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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 obtaining 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
colocalization 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. Labelled
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
experimentally demonstrated by imaging high proximity biotin binding sites of streptavidin and epitopes of ryanodine receptor
proteins in cardiac tissue samples. We show that PD-PAINT can be straightforwardly integrated in a multiplexed superresolution 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 detection of protein-protein complexes is the basis of understanding
many processes in biology 1. Often, these are detected by in vitro methods such as co-immunoprecipitation, cross-linking or
affinity blotting 2,3. It is increasingly evident that besides detecting the mere presence of protein-protein interactions, it is
important to determine where these occur within a cell or tissue, since the nanoscale organization of signaling complexes
directly controls cell function 4,5. To this end, methods have been developed that are based on labelling the features of interest
with synthetic DNA oligonucleotides, conjugated to antibodies or other molecular markers. The oligonucleotides act as
proximity probes, and a subsequent amplification step is implemented to produce a fluorescent signal detectable by a
conventional microscope. In an (in situ) proximity ligation assay (PLA), enzymatic amplification occurs via the rolling circle
method 5–8, while in the ProxHCR scheme amplification is non-enzymatic and relies on a hybridization chain reaction 9,10.
However, the high fluorescent amplification in both methods also effectively restricts them to diffraction-limited imaging. This
implies that the presence of protein pairs can be located to within a certain region but generally precludes accurate
quantification and visualization of their distribution at the nanometer scale 11.
Imaging with spatial resolution beyond the diffraction limit can now be achieved by a wide range of super-resolution
techniques, such as structured illumination microscopy (SIM) 12, stimulated emission depletion (STED) microscopy 13,14,
(fluorescence) photoactivated localization microscopy ((F)PALM) 15,16 or (direct) stochastic optical reconstruction microscopy
((d)STORM) 17,18. DNA-PAINT (Point Accumulation Imaging in Nanoscale Topography) is a super-resolution imaging
technique that relies on oligonucleotide interactions, a property that it shares with PLA and proxHCR 19. In DNA-PAINT, the
proteins of interest are labelled with a short DNA oligonucleotide, or “docking” strand. The transient binding and consequent
brief immobilization of fluorescently labeled complementary “imager” strands enables detection as a fluorescent “blink” and
precise localization. The accumulated localization data is used to reconstruct a super-resolution image.
Fluorescent super-resolution techniques can be used to acquire multi-target images which, in principle, allow estimating the
proximity of protein targets by fluorescence colocalization. However, unequivocal identification of protein-protein pairs is
complicated by the fact that co-localization can be prone to false-positive signals, as the precision of colocalization is directly
dependent on the local imaging resolution. Resolution can vary considerably, especially 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 20) 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-localization
estimates.
Here, we introduce a proximity-sensitive super-resolution imaging method which allows detection of the presence and
characterization of the local density and nanoscale distribution of protein-protein complexes, determining the detailed structure
and morphology of possible clusters. Importantly, the proximity detection is fully decoupled from local imaging resolution and
optical multi-channel registration is not required. In our approach, two proteins of interest are labelled with DNA constructs,
which are designed to interact if in molecular proximity, and as a result allow for a DNA-PAINT signal to be detected. One
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construct includes the DNA-PAINT docking sequence, which however is protected by a stable DNA stem loop structure,
rendering the docking site effectively inaccessible. If the second target is within a distance of approximately 10 nm, 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 approach Proximity-Dependent PAINT (PDPAINT) and demonstrate it by means of coarse-grained molecular simulations and experimentally by imaging high-proximity
biotin binding sites on streptavidin and epitopes on cardiac ion channels. PD-PAINT combines proximity detection with all
the advantages of DNA-PAINT. These include high specificity, straightforward implementation on a conventional fluorescence
microscope, freedom in the choice of dye and wavelength and importantly the possibility of readily achieving high photon
yields, resulting in very high resolution 19,21. In addition, by exploiting the principle of quantitative PAINT (qPAINT), PDPAINT enables accurate determination of the local density of protein pairs in the sample 19,22. Finally, 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 performance penalty. This is demonstrated here by following an Exchange-PAINT protocol 23,
to image the protein complex as well as the individual protein epitopes in separate channels.

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 (B*C), due to a high curvature of domain S1-C and hybridization of domain S1B* to S1-B. b: Strand S2 contains domains A* and B* which are complementary to A and B of the S1 stem. c: Close proximity
of S1 and S2 allows the S2-A* domain to displace S1-A*, opening up the loop. The equilibrium probability and kinetics of the
displacement is highly dependent on the distance between S1 and S2. The exposed docking domain in the open loop allows
the transient binding of an imager to the S1-S2 complex so that a super-resolution image can be obtained by DNA-PAINT.
Results and Discussion. Fig. 1 demonstrates the principle of PD-PAINT, where fluorescence signals are only detected if
two epitopes of interest are within close distance to each other. To implement PD-PAINT the two targets are labelled with
oligonucleotides S1 and S2, e.g. via two types of antibody to which S1 and S2 are conjugated, respectively. As shown in Fig.
1a, S1 contains the 9 nt docking sequence consisting of domains B* (3 nt) and C (6 nt). When S1 is isolated, the docking site
is protected by a closed stem-loop motif in which B* is hybridized to the complementary domain B, and C is wrapped to form
a short loop. The loop is further stabilized by the complementary domains A and A* (17 bp). In the closed-loop configuration
of S1 the docking site has negligible affinity for imagers of sequence C*-B (Fig. 1a), as previously determined in the context
of catalytic DNA reactions 9 and further demonstrated by means of coarse-grained computer simulations discussed below. The
second target is labelled with strand S2, which contains sequence A*-B* (Fig. 1b). This sequence is complementary to B-A in
the S1 stem, making the S1-S2 dimerization reaction, and the consequent opening of the stem loop on S1, thermodynamically
feasible only for sufficiently high concentrations of the constructs. If the local concentration of S1 and S2 is too low, e.g. ~500
nM used for sample labelling steps, the closed-loop configuration remains favorable. Furthermore, owing to the stability of the
S1 stem, the dimerization reaction is kinetically highly unlikely unless the two species are kept in close proximity.
If S1 and S2 are attached to stationary epitopes located within close distance to each other, their dimerization can proceed
through the process of proximity-mediated strand displacement (PMSD) 24,25. Here, the occasional fraying taking place at either
end of the S1 stem duplex enables the formation of transient base-pairing bonds with either the A* or the B* domains on S2,
which then have a chance of progressing until S1 and S2 are fully hybridized through a stochastic branch-migration process 26.
The likelihood for the branch-migration to initiate, and thus the overall S1-S2 hybridization rate, is proportional to the local
concentration of S1 and S2 and, as such, strongly proximity dependent 24,25. Likewise, the equilibrium probability of the S1S2 complex being formed is expected to depend on the distance between the tethered constructs. When S1 and S2 are fully
hybridized the open loop exposes the docking sequence B*-C of S1, allowing transient binding of the complementary imager
P1, which results in frequent detection of these binding events as fluorescent blinks, i.e., a DNA-PAINT signal (Fig. 1c).
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Figure 2. Thermodynamic properties of PD-PAINT. a: The dimerization probability of S1 and S2 is highly sensitive to the
separation distance between tethers, x. Left: dimerization probabilities (blue) and the free energy change of dimerization (black)
are calculated from coarse-grained Monte Carlo (MC) simulations based on the oxDNA model 27,28. When the tethers are
separated by short distances (1 nm), S1 and S2 dimerize with probability 0.6, forming a complex that can be imaged by DNAPAINT. As separation distances increase the dimerization probability falls until dimerization is negligible at separation
distances exceeding 10 nm. Right: simulation snapshots of the dimerized and undimerized configurations. b: Hybridization of
the imager to S1 as a closed loop is inhibited in the absence of S2 and restored by the presence of S2. Left: free energy profiles
for formation of Watson-Crick bonds between the imager and S1, relative to the unhybridized state. We compare the closed
loop state of S1 (blue squares), the open state after hybridization of S2 (red circles) and conventional DNA-PAINT binding
(black crosses). Note that closed loop states with >5 bonds resulted in large free energies whose contribution to the overall
hybridization free energy is negligible. Right: simulation snapshots for the three cases. All DNA sequences used are shown in
Table S1. Snapshots from the simulation are visualized with UCSF Chimera 29. All errorbars are given as one standard error.
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 details in the
Supporting Information 27,28. For PD-PAINT to elucidate the presence of dimers, it must obey two thermodynamic design
criteria. First, the S1 loop must be opened if S2 is nearby. Second, binding of the imager to the closed loop must be inhibited
to prevent false positives, i.e. binding should only be possible when the loop is open.
We implemented free-energy calculations to determine the likelihood of the formation of S1-S2 dimers, resulting in the
opening of the S1 loop, as a function of the distance between their anchoring points (Fig. 2a). The standard free energy for S1S2 dimerization and loop opening, with the strands tethered at distance x from each other, can be expressed as
0
∆𝐺tet (𝑥) = ∆𝐺sol
− 𝜙 0 (𝑥)
0
where ∆𝐺sol
is the standard free energy for dimerization of untethered S1 and S2, which can be estimated via nearestneighbors thermodynamic rules for known S1 and S2 sequences 30, and 𝜙 0 (𝑥) is a correction that encodes the free-energy cost
of mutual confinement of the constructs following dimerization 31,32. The latter is obtained from MC simulations and accounts
for the polymer elasticity of the ssDNA segments (here 15 nt) connecting the active domains of S1 and S2 to their tethering
points as well as excluded volume and electrostatic interactions between the constructs. As expected, both ∆𝐺tet (𝑥) and the
loop-opening probability, 𝑝dim (𝑥), display a strong dependence on x, and 𝑝dim (𝑥) effectively becomes negligible for distances
exceeding ~10 nm (Fig. 2a). At small x, the loop-opening probability saturates at ~0.6 reflecting the fact that in conditions of
high proximity a significant fraction of neighboring S1-S2 pairs will produce available docking sites. Note that once an
ensemble of constructs is brought to a certain level of proximity, relaxation of the dimerization probability to the predicted
distribution is not instantaneous, but will occur at a finite and separation-dependent rate, as well characterized for analogous
PMSD processes 24,25. It is therefore critical in experiments to allow sufficient time for the S1-S2 pairs to reach equilibrium.
The dimerization probability for untethered constructs at a concentration of 500 nM, which was the maximal concentration
used during sample functionalization steps, is ~5.6 × 10−4 , implying that false positive signals resulting from the dimerization
of untethered S1 and S2 should be negligible. The likelihood of this occurring on experimental timescales is further suppressed
by the slow initiation kinetics of the branch migration process for freely diffusing constructs 24,25.
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Figure 3. PD-PAINT to detect proximity of biotin binding sites on streptavidin. a: Biotinylated strands S1 and S2 were allowed
to attach in equal amounts to the surface of streptavidin-coated 500 nm polystyrene spheres, which allows a considerable
fraction of S2 to open up the S1 stem loop structure, whenever S1 and S2 attach to adjacent binding sites on the same protein.
b: Rendered image of the resulting DNA-PAINT signal, the box indicates area of magnified inset in c. d: Widefield
fluorescence image at high imager concentrations (5 nM), with many of the accessible docking domains occupied by imagers.
e: If only S1 is used, the loop remains closed and does not allow imagers to bind. f, g: Rendered images, analogous to b and
c, but displaying little signal. h: Widefield fluorescence image showing only a diffuse background fluorescence signal from
comparatively high concentration of imagers (10 nM) in solution, outlining shadows of particles against the fluorescent
background and very rare binding of single imagers (arrow). Note that the gray scale in h is different from d. Scale bars:
6 µm (b,f), 2 µm (c,d,g,h).
For the presence and location of S1-S2 dimers to be positively identified via DNA-PAINT, binding of the imager to closed
S1 loops must be inhibited, yet the imager must have a sufficient affinity for the exposed docking site. We verify this by
estimating the interaction free-energy ∆𝐺S1-P1 between the P1 imager and S1 in its closed loop and open loop states, shown in
Fig. 2b as a function of the number of formed base-pairing bonds. The free energy barrier for the formation of the first bond is
similar between the open and closed loop configurations but while in the former case further base pairing does not result in a
significant drop in free energy, a steep monotonic decrease is observed for the open-loop configuration. As a result, we estimate
imager binding times to the closed S1 loop as ~1.4 µs, well below the detection threshold for a typical DNA PAINT experiment
(see Supporting Information and Table S4). In turn, for the open loop configuration we predict a binding time of ~0.2 s, ideal
for DNA-PAINT at typical frame integration times of 50-300 ms (Table S4). For comparison Fig. 2b also features the ∆𝐺S1-P1
profile for a conventional DNA-PAINT docking strand that matches, within statistical errors, with the one determined for the
open S1 construct.
To experimentally validate the PD-PAINT concept we used the biotin-binding sites of streptavidin as a well-studied model
system that is expected to yield a positive PD-PAINT signal (Fig. 3). Streptavidin binds up to four biotin molecules, with two
sites each located on either side of the protein tetramer, at a distance of ~2 nm from each other 33. The very high affinity of
biotin ensures an effectively permanent attachment of biotinylated S1 and S2 constructs. Streptavidin was attached to the
surface of polystyrene colloidal particles, to provide a convenient imaging geometry as previously used in the context of DNAPAINT by ourselves 34 and others 35. Biotinylated S1 and S2 constructs were mixed thoroughly before streptavidin-coated
particles were dispersed on the coverslip to ensure a stochastic attachment of S1 and S2 to the biotin-binding sites. The
prominent ring structure observed in an optical section through the particles, shown in Fig. 3b,c, arises from a distinct PDPAINT signal, providing positive confirmation that binding of DNA-PAINT imagers is observed as expected. Assuming a
distance of ~2 nm between the anchoring points of S1 and S2, at equilibrium approximately 50% of these site-pairs should
feature dimerized strands with an open S1 loop, as discussed above (Fig. 2a). DNA-PAINT imaging resulting in the superresolved micrographs in Fig. 3b,c is performed at very low imager concentration (~0.05 nM), to reduce the likelihood of
simultaneous binding events that would prevent single-molecule localization 19. When imagers are added at a much higher
concentration (5 nM), as shown in Fig. 3d, multiple docking sites within a diffraction-limited area are occupied, resulting in a
fluorescence signal clearly visible in widefield fluorescence mode, consistent with a large fraction of all S1 loops being open
and available for imager binding.
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Figure 4. PD-PAINT with multiple antibodies binding to ryanodine receptors (RyR) in cardiac tissue sections. a: Two
populations of secondary antibodies, labelled with extended docking sequences D1 and D5 containing P1 and P5 docking
motifs, respectively, bind to single primary antibodies. i, ii: Exchange-PAINT imaging steps with imagers P1 and P5. iii: A
strand S1 binds to the extended docking sequence D1, preventing imagers from binding. iv: Strand S2 binds to docking
sequence D5 and if in close proximity opens up the S1 loop. This allows imager P1 binding to the S1 docking domain. Bottom:
rendered DNA-PAINT images of the respective steps. b: Overlay of the DNA-PAINT images described in a (P5 yellow, P1
magenta, PD-PAINT cyan). PD-PAINT signal typically only appears where P1 and P5 signals show co-localization (inset). c:
PD-PAINT with two primary antibodies against RyR. Top: PD-PAINT signal, bottom: overlay of PD-PAINT data (cyan) with
P5 (yellow) and P1 (magenta) data of individual secondary antibodies, equivalent to b. Scale bars: 2 µm, inset (b): 500 nm,
inset (c): 1 µm.
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To confirm that there is negligible interaction between imagers and isolated S1 constructs with a closed loop, beads
functionalized with S1 but lacking S2 were imaged (Fig. 3e-h). No DNA-PAINT signal is observed, consistent with the
simulation results which indicated that binding events of imagers to the closed loop on S1 are extremely brief and thus
undetectable (Fig. 2b and Table S4). Indeed, hardly any binding is observed, even at high imager concentrations (Fig. 3h).
Fig. 4 demonstrates the applicability of PD-PAINT to biological samples, using fixed cardiac muscle tissue. In these
experiments, binding sites for S1 and S2 are generated by means of a primary antibody (AB), of mouse origin, targeted against
the cardiac ryanodine receptor (RyR2, a large ion channel). This primary AB has been previously used for DNA-PAINT
imaging of RyRs 4. Constructs S1 and S2 were hosted by two different populations of secondary ABs, targeting the mouse
primary AB. By simultaneously applying equal concentrations of S1- and S2-conjugated secondary ABs to samples labelled
with the primary, we achieved a high proportion of primary ABs featuring S1-S2 pairs. With the epitopes on the same primary
antibody providing proximal binding sites, this scenario resembles the one validated in Fig. 3 with streptavidin, albeit now in
a complex biological tissue. In order to allow the sequential imaging of all targets involved and to also study the equilibration
time of PD-PAINT while imaging, S1 and S2 were not directly conjugated to the secondary ABs. Instead, extended docking
sequences D1 and D5, that would later anchor the S1 and S2 strands, respectively, were attached to the secondary ABs. D1
and D5 were designed to respectively bind the modified S1 and S2 constructs with high affinity, resulting in effectively
irreversible attachment. The two secondary antibodies were initially imaged (Fig. 4a i+ii) in conventional Exchange-PAINT
mode 23, with P1 and P5 imagers binding transiently to D1 and D5, respectively, which host docking domains for these imagers.
The good overlap between D1 and D5 images (Fig. 4a i+ii bottom panels) suggests that a high proportion of primary ABs were
labelled with both types of secondary ABs. When strand S1 was added (100 nM), while imager P1 was still present, the binding
rate for imager P1 was eventually reduced to background levels (Fig. S4c), because S1 permanently hybridizes with D1,
blocking the docking site (Fig. 3a iii). Notably, during this step the P1 docking site of S1 remained inaccessible due to the
closed stem loop structure. The suppression of DNA-PAINT binding occurred rapidly, within <10 min, which indicates quickly
saturating binding of S1 strands to D1 (Fig. S4c). When added in solution, S2 attached with a similarly high rate to D5
(monitored with imager P5, Fig. S4d). Since pairs of ABs labelled with D1 and D5 are located within close distance of each
other, once S1 and S2 constructs are both present the stem loop structure on S1 is expected to open with significant probability,
enabling the detection of a DNA-PAINT signal by means of imager P1. This is indeed confirmed in Fig. 4a iv. After addition
of S1 and S2, a stationary DNA-PAINT binding rate was reached after approx. 30 min, indicating that an equilibrium state of
S1-S2 complex formation was reached (see also Fig. S4a,b).
Comparison of the three channels representing the localization of ABs carrying S1, ABs carrying S2 and the PD-PAINT
signal, respectively, shows that PD-PAINT signal is only observed in areas of co-localization of the two conventional DNAPAINT channels, as shown by the overlaid images in Fig. 4b. Note that the limited resolution of conventional DNA-PAINT in
complex tissue samples such as the one utilized here, especially along the optical axis (several 100 nm in regular 2D SMLM
imaging), is expected to lead to a non-negligible number of false positive co-localization signals. PD-PAINT offers a route to
rule out false positives while retaining super-resolved spatial information on the distribution of proximity pairs.
Fig. 4c demonstrates the application of PD-PAINT to detect the proximity of two different epitopes on RyRs in a tissue
section, (for additional detail see Fig. S1). The two epitopes were first targeted by two distinct primary ABs, one rabbit-raised
and the other mouse-raised. Secondary ABs conjugated to the D1 and D5 strands were then applied, targeting the two different
primary ABs, before adding the constructs S1 and S2 to implement PD-PAINT.
The results of PD-PAINT experiments were broadly consistent with those where S1 and S2 carrying secondary ABs were
attached to the same primary antibody (Fig. 4a,b), however, here a lower rate of imager binding was detected after equilibration.
With the binding rate being proportional to the number of available docking sites 22, the reduced rate indicates a lower number
of S1-S2 dimerized pairs. This is consistent with the labelling system used in this approach where S1 and S2 are linked via two
sets of antibodies to the protein of interest resulting in an increased average separation, as compared to the situation in Fig. 3a.
As supported by MC simulations (Fig. 2a), a greater separation reduces the dimerization probability and thus the fraction of
open S1 loops and available docking sites.
The steep dependency of PD-PAINT signals on the proximity of S1 and S2 is further demonstrated in an experiment that
serves as a negative control (Fig. S2). For this experiment, collagen type VI (ColVI) and RyR were labelled with primary and
secondary antibodies to host D1/S1 and D5/S2 constructs, respectively (Fig. S2a). RyR and ColVI have a broadly similar
distribution pattern in cardiomyocytes but are separated by the cell membrane and thus not in direct molecular contact. When
the two antibody populations were individually imaged using conventional DNA-PAINT targeted towards the D1 and D5
docking strands (Fig. S2b,c), the resulting two-color DNA-PAINT image exhibited overlap in some areas, an occurrence that
would be interpreted as molecular colocalization (Fig. S2d). When the same areas were imaged using PD-PAINT targeting S1
and S2, now tethered to D1 and D5, no PD-PAINT signal was detected above background levels (Fig. S2e). This suggests that
the areas of overlap observed in the two-color DNA-PAINT image 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 although relative distances can often be as small as ~100 nm, ColVI and RyR would be expected to be separated by 30 nm or
more based on myocyte ultrastructure determined by electron microscopy 36. Note that the probability of S1-S2 dimerization
predicted by MC simulations at such separations is, consistently, negligibly small (Fig. 2a), even if taking into account a
possibly reduced distance of the proximity probes due to the length of anchoring double strand D1 and the spatial extent of
antibody labels (which can account for up to ~20 nm).
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Figure 5. Quantitative imaging with PD-PAINT. a: Widefield image of a streptavidin-coated particle (grey), with rendered
single
DNA-PAINT image of a single biotinylated docking strand (yellow), used for qPAINT calibration. b: Mean dark times 𝜏D, mean
calculated by fitting an exponential to the cumulative dark time distribution of the calibration site shown in a, for a single
conventional DNA-PAINT docking site. c: Colloidal particles coated with conventional P1 docking strands (left) and PDPAINT strands S1 and S2. d: Using the calibrations obtained in b, the number of accessible docking sites for PD-PAINT (red)
and conventional DNA-PAINT (black) per particle is calculated. A reduction of available sites in PD-PAINT compared to
conventional DNA-PAINT is expected, due to the stochastic distribution of S1/S2 pairs. Scale bars: 250 nm (a), 2 µm (c).
Exploiting one of the advantages of DNA-PAINT, we show the possibility to quantitatively measure the number of accessible
docking sites, and thus the number of protein pairs, from PD-PAINT data. This is done by applying the qPAINT method,
previously demonstrated for conventional DNA-PAINT 22. Quantitative estimates of protein-pair numbers are critical, for
example, in assays that test for changes in protein-protein signaling in response to experimental interventions. Some types of
proximity detection have been shown to be prone to saturation which can preclude detecting changes in such experiments 37.
To validate quantitative PD-PAINT, biotin-binding sites on streptavidin-coated particles were imaged as discussed above (Fig.
3). In qPAINT, the number of available binding sites within an area of interest is estimated from the kinetics of imager-docking
−1
binding events recorded within the area as 𝑁bind = (𝑘on × 𝑐i × 𝜏D, mean ) , where 𝑘on is the imager-docking association rate,
𝑐i is the imager concentration and 𝜏D, mean is the average time between consecutive binding events, or “mean dark time”,
determined as discussed in the Supporting Information. Here, 𝑘on is estimated from a calibration measurement performed on a
single

−1

bead featuring a single binding site as 𝑘on = (𝜏D, mean × 𝑐i ) (Fig. 5a) 22. Binding of a single docking strand on a particle was
achieved by functionalizing the particles with a very dilute solution of docking strands (0.5 nM, see also Delcanale et al. 35).
single
Using 𝑐i = 5 nM we obtained 𝜏D, mean = 57.1 s (Fig. 5b, see Methods in the Supporting Information) and 𝑘on = 3.5 ×
106 M−1 s−1 for conventional DNA-PAINT, in broad agreement with previously reported values 35,38.
qPAINT was first applied to a conventional DNA-PAINT experiment performed on beads simply decorated with the P1
docking sequence (black points in Fig. 5d). For PD-PAINT, the experiment was repeated with beads featuring S1 and S2 as
described above (red points in Fig. 5d). A reduction of detected PD-PAINT sites as compared to the maximal capacity of biotin
binding sites as measured by conventional DNA-PAINT was observed. Such a decrease is expected due to at least three
factors: (1) two biotin-binding sites, one occupied by S1 and the other by S2 are required to produce a single docking strand,
resulting in a 50% decrease, (2) among the pairs of binding sites the stochastic distribution of strands S1 and S2 reduces the
number of S1-S2 pairs as compared to S1-S1 and S2-S2 to ~50% - 63% 39 of the total, corresponding to between 2 to 4 adjacent
biotin binding sites being available for S1/S2 binding on a single streptavidin molecule. (3) Finally, we need to consider that
~50% of proximal S1-S2 pairs are dimerized when separated by ~2 nm. Cumulatively, this would reduce the available imager
binding sites to ~13-16% of those observed with conventional DNA-PAINT. We measured ~23±9%, in broad agreement with
these considerations.
The considerations above show that when combining qPAINT with PD-PAINT, the estimation of the number of all proximal
S1-S2 pairs is subject to the knowledge of the distance-dependent P1-P2 dimerization probability. The most precise estimates
can thus be obtained in cases where the distance between target epitopes is uniform throughout the sample or approximately
known a priori, as for the case of biotin binding sites on streptavidin or proteins clustering in specific morphologies. In cases
in which a broad distribution of epitope-distances is expected, as for example, in the case of non-specific and random
aggregates, our technique can provide a lower bound to the number of pairs, assuming a peak S1-S2 dimerization probability
of 60% (Fig. 2a).
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As a final application, we show that, using the vast combinatorial space of DNA-sequence design, it is possible to design
orthogonal imaging probes that analogously to S1 and S2 expose different docking strands when in close proximity. Fig. S3
demonstrates the use of spectral and temporal multiplexing to detect two different proximity-pair populations in the same
sample. Based on this principle, a virtually unlimited number of distinct protein pairs can be detected within a single sample.
Conclusion. In conclusion, we present Proximity-Dependent PAINT, a technique which allows imaging of the distribution
of protein pairs, or other biological targets in close proximity, with nanoscale resolution. As opposed to conventional multichannel-imaging colocalization techniques, 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
resolution which is a distinct advantage. A similar decoupling from imaging resolution can be achieved by a FRET-based
assay, a fluorescent method that is distance sensitive in the nanometer range 40. 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 efficiently multiplexed, a more challenging task with FRET based approaches.
We show that PD-PAINT is compatible with the complexities of biological environments by imaging different epitopes of
primary antibodies and different epitopes of the ryanodine receptor, a large protein, in fixed cardiac tissue sections. Owing to
the modularity of the DNA nanostructures used, PD-PAINT can be implemented relatively easily and with little penalty as an
additional step in any Exchange-PAINT experiment 21. With modern sensitive and affordable cameras (Exchange-) PD-PAINT
is straightforward to implement on a conventional fluorescence microscope, the equipment required can be assembled from
components with a relatively modest budget 41. Additionally, the technique can be adapted to various marker types by
conjugating the proximity-detection strands S1 and S2 directly to secondary antibodies, primary antibodies, aptamers and
related emerging marker technologies.
Guided by quantitative numerical calculations, one could foresee design changes to the basic PD-PAINT machinery aimed
at optimizing its performance in specific experimental settings. For example, one could fine tune the range of proximitydetectability. The PD-PAINT system could also be modified to sense the proximity of more than two targets, similarly to what
has been previously shown for PLA 42.
Increasing the affinity between the imager and the S1 docking domain, e.g. by adjusting the CG/AT ratio or by extending
the number of bases in the stem loop, in combination with an adjusted imager concentration, would enable a near-permanent
labelling of open S1-loop structures with single imagers. In this configuration, the PD-PAINT machinery 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 12,13,15,16,18.
Supporting Information. Materials and experimental methods, simulation methods, tables showing sampling windows used
in the simulation, a table showing DNA sequences, a table showing expected half-lives of imager binding, a figure showing a
detailed view of PD-PAINT using two primary antibodies, a figure showing a negative control experiment for PD-PAINT, a
figure showing multiplexed PD-PAINT imaging, a figure showing the equilibration time of S1/S2 interaction.
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