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SUMMARY: 
We present a three-color chromatin single molecule localization microscopy (SMLM)  staining and analysis protocol that enables reproducible mapping of euchromatin, heterochromatin, and RNAP II for spatial analysis. This protocol enables efficient multicolor labeling in dense nuclear environments, including chromatin-associated targets, allowing reliable simultaneous detection. 


ABSTRACT:
Super-resolution microscopy has dramatically advanced our ability to interrogate biological structures beyond the diffraction limit, making it indispensable for studying densely packed nuclear structures such as chromatin, nuclear lamina and nuclear bodies such as nucleoli. Chromatin exhibits multiscale organization—from nanometer-sized nucleosomes to micron-scale domains—necessitating imaging approaches capable of both high resolution and molecular specificity. Single molecule localization microscopy (SMLM), particularly  stochastic optical reconstruction microscopy (STORM) , enables precise mapping of epigenetic marks, offering critical insight into chromatin structure and function. However, multi-label imaging in the nuclear environment presents unique challenges, including reduced antibody accessibility, increased non-specific binding, and fluorophore instability. To address these issues, we present a sequential immunolabeling protocol optimized for high-density nuclear environments, enabling robust three-color SMLM with minimal crosstalk and less signal degradation. This method includes optimized buffer formulations, fluorophore selection, and antibody validation strategies to ensure reproducible, high-fidelity labeling across multiple targets. Importantly, we integrate this protocol with a computational analysis pipeline that leverages localizations from one molecular target as spatial anchors (seed points) to quantify inter-target distances, local densities, and multi-label co-affinity. This allows for a detailed spatial analysis of chromatin components at the nanoscale. This protocol serves as a reproducible framework for multi-component imaging and quantitative analysis in dense subcellular environments, offering a powerful tool for researchers investigating complex nuclear architectures like chromatin.

[bookmark: _Toc209346672]INTRODUCTION: 
The advent of single-molecule localization microscopy (SMLM) has enabled unprecedented exploration of biological structures at the nanometer scale1–5. Beyond single-target imaging, the extension to multi-color SMLM has further advanced the field by allowing simultaneous visualization of multiple molecular species, as well as the spatial and temporal relationships among sub-diffraction structures6–11. However, applying multiplexed SMLM to abundantly distributed histone modifications remains challenging because of the dense, polymeric nature of nuclear DNA and the limited accessibility of antibodies within this environment12–18. 

Chromatin exhibits a hierarchical, multiscale organization spanning several orders of magnitude in length, from nanometer-scale nucleosome assemblies to micrometer-scale nuclear architecture. At the largest scales, chromosomes occupy distinct chromosome territories, within which the genome is further partitioned into A/B compartments and topologically associated domains (TADs) that constrain long-range regulatory interactions through mechanisms such as loop extrusion19,20,20–22. At sub–200 nm scales, chromatin is organized as a disordered polymer composed of heterogeneous packing domains (PDs) rather than discrete euchromatin and heterochromatin blocks, with transcriptionally active regions preferentially localizing to PD boundaries23–29. At the smallest scales (5–20 nm), chromatin consists of irregular nucleosome assemblies and nucleosome clutches, underscoring the absence of a uniform higher-order folding motif and emphasizing the emergent, scale-dependent nature of genome organization24,26,30. With the rapid advancement of sequencing-based approaches such as chromatin immunoprecipitation sequencing and high-throughput chromatin conformation capture19,30–33,   various features of  chromatin mesoscale organizational structures have been identified31,32. However, these techniques, in contrast to imaging, fail to capture spatial geometry that is only observed after resolving these structures. Electron microscopy methods such as chromatin electron microscopy (ChromEM24) and chromatin scanning transmission electron microscopy ( ChromSTEM25) have revealed that chromatin is heterogeneous and organized into packing domains at length scales of 50–200 nm25,28,29. While these techniques enable impressive resolution to identify chromatin packing domains, they cannot provide molecularly specific mapping that SMLM offers. DNA points accumulation for imaging in nanoscale topography (DNA-PAINT22) and multiplexed fluorescence in situ hybridization (FISH)19 enable high multiplexing; however, DNA-PAINT is strongly affected by elevated background noise arising from random binding events in the oligonucleotide-rich nuclear environment12,34, while traditional heat denaturing based FISH methods require disrupted native chromatin folding. Prior studies have applied super resolution imaging techniques to investigate chromatin at this length scale and have identified a hybrid composition of packing domains, opposing prior phase separation models12,23,34,35. This protocol stems from a previously published paper discussing the biological significance of these findings34. Thus, given its high resolution and multiplexing capabilities, immunostaining-based dSTORM remains the most viable strategy for multi-color chromatin imaging under near-native conditions. 

This protocol is not the first to demonstrate labeling of greater than two nuclear targets, with prior studies labeling individual protein complexes or genes12,36. Despite successful labeling of nucleosome post-translational histone modifications, multicolor chromatin SMLM labeling, imaging, and analysis present significant challenges. First, immunostaining in the dense chromatin environment requires optimization of antibody concentration, incubation sequence, and buffer composition to ensure adequate penetration and binding without excessive background. Second, comprehensive analysis of multiple labels is necessary, as the interactions between euchromatin, heterochromatin, and enzymes such as RNA polymerase are likely to extend beyond simple binary exclusions. Thus far, the maximum number of colors demonstrated in chromatin dSTORM imaging remains two18,37–39.

Here we present a robust protocol for three-color chromatin SMLM imaging and analysis. Our staining workflow optimizes antibody incubation time and employs improved imaging buffers40 for prolonged imaging session for multiple labels. We further describe computational pipelines for two-color distance analysis and three-color joint density analysis, enabling quantitative characterization of relationships between heterochromatin, euchromatin, and transcription machinery. In contrast to earlier two-color chromatin SMLM studies that suggested a separation of heterochromatin and euchromatin, three-color chromatin imaging reveals that the genome is organized into packing domains, with euchromatin and active transcription localized at the periphery of constitutive heterochromatin cores34.

This protocol provides the community with a reproducible framework for performing multi-color chromatin SMLM and establishes analysis strategies suited for multiple functionally conjugated nuclear targets. By bridging methodological gaps, it enables systematic exploration of chromatin domain organization at the supra-nucleosomal level, complementing sequencing and electron microscopy approaches while preserving native nuclear architecture. This article is an extended protocol of a published paper34.

[bookmark: _Toc209346673]PROTOCOL:

NOTE: The subsequent protocol section will be split into the staining process and acquisition process outlined below. For data analysis tutorials please refer the associated  publication34 that details analysis of multi-label for labeled histone modifications. 

1. Staining process: 

NOTE: Throughout the protocol, there is mention of 35 mm dishes or 8 well chambered plates. These are the vessels our group uses for cell culture, however smaller and more efficient methods are possible. Ensure if alternative materials are used that the recommended concentrations for buffers antibodies are maintained. Due to the sequential nature of this protocol, antibody selection is important for successful labeling. We use standard reasoning to ensure that our host antibodies for our targets are different such that our secondary antibodies can target distinct host species effectively minimizing off target effects. Labeling order is determined based on target location within the nucleus. Since we are targeting chromatin packing domains25,28,34,35 and understand that this is a diffusion driven process, we always label heterochromatic targets first, followed by euchromatin and lastly by RNAPII to minimize steric exclusion in dense heterochromatic regions. Optimization of buffers was done empirically during development of the protocol. We found that inclusion of goat serum after the first target was helpful for reducing off target effects in subsequent steps.

1.1. Buffer preparation

1.1.1. Buffer components: 

NOTE: For more information about the components including storage and preparation times please see the Table of materials. We recommend that the user have all solutions ready prior to beginning protocol to avoid experimental errors. Quenching solution should be made last. 

1.1.2. Make blocking buffer
 
1.1.3. Weigh out bovine serum albumin (BSA) such that the final concentration in the buffer volume needed for the experiment is 3% and add to a centrifuge tube. Tilt tube  to a  45˚  angle so that BSA crystals are spread out in the tube, then add phosphate buffered saline (PBS). This is done to prevent formation of crystal clumps that will not dissolve.

1.1.4. Leave the tube at 4°C until all crystals are dissolved. Do not shake tube or vortex – this will cause bubble formation which will attract proteins to the surface and prevent BSA from dissolving completely.

1.1.5. Once completely dissolved, add Triton X-100. If crystals are not completely dissolved, pipette up and down several times to mix the solution slowly without forming bubbles. 

NOTE: If making modified buffer, include the 10% goat serum in this process. However modified blocking buffers should be made fresh during use and not stored for long times but ensure final concentrations are the same as stated in Table of materials – 3% BSA, 0.2% Triton X-100.

1.1.6. Make washing buffer:
Repeat steps for blocking buffer in 1.1.2, but use the concentrations listed in the materials section and here for your convenience (0.2% BSA, 0.1% Triton X-100 in 1X -DPBS, and for modified include 1% goat serum) 

1.1.7. Make fixative solution:
1.1.7.1. Add PBS to a centrifuge tube.

1.1.7.2. Add appropriate quantity of 16% paraformaldehyde to the centrifuge tube for a final concentration of 4%. 

NOTE: Prepare fresh and ready when taking cells out of the incubator. While the current fixative solution does not normally use glutaraldehyde, it can be included and may be useful due to more robust fixation and longer lasting fixation when compared to paraformaldehyde. The setup for dSTORM do not possess capabilities for fluorescence lifetime signals from glutaraldehyde (GA), however users who have the ability may find this useful to separate from fluorophore labeled structures.

1.1.8 Make quenching solution: 	
1.1.8.1. Weigh out sodium borohydride on weighing paper. 

1.1.8.2. Prepare centrifuge tube.

1.1.8.3. Add Sodium borohydride to tube. 

1.1.8.4. Add PBS to tube. 

NOTE: Solution should have bubbles after adding the PBS.
 
1.1.9 Make imaging buffer: 
1.1.9.1. Dissolve 1,4-Diazabicyclooctane (DABCO)  in deionized RNASE, DNASE free water to make 13 mL DABCO solution with a concentration of 1 M. 

1.1.9.2. Add 12 M HCl (~240 µL) until the DABCO is completely dissolved and the pH reaches 8.0.
 
1.1.9.3. Prepare 1 M Sodium Sulfite by dissolving in 10X PBS. DTT does not need any preparation.

1.1.9.4. For final preparation, use prior stocks to make 65 mM DABCO with 30 mM Sodium Sulfite and 30 mM DTT (1 M Stock) in de-ionized water. 

1.1.9.5. Adjust pH through titration with HCl and NaOH until pH is 8.0. Store covered and sealed with Parafilm at 4˚ C no more than 2 months. Monitor pH throughout use.

1.2. First label staining process details:
1.2.1. Fixation:
1.2.1.1. Take live cells from the incubator and remove the cell culture medium from the dish. Discard the cell culture medium in a biohazard waste container.

1.2.1.2. Add enough PBS to cover the cells (1 mL for a 35 mm dish and 500 µL for a chamber glass slide).

1.2.1.3. Swirl the dish gently to wash the cells with PBS, then remove the PBS from the dish. Discard the PBS in a biohazard waste container.

1.2.1.4. Add enough fixative solution to cover the cells (1 mL for a 35 mm dish and 500 µL for a chamber glass slide), then leave the cells to fix for 10 min. 

1.2.1.5. While the cells are being fixed, weigh out sodium borohydride for the quenching solution and add it to a centrifuge tube.

1.2.1.6. Remove the fixative solution from the dish and discard it in the appropriately labeled liquid chemical waste container.

1.2.2 Quenching

1.2.2.1 Add enough PBS to the dish to cover the surface (1 mL for a 35 mm dish and 500 µL for a chamber glass slide), then place the dish on a shaker (any standard shaker is fine) for 5 min to wash the cells.

1.2.2.2 While the cells are on the shaker, add PBS to the sodium borohydride in the centrifuge tube and vortex.

1.2.2.3 Take the dish off the shaker, remove the PBS, and discard it in the appropriately labeled liquid chemical waste container.

1.2.2.4 Add enough (250 µL, 8-well dish) quenching solution to the dish to cover the surface (1 mL for a 35 mm dish and 500 µL for a chamber glass slide), then place the dish on a shaker for 7 min to quench autofluorescence in the cells.

1.2.2.5 While the cells are on the shaker, discard the remaining quenching solution in the centrifuge tube in the appropriately labeled liquid chemical waste container.

1.2.2.6 Take the dish off the shaker, remove the quenching solution, and discard it in the appropriately labeled liquid chemical waste container.

1.2.2.7 Add enough (250 µL, 8-well dish) PBS to the dish to cover the surface (1 mL for a 35 mm dish and 500 µL for a chamber glass slide), then place the dish on a shaker for 5 min to wash the cells.

1.2.2.8 Take the dish off the shaker, remove the PBS, and discard it in the appropriately labeled liquid chemical waste container.

1.2.2.9 Repeat steps 1.2.2.7 and 1.2.2.8 two more times (for a total of 3 PBS washes).

1.2.3 Blocking
1.2.3.1 Add enough (250 µL, 8-well dish) blocking buffer to the dish to cover the surface (1 mL for a 35 mm dish and 500 µL for a chamber glass slide). 

1.2.3.2 Place the dish on a shaker for at least 1 h to permeabilize the cell membranes and block binding sites (occupy the unspecified sites, so that they would not interfere with the target ones). (While we have tested various times to determine the minimum successful blocking duration as 20 min, we strongly recommend blocking for at least 1 h or longer up to overnight. Optimization might be needed given target and cell line.)

1.2.3.3 While the cells are on the shaker, prepare primary antibody staining solution (see recommended concentration on vendor website or refer to table in the materials section).

1.2.3.4 To determine the total volume of staining solutions to make, add 0.5 mL to the volume needed to cover the cells (ex. for one 35 mm dish, prepare a 1.5 mL solution). 

1.2.3.5 Remove the volume determined in section 1.2.3.1 from the blocking buffer stock and add this volume to a new centrifuge tube to prepare the staining solution.

1.2.3.6 Add an appropriate volume of primary antibody stock to the blocking buffer to get the correct final concentration. Primary antibody stock volumes for several frequently used antibodies can be found in the materials section.

1.2.3.7 Take the dish off the shaker, remove the blocking buffer, and discard it in the appropriately labeled liquid chemical waste container.

1.2.4 Primary antibody staining:
1.2.4.1 Add enough primary antibody staining solution to the dish to cover the surface (1 mL for a 35 mm dish and 500 µL for a chamber glass slide), then place the dish on a shaker for 1–2 h to label the cellular targets.

1.2.4.2 Take the dish off the shaker, remove the primary antibody staining solution, and discard it in the appropriately labeled liquid chemical waste container.

1.2.4.3 Add enough washing buffer to the dish to cover the surface (1 mL for a 35 mm dish and 500 µL for a chamber glass slide), then place the dish on a shaker for 5 min to wash the cells.

1.2.4.4 Take the dish off the shaker, remove the washing buffer, and discard it in the appropriately labeled liquid chemical waste container.

1.2.4.5 Repeat steps 1.2.4.3 and 1.2.4.4 two more times (for a total of 3 washing buffer washes).

1.2.4.6 While the cells are on the shaker during the last wash, prepare secondary antibody staining solution (see recommended concentration on vendor website or refer to previous experiments).

1.2.4.7 To determine the total volume of staining solutions to make, add 0.5 mL to the volume needed to cover the cells (ex. for one 35 mm dish, prepare a 1.5 mL solution). 

1.2.4.8 Remove the volume determined in section 1.2.4.7 from the blocking buffer and add this volume to a new centrifuge tube to prepare the staining solution.

1.2.4.9 Add an appropriate volume of secondary antibody stock to the blocking buffer to get the correct final concentration. Secondary antibody stock volumes for several frequently used antibodies can be found in the table of materials.

1.2.4.10 Wrap the centrifuge tube with the secondary antibody staining solution with aluminum foil until ready to add to the cells in the dish.

1.2.5 Secondary antibody staining:
1.2.5.1 Add enough secondary antibody staining solution to the dish to cover the surface (1 mL for a 35 mm dish and 500 µL for a chamber glass slide), then place the dish on a shaker for 40 min to add fluorophores to the labeled cellular targets.

1.2.5.2 Make sure the dish is covered in aluminum foil to prevent fluorophore bleaching. 

1.2.5.3 Take the dish off the shaker, remove the secondary antibody staining solution, and discard it in the appropriately labeled liquid chemical waste container.

1.2.5.4 Add enough PBS to the dish to cover the surface (1 mL for a 35 mm dish and 500 µL for a chamber glass slide), then place the dish on a shaker for 5 min to wash the cells.

1.2.5.5 Take the dish off the shaker, remove the PBS, and discard it in the appropriately labeled liquid chemical waste container.

1.2.5.6 Repeat sections 1.2.5.4 and 1.2.5.5 one more time (for a total of 2 PBS washes).

1.2.5.7 The cells can now be imaged or stored for imaging later. If imaging immediately, follow the steps in Acquisition section. If storing for imaging later, continue following the steps below.

1.2.5.8 Add enough PBS to the dish to cover the surface (1 mL for a 35 mm dish and 500 µL for a chamber glass slide) before storing.

1.2.5.9 Wrap the dish with parafilm, then with aluminum foil to prevent both liquid evaporation and fluorophore bleaching.

1.2.5.10 Store the wrapped dish at 4°C until ready to image. 

NOTE: For the labels used in this protocol, dishes can be stored for 2–3 days before image quality is significantly impacted; however, different antibodies may have varying stabilities but with proper storage, are stable for some time after the protocol is complete. Storage of a labeled dish for longer than a week is not recommended as the fixative solution is not concentrated enough for long-term stability.

1.3. Subsequent label staining process:
1.3.1. Blocking:
1.3.1.1. Refer to 1.2.3.1 – 1.2.3.2 but use blocking buffer with goat serum. The incubation time for blocking can be as short as 1 h, but we recommend longer times with an upper limit of overnight (18–24 h) for these subsequent labels to reduce off target binding. Please refer to previous experiments.

1.3.1.2. Meanwhile, prepare primary antibody solutions, instead of blocking buffer, in blocking buffer with goat serum.

1.3.2. Primary antibody staining:
1.3.2.1. Prepare the modified blocking buffer and washing buffer with goat serum and washing buffer with goat serum as detailed in the buffer preparation section. 

1.3.2.2. Refer to step sections 1.2.3-1.2.4 (Blocking and primary antibody staining) using the modified blocking and washing buffers:

(The incubation time for primary antibody can be as short as 1 h, and as long as overnight (8–24 h). Although best labeling performance has been achieved with longer incubation times, especially for multi-label. Data in this protocol has been prepared with overnight incubation steps.)
1.3.2.3. Shortly before the incubation time is done, prepare secondary antibody solutions in the modified blocking buffer 1.1.3.
1.3.3. Secondary antibody staining:
1.3.3.1. Refer to section 1.2.5 (Secondary antibody staining) but use blocking buffer with goat serum. 

NOTE: Please note that the incubation time can be as short as 1 h, but we have tested longer times (2-4 h) with similar performance. For the next labels, please repeat section 1.3. 

2. ACQUISITION PROCESS:

NOTE: For data acquisition, use Nikon Imaging Software (NIS)  elements software compatible with the used microscope. Any software that can control filter, light path and camera settings is fine for this protocol. The following Imaging protocol is adapted for Total Internal Reflectance Fluorescence (TIRF) illumination of the sample; however, the labeling protocol is compatible with multiple forms of imaging. Non-TIRF Imaging is possible with this labeling protocol for STORM and is needed for 3D STORM applications. Please use a standard protocol for alternate imaging methodologies. 

1.4. Subsequent label staining process:
1.4.1. Turn on optical components needed and establish connection with proper software. In most cases, like in NIS, the software will not fully initialize unless the computer can properly communicate with the microscope, camera and stage control. 

1.4.2. Open NIS Software (or equivalent).

1.4.3. Set up live view: Turn on live view >toggle Keep auto scale > under camera settings set exposure time to 30 ms.

1.4.4. Set up data path for acquisitions.

1.4.5. Navigate to top panel Acquire> Fast Time Lapse> Path 

1.4.6. Select proper file name for first acquisition and set number of frames to 10,000. 

NOTE: These steps are taken to limit the time the sample is exposed to the light source once imaging begins.

1.4.7. Ensure that the critical angle and zero angle of TIRF are pre-set prior to acquisition. Please refer to online sources on tutorials on how to accomplish this. As stated before, if you do not use TIRF illumination, this step can be skipped.

1.4.8. Select proper light path for camera and toggle the Epi Illumination option under Lamps (on NIS or equivalent software) to ensure the mirror is set up for wide field illumination from non-laser standard light source. 

1.5. Sample preparation:
1.5.1. Retrieve samples and add imaging buffer (formulation described in section 1.1 Buffer Preparation) to the sample. (Depending on imaging buffer used, different pre-cautions may need to be taken place. Protect samples from light.)

1.5.2. After adding oil to the objective, place sample on stage with proper holder and toggle Perfect Focus and then subsequently focus on sample. 

1.6. Imaging steps:
1.6.1. Find laser spot and navigate to a spot on the dish/plate with no cells.

1.6.2. Toggle TIRF illumination. 

1.6.3. Change filter to match the appropriate filter to pass red (or whichever laser used to acquire data for this specific sample) light.  

NOTE: Use a multi-notch filter as described in the table of materials. Multi-notch filter is not necessary, and users can alternatively do imaging non distinct filter cubes designed for the fluorophores used in their staining.

1.6.4. Turn on the laser at the lowest laser power ~ 1 mW (this is dependent on illumination source but is done so to prevent accidental bleaching) and set mirror angle to critical angle.

1.6.5. If no cells are nearby, increase laser power until the laser spot is clearly seen in the live view.

1.6.6. Use the Region of Interest (ROI) tool, draw, set and save ROI where the laser spot is located. 

NOTE: For multi-label samples, please ensure that the laser spots for all necessary light sources for the sample are aligned. In this protocol we use three lasers and ensure that all spots are aligned. This is essential as co-registration of spatial data requires laser alignment.

1.6.7. Return to Epi illumination and the Bright field filter.

1.6.8. Using the ROI definition tool, navigate to find an appropriate healthy cell (e.g. an appropriate HCT116 cell should have adherent, polygonal or oval shape with clear cell boundary).

1.6.9. Center the ROI on the nucleus and click OK to zoom into ROI position (Perform using bright field illumination as the health of cell cannot be determined directly from wide field fluorescent images of the nucleus. 

1.6.10. Return to TIRF illumination using the same method used in 2.3.2. 

1.6.11. Select appropriate filter for longest wavelength labeled target (in most cases this is far red i.e. Alexa Fluor 647 labeled target). Usually, longest wavelength selected first to avoid photo-bleaching sample with shorter wavelengths in case labeled targets have secondaries that overlap spectra.

1.6.12. On LOW laser power for each needed laser (in multi-label case this would be 3 lasers) turn on laser and illuminate nucleus to ensure that the sample is properly aligned.

1.6.13. Use TIRF controls to ensure that the sample is illuminated with TIRF.

1.6.14. Select appropriate Z-position for acquisition based on needs. However, this will be adjusted based right before acquisition. 

1.6.15. Set exposure time based on needs of the fluorophores (use anywhere between 10‬–30 ms).

1.6.16. Click Acquire> Fast Timelapse.
 
1.6.17. Set frames to ≥ 10,000 and click Apply to create the file in specified directory.

1.6.18. Turn on laser power to 50% and photo-bleach sample. 

1.6.19. The nucleus should initially bleach but shortly after (seconds later) it should begin to blink.

1.6.20. Return to desired critical angle and Z-position by toggling saved positions or manually controlling the mirror angle and Z-position and acquire fast time lapse.

1.6.21. Ensure there is no drift in the stage or co-registration of multi-channel images will not be done correctly. Use fiduciary markers (fluorescent microbeads)  or save Z-position at beginning of acquisition to use later for drift correction using position save method for multi-point acquisition in the device.

1.6.22. Change filter (or leave it if using multi-notch with pass band for needed fluorophore) and repeat section 2.3.17–2.3.20 (For subsequent labels, make sure to always start on low laser power, adjust parameters and acquire).

1.7. Data processing:
1.7.1. Load the raw image stack into FIJI using the Bio-Formats plugin. Generate a minimum-intensity projection by selecting Image> Stacks> Z Project and choosing Min intensity as the projection type. Subtract this minimum projection from the raw image stack using Process > Image Calculator. On the resulting image, perform background subtraction (Process > Subtract Background) with a rolling ball radius of 5 pixels.

1.7.2. Define the region of interest (ROI) for individual cells either manually or with the Nuclei Outline plugin (Plugins > GDSC > Cells > Nuclei Outline).

1.7.3. Perform localization analysis on the preprocessed image stack within the defined ROI using the ThunderSTORM plugin (Plugins > ThunderSTORM > Run analysis). Use appropriate parameters for robust localization (e.g., image filter: B-spline, order = 3, scale = 2; peak intensity threshold = 1.5× std (Wave.F1); sub-pixel localization method: Gaussian, sigma = 2; fit radius = 4; fitting method: maximum likelihood). The resulting coordinates can be used to reconstruct the super-resolution image.

1.7.4.  For multi-channel experiments, merge channels to generate a composite chromatin reconstructed dSTORM image (Image > Color > Merge Channels).

REPRESENTATIVE RESULTS:
Representative three-color chromatin dSTORM images
The proposed sequential staining protocol has been tested valid for a variety of cell lines, including BJ fibroblast, HCT116, AC16, HeLa, MCF10A, etc. Figure 1 shows the representative images from BJ fibroblast, HeLa and MCF10A cells.

Validation of analysis pipeline using simulated datasets 
The development of a three-color immuno fluorescence protocol necessitated the creation of a specialized computational approach capable of handling the complexity of multi-target nuclear SMLM data (Figure 2A,2B). Given the dense chromatin environment where multiple targets co-exist in proximity, we implemented a point-cloud analysis framework that directly processes localization coordinates rather than reconstructed images. This approach leverages the extensive clustering analysis tools available for point-cloud data41–43.

We systematically evaluated the analysis pipeline's ability to distinguish biologically meaningful spatial patterns using controlled simulated datasets. Four distribution types were generated to represent distinct chromatin organization scenarios: normal distribution for tightly clustered modifications, uniform distribution for dispersed patterns, toroidal distribution modeling exclusion zones, and random distribution as an organizational control (Figure 2C). These simulated patterns were anchored to genuine heterochromatin cluster positions derived from experimental H3K9me3 data, preserving realistic nuclear spatial constraints.

This analysis framework utilizes DBSCAN clustering (epsilon = 50 nm, minimum points = 3)  which is one of the many methods for cluster analysis in SMLM data41–43.  To ensure proper clustering parameters, we have previously described an optimization method tailored for detection of chromatin packing domains34. Please note that when using this as an initial step in the analysis, users will need to optimize the parameters informing the selection through the structure, environment and function of their target. Here the cluster boundaries are determined through convex hull calculations, eliminating assumptions about domain geometry. Our validation demonstrated clear discrimination between all simulated distribution patterns through distinctive distance histogram profiles (Figure 2D). Each spatial organization type produced characteristic signatures when localizations were analyzed relative to heterochromatin centroids.

Joint occupancy analysis was tested using dual-marker simulations with controlled spatial relationships (Figure 2E). Spatially segregated markers (normal-toroidal configuration) yielded minimal joint density as expected, resulting in flat distribution profiles (Figure 2E). Overlapping marker patterns (normal-random configuration) produced decreasing joint density with increasing distance from reference points, matching theoretical predictions. These validation results demonstrate our framework's capacity to detect and quantify spatial coupling relationships in complex multi-target datasets. For more information on how these simulated datasets were generated please refer to the full publication34.

Representative results from chromatin organization analysis
Implementation of our validated analysis approach in biological samples reveals characteristic spatial organization patterns achievable through this protocol. Using HeLa cells processed with our three-color staining procedure for H3K9me3, H3K27ac, and RNA Polymerase II, we demonstrate the analytical capabilities enabled by this methodology. H3K9me3 heterochromatin serves as ideal reference system given established evidence for concentric chromatin organization at the 200 nm scale from previous super-resolution investigations23,28,35.

Analysis begins with DBSCAN-based identification of heterochromatin domains, which are subsequently categorized by effective radius: small domains (25–40 nm), medium domains (40–80 nm), and large domains (80–253 nm). This size stratification accounts for the documented heterogeneity in DNA packing domain dimensions, with average domains measuring approximately 80 nm in radius25. Distance measurements employ a 1.5x cluster radius search window (Figure 2B top) to capture proximal euchromatin and polymerase signals (Figure 3A,B).

Representative results show both H3K27ac and RNA Polymerase II consistently localizing near heterochromatin boundaries across all domain categories aligning with prior studies28,44 and models for transcription location relative to chromatin domains23,35,45,46. Quantitative distance analysis reveals mean positions very close to domain peripheries: large domains show H3K27ac at -1.0 nm and RNA Polymerase II at 8.4 nm from boundaries, while smaller domains exhibit comparable peripheral associations with minor positional differences. These measurements indicate active chromatin elements concentrate at the interface between repressive and permissive domains rather than being completely excluded. Joint density analysis demonstrates the protocol's capacity to reveal spatial coupling between co-labeled targets (Figure 3C-F). Analysis relative to heterochromatin domains shows peak joint density occurring just outside domain boundaries (r/r₀ > 1), indicating preferential H3K27ac-RNA Polymerase II co-localization in peripheral regions (Figure 3G-I).  These results showcase how this staining and analysis pipeline can help investigate complex spatial relationships in dense environments.

TABLES AND FIGURE LEGENDS:
Figure 1: Three color images of the cells used. Three-color images of (A) BJ fibroblast (B) HeLa and (C) MCF10A.

Figure 2: Quantitative analysis framework for spatial organization of targets relative to heterochromatin clusters. (A) Analysis Pipeline for multi-channel SMLM data used in this study. (B) Schematic of distance to periphery calculations for identified heterochromatin clusters and Joint Affinity Counting method. Both methods are used to quantitatively determine the arrangement of two targets relative to the heterochromatin cluster structure. (C) Example scatter distributions around specific heterochromatin clusters used in a study34 to determine distinct biological organizations of targeted structures (clustered inside a domain vs around domain vs not associated and randomly distributed).  (D) Distance to periphery histogram for centrally clustered, randomly distributed and toroidally distributed and (E)  Joint affinity curves for  simulation cases.

Figure 3: Quantitative spatial relationships of transcription markers around histone domains. (A) Distance to periphery histogram results for exemplary biological data of multi-labeled HeLa cells. For small ( <40 nm), medium (40-80 nm), and large (>120 nm) domains for RNAPII and (B) H3K27ac relative to H3K9me3 clusters. (C-E) Example Images for three label dSTORM image of a HeLa Cells (H3K9me3, H3k27ac, RNAPII2-S2p, with inset and zoomed image for a single domain. (F) Convex hull (red) fitting of domain pictured in E with analysis zone in gray. (G) Affinity plots for RNAPII relative to H3K27ac and H3K27ac (H) relative to RNAPII in the analysis ROI for all domains in the data of medium size in the dataset. (I) Joint density of RNAPII and H3K27ac in analysis ROI for all medium sized domains.
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DISCUSSION:
This three-color SMLM protocol represents a significant advancement in our ability to investigate chromatin organization within the dense nuclear environment. The sequential immunofluorescence labeling approach, combined with point-cloud spatial analysis which uses localization estimates as points as the basis of the analysis, provides researchers with a powerful tool for examining nanoscale relationships between different chromatin modifications and active transcription machinery that were previously undetectable using conventional microscopy techniques.

The protocol's sequential staining strategy addresses fundamental challenges inherent to multi-target nuclear imaging. Unlike cytoplasmic or membrane-associated structures that are relatively sparse, nuclear chromatin targets exist in extremely high density with overlapping spatial domains. Our modified blocking approach, incorporating serum from secondary antibody host species after each labeling round, effectively prevents cross-reactivity between antibody pairs while maintaining target specificity. The overnight incubations at 4°C ensure complete antibody penetration throughout the nuclear volume, critical for achieving uniform labeling density necessary for quantitative SMLM analysis. This protocol reliably produces images with 15–20 nm resolution across multiple cell lines, making it broadly applicable for chromatin organization studies. 

The following are the trouble shooting tips for the imaging session. If the nuclei do not bleach, the most likely cause is insufficient laser intensity at the sample, which may result from a low power setting or an incorrect TIRF angle; in this case, troubleshoot by checking the laser alignment, increasing the laser power, and carefully adjusting the TIRF angle. If blinks in the nucleus are very few but remain constantly bright, this indicates that the nuclei have not bleached sufficiently. If blinks are very sparse and the nuclei are not visible at all, the most likely explanation is unsuccessful staining, and the reagents and antibodies should be checked before repeating the protocol. Conversely, if the number of nuclear blinks is very high (a desirable outcome), a longer bleaching time is required until individual, well-separated single-molecule blinks can be visually resolved. In conventional SMLM experiments, appropriate labeling density can often be estimated using well-defined reference structures such as microtubules; however, chromatin exhibits highly heterogeneous organization and lacks a well-defined ground-truth structure, making such estimation more challenging. Based on empirical optimization and prior experience, we therefore ensure that the effective labeling density reaches approximately 100 localizations per µm² to enable robust reconstruction of chromatin packing domains. In our protocol, we did not use any fiduciary markers but recommend if the users have them. In our experiments, the lateral shifts remain within 0.2 pixels (less than ~5nm), which can be neglected. Therefore, we did not use fiduciary markers.

The choice of H3K9me3, H3K27ac, and RNA polymerase II provides complementary information about chromatin organization at nanoscale level. H3K9me3 serves as an ideal spatial reference because it forms discrete, well-defined clusters that represent constitutive heterochromatin and can be reliably identified through automated clustering algorithms. H3K27ac marks enhancer-associated chromatin that actively participates in gene regulation, while RNA Polymerase II directly indicates sites of active transcription. Together, these three targets allow investigation of how transcriptional machinery and regulatory chromatin modifications organize relative to heterochromatic regions within the nuclear architecture.

The point-cloud analysis framework addresses critical limitations of previous chromatin organization studies by enabling comprehensive spatial analysis in dense nuclear environments. Traditional pairwise comparison methods cannot capture the complex spatial relationships that occur when multiple chromatin modifications coexist within the same nuclear regions. Our approach utilizes joint density analysis to reveal where H3K27ac and RNA polymerase II co-localize relative to H3K9me3 clusters, providing quantitative information that cannot be obtained from separate two-color experiments.

Representative results consistently demonstrate a cohesive organizational model rather than strict chromatin compartmentalization. Both H3K27ac and RNA polymerase II localize preferentially at heterochromatin cluster peripheries across different domain sizes, with quantitative measurements showing positioning within 10 nm of cluster boundaries which supports findings from other groups with similar methods and models of transcription23,28,35,45,46. The joint density analysis reveals that active transcription machinery and enhancer-associated chromatin couple most frequently in regions surrounding heterochromatic clusters. These findings challenge simple phase separation models and support integrated organizational principles where different chromatin modifications maintain close spatial proximity rather than forming distinct separate compartments.

The protocol's modular design enables investigation of diverse chromatin biology questions through target substitution while maintaining the same analytical framework. Studies of replication timing can substitute for cell cycle proteins such as proliferation cell nuclear antigen (PCNA)  and mini chromosome maintenance (MCM), while DNA damage response investigations might target γH2AX and repair factors. Cell cycle studies could examine histone modifications that change throughout division, and differentiation research might focus on epigenetic marks associated with lineage commitment. The sequential labeling approach accommodates any combination of nuclear proteins or chromatin modifications for which reliable antibodies exist, limited primarily by spectral compatibility and cross-reactivity considerations. This flexibility allows researchers to address fundamental questions about chromatin dynamics during various cellular processes while maintaining quantitative spatial analysis capabilities.
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