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a b s t r a c t

Proteins required for translesion DNA synthesis localize in nuclear foci of cells with replication-blocking
lesions. The dynamics of this process were examined in human cells with fluorescence-based biophysical
techniques. Photobleaching recovery and raster image correlation spectroscopy experiments indicated
that involvement in the nuclear foci reduced the movement of RAD18 from diffusion-controlled to virtual
immobility. Examination of the mobility of REV1 indicated that it is similarly immobilized when it is
observed in nuclear foci. Reducing the level of RAD18 greatly reduced the focal accumulation of REV1 and
reduced UV mutagenesis to background frequencies. Fluorescence lifetime measurements indicated that
RAD18 and RAD6A or pol� only transferred resonance energy when these proteins colocalized in damage-
DNA polymerase eta
UV mutagenesis
F
R

induced nuclear foci, indicating a close physical association only within such foci. Our data support a model
in which RAD18 within damage-induced nuclear foci is immobilized and is required for recruitment of
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. Introduction

Most mutations induced by carcinogens occur when DNA con-
aining residual damage is replicated during S-phase of the cell
ycle. Such lesions perturb the structure of DNA and are likely
o block replicative DNA polymerase complexes. Knowledge of
undamental mechanisms involved in the replication of damaged
enomes, and of the factors that determine if this process will be
rror-free or error-prone, is likely to be useful in elucidating the
rigins of cancer and other human diseases. Originally examined in
udding yeast, Lawrence and Hinkle determined that replication-
locking lesions in the template strand can be bypassed by proteins

n the RAD6 DNA damage tolerance pathway [1]. Replication of
he damaged template is completed by translesion synthesis (TLS)

ith potentially mutagenic consequences, or by damage avoidance
echanisms mediated by recombination that are largely error-free

2]. These mechanisms are conserved but with additional layers
f complexity in higher eukaryotes [3,4]. The ubiquitin conjugat-
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subsequent mutagenesis. In the absence of damage these proteins are not
e nucleoplasm.

© 2008 Elsevier B.V. All rights reserved.

ng enzyme RAD6 and the associated ligase RAD18 are central to
his process. Mutants cannot bypass replication-blocking lesions
n the template and are sensitive to many DNA damaging agents.
roliferating cell nuclear antigen (PCNA) ubiquitinated at K164
y the RAD6/18 complex signals TLS [5] and further ubiquiti-
ation may signal damage avoidance, although the mechanisms

nvolved in the latter error-free process are poorly understood
3]. Data indicate that PCNA ubiquitinated at K164 has increased
ffinity for the Y-family polymerases, notably pol� and pol� [6,7].
wo other members of the Y-family, REV1 and pol�, also con-
ain novel ubiquitin-binding domains [7]. The ubiquitin-binding
omain of REV1 is required for functional interaction with PCNA
nd damage-induced mutagenesis [8], but the catalytic domain
f REV1 is dispensable [9]. The principal function of REV1 in TLS
s presumably structural since the protein interacts with other

family polymerases and with REV7 [10]. The latter protein is
subunit of the B-family polymerase � [11–13]. In addition to

he well-established requirement for RAD18 in the resolution of
locked DNA replication forks, RAD18 has been shown to form

uclear foci in synchronized cells irradiated in G1, G1/S, or G2
hases of the cell cycle [14]. The function of the protein under
hese circumstances is unknown, but may be related to a physical
nteraction of RAD18 with RPA coating single stranded regions of
NA [15].
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We examined the intranuclear dynamics of the DNA damage
esponse of a RAD18-eGFP fusion protein in living human cells
sing a variety of fluorescence dynamics techniques. The fusion
rotein accumulated in nuclear foci in a small percentage of cells
hat were undamaged, but the frequency of cells with nuclear foci
ncreased over 10-fold 4 h after UV-irradiation. The increase in the
ercentage of cells with nuclear foci was strictly dependent on S-
hase, since examination of synchronized cells indicated that this

ncrease only occurred in populations that were irradiated at the
eginning of S-phase. These foci exhibited a reduction in redistri-
ution after photobleaching, which was quantified by raster image
orrelation spectroscopy (RICS). Damage-induced focal immobi-
ization of REV1-eGFP was dependent on RAD18. Cells with reduced
evels of the latter protein formed foci with a greatly reduced fre-
uency and had slightly enhanced cytotoxic but greatly reduced
utagenic responses to UV. Fluorescence lifetime measurements

FLIM) indicated that RAD18 transferred Förster resonance energy
FRET) to RAD6A or to pol� only when the proteins colocalized
n damage-induced nuclear foci. This indicates that these proteins
re in close physical association only within such foci. These data
upport a model in which RAD18 is immobilized within damage-
nduced nuclear foci and is required for subsequent recruitment of
roteins required for TLS.

. Materials and methods

.1. Cells and cell culture

The primary fibroblast cell strain GM1604 (Coriell Institute) was originally
erived from human fetal lung tissue. The telomerase immortalized cells (NF1604)
16] were a generous gift of Dr. Lisa McDaniels (University of Texas Southwestern

edical Center, Dallas) under the terms of MTA 3025 between WGM and Geron
orporation. Cells were kept in exponential growth using published conditions [17].

.2. Construction of plasmids

The coding sequence of RAD18 was amplified by PCR using the DNA from plasmid
EGLha-hRAD18 [18]. EcoR1 and BamH1 restriction sites were added to the ends of
he open reading frame of RAD18. The DNA was ligated into the EGFP-N2 vector
Clontech), such that the fusion protein consists of RAD18 fused with eGFP at the
-terminus of RAD18 (RAD18-eGFP). A PCR product that encoded RAD18 was ligated

nto pcDNA3 (Invitrogen) in the antisense orientation, for knockdown studies.
For FLIM/FRET studies the coding region for RAD18 was cloned into pAmCyanC1

Clontech), which expresses CFP fused in-frame with the N-terminus of RAD18.
he coding sequences for RAD6A and pol� were obtained by reverse-transcription-
CR using total RNA extracted from primary human fibroblasts and cloned into
ZsYellow-C1 (Clontech). The latter fusion proteins have YFP fused to the N-terminus
f the protein of interest. A plasmid encoding full-length REV1 (base pairs 1-3753)
ith eGFP fused to the C-terminus of REV1 was constructed as described [19].

All plasmids were sequenced to verify that no mutations had been introduced
n the cloning process and that the coding regions were in frame.

.3. Plasmid transfection and cell synchronization

Electroporation of plasmids was done using the system from Amaxa Biosystems
Amaxa Inc., Gaithersburg, MD) with proprietary reagents and conditions provided
y the manufacturer, and as described previously [17,19]. Electroporation reduced
ell viability by approximately 10% as determined by clonogenic assays. Following
lectroporation, cells were cultured for 36 h in complete media to achieve plating
nd protein expression. Mimosine (0.5 mM final concentration, Sigma, USA) was
dded to the culture medium for 24 h under low serum conditions (0.1% FBS), after
he cells had attached. At this point, the medium was changed, omitting mimosine.
o determine the percentage of cells in G1-, S- or G2/M-phases of the cell cycle,
n aliquot of the cells was trypsinized immediately, 6 h or 12 h after the block was
emoved. These cells were fixed and stained with propidium iodide. The DNA content
as examined with flow cytometry.
.4. UV-induced cytotoxicity

Cells were plated at cloning density the day before irradiation on 10 cm dishes.
he UV source was a Spectroline germicidal lamp, and the flux was measured at
54 nm using a research radiometer fitted with a SED240 photodetector and a W
iffuser (International Light, Newburyport, MA, USA). Irradiation was performed as
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escribed [17]. The medium was changed 1 week after irradiation, and the cells were
tained with crystal violet after 2 weeks.

.5. Western blot

Cells were collected at ∼80% confluence from 15 cm cell culture dishes in lysis
olution (10 mM Tris pH 7.4, 1 mM EDTA, 0.1% SDS, and 180 �g/ml PMSF). The
olutions were centrifuged at 14,000 × g for 30 min at 4 ◦C. The supernatants were
ollected and the protein concentrations were determined. Ten micrograms (RAD18)
r 30 �g (PCNA) of whole cell extracts were electrophoresed on 12% SDS-PAGE gels.
ollowing transfer to PVDF filters, the blots were probed with 1:500 mouse anti-
AD18 (Imgenex, San Diego, CA, USA or Abcam, Cambridge, MA, USA) or 1:1000
ouse anti-PCNA (Abcam) and 1:10,000 mouse anti-� actin (Sigma). Horseradish

eroxidase (Zymed) was used at a dilution of 1:10,000.

.6. Determination of the mutagenic effects of UV

A series of independent populations of cells were synchronized by density-
nhibition/serum starvation as described [20]. Each population of 1.5 × 106 cells was
rradiated 17 h after release from confluence, which corresponds to ∼1 h after the
nset of S phase. For irradiation, the culture medium was aspirated, and the cells
ere washed with sterile PBS (pH 7.4). The cells were irradiated as described pre-

iously [20] with 8 J/m2 of UV254 nm, or sham-irradiated. Clonogenic survival was
etermined, and resistance to thioguanine was examined after an 8-day expression
eriod as described [17].

.7. Fluorescence recovery after photobleaching (FRAP)

The technology underlying the examination of the redistribution of
uorescently-tagged proteins in living cells depends upon extinguishing the flu-
rescence of those proteins with an intense laser pulse. This is done in a region of
he cell, in this case the nucleus, that is small with respect to the size of the organelle.
roteins that are freely diffusible within the nucleoplasm are detected within the
leached area in several milliseconds. In contrast, constrained proteins do not, such
hat the bleached area remains so on a time scale of that can be orders of magnitude
onger. To conduct these measurements on RAD18-eGFP or REV1-eGFP fusion pro-
eins, cell fluorescence was observed with an inverted Olympus BX-51 microscope
lluminated with a filtered Hg arc-lamp. To locally bleach the eGFP, spatially filtered
ight from an Ar ion laser with a wavelength of 488 nm and a power of 100 mW was
ocused on the cell. A bleaching pulse of less than 0.5 s in duration was used with
spot size of approximately 1.5 �m in diameter. Following bleaching, the fluores-

ence signal was monitored continuously within the bleached spot. A PerkinElmer
ingle Photon Counting Module, Series SPCM-AQR was used. This provides highly
ensitive measurements of the fluorescence intensity coming from a 1 �m diameter
egion of the cell. Fluorescence images of the entire cell can be obtained by scanning
he cell with respect to the detector using a piezoelectric drive stage. Post-bleach
uorescent intensity values were normalized to pre-bleach levels, and data from 10
ells of each tested variety were averaged to produce the results presented here.

.8. Raster image correlation spectroscopy

This technology is based upon the movement of fluorescent proteins into and
ut of a confocal plane over time. The reason for doing this is to accurately determine
iffusion coefficients of fluorescently-labeled proteins within living cells. The con-
ocal image of the cell is scanned with the excitatory laser first in the x-direction
microsecond scale), and repeated line-by line (millisecond scale). This process
efines raster imaging. One hundred images are recorded sequentially such that
he movement of the protein over 2 min is recorded. A rapidly moving protein in the
onfocal plane will be detected in the x-direction and perhaps the y-direction, but
ill not be detected in subsequent images taken over time. The converse will be true

f a constrained protein. To conduct these experiments, cells were irradiated with
ither 10 J/m2 UV254 nm or sham irradiated 24 h after transfection. Confocal images
ere collected 4 h after UV exposure on a XI81 inverted Olympus Fluoview 1000
icroscope. A 60×W UPLSAPO objective (1.20 NA) water immersion objective was

sed to acquire all the images, which were obtained with an Ar ion laser using the
88 nm laser line (Melles Griot, Tokyo, Japan) attenuated to 750 V. A dichroic filter
DM 488/543/633) was used for the laser excitation and for collection of the emis-
ion. A bandpass filter (BA 505–605) was selected for eGFP-labeled cells. Images
ere collected using the Fluoview software with a pixel resolution of 0.03 mm at
56 × 256 pixels with a pixel dwell time of 12.5 �s/pixel. Diffusion coefficients were
etermined using SimFCS imaging analysis software [21].

.9. Fluorescence lifetime measurements
Cells were transiently transfected with RAD18-CFP, RAD18-CFP + RAD6A-YFP, or
AD18-CFP + pol�-YFP. Cells were irradiated with either 10 J/m2 UV254 nm or sham

rradiated. Images were collected on a Zeiss Axiovert S100TV microscope 4 h after
V exposure. A 60×W UPLSAPO objective (1.20 NA) water immersion objective
as used to acquire all the images. A Ti:Sapphire laser attenuated to 820 nm was
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ig. 1. Confocal microscopy images of RAD18-GFP. (A and D) Flow cytometry showi
nirradiated and irradiated with 12 J/m2, respectively. (E and F) RAD18-GFP in S-
opulations exposed to one or the other of the four conditions were randomly insp

sed. FLIM data were collected with a Becker and Hickl card model 830 TCSPC. Only
he donor emission was measured with a band pass filter (centered at 474 ± 15 nm
rom Chroma Technologies, Battleboro, NJ) as well as a dichroic mirror (505DCXR,
hroma Technologies). This filter combination produces negligible bleedthrough for
he emission of the YFP into the donor channel. SimFCS imaging analysis software
Globals for Images, Champagne, IL) was used to analyze images and calculate FRET
fficiency [22].

. Results

.1. S-phase dependence of damage-induced nuclear foci

RAD18 forms distinct nuclear foci that colocalize with PCNA and
-family polymerases in less 5% of cells that are not exposed to
xogenous DNA damaging agents. The nature of these foci in cells
hat have not been exposed to genotoxic agents is a matter of con-
ecture. As shown in Fig. 1A, mimosine results in a G1 block in

hich 70% of the cells are in this phase. Six hours after removal
f the mimosine, flow data (not shown) indicate that the popula-
ion remains in G1. Irradiation of the synchronized cells shortly after
elease and examined with confocal microscopy 4 h later when they
re still in G1 indicates that there is no increase in the percentage of
ells with nuclear foci. Fig. 1B shows the distribution of RAD18-eGFP
n unirradiated cells, and Fig. 1C in cells irradiated and examined
h later. There is no increase in the percentage of cells with nuclear
oci. The fraction of such cells increases greatly after exposure to UV
23,24], and this increase only occurs when the cells are irradiated
t the beginning of S. Fig. 1D shows the cell cycle profile of cells 12 h
fter release, at which point most of the population is in S-phase.
ig. 1E is a confocal image characteristic of RAD18-eGFP in syn-

i
n
s
b
p

ls synchronized in G1 and S-phase, respectively. (B and C) RAD18-GFP in G1 phase,
, unirradiated and irradiated with 12 J/m2, respectively. One hundred cells from

hronized cells that have not been irradiated, and Fig. 1F, the focal
attern in cells 4 h after irradiation at the beginning of S-phase.
he focal pattern is found in the great majority of cells in this sit-
ation, supporting the conclusion that these foci represent stalled
eplication foci.

.2. Fluorescence redistribution after photobleaching

We examined the dynamics of RAD18-eGFP nuclear localization
n living cells in response to UV damage. We determined the rate
f fluorescence redistribution in cells that were undamaged, cells
hat were exposed to UV but did not exhibit a focal nuclear pattern,
nd cells that were UV-damaged and did exhibit a focal nuclear
elocalization of the fusion protein. Fig. 2H shows the results for 10
ells in each group. All data points are shown, and the black lines
epresent the mean I/I0 as a function of time after photobleaching.
he slight differences in the initial photobleach represented on the
-axis are due to minor differences in the initial laser pulse, and do
ot affect the rate of fluorescence redistribution. The top line (�)

s the rate of redistribution for undamaged cells, and shows that
here is rapid redistribution after the bleaching pulse. The data in
he middle line (X) represent the redistribution in damaged cells
hat did not have a focal nuclear pattern. The rates of redistribu-
ion, I/I0 ratios of 0.2–0.19, respectively, under these conditions are

ndistinguishable from each other and from that of eGFP alone (data
ot shown). Visual inspection confirmed that fluorescence inten-
ity of control cells did not fully return to pre-bleach levels due to
leach-induced global reduction of fluorescence rather than partial
rotein immobility. In contrast, data in the bottom line (�) indicate



26 N.B. Watson et al. / Mutation Research 648 (2008) 23–31

Fig. 2. (A) Typical fluorescent image of an undamaged cell expressing RAD18-eGFP. (B) Raster scan image of RAD18-eGFP in unirradiated in NF1604 cells. The fusion protein
is observed in the cytoplasm and nucleus in a diffuse pattern. (D) Typical fluorescent image of an irradiated cell expressing RAD18-eGFP. (E) Raster scan image of RAD18-eGFP
4 h after being exposed to 10 J/m2 UV254 nm. Panels (C) and (F) are the 2D correlation maps for the images in panels (B) and (E), respectively. Fluorescence intensity is shown as
red = higher intensity and blue = lower intensity. Panel (C) has correlation only in the x-direction due to RAD18-eGFP being freely mobile in the absence of damage. Panel (F)
has a more rounded shape in the 2D correlation map. This indicates correlation in both the x- and y-direction due to the relative immobility of the foci once bound to damaged
DNA. (G) Graph with diffusion coefficients of cells randomly chosen from separate high-power fields. The average diffusion coefficient is 12.8 �m2/s in unirradiated cells. Four
hours after UV, when most cells demonstrated a focal pattern, RAD18-eGFP showed a 75% reduction in the diffusion coefficient (3.2 �m2/s), consistent with immobilization
(P < .01). Thirty minutes after UV treatment, the mean diffusion coefficient was 12.3 �m2/s. This was not a significant difference (P > .05). (H) FRAP analysis of cells transfected
with hRAD18-eGFP. Cells were irradiated with 10 J/m2. Data derived from unirradiated cells are presented in the top line (�). The data in the middle line (×) are derived from
UV-treated cells that were irradiated but did not form foci. Although the initial fluorescence intensity (I0) of these cells at the time of the photobleaching pulse was lower,
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hich reduced the I/I0, the rate of recovery was indistinguishable from the unirradia
n the lower line (�) were derived from cells that formed foci. The data shown wer
resumably because it is immobilized in a complex. (For interpretation of the refere

hat there is little recovery of the RAD18-eGFP signal in damage-
nduced nuclear foci with an I/I0 ratio of 0.08. These results support
he idea that RAD18 is not present in preformed complexes, but
ecomes immobilized within the foci subsequent to DNA damage.
.3. Raster image correlation spectroscopy

The apparent lack of fluorescence relocalization of focal RAD18
ndicated in the FRAP experiments was quantified using RICS.

s
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lls. These data indicate that UV-irradiation per se does not immobilize RAD18. Data
ined from foci, and illustrate that RAD18 is unable to redistribute in this situation

o color in this figure legend, the reader is referred to the web version of the article.)

nalyzed with SimFCS software, cumulative data from the raster
canning images of the diffusion coefficients of RAD18-eGFP in 10
ndamaged cells without foci (Fig. 2A and B) and 10 cells irradi-
ted with 10 J/m2 UV254 nm-induced nuclear foci (Fig. 2D and E) are

hown. Fluorescence intensity is indicated and ranges from blue
low) to red (high). Fig. 2C and F is the two-dimensional spatial
orrelation maps corresponding to Fig. 2B and E, respectively. In
ndamaged cells, RAD18-eGFP was found to be freely mobile in the
ucleus with an average diffusion coefficient of ∼13 �m2/s (Fig. 2G,
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Fig. 3. Upper row: cells expressing RAD18-CFP alone without irradiation (1), co-expressing RAD6A-YFP before UV irradiation (2), RAD-6A after UV irradiation (3), pol�-YFP
before irradiation (4) and pol� after UV irradiation (5). The second row shows the pixels of the cells painted according to the selection (black and black circles, for the right
and left image, respectively) of the phasor plot regions shown in row 3. The phasor plot contains the phasor of both cells (with and without irradiation). The irradiation
produces shortening of the lifetime as show in row 4, which report the histogram of pixel lifetime (average) values and clustering of the phasors in two distinct regions. When
the phasors in these regions are selected by the circular cursors, the pixels in the image corresponding to these phasors are highlighted as shown in the second row. The
pixels with shorter lifetime (phasors selected by the red circle) correspond to specific punctuations in the image. The insets in row 3 show the details of the phasor plot with
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green line joining the phasor of the donor and the phasor of the autofluorescence
fficiencies. The red circle corresponds to 72% FRET efficiency for both constructs. (F
he web version of the article.)

eft column). This compares with eGFP in the nucleus, which has a
iffusion coefficient of 21 �m2/s [25]. This rapid movement yields
spatial correlation that extends only in the x-direction of the spa-

ial correlation function as indicated in the circle in Fig. 2C. Since
AD18 is free to diffuse in any direction, the fluorescent signal was
etected in a few pixels along the line of scanning and then lost
s the scan progresses onto the next line. In damaged-induced
oci observed in cells 4 h after UV, the diffusion coefficient was
educed 75% to ∼3 �m2/s (Fig. 2G, right column). This is reflected in
he broad spatial correlation coefficient of fluorescence in the foci
Fig. 2F). The high degree of correlation indicates that RAD18-eGFP
n the foci cannot diffuse out of the confocal plane within the time
rame (2 min) of the serial raster images. The average overall diffu-
ion coefficient in cells examined 30 min after UV was 12.3 �m2/s
Fig. 2G, middle column). At this early time point, a few cells were
ound to have nuclear foci in which the protein was immobilized but
he majority of cells exhibited undamaged diffusion coefficients.
.4. Fluorescence lifetime imaging microscopy (FLIM)

FLIM is a simple yet reliable technique used to measure flu-
rescence resonance energy transfer (FRET) between two closely
ssociated molecules. FRET from FLIM data is measured not by the
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e black ellipsoidal trajectory is the loci of the possible phasors with different FRET
erpretation of the references to color in this figure legend, the reader is referred to

raditional method of exciting the donor at one wavelength and
easuring the increase in fluorescence of the acceptor at a separate
avelength, but rather by examining the decrease in donor fluores-

ence lifetime in the presence of the acceptor. Recent advances have
esulted in an improved method to calculate FRET from FLIM data
sing the phasor plot [22]. This is particularly useful when the life-
ime of the donor is not a single exponential, which is the case for
he fluorescent proteins.

Fig. 3, column 1 (from top to bottom), shows a cell expressing
AD18-CFP in the absence of the acceptor without UV irradiation,
he intensity image, the pixel’s selection (highlighted in pink) cor-
esponding to the phasors selected by the black circle in the phasor
lot and the average lifetime (obtained by intercepting the univer-
al circle with a line starting at the origin and passing through the
enter of the selected phasor region [22]). Column 2 shows a cell
o-transfected with RAD18-CFP/RAD6-YFP before UV irradiation.
he black circle in the phasor plot selects these pixels in the image
hown in the selection row and corresponding to the black part of

he lifetime histogram. Column 3 shows a cell co-transfected with
he RAD6A-YFP construct after irradiation. The bright fluorescence
pots in the intensity image have a shorter lifetime as shown in the
hasor plot. The shortening of the lifetime is such that the decay is
horter than the decay of the autofluorescence (data not shown),
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Fig. 4. (A) Western blot analysis of RAD18 levels in NF1604 cells and a derivative
clone that expresses antisense RNA to RAD18 (AS26). RAD18 protein levels in AS26
was only 15% of that in the parental line, normalized to �-actin. (B) Western blot anal-
ysis of PCNA 8 h after 15 J/m2 UV254 nm in NF1604 cells and RAD18-reduced AS26 cells.
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UV-induced cytotoxicity and mutagenicity in synchronous populations of fibroblasts
irradiated at the beginning of S-phase.

Cell line UV dose %S Mut. clones
observed

# cells assayed
in 6-TG (×106)

Mut. Freq.
(×106)a

1604 0 J/m2 100% 0 1 <10
1604 8 J/m2 30% 32 1 146

AS26 0 J/m2 100% 0 1 <10
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hirty micrograms of total cell lysate were loaded in both lanes. The higher molec-
lar weight band represents monoubiquitinated PCNA, which was undetectable in
S26. Ubiquitinated PCNA was not detected in the absence of DNA damage in either
ell line.

ndicating that FRET is occurring. To calculate the FRET efficiency
e used the method as described in Digman et al. [22]. Briefly, due

o the presence of the acceptor, the phasor of the donor can be
ound along an ellipsoidal trajectory (black line in the column 2–3
nset) corresponding to FRET efficiency from 0 to 100%. The zero
oint is found by using the linear combination of the phasor of the
unquenched) donor with the phasor of the autofluorescence inde-
endently measured in column 1. The FRET trajectory intersects the
luster of phasors shown inside the red circle. The position of this
ircle along the trajectory provides the FRET efficiency. For these
onstructs we found that the FRET efficiency was 72%, which was
onsistently observed in the analysis of foci in 20 cells.

Fig. 3, column 4, shows a representative image of a cell co-
ransfected with the RAD18-CFP and pol�-YFP expression vectors,
n the absence of UV damage. FRET is not observed. Column 5 is
epresentative cells co-transfected with the same constructs, 4 h
fter UV irradiation. In this case we observe FRET, and the analysis
f the FRET trajectory also gives a value of 72% for the efficiency.
his efficiency was consistently observed in 20 cells.

.5. Construction of cell strains with reduced expression of RAD18

NF1604 cells transfected with an antisense RNA construct were

creened for RAD18 protein expression (Fig. 4A). The clone with the
owest RAD18 protein levels was clone 26 (AS26), which had an 85%
eduction in protein. To ensure that this reduction was function-
lly significant, ubiquitination of PCNA (PCNA-ubi) was examined.

3

i

a The mutant frequency is defined as mutants per 106 clonable cells. The number
f observed mutants is corrected for cloning efficiency on the day of selection. These
alues ranged from 22 to 26%.

ells were irradiated with 0 or 15 J/m2 UV254 nm. Western analy-
is (Fig. 4B) indicated that the parental cell line had a second band
nduced by UV that has been shown to be PCNA-ubi [5,6]. In con-
rast, this band is greatly reduced in AS26 cells, consistent with a
ack of RAD18 function. AS26 was chosen for further examination
f the role of RAD18 in mutagenesis and recruitment of REV1.

.6. Reduced expression of RAD18 results in greatly reduced
utant frequencies induced in HPRT by UV

The cells with reduced RAD18 consistently exhibited moderately
nhanced sensitivity to UV compared with the parental cells, but
his did not achieve statistical significance. The UV fluence required
o reduce the survival to 37% of the unirradiated controls (i.e., LD37)
as 7.0 J/m2 for the parental cells and 5.5 J/m2 for AS26 (data not

hown).
In preliminary experiments, the mutant frequency induced in

he HPRT gene was determined in AS26 cells and compared with the
arental cell line NF1604. In asynchronously growing cells, muta-
ions induced by UV in AS26 cells were consistently reduced to
ackground levels. In order to minimize the effect of nucleotide
xcision repair on the frequency of mutations [20], the cells were
ynchronized and irradiated at the beginning of S-phase, then
ssayed for the frequency of selectable mutations in HPRT. As pre-
ented in Table 1, the parental NF1604 cells and the derivative AS26
ells were irradiated with 8 J/m2 UV254 nm, which resulted in 30%
urvival of colony forming ability in NF1604 cells and 10% survival in
he AS26 cells. In the NF1604 cells, we observed 32 mutant colonies,
ielding a mutant frequency of 146 mutants per 106 clonable cells.
n contrast, we observed only 3 mutant colonies in the AS26 pop-
lation, which gave a mutant frequency of 6 mutants per 106 cells.
his is a background frequency, which in this context is significant
n light of the somewhat increased cytotoxicity the RAD18 knock-
own cells. Cytotoxicity induced by genotoxins is well-established
o be directly related to mutagenesis. The lowered survival of the
S26 cells would be expected to have resulted in higher mutation

requencies, but the opposite was observed. Similar experiments
sing different DNA damaging agents such as BPDE [26] on NF1604
nd AS26 cells also showed a marked decrease in their muta-
enic response. Repeated attempts to complement AS26 cells with
AD18-eGFP were unsuccessful, presumably because the antisense
xpression degraded the message. However, the reduction in UV
utagenesis can be inferred to be specific to the reduction in

AD18, since studies with clones that express the same construct
ut with more modest reductions in RAD18 (15–50%) demonstrated
utant frequencies equal to the parental cells.
.7. RAD18 is required for REV1 accumulation in nuclear foci

We hypothesized that one of the principal functions of RAD18
n human cells is to regulate the assembly of proteins required



N.B. Watson et al. / Mutation Research 648 (2008) 23–31 29

Fig. 5. Focal nuclear localization of REV1 is dependent on RAD18. FRAP measurements were made as in Fig. 1H. Each data point is the mean fluorescence intensity of at
least 10 cells, and bars represent the standard deviation of the mean. The top line (�) is the recovery of REV1-eGFP in undamaged NF1604 cells, and represents the mobility
of the fusion protein in the nucleus. The REV1-eGFP is in a focal nuclear pattern in approximately 50% of NF1604 cells 6 h after UV. The REV1 fusion protein in such foci is
immobilized, indicated by the lack of recovery after photobleaching (bottom line, �). In contrast, REV1-eGFP did not form foci after UV in AS26 cells (top line, �), which
h REV1
t er dam
p cent i
i

f
R
r
n
o
t
n
w
f
t
n
c
X
r

4

e
s
s
[
m
p
w
l
i
h
p
t
t
i
b
r
[

d

i
f
T
c
t
D
a
p

f
r
n
f
t
o
t
o

u
p
c
t
b
a
t
a
a

h
t
g
R

ave greatly reduced levels of RAD18. The ratio of fluorescence recovery of nuclear
hat were undamaged (0.08) (middle line, ×). The ratio for REV1 in NF1604 cells aft
attern to that of the undamaged NF1604 cells (data not shown). A typical fluores

mage) after UV exposure is also shown.

or translesion synthesis at blocked replication forks. If so, then
EV1, which forms damage-induced nuclear foci [13,19] and is
equired for UV [17,27] and BPDE [19] induced mutagenesis, will
ot relocalize in the absence of RAD18. We compared the mobility
f REV1-eGFP in cells with greatly reduced RAD18 (AS26 cells) to
hat in wild-type NF1604 cells after UV damage. In cells expressing
ormal levels of RAD18, REV1 forms foci that colocalize with RAD18
ithin 4 h of exposure to 10 J/m2 UV254 nm. REV1-eGFP within these

oci is completely immobile (Fig. 5, line �). Under the same condi-
ions, the percentage of RAD18 knockdown cells with REV1 foci did
ot increase after UV. (Fig. 5, line �) and the recovery of fluores-
ence is similar to that of the undamaged NF1604 cells (Fig. 5, line
). These results support the conclusion that RAD18 is required for

ecruitment of REV1 to damage-induced nuclear foci.

. Discussion

Current models of DNA replication posit that the proteins nec-
ssary for this process are present in high local concentrations,
uggesting that nuclear structural elements are required for the
patial and temporal coordination of these complicated processes
28]. These molecular machines are associated with the nuclear

atrix, such that the DNA is pulled through the stationary com-
lex. The proteins that comprise these complexes are located
ithin preassembled replisomes, and as such represent subcellu-

ar organelles. In support of this concept, FRAP analysis of PCNA
n cells in S-phase indicates a residence time of 30 min to several
ours [29]. The question of whether Y-family DNA polymerases are
resent in such complexes, or are recruited when the fork is unable
o bypass a helix-distorting lesion is an important one. Presumably
he access of error-prone Y-family polymerases to primer termini
s limited unless the fork is stalled. This would be accomplished

y recruitment mechanisms. Indeed, the residence time of pol� in
eplication foci of cells that have not been damaged is very short
30].

Foci are occasionally found in undamaged cells, but the nuclear
istribution of Y-family polymerases in such cells is overwhelm-

i
S
w
f
w

(I/I0 = 0.09) in these cells is nearly identical from the ratio observed in NF1604 cells
age was 0.02. Undamaged AS26 cells show an identical fluorescent redistribution

mage of REV1-eGFP localization in AS26 cells (top image) and 1604 cells (bottom

ngly diffuse. However, the distribution shifts to a focal pattern
ollowing UV irradiation [13,17] or exposure to BPDE [19,26].
his is especially dramatic when the population is enriched for
ells entering S-phase [14], and the data presented here indicate
hat damage-induce nuclear foci are strictly S-phase-dependent.
amage-induced nuclear foci have been found to contain RAD18
nd each of the Y-family DNA polymerases, including REV1 [9,19],
ol� [23,31,32], pol� [31] and pol� [33].

To examine the nuclear dynamics of damage-induced focus
ormation, we studied the intracellular trafficking of RAD18 in
esponse to DNA damage in living cells using fluorescence tech-
ologies. The subcellular localization and identification of the

usion protein in nuclear foci closely mimic the endogenous pro-
ein visualized with immunohistochemical techniques [26]. These
bservations strongly argue that examination of the dynamics of
he fusion protein presents a valid model for studying the cell biol-
gy of RAD18 in living cells.

Our data indicate that RAD18-eGFP in the great majority of
ndamaged living human cells is found in the nucleus and the cyto-
lasm, and its nuclear distribution is diffuse in at least 95% of the
ells. Studies of the diffusion of this protein in such cells indicate
hat most of the protein molecules are freely diffusible, as indicated
y the recovery of fluorescence after photobleaching. This argues
gainst the presence of RAD18 in large, preassembled DNA replica-
ion complexes. Obviously, we cannot exclude the possibility that
small proportion of the molecules are present in such complexes,
s noted below.

Examination of the diffusion of the fusion protein in cells that
ave been irradiated but do not demonstrate a focal pattern showed
hat there was complete recovery of fluorescence that was indistin-
uishable from that in undamaged cells. Within 4 h of irradiation,
AD18-eGFP relocalizes in a distinct focal pattern in the nucleus
n at least 70% of cells in populations that have been enriched for
-phase. Strikingly, there is virtually no recovery of fluorescence
hen the proteins in these foci are photobleached (Fig. 2). The dif-

usion coefficient of the protein in both circumstances was analyzed
ith sequential imaging of its movement in and out of a confocal
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lane using RICS technology. This methodology differs from FRAP
n that the cell is not perturbed with a high-energy laser pulse,
nd the movement of the protein in and out of a confocal plane
an be quantified over time. The mobility of RAD18 within the foci
s reduced from ∼13 �m2/s to ∼3 �m2/s. These data are consis-
ent with estimates of diffusion-controlled processes within the
ucleoplasm and with that of constrained cellular proteins [25],
espectively. They support the hypothesis that RAD18 is recruited to
NA replication forks that have been stalled by the presence of pho-

oproducts, and the protein becomes immobilized in the replication
achinery under those circumstances. An interesting question is

he function of the foci observed in the small percentage of cells
hat have not been exposed to UV, or that were exposed to UV in
1 and analyzed when the population is still in G1 is unclear. We
xamined the fluorescence dynamics of the protein in this situa-
ion, and found that these parameters were indistinguishable in
pontaneous and damage-induced foci. This means that RAD18 is
mmobilized and interacts with RAD6A and pol� in spontaneous
oci, as it does in damage-induced foci. This small percentage of the
ells that appear to have preformed replisomes that include RAD18
ay represent cells that are in S-phase despite the synchroniza-

ion, which is determined to be 4% (Fig. 2A). It is possible that some
f these cells are responding to replication-blocking spontaneous
esions, such as ethenoadenine.

The REV1 protein is a Y-family DNA polymerase with deoxy-
ytidyl transferase activity that is associated with translesion
eplication and first identified in budding yeast [34]. In that organ-
sm, REV1 is required for DNA damage tolerance and is epistatic to
AD18. The mechanism is poorly defined, but is independent of its
atalytic function since a mutation in the N-terminal BRCT domain
etains catalytic function but is deficient in mutagenesis. In human
ells REV1 is also required for mutagenesis by UV [17,27] or BPDE
19] and the protein forms foci in the nuclei of cells that have been
xposed to DNA damaging agents [13,19]. These foci colocalize with
AD18 and Y-family DNA polymerases, and are dependent on intact
biquitin binding motifs in the REV1 protein [8,35]. The molecu-

ar mechanisms remain obscure, but it has been postulated that
EV1 acts as a scaffold through interactions with other Y-family
olymerases and DNA polymerase �. The regions of REV1 that are

mportant for these interactions have been variously reported to
e the N-terminal BRCT domain [36], the extreme C-terminus [12],
r a region in the more proximal C-terminus [9]. Importantly, the
atter authors found that REV1 is not epistatic to RAD18 in chicken
T40 cells, implying that they function independently.

To examine this question in human cells, we lowered RAD18
xpression with the constitutive expression of antisense to RAD18
RNA. Compared with parental wild-type cells, a derivative clone
as identified in which the level of the protein was reduced by
5%. We confirmed that this reduction was functionally signifi-
ant by examining UV-induced ubiquitination of PCNA and HPRT
utant frequencies induced by UV. There was a modest enhance-
ent of cytotoxic responses and a significant reduction in the

requency of mutations induced by UV in cells with reduced RAD18.
his is similar to mouse RAD18−/− ES cells [37], but differs from
T40 RAD18−/− cells that are also sensitive to ionizing radiation

38]. There was no difference in induced mutagenesis in cells that
xpressed the antisense transcript but had a more modest reduc-
ion in RAD18 protein levels, arguing that the phenotype is not due
o a nonspecific antisense effect.

Comparison of the localization of REV1-eGFP in living cells that

ad normal or reduced levels of RAD18 showed that RAD18 was
equired for the accumulation of REV1 in nuclear foci. In wild-type
ells, REV1-eGFP forms foci after UV with frequencies that are simi-
ar to RAD18, and the proteins in these foci are immobile. In contrast,

e were unable to detect REV1-containing foci in UV-irradiated

r
L
C
C
(

search 648 (2008) 23–31

ells that had reduced levels of RAD18. In those cells, nuclear REV1-
GFP remains in a diffuse pattern and is fully mobile regardless of
V-irradiation.

Examination of the association of RAD18 with RAD6A or
ol� with FLIM showed that energy transfer from RAD18-CFP to
AD6A-YFP or pol�-YFP only occurred when the proteins were

n damage-induced nuclear foci. This supports the argument that
hese proteins are not members of a preassembled replisome, but
ssociate in response to signaling mechanisms that presumably
erive from stalled replication forks. Watanabe et al. [23] made the

nteresting observation that RAD18 has a domain in the carboxy
erminus that binds pol�, and that deletion of this region prevents
ol� from forming foci in cells entering S-phase with DNA dam-
ge. These data raise the question of the relative importance of the
hysical association of the polymerase with RAD18 at the site of
he stalled fork compared with the enhanced affinity of the poly-

erase for ubiquitinated PCNA. The FLIM data support a model in
hich physical association of these proteins occurs subsequent to
NA damage, but cannot address whether the association occurs
s a result of enhanced affinity for ubiquitinated PCNA or confor-
ationally altered RAD18, or both.
The unrestrained activity of error-prone DNA polymerases

ould clearly contribute to genomic instability, and there is
onsiderable interest in the signaling mechanisms that control
olymerase switching events. The data reported herein support
model in which RAD18 is recruited to stalled replication forks,

mplying that it is not a part of the replicative complex. Downstream
vents are presumed to involve signaling by RAD6-mediated ubiq-
itination, with PCNA a likely target [5,23]. We favor a model in
hich REV1 is recruited by ubiquitinated PCNA or other proteins,

nd then in turn acts as a scaffold for other TLS proteins. This model
roposes that the principal role of RAD18 in human cells is to regu-

ate TLS. The question of the requirement for RAD18 in homologous
ecombination in human cells remains open. It is likely that higher
ukaryotes carry out RAD18-independent recombination, because
ouse ES cells and chicken DT40 cells that are deficient in RAD18

ave increased levels of sister chromatid exchange after exposure
o mutagens. Rescue of blocked forks by strand invasion of the sister
hromatid in higher eukaryotes may explain the relatively mild sen-
itivity of RAD18 knockouts to mutagen exposure compared with
east.
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