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SUMMARY:
While replication fork collisions with DNA adducts can induce double strand breaks, less is known about the interaction between replisomes and blocking lesions. We have employed the proximity ligation assay to visualize these encounters and to characterize the consequences for replisome composition. 

ABSTRACT:
Considerable insight is present into the cellular response to double strand breaks (DSBs), induced by nucleases, radiation, and other DNA breakers. In part, this reflects the availability of methods for the identification of break sites, and characterization of factors recruited to DSBs at those sequences. However, DSBs also appear as intermediates during the processing of DNA adducts formed by compounds that do not directly cause breaks, and do not react at specific sequence sites. Consequently, for most of these agents, technologies that permit the analysis of binding interactions with response factors and repair proteins is unknown. For example, DNA interstrand crosslinks (ICLs) can provoke breaks following replication fork encounters. Although formed by drugs widely used as cancer chemotherapeutics, there has been no methodology for monitoring their interactions of replication proteins. 

Here, we describe our strategy for following the cellular response to fork collisions with these challenging adducts. We linked a steroid antigen to psoralen, which forms photoactivation dependent ICLs in nuclei of living cells. The ICLs were visualized by immunofluorescence against the antigen tag. The tag can also be a partner in the Proximity Ligation Assay (PLA) which reports the close association of two antigens. The PLA was exploited to distinguish proteins that were closely associated with the tagged ICLs from those that were not. It was possible to define replisome proteins that were retained after encounters with ICLs and identify others that were lost. This approach is applicable to any structure or DNA adduct that can be detected immunologically.

INTRODUCTION
The cellular response to double strand breaks is well documented owing to a succession of increasingly powerful methods for directing breaks to specific genomic sites1-3. The certainty of location enables unambiguous characterization of proteins and other factors that accumulate at the site and participate in the DNA Damage Response (DDR) thereby driving the Non-Homologous End Joining (NHEJ) and Homologous Recombination (HR) pathways that repair breaks. Of course, many breaks are introduced by agents such as radiation and chemical species that do not attack specific sequences4. However, for these there are procedures available that can convert the ends to structures amenable for tagging and localization5,6. Breaks are also introduced by biological processes, such as immunoglobulin rearrangement, and recent technology permits their localization, as well7. The relationship between responding factors and those sites can then be determined. 

Breaks also appear as an indirect consequence of adducts formed by compounds that are not inherent breakers but disrupt DNA transactions such as transcription and replication. They may be formed as a feature of the cellular response to these obstructions, perhaps during repair or because they provoke a structure that is vulnerable to nuclease attack. Typically, the physical relationship between the adduct, the break, and the association with responding factors is inferential. For example, ICLs are formed by chemotherapeutics such as cisplatin and Mitomycin C8 and as a reaction product of abasic sites9. ICLs are well known as potent blocks to replication forks10, thereby stalling forks which can be cleaved by nucleases11. The covalent linkage between strands is often relieved by pathways that have obligate breaks as intermediates12,13, necessitating homologous recombination to rebuild the replication fork14. In most experiments the investigator follows the response of factors of interest to the breaks which are formed downstream of the collision of a replication fork with an ICL. However, because there has been no technology for the localization of a provocative lesion, the proximity of the replisome, and its component parts, to the ICL can only be assumed. 

We have developed a strategy to enable the analysis of protein associations with non-sequence specific covalent adducts, illustrated here by ICLs. In our system these are introduced by psoralen, a photoactive natural product used for thousands of years as a therapeutic for skin disorders15. Our approach is based on two important features of psoralens. The first is their high frequency of crosslink formation, which can exceed 90% of adducts, in contrast to the less than 10% formed by popular compounds such as cisplatin or Mitomycin C8,16. The second is the accessibility of the compound to conjugation without loss of crosslinking capacity. We have covalently linked trimethyl psoralen to Digoxigenin (Dig), a long established immunotag. This enables detection of the psoralen adducts in genomic DNA by immunostaining of the Dig tag, and visualization by conventional immunofluorescence17. 

This reagent was applied, in our previous work, to the analysis of replication fork encounters with ICLs using a DNA fiber-based assay16. In that work we found that replication could continue past an intact ICL. This was dependent on the ATR kinase, which is activated by replication stress. The replication restart was unexpected given the structure of the CMG replicative helicase. This consists of the MCM hetero-hexamer (M) that forms an offset gapped ring around the template strand for leading strand synthesis which is locked by the proteins of the GINS complex (G, consisting of PSF1, 2, 3, and SLD5) and CDC45 (C)18. The proposal that replication could restart on the side of the ICL distal to the side of the replisome collision argued for a change in the structure of the replisome. To address the question of which components were in the replisome at the time of the encounter with an ICL we developed the approach described here. We exploited the Dig tag as a partner in Proximity Ligation Assays (PLA)19 to interrogate the close association of the ICL with proteins of the replisome20.

PROTOCOL

1. Cell preparation

1.1. Day 1

1.1.1. Pre-treat 35 mm glass-bottomed culture dishes with a cell adhesive solution. 

1.1.2. Plate cells in the pre-treated dishes one day before treatment. Cell should be actively dividing and 50–70% confluent on the day of the experiment. 

NOTE: HeLa cells were used in this experiment with Dulbecco Modified Eagle Medium DMEM, supplemented with 10% fetal bovine serum, 1x penicillin /streptomycin. There is no restriction for adherent cell lines. However, non-adherent cells must be centrifuged onto slides and fixed prior to the analysis by PLA. 

1.2. Day 2

[bookmark: _Hlk48828208][bookmark: _Hlk48828364][bookmark: _Hlk48828231]1.2.1. Prepare a stock solution of Digoxigenin Trimethyl psoralen (Dig-TMP) by resuspending a frozen aliquot of previously synthesized Dig-TMP in 1:1 EtOH:H2O. Determine the concentration by measuring OD at 250 nm of a 100x dilution (in H2O) of the dissolved Dig-TMP. The extinction coefficient of Dig-TMP is 25,000. Verify the concentration by measuring OD at 250 nm before each use and calculate stock concentration: Abs x 100 x 106/25,000 = Concentration (in µM). Generally, the stock solution is around 3 mM. The solution can be stored in –20 °C for about a month.

NOTE: Dig-TMP must be chemically synthesized in advance, following the procedure described here. Reflux 4'-chloromethyl-4,5',8-trimethylpsoralen with 4,7,10-trioxa-1,13-tridecanedi-amine in toluene under nitrogen for 12 h. Remove the  solvent and recover  the 4'-[N-(13-amino-4,7,10-trioxatrideca)] aminomethyl-4,5',8-trimethylpsoralen product by silica gel chromatography. Conjugate the product to digoxigenin NHS ester in dimethyl formamide and triethylamine at 50 °C for 18 h. Remove the solvent and purify the residue by preparative thin layer silica gel chromatography. Elute the product band chloroform: methanol: 28% ammonium hydroxide (8:1:0.1) mixture. Evaporate the solvents and dissolve the pellet in 50% EtOH:H2O. 

1.2.2. Add Dig-TMP stock in 50% EtOH:H2O to the cell culture medium to a final concentration of 5 µM. Bring the medium to 37 °C. Aspirate the medium from the plates, add the pre-warmed Dig-TMP containing media, and place plates in an incubator (37 °C, 5% CO2) for 30 min to allow the Dig-TMP to equilibrate.

1.2.3. While the cells are incubating, pre-warm the UV box (see Table of Materials) to 37 °C. 

1.2.4. Place the plates in the pre-warmed UV box and expose the cells to a dose of 3 J/cm2 of UVA light for 5 min for this experiment. Plates were placed on top of a thermo-block maintained at 37 °C, during irradiation. Calculate the time using the formula: 



1.2.5. Aspirate the medium using a pipette, add fresh pre-warmed medium and place plates back in the incubator at 37 °C, 5% CO2 for 1 h.

1.2.6. Remove media and wash dishes once gently with phosphate buffered saline (PBS). 

1.2.7. Remove PBS and add 0.1% formaldehyde (FA) in PBS for 5 min at room temperature (RT). This prevents cell detachment during CSK-R (cytoskeleton extraction buffer containing RNase, described in 1.2.9.) pretreatment required to extract the cytoplasmic elements and reduce PLA background.

1.2.8. Aspirate off FA and wash dishes with PBS once.

1.2.9. Add CSK-R buffer and incubate for 5 min at RT to remove cytoplasm [CSK-R buffer: 10 mM PIPES, pH 7.0, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 0.5%Triton X-100, 300 µg/mL RNase A]. Aspirate the buffer, add fresh CSK-R, and incubate for 5 min at RT.

NOTE: A stock of CSK buffer can be stored at 4 °C, and Triton X and RNaseA added right before use.

1.2.10. Wash with PBS thrice.

1.2.11. Fix cells with 4% formaldehyde in PBS for 10 min at RT.

1.2.12. Wash cells with PBS. Perform this step three times.

1.2.13. Add cold 100% methanol and incubate for 20 min at -20 °C.

1.2.14. Wash cells with PBS thrice. At this point cells can be stored in PBS in a humid chamber at 4 °C for up to a week. 

1.2.15. Incubate cells in 80 µL of 5 mM TritonX-100 for 10 min at 4 °C.

[bookmark: _Hlk38456880]1.2.16. Incubate cells with 100 µL of 5 mM EDTA in PBS supplemented with 1 µL of 100 mg/mL RNase A for 30 min at 37 °C.

1.2.17. Wash cells with PBS thrice.

[bookmark: _Hlk47366081]1.2.18. Store cells in blocking buffer (5% BSA and 10% goat serum in PBS) in a humid chamber overnight at 4 °C.

2. Proximity ligation assay 
[bookmark: _Hlk47350148]
NOTE: Perform proximity ligation assay on Day 3.

2.1. Antibody staining

2.1.1. Prepare 40 μL of the primary antibody solution per plate: Add the appropriate volume of primary antibodies to achieve desired dilution (mouse anti Digoxigenin and rabbit antibody against a replisome component such as MCM5, CDC45, PSF1 or pMCM2, dilutions specified in Table of Materials) into blocking buffer (to reach a final volume of 24 μL). Mix by tapping and let it stand for 20 min at RT. Prepare a master mix for multiple samples and mix by tapping before applying to the wells. 

[bookmark: _Hlk47350700]2.1.2. Add 40 mL of primary antibody solution to the center of the well and incubate in a humid chamber for 1 h at 37 °C. During staining, allow the PLA probes and blocking buffer to warm to the room temperature.

2.1.3. Wash cells with PBS-T [PBS-T: 0.05% Tween-20 in 1X PBS] at RT. Perform this step three times.

2.1.4. While washing, prepare 40 μL of PLA probe solution per dish (PLA probes consist of a secondary antibody recognizing either rabbit or mouse IgG, covalently linked to a PLUS or MINUS oligonucleotide): 8 μL of PLA probe anti mouse-PLUS + 8 μL of PLA probe anti rabbit-MINUS antibody + 24 μL of blocking buffer. Mix and let it stand for 20 min at RT. Prepare a master mix for multiple samples and mix well before applying to the wells. Place the solution in the middle of the well in the plate.

2.1.5. Remove last wash, add 40 mL of PLA probe solution to the center of the well, and incubate in a humid chamber for 1 h at 37 °C.

2.1.6. Wash in buffer A thrice, for 10 min each, on a tilting platform at RT. During washing, bring the ligation mix to RT.

2.2. Ligation and amplification

2.2.1. Prepare 40 μL of Ligation mix per plate:  8 μL (5x) of ligation stock + 31 μL of distilled water + 1 μL of ligase. Prepare master mix for multiple plates and mix well before applying to the wells.

2.2.2. Add 40 μL of ligation solution to each plate and incubate in a humid chamber for 30 min. at 37 °C. 

2.2.3. Wash cells 3x with buffer A, each for 2 min, on a tilting platform at RT.

2.2.4. Prepare 40 μL of amplification solution per dish: 8 μL (5x) of amplification stock + 31.5 μL of distilled water + 0.5 μL of DNA Polymerase. Prepare a master mix for multiple samples and mix well before applying to the wells.

2.2.5. Add 40 μL of amplification solution to each plate and incubate in a humid chamber at 37 °C for 100 min.

2.2.6. Aspirate off the amplification solution and wash with buffer B. Perform 6 washes each for 10 min, on a tilting platform at RT.

2.2.7. Wash once with 0.01x buffer B for 1 min at RT.

2.2.8. Aspirate buffer B and incubate plates with secondary antibodies, Alexa Fluor 488 anti-mouse IgG and Alexa Fluor 568 anti-rabbit IgG in blocking solution at appropriate dilutions in blocking buffer, in a humid chamber, for 30 min at 37 °C or overnight at 4 °C .

2.2.9. Wash cells three times with PBS-T, for 10 min each on a tilting platform at RT.

2.2.10. Aspirate PBS-T and mount in mounting medium with DAPI. The mounted plates can be imaged immediately or stored at 4 °C in the dark for no more than 4 days before imaging.

3. Imaging and quantification

3.1. Perform imaging in an epifluorescent or confocal microscope (if 3D imaging is desirable, cover at least 3 µm in 15 stacks). Perform experiments in triplicates and image enough number of fields to make at least 100 observations per sample or condition. Image all fields and samples, including controls, using the same exposure settings. 

3.2. Quantify with an appropriate image analysis software (see Table of Materials for open source and commercial software capable of performing this analysis in single or multiple plane-images). 

3.2.1. Segment cell nuclei based on the DAPI staining. Perform detection of nuclear PLA dots. Assign PLA dots to their corresponding nucleus. Export PLA dots per nucleus results as a csv file 
(see Supplementary File 1 and Supplementary File 2).

3.3. Statistical analysis (see Table of Materials for suggested open source and commercial software).

3.3.1. Verify if the samples follow a normal distribution with a Shapiro-Wilk test.

[bookmark: _Hlk47358034]3.3.2. Determine whether there is a significant difference between two samples using a Student-t test (if normal distribution assumption met) or a Wilcoxon-Rank Sum test (if normal distribution assumption is violated for a sample). 

3.4. Data visualization: Generate dot plots combined with box plots to visualize data distribution, median (Q2), 25th (Q1) and 75th percentile for the different samples (See Table of Materials for suggested open source and commercial software). 

4. 3D display of pMCM2: ICL interactions

4.1. Image PLA plates on a spinning disk confocal microscope, using a Plan Fluor 60x/1.25 numerical aperture oil objective. Acquire 16 stacks covering 1.6 mm and generate the 3D reconstruction with the appropriate image analysis software (see Table of Materials).

REPRESENTATIVE RESULTS
PLA of Dig-TMP with replisome proteins
The structure of the Dig-TMP is shown in Figure 1. The details of the synthesis, in which trimethyl psoralen was conjugated through a glycol linker to digoxigenin, have been discussed previously17,21. Incubation of cells with the compound followed by exposure to 365 nm light (UVA) photoactivates the compound and drives the crosslinking reaction. Slightly more than 90% of adducts are ICLs16. The Dig tag can be visualized by immunofluorescence which reveals the presence of ICLs throughout the nucleus (Figure 2). Immunofluorescence of a replisome protein such as MCM2 also indicates a distribution throughout the nucleus, a distribution that is unaffected by the introduction of ICLs. These results demonstrated that the focal appearance of responding proteins, such as seen in the DNA Damage Response (DDR) to DSBs, is not a feature of replisome: ICL interactions. 

In order to visualize the interaction of replisomes with ICLs in the experiment shown in Fig 2 we applied the PLA, which reports the proximity of two antigens (Figure 3a). We measured the frequency of association of MCM5 and the Dig tag 1 h after introduction of the ICLs (Figure 3b). The PLA signals demonstrated the proximity of replisomes to ICLs.

Replication stress, including that presented by ICLs, activates the ATR kinase22. Among the many substrates of ATR are MCM proteins, including MCM2 at serine 10823. A replisome encounter with the ICL would be expected to result in the phosphorylation of MCM2, among many other substrates. In accord with this expectation, the PLA between pMCM2Ser108 and the Dig tag was positive (Figure 3c). In other experiments we found that the plateau frequency was reached at 1 h20. We interpreted these results as indicating that replisomes variously located throughout the genome, and variably distant from an ICL, eventually encounter the block, triggering ATR activation, and MCM2 phosphorylation. 

The PLA results in the preceding figures are presented as a compressed summation of multiple optical planes. However, the results from individual nuclei can also be presented in a three-dimensional reconstruction, as shown for the pMCM2: Dig-TMP PLA in Video 1. This analysis indicated that replisome encounters with the ICLs could be observed throughout the nucleus.

Our study of replication fork showed that ICL encounters revealed an unexpected replication restart phenomenon16. Considering the locked ring structure of a functional replisome, it was of considerable interest to ask if the composition of the replication apparatus changed on colliding with an ICL. Since less than 10% of replication forks makes contact with an ICL, simply assaying the protein composition of all replisomes would not have been productive. However, the PLA between Dig and various components allowed us to address this question. In contrast to the positive results with pMCM2, we found that the proteins of the GINS complex failed to give PLA signal with the ICLs. On the other hand, the assay with CDC45 was positive, indicating that the other locking protein was retained (Figure 4a,b). When cells were incubated with an inhibitor of ATR, the restart was completely suppressed and the GINS: Dig PLA was strongly positive (Figure 4c). Our interpretation of these results was that in the absence of ATR activity the GINS proteins were retained, the CMG helicase remained in a locked configuration, and there was no replication restart past the ICL20.

FIGURE LEGENDS
Figure 1: Structure of trimethyl psoralen linked to the digoxigenin antigen tag.

[bookmark: _Hlk47376349]Figure 2: Immunofluorescence of replisome protein MCM5 and DIG TMP does not show discrete foci. Cells were treated with Dig-TMP and UVA and after 1 h immunostained for MCM5 and Dig. The white bar represents 5 µm. 

Figure 3: PLA between Dig-TMP and MCM5. (a) Schematic of the Proximity Ligation Assay applied to the interaction between the MCM5 replisome protein and the Dig tag on the ICL. The scheme is simplified. In practice primary antibodies were bound by secondary antibodies covalently coupled to the oligonucleotides.  (b) PLA between MCM5 and Dig-TMP. Note the discrete signals indicating sites of interaction. Dot and box plots showing signal distribution (dot plot) as well as the median (box plot red bar), the 25th and 75th percentiles (box ends) and the highest and lowest values excluding outliers (extreme lines). Wilcoxon-Rank Sum test confirmed there is a significant difference between the two conditions (p<0.001). The white bars represent 5 µm. (c) PLA between pMCM2 and Dig-TMP. These signals represent the encounter of the replisome with the ICL, which triggers an ATR dependent phosphorylation of MCM2. The PLA reports the variability of the encounter frequency in different cells. The white bar represents 5 mm.

Figure 4: PLA between Dig-TMP and the replisome locking proteins. (a) CDC45: Dig-TMP. The white bar represents 5 µm. (b) PSF1: Dig-TMP. The minimal signal frequency is greatly increased by treatment with an ATR inhibitor, which blocks the traverse pathway and the release of the GINS complex which includes PSF1. The white bars represent 5 µm.  

Video 1: Three-dimensional reconstruction of pMCM2: Dig PLA signals demonstrates the distribution throughout the nucleus. PCNA is stained in green, PLA in red, DAPI in blue.

Supplementary File 1: Cellprofiler pipeline for PLA quantification.

Supplementary File 2: IMARIS cell module batch parameters for PLA quantification. 

DISCUSSION
Although the PLA is a very powerful technique, there are technical concerns that must be solved in order to obtain clear and reproducible results. The antibodies must be of high affinity and specificity. Furthermore, it is important to reduce the non-specific background signals as much as possible. We have found that membranes and cellular debris contribute to the background, and we have removed them as much as possible. The washes with detergent containing buffers prior to fixing, and the wash with methanol after fixing help reduce the non- specific binding. The caveat is that detergent treatment prior to fixation can result in cell detachment. We find that treating the plates with a cell adhesive and prefixing with 0.1% FA before the CSK treatment alleviates this problem.

It is also helpful to identify non-S phase cells when monitoring S phase specific events. This can be done by post PLA staining with cell cycle markers such as PCNA or NPAT24,25. Not only do these markers confirm S phase phenomena but they also provide an internal biological control for non-specific interactions. Positive signals in G1 phase cells, in assays that measure events that should be exclusive to S phase, are an indication that additional effort to reduce non-specific interactions is required.

Single cell imaging strategies have advantages not available with other approaches for monitoring molecular interactions. Homogenization techniques, such as employed in immunoprecipitation experiments eliminate any connection to events in individual cells. Consequently, insight as to the influence of cell cycle status, or the variability across a cell population is lost. However, since the PLA reports event frequencies in individual cells these insights can be recovered. 

A frequent limitation of the PLA is the lack of immunologic detection reagents for targets of interest. This is a concern when addressing questions regarding the cellular response to DNA perturbations introduced by agents other than direct breakers. We have overcome that limitation by use of an immunotagged DNA reactive reagent. Although we have focused our studies on interstrand crosslinks, there are many genotoxic compounds, including chemotherapy drugs, that would lend themselves to this approach. Additionally, interactions between proteins and DNA structures, such as G quadruplexes, could also be examined with this strategy. 
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