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Diffusion of activated ATM explains yH2AX and
MDC1 spread beyond the DNA damage site

Georgi Danovski,! Greta Panova,” Bradley Keister,®> Georgi Georgiev,* Aleksandar Atemin,’ Sonya Uzunova,’
Rumen Stamatov,' Petar-Bogomil Kanev,' Radoslav Aleksandrov,’ Krastan B. Blagoev, !>/
and Stoyno S. Stoynov'-8*

SUMMARY

During DNA repair, ATM-induced H2AX histone phosphorylation and MDC1 recruitment spread mega-
bases beyond the damage site. While loop extrusion has been suggested to drive this spread, the under-
lying mechanism remains unclear. Herein, we provide two lines of evidence that loop extrusion is not the
only driver of damage-induced YH2AX spread. First, cohesin loader NIPBL and cohesin subunit RAD21
accumulate considerably later than the phosphorylation of H2AX and MDC1 recruitment at micro-IR-
induced damage. Second, auxin-induced RAD21 depletion does not affect YH2AX/MDC1 spread
following micro-irradiation or DSB induction by zeocin. To determine if diffusion of activated ATM could
account for the observed behavior, we measured the exchange rate and diffusion constants of ATM and
MDC1 within damaged and unperturbed chromatin. Using these measurements, we introduced a quanti-
tative model in which the freely diffusing activated ATM phosphorylates H2AX. This model faithfully de-
scribes the dynamics of ATM and subsequent YH2AX/MDC1 spread at complex DNA lesions.

INTRODUCTION

A comprehensive understanding of the DNA damage response and its involvement in the maintenance of the genomic stability and preven-
tion of carcinogenesis,'* would require not only knowledge of the proteins involved and their interactions," but also of their spatiotemporal
dynamics within the cell.” To this end, one needs precise measurements and modeling of repair factor kinetics. We and others have measured
the kinetics of recruitment and release of repair factors at DNA damage sites, an approach that allows us to obtain a detailed quantitative
understanding of DNA repair mechanisms through the mathematical modeling of the physical processes taking place.®’

Akey event during the repair of DNA double-strand breaks (DSB) is the phosphorylation of the histone H2AX on serine 139 (YH2AX)'" "2 by
the ataxia telangiectasia modified (ATM) protein kinase. The H2AX variant can account for up to 25% of the H2A pool, which allows a relative
abundance of yYH2AX around DSBs.'? This modification is subsequently recognized by the mediator of DNA damage checkpoint protein 1
(MDC1)."" While ATM and the MRN complex, which recruits the former, both localize to the DNA damage site, YH2AX spreads out over
several megabases of DNA beyond the damage site.

Multiple studies have proposed that DNA damage-induced YH2AX spread is considerably influenced by 3D chromatin structure. Natale
et al."® reported that individual large repair protein foci consist of several nano-foci organized in clusters around a DSB. These clusters were
suggested to depend on chromatin architecture and CTCF. Using 4C-seq, which provides a high-resolution map of chromatin contacts, it was
found that the spatial distribution of YH2AX is correlated with the chromatin contacts near DSBs.'? Based on differential 4C-seq, Arnould
etal”>?" proposed loop extrusion as a major determinant of yH2AX distribution. That is, cohesin-dependent loop extrusion at the DSB drives
ATM-mediated H2AX phosphorylation at the megabase scale. Despite extensive studies into the matter, the exact mechanism through which
the H2AX phosphorylation and downstream MDC1 recruitment spread beyond the repair site remains unclear.

To gain insight into the mechanism of YH2AX spread, we measured the spatiotemporal kinetics of proteins involved in this process at sites
of micro-irradiation (micro-IR)-induced complex DNA lesions. We found that MDC1 is recruited faster than cohesin loader NIPBL and cohesin
subunit RAD21 at damage sites, which suggests that mechanisms other than loop extrusion may also contribute to YH2AX spread. In fact,
RAD21 depletion had no effect on YH2AX spread at micro-IR- and zeocin-lesions. Precise measurements of ATM and MDC1 recruitment
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Figure 1. Spatiotemporal dynamics of ATM, MDC1, mNIPBL, YH2AX, and RAD21 at sites of complex DNA damage

(A) Representative time-lapse microscopy images of the spatial distribution of ATM, MDC1, mNIPBL, and RAD21 at a micro-IR-induced complex DNA lesion.
Scale bar: 5 um. All time points can be observed in Videos S1 and S3.

(B) ATM (N = 17 foci), MDC1 (N = 57 foci), mNIPBL (N = 30 foci), and RAD21 (N = 12 foci) recruitment kinetics at the sites of complex DNA damage (error bars show
the standard deviation). Data are presented as the mean + standard deviation (SD).

(C) Time-lapse imaging of auxin-induced RAD21 degradation in HCT116 cells. Scale bar: 5 pm.

(D) Representative immunofluorescence images of YH2AX and RAD21 in cells subjected to micro-IR, with or without auxin-induced RAD21 degradation. Scale
bar: 5 pm.

(E) Intensity profile across the major axis of micro-IR-induced yH2AX foci, with (N = 42 foci) or without (N = 34 foci) auxin-induced RAD21 degradation. Data are
presented as the mean + SD.

(F) Normalized intensity profile across the major axis of micro-IR-induced yH2AX foci, with (N = 42 foci) or without (N = 34 foci) auxin-induced RAD21 degradation.
Data are presented as the mean + SD.

(G) Representative immunofluorescence images of YH2AX and RAD21 in zeocin-treated cells, with or without auxin-induced RAD21 degradation. Scale bar: 5 pm.
(H) Intensity profile across YH2AX foci in zeocin-treated cells, with or without auxin-induced RAD21 degradation. Data are presented as the mean + SD. N = 300
foci per condition.

(I) Normalized intensity profile across the major axis of YH2AX foci in zeocin-treated cells, with or without auxin-induced RAD21 degradation. Data are presented
as the mean + SD. N = 300 foci per condition.

(J) Distribution of YH2AX foci major axis length in zeocin-treated cells, with and without auxin-induced RAD21 degradation. Data were analyzed via the unpaired
t-test and are presented as the mean + SD. NS = not significant, significance level: p = 0.01. N = 300 foci per condition.

and exchange kinetics, together with the data on their spatiotemporal concentrations, allowed us to test several reaction-diffusion mathe-
matical models®* describing the kinetics of YH2AX/MDC1 spread. Our results demonstrate that activated ATM diffusing away from the dam-
age site can explain the observed spatiotemporal distribution of MDC1 at complex DNA lesions.

RESULTS

Dynamics of MDC1 at complex DNA lesions

To follow H2AX phosphorylation in space and time in living cells, we measured the kinetics of MDC1 at a complex DNA lesion, generated
through micro-IR within a small, localized three-dimensional region. To this end, we used an EGFP-tagged MDC1 transgenic Hela Kyoto
cell line,”” generated through bacterial artificial chromosome (BAC) recombination.?* In this line, the tagged MDC1 is expressed at near-phys-
iological levels”® under cell-cycle control. Our results (Figures 1A and 1B; Video S1) show that MDC1 is quickly recruited to the site of micro-
IR,%?¢ with a half-time of 55s, reaching its maximum levels at around 900s, whereafter it spreads around the complex lesion. As a result, MDC1
is heavily depleted from other regions of the nucleus following damage induction. Comparing the kinetics of MDC1 recruitment and deple-
tion, we see a significant delay in the latter process, which could be attributed to the slower diffusion of MDC1 within the nucleus.

To confirm whether this was the case, we performed FRAP of a small region within the nucleus in the absence of damage. The diffusion
calculated based on MDC1-EGFP signal recovery after photobleaching (Figure S1) was approximately an order of magnitude slower (average
D = 0.055 + 0.033 um?/s) than expected for the pure diffusion of a 200-kDa (0.4-0.6 um?/s) protein. This observation is in line with the pre-
viously reported weak interaction of MDC1 with chromatin in the absence of DNA damage.”®?’ Such an association of MDC1 with chromatin,
in the absence of a lesion, could explain its slower effective diffusion. To quantify the effect of complex DNA damage on MDC1 chromatin
residence, we followed the recovery of micro-IR-induced MDC1 foci after photobleaching, observing an even slower exchange (27.5 + 11s)
compared to that at unperturbed chromatin (Figures S1A and S1B; Video S2).

Apart from ATM, ATR and DNA-PK are also known to phosphorylate H2AX in response to DNA damage. However, neither of the two was
shown to directly contribute to the YH2AX spread phenomenon. DNA-PK binds Ku70/80 at DSB ends, phosphorylating H2AX exclusively at
the break. ATR is recruited to RPA-coated ssDNA via its interaction partner ATRIP and phosphorylates H2AX in proximity.””?® Indeed, co-in-
hibition of ATR and DNA-PK had no effect on YH2AX spread and concentration but did result in a slight delay of MDC1 recruitment to micro-
IR-induced complex lesions (Figures S1D and S1E). This could be attributed to the lack of DNA-PK-dependent H2AX phosphorylation, which
takes place at an earlier timepoint after damage induction since DNA-PK is recruited before ATM.®

Chromatin binding affects MDC1 mobilization to a secondary damage site

Exposure to genotoxins (e.g., radiation, chemotherapy, and radiomimetics) induces more than a single lesion. We reasoned that the slow
mobility of MDC1 may have an impact on DNA repair at multiple damage sites. To interrogate this, we induced a second lesion at a distant
nuclear locus 30 min after the initial micro-IR insult. Formation of the second MDC1 damage focus led to a decrease in the amount of MDC1 at
the first one (Figures 2A and 2B). However, the kinetics of MDC1 removal at the first focus was significantly slower than that of its recruitment at
the second lesion. These results demonstrate that the slow intranuclear transport of MDC1 due to chromatin binding influences the kinetics
and spread of MDC1 following the consecutive induction of two complex lesions.

ATM is rapidly exchanged at complex DNA lesions

To better understand MDC1 spread kinetics, we also measured the kinetics of ATM, the major apical kinase responsible for H2AX phosphor-
ylation at DNA damage sites. ATM is recruited earlier (half-time of recruitment: 40s) than MDC1® and, in contrast to the latter, accumulates
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Figure 2. MDC1 recruitment kinetics at two consecutive micro-irradiation-induced complex DNA lesions
(A) Representative time-lapse images are presented in the row above. The row below presents the same images where intensity is color coded. Scale bar: 5 pm.
(B) Recruitment kinetics of consecutive micro-irradiation-induced MDC1 foci. Data are presented as the mean + SD. N = 19 pairs of foci.

only within the DNA damage site (Figures 1A and 1B; Video S1). ATM rapidly accumulates upon micro-IR (reaching a maximum after 210s),
which is followed by a rapid decrease shortly thereafter (Figure 1B). The transition between ATM accumulation confined within the damaged
region and the subsequent expansion, or spread, of YH2AX and MDC1 remains mechanistically undetermined.

Arnould et al. put forth a model wherein activated ATM is localized to the boundaries of cohesin-dependent chromatin loops next to a
DSB.?° Subsequently accumulated repair machinery prevents loop extrusion in one direction, while extrusion proceeds in the other, with
ATM phosphorylating the chromatin pulled through to spread YH2AX. ATM binding and phosphorylation while DNA is being pulled through
suggests a rather slow ATM exchange. However, our FRAP measurements at micro-IR-induced complex lesions revealed very fast ATM ex-
change rates”’ (Figures STA and S1B), close to those of freely diffusing ATM (Figure S1C).

RAD21 degradation does not limit YH2AX/MDC1 spread

To understand the timescale at which loop extrusion operates and thus validate the above-described model, we compared the accumulation
rate of cohesin loader NIPBL, which is required for DSB-dependent cohesin recruitment and loop extrusion, with those of ATM and MDC1
(Figures TA and 1B; Video S1). This comparison revealed that MDC1 and ATM were recruited considerably faster than mouse NIPBL (mNIPBL),
which suggests that the MDC1 spread occurs before DSB-induced loop extrusion. This is also supported by the finding that MDC1 and
RNF168 are required for mNIPBL loading.®® To directly confirm cohesin recruitment timing, we employed cells expressing endogenously
tagged cohesin subunit RAD21, which exhibit comparable loop extrusion activity to wild-type cells.*"** RAD21 recruitment kinetics closely
followed those of mNIPBL, being significantly slower than MDC1 (Figures 1A and 1B; Video S3).

To assess if loop extrusion machinery loaded prior to damage induction drives YH2AX/MDC1 spread, we employed auxin-inducible
degradation to deplete RAD21 endogenously tagged with mClover and an auxin-inducible degron (AID). As previously established,”'** treat-
ment with auxin resulted in the complete depletion of RAD21-mClover-AID by 90 min (Figure 1C) and loss of loop extrusion activity.”'*” To
determine the effect of RAD21 depletion on YH2AX distribution at the sites of DNA lesions, we fixed cells 120 and 600 s after micro-IR. yH2AX
immunofluorescence staining revealed comparably spread foci with or without RAD21 degradation (Figure 1D), which was confirmed by the
quantification of the fluorescence intensity profiles across the major axis of foci (Figures 1E and 1F). These results suggest that RAD21-medi-
ated loop extrusion is not the sole driver of YH2AX spread at the sites of complex DNA lesions. At 120 s, YH2AX spread, but not RAD21 recruit-
ment was observed in cells where RAD21 degradation was not induced. In line with our live-cell imaging data, RAD21 accumulation was de-
tected at 600 s. These results confirmed that, as shown for MDC1, YH2AX spread also precedes the recruitment of loop extrusion machinery.
To exclude a scenario where loop extrusion drives YH2AX spread exclusively at DSBs, we treated cells with the DSB-inducing agent zeocin
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(Figure 1G). RAD21 depletion had no effect on the intensity profile of yYH2AX foci in zeocin-treated cells (Figures 1G-1l). Furthermore, there
was no significant difference in foci size, as inferred based on major axis length (p = 0.0525) (Figure 1J). Taken together, our results indicate
that mechanisms other than loop extrusion also contribute to YH2AX/MDC1 spread at DNA lesions.

An additional mechanism promoting YH2AX/MDC1 spread away from the micro-IR-induced DNA lesions could occur through diffusing
activated ATM, which phosphorylates chromatin along its path. In this model, ATM binds at the damage site, is activated, and then released.
Upon its detachment from the damage site, freely diffusing activated ATM phosphorylates the YH2AX along its path until inactivated. We
introduced multiple quantitative mathematical models to describe this phosphorylation mechanism and confirm whether they are consistent
with our measurements.

Modeling of MDC1 spread based on diffusing activated ataxia telangiectasia modified
The correct spatiotemporal mathematical model of MDC1 distribution should be able to quantitatively explain the kinetics of ATM and MDC1
recruitment and removal throughout the whole nucleus after the induction of complex DNA lesions. The model should also faithfully describe
the actual heterogeneous chemical reaction parameters derived from FRAP of ATM and MDC1 at DNA damage sites.

The first model that we developed describes ATM and MDC1 data via the following reactions:

Zy L X (Equation 1)
kon
ATM+X = ATMX (Equation 2)
koff
ks
ATMX = oATMX (Equation 3)
ke
GATMX 5 aATM+ X, (Equation 4)
CATM 55 ATM (Equation 5)
kf, (aATM+aATMX)
H2AX k;‘ YH2AX (Equation 6)
Th
Kon
TH2AX + MDCT 2 Y H2AXMDC1 (Equation 7)
offMDC

Here, Zg represents the DNA damage, and X represents the proteins bound to damage sites, e.g., the MRN complex, which accumulates
prior to ATM recruitment. ATMX represents the bound ATM, aATM is the activated ATM, aATMX represents the bound aATM and mX rep-
resents modified X after aATM removal. The partial differential equations describing these kinetic reactions for the corresponding concen-
trations are provided in the supplementary information (Data S1). We will call this model the “Standard e ATM diffusion model,” or the “Stan-
dard model,” for simplicity (Figure 3). This model describes the DNA damage within the irradiated region of the nucleus, which is converted
into a DNA damage-protein complex before the ATM binding, with a rate ki. ATM binds and unbinds to this complex with rates ko, and ko,
respectively. ATM undergoes reversible activation at the damage site, whereafter activated ATM leaves the site irreversibly, with a rate ka.
Consequently, the now freely diffusing activated ATM is deactivated with the same rate constant as the bound activated ATM. Once activated,
both the bound and unbound aATM phosphorylate H2AX to yH2AX with a rate ks, which depends on the @ATM concentration. Phosphor-
ylated H2AX is then recognized by MDC1, forming a YH2AX/MDC1 complex.

We model the biological processes shown in reactions (1-7) by including the diffusion of molecules through a system of reaction-diffusion
partial differential equations for the corresponding concentrations. The reaction-diffusion equations that correspond to these reactions and
the details of our numerical implementation are shown in the Supplementary information (Data S1). We created a dedicated software tool
(BioModelSolver) in order to simulate ATM and MDC1 nuclear dynamics following micro-IR as per an assigned model. BioModelSolver
enabled us to generate time-lapse images of the modeled process, in addition to two graphical representations. The first follows protein-
of-interest concentration in a given nuclear region over time. The latter representation visualizes the spatial distribution of protein concen-
tration within a given region as a time-lapse video. This tool enabled to the comparison of experimental data against model predictions.

Using live-cell microscopy, we were able to measure several physical parameters that were implemented in the mathematical model
(Table S1). The ATM diffusion constant was measured using FRAP of the unbound ATM (average D = 0.664 + 0.34 pm?/s). Complex
MDC1 transport was modeled with an effective diffusion constant, which we also measured using FRAP of cells without DNA damage (average
D =0.055 + 0.35 um?/s). This effective diffusion constant captures the free diffusion as well as the process of MDC1 binding and unbinding to
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Figure 3. Graphical representation of the three mathematical models describing the ATM-dependent H2AX phosphorylation and MDC1 recruitment
dynamics

the undamaged chromatin. Other input parameters the ATM and MDC1 concentrations were calculated (material and methods) using their
cell copy numbers, obtained.”” We measured the time course of ATM and MDC1 fluorescence intensity at the DNA damage site as well asin a
small region of interest outside this site. MDC1 spatial distribution around the damage site was also obtained. Using the initial ATM and
MDC1 concentrations in the nucleus allowed us to convert the fluorescence intensity to concentrations.

To obtain the kinetic rates of reactions (1-9), we fit the standard model to our experimental data, which include: (1) the concentrations of
MDC1 (Figures 4A and 4C) and ATM (Figures 5A and 5C) at the damage site as well as in a nuclear region away from it; (2) the concentrations of
MDC1 (Figures 6A and 6B) and ATM (Figures 7A-7C) after FRAP of the damage site. Importantly, in order to assess whether the proposed
models can explain the observed pattern of MDC1 spread, we compare the measured spatial distribution of MDC1 (Figures 4B and S2; Video
S4) and ATM (Figures 5B and S3; Video S5) around micro-IR-induced damage foci over time versus those predicted by the model.

We were able to find a set of parameters (Table S1) that fit the numerical solutions of the reaction-diffusion equations to the experimental
data (see STAR Methods). We provide graphical representations of the proposed numerical solutions for MDC1 (Figure 4C) and ATM (Fig-
ure 5C) recruitment as well as for their depletion in the nuclear region away from the damage site.

The standard model (1-9) accurately fit the measured MDC1 (Figure 4C) and ATM (Figure 5C) recruitment kinetics and quantity at the site
of DNA damage as well as the simultaneous depletion of the given protein in a nuclear region away from the damage site. Furthermore, the
model accurately predicted the spatiotemporal distribution of ATM (Figures 5B and S3; Video S5) and MDC1 (Figures 4B and S2; Video S4), in
particular the spread of the latter away from the damage site (Figure S4; Video Sé). The model also accurately fits the measured MDC1 (Fig-
ure 6B) and ATM (Figures 7B and 7C) exchange rates at the site of DNA damage (determined via FRAP).

A particularly impressive feature of such modeling is that it can recapitulate complex kinetics which include ATM recruitment and removal
after damage induction, followed by FRAP at the damage site (Figure S5).

From fitting the model to the data, we found that the aATM effective diffusion coefficient (average D = 0.059 um?/s) should be 10 times
smaller than the diffusion coefficient of the non-activated ATM (Table S1). A possible reason for the slow diffusion of aATM is that its transport
involves multiple rounds of binding to, phosphorylation of, and unbinding from the H2AX anchored within chromatin as well as its free diffu-
sion in between these events. The magnitude of the effective diffusion coefficient is similar to the diffusion coefficient of MDC1. The delay in
MDC1 depletion from outside of the DNA damage shown in Figure 4C and the area to which MDC1 spreads are very sensitive to the value of
MDC1 and aATM diffusion coefficients, which highlights the importance of their diffusion for the MDC1 spread kinetics. The standard model
also implies that the concentration of lesion-bound and freely diffusing @ ATM are two orders of magnitude lower than that of total bound
inactive ATM at the damage site (Figure S¢é; Video S7).

Minimal model explaining MDC1 spread based on diffusing activated ATM

Interestingly, the goodness of fit was not affected by changes in kq (Table S1), a rate constant describing the dissociation of aATM from the
damage site (Equation 4). The MDC1 spread could therefore be explained without the presence of bound ¢ATM at the site of damage.
Rather, this model postulates that ATM is immediately released upon its activation. We will call this model the “Minimal aATM diffusion
model,” or the "Minimal model,” for simplicity. Here, reactions (3) and (4) from the first model are replaced by (10). The best Minimal model
fit of the experimental MDC1 (Figures 4A, 4E, 4D and S2; Video S4) and ATM (Figures 5A, 5E, 5D and S3; Video S5) data was as accurate as
that of the Standard model, including for MDC1/ATM spatial distribution (Figure S4; Video S6) and MDC1/ATM FRAP data (Figures 6C; 7D
and 7F).

6 iScience 27, 110826, September 20, 2024



iScience ¢? CellPress
OPEN ACCESS

Time after IR - Standard model

— 1.014[1s 15s 30s 1455 60s

Q

[a)

= 0. ‘J—m—w—lﬂz_‘u{ S N N W N ) O N
75s 90s 105s 120s 1355

max

MDC1

150s 165s 180s 195s 210s

Concentration [uM] €

min

2505 300s |350s 4005 4505

Standard
model

5005 5505 6005 6505 7005

©—
Z9
5 € distance [pixels]
—— MDC1 —— Standard
model

©
o] D .
:E'S Minimal model
c
S S 104[Ts 155 305 455 60s
e B s W s W s s s
00|z % & ap @« & &P @ & &k @ & 6p @ & &
c Standard model & 90s 1055 1205 1355
_ —bMDC1 —fMDC1 - - bMDC1fit --fMDC1fit =
> 1.0 s
=8 Blam o op o o op o & op b o op & o
= i — = E150s 1655 180s 1955 210s
c v <
(@] [s}
= 0.6 5
o U@ @ % ®p % £l %
£ 04 2505 300s 3505 400s 14505
[0}
o 0.2
C
80,0 . . S ) 1
900 1200 1500 1800 500s 550s 600s 650s 700,
Time [s] W
E Minimal model o e ap o & op o & o @ & ok @ & 5

distance [pixels]

_ —bMDC1 —fMDC1 - -bMDC1fit --fMDC1 fit —— MDC1 —— Minimal
> 1.0 model
= F
- 0.84 (i i Confined model
o
'g 0.6 1.04[1s 15s 30s 45s 60s
5 0.4
§02_ ool s S U
c : s 75s 90s 105s 120s 135s
S o.o . . , =
1200 1500 1800.§' :
Tlme [s] £ 7505 655 |180s 955 [|210s
G Confined model §
= —bMDC1 —fMDC1 - -bMDC1fit --fMDC1 fit o 1300 350 Tao0s  Tazor |
=
o A & T w Ea & W 5 & Wa &9
e 500s 550s 600s 650s 700s
©
E 0 @ 6 0 4 60 o 4 e o 4 6 80 40 6 80|
[0}
'é distance [pixels]
o —— MDC1 —— Confined
© ' y y - T ' model
0 300 600 900 1200 1500 1800

Time [s]

iScience 27, 110826, September 20, 2024 7



¢? CellPress iScience
OPEN ACCESS

Figure 4. Comparison between the experimentally measured and predicted MDC1 dynamics at sites of complex DNA damage

(A) Comparison between time-lapse microscopy images and images generated via simulation based on the models of MDC1 distribution at sites of complex
DNA damage. The yellow box covers a region of interest where the MDC1 spread presented in B, D, and F is measured. Scale bar: 5 um.

(B) Time-lapse representation of the MDC1 concentration profile across the micro-irradiation site (the region of interest in A). Red color indicates the measured
MDC1 concentration spread. Blue indicates the best-fitting predicted concentration based on the standard model.

(C) Graphical comparison between the experimentally measured MDC1 dynamics (N = 57 foci) at sites of complex DNA damage and those predicted based on the
standard model. Data are presented as mean + SD. bMDC1 (bound MDC1), measured concentration (uM) of MDC1 within the DNA damage site; fMDC1 (free
MDC1), measured concentration (uM) of MDC1 outside of the damage focus; bMDC1 fit, the best-fitting predicted concentration (uM) of MDC1 at the damage
site, based on the standard model; fMDCT1 fit, the best-fitting predicted concentration (M) of MDC1 outside of the damage site, based on the standard model.
(D) Time-lapse representation of the MDC1 concentration profile across the micro-irradiation site (the region of interest in A). Red color indicates the measured
MDC1 concentration spread. Blue indicates the best-fitting predicted concentration based on the minimal model.

(E) Graphical comparison between the experimentally measured MDC1 dynamics (N = 57 foci) at sites of complex DNA damage and those predicted based on
the minimal model. Data are presented as mean + SD. bMDC1, measured concentration (uM) of MDC1 within the DNA damage site; fMDC1, measured
concentration (uM) of MDC1 outside of the damage focus; bMDCT1 fit, the best-fitting predicted concentration (uM) of MDC1 at the damage site, based on
the minimal model; fMDC1 fit, the best-fitting predicted concentration (uM) of MDC1 outside of the damage site, based on the minimal model.

(F) Time-lapse representation of the MDC1 concentration profile across the micro-irradiation site (the region of interest in A). Red color indicates the measured
MDC1 concentration spread. Blue indicates the best-fitting predicted concentration based on the confined model.

(G) Graphical comparison between the experimentally measured MDC1 dynamics (N = 57 foci) at sites of complex DNA damage and those predicted based on
the confined model. Data are presented as mean + SD. bMDC1, measured concentration (uM) of MDC1 within the DNA damage site; fMDC1, measured
concentration (uM) of MDC1 outside of the damage focus; bMDCT1 fit, the best-fitting predicted concentration (uM) of MDC1 at the damage site, based on
the confined model; fMDC1 fit, the best-fitting predicted concentration (M) of MDC1 outside of the damage site, based on the confined model.

Zy gX (Equation 8)
kop
ATM+X = ATMX (Equation 9)
off
k
ATMX ké QATMX + X, (Equation 10)
d
aATM 3 ATM (Equation 11)
kf, (@ATM)
H2AX = ~yH2AX (Equation 12)
h
Kon
TH2AX+MDCT = Y H2AXMDC1 (Equation 13)
offMDC

MDC1 spread cannot be explained without the diffusion of activated ATM

We also checked whether the data can be fitted to a model in which the ATM is only active when bound to the damage site. We will call this
model the “Confined «ATM model,” or the “Confined model,” for simplicity. The Confined model is described by the following reactions:

z 8 x (Equation 14)
kon
ATM+ X = ATMX (Equation 15)
off
k;
ATMX ké «ATMX (Equation 16)
d
GATMX 55 ATM+ X, (Equation 17)
kfh(awa)
H2AX = yH2AX (Equation 18)
h
kon
TH2AX+MDC1 | 2 Y H2AXMDC (Equation 19)
‘offMDC

where reactions (4) and (5) from the original model are replaced by 17.
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Figure 5. Comparison between the experimentally measured and predicted ATM dynamics at sites of complex DNA damage

(A) Comparison between time-lapse microscopy images and images generated via simulation based on the models of ATM distribution at sites of complex DNA
damage. The yellow box covers a region of interest where the ATM spread presented in B, D, and F is measured. Scale bar: 5 um.

(B) Time-lapse representation of the ATM concentration profile across the micro-irradiation site (the region of interest in A). Red color indicates the measured
ATM concentration spread. Blue indicates the best-fitting predicted concentration based on the standard model.

(C) Graphical comparison between the experimentally measured ATM dynamics (N = 17 foci) at sites of complex DNA damage and those predicted based on the
standard model. Data are presented as mean + SD. bATM, measured concentration (uM) of ATM within the DNA damage site; fATM, measured concentration
(uM) of ATM outside of the damage focus; bATM fit, the best-fitting predicted concentration (M) of ATM at the damage site, based on the standard model;
fATM fit, the best-fitting predicted concentration (M) of ATM outside of the damage site, based on the standard model.

(D) Time-lapse representation of the ATM concentration profile across the micro-irradiation site (the region of interest in A). Red color indicates the measured
ATM concentration spread. Blue indicates the best-fitting predicted concentration based on the minimal model.

(E) Graphical comparison between the experimentally measured ATM dynamics (N = 17 foci) at sites of complex DNA damage and those predicted based on the
minimal model. Data are presented as mean + SD. bATM, measured concentration (uM) of ATM within the DNA damage site; fATM, measured concentration
(uM) of ATM outside of the damage focus; bATM fit, the best-fitting predicted concentration (uM) of ATM at the damage site, based on the minimal model; fATM
fit, the best-fitting predicted concentration (uM) of ATM outside of the damage site, based on the minimal model.

(F) Time-lapse representation of the ATM concentration profile across the micro-irradiation site (the region of interest in A). Red color indicates the measured
ATM concentration spread. Blue indicates the best-fitting predicted concentration based on the confined model.

(G) Graphical comparison between the experimentally measured ATM dynamics (N = 17 foci) at sites of complex DNA damage and those predicted based on the
confined model. Data are presented as mean + SD. bATM, measured concentration (M) of ATM within the DNA damage site; fATM, measured concentration
(uM) of ATM outside of the damage focus; bATM fit, the best-fitting predicted concentration (uM) of ATM at the damage site, based on the confined model; fATM
fit, the best-fitting predicted concentration (uM) of ATM outside of the damage site, based on the confined model.

While this model fits the recruitment kinetics of ATM (Figures 5A, 5G, 5F, and S3; Video S5) at the DNA damage site well, it did not fit the
early steps of MDC1 recruitment to the damage site nor its delayed depletion outside of the damage site (Figure 4G). Most importantly, the
model could not recapitulate MDC1 spread beyond the micro-IR-induced complex lesion (Figures 4A, 4F, and S2; Videos S4 and S6). These
observations suggest that «ATM diffusion is critical for explaining MDC1 behavior during the repair of complex DNA lesions.

Altogether, our results demonstrate that cohesin-mediated loop extrusion is not the only mechanism responsible for the damage-induced
spread of YH2AX and MDC1. To describe YH2AX/MDC1 spread, we introduce a mathematical theory that enables the spatiotemporal
modeling of heterogeneous chemical reactions in cells. Through this mathematical description, we were able to demonstrate that the dam-
age-induced spread of YH2AX and MDC1 can be explained by simple diffusion of activated ATM.

DISCUSSION

In the present work, to study the nature of YH2AX/MDC1 spread at complex DNA lesions, we followed the spatiotemporal dynamics of fluo-
rescently tagged ATM, MDC1, NIPBL, and RAD21 through live-cell microscopy. Our measurements show that MDC1 transport in the absence
of DNA damage is approximately an order of magnitude slower than expected from the pure diffusion of a similar-size protein, which is in line
with a recent report demonstrating that most MDC1 molecules are indeed chromatin-bound in such conditions.”>?’ After irradiation, MDC1
was quickly recruited to the damage site and subsequently spread around the DNA lesion, being heavily depleted from other parts of the
nucleus. The slow MDC1 transport and its limited concentration limit foci spread after sequential irradiation at two regions of interest. In
contrast to MDC1, ATM is recruited at the site of DNA damage without spreading and exhibits a fast exchange rate, close to that of freely
diffusing ATM.

We developed three quantitative models of ATM and MDC1 kinetics, two of which accurately fitted our imaging data. Critical for a suc-
cessful fit was the inclusion of the diffusion of 2ATM outside of the damage site. In the simplest of these two models, ATM dissociates from the
damage site upon its activation. While diffusing, it phosphorylates H2AX histones, and the spatial extent of the YH2AX and MDC1 spread is
determined by the interplay between o ATM effective diffusion and the rate of its deactivation. While the former leads to phosphorylation
away from the focus, the distance to which phosphorylation extends is limited by the deactivation rate.

Our model of YH2AX/MDC1 spread based on ¢ ATM 3D diffusion explains a number of measurements and observations. First, it describes
the spread rate and spatial concentration profile of MDC1, as well as its exchange and recruitment kinetics following UV laser micro-irradi-
ation. Second, our model accurately predicts slow MDC1 transport and exchange rate in the absence of DNA lesions. Third, the model faith-
fully describes MDC1 depletion kinetics at a region far from the lesion. Fourth, the model explains ATM exchange and recruitment kinetics,
also allowing us to quantitatively predict the amount of ATM recruited at the DNA lesion. Our model is consistent with the data only if the
diffusion rate of @ATM is an order of magnitude slower than that of non-activated ATM (as was measured in our experiments) and similar
to the MDC1 effective diffusion rate. A logical contributor to the slow diffusion rate of the activated ATM is its binding and unbinding
from H2AX during phosphorylation. ATM activation is a critical step for YH2AX and MDC1 spread. It has been shown that ATM and DNA-
PKs can phosphorylate H2AX, however only ATM promotes the spread of phosphorylation to large distances and high densities.** ATM binds
to the MRN complex via the C-terminal domain of NBS1,*" becomes activated, and phosphorylates hundreds of substrate proteins in addition
to H2AX,*” including multiple repair factors with diverse dynamics at DNA lesions.® It has been proposed that ATM auto-phosphorylation (at
S367,51893, S1981, S2996, and other potential sites) and/or disassociation of the ATM dimer triggers its activation.’* 8 The loss of auto-phos-
phorylation sites in human ATM reduces activation,’®*? while mouse ATM with a mutation in the S1987 auto-phosphorylation site exhibits
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Figure 6. Comparison between the experimentally measured and predicted MDC1 dynamics at sites of complex DNA damage after FRAP

(A) Comparison between time-lapse microscopy images and images generated via simulation based on the models of MDC1 distribution at sites of complex
DNA damage after FRAP. Scale bar: 5 pm.

(B) Graphical comparison between the experimentally measured dynamic MDC1 concentration (uM) at sites of complex DNA damage after FRAP (N = 14 foci)
and that predicted based on the standard model. Data are presented as mean + SD. FRAP bMDC1, measured concentration (uM) of MDC1 within the DNA
damage site; FRAP bMDCT1 fit, the best-fitting predicted concentration (uM) of MDC1 at the damage site, based on the standard model.

(C) Graphical comparison between the experimentally measured dynamic MDC1 concentration (uM) at sites of complex DNA damage after FRAP (N = 14 foci)
and that predicted based on the minimal model. Data are presented as mean + SD. FRAP bMDC1, measured concentration (uM) of MDC1 within the DNA
damage site; FRAP bMDCT1 fit, the best-fitting predicted concentration (uM) of MDC1 at the damage site, based on the minimal model.

(D) Graphical comparison between the experimentally measured dynamic MDC1 concentration at sites of complex DNA damage after FRAP (N = 14 foci) and that
predicted based on the confined model. Data are presented as mean £ SD. FRAP bMDC1, measured concentration (uM) of MDC1 within the DNA damage site;
FRAP bMDCT1 fit, the best-fitting predicted concentration (uM) of MDC1 at the damage site, based on the confined model.

normal activation.’®™" Further, several studies, including structural analyses,*¢ suggest that ATM activation on DSBs can occur without the

monomerization of the ATM dimer.”’ The aATM diffusion-based model of YH2AX/MDC1 spread proposed herein is consistent with the cur-
rent mechanistic understanding of ATM activation.

It has been suggested that chromatin architecture plays an important role in the YH2AX spread, as topologically associated domains
often coincide with phosphorylated H2AX regions.'” In addition, it was shown that cohesin is recruited to the vicinity of a DSB, where it
carries out loop extrusion, thus reshaping chromatin topology.”’ Locally activated ATM anchored at the loop boundary was also pro-
posed to extensively phosphorylate H2AX by modifying the DNA that is actively extruded by cohesin in a unidirectional manner at the
DSB.?° However, cohesin depletion was shown to reduce H2AX phosphorylation by only 10%.%° Herein, we provide two lines of evidence
suggesting that cohesion-mediated loop extrusion is not the sole determinant of YH2AX spread at DNA damage sites. First, we show
that cohesin loader NIPBL and cohesion subunit RAD21, which are required for loop extrusion, accumulate at a significantly slower rate
than MDC1 recruitment and spread at micro-IR-induced complex DNA lesions. Second, we show that RAD21 degradation had no effect
on YH2AX spread after micro-IR as well as after zeocin treatment. The fast rate of ATM exchange, which we measured at the DNA dam-
age site, is also hard to reconcile with continuous loop extrusion-driven H2AX phosphorylation at the DSB. In contrast, our 3D model
does recapitulate the experimental data. Several differences in experimental design may give rise to divergent results that are consis-
tent with distinct models. First is the nature of the damage. Repetitive endonuclease-mediated cutting results in persistent DSB induc-
tion. While this approach enables the specific study of a single DSB, constant cutting at the same locus does not allow one to accurately
follow the sequence of repair events through time. In this manner, one cannot conclusively determine whether loop extrusion is a cause
or consequence of YH2AX/MDC1 spread. Meanwhile, micro-IR induces complex DNA lesions, i.e., chromatin at the damaged region
incurs a variety of damage types, including single-strand breaks, DSBs, and base modifications.® Such complex lesions require the
convergence and coordination of multiple repair pathways. Further, the multitude of insults may additionally alter chromatin topology.
An advantage of this methodology is that damage induction occurs at a pre-defined timepoint and a confined nuclear region, which
enables us to precisely follow sequential repair events. The over 200-s difference in recruitment half-time between MDC1 and
RAD21 is clearly discernible through micro-IR combined with time-lapse live-cell microscopy. Such a difference cannot be detected
through the sequencing-based study of repetitive DSB induction. Despite the distinct nature of complex DNA lesions relative to a single
DSB, we still observe a clear spread of MDC1 at micro-IR regions. This indicates that the spread occurs, regardless of potential topo-
logical alterations in chromatin. We demonstrate that this spread cannot be explained by cohesin-mediated loop extrusion alone. Loop
extrusion may play a role at a later stage of the DDR, as indicated by the kinetics of NIPBL and RAD21, which accumulate in parallel with
BARD1, PAXIP, and 53BP1, shortly prior to the recruitment of RPA1 and RAD51, which are required for homologous recombination. Our
measurements and mathematical models indicate that the spread can be easily explained by a 3D diffusion model of 2 ATM. This model
correctly predicts the measured recruitment kinetics, exchange rate, and diffusion of aATM and MDC1 as well as the MDC1 spread at
complex DNA lesions.

In summary, we employed the introduced mathematical models to describe a central step of the cellular response to DNA damage. We are
confident that our mathematical theory can be applied in the study of spatiotemporal fluctuations in protein concentrations in order to shed
light on the molecular mechanisms underlying cellular processes.

Limitations of the study

The main limitation of the current work is rooted in the use of a limited number of cancer cell lines, namely, transgenic HelLa Kyoto and HCT116
cells. The majority of experiments were performed in HelLa Kyoto cells expressing GFP-tagged proteins of interest at near-endogenous levels,
generated through BAC recombineering. It should be noted that the NIPBL transgene was of the mouse orthologue (mNIPBL). As discussed
in our previous study, mNIPBL shared a high degree of homology with human NIPBL. Furthermore, the kinetics of the endogenous human
cohesin subunit RAD21 (tagged with mClover via CRISPR-mediated knock-in) exhibited similar kinetics to those of cohesin loader mNIPBL,
validating our measurements of cohesin/cohesin loader kinetics at the site of DNA damage. It should also be noted that multiple studies have
reported the presence of cytoplasmic ATM in certain cell types.”’ " However, we and others observe ATM localization exclusively within the
nucleus of Hela cells.”" As a result, the models proposed herein do not consider the translocation of ATM between cytoplasm and nucleus in
response to DNA damage.
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Figure 7. Comparison between the experimentally measured and predicted ATM dynamics at sites of complex DNA damage after FRAP

(A) Comparison between time-lapse microscopy images and images generated via simulation based on the models of ATM distribution at sites of complex DNA
damage after FRAP. Scale bar: 5 um.

(B) Graphical comparison between the experimentally measured dynamic ATM concentration at sites of complex DNA damage after FRAP (N = 16 foci) and that
predicted based on the standard model. Data are presented as mean + SD. FRAP bATM, measured concentration (M) of ATM within the DNA damage site;
FRAP bATM fit, the best-fitting predicted concentration (uM) of ATM at the damage site, based on the standard model.

(C) Graphical comparison between the normalized ATM kinetics at sites of complex DNA damage after FRAP (N = 16 foci) and those predicted based on the
standard model. Data are presented as mean + SD. FRAP bATM, measured concentration (uM) of ATM within the DNA damage site; FRAP bATM fit, the best-
fitting predicted concentration (uM) of ATM at the damage site, based on the standard model.

(D) Graphical comparison between the experimentally measured dynamic ATM concentration at sites of complex DNA damage after FRAP (N = 16 foci) and that
predicted based on the minimal model. Data are presented as mean + SD. FRAP bATM, measured concentration (M) of ATM within the DNA damage site;
FRAP bATM fit, the best-fitting predicted concentration (uM) of ATM at the damage site, based on the minimal model.

(E) Graphical comparison between the normalized ATM kinetics at sites of complex DNA damage after FRAP (N = 16 foci) and those predicted based on the
minimal model. Data are presented as mean + SD. FRAP bATM, measured concentration (uM) of ATM within the DNA damage site; FRAP bATM fit, the best-
fitting predicted concentration (uM) of ATM at the damage site, based on the minimal model.

(F) Graphical comparison between the experimentally measured dynamic ATM concentration at sites of complex DNA damage after FRAP (N = 16 foci) and
those predicted based on the confined model. Data are presented as mean + SD. FRAP bATM, measured concentration (uM) of ATM within the DNA
damage site; FRAP bATM fit, the best-fitting predicted concentration (WM) of ATMat the damage site, based on the confined model.

(G) Graphical comparison between the normalized ATM kinetics at sites of complex DNA damage after FRAP (N = 16 foci) and those predicted based on the
confined model. Data are presented as mean + SD. FRAP bATM, measured concentration (tM) of ATM within the DNA damage site; FRAP bATM fit, the best-
fitting predicted concentration (uM) of ATM at the damage site, based on the confined model.

RESOURCE AVAILABILITY
Lead contact
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Data and code availability

e All data reported in this article will be shared by the lead contact upon request.
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® Any additional information required to reanalyze the data reported in this article is available from the lead contact upon request.
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Human: Hela Kyoto MDC1-LAP cells The Hyman Laboratory, MPI-CBG 7720
Human: Hela Kyoto mNIPBL-NFLAP cells The Hyman Laboratory, MPI-CBG 5701
Human: HCT-116-RAD21-mAID- Dr. Masato Kanemaki®' NA
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https://dnarepair.bas.bg/software/BioModelSolver
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Cell lines

We used Hela Kyoto cell lines stably expressing ATM-NFLAP, MDC1-LAP, and mNIPBL-NFLAP fluorescently tagged proteins.®?* The HCT-
116-RAD21-mAID-Clover CMV-OsTIR1 cell line, in which both RAD21 alleles are tagged with auxin-inducible degrons and an mClover re-
porter, was a kind gift from Dr. Masato Kanemaki.>' All cell lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 100 units/ml penicillin, and 100 pg/mL streptomycin at 37°C, 5% CO2. For micro-irradiation (IR) experi-
ments and time-lapse imaging, we plated cells in MatTek glass bottom dishes (~20% confluence) and cultured them for 48 h. Prior to image
acquisition, the medium was changed to FluoroBrite DMEM medium (Thermo Fisher Scientific), containing 10% FBS and 2 mM GlutaMAX
Supplement (Thermo Fisher Scientific). For the combined ATR and DNA-PK inhibition experiment, cells were treated with 10 uM Ku-57788
(DNA-PKi) and 10 pM AZD6738 (ATRI) for 1 h prior to imaging.

METHOD DETAILS
Calculation of ATM1 and MDC1 nuclear concentrations

To determine the nuclear concentrations of MDC1 and ATM, we used the total numbers of MDC1 and ATM1 protein molecules per cell re-
ported by Heine et al., that is, 45853 and 25928 protein molecules, respectively.” Considering that ATM and MDC1 are localized into the
nucleus and that the average volume of Hela Kyoto cell nuclei is 0.248 pL, we estimated that nuclear concentrations of MDC1 and ATM
are 0.3028 uM and 0.155 pM, respectively.

Micro-irradiation (IR) and image acquisition

We performed micro-IR with an Andor Micropoint system, consisting of a 365nm dye laser pumped with a 337nm nitrogen laser at 3.5ns pulses
with a pulse energy of 150 pJ. Micro-IR consisted of 10 pulses, with the 365nm dye laser output attenuated to 70% of the maximum. Cells were

iScience 27, 110826, September 20, 2024 17



https://dnarepair.bas.bg/software/CellTool/
https://data.mendeley.com/datasets/sspmr2js75/1
https://dnarepair.bas.bg/software/BioModelSolver
https://github.com/GDanovski/BioModelSolver

¢? CellPress iScience
OPEN ACCESS

kept at 37°C and 5% CO2 during micro-IR experiments and image acquisition on an Andor Dragonfly 500 system equipped with a Nikon
Eclipse Ti-E inverted microscope and a Nikon Perfect Focus System (PFS). We used a Nikon CFl Plan Apo 60x (NA 1.4) objective and an
iXon888 EMCCD camera. Cells were imaged in three Z planes separated by 0.5 um, at intervals of 0.5-5's.

Fluorescence recovery after photo bleaching (FRAP)

To determine the exchange rate of DNA repair proteins at damage sites, we performed FRAP of foci after micro-IR. FRAP experiments were
performed on an Andor Revolution System using a Nikon CFI Plan Apo VC 60x (NA 1.2) objective and an iXon897 EMCCD camera. After the
concentration of proteins of interest in the irradiated cells reached a plateau, the micro-irradiated site was bleached (FRAP settings: 60ps
dwell time, 20 repeats, 6% of the total energy of the 488nm laser —50mW).

Micro-irradiation image and analysis

To determine the kinetics of protein recruitment after micro-IR, we performed image analysis using our CellTool software,*” as previously
described. Three Z planes for every time point were combined using a maximum intensity projection, and the images from all time points
were registered to compensate for cell movement. The average intensity () of both the region of protein recruitment and a nearby region
were measured in order to calculate the difference between intensities of these two regions. Of note, IR-induced bleaching is the same at
the site of DNA damage and the nearby region at time O, showing that the bleached region is larger than the region of protein recruitment.

Therefore, the difference between the average intensities of the region of protein recruitment and the nearby region provides the average
intensity of recruited proteins, which is compensated for bleaching during UV irradiation and image acquisition. This difference was multiplied
by the protein recruitment area. Thereafter, the intensity of the post-IR frame was subtracted from the obtained intensity for every time point.
Using these calculations, we obtained the total intensity of recruited proteins at DNA damage sites for a given time point.

To measure the spatial distribution of tagged proteins after micro-IR, the images were analyzed as follows. A region of interest encom-
passing the MDC1 signal spread around the damage site was cropped.”>* The cropped 2D images were converted to 1D via maximum in-
tensity projection. The center of the focus was determined automatically as the pixel with the highest intensity, and, based on this, all the
images were aligned in space. MDC1 does not homogenously spread outward of the damage focus due to the heterogeneous distribution
of chromatin. Thus, we take the longest stretch of MDC1 spread in a given direction radiating from the focus. We are then able to follow the
intensity of pixels away from the site of damage (i.e., pixels within the measured stretch) over time. To compare the observed spread to that
predicted by different models, we mirror the intensity over time data, as if an analogous spread were happening in the opposite direction
away from the focus.

YH2AX immunofluorescence

HCT-116-RAD21-mAID-Clover CMV-OsTIR1 cells were treated with or without 500uM auxin (3-indoleacetic acid, Sigma-Aldrich) for 1.5 h.
Thereafter, auxin-treated or untreated cells were incubated with 100 pg/mL zeocin for 45 min. Micro-irradiated cells or cells treated with zeo-
cin were fixed in 4% paraformaldehyde (PFA) for 10 min at room temperature (RT). PFA was washed with PBS three times for 5 min at RT. Then,
cells were permeabilized with 0.25% Triton X-100 for 10 min at RT. Cells were again washed with PBS as described above, and blocking was
performed with 1% bovine serum albumin (BSA) in PBST (PBS+0.1% Tween 20) for 30 min at RT. Primary mouse anti-yH2AX antibody (Bio-
legend, clone 2F3) was diluted 1:200 in 1% BSA in PBST. yH2AX detection with the primary antibody was carried out overnight at 4°C in a
humidified chamber. Cells were washed with PBS and incubated with goat anti-mouse Alexa Fluor 594-conjugated secondary antibody at
1:1000 dilution in 1% BSA in PBS. Cells were incubated with the secondary antibody for 1 h at RT in the dark. Finally, cells were washed
with PBS, and DAPI-containing Vectashield antifade mounting medium was added prior to imaging. The fixed cells were imaged using an
Andor Dragonfly 500 or Andor Revolution System, with 10-12 z-planes acquired. Maximum intensity projection (MIP) was generated for
the obtained images prior to analysis.

To assess YH2AX spread, we measured the fluorescence intensity profiles across the major axes of foci using the Plot Profile function in
ImageJ.>® We then aligned all measured foci along based on intensity peaks, measuring the average intensity at all points (pixels) along the
whole profile. In addition to measuring the intensity profile, we determined the distribution of foci length. Foci length was defined as the dis-
tance between the two furthest pixels (of increased intensity) at the opposite ends of the major axis. The number of measured foci was 300.
Data were analyzed via an unpaired t test. n.s. = not significant (p = 0.0525), significance level p = 0.01.

Image analysis of FRAP and calculation of diffusion coefficients

Image analysis of FRAP and calculation of diffusion coefficients was performed using CellTool. The average intensity in the photobleached
region, in the whole cell nucleus, and in the background outside of the cell nucleus was measured. Those three values were used in order to
normalize the data for acquisition bleach correction by applying the following formulas.>
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Double normalization

double Iref_pre Ifrap(t) — Iback(t)

horm (1) = Iref(t) — Iback(t) Ifrap_pre

Where: [90uble(+)_ double-normalized intensity; Ifrap(t) — measured average intensity inside the bleached spot; Iref(t) — measured average
reference or whole studied compartment (cell, nucleus, etc.) intensity; Iback(t) — measured average background intensity outside the cell;
Subscript _pre means the averaging of intensity in the corresponding region of interest before bleach moment after subtraction of back-

ground intensity;

Full-scale normalization

|double ( t) _ [double (tb/each)

Ifu// sca/e(t) _ _nom norm

rom 1 - Iggfnéle(tb/each)

double
norm

double

AOUDIE (thleach)- double-normalized intensity at the

Where: [full scale(t) _ full-scale normalized intensity; |
time of the bleach;
The following fit of the diffusion model for an oval region of interest to the acquired normalized FRAP data was performed as described in

the CellTool manual. The used model can be briefly summarized by the following formula [Soumpasis]:

2 2
FRAP(t) = I-e’ﬁv_th(lo (%) + (%))

Where: Ip(x), h(x), - modified Bessel functions. | — normalizing coefficient to account the incomplete recovery; D - diffusion coefficient

(t) - double-normalized intensity; I

[um?s~']; w - the radius of bleach spot [um]; t — time after the bleaching [s];
The diffusion coefficient of the free protein is obtained from the FRAP of the cells that were not micro-irradiated. The diffusion coefficient of
the proteins at the binding site is calculated from the analysis of the FRAP of micro-irradiated cells.

Mathematical modeling
Reaction-diffusion equations
The reaction-diffusion equations for N concentrations A;, Bi, and C; are:
dA, 2
E = D,V Af + ZBUA} + C/Aj
i*]

They can be treated as coupled initial-value problems over a grid of points covering the sample volume. For the case at hand, the focus site
has cylindrical symmetry, so the grid consists of only a set of radial coordinates. At each time step, the diffusion term is evaluated across the
grid, with the results combined with the B and C terms in the equation. To maintain stability of the diffusion terms, the time step Dt and the
grid spacing Dr must satisfy the following constraint:

DmaxAt
Ar?

where Dyax is the largest diffusion constant.

The stability and the convergence of the Laplacian were studied using both second- and fourth-order Laplacian finite difference expres-
sions. The stability and the convergence of the time dependence were studied using both a first-order Euler and a fourth-order Runge-Kutta
method. Using the relevant parameters for our models, Euler integration with second-order Laplacians were sufficient to provide stable,
convergent results. The Laplacians were evaluated in parallel at each time step allowing the computation to be optimized on multi-core
CPUs. The typical time step in the numerical solutions was 1 ms, and the grid spacing was 1 nm. The typical time of the numerical compu-
tations was around 1s.

The Nelder-Mead solver algorithm was used for automatic variation of the parameters of the models during fitting to the measured data.

We assume that the focus is in the center of a thick disc of radius R, and the concentration is symmetric in all directions, and depends only
on the radius r to the center. The discrete Laplacian is calculated via

1

Vi(r) = (dr)z (f(r — dr) + f(r + dr) — 2f(r))+ﬁ(f(r +dr) — f(r — dr))

Implementation of the reaction-diffusion equations for the models is presented in supplementary information. Simulation of ATM and
MDC1 nuclear dynamics based on reaction-diffusion equations for each model was performed with BioModelSolver.
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Image generation from the numerical solutions

The 2D images of the model were calculated based on the 1D model arrays using BioModelSolver. The distance of every pixel of the 2D image
to the center of the image was calculated, and the corresponding intensity from the 1D model array was used. Additional normalization was
applied to transform the intensity of the pixels to 8-bit integer values. The maximum calculated pixel intensity during the time-lapse was trans-
formed to the maximum value of an 8-bit integer, and all other pixels were scaled with the same factor.

QUANTIFICATION AND STATISTICAL ANALYSIS

In order to determine whether there was a difference in the mean major axis length of YH2AX foci with versus without auxin-induced RAD21
degradation, we performed an unpaired t-test using JASP (Version 0.19.0). Three-hundred foci from each group were compared. The signif-
icance threshold was set at p < 0.01.
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