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ABSTRACT: Interactions between biomolecules such as proteins underlie most cellular processes. It is crucial to visualize
these molecular-interaction complexes directly within the cell, to show precisely where these interactions occur and thus
improve our understanding of cellular regulation. Currently available proximity-sensitive assays for in-situ imaging of such
interactions produce diffraction-limited signals and therefore preclude information on the nanometer-scale distribution of
interaction complexes. By contrast, optical super-resolution imaging provides information about molecular distributions
with nanometer resolution which has greatly advanced our understanding of cell biology. However, current co-localization
analysis of super-resolution fluorescence imaging is prone to false positive signals as the detection of protein proximity is
directly dependent on the local optical resolution. Here we present Proximity-Dependent PAINT (PD-PAINT), a method
for sub-diffraction imaging of protein pairs, in which proximity detection is decoupled from optical resolution. Proximity
is detected via the highly distance-dependent interaction of two DNA labels anchored to the target species. Labeled protein
pairs are then imaged with high contrast and nanoscale resolution using the super-resolution approach of DNA-PAINT.
The mechanisms underlying the new technique are analyzed by means of coarse-grained molecular simulations and exper-
imentally demonstrated by imaging DNA-origami tiles and epitopes of cardiac proteins in isolated cardiomyocytes. We
show that PD-PAINT can be straightforwardly integrated in a multiplexed super-resolution imaging protocol and benefits
from advantages of DNA-based super-resolution localization microscopy, such as high specificity, high resolution and the
ability to image quantitatively.

Introduction. Characterizing protein interactions by de-
tection of protein-protein complexes is the basis of under-
standing many processes in biology." Often, these are de-
tected by in-vitro methods such as co-immunoprecipita-
tion, cross-linking or affinity blotting.** It is increasingly
evident that besides detecting the mere presence of pro-
tein-protein interactions, it is important to determine
where these occur within a cell or tissue, since the na-
noscale organization of signaling complexes directly con-
trols cell function.*® To this end, methods have been de-
veloped that are based on labeling the features of interest
with synthetic DNA oligonucleotides, conjugated to anti-
bodies or other molecular markers. The oligonucleotides
act as proximity probes, and a subsequent amplification
step is implemented to produce a fluorescent signal detect-
able by a conventional microscope. In a (in-situ) proximity
ligation assay (PLA), enzymatic amplification occurs via
the rolling circle method,”® while in the ProxHCR scheme
amplification is non-enzymatic and relies on a hybridiza-
tion chain reaction.”"* However, the high fluorescent am-
plification in both methods also effectively restricts them

to diffraction-limited imaging. This implies that the pres-
ence of protein pairs can be located to within a certain re-
gion but generally precludes accurate quantification and
visualization of their distribution at the nanometer scale.”

An alternative approach to detecting protein-protein inter-
actions relies on a FRET-based assay, a fluorescent method
that is distance sensitive in the nanometer range.” While
FRET can sensitively detect the presence of protein-pro-
tein interactions, FRET imaging implementations are gen-
erally diffraction-limited and therefore it is not possible to
resolve the distribution of protein pairs with true molecu-
lar resolution.

Imaging with spatial resolution beyond the diffraction
limit can now be achieved by a wide range of super-resolu-
tion techniques, such as structured illumination micros-
copy (SIM),” stimulated emission depletion (STED) mi-
croscopy,*” (fluorescence) photoactivated localization
microscopy ((F)PALM)'*” or (direct) stochastic optical re-
construction microscopy ((d)STORM).® DNA-PAINT
(Point Accumulation Imaging in Nanoscale Topography) is



*7*
" 9*1
R 5
5
%\6* i%*
6 \/
B - 5
5495 6
+Ha 4 2.5
3H 3 3 —» 4H4
2 2 .
I iz
7 3 &
7
—_—

Figure 1. Principle of Proximity-Dependent PAINT (PD-PAINT). a: Strand S1 forms a stem loop structure which prevents imagers
(P1) binding to the docking domain (5*-6), due to a high curvature of domain S1-6 and hybridization of domain S1-3*-5* to S1-3-5.
Strand Sz contains domains 1*-5* which are complementary to 3-5 of the S1 stem and the unbound toe-hold region 1-2 on S1. The
corresponding toe-hold domain 1*-2* on S2, along with neighboring domains 7* and 3*, are initially protected by shield strand B
in order to prevent unwanted S1-Sz2 dimerization during the sample functionalization stages. b: Addition of the shield remover R
strips the shield B, and, should S1 and Sz be in close proximity, triggers their dimerization initiated by the 1-2 toe-hold, which
results in the opening of the S1loop. ¢: The now exposed docking domain 5*-6 allows the transient binding of an imager to the Si-
S2 complex so that a super-resolution image can be obtained by DNA-PAINT. d: Alternative tethering geometry (geometry 2) in
which strands S1 and Sz are attached to the substrate via attachment strands D1 and Dz2. In this configuration the double stranded
domain formed by D1 and S1 can rigidly rotate around the attachment point of D1 whereas the flexible single-stranded section of

Sz is free to move around the attachment point of D2.

a super-resolution imaging technique that relies on oligo-
nucleotide interactions, a property that it shares with PLA
and ProxHCR.* In DNA-PAINT, the proteins of interest
are labeled with a short DNA oligonucleotide, or “docking”
strand. The transient binding and consequent brief immo-
bilization of fluorescently labeled complementary “imager”
strands enables detection as a fluorescent “blink” and pre-
cise localization. The accumulated localization data is used
to reconstruct a super-resolution image.

Fluorescent super-resolution techniques can be used to ac-
quire multi-target images which, in principle, allow one to
estimate the proximity of protein targets by fluorescence
co-localization. However, unequivocal identification of
protein-protein pairs is complicated by the fact that co-lo-
calization can be prone to false-positive signals, as the pre-
cision of co-localization is directly dependent on the local
imaging resolution. Resolution can vary considerably, es-
pecially in optically complex samples such as thick cells or
tissue sections. Often, there is limited resolution along the
optical axis (several hundreds of nanometers in 2D super-
resolution techniques, >40 nm in 3D methods)* which can
lead to additional false positives. Furthermore, registration
errors between multiple channels, e.g. due to chromatic
aberrations or sample drift, can lead to incorrect co-locali-
zation estimates.

Here, we introduce a proximity-sensitive super-resolution
imaging method which enables detection of the presence
and characterization of the local density and nanoscale dis-
tribution of protein-protein complexes, determining the
detailed structure and morphology of possible clusters. Im-
portantly, the proximity detection is fully decoupled from
local imaging resolution and optical multi-channel regis-
tration is not required. In our approach, two proteins of
interest are labeled with DNA constructs, which are de-
signed to interact when in molecular proximity, and as a

result allow for a DNA-PAINT signal to be detected. One
construct includes a DNA-PAINT docking sequence,
which however is protected by a stable DNA stem loop
structure, rendering the docking site effectively inaccessi-
ble. If the second target is within a distance of approxi-
mately 10 to 20 nm (depending on the specific design, see
below), the second DNA construct associated with it can
displace the stem of the hairpin, thereby unfolding the
loop, fully exposing the docking site, and enabling DNA-
PAINT imaging of the structure. We term this new ap-
proach Proximity-Dependent PAINT (PD-PAINT) and
prove its functionality by means of coarse-grained molec-
ular simulations and experimentally by imaging DNA-
origami tiles with pre-designated spacings. We then
demonstrate the applicability of PD-PAINT to an im-
portant biological scenario, namely the imaging of
epitopes on cardiac ion channels and nearby supporting
proteins.

PD-PAINT combines proximity detection with all the ad-
vantages of DNA-PAINT. These include high specificity,
straightforward implementation on a conventional fluo-
rescence microscope, freedom in the choice of dye and
wavelength and importantly the possibility of readily
achieving high photon yields, resulting in very high reso-
lution.**** In addition, by exploiting the principle of quan-
titative PAINT (qPAINT), PD-PAINT enables accurate de-
termination of the local density of protein pairs in the sam-
ple.*”* Finally, PD-PAINT is fully compatible with multi-
color imaging and can be implemented in addition to con-
ventional DNA-PAINT of multiple other channels, essen-
tially without performance penalty. This is demonstrated
here by following an Exchange-PAINT protocol,* to image
the protein complex as well as the individual protein
epitopes in separate channels.
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Figure 2. Thermodynamic properties of PD-PAINT from coarse-grained simulation. a: The free energy change of S1-S2 hybridiza-
tion is sensitive to the separation distance between tethers and to the structure connecting the tether to the loop or its comple-
ment. At close inter-tether distances (< 5 nm), hybridization is strongly favored for both tested tethering geometries. At higher
distances, hybridization free energy increases monotonically for the direct tethering geometry (geometry 1, blue) due to stretching
of the entropic spring formed by the two 15 polyThymine linkers. For the indirect-tethering geometry (geometry 2, red), the 32
base pair dsDNA spacer reduces the dependency of free energy on inter-tether distance. b: Simulated dimerization probabilities
are close to 1 at inter-tether distances shorter than 10 nm (geometry 1), or 20 nm (geometry 2). At greater distances (~16 nm for
geometry 1 and ~25 nm for geometry 2) dimerization probability sharply transitions to ~o. Green circles indicate experimental
dimerization probabilities as extracted from the kinetic analysis of blinking events recorded on origami test samples, specifically
from a numerical fit of the dark-time distributions to the outcomes of explicit Markov simulations (Fig. 4, SI text, Fig. S2, and
Table Ss). Note that simulations are found to overestimate the experimental dimerization probability. c: Hybridization of the
imager to S1 as a closed loop is inhibited in the absence of Sz and restored by the presence of Sz. Free energy profiles for formation
of Watson-Crick bonds between the imager and S1 are shown, relative to the unhybridized state. We compare the closed loop state
of S1 (blue line), the open state after hybridization of Sz (orange dashed) and conventional DNA-PAINT binding (green dotted).
Note that closed loop states with >5 bonds resulted in large free energies whose contribution to the overall hybridization free
energy is negligible. Legend: the three configurations tested in panel c. All DNA sequences used are shown in Table S6. All error

bars are given as one standard error.

Results and Discussion. Fig. 1 shows the principle of PD-
PAINT, where fluorescence signals are only detected if two
epitopes of interest are close to each other. To implement
PD-PAINT, the two target epitopes are labeled with
nanostructures S1and Sz via suitable markers. Labeling can
be done by linking the nanostructures to antibodies (or
nanobodies), or by hybridizing them to other DNA
strands, previously connected to the epitopes. Strand S1
contains the 9 nt docking sequence consisting of domains
5% (3nt) and 6 (6 nt). The docking sequence is complemen-
tary to the imager strand P1 (6*-5). However, when St is
spatially isolated, the docking site is protected by a closed
stem-loop motif in which 5* is hybridized to the comple-
mentary domain 5, and 6 is bent to form a short loop. The
loop is further stabilized by the complementary domains
3-4 and 3*-4* (11 bp). In the closed-loop configuration of S1
the docking site has negligible affinity for the P1 imager
(Fig. 1a), as previously determined in the context of cata-
lytic DNA reactions® and further demonstrated here by
means of coarse-grained computer simulations, as dis-
cussed below. The second target is labeled with nanostruc-
ture S2, complementary to the stem region of S1 (3-4) as
well as the un-protected toe-holding domain 1-2. The latter
would promote rapid S1-Sz2 dimerization, should the two
nanostructures be present in sufficient concentration and
have unrestricted access to each other, e.g. during labeling
steps. To prevent unwanted S1-Sz dimerization, Sz is there-
fore initially protected by a shield strand B, which occupies
the toe-holding region 1*-2* and is further stabilized by ad-
jacent complementary domains 3 and 7. Once both S1 and
S2 are bound to their appropriate targets, and any excess
washed away, a removal strand R is used to displace B from
S2, freeing 1*-2* (Fig. 1b). At this stage, S1-and Sz can di-
merize, but only if their tethering locations are within a
given maximal distance from each other. When S1 and Sz

are fully hybridized, the open loop exposes the docking se-
quence 5*-6 of S1, allowing transient binding of the com-
plementary imager P1, which results in frequent detection
of these binding events as fluorescent blinks, i.e., a DNA-
PAINT signal (Fig. 1c). Whereas Fig. 1a-c show a direct teth-
ering geometry (geometry 1), in the experiments described
below an indirect tethering geometry (geometry 2) was
employed, relying on two attachment strands D1 and D2
which are anchored on the substrate. S1 and S2-B, when
added in solution, attach to D1 and D2, respectively, as
shown in Fig. 1d.

To explore the functionality of the proposed PD-PAINT
scheme we investigated its thermodynamic properties by
means of Monte Carlo (MC) simulations using the oxDNA
coarse-grained model of nucleic acids, as described in de-
tail in the Supporting Information.*>** For PD-PAINT to
elucidate the co-localization of epitopes, it must obey two
thermodynamic design criteria. First, the S1 loop must
open if S2 is nearby. Second, the closed loop should not
interact with its imager in a way that leads to detectable
blinks, i.e. any transient binding event of P1 to the closed
S1 loop must be much briefer than those detected for the
open S1 loop.

We implemented free-energy calculations to determine
the likelihood of the formation of S1-Sz2 dimers, resulting
in the opening of the S1loop, as a function of the distance
d between their anchoring points. Simulations were per-
formed for both direct anchoring (geometry 1, Fig. 1a-c)
and indirect anchoring (geometry 2, Fig. 1d). In geometry 1,
the reactive domains of S1 and Sz are separated from their
anchoring points by a 15-nt polyThymine sequence, while
in geometry 2, directly relevant to experiments, the reac-
tive domains of S1 are further spaced by a 32 base-pair rigid
double-stranded (ds) DNA domain.



Figure 2a reports the computed S1-S2 dimerization free en-
ergy as a function of the tethering distance. In both tested
geometries the reduction in free energy of dimerization is
substantial at short separations, with minima between -12
and -10 kgT. At large separation distances the dimerization
free energy sharply rises, with the increase occurring at
larger separations for geometry 2 (red symbols), due to the
additional 32bp dsDNA spacer connected to Si. The S1-Sz
dimerization probability is shown in Fig. 2b. Both geome-
tries display an approximately step-like response, with di-
merization probability essentially equal to one for separa-
tions below ~10 nm for geometry 1 (blue symbols) and
~20 nm for geometry 2 (red symbols). At larger separation
distances, dimerization rapidly becomes essentially impos-
sible, and the probability falls to zero at ~16 nm (geometry
1) and ~25 nm (geometry 2).

For the presence and location of S1-S2 dimers to be posi-
tively identifiable via DNA-PAINT, binding of the imager
to closed S1loops must be practically undetectable, yet the
imager must have a sufficient affinity for the exposed dock-
ing site when the S1 loop is open. We verify these require-
ments by estimating the interaction free-energy between
the P1 imager and S1 in its closed and open loop states,
shown in Fig. 2c as a function of the number of formed
base-pairing bonds between the two strands. The free en-
ergy barrier for the formation of the first bond is similar
between the open and closed loop configurations but while
in the closed-loop case further base pairing does not result
in a significant drop in free energy, a steep monotonic de-
crease is observed for the open-loop configuration. As a re-
sult, we estimate the average duration of binding events
between the imager to the closed S1 loop as ~2 ps, well be-
low the detection threshold for a typical DNA PAINT ex-
periment (see Supporting Information and Table Sg). In
turn, for the open loop configuration we predict the bind-
ing events to last ~0.2 - 0.3 s, ideal for DNA-PAINT at typ-
ical frame integration times of 50-300 ms (Table Sg). Com-
parison between the binding free energy of P1 to the open
S1loop of a S1-S2 dimer to that towards a conventional sin-
gle-stranded (ss) DNA docking strand reveals no percepti-
ble difference (Fig. 2c), and, consistent with this observa-
tion, the predicted bond lifetime in the two cases is com-
parable (Table Sg).

Having established the viability of our platform in-silico,
we experimentally characterized the PD-PAINT scheme on
DNA-origami test samples. DNA origami tiles were pro-
duced following a standard protocol,* as described in de-
tail in the Supporting Information. The tiles featured 6
pairs of single stranded D1 and D2 overhangs, to which S1
and Sz can hybridize as illustrated in Fig. 3, thus realizing
the conditions of geometry 2 in Fig. 1c. Three types of tiles
were tested, with nominal distances between S1 and S2
tethering points d=5, 10 or 15 nm (Fig 3c-e). Strand D1 con-
tains a 5*6 docking domain, complementary to imager P1
(Fig. 3a), which allowed us to perform conventional DNA-
PAINT imaging in the absence of S1 and Sz, and then com-
pare it with PD-PAINT under identical experimental con-
ditions (in separate experiments we also determined the
addressability of D2, see Fig. S1). All PD-PAINT experi-
ments started with this direct imaging of D1, an experi-
mental stage we refer to as the “direct phase” (Fig. 3a i).
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Figure 3. Experimental assessment of PD-PAINT with DNA
origami test samples. a: Origami tiles with fixed D1-D2 sepa-
ration d=5, 10 or 15 nm were initially probed with imager P1
against a complementary domain in D1 (direct phase, i).
Strand S1 was then added, which binding to D1 prevents its
direct imaging, followed by the S2-B construct binding to D2
(ii). Introduction of the shield removal sequence R displaces B
from Sz, enabling S1-S2 dimerization, the exposure of the P1
binding site on S1, and the detection of PD-PAINT signals (PD
phase, iii). In control samples, buffer exchange (washing)
steps were performed without the addition of PD-PAINT
probes, before a second (post-wash) direct imaging phase (iv).
b-e: assessment of the percentage of detectable origami sites
retained between the (pre-wash) direct phase and either the
post-wash direct phase (control experiment, b) or the PD
phase (PD-PAINT experiments with increasing d, c-e). The
fraction of retained sites f is extracted by considering all ori-
gami tiles displaying six visible sites in the (pre-wash) direct
phase. The distribution of the number of'sites per tile retained
in the post-wash direct phase or the PD-phase is shown in the
histograms. Example renderings of origami imaged in the pre-
wash direct phase (left) and then in the post-wash direct
phase / PD phase (right) are shown below. The number of tiles
sampled was 90, 153, 272 and 369 for panels b-e, respectively.
Scale bars: 30 nm.

After completing the direct phase, S1 was added, which
binds to the entire D1 strand thus blocking access to the
previously imaged docking domain on D1 (Fig. 3a, top).
Subsequently we included the protected Sz nanostructure
(S2-B), which binds to overhang D2. Finally, the shield
strand B was removed by adding an excess of remover
strand R, exposing the S1-S2 toehold domain and enabling
their dimerization. The latter renders the docking domain
on S1accessible for imaging, an experimental stage that we
indicate as “PD phase”. A complete time trace of the ex-
perimental protocol and the resulting event rates in a typ-
ical experiment is shown in Fig. Ss.



For further assessments we also performed control experi-
ments in which the (pre-wash) direct phase is followed by
buffer exchange steps similar to those required to intro-
duce the PD-PAINT constructs, but without actually add-
ing S1and S2. Instead, direct imaging of D1 is resumed with
conventional DNA-PAINT in a “post-wash direct phase”
(Fig. 3a-iv).

Figure 3b highlights how only 53.9+2.6% (mean + SEM) of
the origami binding sites detected in conventional DNA-
PAINT during the pre-wash direct phase appeared during
the post-wash direct phase. Fig. S4 shows that such site
loss happens progressively over the pre-wash imaging
phase and is further enhanced by the washing steps. Pro-
gressive site loss is expected for DNA-PAINT and has been
previously documented and ascribed to photoinduced
chemical damage of the docking motifs.”” Shear forces ex-
erted while washing might account for additional origami
damage.

Fig. 3¢ shows a fraction of retained sites fg= 52.2+1.8% for
PD-PAINT on tiles with d=5 nm, as measured between the
direct phase and the PD phase. The nearly identical values
of fr found for PD-PAINT and the control experiment
prove that essentially all sites that would remain functional
over the course of a comparable DNA-PAINT experiment
will produce a PD-PAINT signal for tiles with d=5 nm.

The fraction of retained sites however decreases with in-
creasing tethering distance, to 27.7+1.1% for d=10 nm and
18.320.9% for d=15 nm (Fig. 3d,e). Such an additional de-
crease in viable sites is unexpected, as S1 and S2 were pre-
dicted to have similar dimerization probabilities within the
tested d-range. The imperfect addressability of overhangs
on the tile, first reported by Strauss et al.,”® and assessed
for our tiles in Fig. S1, might be partially responsible for the
d-dependent site loss, given the change in the position of
D2 between the three different designs (Fig. 3c-e). How-
ever, the trend we detected does not correlate with the
published addressability maps.”®

Another possible explanation for the observed d-depend-
ence of f is a difference in S1-S2 dimerization kinetics for
different tethering distances. While the free energy calcu-
lations in Fig. 2 indicate that the equilibrium dimerization
probability should be independent of d within the studied
range, they do not offer direct insight into the kinetics of
the process. Long dimerization times, increasing with d,
could result in a distance-dependent reduction in the frac-
tion of S1 sites becoming available over the finite PD phase.

To gather detailed experimental insights into the kinetics
and thermodynamics of PD-PAINT we carried out a single
molecule statistical analysis of the “blinking” behavior of
individual origami sites. Fig. 4a shows the normalized cu-
mulative distribution function (CDF) of the dark times,
which are defined as the time intervals between subse-
quent blinks. Data are shown for PD-PAINT experiments
at all tethering distances, comparing direct and PD phases,
and as a control also for conventional DNA-PAINT, com-
paring pre- and post-wash direct phases.
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Figure 4. Single-molecule kinetic and thermodynamic assess-
ment of PD-PAINT. a: Kinetic processes involved in conven-
tional DNA-PAINT, as carried out in the direct imaging
phases, and in PD-PAINT (PD-phases). In the latter situation,
reversible dimerization and unbinding of S1 and Sz takes
place, resulting in extended dark periods in which the P1 bind-
ing site is rendered inaccessible. b: Cumulative Distribution
Function (CDF) of the dark times recorded in (pre- and post-
wash) direct phases and PD phases (legend in panel a) for PD-
PAINT experiments with different S1-S2 separation d and a
control DNA-PAINT experiment. Note the greater promi-
nence of long dark times in PD phases as opposed to direct
phases. Insets: logarithm of (1-CDF) displaying a near expo-
nential trend for data collected in the direct phases, and the
substantial deviation observed in PD phases. See SI section
1.15, 116, Fig. S2 and Table S3, S4 and Ss for analytical and nu-
merical analysis of the dark time distributions and the estima-
tion of the rate constants in panel a. c: Examples of blinking
sequences recorded in the PD (top) and direct (bottom)
phases, where each symbol represents an event, and gaps be-
tween them the dark times. Extended dark periods are visibly
more common in PD-PAINT data.

For all direct imaging phases, in PD-PAINT and control ex-
periments (both pre- and post-wash), the distributions
closely follow an exponential trend, visible in the insets of
Fig. 4b. This functional form is expected for DNA-PAINT
experiments, and results from the second-order kinetics of
the imager binding to the docking domain with rate con-
stant k,,,. The latter is estimated for all direct experimental
phases by fitting the respective dark time distributions,
and found in good agreement with previous observations
for the P1imager binding to its docking site™ (k,, = 1.48 —
2.50 x 10 M1 s™1 using [P1] = 2 nM, see SI section 1.16,
Fig. S2 and Table S3). For all PD phases, in turn, the distri-
butions display a clear deviation from the corresponding
direct-phase curves, with a substantial excess of long dark
times (Fig. 4b and insets). Direct inspection of the sampled
blinking sequences, exemplified in Fig. 4¢ (bottom), reveal



that the excess of long dark times follows from an inter-
mittent behavior of PD-PAINT sites, which display streaks
of frequent bright events interrupted by long periods of in-
activity. By contrast, a more regular imager attachment
rate is observed in direct phases (Fig. 4¢ top).

We ascribe the intermittent blinking of PD-PAINT sites to
the reversibility of S1-S2 dimerization, which leads to tran-
sitions between the dimerized state, in which the S1 dock-
ing site is accessible to P1, and the un-dimerized state,
which renders the docking site inaccessible (Fig. 4¢). We
label the (first-order) rate constants of S1-S2 dimerization
and unbinding as k,; and k,, and demonstrate that by al-
lowing for this reversibility the CDF of PD-PAINT dark
times can be described by a hyper-exponential distribu-
tion, which we can fit to the data to extract values for the
two rate constants (SI section 1.16, Fig. S2 and Table S3, S4
and Ss). To overcome limitations of the analytical descrip-
tion, which fails to capture the finite sampling time of the
experimental datasets, we also carry out explicit stochastic
simulations of the blinking pattern, modeled as a continu-
ous Markov process. Optimization of the simulated dark
time distributions allows for estimating k4 and k,, which
are in good agreement with the outcomes of the analytical
fit (SI section 1.16, Fig. S2 and Table S4).

The timescales associated to the extracted kinetic rates,
k;1~710 —910s, kz'~1052—1430s and (k,n[P1])~!
~180 — 200 s, are in all cases substantially shorter than the
duration of the PD imaging phase (1 x 10* — 1.3 x 10%*s).
Therefore, the ensemble of detectable S1-S2 pairs should
comfortably reach equilibrium within the experimental
timeframe, i.e. these single molecule studies sample the
system multiple times along both states.

The equilibration kinetics was also directly probed by
measuring the first passage time, defined as the time inter-
val between the addition of the removal strand R and the
detection of the first bright event on each S1-S2 site. Re-
sults, summarized in Fig. S3 confirm that the first passage
times are, for all tested d-values, substantially shorter com-
pared to the duration of the PD phase. Consequently, all
origami sites in which both S1 and Sz are present and
chemically intact should produce blinks within the obser-
vation timescales, and kinetics can be ruled out as the
cause of the excess site loss measured for d=10 nm and
15 nm.

However, the consistency between the blinking kinetics of
the detectable PD-PAINT sites and the theoretical models
(both analytical and numerical) indicates that also the ex-
cess site loss observed for d=10 nm and 15 nm is likely to
derive from non-ideal features in a sub-population of sites,
rather than from intrinsic design issues with the PD-
PAINT probes. From the experimental values of k; and
k., we can extract the probabilities of S1-S2 dimerization,
and compare it with the results of simulations in Fig. 2b.
The latter are found to overestimate the stability of the S1-
Sz dimer, a result which might derive from natural limita-
tions of the coarse-grained description of DNA we adopt,

or from necessary simplifications of the simulated system
where, for instance, the origami is not explicitly included
(see Supporting Information). We point out that the lower
S1-S2 dimerization probability detected in experiments has
little impact on the performance of PD-PAINT, having
demonstrated through our single-molecule analysis that
the kinetics of S1-S2 binding and unbinding is sufficiently
fast to guarantee that bright events are recorded within
typical experimental time-scales whenever the two probes
are within reach - which is ultimately the key requirement.

The DNA origami platform also enabled several control ex-
periments to confirm that the number of false positives, i.e.
signals detected from S1 when no Sz structures are in prox-
imity, is low and that shielding of S2 worked as expected.
In an experiment where only S1 was present, 1.89% of the
origami binding sites imaged during the direct phase were
detectable in the PD phase, indicating a very low false-pos-
itive rate (Fig. S6e). Similarly, protection of Sz with the
shield B avoided interaction with S1 when applied at a con-
centration used during attachment (Fig. S6¢), whereas un-
protected Sz is found to dimerize to tethered Si strands
(Fig. S6b). Finally, we confirmed that adding the shield re-
mover R does not affect closed S1 loops in the absence of
Sz (Fig. S6d).

Having assessed the performance of PD-PAINT in-silico
and on test samples, we applied it to the detection of prox-
imity between two proteins in a biological sample (Fig. 5).
In particular, we targeted the cardiac ryanodine receptor
(RyR) and the junctional protein junctophilin (JPH)*** in
fixed cardiac cells. These proteins had been previously
shown to localize in close proximity, with a subset of JPH
found within <50 nm of RyRs.

The two epitopes were first targeted by two distinct pri-
mary antibodies (ABs). Secondary ABs conjugated to the
D1 and Dz strands (see Fig. S7) were then applied, targeting
the primary ABs for JPH and RyR, respectively.

Prior to adding S1, the JPH epitopes were directly imaged
using the docking site on D1 with imager P1, as shown in
Fig. 5a. A clear signal and the distinct patterns expected
from these proteins were found.”” Upon addition of Si,
blocking of the P1 docking site on D1 resulted in a rapid
drop in event rate to background levels, just as observed
with the origami platform. Following an Exchange-PAINT
step™ to wash out P1 imagers, we then directly imaged
RyRs using newly added P5 imagers, complementary to a
domain on the D2 strands. We detected a broadly similar
pattern to the one found for JPH (Fig, sb), as previously
observed in dual-color super-resolution studies of RyR-
JPH distribution.* As expected, the addition of Sz and B,
capping D2, rapidly suppressed the P5 imager signal indi-
cating successful attachment of S2-B.

Finally, upon re-introducing P1 and adding the remover

strand R, bright events resumed following the dimeriza-
tion of S1 and Sz, as expected, given the proximity of some
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Figure 5. PD-PAINT assay of the proximity of cardiac proteins JPH and RyR in isolated cardiomyocytes. Shown in a-c from left to
right: DNA process schematic (not to scale), single molecule time trace of events, and final rendered image. a: Initial imaging of
P1 docking sites. S1 introduced at ~500 nM binding to D1 and preventing further P1 imager docking events. Single molecule events
are reduced to background levels within an approximate 10 min incubation period. b: Following an Exchange-PAINT protocol P5
imagers are then used to probe RyR on Dz. Pre-annealed S2-B then bind to D2 preventing further RyR sampling, taking ~10 minutes
to reduce events. c¢: The addition of the displacement sequence R removes B and enables S1-S2 dimerization when in close enough
proximity. This process is stochastic and the single molecule events gradually increase over time as more S1 loops are opened. d:
Overlay of super-resolution images obtained at each stage (a-c, rotated 90°) showing JPH (yellow), RyR (magenta), and PD-PAINT
signal (Cyan). Magnification of boxed regions left (i) where JPH and RyR signal is clearly present within the cluster but are seem-
ingly not in close molecular proximity for Si-S2 dimerization and (ii) showing all 3 signals present (arrows highlight strongly
overlapping signals which appear white). Frame numbers used to generate super-resolution images: D1 & D2 ~30k frames & open

S1 sites ~60k frames. Scale bars: (a-d) 1pum, (i-ii) 100 nm.

RyR and JPH epitopes* (Fig. 5¢). The rate of events in-
creases over time, with a transient of a few minutes, in line
with the dimerization kinetics observed for the origami
platform.

Fig. 5d demonstrates that although JPH and RyR often ap-
pear co-localized within the same molecular cluster, the
PD-PAINT signal is not always present, indicating that in
some cases the JPH-RyR proximity is not sufficient to allow
direct interaction and S1-S2 dimerization. We note that
false positives resulting from conventional co-localization
approaches are expected where the local overlap of signal
in different channels is often artifactual, arising simply
from limited spatial resolution in the more complex bio-
logical environment. The improved PD-PAINT assay
avoids this reliance on spatial resolution and instead em-
ploys a physical distance criterion that is independent of
imaging resolution.

Note that JPH appears as the most abundant protein (Fig.
5a), RyR is slightly less abundant (Fig. 5b), while the weak-
est signals are detected for RyR-JPH pairs with PD-PAINT.

This is consistent with previous observations on RyRs and
JPH.* The number of RyR-JPH pairs are bounded by the
smaller number of RyRs and the lesser abundance of PD
signal pairs is therefore consistent with expectations.

A second pair of cardiac proteins, RyRs and the intrinsic
sarcoplasmic reticulum membrane protein SERCA®, were
imaged in a similar way with PD-PAINT in cardiac tissue
sections, which provide an environment very challenging
for optical super-resolution imaging. The experiment
yielded comparable results to those found for RyR and JPH,
as shown in Fig. S8.

The dependency of PD-PAINT signals on the molecular
proximity of S1 and S2 was further demonstrated in an ex-
periment that serves as a negative control (Fig. Sg). For this
experiment, collagen type VI (ColVI) and RyR were labeled
with primary and secondary antibodies to carry D1/S1 and
D2/S2 constructs, respectively (Fig. Sga). RyR and ColVI
have a broadly similar distribution pattern in cardiomyo-
cytes but are separated by the cell membrane and thus not
in direct molecular contact. When the two antibody popu-
lations were individually imaged using conventional DNA-
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PAINT targeted towards the D1 and D2 docking strands
(Fig. Sob,c), the resulting two-color DNA-PAINT image ex-
hibited overlap in some areas, an occurrence that would be
interpreted as molecular co-localization (Fig. Sgd). When
the same areas were imaged using PD-PAINT, after S1 and
S2 were tethered to D1 and D2, no signal was detected
above background levels (Fig. Sge). This suggests that the
areas of overlap observed in the two-color DNA-PAINT im-
age are false positives and that no epitopes of ColVI and
RyR are located within close proximity to each other. This
is consistent with the expected distribution of collagen and
RyRs - ColVI and RyR would be expected to be separated
by 40 nm or more based on myocyte ultrastructure deter-
mined by electron microscopy.>* Note that the probability
of S1-S2 dimerization predicted by MC simulations at such
separations is, consistently, negligibly small (Fig. 2b), even
if taking into account a possibly reduced distance of the
proximity probes due to the spatial extent of antibody la-
bels (which can account for up to ~20 nm).

One of the key advantages of DNA-PAINT is that of ena-
bling the quantification of the number of accessible dock-
ing sites, and hence of the labeled epitopes, through the
qPAINT method.” Quantitative estimates of protein-pair
numbers are critical, for example, in assays that test for
changes in protein-protein signaling in response to exper-
imental interventions. Some types of proximity detection
have been shown to be prone to saturation which can pre-
clude the detection of changes in such experiments.”

We demonstrate that qPAINT analysis can be seamlessly
integrated with PD-PAINT, just like with regular DNA-
PAINT. The qPAINT approach simply relies on recording
dark-time distributions from areas with an unknown num-
ber of docking sites (N), and then exploiting the linear re-
lationship between the inverse mean dark time and N.
A calibration performed on data with a known number of
docking sites then enables the extraction of N from the
measured mean dark time. Using the experimental data
collected on origami test samples we demonstrate that, re-
gardless of the differences in the distributions of dark
times between PD-PAINT and conventional DNA-PAINT
(discussed above), the linear relationship between the in-
verse mean dark time and N persists, proving the applica-
bility of the technique (see Supporting Information and
Fig. S10)

In principle, care must be taken when applying the
qPAINT analysis to PD-PAINT data collected from samples
with non-uniform S1-S2 separation, as would be common
in biological scenarios. Indeed, a dependence of the blink-
ing kinetics on d could bias the results if one relied on cal-
ibration data acquired at uniform d. Comparison between
qPAINT calibration curves recorded on origami data for
d=5 nm, 10 nm and 15 nm reveals relatively similar slopes,
proving that at least within this range the bias should be
limited (Fig. S10 and Table S1). It is however likely that the
most precise qPAINT estimates in biological samples can
be obtained in cases where the distance between target
epitopes is uniform throughout the sample or approxi-
mately known a priori, e.g. for proteins clustering in
known morphologies. A possible distance dependent site

loss, similar to the one we noticed with origami, could in-
troduce additional bias, along with other experimental ar-
tifacts common in all DNA-PAINT measurements, such as
imperfect epitope labeling and photo damage of the dock-
ing strands.

Conclusion. In summary, we present Proximity-Depend-
ent PAINT, a technique which allows imaging of the distri-
bution of protein pairs, or other biological targets in close
proximity, with nanoscale resolution. As opposed to con-
ventional multi-channel-imaging co-localization tech-
niques, proximity detection is decoupled from the imaging
resolution, which is especially important in biological cell
and tissue samples where the achievable resolution can
vary greatly due to refractive index inhomogeneities and
related optical challenges. Indeed, with PD-PAINT the
proximity range can be smaller than the imaging resolu-
tion, a distinct advantage that the proposed method shares
with FRET imaging. However, in contrast to FRET, PD-
PAINT does not require specific dye pairs, eliminates the
need for a more complex excitation and detection setup,
and does not suffer from the effects of specific molecular
orientations which can complicate the interpretation of
FRET experiments. In addition, PD-PAINT can be effi-
ciently multiplexed, a more challenging task with FRET-
based approaches.

The viability of PD-PAINT is assessed through coarse-
grained molecular simulations and experiments on DNA
origami test tiles, the latter enabling single-molecule anal-
ysis of the kinetic and thermodynamic features of the plat-
form.

We show that PD-PAINT is compatible with the complex-
ities of biological environments by imaging different
epitopes of primary antibodies and different epitopes of
the ryanodine receptor, a large protein, in fixed cardiac tis-
sue sections. Owing to the modularity of the DNA
nanostructures used, PD-PAINT can be implemented rela-
tively easily and with little penalty as an additional step in
any Exchange-PAINT experiment.** With modern sensi-
tive and affordable cameras (Exchange-) PD-PAINT is
straightforward to implement on a conventional fluores-
cence microscope, the equipment required can be assem-
bled from components with a relatively modest budget.**

We demonstrated the application of PD-PAINT to cellular
preparations using a secondary antibody system which due
to its size could extend the capture radius of the PD-PAINT
system. In the applications shown here this has only a mi-
nor effect since one of the protein partners, the RyR, is it-
self very large, with a diameter of ~30 nm. For potentially
smaller protein pairs, PD-PAINT can be readily adapted by
conjugating the proximity-detection strands S1 and S2 to
compact markers such as nanobodies, aptamers and other
emerging probes.’”?*

PD-PAINT is fully compatible with multi-color imaging
and can be implemented in addition to conventional DNA-
PAINT of multiple other channels, essentially without per-
formance penalty. This is demonstrated here by following
an Exchange-PAINT protocol,* to image the protein com-
plex as well as the individual protein epitopes in separate
channels (Fig. S12).



Finally, we show that PD-PAINT can be seamlessly com-
bined with qPAINT analysis for measuring emitter num-
bers.”

Guided by simulations and single-molecule experimental
analysis, one could foresee design changes to the basic PD-
PAINT machinery aimed at optimizing its performance in
specific settings. For example, one could fine tune the
range of proximity-detectability. The PD-PAINT system
could also be modified to sense the proximity of more than
two targets, similar to what has been previously shown for
PLA* Using the vast combinatorial space of DNA-
sequence design, it should be possible to design orthogo-
nal imaging probes that analogously to S1 and Sz expose
different docking strands when in close proximity. Based
on this principle, a virtually unlimited number of distinct
protein pairs can be detected within a single sample.

Increasing the affinity between the imager and the S1 dock-
ing domain, e.g. by adjusting the CG/AT ratio or by extend-
ing the number of bases in the stem loop, in combination
with an adjusted imager concentration, would enable a
near-permanent labeling of open Si-loop structures with
single imagers. In this configuration, the PD-PAINT ma-
chinery can be exploited to render other super-resolution
imaging modalities proximity sensitive, such as STED,
SIM, (d)STORM, (f)PALM, or even widefield and confocal
microscopy.>'+'%'7*
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