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ABSTRACT 25 

Resolving individual subunits within protein complexes requires precision beyond DNA-26 

PAINT's ~15 nm limit. RESI reaches this by averaging localisations across orthogonal 27 

DNA barcodes, but the imaging rounds needed scale quadratically with subunit number. 28 

RE-FLIM reduces this cost threefold by resolving three lifetime-distinct barcodes per 29 

round. Validated on DNA origami at 3 nm separations, RE-FLIM provides, to our 30 

knowledge, the first protomer-resolved view of HIV-1 Env trimers in intact cell membranes. 31 

 32 



MAIN  33 

Most protein complexes are organized at length scales of 1–20 nm, below the ~15 nm 34 

resolution of DNA-PAINT single-molecule localization microscopy (SMLM)1. Resolution 35 

Enhancement by Sequential Imaging (RESI)2 overcomes this by distributing identical 36 

proteins across orthogonal DNA barcodes imaged sequentially, so that localizations from 37 

each barcode can be averaged into a centre of sub-nanometre precision (Fig. 1a). 38 

However, as protomer number m increases, the probability that each receives a distinct 39 

barcode collapses unless the number of orthogonal sequences N grows quadratically, as 40 

N ∝	m(m−1) (Fig. 1b). Because RESI images one sequence per round, acquisition time 41 

grows with N accordingly, a combinatorial constraint that limits scalability.   42 

Fluorescence lifetime offers a route to reading DNA barcodes in parallel. Lifetime-based 43 

DNA-PAINT (FL-PAINT) has been used to separate distinct molecular targets within a 44 

single acquisition, at conventional SMLM resolution3. Here, we introduce Resolution 45 

Enhancement by Fluorescence Lifetime Imaging Microscopy (RE-FLIM), which combines 46 

lifetime-based separation with RESI’s localization-averaging step to resolve multiple 47 

barcodes simultaneously at separations well below the DNA-PAINT resolution limit, 48 

without additional laser lines or spectral channels (Fig. 1c). 49 

We first validated RE-FLIM on DNA origami containing two pairs of orthogonal docking 50 

strands separated by 3.2 nm (Fig. 1d), a distance inaccessible to DNA-PAINT. Cy3B- and 51 

Atto 550-labelled imager strands were imaged using a wide-field single-photon-counting 52 

camera, achieving localization precision (σSMLM) ~ 8 nm (Fig. 1e). Lifetime-based species 53 

assignment confidently classified 92% of binding events, and centroid localization yielded 54 

σRE-FLIM ~ 1 nm, an eightfold gain in precision over σSMLM (Fig. 1e, Extended Data 1). First 55 

nearest-neighbour distance (NND) analysis recovered the expected 3.2 nm spacing (Fig. 56 

1f; 1st-NND = 3.5 nm), matching two-rounds RESI measurements (Extended Data 2 and 57 

Supplementary Fig. 1; 1st-NND = 3.3). 58 

We next extended RE-FLIM to simultaneous three-barcode imaging using DNA origami 59 

bearing three orthogonal docking strands arranged in ~5.0 × 5.6 × 5.6 nm triangles (Fig. 60 

1g). Three lifetime-distinct imagers were simultaneously resolved in a single acquisition 61 

round, with 92% of binding events assigned to one of the three species. 62 

Localizations assigned to each vertex reproduced the expected triangular geometry  (Fig. 63 

1h, Extended Data 3), with 1st- and 2nd-NND distributions peaking at 6.0 and 7.7 nm, 64 

respectively  (Fig. 1i), consistent with three-round RESI measurements (Extended Data 65 

4 and Supplementary Fig. 2). Thus, RE-FLIM preserves structural accuracy while 66 

reducing the required number of imaging rounds threefold. 67 



We then applied RE-FLIM to HXB2 HIV-1 envelope glycoprotein (Env), a homotrimeric 68 

spike protein whose GFPOPT-labelled4 protomers are separated by 15.3 nm in the closed, 69 

prefusion conformation5 (Fig. 2a, Supplementary Fig. 3). Expressed in U2OS cells, Env 70 

was stochastically labelled with anti-GFP nanobodies bearing one of six orthogonal 71 

docking strands. At ~50% labelling efficiency6, this yielded trimer, dimer-, and monomer-72 

like configurations (Fig. 2b). Two RE-FLIM rounds, each resolving three lifetime-distinct 73 

species simultaneously (Fig. 2c, d), generated six barcode populations (R1–R6). 74 

RE-FLIM resolved individual Env protomers with σRE-FLIM ~ 3 nm, whereas DNA-PAINT 75 

could not distinguish protomers within the 15.3 nm trimer (Fig. 2e, f; σSMLM ~ 11 nm). The 76 

six recovered barcode populations (Fig. 2g) were assigned to individual centroids (Fig. 77 

2h, Supplementary Fig. 4). 1st- and 2nd-NND distributions skewed shorter than density-78 

matched complete spatial randomness (CSR) simulations, with a dominant 1st-NND peak 79 

< 20 nm, revealing short-range nanoscale organization of Env protomers in the plasma 80 

membrane (Fig. 2i, Supplementary Fig. 5). Graph-based clustering (25 nm linking radius; 81 

Methods) classified centres as trimer, dimer-, and monomer-like (Fig. 2j, k), recovering 82 

all three as expected for partially labelled trimers. Pairwise edge lengths pooled across 83 

trimer and dimer-like configurations showed a median of 16.3 nm and a mode of 17.2 (Fig. 84 

2l), consistent with the 15.3 nm protomer spacing of closed Env. Across linking radii of 85 

20–40 nm, the Env mode remained confined to 16.0–19.5 nm, whereas the CSR mode 86 

tracked the linking radius itself, confirming an intrinsic, radius-independent length scale 87 

(Supplementary Fig. 6). 88 

Together, these results establish RE-FLIM as a scalable route to protomer-resolved 89 

imaging of native protein complexes at one third of the acquisition rounds required by 90 

RESI, providing, to our knowledge, the first such view of individual HIV-1 Env trimers in 91 

plasma membranes. 92 



 93 
Figure 1. RE-FLIM resolves sub-5 nm separations via simultaneous fluorescence 94 

lifetime multiplexing. (a) In RESI, identical proteins are labelled with orthogonal DNA 95 

barcodes and imaged sequentially; averaging localizations within each barcode subset 96 

yields centres with precision far surpassing DNA-PAINT resolution (~ 2.35σSMLM). (b) 97 

Probability P(m, N) of uniquely assigning m protomers across N imaging rounds 98 

decreases rapidly with subunit number, limiting scalability. (c) RE-FLIM adds 99 

fluorescence lifetime as an orthogonal encoding axis, enabling simultaneous multi-100 

species discrimination in one acquisition round. (d) Two-species (Cy3B/Atto 550) RE-101 

FLIM on DNA origami with docking-strand pairs separated by 3.2 nm (inter-pair spacing 102 

134 nm). (e) DNA-PAINT image (σSMLM ~ 8 nm) cannot resolve the 3.2 nm intra-pair 103 

distance (top); lifetime histograms confirm imager-species separation; RE-FLIM 104 

reconstruction (σRE-FLIM ~ 1 nm) resolves both sites (bottom). (f) 1st- and 2nd-NND analysis 105 

(n = 216 pairs) matches the design: 1st-NND = 3.2 nm; 2nd-NND = 130.5 nm. (g) Three-106 

species (AF555/Cy3B/Atto 550) RE-FLIM on origami with docking-strand triangles (5.0 × 107 

5.6 × 5.6 nm; inter-trimer spacing 124 nm). (h) Lifetime histograms confirm three-species 108 

separation; RE-FLIM (σRE-FLIM ~ 2 nm) resolves all three vertices whereas DNA-PAINT 109 

(σSMLM ~ 9 nm) resolves only inter-unit spacing. (i) 1st, 2nd and 3rd NND distributions (n = 110 



179 docking triangles) match the design: 1st-NND = 6.0 nm; 2nd-NND = 7.7 nm; 3rd-NND 111 

= 118.6 nm.  112 

 113 

 114 
 115 

Figure 2. RE-FLIM resolves individual protomers within native HIV-1 Env trimers. 116 

(a) AlphaFold model of HXB2 Env-V4-GFPOPT-nanobody superposed on closed Env 117 

(PDB: 5T3X), showing 15.3 nm separation between nanobody Cα atoms (Val114) across 118 

protomers. (b) Stochastic labelling with six orthogonal nanobody-DNA barcodes at ~50% 119 

labelling efficiency yields trimer, dimer- and monomer-like labelled configurations. (c) Two 120 

RE-FLIM rounds, each resolving three lifetime-distinct species simultaneously. (d) 121 

Lifetime histograms confirm species separation within each round. (e) DNA-PAINT 122 

reconstruction of a representative cell (σSMLM ~ 11 nm). (f) Magnified region from (e); 123 

unresolved Env clusters. (g) Composite image of six barcode populations across both 124 

rounds. (h) Zoomed RE-FLIM reconstruction resolving individual protomers (σRE-FLIM ~ 3 125 

nm). (i) 1st- and 2nd-NND distributions (n = 3067 centres) vs. CSR, revealing short-range 126 

clustering for a representative FOV. (j) Graph-based classification into trimer, dimer- and 127 

monomer-like configurations (25 nm linking radius; Methods). (k) Representative galleries 128 

of classified trimer and dimer-like configurations. (l) Pairwise separations within classified 129 

trimers (n = 62) and dimer-like (n = 711) configurations, pooled across 4 FOVs from 3 130 

independent experiments (n = 897 distances), showing an Env-specific lenght scale 131 

consistent with the 15.3 nm prediction (median = 16.3 nm, mode = 17.2 nm).  132 
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METHODS   181 

DNA origami synthesis 182 

The rectangular DNA origami structures (Fig. 1d and 1g) were designed using CaDNAno2 183 

and it is accessible at https://nanobase.org/structure/146. It is modified with six biotin 184 

staples going out of the structure for binding to the surface. For the DNA origami with 185 

edge pairs separated by 3 nm (Fig. 1d) 2 pairs of DNA PAINT docking strands 186 

(TTTCCTCCTCCTCCTCCTCCT and CAACACACACACACACACACA) were used. For 187 

the DNA origami featuring edge triangles (Fig. 1g) 3 DNA docking strands 188 

(TTTCCTCCTCCTCCTCCTCCT, AAACCACCACCACCACCACCA and 189 

TCCTCTCTCTCTCTCTCTCTC) were used. The origami design is based on a 7249-190 

nucleotide long scaffold extracted from the M13mp18 bacteriophage (Tilibit Nanosystems 191 

GmbH) and folded into the desired shape using 243 staples folded in 1× TAE (Alfa Aesar, 192 

#J63931) and 12 mM MgCl2 (Alfa Aesar, #J61014) buffer. It was mixed in a 10-fold 193 

excess of staples over scaffold, and 100-fold for modified staples.is based on a 7249-194 

nucleotide long scaffold extracted from the M13mp18 bacteriophage (Tilibit Nanosystems 195 

GmbH) and folded into the desired shape using 243 staples folded in 1× TAE (Alfa Aesar, 196 

#J63931) and 12 mM MgCl2 (Alfa Aesar, #J61014) buffer. It was mixed in a 10-fold 197 

excess of staples over scaffold, and 100-fold for modified staples. 198 

  199 

Unmodified staple strands were purchased from IDT; biotin-functionalized staples and 200 

DNA-PAINT docking strands were purchased from Biomers GmbH. The scaffold and the 201 

staple mix were self-assembled into the designed structure using a temperature ramp. 202 

The combination was initially heated to 95 °C, where it remained for 5 min, before cooling 203 

https://doi.org/10.52044/HFSP.LT00252023-C.pc.gr.169039
https://nanobase.org/structure/146


to 20 °C during a 19 h linear ramp. A 1% (w/v) agarose gel electrophoresis was used as 204 

a purification procedure to remove excess staple strands. In a 1× TAE 12 mM MgCl2 205 

buffer, the gel was run at 70 V for 3 h in an ice-water bath. After electrophoresis, the pure 206 

DNA origami structures were extracted by cutting out the bands in the gel containing the 207 

DNA origami structure and squeezing them out using a parafilm-wrapped glass slide. The 208 

final concentration of the DNA origami structures was determined using a Nanodrop 2000 209 

spectrophotometer (Thermo Fisher Scientific). The list of modified staples used can be 210 

found in Supplementary Table 2 and Supplementary Table 3. 211 

 212 

Buffers  213 

Buffer A+: 10 mM Tris (VWR), 100 mM NaCl (Sigma-Aldrich) and 0.05% (v/v) Tween-20 214 

(Sigma-Aldrich), adjusted to pH 8.0. 215 

Buffer B+: 10 mM MgCl2 (LifeTech), 5 mM Tris-HCl pH 8.0, 1 mM EDTA (LifeTech) and 216 

0.05% (v/v) Tween-20 (Sigma-Aldrich) pH 8.0, supplemented with 1× Trolox.  217 

Buffer C+: 1× PBS, 1 mM EDTA (Invitrogen), 500 mM NaCl (Sigma-Aldrich) and 0.02% 218 

(v/v) Tween-20 (Sigma-Aldrich), adjusted to pH 7.4. Where indicated, C+ buffer was 219 

supplemented either with 1× Trolox alone or with an oxygen-scavenging system 220 

comprising 1× Trolox, 1× protocatechuic acid (PCA) and 1× protocatechuate 3,4-221 

dioxygenase (PCD). 222 

 223 

Oxygen-scavenging system 224 

The oxygen-scavenging system consisted of 1× PCA (prepared from a 40× stock), 1× 225 

PCD (prepared from a 100× stock) and 1× Trolox (prepared from a 100× stock). The 226 

imaging buffer was prepared in 1× PBS + 500 mM NaCl buffer immediately before use 227 

and incubated in the dark for 1 h before imaging. 228 

 229 

The 40× PCA stock solution was prepared by dissolving 154 mg PCA (Sigma-Aldrich) in 230 

10 ml distilled water and adjusting the pH to 9.0 with NaOH (Avantor). The 100× PCD 231 

stock solution was prepared by dissolving 2.2 mg PCD (Sigma-Aldrich) in 3.4 ml of 50% 232 

glycerol containing 50 mM KCl, 1 mM EDTA and 100 mM Tris buffer. The 100× Trolox 233 

stock solution was prepared by dissolving 100 mg Trolox (±)-6-hydroxy-2,5,7,8-234 

tetramethylchromane-2-carboxylic acid; Sigma-Aldrich) in 0.43 ml methanol, 0.345 ml 1 235 

M NaOH and 3.2 ml distilled water. 236 

 237 

DNA-origami sample preparation 238 

For sample immobilization, commercial chambers (IB-80607, μ-Slide VI 0.5 Glass Bottom, 239 

Sterile) were used. Chambers were washed 3 times with buffer A+, then the surface was 240 

passivated with a solution of BSA-biotin (1 mg mL-1, A4503-10G, Sigma-Aldrich) in buffer 241 

A+ for 5 minutes at room temperature. After 3 washes with buffer A+, slides were 242 

incubated with a solution of neutravidin (1 mg mL-1, 31000, Thermo Fisher Scientific) in 243 



buffer A+ and incubated for 5 min at room temperature. After 1 wash with buffer A+ and 244 

2 washes with buffer B+, 100 pM of DNA-origami structure was added to the chamber 245 

and incubated for 10 min for immobilization via biotin binding to the functionalized surface. 246 

The sample was washed again 3 times with buffer B+ and 100 µl of gold nanoparticles 247 

(90 nm, G-90-100, Cytodiagnostics) was flushed through and incubated for 5 min before 248 

washing with buffer B+. Imaging was performed after the addition of the corresponding 249 

DNA imager solution. 250 

For RESI imaging, DNA imagers carrying a 3′-Cy3B fluorophore were sequentially 251 

exchanged in buffer B+ supplemented with 1× Trolox, 1× PCA and 1× PCD. For the 3 nm 252 

dimer origami, R1 and R4 imagers were used at concentrations of 0.5 nM and 1 nM, 253 

respectively. For the three-site triangle origami, R1, R2 and R3 imagers were used at 254 

concentrations of 1 nM each.  255 

For RE-FLIM imaging, multiple DNA imager species were simultaneously introduced in 256 

each acquisition round to enable lifetime-based species separation. For the two-site dimer 257 

origami, R1 and R4 docking strands were imaged using Cy3B- and ATTO550-labelled 258 

imagers, respectively, at concentrations of 1.5 nM each. For the three-site triangle origami, 259 

R1, R2 and R3 were simultaneously imaged using Cy3B-, ATTO550- and Alexa Fluor 260 

555-labelled imagers at concentrations of 1 nM, 1 nM and 7 nM, respectively. All RE-261 

FLIM imager solutions were prepared in buffer B+ supplemented with 1× Trolox. 262 

Cell Culture 263 

U2OS cells were cultured in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 264 

(DMEM/F-12; ThermoFisher, 21041025) supplemented with 10% fetal bovine serum 265 

(FBS). Cells were maintained at 1 × 105 cells/ml and passaged every 3 days using 266 

Accutase (Promo Cell, C-41310). 267 

 268 

HIV-1 Env-GFP expression in U2OS cells 269 

2 × 104 cells were seeded per well into 8-well Ibidi µ-slides (IB-80807) and incubated for 270 

16 h prior to transfection. Cells were transfected with 80 ng of pCMV-HXB2-Env-v4.1-271 

GFPOPT (a derivative of super folded GFP introduced in the v4 loop of HXB2 Env, as 272 

described previously)4, using GeneJuice (Merck, 70967) according to the manufacturer’s 273 

instructions in Opti-MEM reduced serum medium (Thermo Fisher Scientific, 11058021). 274 

Following transfection cells were incubated for 24 h in DMEM/F-12 supplemented with 275 

10% FBS.  276 

 277 

DNA-PAINT labelling of HIV-1 Env-GFP 278 

Cells expressing HIV-1 Env-GFP were fixed with 2% paraformaldehyde (PFA) in PBS for 279 

15 mins, washed three times with PBS, and blocked with 5% bovine serum albumin (BSA) 280 

containing 100 µg/ml sheared salmon sperm DNA (15632011, Thermo Fisher Scientific). 281 



Samples were then stained with a mixture of six DNA-conjugated anti-GFP nanobody 282 

probes (37.5 nM total; Massive-sdAB-FAST 2-Plex, Massive Photonics GmbH), in which 283 

the same anti-GFP nanobody was functionalized with one of six orthogonal DNA docking 284 

strands (R1–R6; 6.25 nM each) in 5% BSA. Following labelling, samples were washed 285 

three times with PBS and post-fixed with 4% PFA for 5 min. Residual autofluorescence 286 

was quenched by washing with 60 mM glycine in PBS. Finally, 90 nm gold nanoparticle 287 

fiducials (Cytodiagnostics, G-90-100) were added, followed by two washes with PBS and 288 

one wash with C+ buffer prior to imaging. 289 

 290 

For RESI imaging, DNA imager strands carrying a 3′-Cy3B fluorophore were diluted in 291 

C+ imaging buffer supplemented with 1× Trolox, 1× PCA and 1× PCD. Imager 292 

concentrations were 1.5 nM for R1 and R2, 3 nM for R3-R5 and 6 nM for R6. Six 293 

sequential exchange rounds were performed, with a single orthogonal imager strand 294 

present during each round. Between rounds, the imaging chamber was washed 295 

thoroughly with C+ buffer before addition of the subsequent imager solution. 296 

For RE-FLIM imaging, six orthogonal docking strands were imaged in two exchange 297 

rounds, each simultaneously containing three lifetime-distinct DNA imager species. In the 298 

first round, R1, R2 and R3 were imaged using AF555-, Cy3B- and ATTO550-labelled 299 

imager strands, respectively. In the second round, R4, R5 and R6 were imaged using 300 

ATTO550-, Cy3B- and AF555-labelled imager strands, respectively. All imager strands 301 

carried a 3′ fluorophore and were diluted in C+ imaging buffer supplemented with 1× 302 

Trolox. In the first exchange round, R1 (Cy3B), R2 (ATTO550) and R3 (Alexa Fluor 555) 303 

imager strands were added at concentrations of 1.5 nM, 0.5 nM and 3 nM, respectively. 304 

In the second exchange round, R4 (ATTO550), R5 (Cy3B) and R6 (Alexa Fluor 555) 305 

imager strands were added at concentrations of 1.5 nM, 0.5 nM and 3 nM, respectively. 306 

Between exchange rounds, the imaging chamber was washed thoroughly with C+ buffer 307 

before addition of the subsequent imager mixture. 308 

Microscopy setups 309 

 310 

DNA-PAINT/RESI microscopy setup 311 

DNA-PAINT and RESI imaging were performed on a custom built wide-field total internal 312 

reflection fluorescence (TIRF) microscope based on a Nikon Eclipse Ti-2 inverted 313 

microscope equipped with a 100× oil immersion TIRF objective (Apo TIRF, NA 1.49) and 314 

a Perfect Focus System. TIRF illumination was provided by a continuous wave 561 nm 315 

laser (MPB Communications, 1 W). The laser beam was spatially filtered using a 50 μm 316 

pinhole, circularly polarized using a polarizer and quarter-wave plate, and expanded using 317 

a variable beam expander (Thorlabs) to a 1/e² beam diameter of 6 mm. The beam was 318 

then passed through a beam-shaping element (piShaper 6_6_VIS, AdlOptica, Berlin, 319 



Germany) to generate a collimated flat-top illumination profile before further expansion 320 

with a custom-built telescope to define the field of view at the sample. The excitation beam 321 

was focused on the back focal plane of the objective, passed through an excitation filter 322 

(FF01-390/482/563/640-25, Semrock), and coupled into the objective using a beam 323 

splitter (Di03- R405/488/561/635, Semrock). Fluorescence emission was filtered using an 324 

emission filter (FF01-446/523/600/677-25, Semrock) and detected using an sCMOS 325 

camera (ORCA-Fusion BT, Hamamatsu). Images were acquired with 2 × 2 camera 326 

binning, resulting in an effective pixel size of 130 nm in the sample plane. 327 

The 561 nm excitation laser was operated at a measured power of 4.5 mW after the 328 

objective, corresponding to a power density of 470 W cm-2 at the sample. All RESI 329 

datasets were acquired with 100 ms exposure times. DNA origami datasets comprised 330 

20,000 frames per exchange round for the 3 nm dimer design and 15,000 frames for the 331 

5.5 nm triangle design, whereas HIV-1 Env datasets comprised 20,000 frames per 332 

exchange round. Samples were washed with at least 2 ml of C+ buffer between exchange 333 

rounds before addition of the subsequent DNA imager solution. 334 

RE-FLIM microscopy setup  335 

RE-FLIM imaging was performed on a custom-built wide-field total internal reflection 336 

fluorescence (TIRF) microscope based on a Nikon Eclipse Ti-2 inverted microscope 337 

equipped with a 100× oil immersion TIRF objective (Apo TIRF, NA 1.49) and the Perfect 338 

Focus System. Excitation was provided by a 532 nm pulsed diode laser (LDH-P-FA-339 

530XL, PicoQuant) operated using a Sepia II laser driver and controller (PicoQuant). The 340 

laser beam was passed through a cleanup filter (FF01-532/3, Semrock), directed through 341 

a periscope, and focused on the back focal plane of the objective using a multiband 342 

dichroic mirror (ZT405/488/532/640rpc-XT, Chroma). Fluorescence emission was filtered 343 

using a quad-band emission filter (FF01-446/510/581/703, Semrock) and detected using 344 

a wide-field time-correlated single-photon counting (TCSPC) camera (LINCam, 345 

Photonscore), which records the position and arrival time of each detected photon. 346 

Images were acquired through the microscope's 1.5× magnification and an additional 4× 347 

magnification adapter (VM4X, Nikon), resulting in a total magnification of 600×. 348 

 349 

The 532 nm laser was operated at a repetition rate of 40 MHz with a measured power of 350 

0.5 mW after the objective, corresponding to a power density of 141 W cm-2 at the sample. 351 

Photon events were recorded continuously using the LINCam acquisition software 352 

(Photonscore). Each detected photon was stored together with its detector coordinates 353 

and arrival time relative to the excitation pulse. Photon arrival times were digitized into 354 

10 ps time bins and detector positions assigned to a 4096 × 4096 spatial grid spanning 355 

the 17 mm active detector area, corresponding to an effective sampling of 7.2 nm in the 356 

sample plane at 600× magnification. 357 



 358 

For RE-FLIM imaging of DNA origamis, photon events were acquired continuously for ~ 359 

40 min. For RE-FLIM imaging of HIV-1 Env, two sequential exchange rounds were 360 

acquired, each consisting of ~ 30 min continuous photon acquisition.  361 

 362 

RE-FLIM data analysis 363 

RE-FLIM data analysis consisted of sequential photon preprocessing, preliminary single-364 

molecule localization, DNA-PAINT binding event identification, fluorescence lifetime-365 

based species assignment, and RESI-style cluster reconstruction. Raw photon data were 366 

processed using custom MATLAB and Python scripts, with localization and clustering 367 

performed using the Picasso software package. 368 

 369 

Photon preprocessing and preliminary localization 370 

The LINCam acquisition software (Photonscore) acquires photons continuously, 371 

recording their detector position and photon arrival time information. Raw photon data 372 

were processed using custom MATLAB scripts to generate two-dimensional intensity 373 

frames by applying 16× spatial binning, resulting in an effective pixel size of 115 nm. 374 

Frames were generated using a sliding integration window, with 200 ms integration 375 

frames produced every 20 ms, yielding a 10× temporal oversampling that increases 376 

sampling while retaining sufficient photons per frame for single-molecule localization. In 377 

parallel, photon arrival times were indexed according to acquisition time, preserving the 378 

temporal information of the original photon stream for subsequent event-based analysis. 379 

The reconstructed intensity frames were localized using the Picasso software package1 380 

to obtain preliminary single-molecule positions. Drift correction was performed using 381 

adaptive intersection maximization, and outlier localizations were removed prior to 382 

downstream analysis. 383 

 384 

DNA-PAINT binding event identification and lifetime estimation 385 

Preliminary localizations were used to define spatial search regions for photon 386 

assignments. DNA-PAINT-resolved structures were grouped prior to event analysis. DNA 387 

origami structures were manually selected from reconstructed images, whereas HIV-1 388 

Env regions were identified using the Exchange-PAINT-specific workflow described 389 

below. Each selected region was processed using a custom Python-based event analysis 390 

pipeline (Supplementary Note 1). 391 

 392 

Briefly, localizations appearing in consecutive overlapping frames were linked based on 393 

spatial proximity to generate candidate DNA-PAINT binding events. Event boundaries 394 

were subsequently refined by change-point detection applied to the corresponding photon 395 

intensity traces, allowing accurate determination of binding onset and termination times. 396 

Photons falling within the spatial and temporal boundaries of each event were retrieved 397 



from the indexed photon stream. Event positions were estimated by calculating the centre 398 

of mass within a 4.5-pixel-diameter region (1 pixel = 115 nm). The localization precision 399 

of each binding event (σSMLM) was calculated as the standard error of the mean of the 400 

detected photon coordinates. Fluorescence lifetime was estimated from the Gaussian-401 

weighted mean photon arrival time within a 5.5-pixel-diameter region. Lifetime values 402 

were referenced to the peak of the photon arrival-time distribution, which was determined 403 

once for each dataset. 404 

 405 

For HIV-1 Env Exchange-PAINT datasets, exchange rounds were first aligned in Picasso 406 

prior to event analysis. To identify membrane regions consistently detected across 407 

exchange rounds, localizations from the first round were matched to those from the 408 

second round using a 40 nm nearest-neighbour distance criterion, approximately twice 409 

the localization precision of the preliminary frame-based localizations. Only Env regions 410 

detected in both exchange rounds were retained for subsequent analysis. These matched 411 

localizations were subsequently grouped into individual Env regions using DBSCAN 412 

clustering with a radius of 40 nm and a minimum cluster size of 100 localizations in the 413 

oversampled preliminary localization file (10× temporal oversampling from the 200 ms/20 414 

ms sliding-window frame generation, see Supplementary Note 1). The resulting clusters 415 

defined the ROIs for independent event analysis of each exchange round using the RE-416 

FLIM event-analysis pipeline.  417 

 418 

Lifetime-based species separation 419 

DNA-PAINT binding events were assigned to individual imager species based on their 420 

measured fluorescence lifetime and associated uncertainties. Reference lifetimes values 421 

for each species were obtained from independent single-species measurements and 422 

refined for each dataset using an expectation-maximization procedure weighted by the 423 

inverse square of the lifetime uncertainty to account for experiment-to-experiment 424 

variation. For each event, the distance to each reference lifetime was calculated in units 425 

of the event-specific lifetime uncertainty. For DNA origami datasets, events with fewer 426 

than 50 detected photons were excluded, and the remaining events were assigned to the 427 

closest lifetime species when the measured lifetime fell within 2.5 uncertainty units of that 428 

species and the corresponding standardized distance was at least 0.5 lower than that to 429 

the next closest species. For HIV-1 Env datasets, where the lifetime distributions are 430 

broader and exhibit greater overlap, references lifetimes were refined from the 20% of 431 

events with the lowest lifetime uncertainty. In both cases, events not meeting these 432 

criteria were classified as unassigned and excluded from the classified set. For 433 

Exchange-PAINT experiments, lifetime classification was performed independently for 434 

each exchange round, with three imager species analysed per round. 435 

 436 

RESI cluster analysis 437 



Lifetime-assigned localizations (RE-FLIM) and sequential-round localizations (RESI) 438 

were processed using the Picasso SMLM clusterer following the RESI workflow2. For RE-439 

FLIM, clustering was performed independently for each lifetime-assigned species; for 440 

RESI, independently for each sequential imaging round. 441 

 442 

The clustering radius was selected based on the localization precision of each dataset 443 

(~2.5 times the mode of the localization precision distribution), with a minimum of 10 444 

localizations required per cluster. Cluster centres were calculated as the mean position 445 

of all localizations assigned to each cluster. The RE-FLIM or RESI localization precision 446 

(σRE-FLIM or σRESI) was defined as the standard error of the mean of clustered localizations. 447 

For each species, σRE-FLIM and σRESI values were reported as the modes of their 448 

corresponding localization precision distributions. 449 

 450 

Nearest-neighbour distance analysis 451 

Inter-site distances were quantified by nearest-neighbour distance (NND) analysis of RE-452 

FLIM or RESI cluster centres. For DNA-origami datasets, individual structures were 453 

manually grouped in Picasso, and only structures containing the expected number of 454 

resolved sites were included in the analysis. Nearest-neighbour distances between 455 

cluster centres were calculated within each structure. Distance distributions were 456 

generated using bin widths comparable to the localization precision of the corresponding 457 

dataset (i.e., RE-FLIM or RESI). 458 

Structural modelling of Env-GFP–nanobody complexes 459 

The binary complex of the HXB2 Env-V4-GFPopt fusion construct and an anti-GFP 460 

nanobody was modelled using the AlphaFold 3 (AF3) web server (PMID: 38718835). 461 

Sixteen predicted N-linked glycosylation sites on Env were predicted using the the 462 

NetNGlyc 1.0 web server and modelled as branched glycans using AF3 (code 463 

NAG(NAG(MAN(MAN(MAN)(MAN(MAN)(MAN)))))) (PMID:11928486). The amino acid 464 

sequence of the anti-GFP nanobody from PDB ID 3OGO was used for modelling (PMID: 465 

20945358). Three binary Env-GFPopt–nanobody models were superposed onto the HIV-466 

1 Env trimers in the 5T3X (PMID: 27617431) closed and 5VN3 (PMID: 28700571) open 467 

conformations. The α helix of Env (Met100–Leu116), proximal to the threefold symmetry 468 

axis, was used for superposition. Distances between selected Cα atoms (Val114 of 469 

NbGFP, Fig. 2a, Supplementary Fig. 3) were measured, and structures were visualised 470 

using the PyMOL Molecular Graphics System, v. 3.0 (Schrödinger, LLC). Glycans, the 471 

nanobody His6-tag, and unresolved N- and C-terminal regions are not shown for clarity. 472 

 473 

Graph-based classification of Env labelling configurations 474 

Env-associated cluster centres obtained from RE-FLIM cluster analysis were used to 475 

construct an undirected graph in which each centre was represented as a node, and an 476 



edge was drawn between any two centres separated by less than a defined linking radius. 477 

Connected components of the resulting graph were classified as trimer (three centres, 478 

fully pairwise-connected, forming a closed triangle), dimer-like (two centres joined by a 479 

single edge), or monomer-like (an isolated, unconnected centre). Connected components 480 

comprising three centres that were not fully pairwise-connected (i.e., open chains, in 481 

which one of the three possible edges exceeded the linking radius) were excluded from 482 

the trimer classification. Connected components of four or more centres were searched 483 

for closed triangles: where the triangles found were mutually disjoint, each was classified 484 

as trimer and the remaining centres of that component were left unassigned, whereas 485 

components in which a centre belonged to more than one triangle, or which contained 486 

more than ten centres, were excluded. This step was included because a genuine trimer 487 

with an unrelated centre falling within the linking radius would otherwise be discarded as 488 

part of a larger component, preferentially in regions of higher density. The same rule 489 

applied to CSR simulations recovered no additional triangles, confirming that the step 490 

does not generate spurious classifications. 491 

 492 

The linking radius was set to 25 nm, corresponding to the expected inter-protomer 493 

spacing of the closed Env conformation (15.3 nm) plus twice the combined pairwise 494 

localisation uncertainty (2 × √2 × σRE-FLIM ≈ 8.5 nm, for σRE-FLIM = 3 nm), rounded up 495 

from 23.8 nm. Assuming Gaussian localisation error in each coordinate, this captures 496 

~98% of true neighbouring protomer pairs. Classification specificity was confirmed 497 

against density-matched complete spatial randomness (CSR) simulations analysed 498 

through the identical pipeline: at a 25 nm linking radius, CSR yielded on average 1 closed 499 

triangles per simulated dataset, compared with 62 in the data (Supplementary Table 3). 500 

Within-group distances were quantified by pooling all pairwise separations from dimer-501 

like and trimer groups. Every separation is bounded by the linking radius by construction, 502 

so within-group distance distributions were compared against density-matched CSR 503 

simulations at matched linking radii throughout (Supplementary Fig. 6, Supplementary 504 

Table 3). 505 

 506 

Code availability 507 

Picasso software is available via GitHub at https://github.com/jungmannlab/picasso. 508 

Event-based analysis code is accessible at https://github.com/Simoncelli-lab/photonize. 509 

 510 

 511 

 512 

 513 

 514 

https://github.com/jungmannlab/picasso
https://github.com/Simoncelli-lab/photonize


EXTENDED DATA 515 

 516 

Extended Data 1. RE-FLIM resolves 3.2 nm separations across the full field of view. 517 

Representative 3.2 nm-separated docking-strand pairs from DNA origami structures 518 

imaged by wide-field TIRF fluorescence lifetime microscopy. (a) Magnified view of six 519 

representative docking-strand pairs shown at DNA-PAINT resolution (upper row) and RE-520 

FLIM resolution (lower row). (b) Additional docking-strand pairs sampled from across the 521 

field of view, shown at DNA-PAINT resolution (upper rows) and RE-FLIM resolution (lower 522 

rows), demonstrating uniform resolving performance across the imaging area. Scale bars, 523 

15 nm. 524 
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525 
Extended Data 2. RESI resolves 3.2 nm separations across the full field of view 526 

consistent with RE-FLIM. Representative 3.2 nm-separated docking-strand pairs from 527 

DNA origami structures imaged by TIRF microscopy using an sCMOS camera. (a) 528 

Magnified view of representative docking-strand pairs shown at DNA-PAINT resolution 529 

(upper row) and RESI resolution (lower row). (b) Additional docking-strand pairs 530 

sampled from across the field of view, shown at DNA-PAINT resolution (upper rows) 531 

and RESI resolution (lower rows). Scale bars, 15 nm.  532 
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533 
Extended Data 3. RE-FLIM resolves ~5.5 nm trimeric arrangements across the full 534 

field of view. Representative 5.0 × 5.6 × 5.6 nm spaced docking-strand trimers from DNA 535 

origami structures imaged by wide-field TIRF fluorescence lifetime microscopy. (a) 536 

Magnified views of representative docking-strand trimers shown at DNA-PAINT resolution 537 

(upper row) and RE-FLIM resolution (lower row). RE-FLIM resolves the three vertices of 538 

each designed trimer, whereas DNA-PAINT does not resolve the sub-6 nm intra-trimer 539 

arrangement. (b) Additional docking-strand trimers sampled from across the field of view, 540 

shown at DNA-PAINT resolution (upper rows) and RE-FLIM resolution (lower rows), 541 

demonstrating consistent recovery of the designed trimer geometry throughout the 542 

imaging area. Scale bars, 15 nm. 543 
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 544 

Extended Data 4. RESI resolves ~5.5 nm trimeric arrangements across the full 545 

field of view consistent with RE-FLIM. Representative ~5.0 × 5.6 × 5.6 nm spaced 546 

docking-strand trimers from DNA origami structures imaged by TIRF microscopy using 547 

an sCMOS camera. (a) Magnified views of representative docking-strand trimers shown 548 

at DNA-PAINT resolution (upper row) and RESI resolution (lower row). (b) Additional 549 

docking-strand trimers sampled from across the field of view, shown at DNA-PAINT 550 

resolution (upper rows) and RESI resolution (lower rows). Scale bars, 15 nm. 551 

 552 
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