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ABSTRACT

A common feature of DNA repair proteins is their
mobilization in response to DNA damage. The
ability to visualizing and quantifying the kinetics of
proteins localizing/dissociating from DNA double
strand breaks (DSBs) via immunofluorescence or
live cell fluorescence microscopy have been
powerful tools in allowing insight into the DNA
damage response, but these tools have some limi-
tations. For example, a number of well-established
DSB repair factors, in particular those required
for non-homologous end joining (NHEJ), do not
form discrete foci in response to DSBs induced by
ionizing radiation (IR) or radiomimetic drugs,
including bleomycin, in living cells. In this report,
we show that time-dependent kinetics of the NHEJ
factors Ku80 and DNA-dependent protein kinase
catalytic subunits (DNA–PKcs) in response to IR
and bleomycin can be quantified by Number
and Brightness analysis and Raster-scan Image
Correlation Spectroscopy. Fluorescent-tagged
Ku80 and DNA–PKcs quickly mobilized in response
to IR and bleomycin treatments consistent with
prior reports using laser-generated DSBs. The
response was linearly dependent on IR dose, and
blocking NHEJ enhanced immobilization of both
Ku80 and DNA–PKcs after DNA damage. These
findings support the idea of using Number and
Brightness and Raster-scan Image Correlation
Spectroscopy as methods to monitor kinetics
of DSB repair proteins in living cells under condi-
tions mimicking radiation and chemotherapy
treatments.

INTRODUCTION

The integrity of DNA is constantly under attack, with the
most serious assault on DNA being the double strand
break (DSB) (1). DSBs can be induced by a number of
endogenous and exogenous agents including byproducts
of cellular metabolism, ionizing radiation (IR) and
radiomimetic agents such as bleomycin. If improperly
repaired or left unrepaired, DSBs can lead to cell death,
genomic instability or tumorigenesis (2). A number of ef-
ficient DSB repair pathways have evolved in mammalian
cells with non-homologous end joining (NHEJ) likely
playing the prominent role for the repair of DSBs in
humans (3). NHEJ mediates the direct ligation of the
broken DNA molecule, and unlike the other prominent
DSB repair mechanism, homologous recombination,
NHEJ does not require a homologous template to
complete repair.
The general mechanism of NHEJ includes recognition

and assembly of the NHEJ complex at the DSB, bridging
of the DNA ends, DNA end processing if required and
finally ligation of the broken ends (4). The DNA–PK
complex, consisting of the Ku70/80 heterodimer and the
DNA-dependent protein kinase catalytic subunit (DNA–
PKcs), plays an essential role in NHEJ. The Ku
heterodimer is the NHEJ factor, which initially recognizes
and binds to the DSB (5,6). The dynamics of Ku70/80 at
DSB sites in living cells showed that the Ku heterodimer
does not bind rigidly to DNA ends, but that there is a
continuous dynamic exchange between DNA-bound
Ku70/80 and free unbound Ku70/80 (7). Once Ku70/80
is bound to the DSB it is then believed to act as a scaffold
to recruit the other NHEJ factors to the DSB including
DNA–PKcs. The recruitment of DNA–PKcs to DSBs in
living cells is dependent on Ku70/80, and binding to the
DNA–Ku complex stimulates the kinase activity of DNA–
PKcs (8). Although the exact role the enzymatic activity of
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DNA–PKcs plays in NHEJ is unknown, it is known that
the kinase activity of DNA–PKcs is essential for NHEJ, as
inactivation of DNA–PKcs kinase activity results in
radiosensitivity and a defect in DSB repair (9). The best-
characterized substrate of DNA–PKcs is DNA–PKcs
itself. A large number of the phosphorylation sites are
clustered in different regions of DNA–PKcs (10–13).
Two prominent phosphorylation clusters, which
have been identified to be phosphorylated and
autophosphorylated in response to IR, are the threonine
2609 (T2609) (10,14) and serine 2056 (S2056) cluster
(15–17). Phosphorylation of S2056 is a bona fide
autophosphorylation site (16), whereas phosphorylation
of the T2609 cluster can be phosphorylated by DNA–
PKcs itself, ATM and ATR (17,18). Phosphorylation of
these two clusters is important for NHEJ, as mutation of
phosphorylation sites causes increased radiosensitivity
and less efficient DSB repair (11,14,16,19). Analysis of
the dynamics of DNA–PKcs in which phosphorylation
at the T2609 cluster and serine 2056 at DSB sites in vivo
revealed that the exchange between DNA-bound and free
DNA-PKCS progresses at a much lower rate than
unphosphorylated DNA–PKCS, suggesting phosphoryl-
ation at these sites increases the rate of dissociation and
re-association of DNA-PKCS at DSBs (6).
A central aspect of the response to DNA DSBs is the

mobility of a large number of proteins to the site or near
the DNA damage (20,21). A significant amount of work
has been performed to characterize the spatiotemporal
dynamics of the association and dissociation of repair
proteins at the sites of DNA damage and the regulatory
mechanisms involved in these processes (22). One key to
studying the dynamics of repair proteins at DSBs is the
fact that a number of these proteins self-assemble into
nucleoplasmic repair foci (23). Repair foci appear
shortly after creation of the DSB and resolve over the
course of several hours. Visualization of foci is typically
performed by indirect immunofluorescence or in real-time
by tracking focus formation of fluorescent-tagged DSB
repair proteins in living cells. Although these techniques
have been powerful, there are limitations, including the
fact that a large number of repair proteins, such as
DNA–PKcs and Ku70/80, bind to DSBs in low numbers
and thus their recruitment to the DSB is not easily dis-
cernible in fluorescence microscopy images over a back-
ground of freely moving protein. For this reason, the
standard method of visualizing the recruitment of these
repair proteins at DNA damage sites has been to induce
damage by focused laser irradiation (8,20,22,23). The high
density of damage sites created this way results in localized
fluorescent hot spots that are visible over the fluorescent
background of mobile protein moving through the same
space in the nucleus (8). In addition, quantitative aspects
of binding to damage sites have been obtained by
Fluorescence Recovery After Photobleaching (FRAP)
applied onto a laser damage hot spot (8,24). However,
laser-induced DNA lesions are not well characterized
and therefore, the response of DNA repair proteins on
laser irradiation may not reflect their response on IR. It
is, therefore, of interest to study DNA repair kinetics

under conditions that resemble more closely cancer treat-
ment, such as by g-irradiation or chemotherapy.

In this work, we present the application of two quanti-
tative microscopy methods known as Number and
Brightness (N&B) analysis (25,26) and Raster-scan
Image Correlation Spectroscopy (RICS) (27,28) as
means to address this challenge and quantify the real-
time DNA repair protein kinetics after sparse damage in
living cells. N&B analysis quantifies the number of mol-
ecules per image pixel, effectively the concentration, and
the fluorescence brightness per molecule for the mobile
population fraction of a molecule (26). On the other
hand, RICS quantifies the molecular concentration and
apparent diffusion coefficients (Deff) of fluorescently
tagged molecules within user-selected subcellular regions
of interest (27). The N&B and RICS methods are rela-
tively recent extensions of the Fluorescence Correlation
Spectroscopy (FCS) technique that can quantify the Deff,
binding kinetics, photo-physics and concentration of
fluorescently tagged molecules (25–28). FCS has been pre-
viously applied to study nuclear protein interactions with
DNA in vitro (29,30) and in living cells (31) but has not
been applied to the quantification of DNA repair kinetics
to date. Following DSBs induced by either g-irradiation or
bleomycin, N&B analysis was used to quantify relative
changes in the mobile fraction of fluorescently tagged
Ku70/80 and DNA–PKcs and RICS to quantify changes
in the apparent Deffs of these two repair proteins. Changes
in the protein mobile fraction and apparent Deffs were
used as surrogate measurements of repair status. We
also present control experiments verifying that the
expected changes in kinetics are observed when DSB
repair is inhibited. To our knowledge, we present the
first application of N&B and RICS to the quantification
of DNA repair kinetics after sparse damage, although
RICS has been suggested as a means of identifying the
presence of DNA damage after UV light exposure (32).

MATERIALS AND METHODS

Cell culture, c-irradiation and bleomycin treatment

CHO V3 (DNA-PKcs null) cells stably expressing YFP-
DNA-PKcs or its 7A phosphorylation mutant (8) and
CHO Xrs6 (Ku80 null) cells stably expressing GFP-
Ku80 (33) were maintained in Dulbecco’s modified
Eagle’s Medium (Invitrogen, Carlsbad, CA, USA) supple-
mented with 10% penicillin, 10% fetal bovine serum
(Invitrogen, Carlsbad, CA, USA) and 250 mg/ml of G418
(Invitrogen, Carlsbad, CA, USA). Cells were grown in 35-
mm glass-bottom dishes (Mattek Cultureware, Ashland,
MA, USA) and were maintained in a humidified 5% CO2

incubator at 37�C. Measurements were taken two days
following cell splitting at a confluency of near 100%.
During the measurements, cells were maintained in a
CO2-independent medium (Invitrogen, Carlsbad, CA,
USA) at 37�C. Cells were exposed to g-rays using a
137Cs irradiator (Mark 1 irradiator, JL Shepherd &
Associates, San Fernando, CA, USA) at doses of 1–10
Gy inside the 35-mm dishes, including the microscope
stage dish holder, so as to identify the same cells
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post-irradiation more easily. DSB repair in GFP-Ku80
cells was inhibited by incubation with 20 mM
Wortmannin (Sigma-Aldrich Corp., St. Louis, MO,
USA) for 45min after which the cells were washed and
the media replaced. For the radiomimetic chemical treat-
ments, 25 mg/ml or 100 mg/ml of bleomycin (Sigma-Aldrich
Corp., St. Louis, MO, USA) was mixed into the CO2-in-
dependent media for 3min and subsequently washed from
the surfactant and replaced with fresh media.

Confocal imaging

Fluorescence images were acquired using an LSM 510
META confocal microscope (Carl Zeiss, Jena,
Germany). A 63� oil immersion Plan-Apochromat ob-
jective lens with a numerical aperture of 1.4 was used
for all experiments. For the Xrs6 cells expressing GFP-
Ku80, images were obtained using a 488-nm Argon
laser. A dichroic mirror (HFT 488/543) was used to
route laser excitation power onto the sample in an epi-
fluorescence geometry. To exclude any excitation light
leakage, a band pass filter (BA 505–530 IR) was used
before a photomultiplier tube detector. For V3 cells ex-
pressing YFP-DNA-PKcs cells, a 514-nm argon laser was
used. Detection of fluorescence was performed through a
dichroic mirror (HFT 488/514) and a band pass filter (BA
530–600 IR) in front of the photomultiplier tube detector.
For U2OS cells expressing YFP-53BP1, the same data
acquisition settings were used as for YFP-DNA-PKcs.
The relative intensity changes of foci with time were
measured in 12-bit images by drawing a 2-mm diameter
circular region of interest (ROI) around each focus.

N&B analysis

N&B analysis is based on the detection of time-series fluor-
escence signals as an image is raster-scanned to deduce in-
formation about the effective molecular concentration and
the agglomeration status of fluorescently tagged proteins
(25,34,35). In any given pixel obtained from the raster scan
image, the fluorescence signal variance (�2) and average
intensity (<k>), the background-corrected number of
fluorescent molecules (n) and molecular brightness (e) are
given by the following equations (25,34):

n ¼
<k>2

�2� <k>
ð1Þ

e ¼
�2� <k>

<k>
ð2Þ

Confocal images for N&B analysis were acquired fol-
lowing previously published image acquisition parameters
(26) with the aforementioned LSM 510 META micro-
scope and ConfoCor3 attachment. The scan speed was
set to 12.79 ms/pixel, corresponding to 1.38 s/frame, with
each frame being 256� 256 pixels (0.2 mm pixel size). A
stack of 50 images was acquired for each measurement.
Control experiments were performed to verify that N&B
analysis could recover a known concentration of fluores-
cent bead solutions and verify that these were nearly
monomeric after sonication. Green fluorescent beads of
25-nm diameter (Duke Scientific, Palo Alto, CA) at

different dilutions from a stock solution of known concen-
tration, placed in Lab-Tek chambered borosilicate
coverglass wells (Nalge Nunc International, Rochester,
NY), were used for these control experiments. An
example of the images generated during the sequence of
N&B analysis steps is shown in Figure 1A–C. Briefly, the
mean intensity (Figure 1A) and variance images were used
to obtain the values of n and e (Figure 1B) as calculated by
Equations 1 and 2, respectively. Mean values for these two
parameters were then calculated by averaging results over
a user-selected ROI. The histogram of brightness versus
intensity values within the selected ROI was also plotted
(Figure 1C) to check the uniformity of the molecular
brightness distribution. The latter was indeed found to
be rather uniform as evidenced from a single dominant
cluster in that figure. Little molecular aggregation was
present as indicated by a weak second cluster at higher
intensity values taking �11% of the total histogram
weight. Also, brightness values in Figure 1C were predom-
inantly >1, which validated the presence of a mobile
population fraction (26). For U2OS cells expressing
YFP-53BP1, N&B analysis data acquisition used the
same parameters as for YFP-DNA-PKcs. Multiple ROIs
in-between YFP-53BP1 foci, each 16� 16 pixels in size,
were used to determine relative changes in the mobile
fraction.

Calculation of relative changes in the protein mobile
fraction after DNA damage by combining N&B
analysis with Strip-FRAP

The mobile protein fraction estimates obtained from N&B
analysis could be contaminated and even overwhelmed by
contributions from the immobile fraction if the latter was
large. Therefore, a strategy was devised to minimize the
immobile fraction contributions to the total signal by (i)
pre-bleaching the cells and (ii) estimating the remaining
immobile fraction with Strip-FRAP, so that its contribu-
tion could be applied as a correction to the N&B analysis
estimates of the mobile fraction. These steps are outlined
in the following paragraphs.
First, the immobile fraction of the fluorescently tagged

proteins was pre-bleached by taking 50 images using the
same parameters as the ones used for all measurements.
For the case of g-irradiation, a stack of 50 images was
subsequently acquired just before exposure and at 5, 10,
15, 20, 30, 40 and 60min post-irradiation. Ten cells were
used for each time point with results being averaged from
several experiments. For V3 cells, the kinetics of YFP-
DNA-PKcs were quantified for 1, 5 and 7 Gy. For Xrs6
cells, the kinetics of GFP-Ku80 were quantified for 1, 5
and 10 Gy. The images acquired under these conditions
were processed by N&B analysis using commercially avail-
able software (Globals, Laboratory for Fluorescence
Dynamics, Irvine, CA). During data analysis, the photo-
bleaching and cell movement effects were removed using a
high-pass filter as described previously (34,36).
Even though pre-bleaching reduced significantly the

contributions from the immobile fraction, it did not elim-
inate them completely. The residual immobile fraction
could affect the number of molecules per pixel estimated
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Figure 1. Pictorial description of the N&B analysis and RICS methods. (A) Relative fluorescence intensity (scale 0–1) image of Xrs6 cells expressing
GFP-Ku80. The inset (arrow) indicates a typical user-selected ROI, the time series intensity data of which is processed by Equation 1 to determine
the molecular number (n). (B) The molecular brightness (e) map, obtained after processing the image in (A) with Equation 2, indicating an even
distribution of molecular brightness throughout the nucleus despite differences in protein concentration between cells as seen in (A). These brightness
values [B (scale 0–2)] can be converted to photon counts per molecule per second by calculating (B� 1)/(pixel dwell time). (C) The 2D histogram of
(B) versus intensity for the ROI shown in (A) and (B). The spread of the points indicates pixel variance, which shows a predominantly unimodal
distribution. (D) Confocal image of a V3 cell expressing YFP-DNA-PKcs with the inset showing a region of the nucleus selected for RICS
measurement. (E) Snapshot of the time-averaged fluorescence intensity image of the selected ROI on which RICS analysis was then to be
applied (relative intensity scale 0–1). (F) Image of the 2D RICS data (256� 256 pixels) obtained after applying Equation 5. (G) Fitting of the
2D RICS data (64� 64 pixels) obtained from inset in (F) using Equation 6 (top, the fit residuals). (H) Simultaneous plot of 1D cross-sections of the
2D RICS data along the x and y directions along with corresponding fit data (bottom, the fit residuals). The data extend for 32 pixels along each
direction as indicated by the white square in (F).
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from Equation 1, and a correction had to be applied to
arrive at the true number of mobile molecules per pixel
(nmobile) (35):

nmobile ¼ n 1+Rð Þ+Iimmobileð1+RÞ=e ð3Þ

where R was the ratio between the intensity of immobile
(Iimmobile) molecules to that of the mobile molecules per
pixel. Iimmobile was calculated by multiplying image pixel
intensity by the immobile fraction. The R value was
calculated from strip-FRAP analysis as the ratio of
immobile to mobile fraction after fluorescence recovery
reached a plateau after photobleaching, as explained
below.

Strip-FRAP (7,37) measurements were performed on
fresh cells, i.e. not the same cells used for the N&B meas-
urements but from the same cell population that was ini-
tially split, and R was deduced as the average value from
10 cells measured for each cell line. Specifically, a strip of
80� 10 pixels (24) (0.1 mm pixel size) in the nucleus was
selected from a 128� 128 pixel (13� 13 mm) image and
photobleached for 0.58 s using the 488 nm line of the
Argon/2-laser at a power of �0.55mW at the focal spot
for GFP-Ku80 cells and the 514 nm line from the same
laser at �0.42mW for YFP-DNA-PKcs cells. For GFP-
Ku80, the pre-bleach and post-bleach fluorescence within
the strip were measured by taking continuous confocal
images, from 5 s pre-bleach to 20 s post-bleach in 20-ms
time intervals. All other Strip-FRAP image acquisition
settings on the LSM META 510 microscope for the two
cell lines were identical to those used for confocal imaging,
as described earlier.

Once the R value was known, the value for nmobile was
computed using Equation 3. It is important to note that in
this work cells were selected to have a fluorescently tagged
protein concentration in the 50–500 nM range that corres-
ponded to only a small variation in R values, namely,
2.15% for GFP-Ku80 and 2.69% for YFP-DNA-PKcs.
The relative constancy in R values for these experimental
conditions enabled applying a population-based correc-
tion to nmobile without having to do Strip-FRAP on each
cell for which N&B measurements were performed. An
additional correction to this parameter value was then
performed due to a dose-dependent low-level fluorescence
loss after irradiation. This fluorescence loss was measured
on 10 cells per dose at 4 h post-irradiation where repair for
most cells is known to be largely complete by that time
point (11). No measurements were performed at prior time
points for these cells to avoid any further loss of fluores-
cence owing to photobleaching from repeated N&B
analysis measurements. This loss factor was then sub-
tracted from nmobile in Equation 3 given earlier to yield a
corrected value for this variable.

Finally, the normalized difference between the number
of mobile molecules per pixel before and after irradiation
was used to calculate the relative change in the mobile
fraction of molecules per pixel at each time point post-
irradiation, as shown in Equation 4:

nr ¼
ðnmobilei � nmobileo Þ

nmobileo

ð4Þ

where nr was the relative mobile fraction change, nmobileo
the number of mobile molecules per pixel before irradi-
ation and nmobilei the number of mobile molecules per pixel
at a particular time post-irradiation. The change in mobile
fraction for GFP-Ku80 and YFP-DNA-PKcs as a
function of time post-irradiation is the quantity that we
have quantified in this work as a surrogate measure of
DNA repair status in the cell lines expressing these two
proteins.
Similar to the g-irradiation experiments, the same ex-

perimental procedures were also used to quantify the
relative change in mobile fraction for GFP-Ku80 and
YFP-DNA-PKcs at 5, 10, 15, 20, 30, 40 and 60min post
bleomycin treatment.

RICS

Spatiotemporal correlation images of RICS data were
calculated with the Globals software package
(Laboratory for Fluorescence Dynamics, Irvine, CA)
that uses the following formula (27,28):

GRICSð�, Þ ¼
Iðx,yÞIðx+�,y+ Þ

Iðx,yÞ2
ð5Þ

where the angled brackets indicate spatial averaging in
both x and y directions, and where � and  are the
spatial increments in the x and y directions, respectively
(27,34). Each � and  increment value was 0.04mm, and x
and y values were 0–255. The data obtained from this
correlation image were then fitted to the following
equation (27,28):

G �, ð Þ ¼ GD �, ð Þ�GSð�, Þ ð6Þ

Equation 6 is the product of two components, one due
to correlation between neighbouring pixel intensity values
from particle diffusion, GD (Equation 7), and one due to
the reduction in correlation amplitude, relative to point
measurements, as a result of the beam raster scanning,
GS (Equation 8), with �p and �l being the pixel dwell
times in x and y, respectively (27,28,38):

GD �, ð Þ ¼ �=N 1+
4Dð�p�+�l Þ

!2
0

� ��1
1+

4Dð�p�+�l Þ

!2
z

� ��1=2

ð7Þ

GS �, ð Þ ¼ exp �

�r
!0

� �2
�2+ 2
� �

1+
4Dð�p�+�l Þ

!2
0

0
B@

1
CA ð8Þ

In these equations, D is the molecular Deff, �= 0.35 is a
factor that accounts for the volume contrast in the
assumed 3D Gaussian profile of the confocal volume
(28), with !o=0.30mm and !z= 1.5mm being the 1/e2

radii of this confocal volume in the radial and axial direc-
tions, respectively. N is the average number of molecules
in the confocal volume given by N=CVeff, where C is the
concentration and the effective confocal volume
Veff=�3/2 !z!

2
0 (39).

For the RICS experiments, stacks of images were
acquired using the LSM 510 META microscope and
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ConfoCor3 attachment, similar to that described for the
N&B analysis earlier in the text. In contrast to N&B
analysis, the selection of pixel size and scan speed is
critical to measuring correctly the Deff of a protein,
which depends on its molecular weight (27,34). In this
work, a 256� 256 pixel area was used with pixel dwell
times of 6.39ms and 12.79 ms for GFP-Ku80 and YFP-
DNA-PKcs, respectively. The pixel size, which was
controlled by the electronic zoom, was set to 0.04mm.
This combination of spatiotemporal sampling settings
resulted in frame rates of 0.98 s and 1.96 s for GFP-
Ku80 and YFP-DNA-PKcs, respectively.
A visual example of how the RICS data were processed

is shown in Figure 1D–H. For each cell to be measured, it
was first checked that a square ROI of �10 mm per side
(256 pixels in 0.04mm steps) could fit into the cell nucleus
(Figure 1D). This was the minimum ROI size found to
produce good quality RICS curves and subsequent
model fits for our system. A stack of images was then
acquired over this ROI with the microscope settings
described earlier (30–50 images acquired, corresponding
to measurement times of 59–98 s per time point). The
fluorescence intensity fluctuations acquired over this
ROI (time-averaged intensity image shown in Figure 1E)
were background-corrected and used to compute the 2D
spatial correlation function using Equation 5 (Figure 1F).
The background correction was performed to remove sta-
tionary or slow-moving objects and this entailed subtract-
ing the average value of all pixels in the field of view from
the fluorescence intensity value of each pixel, as described
previously (40). Then the computed 2D autocorrelation
surface was fitted to the diffusion model of Equation 6
(Figure 1G). An example model fit along the x-axis and
y-axis cross-sections of the 2D autocorrelation curve is
shown in Figure 1H.

Statistical analysis

The statistical significance of any changes in the relative
mobile fraction for GFP-Ku80 and YFP-DNA-PKcs after
different g-irradiation and bleomycin doses, across the
ensemble of time-points where measurements were per-
formed, was tested by linear mixed model analysis (41)
to take into account the possible correlation structure
between repeated measures. Specifically, the F-test
[F(n,N); n=degrees of freedom; N=data points]
compared all pair-wise combinations of data in time for
different doses and adjusted the P-value yielding signifi-
cance depending on the number of degrees of freedom and
data points in each set of experiments. The data for each
separate experimental condition as a function of time
post-treatment were fitted to smooth curves (log normal
distribution with four fitting parameters) in Sigma Plot
(Systat Software, Inc., Chicago, IL, USA) to guide
visual interpretation of results.
It is also important to note that for both g-irradiation

and bleomycin treatments, �30% of cells did not show
any detectable kinetics for GFP-Ku80 or YFP-DNA-
PKcs. Measurements for these cells were not included in
any subsequent analyses.

RESULTS AND DISCUSSION

N&B analysis and RICS enabled repeat measurements of
DNA repair protein kinetics on the same cell while also
giving consistent results with standard kinetics
quantification methods

The standard method for studying the real-time DNA
repair protein kinetics at DSBs in living cells has been
the use of laser micro-irradiation combined with time-
lapse fluorescence microscopy. The laser micro-irradiation
allows one to follow the time-dependent intensity changes
of a readily visible hot spot of fluorescently tagged
proteins as they accumulate and subsequently dissociate
from the focused DNA damage area (8). In this work, we
aimed to find a quantitative microscopy method that
would enable monitoring the kinetics of these repair
proteins following sparse DNA damage, including
damage that is produced via ionizing radiation and
radiomimetic agents. We first attempted to measure
DNA repair protein kinetics by the FCS method, which
has been previously used to quantify protein–DNA inter-
actions in the cell nucleus (33). The practical challenge of
this work with respect to prior studies was that quantifi-
cation of kinetics over time post DNA damage requires
repeated measurements on the same cell. Unfortunately,
we found that these repeated measurements resulted in
significant photobleaching when the FCS technique was
used due to the presence of a low mobility protein fraction
(Supplementary Figure S1A–E). On the other hand, we
found that use of the N&B analysis and RICS techniques,
where the focal volume was repeatedly scanned over a
wider user-selected area of the cell nucleus, resulted in
significantly less photobleaching after repeat measure-
ments (Supplementary Figure S1F–J) (26,27). Our
findings were supported by the constancy of molecular
brightness values (Equation 2) with time for both types
of repair proteins studied in this work (Supplementary
Figure S2A and B).

Furthermore, we verified that N&B analysis results were
consistent with the ones found from g-irradiation of
U2OS cells expressing YFP-53BP1, a protein that forms
visible DNA damage foci (42). The time-dependent
decrease in fluorescence intensity of these foci as a
function of time after irradiation mirrored the increase
in mobile protein fraction at the corresponding time
points (Supplementary Figure S3). N&B analysis was
possible in these cells because the field of view size was
chosen to be small enough to fit between foci. Otherwise,
the very high intensity of the foci would have over-
shadowed the fluorescence fluctuation signal of the
mobile fraction on which N&B analysis is based.
Unfortunately, it was not possible to also perform RICS
measurements in YFP-53BP1 expressing cells after irradi-
ation because the field of view size requirement for this
method meant that foci could not be avoided.
Nevertheless, before performing measurements in living
cells, it was verified by using measurements in fluorescent
bead solutions (described in Methods) that FCS, N&B
analysis and RICS could all measure the same bead con-
centration, and FCS and RICS could measure the same
Deff to within a few percentage. Furthermore, the baseline
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Deff value of 1.42� 10�11m2/s that was previously
determined by FCS for GFP-Ku80 (33) was also found
to be within a few percentage of the value obtained here by
RICS.

Quantification of GFP-Ku80 kinetics after c-irradiation

Previous studies showed that fluorescent-tagged Ku80
quickly localizes to laser-generated DSBs where it serves
as a sensor of the DNA damage and subsequently recruits
the other NHEJ factors to the DSB (7,8,43). However,
observing the ability of the Ku heterodimer to localize
to g-irradiation-induced DSBs in living cells has been un-
successful (data not shown) (44). Therefore, it was tested if
N&B analysis could be used to calculate the change in the
mobile protein fraction of GFP-tagged Ku80 expressed in
the Ku80 deficient cell line Xrs6 following irradiation and
correlate this mobility as a surrogate measurement for
monitoring the kinetics of Ku80 at DSBs and the
progress of DNA repair. For each cell measurement,
changes in the mobile fraction concentration, nmobile, as
a function of time post-irradiation were quantified by
N&B analysis as described in the Methods and in
Figure 1A–C. The computation of nmobile included the
immobile fraction correction for these cells, as measured
by Strip-FRAP, which was found to be �12% irrespective
of time before and after g-irradiation (Supplementary
Figure S4A), or of the dose used (Supplementary Figure
S4B). The nmobile value was further corrected for the radi-
ation-induced fluorescent loss, as described in the
Methods, which however was only a few percentage of
the pre-irradiation GFP-Ku80 fluorescence intensity.
Once all corrections to nmobile were completed, the
change in mobile fraction was normalized to the mobile
fraction of the pre-irradiation time point, i.e. nr was
computed using Equation 4, so as to compensate for dif-
ferences in protein expression levels between cells and thus
be able to pool results from multiple cells. The change in
relative mobile fraction, nr, of GFP-Ku80 in Xrs6 cell
nuclei is shown as a function of time post-irradiation
using doses of 1, 5 and 10 Gy (Figure 2A). The resulting
curves showed a continuous decrease in the protein mobile
fraction that had changed mobility relative to pre-irradi-
ation levels, reaching �60% of the early peak value at 1 h
post-irradiation. Results in Figure 2A were normalized to
unity at the time point with the maximum detected value,
which was �5min post-damage, i.e. at the shortest time
possible for locating and measuring the same cells post-
irradiation. The normalization to the first measurement
time point was used to demonstrate the g-ray dose inde-
pendence of GFP-Ku80 kinetics, which was proven by
linear mixed model analysis (41). Specifically, the F-test
comparing all pair-wise combinations of curves for differ-
ent doses was not significant [F(2.24)=0.089, P=0.956].
Furthermore, the relative change in the mobile fraction
produced similar shaped curves at the different doses of
IR (Figure 2A), but the higher doses produced larger frac-
tional changes in mobile protein concentration, which
correlated with increasing g-irradiation doses (Figure
2B). These data illustrate that as the dose of IR goes up,
so do the number of DSBs that are produced and a larger

number of GFP-tagged Ku80 molecules mobilize. These
results are qualitatively similar to the association/dissoci-
ation kinetics of Ku70/80 hot spots created by laser micro-
irradiation (7,45). However, it should be noted that DNA
laser-generated damage is very concentrated and may

Figure 2. Quantification of GFP-Ku80 kinetics by N&B analysis and
RICS. (A) Change in GFP-Ku80 relative mobile fraction as a function
of time inside the nucleus of Xrs6 cells that were irradiated at different
doses (1 Gy: diamonds, 5 Gy: squares, 10 Gy: circles). The error bars
represent the standard error to the mean calculated from 10 different
cells. Smooth curve fits to the data points for each dose (1 Gy: dashes,
5 Gy: dots, 10 Gy: solid) are also shown. (B) As in (A), but without
normalizing data to the �5min peak so as to illustrate the dose de-
pendence. (C) Variation of Deff for GFP-Ku80 in Xrs6 cells; the
average value was 14.42±1.75mm2/s before 1 Gy of g-irradiation,
4.02±0.57mm2/s at 10min, 8.77±3.68 mm2/s at 1 h and
10.36±3.88 mm2/s at 2 h post-irradiation.
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produce lesions that are more complicated than those
created by g-ray damage (46). Therefore, although the
laser-generated kinetics for DNA-PKcs (8) and Ku70/80
(7) are similar to those found in this work for IR, these
kinetics may not be strictly comparable.
In addition to N&B analysis, the RICS method (27,28)

was also applied as an alternate approach to monitoring
DNA repair kinetics after g-irradiation. In RICS, the
change in Deff of the fluorescently tagged repair protein
was used as a surrogate measure of repair status, with
complete repair being represented by a return of this
Deff to pre-irradiation values. For the case of GFP-
Ku80, the change in Deff was monitored at 10min, 1 h
and 2 h after 1 Gy of g-irradiation (Figure 2C). At
10min post-irradiation, all cells showed low Deff values
with little variation (4.02±0.57mm2/s) compared with
pre-irradiation values (14.42±1.75 mm2/s). However,
with increasing time post-damage, it was seen that some
cells repair faster than others, as evidenced by the
increasing spread in Deff values at 1 h (8.77±3.68mm2/s)
versus at 2 h (10.36±3.88 mm2/s). As g-irradiation
produces mixed DNA damage, the slower repairing cells
may be those with more complex damage (47–50).
Furthermore, part of this variation could be due to differ-
ences in where the damage was produced, as it has been
shown that damage produced in the euchromatin is
repaired faster than damage produced in the heterochro-
matin (51). A linear mixed model with repeated measure-
ments performing all the possible pair-wise combinations
of Deff values at different time points indicated significant
differences between some periods [F(3.27)=188.92,
P< 0.0001]. Specifically, the Deff value changes for the
10-min [F(3.27)=23.70, P< 0.0001], 1 h [F(3.27)=8.98,
P< 0.0001] and 2 h [F(3.27)=8.91, P< 0.0001] time
points, relative to pre-irradiation, were all significant.
In summary, we have found that both N&B analysis

and RICS can be used to quantify changes in GFP–
Ku80 kinetics as a function of time after sparse DNA
damage is induced by different doses of g-irradiation.
The quantification of DNA repair protein kinetics by
these scanning correlation spectroscopy methods is a
novel concept that enables deriving surrogate measures
of sparse DNA damage repair. In contrast, the current
standard methods cannot quantify sparse damage
kinetics and depend on visualizing intensity changes in
areas of focused DNA damage created by laser micro-ir-
radiation (45). The fact that the N&B analysis yielded
curves that were qualitatively similar to those reported
for laser-induced damage hot spots (7) supported the
notion that changes in the GFP-Ku80 mobile fraction
with time post-irradiation can serve as surrogate
markers of the localization and subsequent dissociation
of this protein from DSBs even though that was not
directly observable.

Quantification of YFP-DNA-PKcs repair kinetics after
c-irradiation

Similar to Ku70/80, determining the kinetics of DNA–
PKcs following g-irradiation in living cells has been un-
successful (data not shown) (44,52). Therefore, we were

also motivated to apply our methods to this protein to
compare and contrast its kinetics following sparse DNA
damage. First, N&B analysis was performed to quantify
kinetics YFP-DNA-PKcs in V3 cells after g-irradiation at
experimental conditions similar to the ones described
earlier for GFP-Ku80. The only difference was that the
highest dose used was 7 Gy and not 10 Gy. This was
necessitated by the increased sensitivity of the YFP-
tagged protein to the loss of fluorescence after g-irradi-
ation, compared with that of the GFP-tagged Ku80,
which amounted to �33% for 1 Gy, 42% for 5 Gy and
50% for 7 Gy. Despite these dose-dependent fluorescence
losses, there was enough fluorescence signal post-irradi-
ation to enable quantification of repair kinetics once this
loss factor was compensated for in Equation 4, as was
done for GFP-Ku80 earlier. Comparison of Figure 3A
with that of Figure 2A indicates a steeper initial descend-
ing slope for the change in the YFP-DNA-PKcs mobile
fraction in the first 30min post-irradiation, which suggests
faster disengagement of this protein compared with GFP-
Ku80. Also, the fact that all peak-normalized kinetics
curves are similar in Figure 3A for all doses used
suggests a dose independence for the YFP-DNA-PKcs
kinetics similar to what was observed with GFP-Ku80
(Figure 2A). A linear mixed model with repeated meas-
urements verified that the differences in relative mobile
fraction change with dose were not significant
[F(2,24)=0.051, P=0.950]. Dose independence
indicated the similarity in shape for the different dose
curves in Figure 3A, although there were larger fractional
changes in mobile protein concentration with increasing
g-irradiation doses as shown in Figure 3B, which were
similar to those observed with Ku80 (Figure 2B).

In addition, RICS measurements were performed
for YFP-DNA-PKcs in V3 cells for a dose of 1 Gy.
Figure 3C shows that Deff values progressively returned
towards pre-irradiation levels, with mean values
decreasing to 3.35±0.99 mm2/s at 15min post-irradiation
compared with the higher pre-irradiation values
(6.17±0.49 mm2/s). The mean Deff values at the 1 h and
2 h time points were 4.80 ±1.09 mm2/s and 5.39
±1.23 mm2/s, respectively, and had a wider spread with
respect to pre-irradiation values, reflecting ongoing
repair. Interestingly, the spread of Deff values seen at
15min post-irradiation in Figure 3C for YFP-DNA-
PKcs was higher compared with the corresponding
spread of Deff values at 15min for GFP-Ku80 seen in
Figure 2C. This observation is qualitatively consistent
with the steeper descending slope for the change in
mobile fraction within the first 30min post-irradiation
seen in Figure 3A, compared with Figure 2A, which indi-
cates faster kinetics for YFP-DNA-PKcs at this initial
period. These observations are consistent with the
known notion that Ku70/80 is the first molecule to
arrive at a DSB, binds tightly onto it and is necessary
for the subsequent recruitment of DNA-PKcs at the
damage site (8). A linear mixed model with repeated
measures was fitted to the YFP-DNA-PKcs diffusion
data after g-irradiation to ascertain whether there was
any difference between mean diffusion at different times.
The F-test indicated that there are significant differences
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between Deff value means between some periods
[F(3.27)=33.34, P< 0.0001]. Specifically, the Deff value
changes for the 10-min [F(3.27)=10.65, P< 0.0001], 1-h
[F(3.27)=14.68, P< 0.0001] and 2-h [F(3.27)=14.54,
P< 0.0001] time points, relative to pre-irradiation, were
all significant.
Overall, the application of N&B analysis and RICS to

the quantification of YFP-DNA-PKcs in addition to
GFP-Ku80 supported the notion that these methods
could be applied to quantify the kinetics of other DNA
repair proteins after sparse DNA damage and could also
be used for exploring differences in kinetics between
proteins that are known to be part of the same repair
pathway.

Quantification of dose-dependent changes in the mobile
fraction of repair proteins

The relative changes in mobile protein fraction at �5min
post-irradiation, where the maximum change was seen
relative to pre-irradiation for the time points measured
in this work for GFP-Ku80 (Figure 2B) and YFP-DNA-
PKcs (Figure 3B), were examined as a function of dose
(Figure 4). It is clear from these data that there was a
strong linear dependence with dose for both proteins.
Furthermore, the slopes of these two lines were compar-
able. By multiplying the slopes of these lines with the
estimated number of proteins per nucleus, which was
obtained by multiplying number densities with an ap-
proximate nuclear volume of �600mm3, and dividing by
an estimated �30 DSBs per Gy (53,54), resulted in an
estimated �300 molecules changing mobility per DSB
for both proteins. The fact that many proteins change
mobility is the key factor that enables the N&B analysis
and RICS to detect sparse damage repair kinetics.
Interestingly, although it is known that only two Ku
heterodimer molecules bind per DSB (55), and indirect
evidence exists for the same for DNA-PKcs (8,56), our
data suggest that many more molecules are mobilized in
response to DNA damage.

Quantification of DNA repair protein kinetics under
repair-inhibiting conditions

As the application of N&B analysis to the quantification
of repair protein kinetics after sparse DNA damage is
novel, it was important to verify that the kinetics of
DNA repair proteins changed and did not return as
rapidly to pre-irradiation levels when their ability to
affect DSB repair was inhibited. Control experiments
were performed to validate the expected reduction in
mobile fraction change as a function of time post-irradi-
ation under inhibited repair conditions for GFP-Ku80 and
YFP-DNA-PKcs. Specifically, the kinetics of GFP-Ku80
were quantified after exposure to Wortmannin, a covalent
inhibitor of phosphoinositide 3-kinases known to inhibit
the activity of DNA–PKcs and thus NHEJ-mediated DSB
repair (7). As shown in Figure 5A, treatment of Xrs6 cells
expressing GFP-tagged Ku80 with Wortmannin resulted
in a significant increase in the mobile fraction. This result
is similar to a previous study, which showed that dissoci-
ation of GFP-tagged Ku80 from DSBs was attenuated

Figure 3. Quantification of YFP-DNA-PKcs kinetics by N&B analysis
and RICS. (A) Change in YFP-DNA-PKcs relative mobile fraction as a
function of time post-irradiation for V3 cells irradiated at different
doses (1 Gy: diamonds, 5 Gy: triangles, 7 Gy: circles). The error bars
represent the standard error to the mean calculated from 10 different
cells. Smooth curve fits to the data points for each dose (1 Gy: dashes,
5 Gy: dots, 10 Gy: solid) are also shown. (B) As in (A), but without
normalizing data to �5min peak so as to illustrate the dose depend-
ence. (C) Variation of Deff for YFP-DNA-PKcs in V3 cells; the average
value was 6.17±0.49mm2/s before 1 Gy of g-irradiation,
3.35±1.08 mm2/s at 10min, 4.80±1.09mm2/s at 1 h and
5.39±1.23 mm2/s at 2 h post-irradiation.
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when cells were treated with Wortmannin (7). The kinetics
of YFP-tagged DNA-PKcs in which phosphorylation at
the threonine 2609 cluster and serine 2056 (7A) was
ablated also resulted in significant increase in the mobile
fraction (Figure 5B). Similarly, 7A was previously shown
to be retained at DSBs following micro-irradiation, sug-
gesting phosphorylation at these seven sites is required for
the ability of DNA–PKcs to dissociate from DSBs (8).
Taken together, these results clearly show that N&B
analysis is a powerful method to observe the mobility of
DNA repair proteins in response to DNA damage and
that this mobility strongly correlates with the kinetics of
repair proteins binding and dissociating from DSBs.

Quantification of GFP-Ku and YFP-DNA-PKcs repair
kinetics after bleomycin treatment

In addition to IR, radiomimetic chemicals can also produce
sparse DNA damage. We were thus motivated to explore if
N&B analysis and RICS could also quantify repair protein
kinetics after exposure to a radiomimetic chemical. To that
end, the GFP-Ku80 and YFP-DNA-PKcs expressing cell
lines were exposed to bleomycin, which is known to
produce DSBs (57–59). Similar to following g-irradiation
(44) YFP-53BP1 formed foci after bleomycin treatment,
but the cells expressing GFP-Ku80 and YFP-DNA-PKcs
did not (Supplementary Figure S5). Figure 6A shows the
kinetics of GFP-Ku80 for two different bleomycin dose
treatments (25 and 100mg/ml). Although in absolute
terms there was a larger change in the mobile fraction of
GFP-Ku80 for the higher bleomycin dose, the data for both
doses were normalized to the first time point so that the
shape of the curves could be compared. Interestingly, the
lower of the two doses showed faster repair kinetics,
whereas the higher dose showed slower kinetics, as DNA
damage creation and chemical turnover persisted for
longer. The difference in repair kinetics with respect to g-
irradiation was that DNA damage continued to occur even
after the chemical was washed out of the cell media. This
was because some of the chemical was already inside the
cell and could not be removed by washing. As a result, the
kinetics observed for bleomycin represented a continuous
repair response to DNA damage that was ongoing,
although ever less so with increasing time post-washing as
the drug was turned over and excreted from the cell. Also in
Figure 6A, it is seen that error bars were larger compared
with the g-irradiation experiments (Figures 2A and 3A).
We surmise that this is because of the greater variability
in repair kinetics between cells as bleomycin uptake and
turnover was an additional variable that was not present
in the irradiation experiments where DNA damage
happened all at once. Similar observations were made for

Figure 5. Quantification of GFP-Ku80 and YFP-DNA-PKcs kinetics by N&B analysis under repair-inhibited conditions. (A) Change in GFP-Ku80
relative mobile fraction as a function of time post-irradiation for Xrs6 cells irradiated with 5 Gy (squares) and for the same cells irradiated with the
same dose after exposure to Wortmannin (triangles). The error bars represent the standard error to the mean calculated from 10 different cells. (B)
Change in relative mobile fraction of wild-type (WT) YFP-DNA-PKcs as a function of time post-irradiation for V3 cells irradiated with 1 Gy and
corresponding kinetics for the 7A-DNA-PKcs phosphorylation mutant for the same dose.

Figure 4. The change in repair protein mobile fraction is linearly de-
pendent with g-irradiation dose. The change in mobile fraction at the
�5min peak time post-irradiation is shown for YFP-DNA-PKcs
(squares) and GFP-Ku80 (diamonds) along with the corresponding
linear fits and R2 values. The error bars represent the standard error
to the mean calculated from 10 different cells.
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cells expressing YFP-DNA-PKcs, although the overall
kinetics were slower after exposure to the same doses of
bleomycin (Figure 6B).

RICS analysis presented patterns of time-dependent
changes in Deff values after bleomycin treatment
(100mg/ml) with a heterogeneous increase towards pre-
treatment values with time for both GFP-Ku80
(Figure 6C) and YFP-DNA-PKcs (Figure 6D), which is
similar to the results observed in the g-irradiation experi-
ments. Interestingly, a larger relative change in Deff was
seen compared with pre-treatment values at 10-min post-
treatment for GFP-Ku80 compared with YFP-DNA-PKcs,
similar to corresponding observations for the 10-min time
point in Figures 2B and 3B for g-irradiation. The spread in
Deff values at subsequent times after bleomycin treatment
was very wide, although YFP-DNA-PKcs seemed to return
to pre-treatment values faster than GFP-Ku80, similar to
what was observed for g-irradiation. The Deff value changes
for the 10-min time point, relative to pre-treatment, were
significant for both YFP-DNA-PKcs [F(3.27)=6.24,
P< 0.0001] and GFP-Ku80 [F(3.27)=17.09, P< 0.0001],
as were the pre-treatment value comparisons with respect to

1h [F(3.27)=2.79, P=0.0096; (F(3.27)=4.94,
P< 0.0001)] and 2h [(F(3.27)=1.16, P=0.2546);
(F(3.27)=3.02, P=0.0055)] for YFP-DNA-PKcs and
GFP-Ku80, respectively.
In conclusion, the above experiments showed that N&B

analysis and RICS could quantify DNA repair protein
kinetics after sparse damage was created not only by
g-irradiation but also by treatment with a radiomimetic
chemical. It was seen that there was a more heterogeneous
dose-dependent response with the latter, which was
possibly due to variations in the chemical’s uptake and
turnover between cells. Nevertheless, these types of meas-
urements provided indirect information about how long a
given dose of a radiomimetic chemical continued to
produce DNA damage in a given cell, which was not
possible to assess with prior methods.

Methodological limitations encountered during
quantification of DNA repair protein kinetics

As this work presents the use of new methods for the
quantification of DNA repair protein kinetics, it is

Figure 6. Quantification of GFP-ku80 and YFP-DNA-PKcs kinetics by N&B analysis and RICS after bleomycin treatment. (A) Change in GFP-
Ku80 relative mobile fraction as a function of time inside the nucleus of Xrs6 cells that were treated with different bleomycin doses (25 mg/ml: circles,
100mg/ml: triangles). (B) Change in YFP-DNA-PKcs relative mobile fraction as a function of time inside the nucleus of V3 cells that were treated
with different bleomycin doses (25 mg/ml: circles, 100mg/ml: triangles). The error bars in both top panels represent the standard error to the mean
calculated from 10 different cells. (C) Variation of Deff for GFP-Ku80 as a function of time after bleomycin treatment; the average value was
14.57±1.41mm2/s before treatment, 2.17±1.58mm2/s at 10min, 7.75±4.35 mm2/s at 1 h and 9.02±5.78mm2/s at 2 h post-treatment. (D) Variation
of Deff for YFP-DNA-PKcs as a function of time after bleomycin treatment; the average value was 6.13±1.19 mm2/s before bleomycin treatment,
3.13±0.78 mm2/s at 10min, 4.64±1.38mm2/s at 1 h and 5.41±1.71 mm2/s at 2 h post-treatment.
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important that some details of the method limitations are
discussed. For both N&B analysis and RICS measure-
ments, cells were selected to have a fluorescently tagged
protein concentration in the 50–500 nM range, as verified
by sample FCS measurements. Higher concentrations
produced very low amplitude RICS curves and very low
N&B analysis signals. The lower bound in this concentra-
tion range was set by the expression levels of the cells and
was well measurable by both techniques. It should be
noted that an additional correlation component due to
triplet state blinking (28) was not considered in this
analysis because it occurred at shorter time scales than
the protein kinetics measured and was dealt with by
removing the early correlation data, which was advanta-
geous to fitting stability over having the triplet lifetime as
an additional fitting component. It should also be men-
tioned that other existing RICS models including a second
diffusion component or binding (27), which involved a
higher number of fitting parameters, could not be sup-
ported by the data acquired in this work. RICS analysis
was therefore limited to single-component diffusion that
yielded only an effective Deff representing a population-
averaged value of the mobility of proteins in the nucleus.
A fraction of these proteins moved more slowly, with
this fraction reducing with time post-damage as DNA
repair progressed, while the remainder of repair proteins
diffused freely. As a result, the value of Deff was time-
dependent.
Importantly, the RICS data acquisition conditions

required a small pixel size to capture the Deff-dependent
spatiotemporal correlations of fluorescence. As a result,
the RICS pixel size (0.04 mm) was a lot smaller than the
radial beam waist (!o=0.30 mm) and the N&B analysis
pixel size (0.2 mm), which translated to longer RICS scan
times relative to N&B analysis for the same field of view
size. As longer scan times would make RICS measure-
ments more susceptible to cell movement, these spatiotem-
poral sampling constraints restricted the field of view size
to �7� 7 mm and 20� 20 mm, for GFP-Ku80 and YFP-
DNA-PKcs, respectively, which resulted in measuring
the Deff time course for only one cell nucleus at a time
(Figure 1E and F). This requirement made RICS experi-
ments much more time-consuming than N&B ones, which
are not as sensitive to pixel size and therefore enabled
having 3–4 cells in the field of view at the same time
(Figure 1A–D). However, the choice of larger pixel size
in N&B analysis for the sake of measuring more cells at
once came with a compromise: larger pixel sizes contained
larger numbers of molecules that in turn reduced the
variance amplitude of fluorescence fluctuations, which is
the basis of the N&B analysis signal (Equations 1 and 2).
Owing to this choice of pixel size for N&B analysis in this
work, the mobile fraction at time points beyond 1 h post-
irradiation started becoming comparable with photo-
bleaching-corrected pre-irradiation values and, as a
result, the change in mobile fraction was no longer detect-
able. Had the choice of pixel size been smaller, as was the
case for RICS, the N&B analysis could have also been
carried out to 2 h post-irradiation, but at the cost of
measuring only one cell at a time.

CONCLUSIONS

This work demonstrates that it is feasible to study the real-
time kinetics of different DNA repair proteins in living
cells after DSBs are induced by exposure to g-irradiation
or after exposure to the radiomimetic chemical bleomycin.
Specifically, the N&B analysis and RICS methods were
used in combination with Strip-FRAP, to quantify DSB-
induced changes in kinetics for two key NHEJ DNA
repair pathway proteins that were fluorescently tagged,
namely, GFP-Ku80 and YFP-DNA-PKcs, after DSBs
were induced by exposure to g-irradiation or after
exposure to the radiomimetic chemical bleomycin. To
our knowledge, this is the first time that the feasibility of
quantifying repair kinetics after g-irradiation or exposure
to a radiomimetic chemical was shown for proteins that do
not bind to DSBs in large numbers. The advantage of the
proposed approaches is that they can quantify sparse
DNA damage repair protein kinetics in the living cell in
response to IR and bleomycin treatment, thus avoiding
potential issues associated with repair of the more
complex laser-induced damage. They could also be used
in cases where laser-induced repair protein recruitment
does not work (46). Furthermore, there was a qualitative
resemblance between the IR-induced kinetics found
here with previous reports on laser-induced damage for
Ku70/80 and DNA–PKcs (7,8), On the other hand, con-
ventional methods cannot quantify the repair protein
kinetics for exposure to a radiomimetic chemical in vivo.
The results of this work suggest the possible applicability
of N&B and RICS analysis to the study of kinetics
for numerous other DNA repair and signalling proteins
after sparse DNA damage under conditions that resemble
more closely the radiation therapy or chemotherapy of
cancer.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online,
including [1–7].
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