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Figure 7. Capacity of NER. (A) Control of NER
proteins on the rate of incision (black) and rate
of DNA resynthesis (gray). Control coefficients
were calculated with the following equation:

T_ Xi 81:_1
! 1_1 oxX '’
where 7 denotes the mean time (for incision or
repair synthesis) and X; the total concentration
of protein i. (B) The model correctly predicts
the kinetics of XPG binding when the amount
of initial DNA damage is increased ~2.6-fold
(+, experimental data for irradiation through
8-ym pores; red line, model simulation) as
compared with reference conditions (x, experi-
mental data; blue line, model). (C) Maximally
bound XPG-EGFP after local UV-C irradiation
of differently sized areas (100 J.m2 through
3-, 5-, and 8-pm pores). (D) The model correctly
predicts the kinetics (amplitude and shape of
the curve) of XPC-EGFP binding in XPA-deficient
cells (red line, model prediction; red crosses,
experimental data). The predicted curve and
the measured kinetics of XPC-EEGFP binding in
(complemented) XPC-deficient cells are shown
in blue for comparison. Error bars indicate SD.

complexes are formed rapidly by reversible binding of the indi-
vidual components. The theoretically predicted time scale of
lesion removal has been confirmed experimentally.

High capacity for parallel processing of
DNA lesions

To determine the control of each NER protein on the rates of
incision and repair synthesis, we calculated the control coeffi-
cients that quantify how a change in the concentration of an in-
dividual protein affects these rates (Materials and methods).
Most proteins have an appreciable impact, showing that the rate
of NER is a systems property rather than being determined by a
single protein (Fig. 7 A). However, XPC has the dominant con-
trol on the rate of incision, whereas RPA, XPA, and PCNA con-
trol the rate of repair synthesis.

To quantify the dependence of the rate (v) of NER on the
amount of DNA lesions (D), we approximated the repair rate by
the Michaelis—Menten equation v = v,,,x D/(Ky + D). From our
data, we estimated the maximal rate vy, = 6,000 lesions min
(see Materials and methods), which agrees with previous mea-
surements (Kaufmann and Wilson, 1990; Ye et al., 1999). The
estimated half-saturation at Ky; = 216,000 lesions indicates
that NER is not saturated under our experimental conditions
(~60,000 DNA lesions at ¢ = 0). In fact, the model predicts that
an increase in the number of DNA lesions would not change
the net accumulation kinetics of a repair factor. Rather, it would
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increase the number of repair proteins engaged in DNA repair
(Fig. 7 B, red line), and this increase in engaged DNA repair
proteins is predicted to be approximately proportional to the
number of DNA lesions.

To address experimentally whether NER is indeed unsatu-
rated, we inflicted different amounts of DNA damage per nu-
cleus and monitored the accumulation of the preincision protein
XPG. The experimental curves for the measured amplitude and
kinetics of XPG accumulation for increased DNA damage
matched the predicted curves generated by the model (Fig. 7 B,
red crosses). Nearly twice the number of XPG molecules was
engaged in DNA repair when the number of DNA lesions was
doubled, without changes in the long-term accumulation of
XPG, which fully agreed with the model prediction (Fig. 7 B).
Further supporting the prediction that NER is far from satura-
tion, we observed an essentially linear relationship between
XPG accumulation and the number of DNA lesions (Fig. 7 C
and Fig. S4 B). Thus, NER has a high capacity to process DNA
lesions in parallel.

As global genome NER is strictly dependent on damage
recognition by XPC (Volker et al., 2001), we further tested to
what extent XPC (~0.14 uM) can become bound to DNA dam-
age (6-4 PP; ~0.33 uM). When the repair of the DNA lesions
is prevented, the model predicts only a moderate increase in
XPC net accumulation because of the rather low XPC affinity
(Fig. 7 E, red line, compare with blue line for predicted XPC
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Figure 8. Specificity of NER. (A) Damage recognition, DNA unwinding,
and kinetic proofreading by XPC, TFIIH, and XPA. We estimated that in
~40% of the unwinding events after the recognition of a true lesion, the
DNA will reanneal, and the repair process must start again. After unspe-
cific binding, this number increases to almost 100%. For simplicity, only
binding of XPC, TFIIH, and XPA to the DNA lesion is shown, using the
same symbols as in Fig. 4 B. (B) Error fractions in the model for different

accumulation when repair takes place). To test this prediction,
we expressed XPC-EGFP in repair-deficient XP-A cells and
measured its binding kinetics after localized UV irradiation
(Fig. 7 D). The net accumulation of XPC-EGFP on DNA dam-
age in XPA-deficient cells was indeed only slightly increased
compared with its accumulation in repair-proficient cells and
closely matched the amplitude predicted by the model (Fig. 7 E,
red crosses and red line, respectively). Unlike the decreasing
XPC accumulation in repair-proficient cells (Fig. 7, D and E,
blue crosses), XPC accumulation in the repair-deficient cells re-
mained at a plateau level in further agreement with the model
prediction. Remarkably, this plateau is at ~10% of the esti-
mated total DNA damages (6-4 PPs). This finding corroborates
the prediction of low XPC affinity and indicates that the unsatu-
rated nature of NER is, at least in part, due to the comparatively
weak XPC binding.

Reversible binding of repair proteins can
ensure accurate damage recognition

The NER machinery must recognize DNA lesions with high
specificity to avoid accidental repair of nondamaged DNA,
which is potentially mutagenic. The lesion recognition factor
XPC binds to DNA damage with only ~100-fold higher affinity
than to undamaged DNA (Hey et al., 2002; Hoogstraten et al.,
2008). About 10° incisions on nondamaged sites per hour would
occur if the specificity of NER were determined by XPC alone
(see Materials and methods). Obviously, much higher damage
specificity is required to prevent erroneous DNA incisions by
the NER machinery. The model demonstrates that specificity
can be increased by several orders of magnitude through a ki-
netic proofreading mechanism based on the reversibility of
DNA unwinding. Using model simulations, we estimate that
most DNA unwinding events around a true lesion immediately
lead to incision (~60%). In the remaining cases, DNA re-
anneals before a preincision complex is formed and NER starts
again by XPC binding to the lesion. In contrast, XPC and other
NER factors bind so weakly in the absence of a lesion that un-
damaged DNA will reanneal with near 100% efficiency if it has
accidentally been unwound after unspecific binding of XPC and
TFIIH (Fig. 8 A).

XPA and possibly TFIIH can also discriminate between
lesions and undamaged DNA (Villani and Tanguy Le Gac,
2000; Dip et al., 2004; Camenisch et al., 2006; Giglia-Mari
et al., 2006). These factors may contribute significantly to ki-
netic proofreading. We estimated the specificity of the NER
system by assuming a 100-fold selectivity of XPC, TFIIH, and
XPA for damaged over nondamaged DNA. This results in an
error fraction of f < 10~® (erroneous incisions per correctly
excised damage), which compares with the error rate in DNA

dissociation rates of XPC. The affinity ratio for damaged versus undamaged
DNA is always 100. The error fraction was calculated as the ratio of mean
times to dual excision for a true lesion (r) and an incidental incision on
undamaged DNA (ry): f = 7. / 7y High specificity would result in large 7,
(incidental incisions are extremely rare) and thus small . (C) Mean time to
incision for different dissociation rates of XPC.
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replication (~107% Kunkel and Bebenek, 2000). Importantly,
when suppressing DNA reannealing in the model (by setting
g1, =0), we observed a large increase in the error fraction to
f> 10"* Thus, kinetic proofreading enhances molecular discrimi-
nation between damaged and nondamaged sites by several
orders of magnitude. These results outline a potential proofreading
mechanism that utilizes reversible DNA unwinding for achiev-
ing the exquisite discriminative power of the NER system.

The model shows that rapidly exchanging proteins are a
prerequisite for high specificity. Stably bound proteins would
prevent proofreading by stabilizing the unwound DNA repair
intermediate; for example, if the XPC dwell time increased 100-
fold, the error fraction would increase by six orders of magni-
tude to f ~10? (Fig. 8 B). However, the rate of NER will be
compromised if XPC binds too weakly (Fig. 8 C). Thus, speci-
ficity and efficiency of the NER system cannot be maximized
simultaneously, and the kinetic design of the NER system must
realize a trade-off between these two objectives. The model pre-
dicts that a comparatively low XPC affinity, with readily revers-
ible binding of XPC and other repair proteins, results in high
specificity and efficiency.

Discussion

We have used a combination of live cell imaging and kinetic
modeling to study the formation of DNA repair complexes on
the chromatin fiber. Based on extensive kinetic measurements
of the binding and dissociation of individual components of the
NER machinery, we have computationally reconstructed the
assembly dynamics of the multiprotein complexes that catalyze
the successive steps of repair. Our results show that the recogni-
tion of DNA lesions is strongly rate limiting for repair, whereas
after the subsequent DNA unwinding, NER proteins assemble
rapidly, randomly, and reversibly into multiprotein complexes.
This model reconciles the slow net accumulation kinetics of
NER factors at repair sites with their continuous rapid exchange
between bound and unbound states (Figs. 2—4). The model
makes testable predictions on the rate and capacity of the repair
process that have been verified experimentally (Figs. 6 and 7).
Moreover, our analysis suggests a kinetic proofreading mecha-
nism for achieving high specificity in lesion recognition that
utilizes reversible DNA unwinding and rapidly reversible pro-
tein binding (Fig. 8). The model has implications for the kinetic
organization of other chromatin-associated processes, including
transcription regulation and DNA replication.

Comparison with previous models of
protein complex formation on DNA

Our approach differs from previous experimentally based math-
ematical models that described the kinetic behavior of individ-
ual proteins binding to chromatin based on FRAP data (Dundr
et al., 2002; Darzacq and Singer, 2008; Gorski et al., 2008;
Karpova et al., 2008). In this study, we quantified the formation
of multiprotein complexes that are the active units of the DNA
repair process. To this end, we developed an integrated kinetic
model that simultaneously accounts for the kinetic behavior of
seven core NER proteins. Fitting the model to the experimental
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data yields biochemically plausible estimates for the kinetic pa-
rameters of the individual molecular interactions in vivo that
account for both the long-term accumulation and the rapid ex-
change of the NER factors (Fig. 6 and Table I). The model pro-
vides a versatile and testable framework for understanding the
repair process on the systems level of its interacting factors. At
present, techniques for measuring on- and off-rate constants as
well as affinities directly in vivo are limited (Michelman-Ribeiro
et al., 2009), as are techniques for measuring repair inter-
mediates in vivo. The development of such experimental methods
would provide additional tools to further scrutinize and refine
the model.

Our results show that the NER system becomes saturated
at a remarkably high number of DNA lesions, with an estimated
half-saturation at 216,000 lesions per nucleus. For comparison,
sunlight is thought to induce up to 30,000 DNA lesions per hour
in each skin cell. The maximal rate of repair is estimated at 6,000
lesions per minute, which is consistent with direct measurements
of the rate of incision (Kaufmann and Wilson, 1990; Ye et al.,
1999). Previous estimates of the time taken to incise a single
lesion (~4 min) were based on the dissociation rates of individ-
ual repair factors from damaged DNA in vivo (Houtsmuller et al.,
1999; Rademakers et al., 2003; Zotter et al., 2006). These disso-
ciation rates reflect the k. of individual repair proteins but may
not provide information about the time it takes to repair DNA le-
sions. Indeed, our results imply that repair factors can bind to
and dissociate from the same lesion multiple times before it is
excised, reconciling the rapid exchange of repair factors and
their long-term accumulation at damaged sites. Thus, the mean
time to remove a lesion is predicted to be much larger than previ-
ous estimates suggested, on average ~40 min (Table I). More-
over, there is high stochastic variability in excision time between
lesions. At the same time, the NER system has the capacity to
process a large number of lesions in parallel, such that the mean
time to incise a single lesion or several thousands of them is
rather similar. The processing capacity appears to be further reg-
ulated by the DDB2 complex that seems to stimulate the recog-
nition of 6-4 PPs by XPC when the concentration of DNA lesions
is relatively low. This may be brought about by priming UV-
damaged chromatin for the binding of XPC. At higher lesion
concentrations, however, DDB2 does not further accelerate the
repair of 6-4 PPs (Moser et al., 2005; Nishi et al., 2009).

Experimental testing of model predictions

To validate the predicted kinetics of lesion excision, we moni-
tored the time course over which 6-4 PPs are excised and
found good agreement between experiment and model (Fig. 6 G).
In view of the fact that no experimental information on the
kinetics of DNA repair intermediates was used to parameter-
ize the model, this result attests to the predictive capability of
the model. Additional experimental tests have provided fur-
ther validation of the model. First, the linear dependence of
XPG accumulation on the amount of DNA lesions confirms
the model prediction that NER is far from saturation under our
experimental conditions (Fig. 7, B and C). Second, the rela-
tively low accumulation of XPC in repair-deficient mutants
matches the model simulations quite precisely and confirms
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the prediction of a comparatively low in vivo affinity of XPC
for DNA lesions (Fig. 7 E). Thus, the model has correctly
predicted both the time scale of repair and the magnitude
of accumulation of NER factors under different experimen-
tal conditions.

Efficiency and specificity of NER

The low XPC affinity for damaged DNA and fast reversibility of
binding are advantageous for both specificity and efficiency of
NER (Fig. 8). The model shows that two distinct mechanisms
together can render the error fraction in the recognition of
lesions compared with nondamaged DNA as low as <1075
(a) the involvement of multiple factors in damage recognition
(XPA and possibly TFIIH) and (b) kinetic proofreading (Hopfield,
1974). These mechanisms greatly increase the specificity of the
NER system beyond the poor specificity of XPC (for XPC alone
fomin ~107% Hey et al., 2002; Hoogstraten et al., 2008). Thus,
proofreading may strongly reduce “accidental” repair on non-
damaged DNA, which is potentially mutagenic. Kinetic proof-
reading is naturally realized in our model as a result of the
reversibility of the DNA-unwinding steps, which require the
binding of NER factors to prevent reannealing. If one or several
of these factors bind with higher affinity to a lesion than to un-
damaged DNA, the specificity is greatly amplified by the proof-
reading mechanism. Both specificity-enhancing mechanisms
are particularly effective when the recognition factors cannot
readily be saturated with DNA lesions. Indeed, we have esti-
mated for XPC and XPA rather low affinities for damaged DNA
(K4 of 7-8 uM; Table I). A too-low affinity of XPC, however,
would strongly slow down repair. Our results suggest that the
observed low XPC affinity mediates an appropriate trade off be-
tween specificity and efficiency of NER. In addition, the model
indicates that the reversibility of protein binding is beneficial
because it prevents the trapping of NER proteins in incomplete
(and thus unproductive) repair complexes. Specifically, this ex-
plains that the repair rate is maximal at an intermediate ko value
for XPC (Fig. 8 C).

General implications of the model for
chromatin-associated processes

This study provides a systems-level framework for dissecting the
assembly and function of multiprotein machineries acting on
chromatin. Our results show that repair factors bind reversibly
and assemble mainly stochastically to form enzymatically active
protein complexes. In particular, the in vivo data presented in
this study and previously (Volker et al., 2001; Rademakers et al.,
2003) argue against alternative models that propose irreversible
and sequential binding of NER factors (Politi et al., 2005) or
NER initiation by proteins other than XPC (Kesseler et al.,
2007). In contrast to these earlier models, our results explain the
sequentiality of the NER process in a natural manner by the step-
wise enzymatic modifications of the DNA substrate at which the
proteins assemble. Our model also accommodates cooperative
protein—protein interactions, as shown for XPC and TFIIH in the
initial unwinding of DNA near a DNA lesion (Yokoi et al., 2000;
Sugasawa et al., 2009), and for XPA and ERCC1/XPF (Volker
et al., 2001; Tsodikov et al., 2007). Thus, the assembly of NER

complexes at chromatin appears to be governed primarily by
protein—DNA interactions and, to a lesser extent, by stable protein—
protein interactions. Long-term stability of protein complexes
is not necessary because enzymatically active complexes need
only be stable for a time interval required to carry out their func-
tion (such as DNA unwinding, dual incision, etc.). On the con-
trary, we find that reversibility of protein binding is beneficial
for NER by ensuring high specificity of lesion recognition with-
out compromising efficiency. Our analysis demonstrates the
enormous potential of kinetic proofreading for specific dam-
age recognition.

Many proteins involved in transcription and DNA replica-
tion have enzymatic activities that may affect histones and other
proteins determining chromatin accessibility (van Attikum and
Gasser, 2009). Therefore, the formation of chromatin-associated
machineries may be orchestrated in time primarily by progres-
sive enzymatic modifications of the chromatin substrate, leav-
ing considerable freedom for the binding mode of individual
proteins. Like the components of the NER complex, many tran-
scription factors and RNA polymerases exchange rapidly in the
transcription initiation complex, which has been considered in-
efficient (Dundr et al., 2002; Darzacq et al., 2007; Gorski et al.,
2008). However, our analysis suggests that such conclusion
may need to be reevaluated when the functioning of multi-
protein complexes in terms of specificity and efficiency is taken
into account. Our results suggest that proofreading based on
reversible protein binding and DNA unwinding, as described
for NER, may also support specific target site recognition in
transcription. The conflict between specificity and efficiency
uncovered in this study is likely a general design principle for
chromatin-associated machineries.

Materials and methods

DNA constructs

The XPC cDNA (Hoogstraten et al., 2008) was ligated in frame with mVenus
and mOrange (Shaner et al., 2004; Kremers et al., 2006), resulting in
XPC-mVenus and XPC-mOrange. In addition, XPA cDNA (Rademakers
et al., 2003) was ligated in frame with mOrange, yielding mOrange-XPA.
Constructs were transiently transfected in several NER mutant cell lines at
low levels using Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s instructions. RPA70 cDNA (Henricksen et al., 1994) was cloned
in frame with EGFP in pEGFP-N1 (Takara Bio Inc.) and stably expressed
in SV40-transformed MRC5 human fibroblasts. The EGFP-histone H4 plas-
mid was provided by S. Diekmann (Leibniz Institute for Age Research,
Jena, Germany).

Cell lines

Cell lines stably expressing EGFP-tagged NER proteins used in this study
were human fibroblasts XPC-deficient XPAPA-SV- expressing XPC-EGFP
(Hoogstraten et al., 2008), XPA-deficient XP20OS-SV-expressing EGFP-XPA
(Rademakers et al., 2003), XPB-deficient XPCS2BA-SV-expressing XPB-
EGFP (Hoogstraten et al., 2002), and wild-type MRC5-SV—-expressing
RPA70-EGFP. The following CHO cells were used: XPG/ERCC5-deficient
UV135-expressing XPG-EGFP (Zotter et al., 2006), ERCC1-deficient
43-3B-expressing ERCC1-GFP (Houtsmuller et al., 1999), wild-type CHO9-
expressing EGFP-PCNA (Essers et al., 2005), and CHO K1. The expression
level of all EGFPtagged repair proteins is comparable with the level of
endogenous proteins as shown by Western blot analysis (Houtsmuller et al.,
1999; Hoogstraten et al., 2002, 2008; Rademakers et al., 2003; Essers
et al., 2005; Zotter et al., 2006). The following NER mutant cell lines
were used: human XP-B (XPCS2BA-SV; Vermeulen et al., 1994), XP-A
(XP12RO-SV; Satokata et al., 1992), XP-F (XP2YO-SV; Yagi et al.,
1991), CHO XP-B/ERCC3 (27.1; Hall et al., 2006), XP-G/ERCC5
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(UV135; Maclnnes et al., 1993), and ERCC1 (43-3B; van Duin et al.,
1986). All cell lines expressing EGFP-tagged NER proteins were cultured
in a 1:1 mixture of DME/Ham'’s F10 medium. All media contained gluta-
mine (Invitrogen) supplemented with antibiotics and 10% FCS, and all cells
were cultured at 37°C in an atmosphere of 5% CO,.

Western blotting

Cell extracts of parental MRC5 cells and MRC5 cells expressing RPA70-
EGFP were generated by sonication, separated by 8% sodium dodecyl sul-
fate polyacrylamide gel electrophoresis, and transferred to nitrocellulose
membranes. Expression of RPA70-EGFP was analyzed by immunoblotting
with mouse monoclonal anti-RPA70 antibodies (B-6/sc-28304; 1:1,000;
Santa Cruz Biotechnology, Inc.) and mouse monoclonal anti-EGFP anti-
bodies (1:1,000; Roche) followed by a secondary antibody (donkey anti-
mouse 800CW; 1:5,000; LI-COR Biosciences) and defection using an
infrared imaging-scanning system (Odyssey; L-COR Biosciences).

UV irradiation

For all experiments, cells were irradiated with a UV source containing four
UV lamps (?-W TUV PLS; Philips) above the microscope stage. The UV
dose rate was measured to be 3 W/m™2 at 254 nm. For induction of local
UV damage, cells were UV irradiated through a polycarbonate mask (Mil-
lipore) with pores of 5 pm and subsequently irradiated for 39's (100 J.m2;
Moné et al., 2004; Luijsterburg et al., 2007).

Microscopic analysis

Binding kinetics were measured on a widefield fluorescence microscope
(Axiovert 200M; Carl Zeiss, Inc.) equipped with a 100x Plan Apochromat
1.4 NA oil immersion lens (Carl Zeiss, Inc.) and a xenon arc lamp with
monochromator (Cairn Research Ltd.). Images were recorded with a cooled
charge-coupled device camera (CoolSNAP HQ; Roper Industries) using
MetaMorph imaging software (version 6.1; MDS Analytical Technologies).
FLIP, inverse FRAP, and photoconversion experiments were performed on a
confocal microscope (LSM 510 META; Carl Zeiss, Inc.) equipped with a
63x Plan A 1.4 NA oil immersion lens (Carl Zeiss, Inc.), a 60-mW argon
laser (488 and 514 nm), a 5-mW helium neon 1 (543 nm) laser, a 15-mW
helium neon 2 (633 nm) laser, two photomultiplier tubes, and a META de-
tector. Images were recorded using imaging software (LSM; Carl Zeiss,
Inc.). Both microscopes were equipped with an objective heater and a
climate chamber. Cells were examined in microscopy medium (137 mM
NaCl, 5.4 mM KCl, 1.8 mM CaCl,, 0.8 mM MgSO,, 20 mM D-glucose,
and 20 mM Hepes) at 37°C.

Binding kinetics

Cells were grown in glass-bottom dishes (MatTek) and locally UV irradiated
as described previously (Moné et al., 2004; Luijsterburg et al., 2007). In-
dividual cells were subsequently monitored for up to 6 h. Accumulation of
EGFP-tagged repair proteins after local irradiation was quantified with Ob-
jective Image software. Time courses were normalized with respect to the
plateau level. Start of the UV irradiation was defined as t = 0. The bound
fraction of EGFP-tagged NER proteins in the local damage was calculated
by the following equation: bound percent = (lsoo — lowspot) X Pixelsoor/ (lnuciess —
Ibackground) X Pixelsnuciess; Where lipor and loyspor are the mean pixel intensities
inside the damaged spot and outside the spot, respectively. |y is the
mean pixel intensity of the nucleus, including the spot, and lpeciground is the
mean pixel intensity outside of the cell.

FLIP

FLIP analysis was performed by continuously bleaching a third of a locally
UV-irradiated nucleus opposite to the site of damage at 100% laser inten-
sity (488-nm argon ion laser) as previously described (Hoogstraten et al.,
2002; Luijsterburg et al., 2007). A 60-mW argon ion laser was used for
excitation at 488 nm, passed onto the sample by a 490-nm dichroic mir-
ror, and emission light was filtered by a 505-550-nm emission filter. Fluor-
escence in the locally damaged area was monitored with low laser
intensity. All values were background corrected. We chose experimental
conditions (extended bleaching area and high bleaching frequency) in
which an EGFP-tagged repair protein that dissociates from sites of DNA
damage will likely be bleached before rebinding to sites of damage. For
example, a protein with a fast on rate of 105 M~'s™! would take of the
order of 30 s to rebind to DNA damage occurring at a concentration of
0.35 pM (as in the experiments reported in this study). By comparison, dif-
fusion over the typical nuclear dimension of 5 pm to hit the bleaching area
with a comparatively low diffusion coefficient of 10 pm? s™' (as measured
for TFIIH; Hoogstraten et al., 2002; Luijsterburg et al., 2007) would re-
quire on average only 1.25 s.
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FLIP experiments with pertubation of NER

To stall NER at the repair synthesis stage, we added inhibitors of repair
synthesis and DNA ligation, i.e., HU at 100 mM and AraC at 10 pM
(Smith and Okumoto, 1984; Mullenders et al., 1987) ~1 h before local
UV-C irradiation. Subsequently, the cells were locally irradiated, and we
determined the dissociation kinetics of NER factors by FLIP when the maxi-
mal amount of bound proteins was reached.

Photoconversion experiments

XPAPA cells transiently expressing low levels of XPC-mOrange were locally
irradiated with UV-C light. Cells were monitored in multitrack mode.
A 5-mW helium neon laser was used for excitation at 543 nm, passed onto
the sample by a 543-nm dichroic mirror, and emission light was filtered by
a 560-615-nm emission filter. Simultaneously, a 15-mW helium neon laser
was used for excitation at 633 nm, passed onto the sample by a 633-nm
dichroic mirror, and emission light was filtered by a 650-nm long-pass
emission filter. Images of 512 x 512 pixels were acquired with a scan time
of 1.97 s (two means per line) at zoom 5 in the 543 and 633 channels.
After three images, a region of 90 x 90 pixels containing the damaged
area was photoconverted (15 iterations) with maximal 488-nm laser inten-
sity (AOTF 100%; Kremers et al., 2009). Fluorescence in the locally dam-
aged area was monitored with low laser intensity for at least 25 images
with a 5-s time interval between images in the 543 and 633 channels. The
loss of fluorescence at the locally damaged in the 633 channel (FLIP;
caused by dissociation of photoconverted molecules) and the recovery of
fluorescence in the 543 channel (FRAP; caused by association of nonphoto-
converted molecules) were quantified. Curves represent the FLIP from which
the FRAP has been subtracted, which is a measure for the dissociation
kinetics.

Inverse FRAP

XP4PA cells transiently expressing low levels of XPC-mOrange were lo-
cally irradiated with UV-C light. After three images, the entire nucleus ex-
cept for the locally damaged area was bleached (15 iterations) with
maximal 488-nm laser intensity (AOTF 100%). The reequilibration of
bleached and nonbleached molecules was monitored with low laser in-
tensity for at least 25 images with an 8-s time interval between images in
the 543 channel. The loss of fluorescence at the locally damaged was
quantified (Image); National Institutes of Health), which is a measure for
the dissociation kinetics.

Immunofluorescent labeling of 6-4 PP and CPD

XPAPA cells expressing XPC-EGFP were seeded on poly-D-lysine-coated
coverslips, irradiated through 5-pm pores at 100 J.m 2, and fixed at differ-
ent time points after UV irradiation (directly after UV and 1, 2, 4, and 8 h
after UV). Control cells were mock treated (i.e., not irradiated) and fixed.
Cells were fixed with 4% formaldehyde in PBS for 15 min at 4°C, permea-
bilized in 0.5% Triton X-100 (Serva) in PBS for 5 min, and incubated with
100 mM glycine in PBS for 10 min to block unreacted aldehyde groups.
Subsequently, DNA was denatured with 0.1 M HCl for 10 min at 37°C,
and cells were blocked in 10% BSA in PB for 15 min. Cells were rinsed
with PB (130 mM KClI, 10 mM Na,HPO,, and 2.5 mM MgCly, pH 7.4)
and equilibrated in WB (PB containing 0.5% BSA, 0.2% gelatin, and
0.05% Tween 20; Sigma-Aldrich). Antibody steps and washes were per-
formed in WB. The primary antibodies mouse anti-CPD (1:400; Nordic
Biosite) and mouse anti-6-4 PP (1:500; Nordic Biosite) were incubated
overnight. Detection was performed using donkey anti-mouse Ig coupled
to Alexa Fluor 546 (1:1,000; Jackson ImmunoResearch Laboratories, Inc.).
Samples were mounted in Mowiol, and images were acquired on a con-
focal microscope (LSM 510; see Microscopic analysis). The fluoresence in-
tensity of at least 50 local UV spots was measured using Image) software.
The measured infensities were background corrected (using nonirradiated
control images) and normalized to 1 (using cells that were fixed immedi-
ately after local UV irradiation; i.e., O-h time point).

Estimation of the amount of locally inflicted lesions

To estimate the concentration of 6-4 PPs inflicted using local UV-C irradia-
tion at 100 J.m~2 through 5-mm pores of a polycarbonate mask, we used
available measurements of the absolute amounts of 6-4 PPs and CPDs in-
flicted upon UV-C irradiation of CHO cells (Perdiz et al., 2000). These
data demonstrate that the number of inflicted 6-4 PPs and CPDs does not
increase linearly with increasing UV dose. By extrapolating the data of
Perdiz et al. (2000), we estimate that global UV-C irradiation at 100 J.m™2
produces ~é x10% 6-4 PPs genome wide (Fig. S1 A). However, by irradiat-
ing cells locally through 5-pm pores, we irradiate ~10% of the nuclear vol-
ume and thus produce ~é x 10* 6-4 PPs in the locally damaged areaq,
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which translates to a nuclear concentration of 0.3 pM (assuming a nuclear
volume of 0.3 pl). For comparison, global UV-C irradiation at 16 J.m™2, a

dose often used to saturate NER, produces 3 x 10° 6-4 PPs genome wide.
In agreement with the nonlinear increase of 6-4 PPs at increasing UV-C flu-
encies, we show that the amount of immobilized XPG-EGFP does not in-
crease beyond ~10% of the protein pool when the UV-C dose is increased
beyond 100 J.m 2 (Fig. S1 B). However, when we increase the amount
of inflicted 6-4 PPs by irradiating a larger nuclear area (by using pores
with 3, 5, and 8 pm, respectively), we obtain a linear increase in the
amount of immobilized XPG-EGFP up to 22% of the protein pool (Fig. 7 C).
These results show that (a) the used UV-C dose is not a quantitative mea-
sure for the amount of inflicted DNA lesions and (b) the lesion concentra-
tion upon local irradiation at 100 J.m 2 (5-pm pores) is only about
twofold higher than the concentration after global irradiation at 16 J.m ™2,
whereas the absolute amount of damages is about fivefold lower (~60,000
6-4 PPs). Thus, we estimated that our standard local UV-C irradiation
introduces ~60,000 6-4 PPs, corresponding fo a nuclear concentration

of 0.3 pM.

Mathematical model

The model structure translates into 214 nonlinear differential equations for
the various protein complexes that can be formed at the DNA repair inter-
mediates and the free concentrations of the repair proteins. Nucleoplasmic
diffusion of NER factors is not considered explicitly, as it is much faster than
the characteristic times for binding and release at damage sites (Houtsmuller
et al., 1999; Rademakers et al., 2003; Zotter et al., 2006).

The concentration of any possible state (repair intermediate with
bound proteins) is indicated by yX... The superscript index, R, refers to the
repair infermediate that is defined by the modification of the DNA substrate
(damaged DNA |, partially unwound DNA I, fully unwound DNA I, in-
cised DNA IV, resynthesized DNA V, and chromatinized DNA V). The
presence of the individual proteins is encoded in a binary way in the tuple, 7.
The tuple 7 consists of seven elements: one for each protein p € {C, T, G,
A, F, R, and P}. Each protein variable 7(p) € {1, O} reveals if the protein is
bound, m(p) = 1, or not, 7(p) = 0. If the protein cannot bind to the given re-
pair intermediate R, 7(p) = O by definition.

In principle, each repair intermediate can have 2N possible states,
depending on which proteins are bound, where N is the number of pro-
teins that can bind to the given DNA substrate. However, in two cases, we
restrict the number of states as follows. First, to damaged DNA (repair in-
termediate 1), XPC must bind first before TFIIH can bind so that the tuple
with C =0, T=1is excluded, and consequently, 22" = 3 states exist for
repair intermediate |. Second, XPF/ERCC1 (F) can only bind if XPA (A) is
already bound (Table S1), so that any tuple with A = 0 and F =1 is ex-
cluded. In repair intermediates Il and Ill, where six proteins can bind, this
results in 26 — 24 = 48 possible states. For repair intermediate IV, we have
27 — 2% = 96 possible states. Repair intermediate V has 2° = 8 states, and
repair intermediate VI has 4 states for the binding of PCNA and RPA only.
The time evolution of the 207 states of repair intermediates is governed by
following system of differential equation:

d g =(p) R R l+n R
o= T ) ) Tk 008 a0+ EBE)
dt ;
pin R —_
protein dissociation protein binding enzymatic reactions
where for each R = 1,...,VI all allowed tuples 7 are to be considered.

The on-rate constant of protein p for a certain repair intermediate
Ris given by k, and the corresponding off-rate constant by 7, . The time-
dependent concentrations of free protein C, are determmed by Eq. 2.

The enzymatic reactions are denofed by EGE) if a state has no
in- or outgoing enzymatic reaction, E = 0. For damaged DNA (R = 1), we
have

I 11 11 I I
E(y00)= €1 Y000000 + €2 Yo00000 and E(y“)=—(1yll-

For partially unwound DNA (R = Il),

11 _ 11 it |
E(YOooooo)**El Y000000> E(Ynoooo) = oy

1 _ il PN ||
E(}’lmol)——“)111101:3‘1‘1 E()’llllll)‘“)’lllllr

For fully unwound DNA (R = Ill),

111 _ 1T 11T _ 11T
E()’OOOOOO)_ —£€2 Y000000> E(yomu) - 76 Yoiiiit»

11 N | 1 _ i} S I
E()’llllOI)—a)’HllOl’and E(V111111)——BY111111+(1Y111111~

For incised (R =

IV) and resynthesized DNA (R = V),

v 1 v v v
E(Y111111):B)’1|1|1| and E()’on)i”oomon =dyo11-

Finally, for rechromatinized DNA (R = V),

VI v
E(y011):5>’011-

The time evolution of the free concentrations of the C, of the proteins
pe{C,T,G, A FR,and P} is governed by the following seven differential
equations:

d VI
Eq,:ZZSPI IR yR =80 kx C,yx. ()
R=ITn

The second sum runs over all allowed index tuples 7 for the given
repair infermediate R. The Kronecker §,

=1 if i=j
8;i=1_ s
=0 if i#j

ensures that proteins only bind to complexes not containing the protein yet
and only leave complexes containing them.

The accumulation curves of the core proteins XPC, TFIIH, XPG, XPA,
ERCC1/XPF, RPA, and PCNA are generated by summing over the concen-
tration of all states that contain the respective protein. The initial conditions
of Egs. 1 and 2 for simulating protein accumulation after UV damage are
given by the free concentrations of all proteins equal to the to'ro| concentra-
tions and the value for the initial damage concentration of y§, (0.33 pM);
all other states empty. For simulating the FLIP curves of a given protein, its
on-rate constants are set fo zero (corresponding to the simplifying assump-
tion that any unbound fluorescent molecule is bleached before it rebinds).
The initial conditions are given by the state of the system during the re-
sponse to UV damage at the time point at which the FLIP experiment was
started (i.e., 600s for XPC and ERCC1/XPF, 900s for XPG and TFIIH,
2,000s for XPA, and 7,200s for PCNA).

Fit of the model to the data

The FLIP measurements indicate that most repair proteins bind fo the DNA
lesions without noticeable binding cooperativity with other proteins (except
for strictly sequential binding of XPC and TFIIH and strong cooperativity
between ERCC1/XPF and XPA). Rather, a sequence of binding events ap-
pears fo be established by the enzymatic action of protein complexes on
the chromatin (e.g., through unwinding of the DNA and excision of the le-
sion, etc.) that changes the doffinity of the repair proteins for the chromatin
substrate. Random protein binding may create a large number of protein
complex species (most of them being partially assembled complexes), and
the question arises as fo which kind of measurements need to be conducted
to quantify their assembly dynamics.

As a simple case, consider the formation of a multiprotein complex
from N reversibly binding components on a single repair intermediate of
constant (or slowly varying) concentration, B. If the proteins bind indepen-
dently of one another and their free concentrations are sufficiently large,
the kinetic equations for the concentrations of the various complexes y;
(compare with Eq.1) can be integrated to yield

Ko k; exp{—(kj’+lj')t}+l~
pan l(l exp{ (k" +1; )t})l;[ kj"*'lj N

proteins i present

Yn::BH

proteins j absent

where the indices i and | stand for the protein species that must bind
and dissociate, respectively, to form the complex; i.e., 7(i) = 1 and #{j) = O
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As unbound proteins are in excess, we have assumed their concentrations
as constant and defined the firstorder binding rate constants k" = k; C..
The term

k;’

k" +1

B

(1- exp{—(ki'Jrli')t})

i

is the net accumulation curve of protein i (and the terms with index | are the
corresponding complements). Therefore, the composition of any protein
complex formed from independently binding proteins can be inferred when
the accumulation curves of all individual proteins are known.

From experimentally measured accumulation curves, we can deter-
mine the amplitude,

K’
Aj=B—1_, 3)
YOk + L (

(] i

and the characteristic time of accumulation,

! 4)

tyo i=———,
acc,i ki,+li,

allowing us to separately identify the on- and off-rate constants k’; and
provided that the total amount of binding sites B (i.e., the number of DNA
lesions) is known. FLIP measurements provide an estimate of the character-
istic dwell times of the repair protein in the complexes

1
Tawell, i =77 (5)
1

Having joint measurements of A; and t..; (from the accumulation
curves) and tyyel; (from the FLIP experiments), we can estimate all three
parameters on the righthand sides of Eqs. 3-5: k';, [, and B; note that an
independent estimate of B is no longer needed (but nevertheless exists in
our data and proves useful for the fit of the full model). Thus, the simplified
model of protein complexes assembling on a single kind of DNA repair
intermediate is completely identifiable with two types of measurement:
(1) accumulation kinetics of all individual proteins (in absolute concentra-
tion scale) and (2) dwell times of all proteins.

We have checked numerically on surrogate data that this property
also holds when a particular protein complex has enzymatic activity that
decreases the concentration of the binding substrate (to be specific, we
chose the multiprotein complex in which all components are bound).
B becomes a function of time, B = By f{t; k/, I, «). The additional parameter,
the enzymatic rate constant «, can also be estimated from the given data
as long as it is not much faster than k. If @ is much faster than the k/, the
reaction is limited by protein binding. Then, a has negligible control on the
kinetics so that its actual value is of little interest.

In the full model, we have several DNA repair intermediates, and
protein complexes of appropriate composition have enzymatic activities
that convert one repair intermediate into another. This model has no ex-
plicit solution; therefore, its identifiably can not be determined analytically.
However, guided by the aforementioned considerations, we have found
that the following experimental data yielded reliable estimates of the model
parameters: accumulation kinetics of all proteins in the model, dwell times
of all proteins for unperturbed NER, total amounts of repair proteins in the
nucleus and inflicted lesions together with dwell of XPC, XPA, PCNA, and
ERCC1/XPF in various settings of stalled NER, and a few appropriate re-
strictions on the parameter space.

In particular, the FLIP experiments for NER stalled at various repair
intermediates help to discriminate the dwell times of the proteins at different
repair intermediates. To constrain the model, we included several experi-
mental observations and simplifications as follows.

Because RPA binds fo long stretches of single-stranded DNA more
strongly than to short stretches, we constrained the RPA affinity to fully un-
wound DNA (repair intermediate Ill) to be at least five times as large as to
partially unwound DNA (repair intermediate II; Blackwell and Borowiec,
1994). However, RPA should have the same affinity for fully unwound DNA
(repair intermediate Ill) and incised DNA (repair intermediate 1V) because
the single-stranded-binding partner stays the same. All proteins except
RPA (i.e., XPC, TFIIH, XPG, XPA, and ERCC1/XPF) have the same offinity
for partially unwound (repair intermediate Il) and fully unwound DNA
(repair intermediate [ll). For XPC, this is implied by the FLIP data, which
show that the XPC dissociation rate changes only after formation of the full
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Table II. Values of the enzymatic rate constants

Enzymatic rate Keat

sfl

0.08 (0.06; 0.11)
0.74 (0.59; 0.74)
4.1(3.8; 6.0)
0.05 (0.04; 0.06)
0.012 (0.012; 0.013)
3.1 (2.5; 24.1)
11.0 (4.9; 11.1)

Partial unwinding a
Full unwinding o'
Incision 8
Resynthesis -y
Rechromatinization &
Reannealing &,
Reannealing &,

Reference parameter set and 90% confidence intervals (in parentheses) are shown.

preincision complex (and likely after dual incision). For the other proteins, we
make the same assumption because their binding does not appear to require
large-scale DNA unwinding. These assumptions reduce the number of distinct
binding and dissociation rate constants. The binding of TFIIH is dependent on
the binding of the damage recognition factor XPC to the DNA lesion (i.e., re-
pair infermediate 1), and the dimer XPF/ERCC1 can only bind if XPA is present
(Volker et al., 2001).

To systematically explore the parameter space of the model, we used
an MCMC method (Press et al., 2007) for minimizing the residual sum of
squares (x?) between the data shown in Fig. 5 (A-D) and the corresponding
model simulations. This procedure yielded a distribution of the bestit values
for each parameter. Tables | and Il show the bestfit values (smallest x?) and
90% confidence intervals (given by the parameter distributions) for the 47
parameters, 20 pairs of k., (k) and kg (] values, five catalytic rate constants,
keot (@, @', B, v, and §), and two reannealing rate constants (7 and &,). The
confidence intervals are comparably small for all parameters except for
the reannealing rate constants &; and e,. However, the reannealing of a
~30-nucleotide stretch of DNA is very fast, and we found that the precise
values do not matter as long as the characteristic times for the reannealing are
in the subsecond range (as shown in Table Il). In this case, the reannealing of
the DNA is limited by the dissociation rates of the proteins stabilizing the un-
wound state, as one can reasonably expect. In addition, the dissociation con-
stants Kp = koi/ ko, were calculated; characteristic times for enzymatic reactions
are given by 1/k.. The mean times o produce repair intermediates  are also
listed (see following paragraph).

Characteristic times
The characteristic time 7 (y?,) of the state yA(1) is defined by the first moment

of the distribution divided by the zeroth moment. With the m™ moment de-
fined by

u(m) :J'tm y,’?(t)dt,

where the characteristic time is

and the standard deviation is

(2)
S )
u

The characteristic times to partial unwinding (rper; i.e., R = 1), o full unwinding
(it i.e., R =), and fo incision (7i; i.e., R = lll) are given by

T8 3 vawar

The first sum runs over all repair intermediates proceeding and the re-
pair intermediate itself. The second sum runs over all tuple 7 and is thereby

R
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summing over the concentrations of all states within a given repair intermedi-
ate. To ensure convergence of the integrals, the time fo resynthesis is calculated
by tracking all repair intermediates before resynthesis using the equation

Jo 1[50 @~( o8 0+ 3 5 )
[ O-(S o 0+ 3 ho)dr

Tsyn

The time to chromatinize is calculated analogously:

Jy [0 (-2 37 )ar
Tchrom = o .
J5 (300 @=% o7 ) de

@)

The corresponding standard deviations are calculated in the same
manner, according fo Eq. 6. With the reference parameter set, these defini-
tions yield for partially unwound DNA (7564 = 35 + 30 min), fully unwound
DNA (7g1 = 41 + 36 min), incised DNA (7, = 41 + 36 min), resynthesized
DNA (7, = 2.0 + 0.7 h), and rechromatinized DNA (7cyom = 2.2 + 0.7 h).
The high standard deviations indicate that there are considerable stochastic
variations in timing from lesion to lesion.

Michaelis-Menten approximation

As a phenomenological approximation for the dependence of the incision
rate v on the amount of initial damage D, consider the Michaelis-Menten
equation

D(t)

V(1) =Viax m

We approximate the time-dependent change of the total damage by

daD
—=—w(),
% (1)
and separation of variables by
K.,+D
Vinax dt:—L(t)dD,
D(1)

To obtain the characteristic time for repair,

=l D(t)dt:lw+K—M.
D(0)70 2 Vnax  Vmax

Eq. 7 predicts that the time fo incision will rise as a linear function of
initial damage D(0) (compare with Fig. S4 B). Therefore, we approximated
the initial part of the 7,,c curve in Fig. S4 B for the characteristic time fo inci-
sion versus the initial amount of damage by a straight line, yielding a
slope of approximately

11 Smin
2 Vax 60,000 lesions’

and consequently, the maximal rate of repair (of 6-4 PPs) per cell nucleus is
Vmax = 6,000 lesions/min. The interpolated intersection with the ordinate is
approximately at Ki/Vmex = 36 min, yielding a half-saturation constant of
Kit = 216,000 lesions. Thus, there is very considerable capability for the
parallel processing of DNA lesions by the NER system.

Specificity of NER

In this study, we assess the specificity of NER when it would be determined
by the binding of XPC only. We assume that binding of XPC may trigger
DNA unwinding and the assembly of the NER complex regardless of
whether it binds to DNA lesions. Measurements indicate that a DNA-
bound XPC molecule occupies 20-30 base pairs of DNA (Sugasawa
etal., 1998; Min and Pavletich, 2007). Given that a diploid human cell has
6.4 107 base pairs, we estimate approximately between 2 and 3x 108
unspecific binding sites (B) for XPC and thus the NER complex. This
translates to a nuclear concentration of 1.21-1.77 mM (assuming a
nuclear volume of 0.3 pl). The affinity of XPC for unspecific binding is

100-fold lower than for DNA lesions (Hey et al., 2002; Hoogstraten
et al., 2008), which is 0.78 mM for our model parameters. On average,
the concentration of XPC bound to undamaged sites will be

[xpC-B]=

] 7[ch]f;:e [B]free, where

D

[xPC-B],, =[XPC];.. +[XPC-B] and

total —

[B]total =[B]free + [XPC_B]'

The solution indicates that between 61 and 9% of the XPC mole-
cules (15,000-18,000 molecules) are nonspecifically bound at any given
time. This number agrees with recent measurements on XPC-GFP in vivo,
where 50% of the XPC pool was shown to be transiently bound to chroma-
tin at all times (Hoogstraten et al., 2008). From our model, we estimate that
it takes between 6 and 10 min fo incision if XPC is already bound; conse-
quently, there should be ~10%-10° incisions/h at undamaged sites of the
genome if no further mechanisms were in place to prevent such erroneous
incisions. However, our model naturally accounts for a kinetic proofread-
ing mechanism that, under certain conditions, can strongly enhance the
specificity of NER. In kinetic proofreading, an enzyme-substrate complex
is taken through a series of high energy intermediates at the expense of
metabolic energy before the final committing reaction step can take place.
In the passage through these intermediate states, the stability of the com-
plex is tested several times, thus leading to a more faithful discrimination
between the true substrate and close analogues than could be achieved by
a single binding step (Hopfield, 1974). In our model, kinetic proofreading
naturally occurs through reversible unwinding of the DNA around a lesion.
As the DNA will reanneal spontaneously when the stabilizing preincision
proteins (stochastically) dissociate, the binding of these proteins is sub-
jected to a stringent stability test.

The affinities of XPC and XPA for DNA depend on the distorted
helical structure and the presence of the lesion, respectively (Camenisch
etal., 2006; Maillard et al., 2007). Moreover, the subunit composition
of TFIIH is different when binding to a DNA lesion as compared
with its engagement in transcription (Giglia-Mari et al., 2006) so that
it may also bind with different affinities to damaged and nondamaged
DNA (Villani and Tanguy Le Gac, 2000; Dip et al., 2004). Addition-
ally, XPA preferentially binds to kinks in the helical DNA structure that
are induced by DNA lesions and therefore can also contribute to the
discrimination between damaged and nondamaged DNA (Camenisch
et al., 2006).

The affinities of XPC and XPA for DNA depend on the distorted heli-
cal structure and the presence of the lesion, respectively (Camenisch et al.,
2006; Maillard et al., 2007). Moreover, the subunit composition of TFIIH
is different when binding to a DNA lesion as compared with its engage-
ment in transcription (Giglia-Mari et al., 2006) so that it may also bind with
different offinities to damaged and nondamaged DNA (Villani and Tanguy
Le Gac, 2000; Dip et al., 2004). Additionally, XPA preferentially binds to
kinks in the helical DNA structure that are induced by DNA lesions and
therefore can also contribute to the discrimination between damaged and

nondamaged DNA (Camenisch et al., 2006).

Online supplemental material

Fig. S1 shows locally inflicted lesions. Fig. S2 shows immunoblot analysis
of RPA70-EGFP cells. Fig. S3 shows that cells analyzed by FLIP remain re-
pair competent. Fig. S4 shows the rate of NER. Table S1 shows model as-
sumptions. Online supplemental material is available at http://www.jcb
.org/cgi/content/full/jcb.200909175/DC1.
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