probe ratios.

At first glance, molecular beacons (Fig. laiii) might serve this purpose as they are highly
fluorogenic 17. However, their fluorogenicity is maximized by sacrificing binding kinetics
which makes them incompatible with DNA-PAINT. They have a slow binding on-rate as
they are stabilized with a stem-loop in their unbound state (~5 bp, Aoy < 104 M~1s71),

and have an effectively zero off-rate after binding their target (> 15 bp, off-rate << 1 s71)
18 FRET DNA-PAINT provided an interesting mechanism for a pseudo-fluorogenic effect
based on spectral shift where acceptor fluorescence emission is only observed upon probe
binding 14 16, While faster binding kinetics can be achieved compared with molecular
beacons, their fluorogenicity is limited due to FRET inefficiency and fluorophore crosstalk.
To avoid these pitfalls, we developed fluorogenic DNA-PAINT based on self-quenching
imager probes and partially mismatched docking strands to achieve both high fluorogenicity
and fast binding kinetics (Fig. 1aiv).

Our probes, similar to molecular beacons, are conjugated with a fluorophore and a quencher
at the terminals (Ext. Data Fig. 1). Unbound ssDNA is highly flexible which allows the
fluorophore and quencher to be in close proximity and results in strong quenching. In
contrast, when bound to its complementary strand, the resulting dsDNA takes the form of
a rigid double helix and the terminals are spatially separated to minimize quenching. This
effect requires a long stretch of a rigid probe of about 15 or more bases (0.34 nm per base
along helical axis versus a Forster radius between the quencher and fluorophore of ~6 nm)
19 However, this conflicts with our need to achieve high off-rates for fast DNA-PAINT
imaging, which demands 10 or less complementary base pairs between the imager probe
and docking strand. We solved this dilemma by designing docking strand sequences with
internal mismatches against a long 15-bases imager probe which destabilize the binding
for a faster off-rate (Ext. Data Fig. 2). The second probe we designed in this manner was
further optimized by selecting an effective contact quencher to further mitigate the need for
a long probe (imager probe B; ATTO 643 / lowa Black FQ). Additionally, the probes were
designed without a self-complementary sequence (or ‘stem’ in molecular beacons) to avoid
stabilizing the free imager probes in their quenched form 18,

The biggest advantage of using DNA for PAINT is that oligonucleotides are highly
programable and their secondary structures, based on complementary base pairing, are
predictable. To select suitable docking strands, we employed computational screening based
on a number of predicted parameters (Biopython 20 and NUPACK 2! see Suppl. Note 3
and Suppl. Table 3) including melting temperature and low probability of self-dimerization.
Unfortunately, it is difficult to predict unquenching efficiency based on the sequence of the
docking strand since it not only depends on the specific fluorophore and quencher, but also
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the method and location at which they are conjugated onto the oligonucleotide, proximal
nucleobases, and the 3D structure of dsDNA complex formed, which will unlikely be a
perfect double helix due to the mismatches. Ultimately, computational screening generated
a short list of oligonucleotides that we individually screened for suitable kinetics and
brightness under optimized DNA-PAINT imaging conditions.

We first designed an imager probe conjugated with the dye Cy3B and the quencher BHQ2
(imager probe A), and quantified its fluorogenicity in solution. In its freely diffusing
unbound state, our probe is less than 2.5% as bright as a regular DNA-PAINT probe
(conjugated with Cy3B but no quencher; Fig. 1b) providing evidence that even in the
absence of a stem, ssDNA can be sufficiently dynamic and flexible to provide strong
quenching in the unbound state. On binding with its fully complementary sequence, we
observed a 57-fold increase in fluorescence. Similar to previous reports, we also measured a
weak fluorogenic effect of a 2-fold increase for the regular probe 2. Overall, our new imager
probe was 24 times more fluorogenic than the regular DNA-PAINT probe.

Increased imaging speed

We characterized the performance of the Cy3B-BHQ?2 probe with its partially mismatched
docking strand by imaging DNA origami nanostructures. DNA origami technology allows
for the design of custom structures with precise definition in the position and number

of docking strands. The chosen ring-shaped origami was originally designed for building
simplified nuclear pore mimics 22 and has an outer diameter of 62 nm (Fig. 2a). Here we
extended 48 docking strands from the exterior of this DNA ring. This relatively low density
of docking strands (48 per pm?2) compared to typical antibody labels (hundreds per um?) in
cells makes DNA-PAINT imaging very inefficient unless the imager probe concentration
is high enough to lead to substantial binding frequencies. It therefore represents an
excellent test of the performance of fluorogenic DNA-PAINT under conditions where the
background is high. The ring shape also provides an easy and visual way to assess the
achievable resolution as well as blinking artifacts. Imaging with a fluorogenic imager
probe concentration of 250 nM, around 50 times higher than regular DNA-PAINT, and a
camera frame rate of 100 Hz with TIRF illumination, we could resolve the rings within 1
minute (Fig. 2c). The ring diameter was measured to be marginally less than the expected
size (60.5 = 2.0 nm (mean * SD), Ngrigami=20; two-sided one-sample t-test against 62

nm, t-statistic=3.31, p=0.004; Shapiro-Wilk test for normality, W-statistic=0.948, p=0.340).
Fourier Ring Correlation (FRC) analysis yielded an excellent resolution of 17.8 nm (see
Methods). The hollow centers of the rings could be easily resolved in individual rings as
well as in an average of 20 rings (Fig. 2b) confirming that the frequency of multi-emitter
artifacts is low (~9%; Suppl. Fig. 2).

For quantification of imaging speed and resolution with a biological sample that features

a large number of docking strands per diffraction-limited area, we compared 2D DNA-
PAINT TIRF images of immunolabeled microtubules in COS-7 cells using a regular imager
probe and our fluorogenic probe (Fig. 3). Under these high-density labeling conditions, the
limiting factor is the off-rate since multi-emitter artifacts need to be avoided (Suppl. Fig. 1f)
1. Regular DNA-PAINT imaging was performed at a frame rate of 4 Hz (expected off-rate
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~1 s71) with probe concentration at 0.1 nM, similar to parameters previously used for high
quality DNA-PAINT imaging 23, whereas with our fluorogenic imager probe, imaging was
performed at 100 Hz (off-rate ~50 s™1) and a probe concentration of 20 nM. With both
higher on- and off-rates for our fluorogenic probe, approximately 26 times more blinking
events per second could be observed than with the regular DNA-PAINT probe (4.3 vs. 0.2
s~ um~1 of microtubules; Fig. 3b). This improvement was less than anticipated based on
the 200-fold increase in probe concentration, which suggests that the additional bases of
the fluorogenic probe may have reduced kpp. Nonetheless, achieving 1,000 blinking events
per micron of microtubule required only ~4 min of imaging with the fluorogenic probe
compared to ~1.4 hr with the regular probe. With fluorogenic DNA-PAINT, 2D projections
of hollow microtubules were easily observable after 3 min (Fig. 3a). Whereas with regular
DNA-PAINT, in contrast, required hours of imaging to obtain similar image quality.

3D super-resolution without optical sectioning

We next tested whether the fluorogenic properties of our new probe would be strong
enough to replace the background suppression provided by optical sectioning through
TIRF illumination and thereby allow 3D imaging of volumes thicker than a few hundred
nanometers. We first imaged microtubules using regular widefield illumination and
astigmatic detection for 3D localization. We were able to image with our fluorogenic
probe at 10 nM concentration and at a camera frame rate of 100 Hz to acquire a 3D
super-resolution image of the microtubule network at high quality (3D FSC resolution =
41.1 nm) in only 10 minutes (Fig. 4a—c and Ext. Data Fig. 3). We halved the imager probe
concentration compared to the 2D experiments to compensate for the larger size of the
blinks caused by the astigmatic detection and avoid an increase in multi-emitter artifacts.
The obtained localization precision (Ext. Data Fig. 3d; peak 1.7 nm for XY, 4.5 nm for
Z) was comparable to that reported for regular DNA-PAINT 23, The hollow centers of
microtubules can be seen in the microtubule cross-section or in the 30-nm thick z-slice as
they pass through the plane (Fig. 4b and Suppl. Movie 1).

Having eliminated the need for optical sectioning, we were also able to perform fast
fluorogenic DNA-PAINT under widefield illumination on a 4Pi-SMS microscope that
interferometrically combines the fluorescence collected by two opposing objectives for
improved axial localization precision 24 25, We imaged mitochondria, immunolabeled for
the outer membrane protein OMP25, throughout the cell (Fig. 4d,e; 4 overlapping imaging
volumes spanning ~2 pm). Regular DNA-PAINT is incompatible with 4Pi-SMS due to its
lack of optical sectioning, whereas fluorogenic DNA-PAINT allows for 4Pi-SMS imaging at
high sampling density.

Simultaneous multicolor imaging

To expand fluorogenic DNA-PAINT for multicolor imaging, we developed a second set

of imager probe and docking strand that are orthogonal to our first set in both emission
spectrum (ATTO 643 / IBFQ) and binding affinity (Fig. 5a). In contrast to previous
multiplexed DNA-PAINT approaches that are performed sequentially 7, we imaged the two
imager probes simultaneously in separate color channels thereby avoiding any loss of speed
compared to single-color imaging. We demonstrated this with the dual-color imaging of
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the endoplasmic reticulum and mitochondria in U-2 OS cells in 10 minute-recordings at
high localization density without optical sectioning (Fig. 5b—f, Ext. Data Fig. 4, 5 and 6).
The apparent absence of cross-talk between the two probes (Fig. 5e,f) was quantitatively
confirmed by both a pixel-dependent colocalization analysis based on correlation of pixel
intensity (Fig. 5b, r=0.18) and a point-dependent analysis based on correlation of neighbor
distribution (Coordinate-Based Colocalization 26, C=-0.1, Ext. Data Fig. 5a—c).

Discussion

Methods

Our current implementation of fluorogenic DNA-PAINT with partially mismatched docking
strands also opens the way for other multiplex imaging schemes that we have not explored
in this study. Since docking strands are not fully complementary to the imager, there are
potentially many suitable docking strands for any imager. On one hand, this introduces
potential for cross-specific binding, which we have demonstrated to be avoidable with
proper sequence design (Fig. 5). On the other hand, a single imager can be used to
simultaneously image multiple targets, each with a different docking strand. Discriminating
target identity can potentially be achieved, for example, by encoding docking strands with
different binding kinetics, i.e. kinetics fingerprinting 2’

While in this study we demonstrate imaging at 100 fps and generating 2D and 3D super-
resolution images with excellent localization density and localization precision in minutes
without optical sectioning, it is worth pointing out that we have not yet experienced a
fundamental limit with fluorogenic DNA-PAINT. We expect that further developments

in probe chemistry and design should yield even better fluorogenicity and faster off-

rates. Similarly, effective on-rates can be further optimized as recently demonstrated for
regular DNA-PAINT probes 12:28. 29 The two probes we report in this study are not

only compatible with existing DNA-PAINT instruments and modalities, but liberate DNA-
PAINT imaging from the dependency on optical sectioning. Importantly, imaging with the
fluorogenic probe retains robustness against photobleaching; high signal-to-noise images
can be acquired at essentially arbitrarily high sampling densities by extending imaging
time (Ext. Data Fig. 3a and 4). Based on these strengths, we believe that fluorogenic
DNA-PAINT will become the preferred form of single-molecule localization microscopy.

Imager probes and docking strands

The sequences for the regular imager probe and docking strand were taken from Auer et al.,
2017 16 and share a complementary region of 9 bases.

Two sets (A and B) of fluorogenic imager probes and docking strands that are orthogonal

in color (orange and far red) and binding affinity were developed (see Suppl. Note 3). The
imager probes are 15-bases long and conjugated with a fluorophore at the 5” end and a
quencher at the 3’ end (Ext. Data Fig. 1). The docking strands are partially mismatched to
their corresponding imager probe sequences (Ext. Data Fig. 2). Slightly different versions of
the docking strand with different padding bases were developed within set A. Specifically,
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version 2 is optimized for multiplex imaging as it is predicted to have minimal cross-specific
binding against set B.

All oligonucleotides were ordered from Integrated DNA Technologies.

DNA origami

The ring-shaped DNA origami structure is based on a previously described structure

22 with only minor modifications in the positions of handles. The structure was

designed using caDNAno (caDNAnNo.org), with an expected outer diameter of ~62 nm.
DNA scaffold strands (8064-nt circular ssDNA) were produced using £. coliand M13-
derived bacteriophages. All DNA oligonucleotides were purchased from Integrated DNA
Technologies.

48 ssDNA handles (Ext. Data Fig. 1, docking strand D1-1b) extend from the 5’ end of
staple strands on the outer helices. Additionally, 12 ssDNA handles (Suppl. Table 1, Biotin
handle) extend from the 3’ end of staple strands on the bottom of the ring for biotin
functionalization.

DNA origami rings were assembled from a scaffold strand (80 nM) and a pool of staple
strands (480 nM each) in 1x folding buffer (25 mM TrisHCI, 1 mM EDTA, pH 8.0 with 16
mM of MgCl,) using an 18-hr thermal annealing program (85°C-25°C). Folded structures
were concentrated by resuspending in half the original volume following PEG precipitation
30, Correctly assembled rings were purified via rate-zonal centrifugation through 15-45%
glycerol gradients (in 1x folding buffer) in an SW 55 rotor (Beckman Coulter) at 48,000 rpm
at 4°C for 1.5 hr 31,

DNA origami were attached to channel slides (ibidi USA, u-Slide VI, 80607) for imaging
following a previously published protocol 19 with minor modifications. Slides were plasma-
cleaned, coated with biotin-BSA (Millipore Sigma, A8549) and incubated with streptavidin
(ThermoFisher, 434302). DNA origami with biotin handles were then attached to the
functionalized coverslips. Non-fluorescent beads (Spherotech, TP-08-10) and nanodiamonds
(Ad&mas Nanotechnologies, NDNV140nmHi) were added as fiduciary markers for drift
correction.

Cell culture

COS-7 cells (ATCC lot #63624240) were grown in DMEM (Gibco, 21063029)
supplemented with 10% fetal bovine serum (FBS; Gibco, 10438026). U-2 OS cells (ATCC
lot #70008732) were grown in McCay’s 5A medium (ATCC, 30-2007) supplemented with
10% FBS.

Microtubule labeling:

Channel slides (ibidi USA, p-Slide VI, 80607) were plasma-cleaned and coated with poly-
I-lysine (Sigma Aldrich, P4707) before seeding COS-7 cells. Microtubules were labeled
following a previously published protocol 2°. COS-7 cells were incubated with 0.2% saponin
for 1 min, fixed with 3% paraformaldehyde (Electron Microscopy Sciences, 15710) and
0.1% glutaraldehyde (Electron Microscopy Sciences, 16019) for 15 min, rinsed 3 times
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with PBS, incubated in blocking buffer (PBS + 0.2% Triton X-100 + 3% bovine serum
albumin) for 30 min, and then incubated with mouse anti-alpha tubulin primary antibody
(Sigma Aldrich,T5168) at a concentration of 1:200 in antibody dilution buffer (PBS + 1%
BSA + 0.2% TX-100) overnight at 4°C. The cells were then washed 3 times for 5 min each
and incubated with oligonucleotide-conjugated goat anti-mouse IgG secondary antibody
(Jackson ImmunoResearch, 115-005-146) at a concentration of 1:200 for 1 hr at room
temperature. The secondary antibody was conjugated to oligonucleotide docking strands
(Ext. Data Fig. 1, D1-1a) using azide / DBCO click chemistry 10. The cells were washed 3
times for 5 min each and then rinsed 3 times with PBS.

Mitochondria labeling:

U-2 OS cells were electroporated with plasmids encoding the mitochondrial marker GFP-
OMP25 2532 and then seeded onto ozone-cleaned 25-mm round coverslips. Mitochondria
were labeled following a previously described protocol 2°. The cells were fixed with 3%
PFA and 0.1% GA for 15 min, rinsed three times with PBS, permeabilized for 3 min, rinsed
three times with PBS, incubated in blocking buffer for 1 hr, and then labeled with rabbit
anti-GFP primary antibody (Invitrogen, A-11122) at 1:500 overnight at 4°C. The cells were
washed 3 times for 5 min each prior to incubation with oligonucleotide-conjugated goat anti-
rabbit 1gG secondary antibody (Jackson ImmunoResearch, 111-005-144) at a concentration
of 1:200 for 1 hr. The secondary antibody was conjugated to oligonucleotide docking strands
(Ext. Data Fig. 1, D1-1a) using azide / DBCO click chemistry 10. The cells were washed 3
times for 5 min each and finally rinsed with PBS 3 times.

Dual endoplasmic reticulum and mitochondria labelling:

U-2 OS cells were electroporated with plasmids encoding endoplasmic reticulum marker
mEm-Sec61B (gift from Michael Davidson; Addgene plasmid # 54249). Samples were
processed similarly to samples labelled only for mitochondria 2° with the following changes:
the cells were labeled with mouse anti-GFP primary antibody (Invitrogen, A-11120)

at 1:100 and rabbit anti-TOM20 (Abcam, ab78547) at 1:500 overnight at 4°C. After
washing, the samples were labeled with goat anti-mouse IgG secondary antibody (Jackson
ImmunoResearch, 115-005-146) and goat anti-rabbit 1gG secondary antibody (Jackson
ImmunoResearch, 111-005-144) conjugated with oligonucleotide docking strands (Ext. Data
Fig. 1, D1-1c and D2-1a, respectively) both at a concentration of 1:200 for 1 hr at room
temperature.

Fluorescence measurements in solution:

Fluorescence measurements of the probes in solution were performed with a microscope
(the same microscope as described for imaging DNA origami structures) under widefield
illumination provided by a xenon arc lamp (Sutter Instruments, Lambda LS). Fluorescence
intensity was measured ~10 um deep past the coverslip. Buffer-only blanks were measured
for background correction. Samples were prepared in a high ionic strength PBS-based buffer
(PBS, 500 mM NacCl) in channel slides (ibidi USA, p-Slide VI, 80607).
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To measure quenching efficiency, fluorophore-conjugated strands were prepared at 0.2 UM,
and saturated with adapter strands at 0.3 UM and quencher-conjugated strands at 0.45 pM
(Suppl. Table 2 and Suppl. Fig. 3b).

‘Unbound probes’ samples contained only the imager probe (0.2 uM), and ‘bound probes’
samples were prepared with the probe and its complementary sequence in excess (20 uM)
(Fig. 1b and Suppl. Fig. 3c).

All oligonucleotides were ordered from Integrated DNA Technologies.

Microscope setup:

DNA origami samples and microtubule samples (for 2D imaging) were imaged in TIRF
mode on a modified Nikon Ti-E inverted microscope with a 100x 1.45 NA oil immersion
objective with a SCMOS camera (Andor, Zyla 4.2). For illumination, a 561-nm laser with

a built-in acousto-optic modulator for intensity modulation (Omicron Lux) was used with a
dichroic (Semrock, Di02-R488-25%36) and a band pass filter (Semrock, FF01-524/45-25).
For imaging with the regular probe, data were recorded at 4 fps at ~0.2 kW/°M2. With the
fluorogenic probe, data were recorded at 100 fps at ~2 kW/cmZ2. A custom image-based
focus-lock system based on the a previously described design 33 was used.

Astigmatic 3D imaging of microtubule samples was performed on a custom-built
microscope as previously described 34. Briefly, fluorescent signal was collected by an
oil-immersion objective lens (Olympus, 100x, 1.49 NA) and imaged with a SCMOS

camera (Hamamatsu, ORCA-Flash 4.0). A cylindrical lens (f = 500 mm) was added to

the emission beam path to introduce astigmatism. Data were recorded at 100 fps with a
560-nm laser (MPB Communications, 500 mW) at an intensity of ~13 kW/cm2. 100 nm
diameter fluorescent microspheres (ThermoFisher, 580/605, F8801) were imaged to generate
reference PSFs. A custom-built focus-lock system based on tracking a reflected infrared
laser was used to correct for axial drift.

Mitochondria samples were imaged with a custom-built 4Pi-SMS system as previously
described 2°. Briefly, the fluorescent signal was collected coherently by two opposing
objectives (Olympus, 100x, 1.35 NA, silicone oil immersion,) and imaged with a SCMQOS
camera (Hamamatsu, ORCA-Flash 4.0 v2). Data were acquired at 100 fps with a 560 nm
laser (MPB Communications, 2RU-VFL-P-2000-560-B1R) at an intensity of ~15 kW/cm?.

Dual mitochondria and ER-labelled samples were imaged on a custom-built microscope

in 2-channel mode as previously described with modifications 3°. In brief, samples

were simultaneously excited at 561 nm (~1.5 kW/cm?2) and 642 nm (~7.5 kW/cm?).
Fluorescence emission was split using a tilted bandpass filter (Semrock, FF01-709/167)

as a beam splitter, filtered (Chroma, ZET405/488/561/647m) and imaged on adjacent areas
of a SCMOS camera (Hamamatsu, ORCA-Flash 4.0). An oil-immersion objective lens
(Leica Microsystems, 63x, 1.47 NA) was used. Fluorescent microspheres (ThermoFisher,
TetraSpeck, 100 nm diameter, T7284 or T7279) were imaged to generate sub-diffraction
alignment maps between the two color channels.
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Imaging buffer:

For imaging origami structures, a Tris-based buffer (5 mM Tris, 10 mM MgCl,, 1 mM
EDTA, 0.05% Tween 20, 20 mM Na,SO3 and 1 mM Trolox, pH 7.3-7.5) was prepared.
For imaging fixed cell samples, a high ionic strength PBS-based buffer (1x PBS, 500

mM NaCl, 20 mM Na,SO3 and 1 mM Trolox, pH 7.3-7.5) was used. Trolox (Santa Cruz
Biotechnology, sc-200810) aliquots were stored at —20°C at a concentration of 50 mM

in DMSO and thawed prior to the experiment. Imager probes were stored at —20°C at a
concentration of 100 uM in nuclease-free H,O and serially diluted into one of the imaging
buffers as necessary.

Data analysis:

Data acquired by the single-objective microscope systems were analyzed with PYME 36:37
and custom code written in Python. Localizations in 2D were performed by a weighted
least square fit with a 2D Gaussian PSF model 38 39, Astigmatic 3D localizations were
performed by fitting against a PSF experimentally derived from bead images 40. For 2-color
DNA-PAINT, molecules were localized independently in each channel and subsequently
recombined using an experimentally acquired alignment map.

The localization routine for 4Pi-SMS microscope data has been previously described in
detail 2. Images and movies were rendered using Vutara SRX software (Bruker).

Localizations that appeared in consecutive frames (allowing for 1 frame misdetection) at
the same position (within < 2o xy-localization precision) were combined into ‘blinks’.

This correction takes into account that these localizations most likely do not represent
independent samples of the docking strands (see Suppl. Note 2). Although this results in
fewer localization counts, blinks provide better estimates of the position at higher precision,
and this approach avoids artificially inflated blinking rates and overcounting artifacts due to
fast camera frame rate and/or slow blinking.

Drift corrections were performed using the redundant cross-correlation method 41. Blinks
were rendered as 2D or 3D Gaussians in images and movies.

Fourier ring correlation (FRC) and Fourier shell correlation (FSC) was computed based on
the method described in Nieuwenhuizen, et al., 2013 42. A threshold of 0.143 was used. A 5
x 5 x 0.6 um subregion was used for the FSC calculations presented in Fig. 4c and Ext. Data
Fig. 3c.

Coordinate-based colocalization was computed based on the method described in Malkusch
etal. 2012 26, and code published as part of LocAlization Microscopy Analyzer (LAMA)
reported in Malkusch and Heilemann, 2016 43.

Analytic study of DNA-PAINT imaging speed and simulations of multi-emitter artifact were
performed with code written in Python (shared on Github 44). Computational screens of
docking strand sequences were performed with custom code written in Python (shared on
Github 4°) and used tools available as part of Biopython 20,
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Statistics

Statistical tests were performed using functions from the SciPy library (scipy.stats) 46.
Assumption of normality was tested for t-tests where sample size is > 5 using the Shapiro-
Wilk test. No assumptions were tested for the Mann-Whitney U test or the Wilcoxon
signed-rank test. No multiple comparison corrections were performed.

Extended Data

Regular DNA-PAINT 1D. 5’ to 3’ direction Used in:
(from Auer et al. 2017)

Imager prabe P0-0 Cy3B - AGAAGTAATG Fig. 1,3
Docking strand (antibody) DO0-0a Azide - TTTATTACTTCT Fig. 3
Fast fluorogenic DNA-PAINT ID. 5" to 3’ direction Used in:
Imager probe A P1-0 Cy3B - AGAAGTAATGTGGAA - BHQ2 Fig. 1-5
Ext. Data 3-6
Suppl. Fig. 2-3
Suppl. Video 1-3
Docking strand A (antibody) D1-1a CCTTCAACATATCCTCTAC - Azide Fig. 3-4,
Ext. Data 3
Suppl. Video 1-2
Docking strand A (DNA origami) D1-1b CCTTCAACATATCCTCTA - DNA origami Fig. 2
Docking strand A v.2 (antibody) D1-1¢ TTTCAACATATCCTCTA - Azide Fig. 5
Ext. Data 4-6
Suppl. Video 3
Imager probe B P2-0 ATTO 643 - AAGAAGTAAAGGGAG - IBFQ Fig. 5
Ext. Data 4-6
Suppl. Video 3
Docking strand B (antibody) D2-1a CCTCGCTGAACCCCTTA - Azide Fig. 5
Ext. Data 4-6
Suppl. Video 3

Extended Data Fig. 1. List of imager probesand docking strandsused in this study.
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Regular DNA-PAINT
Imager probe PO-0 5' AIGIAIAIGITAA|ITIG 3
Docking strand (antibody) D0-0a |3 TIC|T|T|CIAIT|ITIA|T| T|T 5'
Fluorogenic DNA-PAINT
Imager probe A P10 |5 AlcalA G TIAAT|G|T|G|G/AlA 3
Docking strand A (antibody) Di1-1a |3 |CIAITCTCC TACAACTTCC &
Docking strand A (DNA origami) D1-1b |3 cCTi€C TACAACTTC|C| %
Docking strand A v.2 (antibody) D1-1¢ |3 cCTCC TIACAACT T 5'
Imager probe B P20 |5 |AlAlG|A|AlG|T|A|A|AGlGIG/AIG| 3
Docking strand B (antibody) D2-1a |3 |A|T'T C C A T C.C T C|C| &

Extended Data Fig. 2. Alignment between imager probesand their corresponding docking

strands.

Fluorogenic DNA-PAINT uses imager probes and docking strands with internal mismatches.

Complementary base pairings are colored in blue whereas mismatches in red.
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Ext_end_ed Data Fig. 3. Fast astigmatic 3D fluorogenic DNA-PAINT imaging without optical
sectioning.

The full dataset from which Fig. 4a—c were generated. (a) Fast 3D fluorogenic DNA-PAINT
imaging of immunolabeled microtubules in COS-7 cells under widefield illumination at
multiple time points. A reasonable image can be acquired in 30 s. (b) Bleaching is
negligible, causing only a small reduction (30%) in blinking rate over an hour. (c) 3D
resolution as quantified by Fourier shell correlation (FSC) improves with longer imaging
duration as more blinking events are detected. The resolution reaches 34.3 nm after 1 hr. (d)

The localization precision peaks at < 5 nm for all three dimensions (X: 1.7 nm, Y: 1.7 nm, Z:

4.5 nm). (e) Fitting an exponential decay function to blink durations (blinks that are only 1
frame in duration were ignored for fitting) estimates the mean off-rate at 46.7 s™1.
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Endoplasmic reticulum = -~ Mitochondria

Endoplasmic reticulum : " Mitochondria

Endoplasmic reticulum @ i “ .. °° Mitochondria

2 ; LB

Extended Data Fig. 4. Time series of fast 2-color fluorogenic DNA-PAINT imaging without
optical sectioning.

The full dataset from which Fig. 5b—f were generated, rendered at various timepoints. (a-d)
Fast 2-color fluorogenic DNA-PAINT imaging of immunolabeled endoplasmic reticulum (ii;
[imager probe A] = 10 nM) and mitochondria (iii; [imager probe B] = 1 nM) in U-2 OS
cells under widefield illumination (100 Hz frame rate). There is no well-defined minimum
imaging time as it depends on a multitude of factors including the biological question being
addressed. The timepoint we reported in the main text (600 s) is more densely sampled than
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typical single-molecule localization microscopy images. Negligible changes are observed
with prolonged imaging (d; 1,200 s) which would suggest oversampling.

Coordinate-based
colocalization
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Ext_end_ed Data Fig. 5. Analysis of fast 2-color fluorogenic DNA-PAINT imaging without optical
sectioning.

Detailed analysis of the full 20-minute 2-color fluorogenic DNA-PAINT dataset from which
Fig. 5 and Ext. Data Fig. 4 were generated. Image colored by the correlation parameter

(C) based on Coordinate-Based Colocalization (CBC) analysis at low (a) and high (b)
magnification. (c) Histogram of the correlation parameter, C. A value of zero indicates a
lack of correlation between the two color channels (C = -0.09 £ 0.30; nyjink=2,322,207;
two-sided one-sample Wilcoxon signed-rank test against zero, T-statistic=9x1011, p<0.001).
(d) Minimal bleaching is observed over a 20-minute timeframe (~20%). (€) The lateral
localization precision peaks at < 5 nm for both channels. (f) Blink durations fitted with an
exponential decay function to estimate the binding off-rate (blinks that are only 1 frame in
duration were ignored for fitting).

Nat Methods. Author manuscript; available in PMC 2022 November 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chung et al.

Page 17

Mitochondria

Mitochondria

Extended Data Fig. 6. Additional examples of fast 2-color fluorogenic DNA-PAINT imaging
without optical sectioning.
Fast 2-color fluorogenic DNA-PAINT imaging of immunolabeled endoplasmic reticulum

(green; [imager probe A] = 10 nM) and mitochondria (magenta; [imager probe B] =1
nM) in U-2 OS cells under widefield illumination (100 Hz frame rate for 10 minutes) (n=5
including the dataset presented in detail in Fig. 5 and Ext. Data Fig. 4,5).

Nat Methods. Author manuscript; available in PMC 2022 November 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chung et al.

Page 18

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Imager probesfor DNA-PAINT.
(a) Comparison of different DNA-PAINT imager probe / docking strand systems: (i) Imager

probe for regular DNA-PAINT is always fluorescent and contributes to high background.
(i) In FRET DNA-PAINT, acceptor fluorescence is only observed when both donor- and
acceptor-conjugated probes are bound to the docking strand. (Energy transfer indicated by
blue arrows.) (iii) Regular molecular beacons are fluorogenic but their binding on- and
off-rates are too slow for DNA-PAINT. (iv) Our DNA-PAINT probes are fluorogenic and
have fast binding Kinetics due to the absence of a stem secondary structure and mismatches
between the probe and docking sequences (shown in red). (b) Comparison of fluorescence
between a regular imager probe (Cy3B) and our fluorogenic imager probe (Cy3B and
BHQ-2; imager probe A) in solution. In their unbound ssDNA state, the fluorogenic probe
is less than 2.5% as bright as the regular probe (2.4% + 0.8%; two-sided two-sample

t-test of normalized fluorescence, t-statistic=37, p<0.001, ngampie=8). On binding to their
complementary docking strand, its fluorescence increases 57-fold, compared to a 2.4-fold
increase for the regular probe (56.6 + 20.3 vs 2.4 + 0.6; two-sided two-sample unequal
variance t-test, t-statistic=6, p=0.002, Nsamp|e=8).
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Ring
O0.D. =62 nm

48 docking

Figure 2. Fast fluorogenic DNA-PAINT imaging of DNA origami nanostructures.
(a) Top and front schematic view of the DNA origami nanostructure, with 48 docking

strands attached to the 62-nm ring. (c) Fast fluorogenic DNA-PAINT TIRF imaging
([imager probe A] = 250 nM; frame rate = 100 Hz) of origami rings (12 rings shown).
Scale bar is 100 nm. (b) Average of 20 rings measuring a diameter of 60.5 + 2.0 nm and
displaying ~9% multi-emitter artifacts (Suppl. Fig. 2). Scale bar is 50 nm.
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Figure 3. Comparison of regular and fluorogenic DNA-PAINT imaging.
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(a) Qualitative comparison of regular versus fluorogenic DNA-PAINT TIRF-imaging of
fixed microtubules (regular: [probe] = 100 pM, frame rate = 4 Hz; fluorogenic: [imager
probe A] = 20 nM, frame rate = 100 Hz). Scale bar is 200 nm. (b) Quantitative comparison
showing that blinking data is acquired 25.8 times faster with the fluorogenic probe
(quantified by the number of blinks per length of microtubule per unit of time; regular 0.17 +
0.04 pm~1s71 ngoy = 8, fast 4.30 + 0.49 pm~1 s71, ngo = 10; two-sided Mann-Whitney U
test, U-statistic=0, p=0.0004). Averaged statistics presented as mean * SD.
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Figure 4. Fast 3D fluorogenic DNA-PAINT imaging without optical sectioning.
(a-c) Fast astigmatic 3D fluorogenic DNA-PAINT imaging ([imager probe A] = 10 nM; 100

Hz; 10 min) of immunolabeled microtubules in COS-7 cells without optical sectioning under
widefield illumination. (a) Overview image. (b) Zoomed-in view of the dashed box in (a).
The top represents a maximum projection image, the bottom a 30-nm thick slice. Hollow
microtubules can be seen in the slice view as well as in the Z cross-section displayed on

the right (scale bar: 250 nm). (c) Fourier shell correlation (FSC) with a threshold of 0.143
measures the 3D resolution at 41.1 nm. (d, €) Fast 3D whole-cell fluorogenic DNA-PAINT
imaging of mitochondria in U-2 OS cells overexpressing GFP-OMP25 recorded with a
4Pi-SMS microscope ([imager probe A] = 2 nM; 100 Hz; 1 hr). Regular DNA-PAINT is
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incompatible with 4Pi-SMS due to its lack of optical sectioning. (d) Z-projection of data
collected from 4 imaging volumes covering a depth range of 2 um. (€) Magnified region
from (d) with XZ and YZ cross-sections.

Nat Methods. Author manuscript; available in PMC 2022 November 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chung et al.

Cy3B - AGAAGTAATGTGGAA - BHQ2
ATCTCCTATACAACTTT

ATTO643 - AAGAAGTAAAGGGAG - IBFQ
ATTCCCCAAGTCGCTCC

& I Ay c

J
¢ ¢ o'°? ¢
.Oc‘:)\"uccn

Figure 5. Fast 2-color fluorogenic DNA-PAINT imaging without optical sectioning.
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Simultaneous 2-channel DNA-PAINT imaging with fluorogenic probes ([imager probe A]
=10 nM and [imager probe B] = 1 nM; 100 Hz; 10 min) of immunolabeled endoplasmic
reticulum (overexpressed Sec61; green) and mitochondria (TOMZ20; magenta). (a) The
two sets of fluorogenic imager probes and docking strands. Complementary bases between

the imager and docking strands are marked in blue whereas mismatches in red. The

two population of probes selectively binds to their corresponding docking strands during
simultaneous 2-color imaging. (b) Analysis of the data rendered at ‘low’ resolution (50
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nm) indicates a low level of correlation between the two channels (Pearson correlation
coefficient=0.18, p<1074, npixe|:6.3><105) and minimal cross-specific binding between the
two sets of probes. Overview (c) and zoomed-in (d) image of the ER and mitochondria
acquired with fluorogenic DNA-PAINT in 10 minutes under widefield illumination. (e, f)
Direct comparison of the two channels reveals negligible levels of cross-talk. Additional
2-color fluorogenic DNA-PAINT datasets are shown in Ext. Data Fig. 6 (n=5).
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