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5.11 Abstract 

Nucleotidee excision repair requires the concerted action of many different proteins. The 
repairr machinery assembles itself at DNA damage in a sequential fashion. We constructed a 
mathematicall  model that delineates hallmarks and general characteristics for this repair 
pathway.. Moreover, we measured the assembly kinetics of the putative damage-recognition 
factorr XPC-HR23B at sites of DNA damage in nuclei of living cells and found that this 
processs is surprisingly slow (t\,-2 = 120 s). These and other kinetic data allowed us to 
scrutinizee the dynamic behaviour of nucleotide excision repair in detail. A sequential 
assemblyy mechanism appears to be remarkably advantageous in terms of repair efficiency. 
Ourr findings show that alternative mechanisms for repairosome formation, like random 
assemblyy or preassembly, can readily become kinelically unfavourable. This model 
providess a kinetic framework for nucleotide excision repair and rationalizes why many 
multiproteinn processes within the cell nucleus may opt for a strategy of sequential 
assembly. . 

5.22 Introductio n 

Nucleotidee excision repair (NER) is a versatile DNA repair mechanism that enables cells to 
eliminatee different types of helix-distorting lesions throughout the genome. Its most 
abundantt substrates are UV-induced photoproducts, mainly cyclobutane pyrimidine dimers 
(CPDs)) and 6-4 photoproducts (6-4PPs). For their removal, placental mammals are fully 
dependentt on functional NER (Friedberg etai., 1995). NER eliminates DNA injuries 
employingg a multi-step strategy that requires the concerted action of at least 25 different 
polypeptides,, which detect the lesion and excise the damaged strand as a 24-32 residue 
oligonucleotide,, after which the replication machinery fills in the gapp (de Laat et al., 1999). 
InIn vivo, this is likely to be accompanied by restoration of the local chromatin structure 
(Gaillarde/o/.,, 1996). 
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TwoTwo distinct NER pathways are distinguished: transcription-coupled NER (TC-NER) and 
globall  genome NER (GG-NER). TC-NER removes lesions from the transcribed strand of 
activee genes. Damage recognition occurs through elongating RNA polymerases that are 
blockedd at DNA lesions, a process which is mediated by the TC-NER-specific CSA. CSB 
andd XAB2 proteins (Hanawalt, 2001; Nakatsu tVa/.. 2000). Subsequent NER steps are 
assumedd to be the same as for GG-NER. TC-NER is crucial for cell survival after DNA 
damage,, but the vast majority of genomic lesions is eliminated by GG-NER. XPC-HR23B 
iss thought to play a central role in damage recognition during GG-NER, (Sugasawa ex ai, 
1998).. although XPA (Li et ai, 1995) and recently RPA (Reardon and Sancar, 2002) have 
alsoo been suggested as damage detectors. XPC-HR23B binding appears to be sufficient for 
recruitmentt of TFIIH (Volker exai, 2001; Yokoi et ai, 2000). TFIIH is responsible for 
strandd separation around the lesion (Evans ex a!., 1997), which is mediated by its 
bidirectionall  helicase activities (Schaeffer el ai, 1994; Schaeffer era/., 1993) and which 
hass been shown to be required for proper dual incision (Bardwell et ai, 1994; O'Donovan 
etet ai, 1994). Unwinding of the duplex is facilitated and stabilized by the ssDNA-binding 
proteinn RPA. the 3' endonuclease XPG. and by XPA (Rademakers et ai, 2003; Volkers 
ai,ai, 2001). The 5' endonuclease ERCC1 -XPF is probably the last factor that is recruited to 
completee the dual-incision complex (Evans et al., 1997; Volkers/ al., 2001) 
Despitee our detailed biochemical knowledge about NER. many questions concerning its 
dynamicc behaviour remain unanswered. The availability of GFP fusion proteins starts to lif t 
thee veil, by providing information on effective diffusion coefficients of NER proteins, their 
mobilee versus immobile fractions, and their residence time in specific nuclear 
compartmentss (Hoogstraten et ai, 2002; Houtsmuller ei ai, 1999; Rademakers et ai, 2003; 
vann den Boom et ai, 2004). In addition, recent studies have quantitated de novo assembly 
kineticss of NER complexes in vivo immediately after local UV radiation (Moné et a!., 
2004).. Recent data from living cells support the view that NER proteins sequentially 
assemblee at sites of DNA damage (e.g. Aboussekhra et ai, 1995; Hoogstraten ex aL, 2002; 
Rademakerss et ai, 2003; Volker et al, 2001). 
Firstt attempts to develop quantitative mathematical models for DNA repair focused on base 
excisionn repair (Sokhansanj et ai, 2002). In this paper we developed a mathematical model 
forr NER based on quantitative //; vivo data in mammalian cells. In addition, we analyzed 
thee association kinetics of the damage recognizing protein XPC-HR23B with DNA. These 
andd other measured in vivo assembly rates prove excellent tools to verify the quality of the 
model.. We explore the general characteristics of sequential stepwise assembly mechanisms, 
ass well as detailed kinetic properties of NER. Furthermore, we investigate how alternative 
assemblyy and dissociation regimes of the NER complex affect repair efficiency. 
Manyy nuclear processes are carried out by multi-component systems that have properties in 
commonn with NER. Sequential recruitment of protein components to their sites of action on 
chromatinn has been suggested for a number of nuclear processes, including DNA double-
strandd break repair (Wolneref £//.. 2003). base excision repair (Nilsen and Kxokan, 2001), 
transcriptionn initiation by both RNA polymerase I (Dundr et ai, 2002) and RNA 
polymerasee II (Lee and Young, 2000), and DNA replication (Cardoso and Leonhardt, 
1998).. Therefore, our model may serve as a paradigm for the kinetic architecture of a broad 
varietyy of nuclear processes. 
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5.33 Results 

5.3.11 Approach 

Forr the basic mathematical model, we start from the mechanism depicted in Fig. 1 A. It 
representss a strict sequential and irreversible binding of NER factors to a damaged DNA 
sitee and their subsequent simultaneous release after a successful repair event. We explored 
thee behaviour of this system by analyzing how concentrations and affinities of the protein 
componentss affect the repair process. We used this information to investigate the efficiency 
andd robustness of the process that is carried out by the protein complex and how this 
dependss on various system parameters. Also, we studied the effect of relieving several 
constraintss of the initial basic model, including the sequential nature of assembly and 
irreversibilityy of binding. In addition, we measured the in vivo kinetics of XPC-HR23B 
bindingg upon UV irradiation and employed these results to verify and improve the model. 

5.3.22 Model description 

Thee order in which the DNA repair factors assemble corresponds to that proposed by 
(Volkerr et a!., 2001) (Fig. 1 A). Stl denotes a free DNA lesion to which the damage-
recognitionn factor F| (XPC-HR23B) can bind. This results in complex S\ (DNA/XPC-
HR23BB complex), to which the second factor F2 (TFIIH) binds. After formation of complex 
S:: (DNA/XPC-HR23B/TFIIH) the process continues with the sequential binding of the 
factorss Fj (XPG) and F4 (XPA), leading to the intermediate complexes S3 and S4, 
respectively.. The binding of F5 (ERCC1-XPF) completes the assembly process, generating 
thee full pre-incision complex (PC). Subsequent dual endonuclease incision of the damaged 
strand,, dissociation of the DNA damage and of the protein factors, and the fillin g of the gap 
byy the replication machinery are treated as a single reaction. In this simple form, the model 
consistss of six separate events: a recognition binding step, four intermediate binding steps, 
andd a repair plus dissociation step. Although the repair process is likely to involve more 
stepss (e.g. unwinding of the DNA by TFIIH helicase activity, separate binding of RPA. 
recruitmentt of the replication machinery, disruption and restoration of the local chromatin 
structure)) this does not affect the general characteristics of the model. 
XPC-HR23BB readily binds to damaged DNA in vitro with a dissociation equilibrium 
constantt of 0.5 to 5 nM (Batty et til., 2000; Hey et a!., 2002). In addition, the in vivo 
residencee times of ERCC1-XPF, TFIIH and XPA at DNA lesions are several minutes, 
beingg roughly the time necessary for a single repair event (Hoogstraten et at, 2002; 
Houtsmullerr eta!.. 1999; Rademakers et al., 2003). Hence, as a first approximation, all 
bindingg steps in the basic model will be considered irreversible. Later on we will lif t this 
constraint. . 

Thee time dependent changes in the concentration of the free damage and the intermediary 
complexess can be described by 

/c c 

at at 
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ChapterChapter 5; Figure 1 
StructuralStructural and dynamic characteristics of a basic NER model 
(A)(A) Basic NER model. Sequential binding of Jive different protein factors to a damaged 
DNADNA site and their simultaneous release after repair. 
(B)(B) Concentration of the immobilized forms (\, to j.) of the five repair factors after 

instantaneousinstantaneous induction of 2 pM DNA damage. Inset: initial phase on a shorter lime scale. 
CalculationsCalculations were performed assuming equal binding rate constants and equal factor 
concentrations.concentrations. Parameters: k - OjpM s' . j=  0.2 pM (for i- 5). and kR= 0.007 

s-'. s-'. 
(C)(C) Time courses of the changes in concentration of the pre-incision complex (PC) at 
variousvarious levels of initial DNA damage (0.05 pM. 0.3 pM, and 2 pM for curves a, b and c, 
respectively).respectively). Inset: decrease in the total damage concentration pt after an initial 

inductioninduction of 2 uM damaged DNA sites. 
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-~-~ = kfS^Fi - ki+l SiFi+}  (2) 

dS dS 
-- = k„S„_ lFn-kRS„ (3) 

dt dt 

wheree Eq. (2) applies for i~ / , -- , ; /- /. The parameter» is the number of different repair 

factorss (//= 5 in the basic model), b) and .V, are the concentrations of the free factors and 

intermediaryy complexes. The binding rates of the protein factors are characterized by the 

bindingg rate constants kt, and the rate of the repair step by rate constant kR . I \Um denotes 

thee rate at which DNA damages are formed. The total concentrations Tt of the factors are 

T,=F,T,=F, + I, (4) 

wheree l: are the concentrations of the immobilized forms. As the Mh factor involved in 
repairr is part of complex S, andd all subsequent complexes we have 

ffi=ii=i ssJ J <5> > 

Assumingg that the total concentration of each factor does not change in time during the 
repairr process, repair dynamics is fully described by Eqs (l)-(3). Expressing the free factor 
concentrationss as functions of Sf and 1) using Eqs (4)-(5) yields 

^^  = *,s,_,(7;-/,)-*ws,(7;+ l -/w) (6) 
at at 

for / -- . Similar expressions are obtained for Su and Slt. 

Somee NER proteins also have affinity for undamaged DNA (e.g. XPC-HR23B), and several 
repairr factors are involved in other processes besides repair (e.g. TFIIH in transcription). 
Thiss is accounted for by modifying the conservation relation (4) to T, = b) + lt + Ut, where 
[,',-- are the concentrations of nuclear complexes that contain repair factors but are not 

involvedd in NER. Under certain specific assumptions one derives b]=  ^ / ' ( ^ " O ' where 

thee buffering coefficient /?. > 1 is directly proportional to the amount of undamaged binding 

sitess (see supplement A). Then, Eq. (6) retains the same form, but the binding rate constants 

changee to effective rate constants defined by ki = ^ /P, . Hence, the presence of 

undamagedd binding sites effectively slows down the binding of repair proteins at damaged 
sites. . 
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Thee total concentration of lesions, D-t . at any time is given by 

DDTT=Y,Si.=Y,Si. (7) 

Fromm Eqs (1 )-(3) it follows that 

^ rr  = K<'«<» ~ v« (8) 

at at 

wheree VR = kRPC is the rate at which damaged sites are repaired, henceforth called repair 
ratee (note that PC, the concentration of the pre-incision complex, corresponds to the 
concentrationn of the final complex S\ ). As the concentration of mature pre-incision 

complexx is limited by the concentrations of the individual factors {  PC< Ti ), there is a 

maximall  repair rate Vmu,= kRPCmax . where PCmax is the maximal concentration of the 

pre-incisionn complex. Under all conditions is VM< Vnuix (see also supplement D). Values 

forr Vmi!X can be measured in vivo (e.g. van Hoffen el «/., 1995). 

5.3.33 Characteristics of a sequential assembly system 

Wee first consider a situation where DNA damage is instantaneously induced at a certain 
initiall  concentration, after which no further damaging occurs. Fig. 1 B shows the time 
coursee of the concentration of immobilized repair proteins U,) after damage induction. 
Typically,, factors that bind early in the pathway exhibit higher immobilization levels than 
late-bindingg factors. This is a direct consequence of sequential binding and subsequent 
simultaneouss release of the factors (from Eq. 2 one derives /M > /.). As expected, 

immobilizationn of repair factors occurs in a strict temporal order; binding of factors later in 
thee pathway is delayed compared to early-binding steps (Fig. 1B, inset). 
Inn Fig. 1C the concentration of PC is shown for low, intermediate and high initial damage 
concentrationss (curves a. b and c, respectively). In case of high damage we distinguish three 
differentt phases. Phase 1: the initial phase, characterized by the binding of protein factors 
andd a continuous increase of their immobile fractions (Fig. IB. inset). Phase II : the repair 
phase,, during which the majority of lesions is removed. The concentration of the 
immobilizedd factors remains approximately constant due to a continuous disassembly of the 
PCC and rebinding of factors to unprocessed lesions. During the repair phase the repair 
machineryy is saturated and removes lesions at a constant and maximal rate (Fig. 1C, inset). 
Saturationn is characterized by the almost complete involvement of the first factor 
(i.e.(i.e. /| = 7]. see Fig. IB). Phase III : the release phase, where so many lesions have been 
removedd that the concentrations of immobilized factors start to decrease. If the initial 
damagee concentration is altered, the characteristics of both the initial phase and the release 
phasee remain essentially the same. In contrast, the duration of the repair phase changes in 
proportionn to the amount of initial damage (Fig. 1C. curves b and c). 
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5.3.44 In vivo kinetics of XPC assembly at damaged DNA 

Wee have shown elsewhere that TFIIH and ERCC1-XPF are incorporated into the PC with 
t\t\ -2 values of 113 and 65 s, respectively (Moné et al., 2004; and Figs 2C and 2D). 
Strikingly,, the initial binding phase of the last-recruited protein, ERCC1-XPF. is already 
completedd after -3 min (Fig. 2D), whereas this phase is significantly longer for TFIIH, 
evenn though it binds earlier in the chain of events (Figs. 2C). Fora system of sequential 
bindingg of protein factors and their subsequent simultaneous release (Fig. I), this is 
unexpectedd since it predicts that initial phases of early-binding factors will be shorter than 
thosee of protein factors that bind later. We will show that this paradox can be resolved 
withinn the kinetic framework of the model. 
Wee wondered whether the relatively long half time of TFIIH might be due to slow damage 
recognitionn by XPC-HR23B. To investigate this, we measured the kinetics of XPC-HR23B 
assemblyy immediately after local UV irradiation of cell nuclei (Moné et al., 2001). We 
employedd XPC-deficient human cells that had been functionally rescued by stable 
expressionn of XPC coupled to green fluorescent protein (XPC-GFP). For local UV 
irradiation,, living cells were covered with a micropore filter mask and were incubated at 
37°CC on a microscope stage. After UV irradiation, XPC-GFP redistribution was imaged at 
155 s intervals. Accumulation of fluorescent XPC-GFP in the UV damaged nuclear area 
startedd immediately after damage induction (Figs 2A and B). XPC-GFP accumulation 
reachedd a plateau level after -10 min, with a /].; of-120 s (Fig. 2B). Its binding kinetics 
weree very similar to what had been observed for TFIIH (Fig. 2C) (Moné et al., 2004), 
indicatingg that the dynamics of TFIIH assembly reflect the relatively slow process of 
damagee recognition. 

Onee should note that for XPC-HR23B, which is assumed to be the first factor binding to 
damage,, the model predicts a higher percentage of immobilization than what was observed 
experimentally.. Using FRAP, a maximum of-40% at high damage doses was measured 
(unpublishedd results; see also the large pool of fluorescence remaining outside the damaged 
areaa in Fig. 2A). High immobilization (-100%) of a recognition factor is always 
expectedd at saturating lesion doses (see also Discussion). For the straightforwardness of 
subsequentt modelling, we supposed a limited population of XPC-HR23B to be available 
forr NER, as this will not affect the behaviour of the system. At the high damage dose used 
inn the experiments this pool is assumed to be -100% involved in repair. 
However,, it remained unclear why the accumulation of XPC-HR23B was still so slow, 
sincee one expects the accumulation time to be inversely proportional to the number of 
lesionss and hence a fast accumulation of XPC-HR23B for high initial damage (see Fig. 1). 
Wee therefore explored the possibility that accumulation of XPC-HR23B might be limited 
byy its diffusion to the locally UV-damaged nuclear area. 

91 1 



5.3.55 Comparison of experimental data and model predictions 

Too fit the binding kinetics of XPC-HR23B, TFI1H and ERCC1-XPF after local UV 
irradiationn of living cells, we extended the model to include the diffusion of NER factors 
(seee supplement B). We derived binding rate constants of all factors and an effective 
diffusionn coefficient of XPC-HR23B (parameter set 1 in Table 1) by fitting the basic model, 
noww including diffusion, to the measured in vivo assembly curves shown in Figs 2B-D (see 
supplementt C). The other model parameters, total factor concentrations and repair rate 
constantt were taken from the literature (see Table 1). 
Thee model properly reproduces the recruitment kinetics for both XPC-HR23B and TFIIH 
(Fig.. 2B-C, red curves). The slow accumulation of XPC-HR23B can be accounted for by 
sloww diffusion, with an effective diffusion coefficient between 0.1 and 0.3 unr/s. This 
valuee is a remarkably low for a protein of the size of XPC-HR23B, where a diffusion 
coefficientt of-15 um:/s is expected (based on its molecular size and assuming free 
diffusion).. The very low effective diffusion coefficient indicates that a large fraction 
(-98%)) of XPC-HR23B is transiently immobilized (see supplements A and B). This notion 
iss supported by the fact that XPC-HR23B has a significant affinity for undamaged DNA 
(Shivjii  et al, 1994), supported by recent experimental data on mobility and nuclear 
distributionn of XPC-HR23B in vivo (unpublished results). The time curve for ERCCI-XPF 
(Fig.. 2D, red line) could not be fitted within the same parameter set that is adequate for 
XPC-HR23BB and TFIIH. Under these conditions the length of the initial phase was about 
thee same for all NER factors (Fig. 2E). It turned out that the measured assembly kinetics of 
XPC-HR23B,, TFIIH and ERCCI-XPF can all be reproduced if one of the NER factors that 
bindss after TFIIH, but prior to ERCCI-XPF, is present at a significantly lower 
concentrationn than assumed in parameter set 1 (Table 1). Figs 2B-D (black lines) show the 
simulationn result where the total concentration of the third factor (i.e. XPG in the basic 
modell  of Fig. 1) is estimated numerically to be three to four times lower than the 
concentrationn of the other NER factors (see Table I, parameter set 2). Due to its low 
concentration,, a large fraction of this protein becomes involved in DNA repair (Fig. 2F. 
curvee 3). and will therefore become "limiting" for the initial phase of ERCCI-XPF. In 
contrast,, the initial accumulation of XPC-HR23B and TFIIH is unaffected. 
Thee sequential model can reproduce experimental data for the initial phase of repair 
remarkablyy well. In addition, we examined the predicted repair and release phases. To this 
end,, we measured the dynamics of ERCC1 -GFP immobilization in vivo over a time period 
off  several hours. Cells that stably express ERCC 1-GFP were locally UV irradiated through 
aa mask with 5 urn pores and the fluorescence intensity in the damaged nuclear area was 
monitoredd in time. A long repair phase, during which the amount of immobilized ERCC 1 -
GFPP remained approximately constant, was clearly observed (Fig. 2G, points). The 
subsequentt release phase is characterized by a gradual decrease of the damage-bound 
proteinn fraction. Simulations using the same parameter sets 1 and 2 (as derived from the 
initiall  phase data) well reproduce the experimental data of both the repair phase and the 
beginningg of the release phase (Fig. 2G, solid lines). 
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Parameter r 

totall  concentrations 

effectivee binding rate 
constants s 

repairr rate constant 

Symbol l 

T, T, 

7\ \ 

TT3 3 

TT4 4 

T, T, 

*/ / 
kk2 2 

* i i 

K K 
* j j 

** * 

Parameterr set 1 

0.444 ^M 

0.66 MM 

0.444 ^M 

1.11 \M 

0.555 uM 

0.01188 u,M"V 

0.06977 nM-1 S'1 

0.3733 MM" 1 S"1 

0.3733 jiM -1 s_l 

0.3733 uM ' s ' 

0.0077 s'1 

Parameterr set 2 

0.444 ^M 

0.66 nM 

0.19599 uM 

1.11 uM 

0.555 MM 

0.00544 nM1 s"1 

0.06311 (iM"1 s-1 

55 uM ' s"1 

55 jiM ' s ' 

55 u.M"' s"1 

0.0077 s'1 

ChapterChapter 5; Table 1 
ModelModel parameter and values 
AA nuclear volume of 0.3 pi is assumed The f oral concentrations were taken from literature 
(Araiijo(Araiijo  et at, 2000). The repair rate constant kR corresponds to the inverse of the residence 
timetime measured for ERCCI-XPF (Houtsmuller et al.. 1999). Using the basic model as 
depicteddepicted in Fig. J A and taking into account diffusion the other parameters (boldfaced) are 
fittedfitted to the accumulation curves in Fig. 2B-D (see supplement D and C). Due to the lack of 
kinetickinetic data for the third and the fourth factor, we assumed that their binding rate constants 
areare equal to the binding rate constant of ERCCI-XPF fie. k^= *., = Jt, A In parameter set I 
thethe total concentrations of all factors are based on best guesses of published data, whereas 
inin parameter set 2 the total concentration of the third factor is estimated numerically. For 
parameterparameter set 2, equally good fits are obtained if the rate constants k  ̂ through A, are 
targe.targe. We take values that correspond to the rate constant of a diffusion-limited process. 
TheThe buffering coefficient for XPC-HR23B was estimated to be (̂  = 90 and p, = 60 for set I 
andand set 2, respectively (-98"/»-99% transiently immobilized in absence of damage). This 
givesgives for XPC-HR23B an effective diffusion coefficient of 0.16-0.25 pm:/s. For the other 
factors,factors, we get from literature: p,= j.6 , p{  = p =̂ p =̂ / (see supplement C). 
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5.3.65.3.6 Steady states 

Too scrutinize NER dynamics, it is useful to analyze its steady state behaviour. The system 
cann reach steady state if the damage-induction rate Vdafll is constant and equal to the repair 

ratee VR (see Eq. 8 and supplement D). Plotting the steady state concentration of DNA 

lesionss DT against Vdam results in a hyperbolic curve (Fig. 3). Obviously, a steady state 

cann only be established if Vdam is lower than the maximal repair rate Vmax. When Vdam 

approachess Vmtlx the concentration of damaged sites dramatically increases. For 

VVdamdam>>  VmM. the system can no longer cope, resulting in a continuous accumulation of 

lesions.. A crude approximation for the steady state relationship is 

DDTT =  Vdam Kd (9) 
'max'max ~ * dam 

wheree Kd is the damage concentration at Vdum- K,IM/-  ^T (9) is equivalent to a 
Michaelis-Mentenn equation with K(i as the half-saturation constant of repair. Although in 
mostt experimental NER studies all DNA damage is introduced during a short time interval 
only,, rather than continuously, the time dependent repair rate does not strongly deviates 
fromm its steady state value (inset of Fig. 3; solid and broken lines respectively). This is true 
duringg both the repair phase, where the repair rate is nearly constant and the number of 
lesionss decreases linearly, and during the release phase, in which the repair rate drops 
sharply.. Thus, the steady state relationship can be employed as a measure for repair 
efficiency. . 

5.3.77 Repair  efficiency 

Wee consider repair to be efficient if a certain amount of DNA damage is rapidly removed. 
Thee mean time needed to remove a certain initial amount of damage is quantified by the 
repairr time 

rDD = \D.,\t)dt\D.,\t)dt  (10) 
DDTT(0){ (0){ 

wheree DT ({) denotes the damage concentration in time (with Dr (o) is the initial amount of 
freee lesions, and oT(f)->o for / —>  cc ). Such definition has proven to be useful for 
determiningg the average time of a decay process (Heinrich and Rapoport. 1974; Llorens et 

a!.,a!., ]  999). Efficient repair is characterized by a low T^ . To assess how different system 
parameterss affect repair efficiency we define the following control coefficients 

*-- p v ' 
TTRR CP 
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wheree p denotes one of the rate constants or one of the factor concentrations. Control 
coefficientss were originally defined for estimating rate control in metabolic pathways 
(Heinrichh and Schuster. 1996); here they characterize the effects of parameter changes on 
thee process efficiency represented by T^ . Parameters that strongly affect repair efficiency 
wil ll  have high absolute values for their corresponding control coefficients 

5.3.7.15.3.7.1 Low initial damage 
Underr the condition of low initial damage (e.g. Fig. 1C curve a), one can calculate the 
repairr time (see supplement E for details) 

Forr low, non-saturating lesion concentrations, the repair time zR is independent of the 
initiall  damage concentration. Clearly, all steps in the basic model in Fig. 1A contribute to 
thee repair time. tR decreases if the assembly rate constant or the total concentration of a 
NERR protein is increased. If any of these two parameters becomes very low, the 
correspondingg step can become limiting for the repair process as a whole. 

5.3.7.25.3.7.2 High initial damage 

Iff  a large number of lesions are introduced at once, it is not possible to calculate T^ 

explicitly.. However, using Eq. (9) one can approximate the repair time as follows: 

11 DT(0) Kd 
r **  = 2 ~ ^  + ~ (13) 

***  max r max 

Thee repair time linearly increases with the damage concentration. For the control 
coefficientss one obtains 

pp 2Kd+DT(0) p p (14) ) 

wheree Cp"^ and Cp  are the control coefficients of parameter p on the maximal repair 

ratee Vmax and the half-saturation constant of repair Kd, respectively (defined in analogy 

toEq.. 11). Increasing Vmax and Kd have opposing effects on repair efficiency (positive 

andd negative, respectively). At a saturating damage concentration ( DT(0)» Kd ) only 

parameterss affecting Vmax will influence the repair time, while changes in Kd have no 

effectt anymore. 

Thee control coefficients C]
p"

u' and c£J (Table 2) show that each reaction step contributes 

too Vmux and to Ku , demonstrating that all steps contribute to the repair time. Notably, the 
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totall  concentrations of early binding NER proteins have the stronger influence on Vmax. 
Thiss means that increasing their concentrations will have a large positive effect on repair 
efficiency.. For the rate constants, the largest positive effect on Vmax is exerted by the repair 
ratee constant. This is because the repair step is relatively slow compared to the time needed 
too assemble the PC. In contrast, changes in the binding rate constant of the First factor (ks) 
havee no effect on Vmax (hence its control coefficient equals zero; see Table 2). The 
rationalee for this is that under saturating conditions the first factor will be completely 
involvedd in repair. In contrast, increasing kt has a strong negative effect on Ktl. making 
thee system more proficient for repairing low amounts of DNA damage. This analysis, valid 
forr small parameter changes, pinpoints steps that are likely to have the strongest influence 
onn repair efficiency. 

CCvv'° '° 

XPC(F|) ) 
TF1IH H 
(F,) ) 

XPGG (F3) XPAA (F4) ERCC11 <F5) repairr step 

controll  on the maximal repair rate by the binding rate constant (k) and total 
factorr concentration (T) 

0 0 

0.612 2 

0.145 5 

0.329 9 

0.071 1 

0.221 1 

0.016 6 

0.021 1 

0.046 6 

0.091 1 

0.722 2 

controll  on the half-saturation constant by the binding rate constant (k) and total 
factorr concentration (7) 

-0.632 2 

-0.148 8 

0.086 6 

0.322 2 

0.068 8 

0.279 9 

0.01 1 

0.017 7 

0.04 4 

0.1 1 

0.428 8 

ChapterChapter 5; Table 2 
ControlControl coefficients for the maximal repair rate and the half-saturation constant 
TheThe control coefficients are calculated using parameter set 1 in Table I. The reference 
valuesvalues are: i'nhjt= 1,92 nMs' and K.,= 0.52 ptM. 
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Fig.. 4 analyses the effect of large changes in rate constants or total concentrations on repair 
efficiency.. Interestingly, changing the value of one of the binding rate constants over a 25-
foldd range has littl e or no effect on repair efficiency (Fig. 4A). Only changes in the repair 
ratee constant kR significantly modulate efficiency. This is because the repair/release step 
wass shown to be slow (Houtsmuller et ai, 1999) compared to the other steps, thereby 
suppressingg the availability of free repair proteins. Moreover, repair efficiency does not 
significantlyy improve by increasing the concentration of just one of the protein factors (Fig. 
4B).. The rationale for this is that, after an increase in rate achieved by making one step 
fasterr (e.g. by increasing the concentration of one of the protein factors), the process will 
alwayss be limited by one of the other reaction steps. 
Fig.. 4C displays the effect on Vmax upon simultaneous concentration changes of all protein 
factors,, for three different values of the repair rate constant kR. As expected, the maximal 
repairr rate increases with increasing factor concentrations. Interestingly, the relation 
betweenn Vma, and the protein concentration depends on the process that limits repair. If the 
repairr efficiency is limited by the rate of the last step, then the relation between factor 
concentrationn and Vmtlx is approximately linear (Fig. 4C, upper dashed line and solid line; kR 

iss 0.001 s"1 and 0.007 s"1, respectively). On the other hand, if repair is limited by the rate of 
assemblyy of the PC (kR is set at 0.7 s"1), Vmity depends on protein factor concentration as in a 
secondd order reaction (Fig. 4, lower dashed line). 
Byy exploring the model in this way, an important property of sequential assembly systems 
iss revealed. Control over the efficiency of the repair process, carried out by the protein-
DNAA complex, is distributed over all components. No single component controls uniquely 
thee repair process. This is not true if each step is catalyzed by a different protein that is 
releasedd before the next protein enters repair (i.e. no sequential assembly). One can show 
thatt in this case for saturating damage the efficiency of repair is uniquely determined by the 
slowestt enzyme. 
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ChapterChapter 5; Figure2 
AssemblyAssembly kinetics oj' XPC-HR23B and model fitting to experimental data 
(A)(A) Cells expressing XPC-GFP were kept at 37%.' on a heated microscope stage. Prior to 
UVUV irradiation cell nuclei exhibited a uniform distribution of XPC-GFP (1=0 s). 
FollowingFollowing 12 sec of UV irradiation, images were captured at the indicated time points. 
XPC-GFPXPC-GFP gradually accumulated in the nuclear area that was UV damaged (the pore in 
thethe mask is not shown, hut its position is indicated by the arrowheads/. Bar represents 10 
fjm. fjm. 

(B).(B). (C) and (D) accumulation at local UV damaged sites oj XPC-HR23B. TFIIH and 
ERCC1-XPF,ERCC1-XPF, respectively. The data for TFIIH and ERCCl-XPF were resettled SO that their 
maximummaximum values correspond to the immobilized fractions estimated from FRAP 
experiments,experiments, i.e. 50% and 35% respectively (Hoogstraten et al.. 2002: Houtsmuller el al.. 
1999).1999). For XPC-HR23B a high degree of immobilization is assumed (90%), ensuring 
saturatingsaturating conditions. The red and black lines arc model predictions with parameter set I 
andand 2 of Table I, respectively (the basic model and taking into count diffusion, ree 
supplementsupplement B). In the simulations, repair is initiated by induction of 38 phi damages in an 
areaarea that corresponds to one-seventh of the nuclear volume f~9.8 x 10 damaged DNA 
sitessites i. 
(E)(E) Calculation of the immobilized fraction of the /actors as a Junction of time, using 
parameterparameter set I in Table I. The lengths of the initial phases /i.e. time required to reach the 
plateau)plateau) are similar for all factors. 
(F)(F) Calculation oj the immobilized fraction oj the factors as a function of time, using 
parameterparameter set 2 in Table 1. The initial phase of ERCCl-XPF (Fo is significantly shorter 
thanthan the initial phases of'XPC-HR23B (Fj) and TFIIH (F:). Immobilization oj the limiting 
factorfactor /•', ts more rapid and more complete than that of other factors. 
(G)(G) Release of immobilized ERCCl-XPF in locally UV irradiated nuclear area over a long 
timetime period (dots). Solid lines arc model simulations (red: parameter set I. initial damage 
4848 u.\l: black: parameter set 2. initial damage 38 pMi. Experimental data and model 
resultsresults arc normalized. 
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ChapterChapter 5; Figure 3 

RepairRepair rate and total damage concentration 

Tola!Tola! damage steady state concentration DT as a function of the damage induction rale 

V,V,  Vmm and Kit ore the maximal repair rale and half-saturation constant of the repair 

process,process, respectively. Inset: The time dependent repair rate VR is shown as function of the 

damagedamage concentration DT for three different initial damage concentrations: 0.1 pM, I 

uM.uM. and 5 pM (solid lines a. h and c. respectively). Arrows indicate progression in time. 

WithinWithin a large time interval the repair rate is well represented by its steady state value 

ff broken line). The curve for high initial damage (c) displays the three phases of the repair 

process.process. The binding phase is characterized by a nearly constant Dt and a strong increase 

inin repair rate. During the repair phase, where DT decreases and VR remains nearly 

constant,constant, the time dependent curve stays within the vicinity of the steady state curve. The 
releaserelease phase is characterized by a sharp drop in i 'R but no strong deviation from the 
steadysteady state curve is observed. Parameter set I in Table I is used. 

99 9 



A A 
4.0--

££ 0.25 =1 
0.55 1.0 2.0 5.0 

—rel —rel 
foldd changes in factor cone , TIT 

^-. ^-. 
—I I 

(U U 
„ „ 

:s»b b 

a> > 
J.U U 
1 _ _ 

Q. . 

03 3 

E E 

b b 

1 1 

0.8 8 

0.6 6 

0.4 4 

ü.2 2 . . 

^< ^ ^ 
** ^ 

_ _ --

 > 

*̂ * 

v? ? 
S/ S/ 

'/' '/' 
Repairr limited < / / 
byy repair step ^ j f / 

,'/,'/  " \ ^^ * / / Repair limned 
» * // / by PC assembly 

'/'/ y 

s s 

11 1 

0.44 0.8 1.2 
factorr concentrations, T(uM) 

100 0 



ChapterChapter 5; Figure 4 
EffectEffect of parameter changes on repair efficiency 
TheThe repair time iR is calculated numerically from Eq. (10) for an initial damage 

concentrationconcentration of 4 jiM, xR reflects repair efficiency in the sense thai an increase in 

efficiencyefficiency corresponds to a decrease in repair time. Rather than using xK as a parameter, 

wewe employ its value relative to an arbitrarily chosen reference value. Using parameter set i 
inin Table 1, the reference value for the repair time is 20.56 min. 
(A)(A) Fold changes in TK due to changes in each of the rate constants (k'r' denotes the 

referencereference rate constant). 

(B)(B) Fold changes in xR due to changes of each of the total NER factor concentrations. 

(O(O Changes in maxima! repair rate r due to a chunvt? of the total concentrations I of' 

allall  NER factors simultaneously. Here, the total concentration of all factors is assumed to be 

thethe same. In case of a slow repair step (kR - 0.001 s', upper dashed line, or 0.007 s'1, 

solidsolid line) vmtlx depends nearly linearly on T (first order reaction). For a fast repair step 

(( kR = o. 7 s 1. lower dashed line) where repair is limited by PC-assemblv, the dependency on 

TT is of second order. The values for Vmax have been normalized. 

5.3.88 Model variants 

5.3.8.15.3.8.1 Reversible binding 
Soo far we have assumed that the multistep assembly process is strictly sequential, and that 
alll  binding steps are irreversible. It is, however, conceivable that protein binding is 
reversiblee and that the order of assembly is less strict than assumed for the basic model in 
Fig.. 1 A. In this context it has been shown that XPA, RPA and XPC-HR23B all bind to 
damagedd DNA in vitro (Batty et al.. 2000; Patrick and Turchi, 2001; Patrick and Turchi, 
2002).. To explore the effect of these deviations, we first allowed reversible binding of 
proteins,, but kept the constraint of strict sequential binding intact. We found that the overall 
behaviourr of the system is not affected by this modification (data not shown). As expected, 
thee repair process becomes somewhat less efficient if protein binding is reversible, since 
thiss wil l result in a lower concentration of PC. 

5.3.8.25.3.8.2 Non-sequential binding of protein factors 
Assumingg protein binding to be reversible, and simultaneously relaxing the constraint of 
strictt sequential binding, we studied how random reversible binding affects repair 
efficiency.. In our basic model we considered five protein factors, so the number of potential 
sequentiall  binding pathways that lead to a PC is 16. We will discuss four alternative 
pathwayss (Fig. 5A). In pathway I, the first and second factor can recognize the damaged 
DNA,, resulting in two different routes to complex SoF|F2. Subsequent assembly of the 
otherr factors is assumed to proceed sequentially. In pathways II to IV, the constraint of 
strictt sequential binding of factors is relieved more downstream. For simplicity we assume 
thatt all factors bind with equal affinities and rate constants, and that their total 
concentrationss are the same. Repair efficiency of the various pathways was compared for 
twoo conditions: low and high initial damage levels. We calculated the repair rate VR as a 
functionn damage concentration (DT) (Fig. 5B). Fora low (non-saturating) number of lesions 
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onee observes similar repair rates for both the strict sequential pathway and pathways I 
throughh IV. In contrast, at a high concentration of DNA damage, pathways II and III are 
slightlyy more efficient than the strict sequential pathway, which itself is slightly better than 
pathwayy IV (inset Fig. 5B). Interestingly, pathway I - which allows independent binding of 
twoo different factors to a naked lesion - dramatically alters repair efficiency. The repair rate 
VRVR reaches a maximum beyond which it rapidly declines with increasing damage 
concentrationn (DT). This can be understood from the fact that in the presence of a large 
numberr of lesions there will be many complexes formed that only contain one of the two 
factors,, hence lowering the probability that the other factor can be recruited, which in turn 
interruptss the assembly chain towards establishing a complete PC. Therefore, albeit V,„ ax of 
pathwayy I hardly differs from that of the sequential pathway (Fig. 5B), non-sequential 
factorr binding can readily become very unfavourable for removing a high concentration of 
DNAA damage. 

A A 

Stnct-sequentiall assembly 

Randomm assembly 

totall damage, 0 r(( iM) 
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5.3.5.3. #. 3 Non-simultaneous release of factors 
Severall  studies have suggested that XPC-HR23B is released before the PC is established 
(Riedll  et al., 2003; Wakasugi and Sancar, 1998; You et al., 2003). In addition, recent in 
vivoo data showed that XPC-HR23B resides at DNA damage significantly shorter than 
TFIIH,, XPA and ERCCT-XPF (Hoogstraten et al,, in preparation). Assuming that this 
residencee time reflects the average time that XPC-HR23B is involved in an individual 
repairr event, these results are in conflict with our basic model in which XPC-HR23B is 
simultaneouslyy released with the other NER proteins. We therefore analyzed five 
mechanisticc variants that consider early release of XPC-HR23B (Fig. 6A) and compared 
theirr repair efficiencies and factor residence times. 
Figuree 6B shows that repair efficiency significantly improves if XPC-HR23B is released 
priorr to the other factors (the maximal repaii iaie Vmax increases). The rationale for this is 
thatt the first factor will now be sequestered in fewer complexes and can therefore initiate 
moree repair events per unit time. This leads to a higher immobilization of the other factors 
andd thus to an increase in the repair rate. 

Forr distinguishing between the different alternatives we have calculated the residence times 
forr the five factors (see supplement E). Figure 6C shows how the residence times of all 
factorss depend on the step in which the first factor is released. The residence times of 
TFIIHH (F2), XPA (F4) and ERCC1-XPF (Fs) are of the same order of magnitude as what has 
beenn measured experimentally (Hoogstraten et al., 2002; Rademakers et al., 2003; 
Houtsmullerr et al. 1999). For simultaneous factor release the residence time of the first 
factorr is higher than that of the other factors. Early release of the first factor results in a 
loweringg of its residence time. In agreement with experimental measurements for the 
residencee time of XPC-HR23B {unpublished results) we obtain x,- 100 sec. 

ChapterChapter 5; Figure 5 
ReversibleReversible random binding of repair factors 
(A)(A) In addition to strict sequential assembly, four alternative pathways for PC formation 
areare considered. Pathways I to IV describe (fie random-order binding of in each case two 
factorsfactors at a different step of the repair process. We assume that all factors bind equally well 
(same(same association/dissociation rate constants) to their respective binding sites and have 
equalequal total concentrations (T = 0.2 pM). Binding is characterized by the binding rate 
constantconstant k+ and dissociation rate constant k _ (here ^ = / pM's~' and k _= 0.005 s~[). 
RepairRepair rate constant is kR= 0.007 s'1. 

(B)(B) Repair rate versus total damage concentration for the pathways shown in (A). Inset is a 
magnification.magnification. For pathway I repair is inhibited at high damage (red line). The colours of 
thethe lines correspond to the colours of the schemes in A. 
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ChapterChapter 5; Figure 6 
EarlyEarly release of the first factor 
(A)(A) Dissociation of the first factor F/ at different steps of the assembly process. At step six-
allall  factors are released simultaneously t basic model). 
(B)(B) Maximal repair rate as function of the step where the first factor is released (shown in 
A).A). When the first factor is released before the other factors (step 5 to I) the maximal repair 
raterate increases. Parameter set I of Table I is used, except that T,= 0.3 I'M-

(C)(C) The residence times were calculated for saturating conditions (high damage, see 
supplementsupplement E) at the different steps where the first factor is re/eased. Only when the first 
factorfactor is re/eased before the other factors does its residence time fit with the experimental 
data. data. 
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5.3.8.45.3.8.4 Preassemhled repairosome 
Itt has been a point of controversy whether NER proteins are recruited to lesions as separate 
factorss (Aboussekhra et al, 1995; Hoogstraten ei al., 2002; Rademakers et al., 2003; 
Volkerr et al., 2001), larger protein complexes (Guzder et al., 1996; Reardon and Sancar, 
2002;; Wakasugi and Sancar, 1999), or as a fully pre-assembled repairosome {Svejstrup et 
al.,al., 1995). Although the current consensus is that the PC assembles at DNA damage, this 
doess not imply that such on-the-spot assembly strategy is the most favourable per se. 
Considerr n factors that can interact with each other. For n = 3, all possible interactions to 
formm a holocomplex are shown in Fig. 7A. Since repair by a pre-established repairosome 
complexx involves only two steps, the repair time under non-saturating conditions, in 
analogyy to Eq. (12), reads 

hh 1 1 
r?? = + — , (15) 

RR kH kR 

withh H, k, and kR being the concentration of the holocomplex, the binding rate constant, 

andd the repair rate constant, respectively. The concentration of the holocomplex H can be 
implicitlyy expressed as (see supplement F) 

(16) ) 

wheree Tis the total concentration of each factor, and Kh is the dissociation constant for 
factorr interactions. For analyzing repair efficiency of the holocomplex we compare it to the 
correspondingg sequential pathway for which the repair time is 

ss n 1 
TR=TR=TTTT++TTRR

 ( , 7) 

wheree we assume that all factors have equal binding rate constants (see Eq. 12). 
Inn both models repair times increase monotonously with the number of factors (Fig. 7B) but 
doo so for different reasons. For the sequential pathway the linear increase in repair time 
resultss from the mere fact that each extra step requires extra time, the increment being the 
samee for every additional step (Fig. 7B, dashed curve). Repair by binding of a pre-
assembledd holocomplex to the damaged DNA shows a strong non-linear increase in the 
repairr time (Fig, 7B, solid lines). Noticeably, assuming the same protein-DNA binding rate 
constantss (k), pre-assembly of the repair complex is less favourable if the binding between 
factorss is weak (Fig. 7B, Kh = 200 nM). For strong affinities, repair by the holocomplex 
mayy be more efficient if only a few different factors are involved (in Fig. 7B if n < 3), yet 
repairr readily becomes inefficient if holocomplex formation requires the complexation of 
moree proteins (Fig. 7B, Kh = 10 nM). These results can be understood from the fact that 
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holocomplexx concentration decreases with increasing n. as the individual factors become 
spreadd over more and more intermediary complexes. 
Sincee most DNA-associated complexes that are involved in processes such as 
transcriptionall  regulation. DNA synthesis, and various repair mechanisms, involve a 
considerablee number of macromolecular factors, fully pre-assembled complexes are 
probablyy less favourable than stepwise complex formation at the genomic site of action. 
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ChapterChapter 5; Figure 7 
PreassemblyPreassembly of repair factors 
(A)(A) Repair factors are allowed to reversibly associate in solution to form intermediary 
complexescomplexes and the holocomplex in a damage-independent fashion Ishown for the case of 3 
proteinprotein factors). The holocomplex (H) contains all factors and is able to repair DNA 
damagedamage through a single binding step and a single release step. 

(B)(B) Repair time of the holocomplex (xh
R • solid lines), and of the sequential assembly 

mechanismmechanism (TS
R. dashed line) as a function of the number of factors involved In). For the 

holocomplex.holocomplex. both weak and strong factor interactions were examined < K/: = 200 n\1 and 

KKhh = 10 n.\l respectively). Other parameters are as in Figure I. 
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5.44 Discussion 

Thiss work describes a kinetic model for NER. Since no mathematical framework for this 
DNAA repair system has been available to date, we have aimed to reduce the analysis to its 
essentials.. Clearly, NER is more complex than the six-step repair pathway that we have 
investigatedd here. Additional steps include, for instance, recruitment of RPA, opening of 
thee double helix by TF1IH and modulation of chromatin structure. Yet this does not prevent 
onee to unveil general characteristics of the NER process, as these characteristics remain 
validd if the chain of steps is extended or truncated. Along with a growing body of 
quantitativee kinetic data on NER, detailed future modelling will be imperative to fully 
comprehendd the dynamics of this repair system. This study offers a theoretical scaffold for 
thee further assessment of NER behaviour, in addition, it provides a basis for the assessment 
off  other multi-protein chromatin-associated processes, helping to explore fundamental 
propertiess of such systems and to design experiments to validate or refute specific 
hypotheses. . 
Inn contrast to the view that a multi-step process should be governed by a single rate-limiting 
step,, we showed that all reaction steps contribute to the efficiency of a sequential binding 
system.. Then what has the largest effect on repair efficiency? We measured that XPC-GFP 
accumulatedd remarkably slowly in UV irradiated nuclear areas in vivo, and this could be 
welll  fitted by assuming that its recruitment to the damage is diffusion-limited. The effective 
diffusionn coefficient for XPC-GFP that we estimated computationally appeared to be about 
tenn times lower than what has been measured in living cells (unpublished results). This 
indicatess that other nuclear processes limit the recruitment of XPC-HR23B to sites of DNA 
damage.. One may conclude that the rate of formation of PCs, and therefore of the NER 
pathwayy as a whole, might be limited by the recruitment of XPC-HR23B. Our analysis 
revealedd that also the actual DNA repair step (last step in scheme in Fig. IA) plays a 
dominantdominant role (Table 2 and Fig. 4). This means that NER can be limited by the rate of the 
repairr step (i.e. dual incision, removal of the damaged oligonucleotide, recruitment and 
catalyticc activity of the DNA synthesis machinery) and not by the time required for 
assemblingg the PC. Increasing the concentrations of all protein factors simultaneously and 
measuringg the changes in maximal repair rate can experimentally verify this prediction. 
Dependingg on which process has the largest effect on repair efficiency, we predict a first or 
secondd order dependency of the maximal repair rate on the factor concentrations (see Fig. 
4C). . 

AA direct consequence of a sequential assembly and simultaneous release mechanism is that 
thee more upstream in the chain a factor is recruited, the more of it will be used in the 
processs at any given time. The first factor will even become fully involved if there is an 
excesss of lesions. Interestingly, recent photobleaching experiments measured not more than 
40%% of immobilization of the putative damage recognition factor XPC-HR23B, even at 
highh concentrations of DNA damage (unpublished results). This has interesting 
consequences.. It is conceivable that XPC-HR23B recruitment is not the first event in NER. 
UV-damagedd DNA binding protein (UV-DDB), for instance, has also been implicated to 
playy a crucial role early in NER, especially for certain types of lesions (Tang and Chu, 
2002).. Nonetheless, its function in damage removal is largely enigmatic at present. On the 
otherr hand, a large fraction of XPC-HR23B may exist as a different pool that cannot be 
usedd in NER. In the latter case, the maximum of 40% of the total XPC-HR23B that 
becomess immobilized at DNA damage may represent 100% of what is available for NER. 
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Manyy other chromatin-associated processes have been proposed to utilize a sequential 
assemblyy strategy. Since a variety of nuclear proteins have a role in different processes (e.g. 
TFIIHH in both transcription and NER), sequential assembly seems advantageous as it allows 
flexiblee usage of proteins in different cellular processes. However, this may not the only 
reasonn why cells prefer a stepwise assembly strategy. We show that a strict sequential 
assemblyy mechanism can be remarkably efficient compared to alternative assembly 
schemes.. For repair, XPC-HR23B, XPA and RPA were recently proposed to cooperate in 
damagee recognition through a random binding mechanism (Reardon and Sancar, 2003). 
Althoughh such situation is conceivable, our analysis shows that it might have a dramatic 
negativee effect on repair efficiency, particularly at high DNA damage loads. Measurements 
off  the amounts of immobilised factors in vivo have not indicated a decrease towards higher 
UVV doses (i.e. high DNA damage concentrations). Also, we could find no evidence in 
literaturee that repair capacity diminishes at high lesion concentrations. Therefore, damage 
recognitionn through different NER factors simultaneously (e.g. assembly pathway I in Fig. 
5A)) seems unlikely. Random binding of factors more downstream in the chain cannot be 
excluded,, but this has no significant effect on repair efficiency. 
NERR proteins might pre-assemble into a repair complex in the absence of DNA damage. 
Wee demonstrated that this could dramatically reduce repair efficiency. In agreement with 
this,, it has been shown that in absence of DNA, NER factors only weakly interact in vitro 
(Araujoo et aL, 2001). Moreover, the in vivo diffusion properties of NER proteins strongly 
supportt the notion that they are largely present in an uncomplexed state (Hoogstraten et ai, 
2002;; Houtsmuller et ai, 1999; Rademakers et ai, 2003). In conclusion, our model-based 
analysiss strongly indicates that a sequential repair mechanism is more preferable above 
otherr assembly strategies. 
Inn terms of efficiency, there are mechanistic features from which sequential systems 
benefit.. For instance, we show that early release of XPC-HR23B improves repair 
efficiency.. In general, the shorter the time that a protein needs to reside in thee protein 
complex,, the more efficient that pathway will be. Recent studies provide evidence that 
XPC-HR23BB might indeed function as a "molecular matchmaker", leaving the NER 
complexx before it is complete (Riedl etai, 2003; Wakasugi and Sancar, 1999). It is likely 
thatt the NER pathway harbours more such differential release steps. To date, however, 
especiallyy steps that follow after PC formation have remained ambiguous. Insight into the 
dynamicc properties of these later events of the NER process will be essential for its 
comprehensivee understanding. 
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5.55 Material s and Methods 

5.5.11 Imaging of living cells 

Celll  lines used were 43-3B CHO cells stably expressing ERCC1-GFP (Houtsmuller et ai, 
1999)) and human XP4PA SV cells stably expressing XPC-GFP (Hoogstraten et ai, in 
preparation).. Cells were grown at 37°C under a 5% C02 atmosphere, in glass-bottomed 
Petrii  dishes in a 1:1 mixture of Dulbecco's modified Eagle's medium and Ham's medium, 
supplementedd with 10% foetal bovine serum, 1% giutamine, 100 IU/ml penicillin and 100 
jig/mll  streptomycin (all from Life Technologies). 
Locall  UV-irradiation of cell nuclei (Moné et ai, 2001) and subsequent imaging of living 
cellss were performed as reported elsewhere (Moné ei ai, 2004). Briefly, cells were 
transferredd to serum-free colourless culture medium and covered with a small piece of 
microporee filter (5-um-diameter pores) (Millipore, Billerica, MA). The filter was kept in 
placee by a glass ring that was pressed down by a sealing lid. This setup was kept at 37°C in 
aa Zeiss LSM510 confocal microscope and allowed UV irradiation onto the filter through a 
quartzz window in the lid. After capturing a pre-irradiation image of GFP fluorescence in 
celll  nuclei that resided under a filter pore, cells were locally UV irradiated for 12 sec. In 
thiss way, a UV dose of-100 J/m2 is administered to an area that roughly corresponds to 
onee seventh of the nucleus, inducing ~ 4-9 x 105 6-4 photoproducts (van Hoffen et ai, 
1995).. Subsequently, images were taken over indicated time intervals (see Figs. 2A-D, F). 
Increasee of GFP-fluorescence in the damaged nuclear area reflected the accumulation and 
bindingg of the GFP-tagged NER protein and was quantified using LSM510 software 
(versionn 3) and Photoshop 6 (Adobe). For XPC-GFP, results from individual time course 
experimentss were normalized with respect to their plateau levels. 

5.5.22 Numerical methods 

Seee supplemental material. 

5.66 Acknowledgements 

Wee thank F. Goedvree for valuable assistance with imaging of ERCC1-GFP and Dr Pierre-
Olivierr Mari for critically reading the manuscript. MJM was supported by the Netherlands 
Organizationn for Scientific Research (NWO-ALW) grant 805-33-443-P. AP was supported 
byy the German Science Foundation (DFG) grant GK268. 

109 9 



5.77 References 

Aboussekhra,, A., Biggerstaff, M.. Shivji. M.K.. Vilpo, J.A., Moncollin, V., Podust, V.N.. 
Protic,, M., Hubscher, U., Egly, J.M. and Wood, R.D. (1995) Mammalian DNA nucleotide 
excisionn repair reconstituted with purified protein components. Cell 80, 859-868, 

Araüjo,, S.J., Nigg. E,A. and Wood, R.D. (2001) Strong functional interactions of TF1IH 
withh XPC and XPG in human DNA nucleotide excision repair, without a preassembted 
repairosome.. Mol. Cell. Biol. 21. 2281-2291. 

Araujo,, S.J., Tirode, F., Coin, F., Pospiech, H., Syvaoja, J.E.. Stucki, M., Hubscher, U.. 
Egly.. J.M., and Wood, R,D. (2000) Nucleotide excision repair of DNA with recombinant 
humann proteins: definition of the minimal set of factors, active forms of TFIIH, and 
modulationn by CAK. Genes Dev. 14, 349-359. 

Bardvvell,, A.J., Bardwell, L., Tomkinson, A.E. and Friedberg, E.C. (1994) Specific 
cleavagee of model recombination and repair intermediates by the yeast Radl-RadlO DNA 
endonuclease.. Science 265, 2082-2085. 

Batty,, D., Rapic'-Otrin, V., Levine, A.S. and Wood, R.D. (2000) Stable binding of human 
XPCC complex to irradiated DNA confers strong discrimination for damaged sites. J. Mol. 
Biol.Biol. 300, 275-290. 

Cardoso,, M.C. and Leonhardt, H. (1998) Protein targeting to subnuclcar higher order 
structures:: a new level of regulation and coordination of nuclear processes. J. Cell. 
Biochem.Biochem. 70, 222-230. 

dee Laat W.L., Jaspers, N.G.J, and Hocijmakers, J.H.J. (1999) Molecular mechanism of 
nucleotidee excision repair. Genes Dev. /J, 768-785. 

Dundr,, M., Hoffmann-Rohrer, U., Hu, Q., Grummt, I., Rothblum, L.I., Phair, R.D. and 
Misteli,, T. (2002) A kinetic framework fora mammalian RNA polymerase in vivo. Science 
298,, 1623-1626. 

Evans,, E.. Moggs, J.G., Hwang, J.R., Egly, J.M. and Wood, R.D. (1997) Mechanism of 
openn complex and dual incision formation by human nucleotide excision repair factors. 
EMBOJ.EMBOJ. 16.6559-6573. 

Friedberg,, E.G.. Walker. G.C. and Siede. W. (1995) DNA Repair and Mutagenesis. ASM 
Press.. Washington, DC. 

Gaillard.. P.H.. Martini, E.M., Kaufman, P.D., Stillman, B., Moustacchi, E. and Almouzni, 
G.. (1996) Chromatin assembly coupled to DNA repair: a new role for chromatin assembly 
factorr l.CW/86. 887-896. 

110 0 



Guzder,, S.N.. Sung, P., Prakash. L. and Prakash, S. (1996) Nucleotide excision repair in 
yeastt is mediated by sequential assembly of repair factors and not by a pre-assembled 
repairosome.. J. Biol. Chem. 271, 8903-8910. 

Hanawalt,, P.C. (2001) Controlling the efficiency of excision repair. Mittar. Res. 485, 3-13. 

Heinrich,, R. and Rapoport, T.A. (1974) A linear steady-state treatment of enzymatic chains. 
Generall  properties, control and effector strength. Eur. J. Biochem. 42, 89-95. 

Heinrich,, R. and Schuster, S. (1996) The regulation of cellular systems. Chapman & Hall, 
Neww York, NY. 

Hey,, T., Lipps, G., Sugasawa, K., Iwai, S., Hanaoka, F. and Krauss, G. (2002) The XPC-
HR23BB complex displays high affinity and specificity for damaged DNA in a true-
equiltbriumm fluorescence assay. Biochemistry 41, 6583-6587. 

Hoogstraten.. D.. Nigg, A.L., Heath, H., Mullenders. L.H.F., van Driel, R., Hocijmakers, 
J.H.J.,, Vermeulen. W. and Houtsmuller, A.B. (2002). Rapid switching of TF1IH between 
RNAA polymerase I and 11 transcription and DNA repair in vivo. Mol. Cell 10, 1163-1174. 

Houtsmuller,, A.B., Rademakers. S., Nigg, AX., Hoogstraten, D., Hoeijmakers, J.H.J, and 
Vermeulen,, W. (1999) Action of DNA repair endonuclease ERCC1/XPF in living cells. 
ScienceScience 284, 958-961. 

Lee,, T.I. and Young, R.A. (2000) Transcription of eukaryotic protein-coding genes. Anmt. 
Rev.Rev. Genet. 34, 77-137. 

Li ,, L„  Lu. X., Peterson, C.A. and Legerski, R.J. (1995) An interaction between the DNA 
repairr factor XPA and replication protein A appears essential for nucleotide excision repair. 
Mol.Mol. Cell. Biol. 15, 5396-5402. 

Llorens,, M., Nuno, J.C, Rodriguez, Y., Melendez-Hevia. E. and Montero, F. (1999) 
Generalizationn of the theory of transition times in metabolic pathways: a geometrical 
approach.. Biophys. J. 11, 23-36. 

Moné,, M.J., Volker, M„  Nikaido, O., Mullenders, L.H.F., van Zeeland, A.A., Verschure, 
P.J.,, Manders, E.M.M. and van Driel, R. (2001) Local UV-induced DNA damage in cell 
nucleii  results in local transcription inhibition. E MBO Rep. 2, 1013-1017. 

Moné,, M.J.. Bernas. T., Dinant, C, Goedvrce. F.A., Manders, E.M.M.. Volker, M.. 
Houtsmuller,, A.B.. Hoeijmakers. J.H.J.. Vermeulen, W. and van Driel. R. (2004) In vivo 
dynamicss of chromatin-associated complex formation in mammalian nucleotide excision 
repair.. Proc. Natl Acad Sci. USA, 101, 15933-15937. 

Nakatsu,, Y., Asahina. H„  Citterio, E.. Rademarkers. S., Vermeulen. W.. Kamiuchi. S., Yeo, 
J.P.,J.P., Khaw. M.C., Saijo, M.. Kodo, N.. Matsuda, T., Hoeijmakers, J.H.J, and Tanaka, K. 
(2000)) XAB2. a novel tetratricopeptide repeat protein, involved in transcription-coupled 
DNAA repair and transcription. J. Biol. Chem. 275, 34931-34937. 

I l l l 



Nilsen,, H. and Krokan, H.E. (2001) Base excision repair in a network of defence and 
tolerance.. Carcinogenesis 22, 987-998. 

O'Donovan,, A., Davies, A.A., Moggs, J.G., West, S.C. and Wood, R.D. (1994) XPG 
endonucleasee makes the 31 incision in human DNA nucleotide excision repair. Nature 371, 
432-435. . 

Patrick,, S.M. and Turchi, J.J. (2001) Stopped-flow kinetic analysis of RPA binding DNA: 
damagee recognition and affinity for single-stranded DNA reveal differential contributions 
off  kon and karate constants. J. Biol. Chem. 6, 6. 

Patrick,, S.M. and Turchi, J.J. (2002) Xeroderma pigmentosum complementation group A 
proteinn (XPA) modulates RPA-DNA interactions via enhanced complex stability and 
inhibitionn of strand separation activity. J. Biol Chem. 277, 16096-16101. 

Rademakers,, S., Volker, M, Hoogstraten, D., Nigg, A.L., Moné, M.J., Van Zeeland, A.A., 
Hoeijmakers,, J.H.J., Houtsmuller, A.B. and Vermeulen, W. (2003) Xeroderma 
pigmentosumm group A protein loads as a separate factor onto DNA lesions. Mol Cell Biol. 
23,, 5755-5767. 

Reardon.. J.T. and Sancar, A. (2002) Molecular anatomy of the human excision nuclease 
assembledd at sites of DNA damage. Moi Cell Biol 22, 5938-5945. 

Reardon,, J.T. and Sancar, A. (2003) Recognition and repair of the cyclobutane thymine 
dimer,, a major cause of skin cancers, by the human excision nuclease. Genes Dev. 17, 
2539-2551. . 

Riedl,, T., Hanaoka, F. and Egly, J.M. (2003) The comings and goings of nucleotide 
excisionn repair factors on damaged DNA. EMBOJ. 22, 5293-5303. 

Schaeffer,, L„  Moncollin, V„  Roy, R., Staub, A., Mezzina, M„  Sarasin, A., Weeda, G., 
Hoeijmakers,, J.H.J, and Egly, J.M. (1994) The ERCC2/DNA repair protein is associated 
withh the class II BTF2/TFIIH transcription factor. EMBOJ. 13, 2388-2392. 

Schaeffer,, U Roy, R., Humbert, S., Moncollin, V., Vermeulen, W., Hoeijmakers, J.H.J., 
Chambon,, P. and Egly, J.M. (1993) DNA repair helicase: a component of BTF2 (TF1IH) 
basicc transcription factor. Science 260, 58-63, 

Shivji,, M.K., Eker, A.P. and Wood, R.D. (1994) DNA repair defect in xeroderma 
pigmentosumm group C and complementing factor from HeLa cells. J. Biol Chem. 269, 
22749-22757. . 

Sokhansanj,, B.A., Rodrigue, G.R., Fitch, J.P. and Wilson, D.M., 3rd (2002) A quantitative 
modell  of human DNA base excision repair. I. Mechanistic insights. Nucleic Acids Res. 30, 
1817-1825. . 

112 2 



Sugasawa,, K., Ng, J.M., Masutani, C, Iwai, S., van der Spek, P.J., Eker. A.P.M., Hanaoka, 
F... Bootsma, D. and Hoeijmakers, J.H.J. (1998) Xeroderma pigmentosum group C protein 
complexx is the initiator of global genome nucleotide excision repair. Mol. Cell 2, 223-232. 

Svejstrup,, J.Q., Wang, Z., Feaver, W.J., Wu, X., Bushnell, D.A., Donahue, T.F., Friedberg, 
E,C.. and Kornberg, R.D. (1995) Different forms of TFILH for transcription and DNA 
repair:: holo-TFIIH and a nucleotide excision repairosome. Cell SO, 21-28. 

Tang,, J., and Chu, G. (2002). Xeroderma pigmentosum complementation group E and UV-
damagedd DNA-binding protein. DNA Repair /, 601-616. 

Vann den Boom, V., Citterio, E., Kougsiraten, D., /otter, A., Egly, J.M., van Cappellen, 
W.A.,, Hoeijmakers, J.H.J., Houtsmuller, A.B. and Vermeulen, W. (2004) DNA damage 
stabilizess interaction of CSB with the transcription elongation machinery. J. Cell Biol. 166, 
27-36. . 

Vann Hoffen, A., Venema, J., Meschini, R., van Zeeland, A.A. and Mullenders, L.H.F. 
(1995)) Transcription-coupled repair removes both cyclobutane pyrimidine dimers and 6-4 
photoproductss with equal efficiency and in a sequential way from transcribed DNA in 
xerodermaa pigmentosum group C fibroblasts. EMBOJ. 14, 360-367. 

Volker,, M , Moné, M.J., Karmakar, P., van Hoffen, A., Schul, W., Vermeulen, W., 
Hoeijmakers,, J.H.J., van Driel, R,, van Zeeland, A.A. and Mullenders, L.H.F. (2001) 
Sequentiall  assembly of the nucleotide excision repair factors in vivo. Mof. Cell 8, 213-224. 

Wakasugi,, M. and Sancar, A. (1998) Assembly, subunit composition, and footprint of 
humann DNA repair excision nuclease. Proc. Natl Acad Sci. USA 95, 6669-6674. 

Wakasugi,, M. and Sancar, A. (1999) Order of assembly of human DNA repair excision 
nuclease.. J. Biol. Chem. 274, 18759-18768 

Wolner,, B., van Komen, S., Sung, P. and Peterson, C.L. (2003) Recruitment of the 
recombinationall  repair machinery to a DNA double-strand break in yeast. Mol. Cell 12, 
221-232. . 

Yokoi,, M., Masutani, C, Maekawa, T., Sugasawa, K., Ohkuma, Y. and Hanaoka, F. (2000) 
Thee xeroderma pigmentosum group C protein complex XPC-HR23B plays an important 
rolee in the recruitment of transcription factor IIH to damaged DNA. J. Biol. Chem. 275, 
9870-9875. . 

You,, J.S., Wang, M., and Lee, S.H. (2003) Biochemical analysis of the damage recognition 
processs in nucleotide excision repair. J Biol. Chem. 278, 7476-7485. 

113 3 



5.88 Supplemental material 

5.8.11 Supplement A: Binding of repair proteins to undamaged sites 

Factorr F, reversibly associates to an undamaged site u, and forms a complex U, according to 
thee reaction u + F <r->  U •. The balance equations for the concentrations of the complexes U, 

andd the free form of the factor are given by 

dUtdUt =k+ln(Ttll-Ui)F i-k-„ iUi (S.1) 
dt dt 

and d 

^L^L = kRS„-k,FiSi_^dl  (S.2) 
atat at 

respectively.. Where A;, and k.ui are the binding and dissociation rate constants of Ff to 

thee undamaged site u;, and Tu = £/,- + u{ is the total concentration of undamaged sites. The 

conservationn relation (4) changes to 

Tj^Fj+Ii+UjTj^Fj+Ii+Uj  (S.3) 

Iff the binding of factors to undamaged sites is fast compared to other processes, one can 
applyy a quasi-steady state approximation (do, i dt * 0 ) and obtains Uf = TuFi j{Ku  ̂+ Fi) 

forr the concentration of the complexes, where Ku = k ,,/Ki,. is the dissociation constant. 

Forr low affinity binding sites { Kt » Ft) the latter expression simplifies to 

T T 
UiUi  = -^-Fk. (S.4) 

Addingg Eqs(S.l) and (S.2) and employing (S.4) one obtains 

== pr%F,S}_]+kRSn) (S.5) 
dFj dFj 

~dt ~dt 

wheree P; = 1+ Tu jK is referred to as a buffering coefficient. In the absence of damage 

thee fraction of F, transiently immobilized is //|3, . Eqs (S.3) and (S.4) can be used to derive 

F,, = / ? r ' ( 7 ; - / , ) . (S.6) 
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Then,, similar to Eq. (6), the model with undamaged binding sites reads 

^^fc-^o^r MM (S.7) 
at at 

^j-^j- = k, Sf_,(7;. - ƒ , - )- kM S,(TM - / / + 1) (S.8) 
at at 

j r r 

a/ / 

wheree (S.8) applies for /= 2,---,ri -1. The buffering coefficients are included in the 

effectivee binding rate constants kj- A'//p; . 

5.8.22 Supplement B: Basic model including diffusion 

Thee basic model is extended to a model that considers diffusion of the free factors, and is 
usedd to simulate the data of the local-UV damage experiments and to fit  the model 
parameterss to the accumulation curves of XPC-HR23B, TFI1H and ERCC1-XPF. The 
modell  accounts for the spatial gradients that arise after administration of a high UV dose to 
aa local area of the nucleus. In the case that DNA damage is uniformly present throughout 
thee nucleus, the model reduces to the basic model (Eq. 6). 
Wee approximate the nuclear geometry by a cylinder with radius R„. As shown in Figure S.l 
wee assume that UV irradiation induces damages in a cylindrical volume of radius R^. In this 
approximationn the system has axial symmetry and can be described using cylinder 
coordinates.. Only the free forms of the factors diffuse, the time variations in their 
concentrationss at a distance r from the centre are given by 

dFlrdFlr  t) - - \ c ( dF-\ 
^ P ^^ = * A - * / ^ i - l + ~ \ A ' ^ (S.10) 

ctct r cr \ or J 

wheree Z), is the diffusion coefficient. For the intermediary complexes we have 

dS dS 
^ -- = kiFlSi_]-ki+{ Fi+ ,Si. (S.ll) 
ct ct 

/== / , - • - ,«- / , and similar expressions for the free damage and PC concentration. At t = 0 
DNAA damage is induced instantaneously. The initial conditions for the unoccupied 
damagedd DNA sites are Sfl(r,0)= DT (0), for 0 < /• < Rj, and Sft(r,0)= 0 outside the local 
damagedd area, Rd < r<  R„  • For the intermediary complexes and the free factors we have 
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SSii{r,())={r,())=  O and Fl(r,0)= T, respectively (0< r < R„  )• If the damage is given globally 

(( Rj - Rn ) the spatial gradients vanish (dF/6r = 0) a nd everywhere in the nucleus the 

conservationn relation (4) holds. In this case the model with diffusion reduces to the basic 
modell (Eq. 6). 
Inn the presence of undamaged binding sites the equation for the free factors assumes the 
form m 

^ M A s . A W l l 
(1 (1 PiPi  Pi /** 8r 

D ' 3 3 
p, p, or or 

(S.12) ) 

wheree a quasi-steady state approximation is used as in Supplement A. 
Thee presence of undamaged binding sites reduces the diffusibility of F,. which diffuses with 
ann effective diffusion coefficient 

«tff  _ D> D?'D?' = 
Pi Pi 

:s.i3: : 

Furthermoree the free factor concentration is reduced. The initial conditions change to 

F/(r,0)) = 2J/A. 

NUCLEUS S 

ChapterChapter 5; Supplemental Figure S. I 
GeometryGeometry used for the hasie model including diffusion 
TheThe nucleus is represented by a cylinder with radius R„. A cylindrical volume with radius Rtl 

isis damaged. 
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5.8.33 Supplement C: Data fittin g of NER protein assembly in locally 
UVUV irradiated nuclei 

Inn the experiments it is not possible to distinguish between freely diffusing factors and 
immobilee factors. To get an approximation of the amount of immobilized factors involved 
inn repair, we took the difference between the total fluorescence in the damaged area and the 
totall  fluorescence in an area of equal size outside the damaged region. In the model this is 
accountedd for by taking the difference Mt between the average concentrations of factors in 
damagedd and undamaged volume (free, bound to damage and to undamaged sites), that is 

j(F,fi,j(F,fi,  + ƒ,- >-*ƒ/• j ( o A + // )rdr 

Mj=^Mj=^  - &  5 = — . (S.14) 
RdRd Rn'-Rd 

(seee Figure S. 1). Accordingly, the observable fraction of immobilized factors is given by 

Fr=Fr= ——'-Ar.'-Ar. (S.15) 

WnWn2 2 

Thee binding rate constants were estimated by minimizing the function 

22 ^^^(//(o,i)-^(o./)): 

xx - Z T T Z , — 2 ~ - ( S , 6 ) 

(Presss e/ al, I992)where / = 1 (XPC-HR23B), 2 (TFIIH), 5 (ERCC1-XPF). In this 

formulaa /;(/-,•) and Oj (/ƒ,-) are the observed averages and standard deviations of the 

immobilizedd fraction of the /-th factor at time points i tl, and TV, are the number of time 

pointss for the /-th factor. The ratio N f IN f accounts for differences in the number of time 

pointss (Press et al., 1992). To get the value of Ft- at the desired time points Eqs. (S.11) and 

(S.12)) are solved numerically on a regular spaced grid, where the first and second 
derivativess are approximated by central differences and the time derivative is approximated 
byy a forward difference (see Morton and Mayers, 2003). For minimization of x* , the non
linearr curve fitting procedure I s q n o n l i n given in the package ma t l a b was used 
(MathWorkss Inc., Natick, MA). 
Thee diffusion constants and buffering coefficients of the repair factors were taken from 
literaturee if available, or else estimated from their molecular size (see Table S.1). For XPC-
HR23B,, the degree of binding to undamaged sites was determined as follows. We 

calculatedd the binding rate constants by minimizing %~ for different values of the buffering 

coefficientt (3,. This gives an optimal value for $} and optimal values for the binding rate 
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constants.. In the vicinity of the optimal P, not many differences in the quality of the fit 

weree observed. An additional constraint for the choice of parameters is that the ERCC1-
XPFF release curves were to be fitted as well. Taken together, this determines the value of 
(3;; and the optimal binding rate constants, such that the accumulation of the three factors 

andd the release of ERCC1-XPF are equally welt fitted. 

Forr the distance between two grid points we used Ar= 0.5 urn, and for the time step 

AtAt - 2.77 ms. Higher spatial or temporal resolutions do not increase the accuracy of Ft; 

calculations.. The radius of the nucleus was chosen Rtl=  10 urn. The ratio of the damaged 

volumee to total nuclear volume is y= VjlVn= Rd
: I Rtl

: . Thus, the radius of the damaged 

areaa is given by /;,= fl i(1/y (in the experiments y % 1/7 ). 

Factor r 
XPC-HR23B B 

TFUH H 

XPA A 

XPG G 

ERCC1-XPF F 

Diffusionn coefficient 
DD]]  = 15 uirr/'s (estimated) 

£>-,== 6 um;/s (Hoogstraten et ai, 2002) 

DD%% — 15 um2/s {Rademakers et al., 2003) 

DDAA = 15 u.m:/s (estimated) 

D,, =15 um2/s (Houtsmuller et al., 1999) 

Bufferingg coefficient 

Px Px 
P,P, = 1.6 

/?.,, = ! 

/?44 = 1 

/* ,, = ! 

ChapterChapter 5; Supplemental Table 1 
DiffusionDiffusion coefficients and buffering coefficients 
TheThe diffusion coefficient of XPG and XPC-HR23B were estimated for globular proteins of 
similarsimilar molecular weight. For the buffering coefficients: in the absence of lesions the 
fractionfraction of freely diffusing factor is //p; . For TFUH. p,= 1.6 (-60% freely diffusing 
(Hoogstraten(Hoogstraten et al., 2002)). For XPG. XPA and ERCC1-XPF no unspecific binding was 
obsen-edobsen-ed (Houtsmuller et al., 1999; Rademakers et al.. 2003) leading to p,= p̂  = p,= } . 
ForFor XPC-HR23B the parameter p/ was estimated by data fitting. 

5.8.44 Supplement D: Stationary concentrations and maximal repair rate 

Forr a constant damaging rate Vdam lower than the maximal repair rate Vmtlx one derives 
fromm Eqs (S.7)-(S.9) a relation for the steady state concentrations of the intermediary 
complexess and the free damage 

S{S{ = . Jdam  ̂ $n = KhnL (S_,?) 

kj^(Tkj^(Ti+]i+] -I-I i+li+l )) kR 
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fo r / -- Q,--,n-l with /. = V 5 . Eqs (S.I7) allow the calculation - in a recursive manner 

(startingg from /"= n -1) - of the steady state concentrations as a function of the damage-
inductionn rale. 

ConditionCondition for maximal repair rate: 
Thee repair system reaches its maximal repair rate when the first factor is completely bound 
too the damage: 

7JJ = /| . (S.!8) 

Notee the analogy to enzymatic reactions where the maximal reaction rate is reached when 
alll  enzymes are bound to substrate. 

Proof: Proof: 
Byy taking the derivative of S",- (Eq. S. 17) with respect to Vihm one easily shows that the 

immobilizedd concentrations L{ of the factors increase monotonously with Vdam. However, 

forr any factor an upper limit is given by 

/ / < 7}}  . (S.19) 

Forr calculating the maximal repair rate one needs to identify the value of V(/il/tl  at which one 

off  the above conditions is violated. To do so, Eq. (S, 17) can be rewritten as 

JLJL V, V, 
JJ - V ^Z2L_ + ^ ™ . ( S 2 0) 

jtrjtr +l+l kj(Tj-Ij)kj(Tj-Ij)  kR 

Clearly,, for any /> i one obtains ƒ, -> x for / . ̂  j - , contradicting condition (S.19). 

Therefore,, when increasing Vdam, the condition for the first factor, // < Ts, is violated first. 
Thee maximal repair rate is reached accordingly when condition (S. 18) is true. 
Conditionn (S.18) applied to Eq. (S.17) yields a polynomial equation of order 2n~l for Vmax. 

Onlyy the smallest positive real solution is of interest, since all other solutions would violate 
conditionn 1 s< T,. By solving the polynomial equation numerically one obtains the 
maximall  repair rate. 

5.8.55 Supplement E: Repair time and residence time 

Forr low initial damage only small amounts of factors are immobilized (ƒ. w 0 and so 

F-,F-, * Tj )• Therefore, the system of differential equations is approximately linear. Using a 

methodd introduced in Heinrich and Schuster (1996) for deriving characteristic times, one 
obtainss by integrating the linear system of differential equations Eq. (12). 
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Residencee times are calculated as follows. Take for example the first factor. At time t- 0 a 
smalll  fraction of molecules are marked, e.g. bleached (uniformly induced damage induction 

n n 
occurredd at a previous time point). Denote with I\ = ySn the concentration of bleached 

Z=l l 

moleculess involved in repair, where 5"; denotes the concentration of bleached intermediary 

complexes.. We define the residence time - i.e. the mean time needed for the bleached 
moleculess to dissociate from the damaged sites - as 

\i'(t)dt \i'(t)dt 
r,, = ° 

MO) ) 
(S.21) ) 

wheree I\ (0) = / £ ^ ( 0 ). Assuming that the bleached fraction is very small, so that it is 
/=1 1 

unlikelyy that a bleached molecule rebinds in the same area after release, then the 
correspondingg dynamical system is 

dSdSxx (t) 

dt dt 

dS*(t) dS*(t) 

dt dt 

dS*{t) dS*{t) 
dt dt 

==  -k2S](t)F2(t) 

==  kiS*_y{t)F i(t)-ki+l S*(t)FM(t) 

==  k„S„_ lFn(t)-kRSn(t) 

(S.22) ) 

(S.23) ) 

(S.24) ) 

Experimentally,, residence times are calculated for saturating conditions. In this case we can 
assumee that during the time that the bleached fraction disappears, the free pool of factors 
remainss nearly constant (i.e. f ( 0 = F(0) )• Then the above system is approximately linear 

andd the residence time can be calculated by integration. After some algebra one obtains 

TT -—.+ 

1 1 

j=2j=2 kkjjFFj j 

*0 *0 
MO) ) 

(S.25) ) 

Similarr calculations lead in the case of simultaneous release of the factors to 

(( 1 .({W\ j 

- f + X X 1 1 

i=i+\i=i+\ kkJJFFj\ j\ 
1--

//(0) ) 

'/(0)J J 
(S.26) ) 
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forr /= / , - • - ,« - / , where xs is the residence time of the i-Xh factor. The concentrations of 
thee immobilized forms of early binding factors are higher than of the following factors 
{/;(0)>> It{0) for j>  i. Eq. 5). Therefore one can show that xj< xt for j>  i. If the 

factorss are released simultaneously, the residence times of early-binding factors are longer 
thann those of later-binding factors. Formula (S.26) was used to calculate the residence times 
inn Figure 6C when the DNA damage is saturating. For pathways where F, is released earlier 
wee proceeded in a similar way. 

5.8.66 Supplement F: Holocomptex concentration 

Thee factors interact with each other to form a holocomplex. We assume that the total 
concentrationss of the factors are equal (/'• = T ) and that interactions between factors are 
characterizedd by equal dissociation constants Kh . In this case the concentrations of the 

intermediaryy complexes that contain the same number of factors are equal. One derives 
followingg conservation relation: 

n-\fn-\f nn\ \ 

T=iT=i ++ Tl'fTl'f l+ l+ (S.27) ) 

/=ovv v 

Thee fj is the concentration of a component that has / factors involved (e.g. fl 

concentrationn of free factor, / 2 concentration of complexes containing two factors etc.), 

// is the concentration of factors bound to the damage, and f" | is the binomial coefficient. 

Inn the absence of damage {1=0) and in steady state, the concentrations of the different 
complexess are given by 

fi-A'/K'k fi-A'/K'k (S.28) ) 

Usingg the above formula (S.27) simplifies to 

( ( 
TT = A 

K K 

>n-\ >n-\ 

(S.29) ) 
hj hj 

Thiss formula allows deriving an implicit expression for the concentration of the 

holocomplexx ƒƒ= ./„.As ƒ,= tftf/KZ ' one obtains from (S.29) 

(S.30) ) 
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Thiss formula is used to calculate the holocomplex concentration and hence the repair time 
byy the holocomplex. 
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