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Action of DNA Repair
Endonuclease ERCC1/XPF in
Living Cells
Adriaan B. Houtsmuller,* Suzanne Rademakers,? Alex L. Nigg,’

Deborah Hoogstraten,? Jan H. ). Hoeijmakers,?}
Wim Vermeulen®*

To study the nuclear organization and dynamics of nucleotide excision repair
(NER), the endonuclease ERCC1/XPF (for excision repair cross complementation
group 1/xeroderma pigmentosum group F) was tagged with green fluorescent
protein and its mobility was monitored in living Chinese hamster ovary cells.
In the absence of DNA damage, the complex moved freely through the nucleus,
with a diffusion coefficient (15 *+ 5 square micrometers per second) consistent
with its molecular size. Ultraviolet light-induced DNA damage caused a tran-
sient dose-dependent immobilization of ERCC1/XPF, likely due to engagement
of the complex in a single repair event. After 4 minutes, the complex regained
mobility. These results suggest (i) that NER operates by assembly of individual
NER factors at sites of DNA damage rather than by preassembly of holocom-
plexes and (ii) that ERCC1/XPF participates in repair of DNA damage in a
distributive fashion rather than by processive scanning of large genome segments.

Nucleotide excision repair (NER) is a sophis-
ticated DNA ‘repair mechanism that elimi-
nates a wide range of structurally unrelated
DNA lesions (/). The most common types of
DNA damage targeted by NER are cyclobu-
tane pyrimidine dimers and (6-4) photoprod-
ucts (6-4PPs), both produced by the ultravi-
olet (UV) component of sunlight (/). The
major NER pathway operates across the ge-
nome (global genome NER), whereas tran-
scription-coupled NER preferentially repairs
lesions that block transcription (2). Genetic
defects in NER are associated with. three
diseases characterized by photosensitivity:
xeroderma pigmentosum (XP), Cockayne
syndrome, and trichothiodystrophy (3). Glob-
al genome NER is initiated by the DNA-
damage-binding factor XPC/hHR23B (4),
and transcription-coupled NER by RNA
polymerase stalled at a lesion (2). TFIIH,
XPA, and RPA (5, 6) are then recruited,
resulting in local opening of the DNA helix,
proper orientation of the NER machinery,
and stabilization of the opened DNA interme-
diate. The single-strand—binding protein
(RPA), bound to the nondamaged DNA
strand, helps to" position (6) the structure-
specific endonucleases XPG (which makes
the 3’ incision) (7) and the ERCCI1/XPF
complex (which makes the 5’ incision) (8).
After excision of the damage, the resulting
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gap is filled in by DNA polymerase 8/e and
auxiliary factors (Z, 9).

It is not known whether NER operates in
intact cells as a preassembled holocomplex
(10), or by consecutive assembly of subcom-
plexes (/1) or individual NER factors at sites
of DNA damage. It is also unclear whether
NER proteins find DNA damage by proces-
sive scanning of large genome segments or in
a distributive fashion by diffusion. To ad-
dress these questions, we fused the green
fluorescent protein (GFP) (/2) to the ERCC1
subunit of the 5’ endonuclease ERCC1/XPF
(13) so that we could study repair in living
cells. The fusion gene (ERCCI-GFP) was
stably transfected into ERCC1-deficient Chi-
nese hamster ovary (CHO) cells (43-3B)
(Fig. 1D). Immunoblot and immunoprecipi-
tation analyses showed that ERCC1 was de-
tectable only in the GFP-tagged form (Fig.
1A) and was expressed at the same level as
endogenous ERCC1 in repair-competent HeLa
cells and 43-3B cells corrected by natural
ERCC] (Fig. 1A). The ERCC1-GFP associated
with XPF (Fig. 1B); formation of this com-
plex has been shown to be required for the
stabilization of both proteins (8, /4). Trans-
fection of ERCCI-GFP fully corrected the
extreme UV sensitivity (and other repair de-
fects) (15) of 43-3B cells (Fig. 1C). These
data demonstrate that the fusion protein was
expressed at physiological levels, was com-
plexed with XPF, and its function was not
affected by the GFP tag.

Confocal microscopy of living 43-3B
cells revealed a predominantly homogeneous
nuclear distribution of ERCC1-GFP/XPF, al-
though 26 * 7% of the nuclei contained one
to three bright fluorescent spots (Fig. 1E).

After induction of DNA repair following UV
exposure (8 J/m?), we did not detect any
significant alterations in the homogeneous
fluorescence pattern, whereas the number of
nuclei containing spots decreased to 9 + 2%.
These observations contrast with previous
work using immunofluorescence or repair-
patch labeling, which showed nonrandom
distribution of NER proteins or sites of repair
in the nucleus (/6, /7). The function of the
bright fluorescent spots is unclear. They were
not artifacts of GFP tagging or ERCC1-GFP
overexpression, because they were also de-
tected by antibodies to ERCC1 in 30 to 40%
of HeLa cells expressing endogenous ERCC1
(Fig. 1F). Since the spots are present in a
fraction of the cells, a general role in enzyme
storage is not likely.

To determine whether ERCC1 is mobile
or fixed, we studied the nuclear mobility of
ERCC1-GFP/XPF using FRAP (fluorescence
redistribution after photobleaching) technol-
ogy (18, 19). The diffusion coefficient (D)
was determined by measuring the movement
of fluorescent ERCC1-GFP/XPF into a pre-
viously bleached strip through the nucleus, as
described (/9). The method was first calibrat-
ed with cells expressing enhanced GEFP
(EGFP) (13), and the measured D value
(58 = 9 um?/s) was in the range of a previ-
ously reported value (/9).

In the absence of DNA damage, ERCCI-
GFP/XPF moved freely through the nucleus
of CHO cells. The measured diffusion coef-
ficient (15 = 5 wm?/s) was consistent with
the size of ERCCI1-GFP/XPF (163 kD) (20),
suggesting that the majority of ERCC1/XPF
is not part of a large NER holocomplex. Free
mobility was also found for other NER pro-
teins tagged with EGFP: XPA-EGFP (70 kD,
D = 28 * 5 um?/s) and XPB-EGFP (>400
kD in TFIIH, D = 6.2 = 4 pm?/s) (21); the
observed D’s were in agreement with the
known size of the respective NER protein-
(complexes) (Fig. 1G) (20, 21). These find-
ings argue against a model in which NER
proteins are fixed to nuclear structures in the
absence of damage.

To study the effect of DNA damage on
ERCC1-GFP/XPF mobility, we developed a
technology based on FRAP (/9) (designated
FRAP-FIM) (Fig. 2). Briefly, the fluores-
cence ratio of confocal sections before and
4 s after spot bleaching (which takes 4 s) was
plotted as a function of the distance to the
bleached spot [fluorescence ratio profile
(FRP)], (Fig. 2D). The method was validated
with fixed and living SV40 (simian virus
40)-transformed human fibroblasts express-
ing EGFP. Fixed human fibroblasts ex-
pressing EGFP showed no bleaching out-
side the laser beam area (Fig. 3, A and B),
and the experimentally obtained FRP (Fig.
3C) matched the theoretically predicted
curve (Fig. 2D). In contrast, in living hu-

7 MAY 1999 VOL 284 SCIENCE www.sciencemag.org



man fibroblasts, an average of 60% of the
EGFP molecules in the nucleus passed
through the laser cone volume during 4 s of
spot bleaching and lost fluorescence. The
remaining fluorescence was uniformly re-

Fig. 1. Expression and functionality of ERCC1-
GFP (73) in CHO 43-3B cells. Cell lines used:
Hela (repair-proficient), 43-3B (ERCC1-defi-
cient, UV-sensitive), 43-3B + ERCC1 (43-3B
stably expressing nontagged ERCC1, repair-pro-
ficient), and 43-3B + ERCC1-GFP (43-3B stably
expressing ERCC1-GFP). (A) Immunoblot of
whole-cell extracts (WCE) (28) of transfected
and control cell lines (10 pg of protein per
lane), probed with polyclonal anti-ERCC1. Ar-
row, untagged ERCC1; arrowhead, ERCC1-GFP.
(B) Immunoblot, probed with anti-XPF (poly-
clonal), showing immunoprecipitations (IP) of
WCE from the indicated cell lines. Immuno-
complexes were bound to protein A-sepharose
beads and separated by SDS—polyacrylamide
gel electrophoresis. IPs were performed with
anti-XPF (lanes 2 to 5), anti-ERCC1 (lanes 7 to
9), and anti-GFP (lanes 10 to 12). Lanes 1 and
6 contained markers for molecular size (MW,
indicated at left in kilodaltons). (C) Survival of
43-3B cells (circles), 43-3B + ERCC1-GFP cells
(squares), and repair-proficient CHO-9 cells
(triangles) after treatment with UV irradiation.
(D) Combined phase-contrast (red) and fluores-
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distributed within the nucleus 4 s after spot
bleaching, resulting in the predicted hori-
zontal FRP (Fig. 3, D to F). Control exper-
iments indicated that the FRAP-FIM pro-
cedure did not affect cell viability (15).

We then applied FRAP-FIM to the
ERCC1-GFP-expressing CHO cells. The
FRPs of fixed and living cells (Fig. 3, GtoL)
showed curves similar to those of fibroblasts
expressing free EGFP (Fig. 3, C and F). To
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cence (green) image of ERCC1-GFP—transfected 43-3B cells. (E) Confocal image of ERCC1-GFP-transfected 43-3B cells, showing a homogeneous
distribution of ERCC1. The lower nucleus shows a bright fluorescent spot (see text). (F) Confocal image of Hela cells treated with polyclonal
anti-ERCC1 antiserum (and stained with Cy-3-labeled secondary antibody), showing ERCC1 distribution and spots similar to the GFP fluorescence
displayed in (E). (G) Diffusion constants of EGFP (27 kD) and three NER proteins, XPA-GFP (70 kD), ERCC1-GFP/XPF (163 kD), and XPB-GFP (>400
kD in TFIIH), showing a decrease of mobility with increasing molecular weight. Bars in (D), (E) and (F): 5 um.
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Fig. 2. FRAP-FIM protocols for quantitation of immobilized molecules in livin

cells. (A to D) Procedure for measurement of the immobile fraction. (A
Theoretical prebleach fluorescence pattern of homogeneously distributed
fluorophores in a confocal plane. (B) The laser beam (blue cones) is focused in
the center of the nucleus during spot bleaching. A bleach time of 4 s (at 3%
laser power) was used to allow mobile molecules to diffuse through the laser
cone area. Small green spheres represent fluorescent molecules and the green
disk represents the confocal plane. (C) Theoretical postbleach fluorescence
patterns showing 100%, 0%, and 33% immobile molecules. (D) Ratio of mean
fluorescence intensity (MFI) of pre- and postbleach images [of the theoretical
cases shown in (C)] plotted as a function of distance d to the laser spot.
Fluorescence ratio is calculated as (MFl,,,, - background)/(MFl . — back-
ground). The mean immobilized protein fraction p (0 < p < 1) of a sample of
ok cells is obtained by least-square fitting of the mean fluorescence ratio profile
««(d) to the weighted sum FRP,,(d) of the fluorescence ratio profiles
of nuclei containing immobile molecules only and nuclei containing mobile
molecules only: FRP,(d) = p

** FRP oosimmobite(d) + (1 = p) *

FRPgocimmobite(d)- [(E) to (F)] Procedure for measurement of the average time
that molecules stay immobile. (E) The fate of the molecules that are immobile

at the time of bleaching (t = 0) is monitored by recording postbleach images

at increasing time intervals after bleaching (fluorescence redistribution time).
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Molecules that are released during this time interval will diffuse through the
nucleus and no longer contribute to the measured immobile fraction. Mole-
cules that become immobilized during the time interval also do not contribute
to the measured immobile fraction. (F) Theoretical curves of the decay of the
measured immobile fraction after bleaching determined by computer simu-
lation of bleaching and diffusion in an ellipsoid volume. The solid line
represents the theoretical decay of the measured immobile fraction when
molecules are transiently -immobile. The intersection with the time axis
determines the average binding time—3 min in this example. The dotted lines
represent the decay of the measured immobile fraction when a fraction is not
transiently immobile, but slowly diffuses through the nucleus.
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Fig. 3. [(A) to (F)] Application of the FRAP-FIM procedure to human fibroblasts (XPCS2BA-SV40)
expressing EGFP. (A and B) Pre- and postbleach confocal images of EGFP in a fixed fibroblast. Inset
in (B) is a confocal z-scan (cross-section) through the nucleus at the site of spot bleaching (compare
with the diagram in Fig. 2B). (C) FRP of 20 fixed fibroblasts (compare with theoretical curve in Fig.
2D). (D and E) Pre- and postbleach confocal images of EGFP in a living fibroblast. (F)
Fluorescence ratio profile of 40 living fibroblasts. [(G) to (O)] Effect of UV irradiation on
ERCC1-GFP/XPF mobility. The FRAP-FIM procedure was applied to ERCC1-GFP/XPF-expressing
cells that were either (G to 1) fixed in 4% paraformaldehyde, (J to L) left untreated, or (M to
O) were UV-irradiated. (G), (}), and (M) are prebleach images. (H), (K), and (N) are postbleach
images of the same cell. Note that the UV-irradiated cell (N) displays a pattern that is
intermediate between that of fixed (H) and untreated (K) cells (compare with Fi%. 2C). (1), (L),
and (O) are FRPs (compare with Fig. 2D). (O) The FRP of UV-irradiated (16 }/m?) cells (filled
circles) optimally fits at P = 0.35 * 0.3 to the weighted sum (open circles, see legend of Fig.
2D) of fixed and untreated FRPs (solid lines), indicating that 35 = 3% of the ERCC1-GFP/XPF
is immobile (the method of calculation corrects for the overall bleaching that is caused by
taking the prebleach image). All images had the same magnification; bar in (O), 5 wm. Error
bars in the graphs are two times SEM; n, number of cells used for the FRPs.

investigate whether UV-induced NER altered
the mobility of ERCC1-GFP/XPF, we ap-
plied FRAP-FIM to cells exposed to a UV
dose of 16 J/m? (Fig. 3, M to O). A signifi-
cant fraction (35 = 3%) of ERCC1-GFP/XPF
became immobilized within 5 min after UV
irradiation, whereas the remaining fraction
showed a diffusion rate similar to that in
untreated nuclei (D = 12 = 5 pwm?/s). This
suggests that the mobile fraction, in the pres-
ence of damage, is not incorporated into a
holocomplex. UV irradiation did not cause im-
mobilization of EGFP, RAD52-EGFP (22), or
GFP-tagged androgen receptor (AR-GFP) (15,
23), indicating that the ERCC1-GFP/XPF im-
mobilization is not due to nonspecific UV-
induced protein fixation (Fig. 4A).

To quantitate the immobilization, we ap-
plied FRAP-FIM to cells exposed to UV
doses ranging from 1.6 to 16 J/m?. The im-
mobilized ERCCI1-GFP/XPF fraction in-
creased with UV dose, reaching a plateau of
38 = 2 % at 8 J/m? (Fig. 4B), a dose known
to saturate NER. Within 4 to 6 hours follow-
ing UV exposure [the time required in CHO
cells for removal of ~3 X 10° 6-4PPs in-
duced by a dose of 8 J/m? (24)] the immobi-
lized fraction progressively decreased to
background level (Fig. 4C). Because the
amount of DNA damage decreases as a con-
sequence of repair activity, these data strong-
ly suggest that immobilization of ERCC1-
GFP/XPF depends on the amount of damage
present at any time. Consistent with this, the
proportion of immobilized ERCC1-GFP/XPF
was inversely related to the expression level
of the protein (Fig. 4D). The parallels be-
tween repair kinetics and ERCC1-GFP im-
mobilization support the idea that immobili-
zation reflects engagement of the complex in
NER. The data in Fig. 4D also suggest that
ERCCI1-GFP/XPF is not rate-limiting for
NER, but is present in excess. Thus, the
observed ERCC1-GFP/XPF immobilization
may reflect the kinetics of one or more other
NER factors.

To investigate how long ERCCI1-GFP/ -
XPF complexes are involved in repair, we
quantitated the immobile fraction, using
FRAP-FIM with increasing redistribution
times (Fig. 2, E and F). In this assay, mole-
cules that regain mobility as well as mole-
cules that become immobilized in the period
after spot bleaching (fluorescence redistribu-
tion time) do not contribute to the measured
immobile fraction because they redistribute
equally over the nucleus. Within ~4 min
after spot bleaching, >95% of the immobile
fraction appeared to regain mobility (Fig.
4E). The linear decay suggests that ERCC1-
GFP/XPF is immobilized for an average of
~4 min (estimated from the intersection with
the time axis; Fig. 2, E and F). The inferred
binding time of 4 min is consistent with the
estimated time of a single NER event (25).
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Fig. 4. Response of ERCC1-GFP/XPF to UV irradiation. (A) Immobile fraction of ERCC1-GFP/XPF,
RAD52-GFP, and AR-GFP after UV irradiation (16 J/m?). (B) Immobile fraction of ERCC1-GFP/XPF
plotted against UV dose. The curve represents the average of three independent experiments. Cells
with low fluorescence levels were selected for these experiments to exclude from measurements
possible overexpressing cells. The number of cells (1) used for each experiment is indicated. (C)
Immiobile fraction plotted against time after UV irradiation (8 }/m?). (D) Immobile ERCC1-GFP/XPF
(white area) expressed as the percentage of prebleach mean fluorescence (gray+white area)
plotted against UV dose. The cells that were used in the experiment represented in (B) were divided
into two groups (of equal size) of cells with relatively high (left) and relatively low (right) prebleach
fluorescence. Although the immobile fraction is significantly higher in low-fluorescent cells, the
actual amount of immobile ERCC1-GFP/XPF is the same in both groups. (E) Immobile fraction (8
}/m?) plotted against fluorescence redistribution time (compare with Fig. 2F). The intersection of
the extrapolated curve with the time axis at 4 min indicates that, on average, individual

ERCC1-GFP/XPF molecules bind for 4 min.

These data suggest that ERCC1-GFP/XPF is
assembled at sites of DNA damage with other
NER constituents into immobile holocom-
plexes during one repair event. After release,
ERCC1-GFP/XPF regains full mobility (D =
12 = 5 pm?), indicating that it dissociates
from the NER/DNA complex.

Our results support a model in which
ERCC1-GFP/XPF participates in NER in a
distributive fashion. This proposed distribu-
tive action contrasts with the processive
(DNA-scanning) mechanism that has been
reported for NER proteins in prokaryotes
(26). A distributive mechanism may be more
efficient in eukaryotes, because the genome
is much larger and contains large stretches of
noncoding DNA. However, we have not ex-
cluded the possibility that initial detection of
DNA damage by the global genome NER
initiator XPC/hHR23B (4) occurs in a pro-
cessive fashion. In transcription-coupled re-
pair, damage is probably detected by the
elongating RNA polymerase (2), which by its
nature is processive. Actual repair could take
place at the nuclear matrix (7, 27).
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XPF complexes (J. H. J. Hoeijmakers, unpublished
results), of which one-sixth (averaged over the whole
repair period; Fig. 4C) is involved in NER, we estimate
that damage is repaired at a rate of 1250 lesions per
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