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Fluorescence microscopy, with its molecular specificity, is one of the major
characterization methods used in the life sciences to understand complex biological
systems. Super-resolution approaches'® can achieve resolutionin cells in the range
of 15t0 20 nm, but interactions between individual biomolecules occur atlength
scales below 10 nm and characterization of intramolecular structure requires
Angstrom resolution. State-of-the-art super-resolution implementations’* have
demonstrated spatial resolutions down to 5 nm and localization precisions of 1 nm
under certain in vitro conditions. However, such resolutions do not directly translate
toexperimentsin cells, and Angstrom resolution has not been demonstrated to date.
Here we introdue a DNA-barcoding method, resolution enhancement by sequential
imaging (RESI), thatimproves the resolution of fluorescence microscopy down to the
Angstrom scale using off-the-shelf fluorescence microscopy hardware and reagents.
By sequentially imaging sparse target subsets at moderate spatial resolutions of >15
nm, we demonstrate that single-protein resolution can be achieved for biomolecules
inwholeintact cells. Furthermore, we experimentally resolve the DNA backbone
distance of single bases in DNA origami with Angstrém resolution. We use our method
ina proof-of-principle demonstration to map the molecular arrangement of the
immunotherapy target CD20 insitu in untreated and drug-treated cells, which opens

possibilities for assessing the molecular mechanisms of targeted immunotherapy.
These observations demonstrate that, by enabling intramolecular imaging under
ambient conditions in whole intact cells, RESI closes the gap between super-
resolution microscopy and structural biology studies and thus delivers information
key to understanding complex biological systems.

The localization precision (g, y) of a target molecule in widefield
single-molecule localization microscopy (SMLM)" is ultimately and
fundamentally limited by the number of photons (V) collected per
blinking event: ggy; = %(OD,FF isthes.d. of the pointspread function
(PSF) of the optical imaging system'; Fig. 1a). Multiple localizations
ofthe sametarget (Fig. 1b, top) are distributed around the true position
due to their finite precision. Two or more points not resolvable by
SMLM produce overlapping distributions of localizations, thus pre-
cluding unique assignment of localizations to respective targets
(Fig.1b, bottom). However, if each localization could be assigned to a
specific target by colour, barcode or any other molecular identity, they
could be unambiguously grouped per target®.

The centre of each group of localizations can be calculated with a
precision far better than oy, . In essence, applying the principle of
localization microscopy to distinguishable groups of K super-resolved
localizations, precision is increased from the s.d. (g ) to the s.e.m.
("“"%).Collecting anarbitrarily large number of localizations yields an

arbitraryincreasein precision. Notably, thisincrease in precision occurs
regardless of the precisionachieved inindividual localizations (g \)-

We introduce a straightforward implementation of this concept
using Exchange-PAINTY, avariant of DNA-PAINT?, for identical target
molecules (Fig. 1c). DNA-PAINT uses the programmable, repetitive
but transient binding of dye-labelled ‘imager’ strands to their com-
plementary ‘docking’ strands on target molecules of interest™®. The
transient nature of the binding leads to an apparent ‘blinking’ of the
target, necessary to perform SMLM. Exchange-PAINT uses orthogonal
DNA barcodes combined withimaging and washing cycles to allow for
sequential target multiplexing. In our implementation we ‘multiplex’
asingle target species by separating it into multiple, sparser subsets.
Byimaging them sequentially, sufficiently spaced and isolated groups
of localizations are measured. Determining the centre of each group
of localizationsyields a resolution enhancement (Fig. 1d). We call this
implementation resolution enhancement by sequentialimaging (RESI),
and the resulting localizations RESI localizations.
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Fig.1|RESIconcept. a, In SMLM, oy, ,, of asingle dye scales with ZDIFE,
ultimately limiting the achievable spatial resolution. b, SMLM approaches
such as DNA-PAINT feature approximately 10 nm spatial resolution (resolution
approximated as full-width at half-maximum = 2.35 o, v). Whereas targets
separated by 20 nm (d,) can thusberoutinely resolved, objects spaced2 nm
apart(d,) are unresolvable because the resulting distributions of localizations
overlap. ¢, Using orthogonal DNA sequences (blue and green) and sequential
acquisition asin Exchange-PAINT, localizations from targets spaced more

By application of RESlin silico (Methods), we demonstrated areso-
lutionimprovement (Extended Data Fig. 1) over super-resolution akin
to theimprovement of super-resolved over diffraction-limited meas-
urements (Fig. 1e). For routinely obtainable DNA-PAINT localization
precision (approximately 3 nm) and number of localizations per target
(inthe order of hundreds), RESI could achieve precision well below
one nanometre, thus entering the Angstrom scale (Fig. 1f) according
£0 O = e

For an experimental proof of principle of RESI we used self-assembled
DNA origami structures to precisely position orthogonal DNA
strands®?. We first designed DNA origami featuring two docking strands
spaced 5 nm apart, a distance previously resolved with DNA-PAINT?,
to verify the accuracy and precision of RESI. Using two sequentialimag-
ing rounds and an alignment procedure (Methods) to conduct RESI,
we were ableto accurately recapitulate the 5 nm point-to-point distance
with precisionimproved by afactor of [Kerage = /381 =20 (Extended
DataFigs.2and 3).

We next performed RESI in three dimensions (3D) using recently
developed 3D DNA origami disk structures?® and measured distances
betweendockingstrands of 2.5+ 0.4 nminxyand11.3 + 0.8 nminz. This
demonstrates that RESI resolution enhancement applies in all three
dimensions, surpassing current state-of-the-art 3D super-resolution
capabilities (Extended Data Figs. 4 and 5; for imaging parameters see
Extended Data Table1).

RESIresolves single nuclear pore complex proteins

To demonstrate the applicability of RESIin a cellular context, we next
imaged structural proteins of the nuclear pore complex (NPC). As the
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closely thanthe SMLM resolution limit can be unambiguously assigned for
eachtarget.d, Combiningalllocalizations per target (K) for eachimaging
round improves localization precision fromss.d. (Ggy,y) t0 s.e.m. (Oges)- €, AS
super-resolution revolutionized fluorescence microscopy, RESIresultsin
another paradigm shift by reapplying the concept of localization to super-
resolution data.f, Localization precisionin RESIscales with -, and thus
resolutionimprovementin RESIisindependent of oy, y, reaching localization
precision onthe Angstromscale.

major gatekeeper of nucleocytoplasmic transport, the NPC is a key
target for structural biology research®. We furthermore chose the NPC
as amodel system because it has been well studied using a variety of
imaging approaches, including cryo-electron microscopy (cryo-EM)%,
fluorescence microscopy and super-resolution techniques??*.
Figure 2a presents atypical diffraction-limited and DNA-PAINT image
of Nup96 molecules (tagged with monomeric enhanced green fluo-
rescent protein (mEGFP)) labelled with DNA-conjugated anti-GFP
nanobodies. Nup96 is a structural NPC protein (part of the so-called
Y-complex) present in eight pairs exhibiting an eight-fold symmetry
on both cytoplasmic and nuclear rings, totalling 32 copies per NPC
(Fig. 2b). Individual pairs of Nup96 proteins, spaced approximately
10 nm laterally and 3 nm axially, cannot be routinely resolved with
current state-of-the-art super-resolution implementations* 2, To
enable RESI, neighbouring copies of Nup96 proteins must be labelled
withorthogonal DNA sequences. To this end, we opted for a stochas-
tic labelling approach by incubating the sample with anti-GFP nano-
bodies, each conjugated with one out of four orthogonal sequences
(Fig.2c). We note that, with anincreasing number of expected targets
below the classical DNA-PAINT resolution limit, a larger number of
orthogonal labelling sequences?®—and thus imaging rounds—is nec-
essary to guarantee sufficiently spaced groups of localizations (for
details onthisrequirement see Methods). Sequential 3D image acqui-
sition in four rounds led to sufficiently spaced localization groups
representing single Nup96 target molecules (Fig. 2d). Subsequent
RESI super-localization of these groups allowed us to routinely visu-
alize individual copies of Nup96 proteins (Fig. 2e). We note that this
was achieved across the whole field of view (roughly 67 x 67 pm?)
totalling over 1,000 NPCs during a total image acquisition time of
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Fig.2|NPCproteinsinwhole cells resolved with Angstrém precision by
RESI. a, Diffraction-limited and DNA-PAINT overview image of Nup96-mEGFP
labelled with DNA-conjugated anti-GFP nanobodies. Zoomed-in view (bottom
right) shows high labelling efficiency and image quality for standard DNA-PAINT
conditions, recapitulating the eight-fold symmetry of the NPC. b, Cryo-EM
structurerepresentation of the location of Nup96 proteins (red; C-terminal
mEGFP position marked inblue) as part of the Y-complexin nuclear and
cytoplasmicrings (NRand CR, respectively). Adapted from PDB 7PEQ.Nup96 is
presentin32 copies per NPC. ¢, To enable RESI, Nup96-mEGFP proteins were
stochastically labelled with orthogonal DNA sequences by incubation of the
sample with anti-GFP nanobodies, each conjugated with one of four orthogonal
sequences (represented by blue, yellow, magenta and green dots). d, Sequential
3Dimaging (colour represents z position) of the four labels yielded sufficiently

100 min (see Extended DataFig. 6 for representative data). The recon-
structed RESIimage features an average lateral localization precision
of approximately 1 nm, representing a sixfold improvement over the
individual DNA-PAINT acquisition rounds. We therefore achieved
label-size-limited resolution, allowing us to resolve individual Nup96
molecules (Fig. 2f). Generally, label size not only limits spatial reso-
lution but furthermore could lead to inaccuracies such as biased
observed distances due to linkage errors.

We then performed unbiased 3D averaging of 1,217 NPCs using a
recently developed model-free approach for SMLM data®°. The result-
ing 3D average (Fig. 2g) not only allows recapitulation of the eight-fold
symmetry of Nup96inboth cytoplasmic and nuclear rings (which has
previously been achieved with super-resolution®2%), but enables reso-
lution of individual Nup96 proteins in a structural average (Fig. 2h).
Enabled by RESI's unprecedented spatial resolution, we were able to
recapitulate distances of Nup96 proteins of 11.9 + 1.2 nm laterally and
5.4 £ 0.4 nm axially from the structural average image (Fig. 2i). Both
lateral and axial orientation, as well as tilt, of Nup96 pairs are consist-
entwith cryo-EM data®’. We resolved this spatial arrangement for most

20
Position (nm)

Side view

spaced localization distributions. The average number of localizations per
targetis Kyyerage = 38 (background represents cryo-EMsstructure fromb for
context). e, Comparison of 3D DNA-PAINT (top left) and 3D RESI (bottom right)
forthe same NPCillustratingimprovementin spatial resolution by RESI.
Localizations are rendered as gaussians with opys.pany and Ogegy, respectively.
f, Localization precision (o) as good as 5 A was achieved by combining
Klocalizations for each target, unambiguously resolving single Nup96
proteins.g, The 3D NPC cryo-EM structure was recapitulated using optical
microscopy by applying amodel-free average® of 1,217 NPCs from asingle
nucleus. h, RESIresolved adjacent Nup96 inastructural average by optical
microscopy. i, Consistent with the cryo-EM structure (taking into account
linkage error arising from label size), adjacent Nup96 proteins were spaced
11.9 +1.2 nmapartlaterally (top) and 5.4 + 0.4 nm axially (bottom).

Nup96 protein pairs (Extended Data Fig. 7), which was previously out
of reach for optical microscopy.

Imaging DNA bases at Angstrom resolution

To assay the ultimately achievable spatial resolution by RESI, we
designed aflat, rectangular DNA origami structure featuring six pairs
(spaced 20 nm apart) of directly adjacent orthogonal docking strands
atadistance of only one DNA base pair (red and blue strands in Fig. 3a).
This yielded a designed in-plane distance of around 7 A along the
backbone of one strand of the DNA double helix*. The structures also
contain DNA-PAINT docking strands for precise alignment between
sequential imaging rounds (green strands in Fig. 3a). State-of-the-art
DNA-PAINT image acquisition® at approximately 5 nm spatial reso-
lution yielded six localization clouds in a 20 nm grid arrangement
but failed to resolve the individual docking strands at subnanometre
single-base-pair distances (Fig. 3b).

Remarkably, RESI resolves the individual docking strand positions
(Fig.3c) inall DNA origami structures. We note that RESIachieved this
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Fig.3|RESIresolves the distance of single DNA base pairs at Angstrom
resolution. a, DNA origami with docking strands spaced by asingle base

pair (bp; red and blue strands, with alignment markersingreen) provided a
platformto demonstrate the highest resolution achievable by RESI. b, DNA-PAINT
resolved 20 nm spacing but the resolution was insufficient to distinguish
individual dockingsites, spaced one base apart. c, RESIresolves the adjacent
dockingstrands. d, A Euclidean distance of 8.5 +1.7 Awas calculated from

in an image acquisition time of 100 min featuring an approximately
67 x 67 um? field of view containing more than 2,000 DNA origami
structures (see Extended Data Fig. 8 for representative DNA origami
structures). RESIallows us to routinely resolve strands spaced apart by
only one DNA base pair. Strikingly, we measured adistance of 8.5 +1.7 A
between two single docking strands inanindividual DNA origami struc-
ture (Fig.3d). Thisdemonstrates anunprecedented resolutionin optical
microscopy by distinguishing structures closer than one nanometre.
We note that our resolution claim is based on the most fundamental
and strict definition: the ability to spatially distinguish point objects.
We measured a distance of 9.5 + 2.6 A between adjacent docking strands
inanaverage of 42 DNA origami (Extended Data Fig. 9), whichis within
1s.d. of the expected backbone distance® of around 7 A.

To quantify resolution gain, we calculated RESI localizations for
different values of K underlying DNA-PAINT localizations (Methods).
We demonstrate that the effective localization precision scales as
OREs1= (M yielding an average localization precision of 1.3 A for an
average K =254 (Fig. 3e), experimentally confirming the insilico results
(Fig. 1f). RESI not only yields virtually unlimited numbers of localiza-
tions per target, but also avoids detrimental photophysical effects
caused by spatial proximity of fixed-dye labels because, in DNA-PAINT
imaging, two adjacent dyes are never present simultaneously. It has
recently been reported® that, at sub-10-nm distances, photophysical
near-fieldinteractions play amajor role in modulation of photoswitch-
ing kinetics, thus effectively preventing fixed-dye SMLM techniques
from accessing this resolution scale. This ultimately limits the achiev-
ableresolution of even the most photon-efficient techniques available
forsingle-molecule localization, such as MINFLUX or MINSTED, despite
their subnanometre precision, unless combined with DNA-PAINT.
The experimentally demonstrated subnanometre resolution illustrates
the capacity of RESI to enable structural biology studies using DNA-
based imaging at hitherto elusive scales.

CD20receptor organization

Finally, we applied RESI to address and resolve a cell-biological ques-
tion currently under debate that has so far been beyond reach for both
cryo-EMin a native cellular context and incumbent super-resolution
techniques. Specifically we studied the organization of CD20 mem-
brane receptors, which are prime targets for therapeutic antibody
treatment of B cell-derived blood cancers and autoimmune diseases®.
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individuallocalizations with an average precision of 1.2 A (left) for the single-base-
pairbackbone distance, whichis within1s.d. of the expected value of roughly

7 A (right). e, Experimental localization precision in RESIisin good agreement
with 2SMLM (blue line, K), yielding an average localization precision of 1.3 A for
the experimental datafromalln=42 DNA origami (insets correspond to
exemplary point pairind). Error barsrepresent mean +1s.d.

In the case of the most frequently used therapeutic anti-CD20
antibody, rituximab (RTX), the spatial rearrangement of CD20 in the
cellmembrane is thought to play animportant role in its efficacy>>>¢.
Recent cryo-EM studies detected CD20 as a dimer in complex with
two individual RTX-fragment antigen-binding regions*?, suggest-
ing a linear chain-like assembly of CD20 in the presence of the full
antibody®. Onthe other hand, when incubated with the full RTX anti-
body, a trimeric ring of alternating RTX molecules and CD20 dimers
was detected in EM images®. The fact that cryo-EM experiments are
performed in detergent solution raises the question about which
molecular arrangements are actually present in the cell. Currently
CD20 organization when bound to full RTX antibodies in intact cells
cannot be assessed, thus precluding the investigation of whether CD20
clustersare of linear or circular nature. Moreover, even though in vitro
studies showed that CD20 dimers can form without antibody binding,
the quantitative assessment of CD20 dimerization in untreated cells
is currently limited.

Here we applied RESI to study the molecular arrangement of CD20
in Chinese hamster ovary (CHO) cells transiently transfected with
mEGFP-CD20, using four rounds of probe exchange in a total imag-
ing time of 4.4 h. In the diffraction-limited overview and DNA-PAINT
super-resolutionimage of untreated cells, CD20 appeared homogene-
ously distributed (Fig.4a,b (top) and Extended Data Fig. 10a) whereas
RTX-treated cells exhibited apparent CD20 clusters (Fig. 4b (bottom)
and Extended Data Figs. 11a and 12a).

Comparison of DNA-PAINT and RESI for both untreated and RTX-
treated cells shows sub-10-nm-spaced CD20 pairs in the RESI images
(Fig.4c,right) that were unresolvable with DNA-PAINT (Fig. 4c, left). RESI
images suggest that CD20 is present in dimers and chain-like, higher-
orderstructuresinuntreated and RTX-treated cells, respectively (Fig.4d).

To quantitatively assess the existence of dimersin untreated cells,
we performed first nearest-neighbour distance (NND) analysis for
both DNA-PAINT and RESI data, demonstrating nonrandom distribu-
tionsinboth cases (Fig. 4e). RESIat1 nmlocalization precision shows
asubstantial fraction of sub-10-nm distances in the NND histogram,
which enables quantitative assessment of the degree of CD20 dimeri-
zation. We performed numerical simulations and a least-squares fit
(Methods) that yielded acomposition of 53 + 1% monomers and 47 + 1%
dimers with average intradimer distance of 13.5 + 0.3 nm (Fig. 4f,
solid line). For comparison, we simulated NND distributions corre-
sponding to a population of 100% monomers (Fig. 4f, dotted line),
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Fig.4|RESIshows CD20receptor (re)organization at subnanometre
precisionfollowing drug treatment. a, Diffraction-limited and DNA-PAINT
overview image of CHO cells expressing mEGFP-CD20 labelled with anti-GFP
nanobodies. b, Zoomed-in DNA-PAINT image showing apparently randomly
distributed CD20 receptors for untreated cells (top) and clustered receptor
arrangement for RTX-treated cells (bottom). ¢, Comparison of DNA-PAINT and
RESIfor bothuntreated and RTX-treated cells showing sub-10-nm-spaced
receptor pairsinthe RESlimages, whichare unresolvable with DNA-PAINT.

d, RESI datasuggestthat CD20 proteins occur in dimers (spaced at dg;,.,), which
areinturndistributed according to complete spatial randomness (CSR;
distances between dimers, dcs;) in untreated cells. Chains of dimers were

further demonstrating that CD20 molecules are not present solely as
monomers. Because all NND distributions except for the first order
are consistent with a complete spatial random (CSR) distribution at
the experimentally measured density, we exclude the presence of
higher-order assemblies for untreated CD20 (Fig. 4g). Our findings
present quantitative experimental evidence that CD20 exists as dimers
inanintact cell membrane.

By contrast, RESI analysis of CD20 in RTX-treated cells yielded first
to fourth NND distributions inconsistent with a CSR model (Fig. 4h
and Extended Data Fig. 12d,e). This suggests a higher-order arrange-
ment of CD20 molecules after RTX treatment and confirms recent
cryo-EM-derived models®,

Finally we probed the existence of hexameric, ring-like arrangements
by comparison with numerical simulations (Extended Data Fig. 13).
The characteristics of the experimentally detected CD20 clusters sug-
gest the absence of isolated hexamers and support the hypothesis of
predominantly linear, chain-like structures (Extended Data Fig. 13h).

Discussion

Weintroduce RESI, aconceptually new approachinSMLMtoimprove
the spatial resolution of optical microscopy to the Angstrom scale. RESI
achieves this by combining multiple localizations from single targets to
obtaina‘super-super-resolution’ image after separating their localiza-
tions by sequentialimaging (for example, using DNA-barcoded probes).
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observed following administration of RTX. e, Whole-cell analysis of first NNDs
of CD20receptors (histograms of distances and kernel density estimation are
shown). Only RESI, but not DNA-PAINT, allows the routine detection of sub-
10-nmdistances between proteins. Whereas DNA-PAINT overestimates dimer
distance, RESIshows alabel-limited distance of 13.5 nm (see main text for
discussion).f, Fitting RESINND data from e to anumerical model reveals CD20
dimersand monomers. g, CD20 receptorsin untreated cells showed second to
fourth NNDs consistent with CSR, thus excluding the presence of higher-order
protein complexes. h, CD20receptorsin RTX-treated cells, however, showed
firstto fourth NNDs, inconsistent with complete spatial randomness.

In this way RESI precision—and thus resolution—scales not only with
the number of photons (N) detected per localization but also with the
number of localizations (K) acquired per target. RESI thus provides a
new precision scaling law: Oggg; = gj“%“" = % . This applies if a suffi-
ciently large number of orthogonal labelling sequences and thus imag-
ing rounds guarantee adequately spaced groups of localizations
(Extended DataFig.14).Importantly, resolution enhancementisisotropic
inthree dimensions. For our current experimentalimplementation, RESI
approaches structural biology resolution with an all-optical approach
inintact cells using off-the-shelflabelling reagents and asimpleinverted
fluorescence microscope operated under ambient conditions. We were
able to experimentally demonstrate Angstrom spatial resolution below
the physical size of adye. This was achieved due to three specificadvan-
tages of DNA-PAINT leading to unbiased target sampling: (1) the rota-
tional flexibility of the target-bound docking strand (evenin the case of
longer repetitive-sequence motifs®); (2) the freely rotating dipole of the
dyeattached totheimager sequence; and (3) the fact that two adjacent
imagers are never present simultaneously.

Furthermore, because RESIimages are not obtained from single
localizations but from groups of localizations per target, the method
presents a uniquely robust feature compared with other SMLM tech-
niques: it shifts the focus from enhancement of only optical precision
(0opr) to improvement in overall precision (Ogy v = +/ Oopr> + Omec?) DY
averaging out the uncertainty effects of mechanical instability (Oygc),
provided the latter is normally distributed.
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With RESI we measured areas of 67 x 67 pm?in 100 min, making
it applicable as a sufficiently high-throughput tool for cell biology.
Resolving receptor patterns at single-protein resolution could enable
‘spatial diagnostics’ as a prescreening method for personalized treat-
ments, and serve as a tool for biomedical discovery of patterned thera-
peutics—for example, by guiding drug design principles.

RESI performance and accuracy could be further improved by
advances in intramolecular labelling approaches such as orthogonal
unnatural amino acids®. RESI is thus poised to close the gap between
3D fluorescence super-resolution microscopy inwhole intact cellsand
cryo-EM structural studies of individual supramolecular complexes,
introducing a paradigm shift in fluorescence imaging by pushing opti-
cal microscopy to Angstrém resolutions.
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Methods

Materials

Unmodified DNA oligonucleotides, as well as DNA oligonucleotides
modified with C3-azide and Cy3B, were purchased from MWG Eurofins
and Metabion. The M13mp18 and p7560 scaffold was obtained from
Tilibit. Magnesium chloride (1M, no. AM9530G), sodium chloride (5M,
no. AM9759), ultrapure water (no. 10977-035), Tris (1M, pH 8.0, no.
AM9855G),EDTA (0.5 M, pH 8.0,n0.AM9260G) and10x PBS (no.70011051)
were purchased from Thermo Fisher Scientific. BSA (no. A4503-10G)
was ordered from Sigma-Aldrich. Triton X-100 (no. 6683.1) was purchased
from Carl Roth. Sodium hydroxide (no.31627.290) was purchased from
VWR. Paraformaldehyde (no.15710) and glutaraldehyde (no.16220) were
obtained from Electron Microscopy Sciences. Tween-20 (no. P9416-
50ML), glycerol (no. 65516-500 ml), methanol (no. 32213-2.5L), proto-
catechuate 3,4-dioxygenase pseudomonas (PCD, no. P8279), 3,4-
dihydroxybenzoicacid (PCA, no.37580-25G-F) and (+)-6-hydroxy-2,5,7,8-
tetra-methylchromane-2-carboxylic acid (trolox, no. 238813-5G)
were ordered from Sigma-Aldrich. Neutravidin (no. 31000) was pur-
chased from Thermo Fisher Scientific. Biotin-labelled BSA (no. A8549)
andsodiumazide (n0.769320) were obtained from Sigma-Aldrich. Cover-
slips (no.0107032) and glass slides (n0.10756991) were purchased from
Marienfeld and Thermo Fisher Scientific, respectively. Fetalbovine serum
(FBS, n0.10500-064), 1x PBS (pH 7.2, no. 20012-019), 0.05% trypsin-
EDTA (no. 25300-054), salmon sperm DNA (no. 15632011), OptiMEM
(n0.31985062) and Lipofectamine LTX (no. A12621) were purchased from
Thermo Fisher Scientific. Gold nanoparticles (90 nm, no.G-90-100) were
ordered from Cytodiagnostics. Nanobodies against GFP (clone 1H1) with
asingle ectopic cysteine at the C terminus for site-specific conjugation
were purchased from Nanotag Biotechnologies. DBCO-PEG4-Maleimide
(no. CLK-A108P) was purchased fromJena Bioscience.

Buffers

The following buffers were used for sample preparation and imaging.

« Buffer A:10 mM Tris pH 8.0,100 mM NaCl and 0.05% Tween-20

« Buffer B:10 mM MgCl,, 5mM Tris-HCI pH 8.0,1 mM EDTA and 0.05%
Tween-20 pH 8.0

« Buffer C: 1x PBS, 1 mM EDTA, 500 mM NaCl pH 7.4, 0.02% Tween,
optionally supplemented with 1x trolox, 1x PCA and 1x PCD

* Blocking buffer: 1x PBS,1 mM EDTA, 0.02% Tween-20, 0.05% NaN,,
2% BSA, 0.05 mg ml*sheared salmon sperm DNA

« Two-dimensional (2D) DNA origami folding buffer:10 mM Tris, 1 mM
EDTA, 12.5 mM MgCl, pH 8.0

* 3D DNA origami folding buffer: 5 mM Tris, 1mM EDTA, 5 mM NacCl,
20 mM MgCI2 pH 8.0

« 1x TA buffer: 40 mM Tris pH 8.0,20 mM acetic acid

PCA, PCD and trolox

Trolox (100x) was made by the addition of 100 mg of trolox to 430 pl
0f100% methanol and 345 plof 1M NaOH in 3.2 ml of water. PCA (40x)
was made by mixing 154 mg of PCA in 10 ml of water and NaOH and
adjustment of pHt09.0.PCD (100x) was made by the addition of 9.3 mg
of PCD to13.3 ml of buffer (100 mM Tris-HCI pH 8.0, 50 mM KCI, 1 mM
EDTA, 50% glycerol).

DNA-PAINT docking and imager sequences

Four orthogonal DNA sequence motifs were used to label targets
in four RESI rounds. The docking strands were 5xR1 (TCCTCCT
CCTCCTCCTCCT), 5xR2 (ACCACCACCACCACCACCA), 7xR3
(CTCTCTCTCTCTCTCTCTC) and 7xR4 (ACACACACACACACACACA).
Therespectiveimagers were R1(AGGAGGA-Cy3B), R2 (TGGTGGT-Cy3B),
R3 (GAGAGAG-Cy3B) and R4 (TGTGTGT-Cy3B). The design of 2D RESI
origami required extension of the Rl site at the 5’ end such that the
adjacent R1and R3 docking strands could be spaced apart by a single
base pair. Thus, the docking strand 5’ 5xR1 (TCCTCCTCCTCCTCCTCCT)

and the 5’ Rlimager (Cy3B-AGGAGGA) were used rather than the 3’
versions for both 2D DNA origamis.

DNA origami self-assembly (2D)

All 2D DNA origami structures were designed in caDNAno*.
Self-assembly of DNA origamiwas accomplished in a one-pot reaction
mix with atotal volume of 40 pl, consisting of 10 nM scaffold strand (for
sequence, see Supplementary Data2),100 nM folding staples (Supple-
mentary Datal), 500 nM biotinylated staples (Supplementary Data1)
and1pMstaple strands with docking site extensions (Supplementary
Datal) in 2D DNA origami folding buffer. The reaction mix was then
subjected to a thermal annealing ramp using a thermocycler. First, it
wasincubated at 80 °C for 5 min, cooled using atemperature gradient
from 60 to 4 °Cinsteps of1°C per 3.21 min and finally held at 4 °C.

DNA origami self-assembly (3D)

The 3D DNA origami disk structure was designed in caDNAno*°.
Self-assembly of the DNA origami disk was accomplished ina one-pot
reaction mix of 50 pl total volume, consisting of 20 nM scaffold strand
p7560 (for sequence, see Supplementary Data3),200 nM core folding
staples (Supplementary Data 1), 200 nM staple sequences without
handle extension (Supplementary Data 1), 500 nM biotinylated sta-
ples (Supplementary Datal), 2 pMsstaple strands with R4 docking site
extensions and 4 uM staple strands with R1 or R3 docking site exten-
sions (Supplementary Data 1) in 3D DNA origami folding buffer. The
reaction mix was then subjected to a thermal annealing ramp using
athermocycler. It was first incubated at 80 °C for 5 min then cooled
using a temperature gradient from 60 °C to 20 °C in steps of 1°C h™
and finally held at 20 °C.

DNA origami purification
After self-assembly, structures were purified by agarose gel electropho-
resis (1.5% agarose, 1x TA,10 mM MgCl,, 0.5x SybrSafe) at 4.5V cm ™ for
1.5 h.Gelbands were cut, crushed and the origami stored in low-binding
Eppendorftubes at-20 °C.

DNA origami sample preparation and imaging

For sample preparation, a bottomless six-channel slide (ibidi, no.
80608) was attached to a coverslip. First, 80 pl of biotin-labelled BSA
(Img ml™, dissolved in buffer A) was flushed into the chamber and incu-
bated for 5 min. The chamber was then washed with 360 pl of buffer A.
Avolume of 100 pl of neutravidin (0.1 mg ml™, dissolved in buffer A)
was then flushed into the chamber and allowed to bind for 5 min. After
washing with180 pl of buffer Aand subsequently with 360 pl of buffer B,
80 pl of biotin-labelled DNA structures (approximately 200 pM) in
buffer B was flushed into the chamber and incubated for 5 min. For
measurement of the DNA origami disk, additional 2D DNA origami
structures with 12 target sites® spaced 20 nm apart were incubated
together, with the 3D disk origami serving as fiducials for drift cor-
rection. After DNA origami incubation the chamber was washed with
540 plof buffer B. For DNA origami disk structures, 150 pl of gold nano-
particles (diluted 1:10 in buffer B) was flushed through and incubated
for 5 min before washing with 540 pl of buffer B. Finally, 180 pl of the
imager solution in buffer Bwas flushed into the chamber. The chamber
remained filled withimager solution and imaging was then performed.
Betweenimaging rounds, the sample was washed three times with1 ml
of buffer B until no residual signal from the previous imager solution
was detected. Then, the nextimager solution wasintroduced. For RESI,
two imaging rounds were performed with imagers R1and R4 present
inround 1and the imagers R3 and R4 inround 2 (R1and R3 probe the
sites of interest for RESI and R4 serves alignment purposes).

Nanobody-DNA conjugation
Nanobodies were conjugated as described previously*’. Unconju-
gated nanobodies were thawed on ice, then 20-fold molar excess of
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bifunctional DBCO-PEG4-Maleimide linker was added and reacted for
2honice. Unreacted linker was removed by buffer exchange to PBS
using Amicon centrifugalfilters (10,000 MWCO). The DBCO-modified
nanobodies werereacted with 5x molar excess of azide-functionalized
DNA (R1, R2, R3 and R4) overnight at 4 °C. Unconjugated protein and
free DNA were removed by anion exchange chromatography using an
AKTA pure system equipped with a Resource Q1 ml column.

Cell culture

CHO cells (CCL-61, ATCC) were cultured in Gibco Ham’s F-12K
(Kaighn’s) medium supplemented with 10% FBS (no.11573397, Gibco).
U20S-CRISPR-Nup96-mEGFP cells (a gift from the Ries and Ellenberg
laboratories) were cultured in McCoy’s 5A medium (Thermo Fisher
Scientific,n0.16600082) supplemented with10% FBS. Cells were pas-
saged every 2-3 days using trypsin-EDTA.

Nup96 EGFP imaging

U20S-CRISPR-Nup96-mEGFP cells were seeded on ibidi eight-well
high glass-bottom chambers (no.80807) at a density 0of 30,000 cm™.
Cells were fixed with 2.4% paraformaldehyde in PBS for 30 minatroom
temperature. After fixation, cells were washed three times with PBS.
Gold nanoparticles (200 pl) wereincubated for 5 minand washed three
times with PBS. Blocking and permeabilization were performed with
0.25% Triton X-100 in blocking buffer for 90 min. After washing with
PBS, cellswereincubated with100 nM anti-GFP nanobodiesinblocking
buffer for 60 minatroom temperature. To enable RESI, the nanobody
solution consisted of 25 nMR1, R2, R3 and R4 docking-strand-coupled
anti-GFP nanobodies with a total nanobody concentration of 100 nM.
Unbound nanobodies were removed by washing three times with PBS,
followed by washing once with buffer C for 10 min. Postfixation was
performed with2.4% paraformaldehyde in PBS for 15 min. After wash-
ing 3x with PBS, the imager solution in buffer C was flushed into the
chamber. Betweenimaging rounds the sample was washed with 1-2 ml
of PBS until no residual signal from the previous imager solution was
detected. Then, the nextimager solution was introduced. First, imag-
ers R1,R2, R3 and R4 were added simultaneously to the sample to
perform a standard DNA-PAINT measurement; then, RESIimaging
was conducted via four subsequent imaging rounds with only one
of the imagers.

Cloning

mEGFP-Alfa-CD20 was cloned by insertion of Alfa-CD20 into the
mEGFP-C1 plasmid (no. 54759, Addgene). An Alfa-CD20 gblock
(obtained from Integrated DNA Technologies) was amplified with
primers cggcatggacgagct and gtacaagtccgga and, after cutting with
restriction enzymes BsrGland BamHI, Gibson assembly was performed
(2x mix, NEB).

mEGFP-CD20 imaging

CHO cellswere seeded onibidi eight-well high glass-bottom chambers
(no. 80807) the day before transfection at a density 0f 15,000 cm™.
Transfection with mEGFP-CD20 was carried out with Lipofectamine
LTX as specified by the manufacturer. CHO cells were allowed to
express mEGFP-CD20 for 16-24 h. Then, the medium was replaced
with fresh F-12K medium +10% FBS (in the untreated case) or with
F-12K medium +10% FBS + 10 ug mI™ RTX-Alexa 647 (agift fromRoche
Glycart) (inthe RTX-treated case), followed by incubation for 30 min.
After washing two times with fresh medium for 5 min, cells were fixed
with 250 pl of prewarmed 4% PFA + 0.1% glutaraldehyde in PBS for
15 min. CHO cells were washed three times with PBS and quenched
with 100 mM Tris pH 8.0 for 5 min. Permeabilization was carried out
for 5 minwith 0.2% Triton X-100 in PBS, followed by three washes with
PBS. Cellswere blocked inblocking buffer for 1 h at room temperature
(RT). Anti-GFP nanobodies were incubated at a total concentration of
25 nMovernight at4 °C; for RESIwith four rounds thisyielded 6.25 nM

each of GFP-Nb-R1/2/3/4. After washing three times with PBS at RT
for 15 min, cells were postfixed with 4% PFA at RT for 10 min followed
by washing and postfixation as described above. Gold nanoparticles
(90 nm) werediluted 1:3in PBS and incubated for 10 min at RT and the
sample was washed two times with PBS to remove unbound gold. The
imager solution in buffer C for the first round was incubated for 5 min
and then replaced with fresh imager, after which the first acquisition
round was started. Between imaging rounds the sample was washed
withatleast 2 mlof PBS until noresidual signal from the previous imager
solution was detected. Then, the nextimager solution wasintroduced.
RESIimaging was conducted via four subsequentimaging rounds with
only one of theimagers. Inthe finalimaging round, imagers R1,R2, R3
and R4 were added simultaneously to the sample to performastandard
DNA-PAINT measurement.

Microscopy setup

Fluorescence imaging was carried out using an inverted microscope
(Nikon Instruments, Eclipse Ti2) with the Perfect Focus System,
applying an objective-type TIRF configuration equipped with an
oil-immersion objective (Nikon Instruments, Apo SR TIRF x100/numeri-
calaperture1.49, oil). A560 nmlaser (MPB Communications,1 W) was
used for excitation. The laser beam was passed through a cleanup filter
(Chroma Technology, no. ZET561/10) and coupled to the microscope
objective using abeam splitter (Chroma Technology, no. ZT561rdc).
Fluorescence was spectrally filtered with an emission filter (Chroma
Technology, nos. ET600/50m and ET575Ip) and imaged on an sCMOS
camera (Andor, Zyla 4.2 Plus) without further magnification, resulting
in an effective pixel size of 130 nm (after 2 x 2 binning). The readout
rate was set to 200 MHz. Images were acquired by choosing a region
of interest of size 512 x 512 pixels. 3D imaging was performed using a
cylindricallens (Nikon Instruments, N-STORM) in the detection path.
Raw microscopy data were acquired using pManager* (v.2.0.1). Total
internal reflection illumination was used for 2D and 3D DNA origami
data, as well as for CD20 acquisition. Highly inclined and laminated
optical sheet (HILO) illumination was employed for the acquisition of
NPC data. Detailed imaging conditions for the respective experiments
areshown in Extended Data Table 1.

Imaging parameters and duration

Dueto target and sample heterogeneity the optimal imager concentra-
tion, ¢, used to achieve sparse blinking varies. Here we used concentra-
tions from100 pM (Nup96) to 800 pM (DNA origami). Optimal imager
concentrations were determined visually for each sample. Concentra-
tions were altered until blinking was frequent but sufficiently sparse
to achieve good DNA-PAINT resolution.

The average number of expected binding events per binding site
during a DNA-PAINT measurement is given by the duration of the
measurement ¢,easuremen: aNd the mean dark time 7, (defined as
Tdark = kon;xc with k,, being the on-rate of a given imager strand) as:

tmeasuremen

— |

nbinding events — [ Tuark - tmeasurement X kon xC.
ar|

The average number of localizations per binding event is given by
the mean bright time 7., and camera exposure time ¢, o5ure 35

_ Tbright
nlocsperbindingevent - t
exposure

Therefore, the average number of localizations expected per binding
site over the course of the measurement is

measurement Toright Toright
Mo = [ x t = Lmeasurement X kon % ¢ .
Tdark exposure exposure



It follows that the total acquisition time necessary to collect n;,,
localizations is, on average,

texposure X Nye

Cmeasurement = .
Tbright Xkon xc

The necessary number of localizations, n,,, is calculated using

Opesi= "2 and thus e = ( P2 ) with the DNA-PAINT locali-
zation prec?csion OpNA-PAINT e

For expected imager concentrations between 50 and 800 pM, expo-
sure times between 100 and 200 ms and kinetics reported previously*,
thetimes requiredto collect16 localizations (1 nm RESI precision given
Opnarant = 4 NM) vary between 42 s (R2,800 pM, 100 ms exposure time)
and 314 min (RS, 50 pM, 200 ms exposure time).

DNA-PAINT analysis

Raw fluorescence datawere subjected to super-resolution reconstruc-
tion using the Picasso software package’® (latest version available at
https://github.com/jungmannlab/picasso). Drift correction was per-
formed with aredundant cross-correlation and gold particles as fidu-
cials for cellular experiments, or with single DNA-PAINT docking sites
as fiducials for origami experiments.

Channel alignment

Alignment of subsequent imaging rounds was performed iteratively
in Picasso’, starting with a redundant cross-correlation and followed
by gold fiducial alignment for cellular experiments. Every DNA ori-
gamiwas equipped with additional DNA-PAINT docking sites that were
imaged simultaneously with the sites of interestin allimaging rounds,
thus enabling their use as fiducials. First, redundant cross-correlation
(2D and 3D origami measurements) and gold alignment (3D measure-
ments) were performed in Picasso Render. To correct for nanoscopic
movement of individual DNA origami during buffer exchange, channel
alignmentwas not only performed on the full field of view but, addition-
ally, small regions of interest containing only one DNA origami were
selected. Within each region of interest, alignment was then conducted
viathe fiducial docking sites of the DNA origami. This was performed
outside of Picassoin a custom Pythonscript, not only to find the optimal
translation between channels butalso to correct for possible rotations
of the DNA origami.

Clustering and RESI

Clustering of DNA-PAINT localizations. After channel alignment,
DNA-PAINT data were analysed using a custom clustering algorithm
for each imaging round. This algorithm is based on the fact that, in
DNA-PAINT, localizations are independent measurements of the posi-
tionofatarget molecule and are observed to be Gaussian distributed.
To assign localizations to a specific target molecule, we first used a
gradient ascent method to find the centre of a localization cloud for
each target. We then assigned all localizations circularly distributed
around the centre point to the same target molecule. This is a valid
approximationbecause, due to the reduction of effective target density
by RESI's sequential imaging approach, the majority of localization
clouds from single targets are spaced sufficiently apart.

The clustering algorithm uses two input parameters: radius r, which
sets the final size of the clusters and defines a circular environment
around each localization, and the minimal number of localizations,
Noin representing a lower threshold for the number of DNA-PAINT
localizations in any cluster.

First, the number of neighbouring localizations within distance r
from each localization is calculated. If a given localization has more
neighbours withinits rradius than all neighbouring localizations, it is
considered alocal maximum. If there are more than n,,,;, localizations
within a circle of radius raround such a local maximum, these locali-
zations are assigned to the same cluster; the remainder are not con-
sidered to be part of a cluster and are omitted from further analysis.

Further filtering of clusters is performed to exclude clusters that
originate from unspecificsticking of imagers to the sample. Firstly, the
mean frame (mean value of the frame numbers in which localizations
occurred) of all localizations assigned to the same cluster is calcu-
lated. In the case of repetitive blinking the mean frame is expected to
be around half the total number of frames*. The algorithm therefore
excludesall clusters with amean frame in the first or last 20% of frames.
Secondly, sticking events in the middle of the acquisition time can be
identified by dividing the acquisition timeinto 20 time windows each
containing 5% of frames. If any of these time windows contains more
than 80% of localizationsinthe cluster, it is excluded as asticking event.

The choice of the clustering radius rand the threshold nn,,,;,, depend on
therespective experimental conditions. A suitable value for n,;, can be
estimated by picking localization clouds originating from single target
molecules (that is, well separated) in Picasso Render, exporting pick
properties and plotting a histogram of the number of localizations in
each pick. n,,,, is chosen to differentiate between populations corre-
sponding to single targets and to background localizations.

The radius rscales with the size of the localization clouds and thus
thelocalization precision. Iftoo large a valueis chosen, adjacent clus-
ters might not be separated; if r is too small, ‘subclustering’ within
one localization can occur. The latter also translates to a peak in NND
at twice the clustering radius. A good a priori starting value for ris
represented by approximately twofold the localization precision of
theunderlying DNA-PAINT measurement. Picasso Render offers a tool
(Test Clusterer) in which the effect of different clustering parameters
can be tested for asmall region of interest.

For 3D clustering, an additional radius for the z direction is intro-
ducedbecause the spread of localizationsin zis approximately twofold
greater compared withxand y.

Calculation and rendering of RESI localization. Following cluster
analysis, the centres of the DNA-PAINT localization groups were calcu-
lated as weighted (wtd) means by employing the squared inverse
localization precisions(lpiz) asweights. Forxandy coordinates:

N
Suw
= = —_
Xwtd = "N 'wi—l 2
Y w, P
i=1

Forzcoordinates astandard mean without weightsis used to calcu-
late z positions. The precision of the resulting RESI localization is the
weighted s.e.m. of the underlying grouped localizations:

_ (Sx)wtd

(Sf)wtd - W

V
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N 2 WX~ X
Z N .
N-1 z[_Zl w;

The choice forl/lp2 as weights is based on the following argument:
under the hypothesis that localizations are independent and normally
distributed with the same mean, the weighted mean based oninverse
variances as weightsis the maximum likelihood estimator of the mean
ofthe whole set of localizations. Therefore, the variance of the weighted
meanis minimal (the estimator is optimal) when the inverse variances
of individual measurements l/lp2 are chosen as weights.

Finally, we take the average of the resultingxandys.e.m. as the final
precision of each RESI localization. For z coordinates the precision is
estimated to be two times xy precision. Saving RESI localizations in
a Picasso hdf5 file allowed us to render them as Gaussians with s.d.
correspondingto their respective precision.
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RESI resolution estimation

Evaluation of in silico RESI precision with numerical simulations. To

evaluate the performance of RESI, in silico numerical simulations were

performed. The algorithm consists of the following steps.

(1) A grid of defined positions of the binding sites (ground truth) is
generated. Typically, a grid of positions was generated (Extended
DataFig. 1a, top left).

(2) SMLM (DNA-PAINT) localizations are simulated as samples from
a 2D Gaussian distribution with o = ggy, . A large number (M) of
localizations is generated per binding site (Extended Data Fig. 1a,
topright).

(3) For each binding site, subsets of K localizations are randomly
selected (K <<M). Thisresultsinn= % subsets of SMLM localiza-
tions (Extended Data Fig. 1a, bottom left) that are then averaged to
generate n RESllocalizations (Extended Data Fig.1a, bottomright).

(4) The resulting RESI localizations are then shown in a histogram
(Extended Data Fig. 1b) and the trace (¢tr) of the covariance matrix
is calculated. RESI precision is estimated as gy, = . | %tr(cov(x,y))
(Extended DataFig. 1c). This definition has been used beforein the
field as a scalar metric for 2D variance®.

(5) Steps 3 and 4 are repeated for different values of K to numerically
study 0 = Ogeq (K).

Evaluation of experimental RESI precision by resampling of local-
izations. To evaluate the precision of RESI in experimental data,
an analogous method was used. Briefly, the M total of DNA-PAINT
localizations of each group corresponding to a single binding site was
randomly resampled into subsets of K localizations, then steps 4 and
Sabove were performed to evaluate o, The plotted oy in Fig. 3d is
the average value of all single binding sites in the dataset. Error bars
represent the s.d. of the different oy, values calculated for different
binding sites.

Note that this analysis canbe performed only for K << Mto have suf-
ficientn= %RESI localizations for a statistically significant estimation.
Because final RESI localization takes into account all M DNA-PAINT

localizations, final precision is extrapolated as gggq = Uj“%"".

Stochasticlabelling: simulations and user guidelines
InRES], the sparsity of binding sites in the sample is achieved by labell-
ing a single species of biomolecules with different orthogonal DNA
sequences. The labelling process is performed in a stochastic manner:
ndifferentlabels (for example, DNA-conjugated nanobodies) targeting
the same protein species are simultaneously incubated in the sample
and thus the probability of each single protein being labelled with a
certainsequencei(i=1,...,n) iSpi = % giventhat the same concentration
ofeachlabelis used. Subsequently, nimaging rounds are performed to
recordallgroups of localizations required to obtain the final RESIimage.
The minimum number of labels (n) and rounds necessary to achieve
sufficient sparsity of binding sites in each imaging round will depend
mainly onthree factors: SMLM localization precision and density and
the molecular arrangement of the protein of interest. Here we describe
how these parameters affect the final RESI results using a few practical
examples.

Case 1: protein structure with oligomers not resolvable with
DNA-PAINT. A typical study case is that of single proteins arranged in
dimers, whichin turn present another specific spatial organizationin
space. Thisis the case, for example, of the Nup96 inthe NPC. In this case
stochasticlabelling has to be such that the probability of labelling two
proteins forming a dimer with different sequencesis sufficiently high.
For nrounds of labelling/imaging, the probability is

. 1
P(diff. seq.) =1-p,=1- n

for n =4 labelling/imaging rounds P(diff. seq.) = 75%. We chose n = 4
to demonstrate that it provides a relatively high P(diff. seq.) with only
afew imaging rounds. We note, however, that n > 4 could be used to
increase P(diff. seq.) and hence to maximize the sparsity of labelled
binding sites in each round.

Toresolveaset of anarbitrary number of molecules, m, spaced more
closely than the resolution of DNA-PAINT, they must be labelled with
northogonal sequences. In general, the proportion of m molecules
labelled with n orthogonal sequences, and thus the proportion of
resolvable sets of molecules, follows the equation

n!
P(m,n) = =m i
Case 2: proteins distributed similarly to CSR at a certain density.
This isacommon case—for example, for membrane receptors. If pro-
teins aredistributedina CSR fashion (Extended DataFig.14a) atagiven
density, DNA-PAINT can already resolve single proteins that are suf-
ficiently spaced from their NNs. We will consider that proteins ata
distance d =4 x opyapant are reliably resolved (note that this criterion
is significantly stricter than 2.35 x gpnapant)- Then, for agiven density,
the NND histogram can be computed and the fraction of distances
below d calculated (Extended Data Fig. 14b). This represents the frac-
tion of single proteins, F, that will not be resolved by DNA-PAINT. Here
we plot Fas a function of both density and resolution (Extended Data
Fig.14c).Such amap already provides atool to understand the level of
SMLM resolution needed to resolve single proteins at a given density.
RESIcanbeinterpreted here as away to reduce the effective density
by splitting targets into different stochastically labelled subsets. Hence,
the effective density of each round will be reduced according to the
formulap = “"%‘y. Extended DataFig.14d shows one-dimensional cuts
ofthe 2D map to provide guidelines to choosing the number of ortho-
gonal sequences (and hence imaging rounds) needed to be able to
perform RESl efficiently. For example, for aninitial resolution of 20 nm
(0=5nm), whichis typical for DNA-PAINT in a cellular context, and
a density of density =200 ™2 (relatively high), n = 4 different
sequences are sufficient to f)?novide P(diff. seq.) = 90% for proteins
below d (Extended Data Fig. 14d). These proteins will then be resolv-
able by RESI.

Model-free averaging

Model-free averaging of Nup96 datawas performed for both DNA-PAINT
and RESImeasurement of the same nucleus, as described by Wu et al.*.
Therespective Picasso hdf5 files were segmented in SMAP* and saved
inafile format compatible for averaging by employing plugins segment-
NPC, NPCsegmentCleanup and sitenumbers2loc. Model-free averaging
wasthen performed on the resulting_sml.mat files with default param-
eters by running the particleFusion.m scriptin Matlab (available with
the SMAP source code). The averages shown correspond to the result
of the final iteration, in which each point is rendered with a Gaussian
ofo=2nminx,yandz.

Numerical simulations for CD20 distribution

To interpret the results of the NND data in untreated cells, numerical

simulations were performed. Briefly, two populations, one of CD20

monomersand one of dimers with a CSRdistribution, were simulated
and then their NNDs calculated. The algorithm can be summarized as
follows:

(1) Choice of parameters. Density of monomers: number of monomers
per unit area; density of dimers: number of dimers per unit area;
dimer distance: expected distance between the two moleculesinclud-
ing the labelling construct; uncertainty: variability in the position
of each molecule due to labelling and localization errors; labelling
efficiency: fraction of ground-truth molecules that will actually be



labelled and measured. The observed density, which has to match the
experimental parameter, then becomes observed density = (density
of monomers + density of dimers) x labelling efficiency. For quanti-
fication of thelabelling efficiency of the DNA-conjugated GFP nano-
body we used a transiently transfected CHO cell line expressing a
GFP-and Alfa-tag at the C terminus of amonomeric membrane pro-
tein (for example, CD86). We then labelled GFP- and Alfa-tag using
their cognate nanobodies conjugated to two orthogonal docking
sequences and performed two rounds of Exchange-PAINT. We then
obtained the best-fitting parameters for a sample comprising pairs
of GFP/Alfa-tag, andisolated Alfa-tags, similarly to how CD20 dimer/
monomer analysis is performed. The ratio of these two populations
isthenused asanestimation of labelling efficiency. Full details of the
quantification approach will be available in a manuscript currently
in preparation.

(2) Simulation of monomers: aset of spatial coordinates with CSR dis-
tributionand given density are drawn; simulation of dimers: a set of
spatial coordinates with CSR distribution are drawn, representing
the centre of each dimer. For each dimer centre, two positions are
generated with arandom orientation and a distance with expect-
ed value dimer distance. The position of each pair of molecules is
drawn, taking into account the uncertainty parameter (drawn from
a Gaussian distribution).

(3) A random subset of ‘detectable’ molecules is taken from the
ground-truth set (fraction = labelling efficiency) to simulate the
labelling process.

(4) NNDs are calculated on the subset of detectable molecules.

The parameters density of monomers =212 pm™, density of
dimers =0 um™, uncertainty = 5 nm and labelling efficiency = 50%
were used to compare data for RTX-treated cells with a CSR distribu-
tion of monomers.

Forthe untreated case, the best-fit parameters were obtained through
aniterative, nonlinear, least-squares algorithm. The experimentally
observed density (50 molecules um™) is used for the simulation.

Description of the iterative nonlinear, least-squares algorithm
Forevery set of parameters asimulationis performed, NNDs are histo-
grammed and the sum of the squared differences between the simula-
tion and experimental histogram are computed. A fit consists of finding
the parameters that minimize the sum of the squared differences.

Parameters

« D, average dimer distance (nm)

« 0_label, variability introduced by the labelling (nm)
« frac_of dimers, fraction of dimers (%)

Note: frac_of monomers =100 - frac_of dimers

Estimation of parameters.

(1) Coarse-fit over alarge range of parametersto determine the range
of the best-fit parameters. Range D =1-20 nm, o_label =1-20 nm,
frac_of_dimers =0-100%.

(2) Fine-fit over areduced parameter space around the best-fit results
inthe previous step.

The parameters D_opt, o_label_opt andfrac_of_dimers_opt thatbest
match the proposed model and the data are now found. In this case
itresulted in D_opt=13.5 nm, o_label_opt=5.5 nm, frac_of_dimers_
opt =47% (Fig. 4e,f).

Estimation of parameter uncertainty.

(1) Miscreated (inthis case, M =100), simulated (using datasets D_opt,
o_label_opt, frac_of dimers_opt) with the same number of molecules
as the experimental data (around 21,000).

(2) Mdatasets are fine-fitted and the best-fit parameters D_opt, o_label_
opt and frac_of_dimers_opt are obtained. Three sets are obtained:
D _opt, o_label_opt and frac_of_dimers_opt.

(3) Thedistributions of D_opt, o_label_opt and frac_of dimers_optare
studied. Standard deviation can be used as an estimation of the
parameter uncertainties obtainedinb.

Theuncertainties of the parameters D_opt, o_label_optandfrac_of_
dimers_opt are now obtained.

Data availability

Localization data from this study are available at Zenodo (https://doi.
org/10.5281/zenodo.7795826). Raw microscopy data obtained during
this study are available from the corresponding author onreasonable
request.

Code availability

RESI can be performed using Picasso v.0.6.0, available at https://
github.com/jungmannlab/picasso with documentation provided at
https://picassosr.readthedocs.io/en/latest/render.html. The custom-
written scripts used in this study are available at https://github.com/
jungmannlab/resi.
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Extended DataFig.1|RESIresolution estimation. a, Agrid of defined (bottomright). One exemplary subsetandits averageis highlighted. b, Resulting
positions of binding sitesis generated (top left), SMLM (DNA-PAINT) RESI-localizations are histogrammed to produce images at different resolutions
localizations are simulated as samples from a gaussian distribution (top right). (K values). ¢, RESI-localization precision ok vs K. Analytical dependence on~/K

Localizations for only one binding site were plotted for clarity. Foreachbinding  (blueline) and numerical results (black dots). A total of 1200 SMLM localizations
site, subsets of K localizations are randomly selected (bottom left) and averaged  persite aresimulated. Error barsrepresent mean+1s.d.



Extended DataFig.2|RESIin 2D DNA origami.a, DNA origamidesign
featuring six 5 nm-spaced orthogonal docking strand pairs (red R1, blue R3) and
sixalignment docking strands (green R4). See Methods for sequence details.

b, DNA-PAINT acquisition parameters were tuned such that 5 nm were not
consistently resolvable. ¢, Firstimaging round conducted with R1 (target) and
R4 imagers (alignment, sites circled). d, Second imaging round conducted with

Round 1

R3 (target) and alignmentimagers (R4, sites circled). The alignment sites were
used for translational and rotational alignment between rounds. e, RESI
resolves the 5 nmdistances. f, The distance and orientationbetween R1and R3
docking strands are consistent with the design. g, Anaverage of 90 DNA
origamistructures reveals consistent results and excellent alignment
performance. The numbersindicate the distance between rounds.
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Extended DataFig.3|2D DNA origami. Representative DNA origami from depictsa pair of docking strands spaced at approx. 5 nm. b, 40 additional DNA
across thefield of view of the measurement. a, Four DNA origami, shown at origami, shown at DNA-PAINT resolution (upper rows) and RESI resolution
DNA-PAINT resolution (upper row) and RESIresolution (lower row). The insert (lower rows).
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Extended DataFig.4 |RESIin3D DNA origami.a, DNA origami design
featuring one pair of orthogonal docking strands (red R1, blue R3) as well as six
alignment docking strands (green R4). Docking strands extend from both the
top and bottom surface ofthe DNA origami (insert). b, The design ensures that
allbutthe R1/R3 docking strand pair are spaced sufficiently to be resolved by
DNA-PAINT. ¢, 3D DNA-PAINT imaging resolves R4 alignment sites, barely
resolves R1/R3 axially and does not resolve R1/R3 laterally. d, Sequential 3D
DNA-PAINT imaging with R4 sites used for alignment. e, RESIresolves R1/R3

. 20 nm 10 nm

i) R1/R3

i) R1/R3

20 nm 10 nm

d=0.1nm
Cl1=[0.0,0.8] nm

,d,=0.1nm
[0.0, 1.1] nm

L
d =0.1nm

y y
Cl =10.0, 0.6] nm
z
X

d=0.7nm
Cl=[0.0, 1.8] nm

d, =0.5nm
Cl=[0.0, 1.1] nm

d=1.0nm d =0.8 nm
Cl=10.0, 2.2] nm Cl=[0.0,2.3] nm

6 nm
ClI=10.0, 1.3] nm

bothaxially and laterally. f, An overlay of 88 DNA origamireveals overall good
alignment despite structural heterogeneity. g, Average of 88 DNA origamis.

h, The particle average recovers the structure with analignment uncertainty of
0.7nmCI=[0,1.6] nm, showing a distance between the average R1/R3 positions
of11.6 + 0.8 nm (xy-distance: 2.5+ 0.4 nm, z-distance: 11.3 + 0.8 nm), matching
the designed distances?®. Same scale applies to all magnification panels. CI
describes 68% confidence interval.
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Extended DataFig.7|Averaging of Nup96 proteins. a, Model-free averaging
for DNA-PAINT measurements of Nup96 (N =1045NPCs). Anangled isometric
viewis shown.b-d, DNA-PAINT resolves nucleoplasmic and cytoplasmicrings
andrecapitulates their eight-fold symmetry, but fails to resolve individual
Nup96 proteins. e, Side views of all Nup96 pairs inboth rings reveal the angled
orientationbut do notresolve individual Nup96 proteins. f, Model-free
averaging for RESImeasurements of Nup96 (N =1190 NPCs). g-i, RESI
recapitulates nucleoplasmicand cytoplasmicrings as well as their eight-fold
symmetry and resolvesindividual adjacent Nup96 proteins in the majority of
cases.j, Side views of all eight Nup96 pairsin both rings reveal the angled

RESI
DNA-PAINT
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orientation as well as, insome cases, adjacent individual Nup96 proteins.

k, The Cryo-EMstructure of the nuclear pore complexindicatesthatagiven
Nup96 protein will have neighbors spaced at11nm, 39 nm, 71nm, 93 nmand
101 nm. 1, Performing clustering and nearest neighbor analysis for DNA-PAINT
datareveals apeak atapprox.40 nm, correspondingto the distance between
two Nup96 pairs, but not below that. RESI, onthe other hand, features afirst
peak atapprox.15nm, corresponding to the distance between adjacent Nup96
while takinglinkage error (label size) into account.m, Analysis of first to tenth
nearestneighbor distances for RESIand DNA-PAINT recapitulates the distances
from (k), but only RESIresolves the smallest distance. All scale bars: 20 nm.
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Extended DataFig.8|Sub-nmDNA origami. Representative DNA origami inserts show pairs of directly adjacent docking strands resolved by RESI. b, 42
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six alignment strands (green R4) and six pairs of orthogonal docking strands showing distances between the average positions of the sitesat9.5+2.6 A
(redR1,blueR3) spaced onebase pairapart. b, RESIrepresentation with (meanoversix distancesinthe average + mean over the error-propagated
RESI-localizations fromroundlinred and round 2in blueillustrates excellent uncertainties of the six distances). Same scale applies to allmagnification
alignment. The distances between RESI-localizations from round1and 2 are panels. Cldescribes 68% confidence interval.

defined asillustrated. ¢, Overlaying 42 DNA origami and performing a particle
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Extended DataFig.10 | RESIresolves CD20 dimersinuntreated CHO cells cases.d, Whole-cell analysis of first nearest neighbor distances (1** NNDs) of

for different expressionlevels. a, DNA-PAINT imaging of whole mEGFP-CD20-  CD20 receptors (histograms of the distances are displayed). Only RESI, but not
expressing CHO cells, labeled with anti-GFP-nanobodies, shows homogeneously = DNA-PAINT, allows the routine detection of sub-10-nm distances between
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Extended DataFig.11|RESIresolves the substructureinRTX-induced

chain-like arrangements of CD20 receptors with sub-nanometer precision.

a, DNA-PAINT overview image of mEGFP-CD20 expressing CHO cells treated
with RTX.b, Labeling with DNA-conjugated anti-GFP-nanobodies and imaging
with DNA-PAINT reveals higher-order organization after RTX-treatment. RESI
(insetsi-iii) achieves molecular resolution and thereby resolves the molecular

c Single molecule clustering
DNA-PAINT

arrangement of mMEGFP-CD20. ¢, DNA-PAINT imaging shows clustered CD20
molecules. Performing RESIwithsequencesR1,R2,R3and R4 infour separate
imaging rounds (color-coded) allows for clustering of localizations originating
fromasingle target. Fromthe clustered localizations, RESI-localizations were
calculated, enabling true single-protein resolution.



Extended DataFig.12|RESIreveals higher order arrangement of CD20
dimersinRituximab-treated CHO cells. a, DNA-PAINT imaging of whole
mEGFP-CD20-expressing CHO cells, labeled with anti-GFP-nanobodies, shows
clustered CD20- molecules in Rituximab-treated cells for three independent
experiments.b, Zoom-in regions of DNA-PAINT show mEGFP-CD20 clustered
into chain-like arrangements. ¢, RESIreveals sub-10-nm spaced receptor pairs
withinthe clusters, unresolvable by DNA-PAINT. d, Whole-cell analysis of first
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Extended DataFig.13 | Comparison of Rituximab treated CD20 datato
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simulated CD20 hexamers (lightblue circles, simulated as triangles of dimers
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indicate clusters). e, RESlimage of CD20 data after RTX-treatment. f, RESI-
localizations of CD20 data after DBSCAN cluster analysis (colors indicate
clusters). g, Number of molecules per detected cluster for the experimental
dataand the simulated hexamers. h, Circularity metric of experimental data
and the simulated hexamers after convex hull analysis of the clusters. We note
that the sharp drop at 0.605 stems from the maximum circularity metric for
clusters where the convex hullis defined by three molecules. Notably, the
absence ofacircularity peak at-0.7 inthe experimental data suggests that
CD20 moleculesarenotarranged inisolated ring-like hexameric structures.
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Extended DataFig. 14 |Stochasticlabeling. a, Exemplary simulation of
proteins witha Complete Spatial Random (CSR) distribution of agiven density.
b, Histogram of Nearest Neighbor Distances (NNDs). The red line indicates the
smallest distance (d) that can be resolved by DNA-PAINT for agiven set of
imaging parameters. The fraction of molecules with a NN below this distance
threshold (blue, shaded) canbe computed for agiven density and a given
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DNA-PAINT resolution. c,2D map of the fraction of non-resolvable molecules
asafunction of density and resolution.d, 1D cuts of c at different resolutions
(color-coded) canbe used as a user guide to estimate the number of multiplexing
rounds needed to perform RESI efficiently given a certain target fraction of
non-resolvable distances.
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Extended Data Table 1| Imaging and RESI parameters

Number | Power (at Power Cluster | Cluster
Exposure L density Radius | Radius | Cluster
Data Round X of objective, Imagers Buffer K_mean
time (ms) wi/ Xy z Nmin
frames mW) 2
cm?) (nm) (nm)
700 pM 5'R1, B+
Extended | Round’ 700 pM R4 (PCA, 423
" 100 40 000 52 260 4 - 50
Data Figure 2 Round 2 700 pM R3, PCD, 338
oun 700 pM R4 Trolox)
500 pM R1 B+
Round 1 ’ 114
Extended 100 40 000 56 280 250 pM R4 (PCA, 7 20 30
Data Figure 4 Round 2 350 pM R3, PCD, 112
250 pM R4 Trolox)
15 pM R1,
DNA 15 pM R2,
PAINT 40 000 15 pM R3. 11 22 10 -
Figure 2, 15 pM R4
Extended C+
Data Figure Round 1 150 pM R1 (PCA, 23
6 150 18 90 PCD
Extended Round 2 10 000 100 pMR2 Trolox) 1 22 10 50
DataFigure 7| 2ound 3 100 pM R3 31
Round 4 100 pM R4 43
M9g°° | Round "sobpMRe | (POA 250
Extended Round 2 100 30000 56 280 300 pM R3, PCD, 4 ) 50 258
Data Figure 9 oun 800 pM R4 Trolox)
100 pM R1,
DNA 100 pM R2,
PAINT 100 160000 50 pM R3, 9 - 15 -
Figure 4 100 pM R4
(Untreated) | o) nq 1 400 pM R1 80
&
Extended 30 150
Data Figure Round 2 400 pM R2 59
10 100 40000 c 9 - 15
Round 3 200 pM R3 (PCA, 87
Round 4 400 pM R4 PCD, 119
Trolox)
Figure 4 (RTX | Round 1 300 pM R1 58
treated), 40000
Extended Round 2 300 pM R2 46
Data Figure 100 30 150 9 - 15
11, Extended | Round 3 300 pM R3 94
Data Figure 35000
12 Round 4 300 pM R4 121

Overview of DNA-PAINT image acquisition parameters alongside clustering and RESI parameters.
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