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Chapter 1 

General introduction and 
aim of the thesis 

DNA repair mechanisms 

DNA is the carrier of the genetic illstmctions in all living organisms. Its 
integrity is of vital importance for a faithful transmission of the genetic information 
and for the proper fimctioning of cellular processes. However, the DNA molecule is 
susceptible to alterations caused by both intrinsic chemical instability (e.g. 
deatninatioll, depurinatioll etc.) and by a wide variety of environmental and 
endogenous compounds. The most prominent DNAwdamaging physical agents arc 
ultraviolet (UV) light and ionizing radiation (X-rays and y-rays). DNA damage can 
disturb cellular processes and can have severe consequences on human health. Its 
direct effect at the cellular level is inhibition of vital processes, most notably 
transcription, replication and cell cycle progression. Accumulation of lesions in 
DNA can either lead to cell death by apoptosis or to permanent mutations in the 
genetic code which can cause inborn diseases and contribute to premature aging. 
Importantly, mutations in proto-oncogenes and tumor suppressor genes are 
involved in the initial stages and subsequential progression of the multi-step process 
of carcinogenesis. 

To safeguard the genetic information, a complex nehvork of DNA repair 
mechanisms has evolved, most of which are strongly conserved from E. coli to 
yeast and mammals (46). Damage specificity is observed within the diverse repair 
systems. Briefly, homology-depelldellt recombillatioll and DNA-elld joillillg are the 
major repair pathways dealing with DNA double strand breaks, mainly induced by 
ionizing radiation (80, 223). Base mispairs and small insertions Ideletions 
introduced during DNA replication are repaired by mismatch repair. Base excision 
repair (BER) removes several types of oxidatively damaged bases and small 
alkylating damage (l52). These alterations in DNA bases can arise from challenge 
by reactive oxygen species, e.g. generated by ionizing radiation or, endogenously, 
by normal cellular metabolism or metabolism of several chemical carcinogens. 
Accumulating evidence has revealed the involvement of oxidative damage in the 
aging process of somatic cells (l09). Nucleotide excisioll repair (NER), the repair 
system studied in this thesis, is responsible for the removal of numerous DNA-helix 
distorting lesions, among which UV -induced lesions are the most relevant (36). 

The biological relevance of counteracting DNA damage is illustrated by the 
occurrence of inherited human syndromes caused by a NER defect: xerodenna 
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pigmentosum (XP), Cockayne syndrome (CS) and trichothiodystrophy (TTD). 
Extreme sensitivity to sunlight is the hallmark of all three clinical conditions. In 
addition, distinctive features characterize each disorder. XP patients show an 
elevated frequency (> 1000-fold) of sunlight-induced skin cancer and other mainly 
cutaneous abnormalities. In contrast, CS and TID patients do not display an 
obvious cancer predisposition but suffer from severe neurodevelopmental 
abnormalities. Sulphur-deficient brittle hair and nails is the additional typical trait 
ofTTD (11). 

Transcription-coupled repair 

Intimate links have been revealed between NER and other repair systems. In 
addition, to efficiently protect cells from DNA damage, NER activities are closely 
coordinated with other cellular processes, including cell cycle regulation and 
transcription by RNA polymerase II (RNAP II). The functional interplay with 
transcription was first disclosed by the discovery that actively transcribed genes, 
and in particular their transcribed strand, are repaired at a faster rate compared to 
silent sequences. This is accomplished by a NER mode known as transcription
coupled repair (TCR). A specific defect in TCR characterizes cells from Cockayne 
syndrome patients. Two genes have been shown to be specifically required for TCR 
in man, CSA and CSB, which are defective in CS complementation groups A and B 
respectively (62, 184). 

A dual involvement in NER and transcription has been established for the 
basal transcription factor TFIIH, which has a pivotal role in both processes. 
Mutations in TFIIH subunits are associated with considerable clinical heterogeneity 
and can give rise to XP as well as to combined XP/CS symptoms and TID. Except 
severe photosensitivity in all three diseases, the developmental and neurological 
abnormalities within CS and TID are difficult to rationalize on the sole basis of a 
NER defect. Because of the dual function of TFIIH, it was proposed that some of 
the CS and TID specific symptoms may arise from a defect in the transcription 
function of TFIIH (10, 203). In analogy with TFIlH, it has been suggested that the 
CS proteins may have an additional function, possibly in transcription (45, 193, 
203); see chapter 4). 

Chromatin structure 

If stretched out, the DNA of a single human cell would extend approximately 
two meters in length. However, in order to fit within the nucleus, ,vhich is only a 
few micrometers in diameter, DNA is packaged by association with his tones and 
non-histone proteins into a highly organized stmcture known as chromatin. This 
highly compacted organization of DNA adds more complexity to NER as well as to 
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all DNA transacting processes in vivo. At present, very little is known about how 
the NER enzymes deal with chromatin and how they gain access to DNA to 
perform the repair reaction. On the other hand, substantial experimental evidence 
has disclosed the existence of several mechanisms that modulate chromatin 
structure in order to facilitate RNAP II transcription (225). One of these 
mechanisms is based on the chromatin remodeling activity of a set of proteins 
known as SWI2/SNF2 DNA-dependent ATPases, which are usually part of large 
protein complexes (83). Interestingly, the SWI2/SNF2 protein family includes also 
proteins involved in various DNA repair pathways, such as NER and recombination 
repair, suggesting that these processes may require similar remodeling activities as 
transcription. Sequence analysis revealed that CSB, the topic of this thesis, belongs 
to the SWI2/SNF2 protein family (184). 

Aim of the thesis 

The work described in this thesis aims to gain insights into the fimction of the 
CSB protein in TCR. Specific attention was given to (i) investigation of the 
relationship of CSB with other repair and transcription factors within the context of 
cellular protein extracts and to (ii) isolation and biochemical characterization of 
CSB as a recombinant protein. (iii) Involvement of the isolated CSB in chromatin 
remodeling was addressed ill vitro. (iv) Finally, aspects of CSB nuclear 
organization and its dynamic relationship with NER and transcription were studied 
in living cells. 

In Chapter 2, an overview of the current literature on mammalian NER is 
presented. Particular attention is given to biochemical aspects of the NER 
mechanism. In addition, the recent application of confocal microscopy to the study 
of NER in living cells is described. Chapter 3 focuses on the TCR pathway with 
emphasis on the biochemical characteristics of the proteins involved. In addition 
clinical aspects of CS and their relationship with mutations in TCR-specific genes 
will be discussed. Finally, aspects of the NER connection with transcription will be 
presented. A more detailed analysis of the current experimental data about the 
transcription-repair coupling reaction and the connection with transcription 
elongation is presented in chapter 4. Chapter 5 deals with NER in the context of 
chromatin. In addition, aspects of chromatin remodeling related to transcription are 
summarized. The main observations described in the experimental part of the thesis 
are integrated and discussed in the above mentioned theoretical chapters (2, 3 and 
4). The experimental work is outlined in the following chapters. In Chapter 6 the 
physical interaction of CSB with other NER or transcription factors was 
investigated in the context of cellular protein extracts. Chapter 7 describes the 
identification of a novel protein involved in TCR, XAB2, and its relationship with 
TCR-specific proteins, namely CSA, CSB and RNAP II. Chapter 8 and chapter 9 
focus on the biochemical properties of the isolated CSB protein and on the analysis 
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of its involvement in chromatin remodeling in vitro, respectively. Finally, in 
Chapter 10 aspects of CSB nuclear organization and dynamics are studied in living 
cells by using the green fluorescence protein (GFP) technology. 
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Chapter 2 

Nucleotide Excision Repair (NER) 

Introduction 

Nucleotide excision repair (NER) is a versatile repair system whose major 
targets are DNA injuries induced by thc short-wave UV componcnt of sunlight: 
cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts (6-4PP). In addition, 
NER repairs other lesions, including numerous bulky chemical adducts (such as the 
ones formcd by polycyclic aromatic hydrocarbon carcinogens such as N-acctoxy-2-
acetylaminofluorene, AAAF, N-2-acetylaminofluorene, AAF, and benzo[a]pyrene), 
and intrastrand crosslinks (caused by cis-plat in and psoralens, among others). The 
common feature of NER lesions is significant distortion of the DNA helix. Both 
helical distortion and alteration of DNA chemistry are necessary for recognition by 
the NER machinery (63). 

The above lesions are removed in a complex multistep reaction. Two NER 
subpathways can be distinguished: repair of lesions throughout the genome, 
referred to as global genome repair (GGR), and transcription-coupled repair (TCR), 
which removes damage in the transcribed strand of active genes that actually blocks 
ongoing transcription. 

In humans, NER constihltes a major defense against the carcinogenic effects 
of sunlight. This is apparent from the high risk of developing skin tumors in 
individuals suffering from the NER-deficient disorder Xeroderma Pigmentosum 
(XP). At least two other distinct human syndromes are associated with defective 
NER, Cockayne syndrome (CS) and trichothiodystrophy (TID). Extreme 
sensitivity to sunlight (UV) is the common hallmark for these rare, autosomal 
recessive conditions, which otherwise arc highly heterogeneous in additional 
clinical features and in genetic make-up (see below; (II)). XP is due to mutations in 
one of 7 genes (designated XPA to XPG), CS to one of 2 genes (CSA and CSB). In 
addition, specific mutations in 3 XP genes (XPB, XPD and XPG) can cause a 
combination of XP and CS, two of which (/(PB and XPD) can also give rise to the 
photosensitive form of TID, in addition to TTDA. Most forms of XP and TID are 
due to deficiencies in both subpathways of NER. Defective TC-NER is specifically 
associated with CS. 
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Chapter 2 

Human NER proteins and molecular mechanisms 

The NER process involves the activity of 20-30 proteins. In the last two 
decades, all key NER genes have been cloned, the proteins isolated aild the core 
NER reaction has been reconstituted in vitro on DNA templates containing 
positioned damage (recently reviewcd in (36, 222)). In mammalian cells, six 
components are needed for the core GG-NER reaction in vitro. These are XPC
hHR23B, XPA, the heterotrimeric RPA protein (additionally involved in DNA 
replication and recombination), the multiprotein complex TFllH (with dual 
involvement in transcription initiation and in NER), and the XPG and ERCCI-XPF 
endonucleases. Thc essential steps of the NER rcaction are schematically depicted 
in Figure I. Briefly, recognition of the DNA damage site is followed by thc 
formation of an unwound intermediate DNA structure around the lesion termed 
"open complex", This is the substrate for structure-specific endonucleases that 
clcave the damagcd strand on cither side of the lesion (dual incision). After the 
excision of the damage-containing oligonucleotide, general replication factors 
perform gap-filling DNA synthesis and strand ligation. 

Damage recognition 
The NER reaction starts with recognition of the DNA injury. This step 

distinguishes the GGR from the TCR subpathway. The XPC-hHR23B complex is 
the damage sensor in GG-NER. It is probably the first protein that recognizes the 
DNA lesion and recl1lits the NER mach in elY to the damaged site (168). The XPC 
complex improved the efficiency of the NER reaction ill vitro when it was allowed 
to bind to the damage before the addition of the other NER components (168). In 
addition, it has affinity for several NER lesions and is the only NER factor shown 
to make stable footprints around a lesion, namely 6-4 PP (168). XPC-hHR23B is 
thought to stably bind to a distorted lesion, thereby altering the DNA structure of 
the damaged region so that TFllH and the other NER core proteins can bind (36, 
222). The fact that XPC-hHR23B is not required when the DNA is sufficiently 
distorted or loeally premeited around a lesion is consistent with this model (122). 

Other NER proteins show preferential binding to damaged DNA and may 
assist XPC-hHR23B in the recognition of the damage. The UV-DDB protein 
complex, whose activity is lacking in somc XPE patients, may facilitate the 
detection of lesions poorly recognized by XPC-hHR23B, such as CPDs, ill vivo 
(71). XP A, the first human NER protein shown to have preferential affinity for 
several DNA lesions, was suggested to act as a lesion verifier in the subsequent 
steps of NER with the assistance of the single-strand DNA binding protein complex 
RPA (168). 

XPC-hHR23B and probably UV-DDB (XPE) are the only NER proteins that 
are specific for GGR and whose function is not required for the TCR pathway. 
Within TCR, the elongating RNAP II complex that encounters a lesion is thought to 
detect the DNA damage and to activate the TC-NER pathway in a CSNCSB-
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dependent manner (57). The details of the TCR pathway will be discussed in the 
next chapter. 

Open complex forIllation 
Unwinding of the DNA around a lesion is an ATP-dependent process and 

requires the coordinated activities of XPC-hHR23B, TFIIH, XP A, RPA and XPG 
(42,43, 123). XPC-hHR23B and TFIIH are required at the earliest steps of opening 
(43). The XPB and XPD subunits ofTFIIH display ATPase and DNA unwinding 
activities and mediate the ATP-dependent melting of the DNA around the lesion 
(43). In addition to DNA unwinding, XPB and XPD may also function during 
subsequent steps, since premelted lesions still require TFIIH (122). The fact that 
mutations in XPB C-telluinus selectively inhibits the 5' incision, while leaving the 
open complex formation and the 3' incision unaltered, suggests a structural role of 
TFIIH in facilitating the 5'eleavage reaction (43). XPA, RPA and XPG are needed 
for the formation of a filll open complex of -25 nucleotides across the lesion. XPG 
likely plays a structural fimction by stabilizing the preincision complex, since its 
nuclease activity is not rcquired for opening (43, 123). 

Dual incision 
The XPG and ERCCI-XPF NER endonucleases perform the cleavage on the 3' and 
5' side of the DNA lesion, respectively (120, 160). The 3' incision by XPG is made 
first and can be detected in the absence of ERCCI-XPF (120). On the other hand, 
ERCCI-XPF needs the physical presence, but not the catalytic activity, of XPG to 
perform the 5' incision, suggesting an additional stwctural role for XPG (123, 209). 
Both XPG and ERCCI-XPF are structure-specific endonucleases that cleave at the 
junctions between duplex and single-stranded DNA of an unwound DNA stmeture. 
During NER, RPA plays a crucial role in positioning both nucleases. RPA directs 
ERCCI-XPF cleavage activity to the damaged strand only, whereas its action is not 
sufficient to confer strand specificity to XPG (35). TFIIH has been proposed to 
participate in the positioning of the NER machinelY, possibly through interaction 
with XPG (36). 

Gap-filling and ligation 
Dual incision is followed by the release of a 24-32 nucleotide fragment containing 
the damage. Gap-filling DNA synthesis is used for assaying NER ill vitro and ill 
vivo (unscheduled DNA synthesis, UDS) and is performed by the replication factors 
RP A, PCNA, RFC, and DNA polymerase I (159). Among the NER core factors, 
RP A is the only one required during the DNA repair synthesis. Ligation of the 
newly synthesized DNA is likely performed by DNA ligase I (3). 
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Chapter 2 

Connection between NER and other cellular processes 

As presented above, the NER reaction has been analyzed in quite some detail 
ill vitro using whole cell extracts or reconstitution by purified components on naked 
DNA templates (I, 121). Howevcr, the complexity of NER goes bcyond the 
potential of these ill vitro experimental systems and many questions are still open. 
III vivo, the NER enzymes have to deal with the highly compact organization of 
DNA in chromatin within the context of othcr processes and with the fact that 
lesions are rare and randomly distributed along the 6 x 10' base pairs of the typical 
(somatic) celiular DNA content. 

The complexity of NER in vivo is further emphasized by its multiple 
connections with other celiular processes. NER is tightly coordinated to celi cyclc 
progression, which is atTested by p53-dependent and independent pathways 
foliowing the accumulation of high levels of, among others, UV-indnccd DNA 
damage (96). In addition, participation of sevcral NER protcins in DNA 
transactions, other than NER, has been revealed. TFIIH is, as already mentioned, 
essential for basal RNAP II transcription. The TCR pathway, which will be 
discussed in the next chapter, also shows the strong functional link with 
transcription. The last step of the NER reaction shares components with the 
replication machinery. A functional interplay with other repair systems is illustrated 
by the probable involvement of the ERCC I/XPF complex in thc repair of 
interstrand cross-links by mitotic recombination (single-strand annealing pathway) 
(26, 44) and by the requirement of CSA, CSB and XPG in the processing of 
oxidative damage, mainly repaired by base excision repair (BER), in a 
transcription-coupled manner (28, 92). The NER-BER link will be discussed in 
more detail in the next chapter. Finally, a connection between NER and the 
mismatch repair system has bcen proposed (9 I, I 16). 

FlG. I. Model for the molecular mcchanism of NER. Helix-distorting NER lesions (a) are 
recognizcd by XPC-hHR238 within global genome repair (GGR), leading to partial 
opening of the DNA helix (b). (e) The coordinatcd action ofTFfrn, XPA, RPA and 
XPG mcdiates the fonllation of an unwound intennediate around the lesion. XPB and 
XPD helicase components of TFIIH catalyze ATP-dependent unwinding, whereas 
XPA and RPA stabilize the open complex and positionlhe olher factors. Mosllikely, 
XPA binds to the damage Ilueleotidcs and RPA to the undamaged strand. XPG 
presence is required for the stabilization of a fully opened complex. (d) Dual incision 
is performed by XPG and ERCCI-XPF structure specific endonuc1eases, which 
cleave the damaged strand 3' and 5' oftlle lesion, respectively. The lesion is released 
as part ofa -30mer oligonucleotide. (e) Gap-filling DNA synthesis by the replication 
1l1achinN followed by ligation completes the i\TER reaction. '* indicates a DNA 
lesion. in bold indicates newly synlhelizcd DNA. Model adapted from de Laat et 
aI., 1999 and Wood, 1999 (36, 222). 
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(a) Helix-distording DNA lesion 

(b) Lesion recognition 

(c) Open complex formation 
and lesion demarcation 

(d) Dual incision and 
release of the damage 
containing oligonucleotide 

(e) Gap-filling DNA synthesis 
and ligation 
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Chapter 2 

NER in living cells 

To gain insight into the NER mechanism ill vivo, confocal microscopy has 
been recently applied to study the dynamics of NER factors in living cells. This 
novel approach is based on the analysis of fimctional NER proteins filsed to GFP 
(green fluorescence protein) that are stably expressed in human fibroblasts. The 
nuclear mobility of ERCCI-GFP/XPF was studied using fluorescence redistribution 
after photobleaching (FRAP) technology (68, 216). In the absence of DNA 
damage, ERCCI-GFPIXPF was found to diffilse rapidly in the nucleus, with a 
diffusion constant consistent with its molecular weight, arguing against the idea that 
ERCC I is part of a NER holocomplex (171). UV -irradiation caused a fraction of 
the ERCCI-GFPIXPF molecules to become temporarily immobilized, likely for the 
duration of one repair event. On the basis of these data, the authors proposed a 
model in which individual NER proteins assemble at the site of DNA damage rather 
than being organized in a complete "repairosome". In addition, ERCCI-GFP/XPF 
seems to locate the damaged site not by processive scanning of the genome but in a 
distributive fashion by diffilsion and collision with the other repair factors (68). 
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Chapter 3 

Transcription-coupled 
DNA repair (TCR) 

Molecular impact 

An important consequence of inflicting DNA damage is rapid blockage of 
cnlcial DNA-transacting processes, including the vital process of transcription. A 
key step in understanding how the cell deals with this serious problem was the 
discovery, more than a decade ago, that processing of UV-induced injUly in 
mammalian cells varies in accordance with the transcriptional status of the DNA. 
Quantitative analysis of CPD repair at the level of specific sequences reveals a 
faster removal of lesions from active genes (9) and more specifically from the 
transcribed strand (117) than from the genomc overall. NER puts high priority to 
the elimination of transcription-blocking lesions from the genome to allow quick 
resumption of RNA synthesis. This process is called transcription-coupled repair 
(TCR), appears restricted to RNA polymerase II (RNAP II) transcribed sequences 
and requires RNAP II to be actively engaged in transcription elongation (recently 
reviewed in (91, 180, 193». After damage 'recognition' by RNAP II, the lesion is 
removed by the core NER reaction (see Chapter 2, Figurel). 

TCR is particularly relevant for lesions for which the global genome pathways 
are too slow or incomplete and that actually block transcription elongation, such as 
UV-induced CPDs (196). All available evidence points to the idea that release of 
blocked polymerases and subsequent recovery of transcription is the main 'raison 
d'etre' of this system. The biological significance of the TCR pathway is 
emphasized both by the severe TCR-deficient human disease Cockayne syndrome 
and by its strong evolutionary conservation from man to mouse (191), 
Saccharomyces cerel'isiae (93, 172, 194) and Escherichia coli (115). 

Human genes, proteins and possible functions 

The inability to perform TCR and the subsequent permanent alTest of 
transcription underlies the UV sensitivity of CS patients (195, 200). As indicated 
above, a defect in one of at least 5 genes can give rise to CS: CS-only (CSA, CSB) 
or in combination with XP (XPB, XPD and XPG). CSA and CSB are specifically 
required for TCR, whereas the three XP genes participate in both NER pathways. 
All these genes have been cloned, by human genomic DNA or cDNA library 
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transfections and subsequent functional complementation of the UV-sensitivity of 
NER-deficient cells (11). 

CSA 
The CSA gene has been mapped to the pericentromeric region of human 

chromosome 5 and encodes a 44 kDa protein mainly made up of five WD 40 
repeats (Figure I) (62). WD repeats containing proteins appear to have a regulatOlY 
rather than a catalytic function and are often components of multiproteill complexes 
involved in diverse aspects of cellular metabolism, including cell cycle regulation, 
RNA processing and gene regulation. The WD motif is thought to mediate protein
protein interactions (126). In line with other proteins of the family, size 
fractionation experiments of Hela whole-cell extracts (WCE) indicated that CSA 
resides in a multiprotein complex of about 450 kDa «(192) and chapter 6). Evidence 
for ill vitro interaction of CSA with CSB and with the p44 subunit of TFIIH has 
been reported (62) (Table I). CSA is also found to associate with XAB2 (XPA 
binding protein 2), a novel protein involved in TCR and in transcription (Chapter 
7). XAB2 contains 18 repeats of the TPR (tetratricopeptide) motif, a degenerated 34 
amino acid sequence identified in a wide variety of functionally different proteins, 
most of which arc associated with multiprotein complexes. TPRs mediate protein
protein interactions and are often present in multiple copies organized in tandem 
arrays (8). 

Table 1. Physical interactions between the CS proteins and other 
repair/transcription factors 

GSB XAB2 TFlIH XPG RNAP// 

CSA IVT-lP Pull-down IVT-IP 
(p44)(62) 

CSB 

Two-hybrid WCE-IP 
(62) (Chapter 6) 

WCE-IP 
(Chapter 6) 

Pull-down 
(XPB) (155) 

Gel-shift 
(173) 

IVT-IP 
(77) 

WCE-IP 
(192; 

Chapter 6) 
Pull-down 

(154) 
Gel-shift 

(174; 173) 

XPA 

Pull-down 
(155) 

(IVT-lP) Immulloprecipitation of ill vitro translated proteins; (Pull-down) experiments: GST-, MBP
affinity chromatography; (WCE-IP) co-immtlllopreeipi-tation from whole cell extracts; (Gel-shift) 
experiments: binding to the transcribing ternary complex RNAP ITIDNAIRNA or '" to the CSB-bound 
ternary complex was visualized on native polyacrylamide gels. 
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Trallscriptioll-coupled DNA repair (TCR) 

Recently, the three-dimensional stmcture of the TPR motif has been determined and 
showed that each TPR consists of two antiparallel alpha-helices equivalent in length 
(33). Tandem alTays ofTPRmotifs are predicted to fold into a right handed helical 
structure with an amphipatic groove suited for interactions with target proteins. 
Specific combination of TRP repeats would allow TPR-containing proteins to 
simultaneously interact with multiple target proteins, thereby mediating the 
assembly of multiprotein complexes (33). 

CSB 
The CSB gene, also known as ERCC6, is located on chromosome lO.qll-21 

and encodes a large protein of 168 kDa (184). Several domains have been identified 
in the predicted sequence, including an acidic region, two potential casein kinase II 
phosphorylation sites, and a nuclear localization signal. The middle third of the 
protein is comprised of a helicase-like domain highly conserved within the 
SWI2/SNF2 family of DNA-dependent ATP-ases (Figure I) (184). Members of this 
family arc associated with a wide range of nuclear processes, including 
transcription regulation, chromatin remodeling, and diverse DNA repair processes, 
such as NER, postreplieation and recombination repair (40). SWl2/SNF2-related 
proteins have been proposed to function as molecular motors which use the energy 
of ATP hydrolysis to trans locate on the DNA and to destabilize protein-protein or 
protein-DNA interactions (135). The ability of the SWI/SNF and ISWI subfamilies 
to destabilize reconstituted nucleosomes and the ability of the transcriptional 
regulator MOTI to dissociate TBP from TBP-DNA complexes are consistent with 
such a mechanism (135). Involvement of SWI2/SNF2 proteins in chromatin 
remodeling will be discussed in chapter 5. 

CSB is found in a large MW protein complex (larger than 700 kDa) in WCE 
and, like CSA, is able to associate with XAB2 ((192); Chapter 6 and 7). Using 
immunoprecipitations of ill vitro translated proteins and GST pull-down, CSB was 
reported to interact with CSA (62), XPG (77), XPA, XPB and the p34 subunit of 
the transcription initiation factor TFilE (155) (Table I). However, no co
imnlUnoprecipitation of CSB with any of the repair/transcription factors mentioned 
above could be detected in WCE ((192) and Chapter 6). In addition, CSA and CSB 
were found to reside in distinct protein complexes, of -450 and > 700 leDa 
respectively, in WCE analyzed by size fractionation (Chapter 6 and 7). These 
results suggest that CSB has the potential to interact with these proteins ill vitro. 
However, these associations may be transient in the cell nucleus, and consequently 
difficult to detect in WCE. On the other hand, the ill vitro observations may not 
reflect the situation in the nucleus, where binding to other cellular proteins or to 
DNA may influence the native conformation and binding properties of the protein. 
During the TCR reaction, CSB is predicted to interact with the stalled RNAP II 
complex. In support of this idea, CSB has been found to associate with a fraction of 
RNAP II in WCE as well as ill vitro in pull-down experiments ((154, 192); Chapter 
6). Interestingly, in gel shift experiments CSB was shown to bind to transcribing 
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RNAPII molecules engaged in temary complexes with DNA and nascent RNA 
(174). Subsequently, the resulting quaternary complex CSBIRNAP IIIDNAIRNA 
was claimed to recruit TFIIH in analogous experiments (173). 

Studies with purified recombinant CSB established that CSB is a DNA
dependent ATP-ase. CSB, like other SWI2/SNF2-related proteins, has no classical 
helicase activity, however it is able to alter the topology of plasmid DNA by 
introducing negative supercoils «23, 155); chapter 8 and 9). The experiments 
described in chapter 9 also indicate that CSB functions as a chromatin remodeling 
factor on reconstituted nucleosomal templates. In addition, indications that CSB 
stimulates transcription elongation by RNAPolII ill vitro have been reported (154); 
V. van den Boom and M. Timmers personal communication). 

aa 1 aa 396 

eSA N III lillie 
CSB, rM(TFl:H) 

I WD40 domain 

eSB 
A GNt

S 
I IA 11111 

II [II U 
IVVVI Nt" 
III 

L----- I 

SNF2·like heticase domain 

FIG. I. Schematic representation of predicted functional domains in the CSA and csa 
proteins. CSA. FiYe \VD40 repeat motifs are depicted (126). Protein interaction 
domains are indicated below. Mutations fOUlld in CSA patients are indicated above, 
Data from Henning et al., 1995 (62). CSB. A, acidic region harboring -60% glutamic 
or aspartic acid (amino acids 356·394); G, glycine rich region (residue 442·446); 
NLS, nuclear localization signal (amino acids 466·481 and 1038-1055) followed by 
potential casein kinase n phosphorylation sites; I-VI (amino acids 527-1007), 
helicase motifs conserved betwecn RNA and DNA hclicases (52), this rcgion share 
high overall homology with proteins belonging to the SNF2 family of putative 
helicases (40). Data from Troelstra et aI., 1992 (184). Most inactivating mutations 
described in CS paticnts results in tmncated protein products CCSB tmncations found 
in the CSIAN celis, see Chaptcr 6, 7 and 10 are shown above (184»). Single-amino
acid changes were also identified and were confined to the C-temlinal two thirds of 
the protein (25,108). For a complete overview o[eSB mutations see Mallery et aI., 
1998 (108). 
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TFIIH: XPB and XPD subunits 
TFIIH (transcription factor IIH), originally isolated as a basal transcrlplIon 

factor is a nine-subunit, multifunctional protein complex harboring helicase and 
protein kinase activities. TFfIH is essential for both transcription initiation by 
RNAPII and NER and is possibly involved in cell-cycle regulation (36, 47, 66, 
220). The XPD and XPB proteins are DNA-dependent ATP-ascs and exhibit 
opposite DNA helicase activity (3'-5' and 5'-3' respectively), involved in the local 
melting of the DNA helix both in transcription and in NER (43, 67). XPB and XPD 
appear to differently contribute to the two processes. 

Recently, a functional TFIIH complex was reconstituted with recombinant 
proteins (178) and the individual role ofXPB and XPD in ill vitro transcription both 
in promoter opening and promoter escape (the transition from initiation to 
productive elongation) was investigated. XPB plays a cmcial role in transcription 
initiation and its helicase activity is required for promoter opening and stimulatory 
for promoter escape (12, 178). In contrast, XPD catalytic activity is dispensable for 
in vitro transcription, as observed with both recombinant and native TFIIH 
complexes containing an ATPase-inactive XPD (178, 218). XPD was shown to play 
a stmctural role in promoter escape (12). On the other hand, NER requires both the 
XPB and the XPD helicase activities ill vitro as well as ill vivo (43, 218). Several 
indications for additional, possible structural roles of TFIIH in NER besides DNA 
unwinding have been reported (43, 122); see chapter 3, opell complex jormatioll). 
Multiple interactions ofTFIIH with XPA, XPC, XPG (77, 121) and CSA (62) have 
been described. 

XPG 
The XPG gene encodes for a stmcture-specific endonuclease sharing sequence 

similarities with endonucleases of the FEN-I family. It cleaves DNA 3'-junctions 
on bubble, splayed arms and stem loop substrates and makes the initial 3' incision 
during the NER reaction (160). III vitro and ill vivo functional analysis of XPG 
mutants have defined its catalytic center (27) and have provided indications for an 
additional stmctural function in the NER reaction. As mentioned before, XPG's 
presence is required non-catalytically for subsequent ERCCI incision during NER 
(123,209) and direct interactions with TFIIH (77,121), RPA, PCNA and CSB have 
been reported ((77); reviewed in (36). 

Cellular studies have revealed an additional function of XPG in the removal of 
oxidative damage by the BER pathway, that is distinct from its endonuclease 
activity in NER (28, 127). Recently, ill vitro reconstitution of the BER reaction has 
shown that XPG can stimulate repair, acting as a cofactor for the activity of the 
human hNTh 1 protein. HNTh I releases the damaged base by its glycosylase 
activity and cleaves the abasic site by its AP lyase activity, during the first step of 
BER of thymine glycol containing DNA substrates. XPG protein promotes the 
binding of hNTh 1 to the DNA substrate and strongly stimulates its catalytic activity 
(84). XPG is thought to playa stmctural rather than catalytic role in BER. This 
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hypothesis is supported by the fact that severe tnmcation of the protein, but not 
inactivation of its catalytic site by a point mutation, affects repair of oxidative 
damage both ill vivo and ill vitro (28, 84, 127). 

Possible mechanisms of TCR 
The mechanism by which the CSA and CSB proteins mediate the 

transcription-repair coupling reaction is still largely unknown, in contrast to the 
well-characterized TCR mechanism in E. coli. In prokaryotes, the transcription
repair coupling factor (TRCF) binds to and displaces the RNA polymerase stalled at 
a lesion, and subsequently promotes removal of the damage by recruiting the repair 
machinery (156). A similar sequence of events, has been proposed in a tentative 
model for mammalian TCR (57). The generally accepted view is that an elongating 
RNAP II complex that encounters a lesion detects the DNA damage and activates 
the TCR pathway in a CSAlCSB-dependent manner. An arrested RNAP II 
constihltes a steric hindrance for the repair machinery and needs to retract or to 
dissociate to allow repair of the damage (38, 57). The CSB protein, because of its 
limited sequence similarities with TRCF, was proposed to act catalytically as a 
coupling factor at the site of stalled transcription. Nevertheless, CSB, alone or in 
combination with CSA, cannot promote dissociation nor backtracking of RNAP II 
from a damaged site ill vitro (154). On the contrary, the arrested elongation 
complex RNAP IIIRNAlDNA, even when bound to CSB, is highly stable and 
competent to continue elongation (38, 154, 174). These findings suggest that 
mechanisms other than RNAP II dissociation may mediate TCR in human. 
Furthermore, additional proteins besides CSB and CSA may be required ill 1';1'0. 

One of these proteins is likely the recently identified XAB2 protein (chapter 6). 

FIG. 2. Model for the molecular mechanism ofTeR. Transcription-blocking lesions (a), e.g. 
CPOs (NER lesion) and thymine glycols (llOu-NER lesions) in the transcribed strand 
are detected by an elongating RNAPII complex, which initiates the TCR pathway (b). 
(c) CSA, CSB, TFIIH, XPG and probably other co factors, XAB2, participate in the 
filrther processing of stalled RNAP II making the damage accessible to repair and 
subsequent resumption of transcription. TItis step could involve cOl1fomlational 
changes or backward movement of RNAP II, release of RNAP II, or by-pass of the 
lesion (discussed in chapter 4). (d) Depending on the type of lesion, repair is 
completed by i\TER or by othcr rcpair pathways (e.g. I3ER). (e) The arrested RNAP II 
complexes might either have dissociated, with consequent release of the nascent 
transcript (left), or resume elongation (right). Dissociation may invoh'e CSA- and 
CSB-dependent ubiquitination of RNAP II large subunits followed by proteosomal 
degradation (13, 143). CSB lIIay facilitate re-start of RNA synthesis by its ability to 
enhance the rale of transcription elongation as detennincd in in vitro assays (154). 
For simplicity, only repair by NER, visualized as newly synthesized DNA patch, is 
illustrated. * indicates a DNA lesion . .l1.I.in bold indicates newly synthesized DNA. 
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The sequence characteristic of both CSA and XAB2 are consistent with a structural 
function. Both the TPR repeats of XAB2 and the WD-40 motifs of CSA may be 
involved in mediating transient interactions between CSAlCSBI RNAP II and the 
NER factors (Table I). These interactions could be relevant in thc recruitment of 
the repair machinelY, thereby stimulating repair of the damage. 

CSB' s properties are consistent with a catalytic role in the coupling reaction. 
CSB can alter DNA helix conformation upon binding, which may influence 
protein-DNA interactions. In addition, CSB can remodel nucleosomal templates in 
an ATP dependent manner, apparently without complete dissociation of the histone 
octamer from the DNA (Chapter 9). By an analogous mechanism, CSB may use the 
energy of A TP hydrolysis to induce conformational changes in the stalled RNAP II 
ternary complex or in the surrounding nucleosomal structure. Such alterations may 
allow the repair reaction without aborting transcription and\or may facilitate access 
or increase the affinity to other NER factors (chapter 4 and 9). 

The role ofTFIIH and XPG in TCR is Jargely unclear. Both could be recruited 
to the damage site by the stalled RNAP II at early stages of the repair reaction and 
are predicted to participate in the "displacement" ofRNAP II from the damage. The 
altered DNA conformation at the site of an-ested transcription, in analogy with the 
XPC-hHR23B-mediated conformational changes during GG-NER, may favor the 
binding of TFIIH and XPG (36). In addition, the above mentioned interactions 
observed between TFIIH and CSA, XPG and the stalled RNAPIIICSB complex 
may be relevant for the recruitment. 

In recent years, substantial experimental evidence from cellular as well as ill 
vitro studies revealed a broader role of TCR, not restricted to the NER repair 
pathway. CSA, CSB and XPG appear to be required for coupling transcription to at 
least two different systems, NER and BER (28, 92), as discussed below (see 
paragraph: 'Does the NER defect explain the CS phenotype?'). 

The emerging picture is that the elongating RNAP II may filllction as a 
general and efficient damage sensor that triggers different repair systems, including 
NER and BER, to the site of blocked transcription. In addition, blockage of 
transcription may constitute a sensitive signal for the induction of p53 activation 
followed by apoptosis ((100, !OI, III); see also next paragraph). TCR is predicted 
to act as a general mechanism with mainly two functions. First, it promotes fast 
repair of transcription blocking lesions, by the appropriate repair machinery. 
Second, and most important, it ensures the efficient progression of transcription 
elongation, possibly by releasing the blocked transcription machinelY (193, 197). A 
tentative model for TCR is illustrated in Figure 2. 
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Clinical aspects of transcription-coupled repair: Cockayne 
syndrome 

Cockayne syndrome (CS) is a rare (about 200 cases have been described to 
date), autosomal recessive disorder with heterogeneous clinical manifestations. 
Characteristic features shared by CS patients include cutaneous sun-sensitivity, 
severe postnatal growth retardation and progressive neurologic dyslimction. Unlike 
patients suffering from the prototype NER-deficient disorder XP, CS individuals do 
not show clear predisposition to skin cancer. At least two considerations may 
account for this difference. CS cells still perform a proficient GGR that might be 
sufficient to reduce the low levels of UV-induced carcinogenic mutations to which 
CS patients are normally exposed (they are often hospitalized and have a very short 
life expectancy, the average life span being -12 years). In addition, CS cells are 
induced to undergo apoptosis at significant lower UV-doses compared to TCR 
proficient cells (100). The TCR defect in CS cells enhances their p53-dependent 
apoptotic response, contributing to the elimination of cells that potentially carry 
oncogenic mutations (99, 101, 112). Nance and Berry presented in 1992 a 
comprehensive review of 140 patients, and proposed a subdivision of the disease 
into three clinically different classes: 1) a mild fonn, characterized by late onset and 
slow progression of symptoms; 2) a classical form (or CSI), which includes the 
majority of the patients; 3) a severe form (or CSII), characterized by early onset and 
severe progression of manifestations, with low birth weight and poor or absent 
development (125). The most common clinical symptoms associated with CS are 
summarized in Table 2. The clinical profile of the disease is further complicated by 
the existence of several atypical CS cases. Patients who exhibit the CS-like DNA 
repair characteristics (UV-sensitivity and defective recovery of RNA synthesis) 
without the hallmark clinical symptoms except photosensitivity are classified to 
belong to the distinct disorder "UV-sensitive" (Uv') syndrome (76). On the other 
hand, there are patients with clear CS hallmarks, but have neither photosensitivity 
nor RNA synthesis recovery defect (11, 25). 

Does the NER defect explain the CS phenotype? 
Apparently, CS clinical features are mueh more severe than the classical XP 

condition and go beyond photosensitivity (Table 3). Photosensitivity, together with 
some XP-speciftc features (such as pigmentation abnormalities and predisposition 
to skin cancer) can be explained on the basis of a NER defect, whereas the severe 
developmental and neurological manifestations typical for CS can not (10, 203). 
Consistently, these symptoms are not found in XP-A patients, which are totally 
deficient in NER (II). This and several other considerations (some of which are 
discussed below and in chapter 4) have led to the hypothesis that CS proteins may 
have additional limetions beyond NER (193). 
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Table 2. 1\,lost COllllllon clinical features of 
Cockayne Syndrome patients 

NER related 
Skin abnomlalitics 

Photoscnsiti\'ity* 
Thin, dry skin or hair 

NOIl-NER related 
Developmental 

Growth failure 
Microcephaly 
Impaired sexual development 
Chachetic dwarfism 
Skeletal defonnalions 

Neurologic dysfunctions 
Accelerated neurological degeneration 
Mental retardation 
Delayed psychomotor development 
Hearing loss 
Wizened facial appearance 
Calcification of basal ganglia of brain 
Ncurodysmyelination 

Ocular abnommlitics 
Cataracts 
Progressive pigmentary retinopathy 
Optic atrophy 

Dental abnomtalities 
Caries 

Table adapted from (II). *Patienls without photosensitivity, howc\'cr 
suffering from severe CS features have been described (II, 25). On the 
other hand, CS patients showing only photosensitivity occur (II, 118). 

In some cases, CS features are found in combination with XP, caused by specific 
mutations in the XPB, XPD or XPO genes. In addition, CS and TTD share most of 
the non-NER-related neurological and developmental clinical features except for 
the TID-specific brittle hair and nails (see Table 3). On the basis of many of the 
non-NER related features, CS, together with TID, is considered a progeroid 
syndrome. As discussed in more detail below (see also chapter 4), these 
observations have suggested additional involvement of the CS proteins in 
transcription itself (in analogy with XPBIXPD) and in coupling transcription to 
other repair processes (Table 4). 

The dual involvement of TFIIH in NER and transcription is well established, 
and it has been proposed that mutations affecting its function in transcription 
initiation may be the cause of the typical CS and TID features. In this scenario, CS 
and TID are considered transcription/repair syndromes (10, 203). Similarly, it can 
be hypothesized that the CS proteins may have an additional function in 
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Table 3. Clinical features orNER sYlldroIlls 

Feature xp XP!eS CS lTD 

Skin abnonnalities 
Photosensitivity ++ ++ +' +' 
Pigmentation abnonnalities ++ + 
Skin cancer ++ + 
Brittle hair and nails + 
Ichtyosis + 

Developmental 
Growth defect + + + 
Hypogonadism + + + 

Neurologic 
Progressive mental +/- + + + 
degeneration 
Wizened face + + + 
Primary defect: 

Ncuronalloss + 
Neurodysmyelillation + + + 

*' Also CS and 11'D patients exist without photosensitivity and 1\TER defect. 
Table adapted from Bootsma et al., 1997 (11). 

transcription. However, the fact that disruption of the CS genes is compatible with 
life in man (62, 184) as well as in mice (191) and in yeast (194) indicates that their 
role in transcription must be auxiliary. Mutations in the CS proteins may impair the 
release of blocked transcription (193). In addition they may cause subtle defects 
most likely during the elongation step of transcription (154, 174, 177, 188, \89, 
192). 

Cells from CS patients (CS-A and CS-B) and from XP-G patients with severe 
CS symptoms were shown to be sensitive to ionizing radiation in addition to UV
light (92). A specific defect in TCR of at least some type of ionizing radiation
induced oxidative damage, namely thymine glycols, was shown to underlie this 
sensitivity (28). These results have indicated an additional role of CSA, CSB and 
XPG in coupling arrested transcription to BER, besides NER, suggesting a general 
repair-transcription coupling deficiency to have a major impact on the severity of 
the CS phenotype. Since oxidative DNA damage can arise from intracellular 
metabolic processes, inefficient TCR of those subset of oxidative lesions which 
block transcription, such as thymine glycols, has been proposed to contribute to the 
developmental defects and the aging-related symptoms of CS (28, 109). Since 
specific mutations in XPB and XPD can give rise to the clinical symptoms 
associated with CS, TFIlH is predicted to function in TCR of oxidative damage as 
well. 
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Recently, several mouse models have been generated to study the 
consequences of NER andlor TCR deficiency ill vivo (34). Mouse models for CS 
were generated by inactivating the CSB (CSB ,I") or the CSA (CSA"') gene and 
greatly contribute to the understanding of CS « 191); Van der Horst, unpublished 
results). CSB-deficient mice exhibit photosensitivity, impaired TCR, and specific 
ocular symptoms, whereas the other hallmarks of CS, such as growth failure and 
neurological dysfullction are present only in a mild form. Interestingly, in contrast 
to what is noted with the human condition, CS-B mice present predisposition to 
developing skin cancer after exposure to high UV doses. Several explanations can 
account for this seemingly inter-species discrepancy, including differences in 
apoptotic trigger, UV exposure (CS patients are often hospitalized), and repair 
parameters (GGR of CPDs is more potent in man), as discussed in details elsewhere 
(34,191). 

Importantly, a strong synergistic effect 011 neurological and developmental 
abnormalities was obscrved in double mutant mice CSB'/,/XpC-l

• and CSB,I'/XPA'I-, 
which suffer from severe neurological and developmental problems and die before 
weaning (G. van der Horst, unpublished observations). The fact that XPA/ (totally 
defective in NER) and XPC-I

. mice (specifically defective in GG-NER) do not show 
any obvious developmental abnormalities indicates that a NER defect itself, 
similarly to the human condition, does not cause the CS-specific symptoms 
(reviewed in (34». However, the CSB defect in combination with a complete NER 
impairment, gives rise to the morc severe CS phenotype, suggesting an additional 
function of CSB beyond NER. Similarly, inactivation of XPG, which has a CS
related additional function beside its role in NER (28), gives rise to a dramatic 
phenotype in mice, causing post-natal growth failure and premature death (60). In 
conclusion, the picture emerging from the analysis of mice with a CS defect 
combined with a NER deficiency (CSB,I-XPA'I" CSB'" /XPC/. and XPG'/') support 
the hypothesis of an additional function of the CS proteins beyond NER. 

Cockayne Syndrome: genotype-phenotype relationship 
As discussed previously, the CSA and CSB genes are involved in the classical 

form of CS, the CS-B group comprising -80% of the patients. However, no 
obvious gene-specific differences are apparent between CSA and CSB patients. 
Moreover, a wide clinical heterogenicty has been observed, including a 13-year-old 
boy with UV'-like manifestations (118) and three patients with the severe form of 
CS but no sun-sensitivity (25) all due to mutations in the CSB gene. Molecular 
analysis of the inactivating mutations in CSB in 16 patients revealed a wide 
spectrum of mutations, most resulting in a severely truncated CSB protein (108). 
However, the severity of the disease does not seem to correlate with the nature of 
the mutation, suggesting that other factors are involved in determining the 
pathological phenotype (25, 108). 

Mutations in the NER factors XPB, XPD and XPG can give rise to a complex 
phenotype with clinical features of both CS and XP (XP/CS) (II). XP-B patients 
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are extremely rare, probably reflecting the essential role of XPB in transcription 
initiation, and they all combine XP features either with CS or TID (II, 12, 178). 
On the other hand, over 30 XP-D patients, including XP/CS and TID, have been 
described. Consistent with a subordinate role of XPD in transcription, the 
consequences of a point mutation in XPD on transcription initiation are apparently 

Table 4. Genetic heterogeneity of Cockayne syndrome 

llumall Protein Requirement Properties of Additional Clinical 
Factor* size illNER hU111all jactor illl'oh'eme11l's beyond implications 

(aa) GGR TCR NER 

CSA 396 + Contains RNAP H transcription? CS 
WD·40 repeats Base excision rcpair 

CSB 1493 + Contains RNAP II transcription CS 
SWUSNF-Iike Base excision repair 
helicase domain; 
DNA dependent 
ATPase 

TFllH: 
}{PB 782 + + 3'·5' helicase RNAP 11 transcription XP-CS 

Cell cycle regulation? TID 
Base excision repair? 

XPD 760 + + 5'-3' helicase RNAP II transcription XP 
Cell cycle regulation? XP-CS 
Base excision repair? TID 

XPG 1186 + + Strncture- Base excision rcpair xp 
specific XP-CS 
endonuclease 

See text for references. *Refcrcnccs for identification of these factors and their involvement in NER are 
listed elsewhere (II, 36). 

less severe and are compatible with life. A complete deletion of the XPD gene has 
never been found. The genotype-phenotype relationship among XP-D patients is 
one of the most complex. Despite the complexity, distinct classes of mutation, 
specific for the disease, have been described and a correlation with the clinical 
phenotype has been proposed (10, 203, 219). A defect in XPD helicase activity is 
expected to affect NER, but not transcription, and consequently result in the 
classical XP phenotype (24, 219). Consistent with this view, XPD helicase activity 
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seems to be essential for NER, while being dispensable for transcription (178, 218). 
Mutations causing structural alterations of the XPD protein are thought to affect 
also its transcription function and give rise to the XP/CS phenotype (10, 24, 203). 
Finally, more severe mutations affecting XPD stability are thought to cause the 
additional symptoms of TID patients (219). 

Similarly to XPB and XPD, causative mutations in XPG are apparently linked 
to the clinical phenotype. The onset of the severe XP/CS symptoms correlates with 
the inability to produce full-length XPG protein and to perform TCR of oxidative 
damage (28, 127). On the other hand, missense mutations inactivating XPG 
endonuclease activity specifically affect NER and are found in patients with the 
classical form of XP (28, 84, 127). This suggested that certain domains of the XPG 
protein are involved in interactions important for its role in BER (28). 

Interplay between NER and transcription: dual function of the 
CS proteins? 

The discovery of the TCR pathway represented the first indication of a 
functional connection between DNA repair and basal transcription. The tight 
interplay between the two processes was further uncovered by the dual involvement 
of the transcription factor TFIlH in the NER reaction (reviewed in (66)). As 
mentioned before, a dual role has also been proposed for the CSA and CSB proteins 
(193). Several observations point to an additional, although not essential function in 
transcription regulation: 1) as discussed in this chapter, except sun sensitivity, the 
severe clinical symptoms of CS cannot be easily explained by a defect in DNA 
repair; 2) reduction of the RNA synthesis rate has been claimed in CS cells (4); 3) 
the CSB protein interacts with RNA polymerase II both il1 vivo and ill vitro and 
with stalled ternary complexes ill vitro (154, 174, 192): 4) CSB has been shown to 
enhance ill vitro transcription (V. van den Boom and H.T. Timmers personal 
communication), and particularly the elongation step (154); 5) both CSA and CSB 
playa role in the UV-induced modification of RNA polII by ubiquitination (13, 
143); 6) conventional and confocal microscopy analysis in living cells expressing a 
GFP-CSB tagged protein revealed a close correlation between the nuclear 
distribution ofCSB with the transcriptional activity of the cell (chapter 10). [n light 
of some of these findings, the link between CSB and transcription will be discussed 
in the next chapter. 
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Effect of DNA damage 
on transcription elongation 

General features of transcriptional elongation by cukaryotic RNA 
polymerase II 

The synthesis of messenger RNA in eukaryotes is catalyzed by RNA 
polymerase II (RNAP II), a protein complex composed of nine subunits. 
Transcription requires the concerted action of a large number of proteins and 
protein complexes and proceeds in a multi-stage reaction. Five distinct steps have 
been recognized: pre initiation complex assembly on a promoter sequence, 
initiation, promoter clearance, elongation and termination. A set of proteins known 
as RNAP II basal transcription factors (TFII), including TFIID, TFIIB, TFIIE, 
TFIIF and TFIIH, are esscntial for recognition ofthc promoter sequences by RNAP 
II and subsequent transcription initiation (129, 145). In addition to optimal 
preinitiation complex formation and promoter-specific transcriptional activators, 
also the elongation step plays an important role in controlling gene expression (147, 
157). 

The carboxy-terminal domain (CTD) of RNAP II largest subunit is thought to 
play a decisive role in regulating the early stages of elongation. The CTD is 
composed of multiple heptad repeats (with the amino-acid consensus sequence 
YSPTSPS) which undergo reversible phosphorylation during the transcription cycle 
(32). The CTD is hypophosphorylated when RNAP II initiates RNA synthesis, and 
becomes hyperphosphorylated when the transcript is about 25 bases long (128). The 
hyperphosphorylated form of RNAP II is found engaged in tematy elongation 
complexes (I 5, 128), while the hypophosphorylated form is preferentially 
associated with pre initiation complexes (21). On the other hand, specific 
phosphatase activities have been purified from Hela cells and from S.cerevisiae 
which dephosphOlylate the CTD, stimulating incorporation of RNAP II in 
preillitiation complexes and as a consequence transcription (22, 86). 

Phosphorylation of the CTD facilitates the interaction of this domain with 
proteins that regulate the transition to productive elongation and with factors 
involved in pre-mRNA processing. At early elongation stages, the interplay 
between negative and positive elongation factors is thought to determine whether 
the RNAP II will enter processive elongation or will abort the transcript. At present, 
this regulatory network includes two negative elongation factors (DSIF and NELF) 
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which cooperate to repress RNAP II elongation, their action being counteracted by 
the CTD kinase P-TEFb (206, 207, 229, 230). 

Recent experiments have revealed that RNAP II transcription and pre-mRNA 
processing are fUllctionally coupled and may occur simultaneously. The CUtTent 
model suggests that mRNA synthesis and processing are coordinated by a "mRNA 
factory", in which the phosphorylated CTD may function as a platform for the 
assembly of pre-mRNA processing complexes that catalyze capping, splicing and 
cleavage/polyadenylation (7, 29). Interestingly, physical interactions have been 
discovered between the phosphorylated CTD and several RNA processing factors 
(7). Moreover, ill vitro assays revealed that RNAP II participates directly in 
polyadenylation and splicing, suggesting that the CTD not only recruits processing 
t:1ctors, but also regulates their activity (64, 65). 

Transcription elongation factors 
An RNAP II engaged in processive elongation is target of an increasing 

number of elongation factors, whose function is to assure efficient transcription of 
active genes (147, 157). Most of the known elongation regulatory proteins seem to 
have a general fUllction and not to be targeted to specific DNA sequences. 
Regulatory factors are needed to modulate elongation both on naked DNA 
templates as well as on reconstihlted chromatin templates. Efficient transcription 
through nucleosomes is stimulated by FACT (for facilitates chromatin 
transcription) and by the human SWIISNF chromatin remodeling complex «(14, 
130, 131); see also chapter 5). RNAP II is very inefficient in ill vitro transcription 
assays, proceeding at rates of about 100-300 nucleotides/minute on naked DNA, 
compared to the 1200-2000 nucleotides/minute ill vivo (157). Moreover, a number 
of obstacles can induce the RNAP II to pause or terminate. These includes natural 
pause sites where the DNA helix is bend, like in the c-Myc and H3.3 genes (82), 
DNA-binding drugs, DNA-binding proteins, nucleotide depletion and DNA lesions. 
III vitro transcription assays on naked DNA templates revealed the existence of at 
least two groups of elongation factors, most of which seem to target directly the 
RNAP II complex. One group includes factors that increase the catalytic rate of 
elongation and suppress pausing, like TFIIF, elongin, holo-ELL, ELL2, Tat-SF-l. 
Recently, also the CSB protein has been shown to enhance the rate of transcription 
(V. van den Boom and H.T. Tinmlers personal communication). and specifically 
stimulate elongation ill vitro by suppressing pausing (154). Proteins that suppress 
transcriptional arrest, like SII and P-TEFb, belong to the second group (Figure I). 
SII promotes the passage of RNAP II thomgh transcriptional arrest sites ill vitro by 
activating a cryptic endoribonclease activity intrinsic of the RNAP II, which cleaves 
the nascent transcript upstream of its 3' end. This transcript shortening appears to 
be requircd for the realignment of RNAP II catalytic site with the new 3' hydroxyl 
terminus, followed by re-estention of the nascent transcript (146, 147). This 
mechanism provides repetitive opportunities for the arrested RNAP II to escape 
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transcriptional arrest. However, impediments like CPOs located on the transcribed 
strand (see below) cannot be overcome solely by SIT activity (38, 181). 

/ l ~ 
Factor that Factors that Increase Factors that facilitate 
suppress arrest the catalytic rate of elongation through 

elongation nucleosomes 

TFIIS (STI) TFIIF FAGT 

pTEF-b Elongin (SllI) hSWl/SNF complex 

Holo-ELL complex (Elongator complex) 

ELL 2 GSB? 

Tat-SFl 

GSB 

FIG. 1. RNA polymerase II (positive) transcription elongation factors. RNAP II that has 
already left the promotor and is engaged in proccssivc elongation is schematically 
depicted, General elongation faclors presumably act on the RNAPII ternary 
elongation complex and function together to sustain elongation at physiologic rates 
(14, 130-132, 146, 147, 154, 158, 221). Nuclcosomes: a compact nucleosomc 
slmcture is indicated in gray, whereas an altered confonnation (unfolded and/or with 
putative acetylated histones) is represented in while. 

Transcription elongation arrest by DNA lesions 

A delicate situation arises when a transcribing RNAP II encounters a lesion 
on the DNA. It has been established in vitro that different types of lesion constitute 
an absolute physical block to RNAP II translocation. These includes bulky lesions 
as UV-indueed CPOs (38) and adduets generated by chemical processes (N-2-
acetylaminofluorene, psora len erosslinks (37, 212», as well as less distorting lesion 
such as oxidized bases (thymine glycol (61, 69» (reviewed in (180». Only DNA 
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iqjuries on the transcribed strand arrest RNA synthesis. The same lesions on the 
non-transcribed strand induce only tcmporary pausing of the RNAP II, which is 
eventually overcome, given time (37, 38). 

What is the fate of RNAP II complcxes stalled at a site of DNA damage? 
One of the cmcial aspects of transcription-conpled DNA repair is the 

processing of thc RNAP II anested at a Icsion site. Different sccnarios have been 
proposed. Theoretically, a stallcd RNAP II constitutes a steric hindrance for the 
rcpair machinery and needs to be removcd to allow repair of the damage (38, 57). 
Biochemical assays have been developed to gain insight into the molecular events 
that characterize this most likely, key step in TCR. They make use of DNA 
templates containing a specifically located lesion in the transcribed strand and 
purified RNAP II and general transcription initiation factors to perform RNA 
synthesis. Several experiments showed that RNAP II stops at CPOs as well as at 
AAF-induced adducts and at psoralen crosslinks (37, 38, 153, 212). RNAP II 
arrests very close to a CPO and covers - 35 nt around the lesion (153, 181). 
Interestingly, the conformation ofRNAP II complexes arrested at a CPD and at an 
intrinsic pause site is similar, suggesting mechanistic similarities for the processing 
of the lesion (181). Indeed, elongation factor SIl, when added in excess to the 
reaction induced backtracking of the RNAP II, as observed at natural arrest sites, 
sufficient for the repair enzyme photolyase to gain acccss to the lesion (181). 
However, no dissociation of RNAP II nor translesion bypass was observed. Most 
importantly, the ternary complex RNAP II1RNNDNA was surprisingly stable and 
was competent in re-elongation (38, 153). This remarkable finding is supported by 
the results of Wang and colleagues who succeedcd in isolating elongation 
complexcs from HeLa extracts arrested at psoralen cross links (212). Extreme 
stability of the ternary complex is also observed at natural pause sites (205). 

Based on the aminoacid sequence of CSB (SWI2/SNF2 family of ATPases), 
an enzymatic activity required for the release of arrested RNAP II was predicted. In 
addition, the stlUcture of CSA suggests a regulatory role. However, eSB, alone or 
in combination with CSA, cannot promote the dissociation nor the backtracking of 
RNAP II from a damage DNA site ill vitro, independent from the cause of 
transcriptional arrest (nucleotide starvation, the presence of a CPD or a natural 
pause site) (154,155,174). On the contrary, CSB seems to position and stabilize the 
RNAP II at a CPD site, by promoting the addition of I nt to the "major transcript, 
enhancing transcription through a ePD~induced pause site, and by counteracting the 
transcript shortcning catalyzed by TFIIS (154). Also, in a highly defined 
experimental system containing only purified RNAP II without transcription 
initiation factors, CSB can stably bind the ternary complex RNAP Il/RNNDNA 
engaged in transcription elongation (174). These findings strongly suggest that 
mechanisms other than RNAP II dissociation may mediate TCR in human. 

However, at least two mechanisms exist that can potentially release a blocked 
RNAP II. First, a human transcription termination factor, known as factor 2 (HuF2), 
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has been isolated that releases short transcripts prematurely terminated at early 
elongation stages (98). Interestingly, HuF2 was also shown to rapidly disl1lpt 
temary complexes arrested at a CPD (59). In vivo, this mechanism may account for 
the rapid processing of stalled complexes when repair is not accomplished. Second, 
RNAP II largest subunit was found to be ubiquitinated after UV -inadiation and to 
be subsequently targeted to proteosomal degradation (13, 143). Unreleased RNAP 
II ternary complexes may constitute an obstacle for further DNA-transacting 
processes. Since this modification of RNAP II is defective in CS cells, it has been 
proposed that TCR could involve degradation of arrested RNAP II and discard of 
the transcript (13, 143). 

These findings indicate that the ternary complex stalled at a lesion is in a 
delicate situation and its fate in vivo is probably the result of a network of 
interactions between positive and negative regulatory factors. The state of a lesion
blocked ternmy complex is presumably similar to elongation complexes arrested at 
natural pause sites, which are subjected to dynamic stntctural rearrangements 
(205). RNA polymerase (in prokaryotes as well as eukaryotes) is believed to 
function as an oscillating enzyme that can move backwards or forward depending 
on several parameters (182, 205). These parameters include the specific DNA 
sequence being transcribed, the relative stability of the DNA-DNA or RNA-DNA 
base pairing downstream of the transcription bubble, the interactions with 
regulatory proteins/transcription elongation factors and perhaps the chromosomal 
context (182, 205). During TCR, CSB is predicted to participate in the 
conformational changes of the ternary complex in order to allow repair and 
resumption of transcription. CSB's ability to induce topological changes in plasmid 
DNA (chapter 9) may be relevant in this respect, by influencing the stability of the 
DNA-DNNRNA or protein-DNA interaction at the transcription bubble. The fact 
that temary complexes are extremely stable, suggests that termination of 
transcription may be, in the majority of the circumstances, a less favourable 
solution. However, bypass of the lesion or fall off of the RNAPII may occur (99, 
205). Besides being essential for TCR, CSB may have a more general function in 
the regulation of transcription elongation at natural occuring pause sites ((154, 174, 
192); see also chapter 3). 

The observed subtle transcription elongation activity of CSB might be more 
pronounced on a more nahlrai transcription template, such as nucleosomal ones, The 
predicted CSB stmcture (as indicated in chapter 3) suggests a potential role of this 
protein in chromatin remodeling, analogous to the founder of this family, 
SWI2/SNF2 (31). 
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Nucleotide excision repair in 
chromatin: affinities with transcription 

B!\sic features of chromatin organization 

The human genome contains about 3 x 109 nucleotide pairs containing more 
than 60.000 coding sequences (39). As mentioned before, if completely stretched, 
the DNA contained in a human cell would reach approximately 2 meters in length. 
\Vithin the eukaryotic nucleus, association with histones and nOll-histones proteins 
allows the packaging of DNA into a highly compact and organised structure known 
as chromatin. 

The nucleosome core particle is the fillldamental unit of chromatin 
organization. It is composed of 146 bp DNA wrapped in 1.65 superhelical turns 
around an octameric core consisting of two copies of each histone protein, H2A, 
H2B, H3 and H4 (87). Nucleosome cores can be easily reconstituted ill vitro by 
mixing core histones with DNA. This is because the histones are capable to self
assembly into octamers in solution and their binding to the DNA can be 
accomplished by simple salt gradient dilution (226). Recently, the high resolution 
(2.8 A) crystal structure of an ill vitro reconstituted nucleosome was determined and 
revealed the details of histone-histone and histone-DNA contacts within the core 
particle (l06). Each histone consists of a three-helix domain (the histone fold) and 
of highly basic sequences of 25-40 aminoacids, referred as "tails". Except for 
histone H2A, the position of the "tails" is amino-terminal to the histone-fold 
domain. Histone "tails" do not participate in the stmcture of the core particle but 
rather protmde, forming a platform for interactions with protein complexes that 
regulate chromatin stnlChlre in a positive or negative manner (58, 107). 

In addition to interacting with chromatin regulatory proteins, the core histone 
Utails" are involved in iutemucleosomal interactions required for chromatin 
condensation and formation of higher orders of chromatin struchlre, the highest 
order being the chromosome. Nucleosome core particles are connected by linker 
DNA, to which the linker histone HI is bound, and repetitively occur every -200 
base pairs (bp) in the genome. A linear array of nucleosomes is folded in the 
nucleus to for111 a highly condensed chromatin fiber, known as the "30 n111" fiber, 
the three-dimensional organization of which is still poorly understood (233). 
Interestingly, recent scanning force microscopy studies of reconstituted chromatin 
fibers, have demonstrated the specific requirement of H3 and H I for condensation 
of the nucleosome chain (95). Also, histone H3 N-tennini have been shown to 
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occupy a strategic position in the nucleosome particle, being sihtated at the entry 
and exit points of the DNA, and have been proposed to interact with neighboring 
nucleosomes in the chromatin fiber. In the crystal structure, H4 tails contact the 
exposed face of an H2A-H2B dimer of an adjacent nucleosome (106). 

The histone tails undergo a variety of post-translational modifications 
including acetylation, phosphorylation, methylation, ADP-ribosylation and 
ubiquitination (164, 165). These covalent modifications have an important role in 
altering chromatin higher order structure, thereby influencing nucleosomal 
accessibility and gene expression. In particular, numerous observations have 
revealed the link between histone acetylation and gene activation (53, 79, 225). 
Accordingly to the current view, the histone tails, by engagements in multiple 
interactions, play a cmcial role in determining the chromatin organization and 
fUllction of any given region of the genome. 

Transcription and chromatin 

Chromatin is a highly heterogeneous and dynamic stmcture. It undergoes 
reversible local rearrangements during all DNA-metabolic processes, including 
DNA replication, transcription, recombination and repair as well as chromosome 
condensation for mitosis or meiosis. It has become widely accepted that modulation 
of chromatin stl1lcture is needed to increase the accessibility of DNA processing 
enzymes to nucleosomal DNA and, as a consequence constihltes an important 
regulatory mechanism. 

In transcriptionally inactive regions of the genome, chromatin is highly 
compacted and refcrred to as heterochromatin. However, when eukaryotic genes 
become transcriptionally active, the stmcture of the chromatin in their 
neighbourhood changes to allow binding of transcription factors and the passage of 
RNAP II. In vitro, both initiation and elongation are strongly inhibited by the 
presence of nucleosomes (78, 227). The modulation of chromatin stmcture requires 
both the actions of transcription factors and of protein complexes that support 
conformational changes within nucleosomcs. Two major classes of chromatin 
modifying complexes have been characterized. The first includes complexes that 
covalently modify the core histones by acetylation or deacetylation, namely 
acetyltranferases (HATs) and deacetylases (HDACs) complexes respectively. 
Acetylation frequently cOlTciates with activation of gene expression, while 
deacetylation correlates with transcriptional silencing (53, 85, 136). The second 
class includes chromatin remodeling complexes, which use the energy from A TP
hydrolysis to alter the nucleosomal conformation. These latter were originally 
discovered as positive regulators of transcription. However, their involvement in 
transcriptional repression has recently been shown as well (190). A complex 
network of functional interactions between HATs, HDACs, chromatin remodeling 
complexes and transcription factors regulates transcription in chromatin and is 
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subject of intensive studies (79, 83, 139, 22S). An overview of the chromatin 
remodeling complexes isolated so far is discussed below. 

ATP-utilizing chromatin remodeling complexes 
Several different multisubunit chromatin remodeling complexes have been 

identified, most of which are strongly conserved through evolution (Table I). They 
ail share the ability to alter specific characteristics of chromatin structure using the 
energy of ATP hydrolysis. The common denominator is that each of these 
remodeling machines contains an ATPase subunit belonging to the SWI2/SNF2 
family, which functions as enzymatic core (30, 138). The additional polypeptides 
possibly playa structural andlor regulatory role. 

Homology within the central helicase-like domain defines the SWI2/SNF2 
family members. Sequence similarities outside this domain characterize 
evolutionary distinct subfamilies (40). Proteins belonging to the SNF2, the IS WI 
(also known as SNF2L) and the CHD subfamilies are part of chromatin remodeling 
complexes (83). Other subfamilies comprise proteins involved in a variety of 
cellular processes, such as various aspects of DNA repair, including NER (RAD 16 
and CSBIERCC6), recombinational pathways (RADS4) and post replication repair 
(RADS) (Figure I). The chromatin remodeling capacity of most of these latter 
proteins has not yet been established. 

Different classes of remodeling complexes with specific activities can be 
identified (Table I). The yeast SWIISNF and the Drosophila NURF complexes are 
the founding members of the two best-studicd classes of remodeling complexes, 
SWIISNF and ISWI, respectively (17, 137, 187). 

SWIISNF complexes display similar activities in vitro. By altering 
nucleosome conformation they facilitate the binding of transcription factors to 
promoter sequences. This activity, known as nucleosome disruption, is visualized 
by widespread changcs in the DNAse I cleavage pattcrn of reconstituted 
mononucleosomes and suggests an alteration of the DNA path around the histone 
octamer (18, 31, 88). Nucleosome disruption by SWI/SNF seems to proceed 
through the formation of a stable intermediate, a remodeled nucleosomal species 
that retains ail the his tones and can revert to the original stucture (104, lSI). On 
reconstituted plasmid chromatin, SWIISNF complexes reduce the negative 
supercoiling induced by nucleosomes (73, 140). In addition, some of these 
complexes disrupt the periodicity of regularly spaced nucleosome arrays 
(G. Schnitzler and R.E. Kingston personal cOlllmunication; see also chapter 9). 

In contrast to the SWIISNF family members, the ISWI-containing remodeling 
complexes display markedly different properties in vitro (16, 198). One 
characteristic activity of aillSWI complexes except NURF is nucleosome spacing, 
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SNF2 SWI2/SNF2' Chromatin remodeling. 
subfamily STH1' Transcription activation 
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FIG. I. Helicases and related protein families with conserved NTP binding motifs. Proteins 
belonging to the SWl2fSNF2 family contain conserved NTP-binding motifs prescnt 
in several DNA and RNA helicases, However, nonc of the SWI2/SNF2-like proteins 
tested so far display true helicase activity, The figure is adapted from Pazin (1997) 
(135) and based on the classification ofGorbalcnya (1993) and Eisen (1995) (40, 51). 
Selectcd examples of families and representative proteins are shown, as well as their 
involvement in cellular processes. A more complete list of proteins and their original 
references are available from Eisen (1995). Rcferences for the more recent identified 
proteins are: L, (186); 2, (2); J, (81); ~, (224) a: S.ccrcvisiae. b: D, melanogasler. c: 
Mus musculus. d: H. sapiens. 
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that is the ability to create an ordered array of nucleosomes with unifonn spacing 
from a disordered nucleosomal template (74, 186, 199). On the other hand, only 
NURF, ACF and ISWI can perturb chromatin stmcture and facilitate transcription 
factors binding to promoter sequences in different situations (74, 186, 187). In 
addition, each complex displays unique activities. NURF, like the SWI2/SNF2 
complexes, can dismpt mononucleosomes in the absence of transcription factors 
(187). CHRAC does not possess this activity but facilitates access of restriction 
enzymes to plasmid chromatin (89, 199). ACF acts together with histone 
chaperones to mediate the assembly of regularly spaced nucleosome arrays, 
showing that chromatin remodeling and assembly are closely connected (74). 

A third class of remodeling complexes is represented by the NuRD-Mi2 
complex (also known as NURD or NRD) whose central ATPase belongs to the 
Mi2-CHD family (85). Interestingly, NuRD-Mi2 possesses both nucleosome 
remodeling and histone deacetylation activities and constitutes a physical and 
functional link between these two chromatin-modifying activities. 

Basic models of chromatin remodeling 
To explain the chromatin remodeling activity displayed by the SWI2/SNF2 

related complexes, a general, unifying hypothesis has been proposed (83). 
According to this model, chromatin remodeling machines would facilitate the 
dynamic transitions between different nucleosomal states, which are already 
intrinsic to nucleosomes per se (113). These chromatin states could differ in either 
the position of nucleosomes or in the histone-DNA contacts. A remodeled or 
"activated" state, with weakened histone-DNA contacts has actually been detected 
during remodeling reactions by SWIISNF complexes (104, 151). A similar 
intermediate has been proposed to be induced by the IS WI-based complexes (56). 

Both the SWIlSNF complex, as well as the ISWI-based NURF and CHRAC 
can mobilize nucleosomes by a mechanism that involves sliding or tracking of the 
histone octamers along DNA (56, 89, 217). However, only SWIlSNF and RSC can 
actually displace histone octamers so that they can be transferred to acceptor DNA 
in trans (105, 133). Movemcnt of the histone octamer involves the breaking of 
interactions between DNA and histones. How this is achieved and how exactly the 
histone-DNA contacts are altered is not known. Current models are based on the 
central idea that during remodeling, only a smali stretch of histone-DNA contacts 
are broken at a time, in a mechanism similar to the passage of RNAP II through 
nucleosomes (166). Dissociation of DNA from the histone octamer is thought 
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Table 1. Overview of S\VI2ISNF2-related chromatin remodeling complexes 

Remodeling complex ATPase subunit Organism Size 

SWI/SNF family 
ySIVUSNF SIV12/SNF2 S.cerevisiae 2MDa 

RSC STHI S.cerevisiae -I MDa 

dSlVlISNF DRM D. melallogasrer 2MDa 
(Brahma) 

hSIVUSNF BRGI fI, sapiells -2MDa 

hBRM H. sapiens -2 :VIDa 

ISWI family 

ISIVI ISWI S.cere~'isiae N.D. 

ISW2 ISW2 S.cerevisiae N.D. 

NURF ISIVI D. me/al/ogas/er 500 kDa 

CHRAC ISWI D. melallogasler 670 kDa 

ACF ISIVI D. melallogasler 220 kDa 

RSF hSNF2h H. sapiells -500 kDa 

J\I1-2fCHD family 

Mi2- complex Mi-2/CHD X. Ieavis 1-1.5 MDa 

NURD Mi-2/CHD H. sapiells -1.5 MDa 

Table adapted from Tyler and Kadonaga, 1999 (190) 
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NER in chromatill: ajJinWes with transcription 

Commel/ls 

Rcquircd for transcription activation and repression of 
specific genes 

Essential for mitotic growth. Share subunits similarities with 
SWI/SNF complcx; two fonus ofrRSC have been defined 

Essential for cell viability 

Human SWI/SNF complexes contain either BRGt or hBRM, 
while sharing similarities in the additional subunits; tissue
specific subunit heterogeneity is observed. 
Alterations in the hSNF5/INIi component are associated 
with malignant rhabdoid tumors, BRGt is essential for 
viability, 

Nucleosomc dismption and spacing activities, 

Nuc1eosomc spacing activity 

Nucleosome dismption activity, thereby facilitating 
transcription factor binding to promotor sequences, 
Contains the WO protcin p55 

Nucleosome spacing activity; contains topoisomerase II 

Nucleosome spacing and assembly activities 

Facilitates transcription on nucleosomal templatcs i1/ vitro 

NuRD. NRD. NURD and Mi2 complex are related or 
identical. Complex contains the ATPases Mi-2aICHD3 
and/or Mi2-p/CH4. 
Mi-2 is dennatol11yosistis-specific autoantigen, 
Nucleosome disruption and histone deacetylase activity, 
HDACIIHDAC2 subunits are histone deacetylase enzymes. 
Interacts with methylated DNA. 
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to start at one edge of the nucleosome, followed by the binding of an adjacent 
stretch of DNA to the exposed core histones. This would create a DNA loop that 
propagates through the chromatin template. Remodeling complexes could induce 
this movement directly by translocating along the DNA, or indirectly by changing 
the conformation of DNA (for example by twisting the DNA at the edges) or by 
influencing the histone octamer stmcturc (135, 183, 190, 198). 

A precise comparison of the activities of all known remodeling complexes is 
difficult, because of the variety ofill vitro assays in which they have been tested so 
far. Some of the observed differences in activity may be in part related to the 
different assays applied. However, SWIISNF and ISWI complexes substantially 
differ in the cofactors required for their ATPase activity (31, 90, 186, 187). In 
addition, they appear to target different sites on the nucleosome (50,54, 103, 187). 
These differences, together with the distinct activities displayed ill vitro suggest that 
SWI/SNF and ISWI complexes may use slightly different mechanisms to promote 
specific changes in chromatin structure (83). 

Nucleotide excision repair and chromatin 

The molecular mechanism ofNER within chromatin is still poorly understood. 
The interplay between chromatin structure and DNA repair involves chromatin 
influences both on damage formation and on damage accessibility by the repair 
proteins. On the other hand, DNA lesions which induce distortions in the DNA 
helix may directly affect chromatin structure by influencing nucleosome stability or 
by altering the rotational setting of nucleosomal DNA (161). Thus, the specific 
chromatin configuration at a given damage site is the result of a complex network 
of different parameters. 

Influence of nucleosomc structure on NER 
DNA repair enzymes need to gain access to damaged DNA in all chromatin 

domains immediately after DNA injury. Evidence that chromatin structure hinders 
the repair process comes from in vitro as well as in vivo studies. 

III vitro repair of UV-induced lesions by NER on chromatin templates with a 
defined sequence has not yet been tested. However, two different studies using 
human whole cell extracts showed that repair efficiency is significantly reduced on 
SV40 minichromosomes and on plasmid DNA assembled into chromatin compared 
to naked DNA (167, 214). Nucleosome structure limits also damage accessibility by 
the photo-reactivating repair enzyme photolyase, since repair by photolyase is 
inefficient on ill vitro reconstituted nucleosomes (150). 

The ill vitro data are supported by a number of in vivo experiments performed 
in a yeast strain containing a minichrolllosome that carries an active gene (URA I), 
a replication origin (ARS 1) and has a well-characterized chromatin structure (162). 
A direct correlation between chromatin structure and DNA repair in the non-
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transcribed strand of the URA I gene was recently shown (215). Repair was much 
faster in linker DNA and in the 5)) more accessible, region of the nucleosome 
compared to the intemal protected regions (215). Also, photoreactivation is more 
efficient in non-nucleosomal regions and in linker DNA in a yeast minichromosome 
(170). Additionally, increasing chromatin accessibility by histone acetylation 
enhances overall repair synthesis, as shown in sodium-butyrate (which produce a 
global increase in the acetylation levels of chromatin) treated human fibroblasts 
(141). 

Dynamic chromatin rearrangements at repair sites 
Chromatin rearrangements during NER have been observed in cultured 

mammalian cells using biochemical or light microscopy analysis (114, 161). The 
transient changes in the nucleosomal organization during NER were analyzed by 
nuclease digestion, both by MNase and by DNAse! and led to the proposal of the 
"unfoldinglrefolding" model (119, 161). The initial "unfolding" step is 
characterized by increased nuclease sensitivity of newly repaired DNA and 
indicates the need for unfolding the nucleosomal structure to allow access to repair 
enzymes. Shortly after repair (approximately 20 minutes) the repaired DNA regions 
become nuclease resistant, indicative of nucleosomes deposition, and suggest a 
relative quick nucleosome urefolding". A later, slower phase is important for the 
correct repositioning of the nucleosomes to restore the original chromatin structure. 
This indicates the need for chromatin assembly machines/mechanisms for a proper 
completion of the repair event (48, 49). 

Chromatin unfolding during NER: GGR versus TCR 
A repair event is associated with an unfolded and more accessible chromatin 

structure, both at the nucleosomal level as well as at higher levels of chromatin 
organization (161). However, velY little is known about the proteins and the 
molecular mechanisms involved in these transitions. Nucleosome rearrangements 
are needed not only to allow recognition of the lesion but possibly also during 
further repair steps, since the human repair complex needs about 100 bp of DNA to 
excise a DNA adduct ill vitro (70). In addition, not only nucleosome structure and 
positioning, but also the transcriptional activity of a given genomic region can 
influence the rate of repair. The more open chromatin stntcture associated with 
transcriptionally active sites may account for differences in accessibility to the 
repair enzymes both within GGR (between distinct genomic regions) as well as 
between GGR and TCR (see Figure 2). GGR and TCR may require different 
proteins/mechanisms to promote specific chromosomal rearrangements. 

Concerning the GGR pathway, it has been suggested that chromatin unfolding 
may be partly supported by NER factors involved in early steps of the reaction. 
Such a role has been proposed for the human proteins UV-DDB (142) and XPC (5), 
as well as for the yeast Rad7-Radl6 protein complex (202). Human XPC cells and 
yeast rad7 and rad 16 mutants have a similar phenotype, being defective in the 
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global genome repair of non-transcribed DNA (124, 201, 202). Mainly two 
properties of the Rad7-Radl6 complex have suggested a possible role in chromatin 
remodeling to facilitate access of the NER factors to DNA lesions in 
transcriptionally inactive DNA. First, Rad7 was found to interact with the SIR3 
proteins, which are involved in the formation of transcriptionally silent DNA in 
yeast (134). Secondly, Radl6 belongs to the SWl2/SNF2 f.1mily of chromatin 
remodeling factors (40). In addition, Rad7-Radl6 is not required for ill vitro NER 
on naked DNA templates (55). As mentioned before, also the TCR pathway 
requires the function of an SWI2/SNF2-like protein, namely CSB «(184); see also 
chapter 3). This raises the possibility that, in analogy with transcription, specialized 
chromatin remodeling factors may function in the regulation ofNER in chromatin. 

During TCR, the repair enzymes may take advantage of the more accessible 
chromatin conformation at actively transcribed genes, which would facilitate the 
recognition step. In support of this idea, studies using yeast millichromosomes have 
shown that the rate of repair is enhanced in transcribed regions (6, 162). However, 
within the chromatin context of an active gene, substantial differences are still 
observed between repair of the transcribed (TS) and the non-transcribed (NTS) 

FIG. 2. Model for chromatin rearrangements associated with nucleotide excision repair. (a) a 
transcriplionally·inactive gene packaged in nucleosomes (left) and a transcriptionally 
active gene with elongating RNA polymerase and altered nucleosome structure. (b) 
The recognition and repair of DNA lesions is associated with unfolding of the 
chromatin structure to allow access to the repair machinery (161), During GGR 
within silent genomic regions (left) unfolding may involve the function ofUV·DDB 
protein (142) and XPC·hHR23B complex (5), possibly with the help ofnucleosome 
remodeling activities and histone modification by acetyltransferases (114,141). Also 
a still unidentified human homologs of Rad7·Rad 16 may be involved (202), Actively 
transcribed regions (right) arc characterized by a more accessible nueleosome 
structure, Maintenance of this and/or the space required for the NER machinery 
might be provided by nucleosome remodeling factors, among which CSB (chapter 9), 
For simplicity only the transcribed strand including a lesion is illustrated (see text), 
(c) NER factors gain access to the damage and perfonl1 the repair reaction (see (36, 
222», (d) Regeneration of the original chromatin stmcture (left) probably occurs 
simultaneously with DNA repair synthesis and requires the function of chromatin 
assembly factors (CAFI) (48, 49), (Right) Within actively transcribed genes, 
chromosomal rearrangement may first require the action of nucleosome remodelling 
and/or transcription elongation factors (including CSB) to favor the re·start of 
transcription elongation. Alternatively, dissociation of RNAP II may have occurred 
after transcription blockage (b) (see chapter 3 and 4), followed by regeneration oran 
inactive chromatin structure (nol illustrated). The figure is adapted fromThoma, 1999 
and Meijer and Smerdon, 1999 (114, 175). Only factors potentially involved in 
chromatin rearrangements are illustrated. * indicates a ~TER lesion, Nucleosomes: a 
compact nucleosome structure is indicated in gray, whereas an altered confomlation 
(unfolded and lor with putative acetylated histones) is represented in white, 
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strand. Studies both on minichromosomes (215) and on the chromosomal URA3 
gene in yeast (176) have shown that repair of the TS is generally fast and 
independent from the chromatin environment, whereas removal of lesions from the 
NTS is less efficient and strongly influenced by positioned nucleosomes. This 
suggests that the transcription machinery involved in elongation plays a dominant 
role in TCR, likely determining the preferential repair rates in the TS. According to 
this model, the transcriptional activity prevails over the influence of chromatin 
environment in NER of the TS. 

Transcription~dependent chromatin rearrangements are very dynamic. In 
particular, after transcription inactivation, rCMdepositioll of nucleosomes occurs by a 
fast process, suggesting that DNA is rapidly reassembled into nucleosomes behind 
the transcribing RNAP II (20). As a consequence of transcription blockage at DNA 
lesions, chromatin rearrangements might take place around a stalled RNAP II. The 
chromatin remodeling activity of CSB, and possibly of other remodeling factors, 
may be needed to maintain and/or to generate an open chromatin conformation 
favorable to damage recognition and processing by the NER machinery (chapter 9) 
(see Figure 2). The in vivo studies based on millichromosomes do not allow this 
detailed analysis. 

NER-dependcnt chromatin refolding: GGR versus TCR 
Repair-associated chromatin assembly was addressed in vivo in Xenopus 

oocytes and in vitro using repair-competent human cell extracts (supplemented with 
Xenopus egg extracts to support chromatin assembly), or Drosophila embryo 
extracts (48, 49, 119). Interestingly, nucleosome deposition lVas initiated from a 
specific NER site on plasmid DNA and occuned simultaneously with repair
induced DNA synthesis. A single-strand nick in the DNA made by the NER 
apparatus might trigger nucleosome deposition. Importantly, these experiments 
suggest a mechanistic coupling between the two processes. Complementation 
studies revealed an essential role of the chromatin assembly factor I (CAF I) in this 
repair-dependent nucleosome assembly (48). 

Concerning the NER-dependent chromatin assembly a fundamental difference 
distinguishes GGR from TCR. After repair of the DNA damage, silent genomic 
regions can be refolded into an inactive chromatin configuration. In contrast} 
transcription on active genes may resume and require factors that promote an open 
chromatin structure permissive to restart elongation (see Figure" 2). CSB might 
participate in the chromatin remodeling/rearrangements at this stage to favor 
resumption of transcription by RNAPII (chapter 9). 
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Transcription-coupled repair (TeR), a subpalhway of 
nucleotide excision repair (NER) defectiye in Cockayne 
syndrome A and B (CSA and CSB), Is responsible for 
the preferential removal of DNA lesions from the 
transcribed strand of acll\'e genes, permlUlng rapid 
resumption of blocked transcripllon. Here we demon
strate by mlcrolnjection of antibodies against Csn and 
CSA gene products Into lhing primary fibroblasts, that 
both proteins are required for TCR and for recovery 
of RNA synthesis after UV damage ill l·j.·O but 110t for 
basal transcription itself. Furthermore, Immunodeple
tion showed that Csn Is not required for ill .'itro NER 
or transcription. lis central role in TeR suggests that 
eSB Interacts with other repair and transcription 
proteins. Gel filtration of repair- and transcription
competent whole cell extracts pro\'ided e\·ldence that 
eSB and CSA are part of large complexes of different 
sizcs. Unexpcctedly,there was no detectable association 
of csn \\ith several candidate NER and transcription 
protelllS. Howeyer, a minor but significant portion (10-
15%) of RNA polymerase 11 was found 10 be tigbtly 
associated nith CSB. We conclude that nitliin cell-free 
extracts, CSn is not stabl), associated with the majority 
of core NER or transcription components, but is part 
of a distinct complcx In\'oh'lng RNA polymerase n. 
These findings suggest that Csn Is Implicated In, but 
not esscntial for, transcription, and support the Idea 
that Cockayne syndrome Is due to a combincd repair 
and transcription deficiency. 
Keywords: Cockayne syndrome/CSB/nucleotide excision 
repairlRNApolymerase II/transcription-coupled repair 

Introduction 

Nucleotide excision repair (NER) is a universal and 
verstatile DNA repair pathway capable of removing a 

large variety of DNA lesions from the genome, including 
UV-induced cyclobutane pyrimidine dimers and bulky 
chemical adducts. NER entails a multistep cut and paste 
reaclion in which damaged bases are excised from the 
DNA as a 24-32 base oligonucleotide, followed by 
gap-filling DNA synthesis and ligation (reviewed in 
Hoeijmakers. 1994; Wood, 1996; for repair in general, see 
Friedberg et of., 1995). Although, in principle, NER acts 
on the entire genome, a profound heterogeneity exists in 
the efficiency with which at least some types of lesions 
are removed in different parts of the genome. Apart 
from a strong influence of local chromatin structure on 
acccssibility of the DNA for repair proteins (Smerdon and 
Thoma, 1990; Brouwer et of., 1992), a clear link exists 
betwcen transcription and repair efficiency (Bohr, 1991). 
Bohr el 01. (1985) were the first to show that active RNA 
polymerase II-transcribed genes are repaired, at least for 
a number of lesions, with a higher efficiency than the 
genome overall. Interestingly, it turned out that this tran
scription-coupled DNA repair (TCR) pathway enhances 
only the repair of the transcribed strand of active genes, 
while the non-transcribed strand is repaired at a slower rate, 
similar to that of the global genome (Mellon et 01., 1987). 

Cells deri\'ed from Cockayne syndrome (CS) patients 
display a selective defect in the TCR pathway, while 
global genome repair is unaffected (Venema et 01., 1990a; 
Van Hoffen el 01., 1993). This strongly suggests that the 
two CS genes, CSA and CSB, are required for TCR. In 
support of this concept, we found that disruption of the 
Saccharomyces cerew'siae (Van Gool el of .. 1994) and 
mouse (Van dec Horst et 01., 1997) homologues of CSB 
results in impaimlent of TCR. A suggested model for the 
TCR reaction (Mellon el 01., 1987) involves lesion detec
tion by a transcribing RNA polymerase that is stalled 
because of the presence of DNA injury. Subsequently, the 
CSA and CSB proteins are thought to pennil access 10 
the damage by inducing either retraction (Hanawalt, 1992) 
or dissociation of thc blocked RNA polymerase. Simul
taneously, they may recruit Ihe NER machinery, thus 
accomplishing !he fas! repair of the lesion and rapid 
resumption of the vital process of transcription (Troelstra 
et 01., 1992; Hanawalt el of., 1994). The presence of the 
Swi2lSnf2-like ATPase domain in CSB is intriguing in 
this respect, since olher members of the Swi2fSnf2 sub
family have been shown to be able to remodel or disrupt 
protein-DNA interactions (re\'iewed in Pazin and 
Kadonaga, 1997). 

The clinical symptoms suggest that more prOcesses than 
TCR alone are affected in CS, since a number of CS 
features cannot be attributed easily to a sole repair impair
ment. The consequences of a tolal NER deficiency are 
illustrated by xerodemla pigmentosum group A (XP-A) 
patients, who show extreme sensitivity to sun (UV) light, 
pigmentation abnormalities and a high predisposition to 
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deycJop skin cancer in sun-exposed areas. In addition, 
frequently accelerated neurodegcneration is observed 
(Bootsma el al., 1997). Despite the fact that the NER 
defect in CS patients is only partial. the syndrome displays 
many extra and more severe symptoms than the totally 
deficient XP·A individuals. CS shares. increased photo
sensitivity with XP, but is in addition associated with 
seriously impaired physical and sexual development, and 
severe neurological ahnonnalities including mental retard
ation, spasticity, deafness and patchy demyelination of 
neurons (Nance and Berry. 1992; Bootsma el af., 1997). 
Patients with CS features combined with XP have been 
found in XP groups Band D, which carry mutations in 
TFIill. a multi-subunit factor involved in both NER and 
basal transcription (Venneulen et af., 1994). The origin 
of many of the CS features was postulated to be due to a 
subtle defect in transcription rather than in the repair 
function of the TFIlI[ complex, affecting the expression 
of a specific set of genes (Venneulen et al., 1994). 
Following this reasoning, CSA and CSB eould also fulfil 
a (non-essential) role in the transcription process itself 
in addition to mediating transcription-repair coupling 
(discussed in Van Gool et al., 1997). Here we present a 
characterization of the function of CSB in repair and 
transcription, including an analysis of proteins assoeiated 
with CSB_ 

Results 
Characterization of polyclonal antl-CSB and 
anti·CSA antibodies 
The crude anli-CSB serum reacted with se\'eral proteins 
in immunoblot analysis of a HeLa whole cell extract 
(\VeE), among which was a 168 kDa protein (Figure I, 
lane I). This represents the CSB protein, because: (i) it 
has the predicted molecular weight and co·migrates with 
in vitro translated CSB protein; (ii) the antiserum immuno
precipitates ;11 vitro translated CSB (Figure IB); (iii) the 
immunoreaction with the 168 kDa protein can be competed 
for specifically by pre-incubating the crude antiserum with 
a GST-eSB fusion protein (Figure I, lane 2); (iv) the 
band is missing in a WeE derived from eSIAN-Sv eells 
that lack the C-tenninal part (amino acids 337-1493) of 
CSB (Troelstra et af., 1992) (Figure 1, lane 3) against 
which the antiserum was elicited, while the band reappears 
when the cells are transfecled with the (double-tagged) 
CSB cDNA (Figure !D, last lane); and (v) following 
affinity purification, the serum strongly stained the 168 kDa 
protein (Figure I, lane 4), while oecasionally an 80 kDa 
protein of unknown identity is recognized as well 
(Figure ID), 

The affinity-purified eSB antiserum was used to screen 
all known NER·deficient human complementation groups 
(XP-E not tested). Apart from the es·n WCE, all other 
extracts contained eomparable amounts of the eSB protein 
(Figure IE), ruling out that mutations in other NER factors 
indirectly affect the cellular level of eSB. in contrast to 
what has been observed for, for example, the ERCC If 
XPF (Van Vuuren et a/., 1995; Sijbers et al .• 1996a) and 
XRCClnigase III (Caldecot! et al., 1995) complexes. 

The affinity·punfied anti-CSA antiserum, strongly 
reacting with a very low amount (2 ng) of GST-CSA 
fusion protein on immunoblots (Figure I, lane 8), recog· 
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Fig. 1, Characterization of anti·CSB and anti-CSA antibodies. 
(Al Spedfi(ity of the anti-CSB semm. immunobll)ts of lIeLa or CS-D 
(CSIAN·Sv) WCEs w-ere incubated v.ith: crude antj·CSB serum (lanes 
1 and 3), ~rude anti_CSD serum pre·incub.lted v.ith GST-CSB fusion 
protein (Ian¢ 2) and affinity.purified anti·CSB serum (lone 4). The 
moh-uiar weight of pre-suined marker proteins is iodicated. (D) Th¢ 
anli-CSn antiserum immlll1()predpiutes ill \jlm lranslated CSB 
protein. III \ilm translaled CSB (Ian" 5) WllS incubated v.ilh eith~r 
crud" anti·CSD secum (ian" 6) or pr,,·jmmune s~rom (lane 7) and 
binding 10 protein A bead~ was arulysed on SDS-PAGE. 
(C) Specifidty of the anti-CSA antis~rum. An immunobtot of 2 ng of 
th" GST-CSA fUsi()n protein (lane 8), and 10 Jlg of HeLa (lane 9) or 
CS3DE·Sv (CS·A) (Ian¢ 10) WCE was inC1lbated v.ith affinit)'·purifi~ 
anti-CSA anti,erurTI. On th" sam¢ gel, irt rUm transbt~d eSA protein 
was analysed (Ian¢ I t). Note thaI tm serum cross·reacls v.ith other 
~dlular proteins. (D) Oyere:<pression of CSD eDNA does noliead 10 
e1e\"ated protein levels. A WCE of CSIAN·Sv cells transfected v.ith 
the Llgged CSB cDNA (2ICSB), uoder control oftm SV40 promoter 
(s~ b.:low), is analysed on immunoblot v.ith a HeLa WCE. (El CSn 
is spe...·ifi~aHy ab,ent in CS·B WCE, but not in other repair..Jdkient 
nlracts. Equal amounts (10 J.1g) of th" indicated WCEs were anairsed 
on immunoblots for the presenc" of CSB. Th¢ 80 IDa ~ro;s-rN~ling 
band pro,ides a (onl·enient interrul oontrol on diffeWK:es in protein 
loading. 

nized several proteins in a Hela WCE, among which was 
one of 44 kDa (lane 9). This band is selectively absent in 
an extract of CSA-deficient CS3BE-Sv cells (lane 10), 
while the size matches ill vitro translated eSA (lane 11), 
indicating thaI the 44 kDa protein is eSA. 

Intracellular localization of CSB 
The presence of a consensus sequence for a nuclear 
localization signal in CSB and its central role in TCR 
predict that eso is located in the nucleus. This was 
confinned by immunofluorescence studies (Figure 2). 
Although the gene is \'ery weakly expressed (Troelstra 
et af., 1993), clear CSB staining was observed in the 
nuclei, but not thc cytoplasm, of Hela cells (Figure 2A). 
The CSIAN-S\' cells show no staining of CSB at all 
(Figure 2A), confinning the immunoblot results shown 
above, UV irradiation of Hela cells, prior to fixation and 
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FIg. 2. The CSB protdn is localiud in the nudeu5. (A) The affinity
purified anti·CSB antibody was used ttl stain the endogen(lus CSB 
protein in lIeLa Of CS-B (CSIAN-Sv) cells. The !eft p;md displa)·s 
the DAPI-Slaiooo chr(lm(ls(lmal DNA, while the right p;me\ depkts 
CSB slaining, visualized by FITC-coojugated se~Q!1d.aty antibodies. 
(B) CSB does not co·ilxalize ",ith chromatio duriog van(lus stages of 
mit(lsis. Indkated afe propluse, rr.etapluse, aruphMe and tetophJ.Se 
(from left ttl right). 

staining, did not alter the immunofluorescence pattern of 
CSB (data not shown). Previously, the DNA repair com
plex XPCIHHR23B was found to display an anaphasel 
telophase-specific association with chromatin (Van der 
Speketal., 1996). In contrast, in the majority of metaphase 
cells, CSB co-localizes with the microtubules of the 
mitotic spindle, which mediate the segregation of the 
chromosomes to the spindle poles (Figure 2A and B) 
(Hyman, 1995). 

Function of the eSA and eSB proteins In vivo and 
In vitro 
To gain more insight into the biological function of CSA 
and CSB in \'ivo, the specific antisera were microneedle 
injected into living primary human fibroblasts and the 
effects on TCR, transcription and RNA synthesis recovery 
were analysed (Figure 3, Table I). Repair activity is 
reflected by the level of UV-induced unscheduled DNA 
synthesis (UDS), detennined by [3H]thymidine incorpor
ation after UV exposure, whereas transcription levels 
were quantitated by pulse labelling with eH]uridine (Van 
Vuuren et ai., 1994; Venneulen et al., 1994) (see Materials 
and methods). The contribution of TCR to total repair 
synthesis (measured as UDS 2 h after UV exposure) is 
small, because most repair synthesis is derived from the 
global genome repair subpathway, particularly from the 
efficient removal of UV-induced 6/4 photoproducts. This 
is apparent from the low residual UDS in XP-C cells, that 
are defective in global genome repair and only perfonn 
TCR (Venema el af., 1990b; Carreau and Hunting, 1992). 

A 

FIg. J. Microiojeclion of anlj·CSB and anli-CSA antis.:ra inhibits 
transcriplioo-coopled repa.ir bUI not trarucription iii 111'0. xp-e 
(XP1IRO) fibf(lblasls were micwinje.:ted I'.ith anti-CSB {Al Of 

anli-CSA (B) anlis.:ra to assay the err..:t on TCR (\isua!iud by 
u!llihoouled DNA S}nlhe;is, UDS), or in "'ild-type (C5RO) fibroblasts 
to determine the effe.;! on trarucripli(lo lel·el, (C). (A-C) sh(lw 
micfoY"phs of inj~cted cdls (indicated by an arrow) and uninjected 
(surrounding ffiol\onu-.:k.u) cdls, a.s>a)td for NER or \raJ1..So;riplioll by 
ell]lh)midine (If eH]uridine pul,e lab-e1ling re>p<>:liwly. as described 
in Materials and methods. The fibrobl3..\\ "'llh the dark nucleus in (3) 
w""s in S·phJ.Se during the eHJlh)midine inculxttion. The 
qU.1nlificJtion (lftbe microinje.:tions is ,holln in Table I. 

Therefore, to analyse the effect on TCR, we used XP-C 
fibroblasts for microinjection. Two independent eSA anti
sera appeared to inhibit the residual UDS of XP·C 
fibroblasts (which is 10% of repair-competent cells ana
lysed in parallel) by a factor of 2-2.5, while the pre
immune serum had no effect (Figure 3B, Table I). More 
dramatically, microinjection of two anti-CSB antisera 
reduced the residual UDS of injected XP-C cells to 15~ 
22% of the levels in uninjected xp·c fibroblasts (Figure 
3A, Table I). 
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Table T, Elie.:1 of CSA and CSB antibody inje.:tion on TCR, recol"ery 
of RNA synthesis and Irall5{riplion 

Inje.:ted % Residua! % Recowry of % Transcription 
antiserum UDS XP·C' RNA synthesisb 

None 100 100 100 
Pre-immune 100 " Anti·CSA (#1) 47 109 
Anti·CSA (#2) 40 65 I"' 
Anti·CSB (#1) 21 "5 
Anti·CSB (#2) 15 61 99 

\\~!d·t}"p¢ and XP·C fibroblasts were minoinje.:ted \lith anli·CSA and 
anti·CSB antisern as explained in Figure 3. Pef\:entages are (';llculated 
by comparing inje.:led wrsus uninje.:ted cells on the s.1/l1C slide, \lith 
a typical SEM of 5%. '#1' and '112' are independent antisera. 
'100"10 eOfTe,ponds to 19 grains, \lhkh represents 10% of the UDS 
observed in \lild·l)pe ec!ls that were treatoo in parallel. 
bRe.:owry of RNA synthesis is defineJ by the rndo of transcription 
lewis in UV-irradialoo \\ild·l)pe cells relative 10 unimdiated cells. In 
wiJd·t)"p¢ c"lIs, RNA S)TItMsis at 24 h pos\·U\' had mOHroo to 70% 
of thai Ofuntrealed cells. This value is set at 100%. CSIAN-Sv 
(eS·B) cells that were in.:Juded in the e~periment displayed a TeCOW!)' 
of 13%, rdative to wHd·t)pe \'alu~s. 
-: not determill<'d. 

A hallmark of CS cells is the failure to recover RNA 
synthesis after UV irradiation, which is thought to be the 
consequence of the defect in TCR (Mayne and Lehmann, 
1982; Troelstra et af., 1992). Microinjection of the anti
CSA and anti-CSB (but not the pre-immune) antisera 
into repair-proficient fibroblasts significantly inhibited the 
recovery of RNA synthesis after UV irradiation (Table I). 
This indicates that both antisera are capable of inhibiting 
the function of CSA and CSB ill vim, and provides direct 
evidence for the involvement of these proteins in the TCR 
and RNA synthesis rccovery pathways. 

Similarly, both antisera were injected into wild·type 
fibroblasts to see whether inhibition of CS proteins has an 
effect on overall RNA synthesis. However, no significant 
difference was observed between injected and non-injected 
cells (Figure 3C, Table I), suggesting that neither CSA 
nor CSB make a major contribution to transcription of 
undamaged cells ill \'ivo. 

To test whether eSB (andfor eSB-associated proteins) 
are required for repair and transcription in l'ilro, we 
conducted immunodepletion experiments using repair- and 
transcription-competent Hela whole cell extracts. As 
shown in Figure 4, depletion of CSB performed under 
low stringency conditions (upper panel) had no significant 
effect on ill \7'tro repair (middle panels) or basaltranscrip
tion activities (lower panel). The latter finding is in 
agreement with the microinjection experiments and con
firms that CSB is not essential for RNA synthesis. The 
absence of a significant effect ofCSB depletion on in vitro 
NER is consistent with the notion that the in vitro NER 
reaction mainly reflects transcription-independent NER. 
The above findings also imply that eSB in WCE is not 
associated with critical quantities of essential NER and 
basal transcription factors, as detectable in in vitro assays. 

Superdex gel filtration 01 HeLa whole cell extract 
We next investigated whether or not CSB is complexed 
with other proteins by performing fractionations of repair
and transcription·competent Hela WeE (Figure 5) on 
hydrodynamic volume. Superdex S-200 gel filtration was 
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FIg. 4. Compkte CSB immunodepletion h.u no significant efftel on 
in \'irro repair and b.lsa! transcription. A Tepair-profident H~la WeE 
was immunodep!ett"d u,ing crude anti·CS[) serum under low 
stringeocy (buffer A) conditions. Complete CSB depletion from the 
e.\tra~t, and binding to the beads .... "as verified by immunoblottiog of 
to ~g of (non·)depleted e\tra~1 (lop panel). E\wly equal amounts 
(100 ~g) of non-<kpleted and depleted HeLa extract were tested in the 
in 17rro repair (middle parx:l) and it! Ifrro transcription (oottom panel) 
assa)'s. Immunoo?plelion using the pr?·immune serum did not 
pr.:dpilate the CSB protein and, consequently, this had no eff~ct on 
the in litro repJir acthity (not shOlm). 

performed under physiological conditions, identical to 
those in which in virro activity assays are conducted. 
Although denatured CSB has a molecular weight of 168 
kDa, the eSB protein present in HeLa WCE chromato· 
graphed at an estimated hydrodynamic size of >700 kDa 
(Figure SA), suggesting that it may be part of a protein 
complex. Similar findings were made on Sephacryl S-300 
and S-500 columns (data not shown). Furthermore, purified 
functional recombinant CSB analysed in parallel did 
behave very differently from the natural eSB in WCEs 
under various conditions (data not shown). The native 
elution profile of other protein complexes, such as ERCCll 
XPF (majority running at a hydrodynamic size of280 kOa) 
and XPB (TFUH) (SOO kDa) (Figure 5A), and also 
HHR23A (70 kDa) and HHR23B (140 kDa) (data not 
shown), were as found before and in the expected size 
range (Van Vuuren et af., 1995; Van der Spek et al., 
1996), making aspecific aggregation of proteins in the 
extract unlikely. The migration profile of RNA polymerase 
II largely coincided with CSB (Figure SA). These findings 
show that CSB in rcpair and transcription-competent 
WCE migrates in a manner distinct from many other 
NER factors. 

Surprisingly, the 44 kDa eSA protein eluted at a 
hydrodynamic size of420 kDa, distinct from CSB (Figure 
5B). Moreover, in the eSIAN-Sv extract (lacking CSB), 
the same apparent size of CSA was found, strongly 
suggesting that CSA is also part of a complex and that 
the major part of CSA is not stably associated with CSB 
in these extracts. 

To investigate the stability ofthe possible CSB complex, 
Superdcx fractionation was performed under different salt 
conditions. When the salt concentration was increased 
from 0.1 to 0.5 and 1.0 M KCl, the apparent hydrodynamic 
size of eSB decreased from >700 kDa to -500 and 
450 kDa respectively, still considerably larger than the 
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fig_ 5. CSB resides in a large molecular weight complex th3t doX3 not 
indu& eSA. (A) Various WCEs \lere siu-fractiolL1ted on a 
Supcrdex-200 column, lrodoo in the Manley-type buffer A containing 
0_1 /If KCI. Elution fractions were tested by immunoblotting using the 
indic.1ted antisera. ~ lL1tj\'e sizes of molecular ..... -eight marker 
prot~ins, as weI[ as the estimated sius of the proteins tested, are 
indicated. The WeE notated CS·B + 2tcsa is derh'w from 
CSIAN-Sv fibrobbsts transfected with doubk-tagged csa (see 
below). (B) The lL1til"C size ofCSA is unchanged by sewre CSB 
tnmcation. Elulion fractions oflh¢ Superdell·200 column, loaded v.ith 
either IIela or CSIAN·Sv (CS-B) WCE were analysed using the 
anti·CSA serum. The CSB gene in CS1AN-Sv cells contains a 
premature stop mlltalion, leading to del~tion of amino acid 337 to Ih¢ 
eod (amino add 1493) of Ihe CSB protein (Tl1Xbtra et 01., 1992). 
(C) The native $ize ofCSB is dependent on sal! concentration and 
DNase pre-treatmenL Equal amounts of He La WCE were loaded on 
the Superdn·200 column in buffer A containing respectively 0.1, 0.5 
and 1.0 M KCI, or first tr .. ated \lith DNase and then loaded on the 
oo!umn. Fractions were tested on immunoblots using anti·CSB 
antiserum. Elution orthe molecular \I-eight marker proteins was hardly 
affected by the altered salt conditions. 

denatured size of CSB and corresponding to the native 
size of CSB afier pre-treatment of the Hela WCE with 
DNase (Figure 5C). 

Taken together. these results suggest that in repair· and 
transcription.competent cell-free extracts CSB resides in 
a protein complex. different from many NER proteins and 
complexes, that might be bound to DNA at low, but not 
at high salt. 

Identification of CSB·co·purifylng proteins 
To detennine the identity of the CSB·associated proteins, 
first co·purification of any known repair and transcription 
factors with CSB was investigated. For this, we assayed 
fractions of the purification scheme used to isolate basal 
transcription factors and complexes required for RNA 
polymerase II transcription (Gerard ef 01., 1991). On the 
first column (heparin-$epharose, Figure 6A), CSB eluted 
at 1.0 M KC1, excluding co-purification with TFIfA, 
TFIlB, TFfID, TFIIH and the ERCCIIXPF complex 
(Gerard et 01., 1991; Van Vuuren et 01., 1995). The XPA 
and XPG proteins eluted in the heparin 0.4 M and 
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Fig. 6. csa does not co-purify \lilh the majority of the tested repair 
and transcription proteill5. (A) Elution fi-aclions of the indicated 
purif'icatioo scheme were tested by immunoblol anJlysis for the 
presence of eSa, CSA and XPO. The presell{? of functional ERCC1, 
XPA, XPO and XPC was tested on immunoblots and by 
mkroinjcclion and in litro complementatioo (Van V\luren el 01., 199~, 
1995; A.P.M.Eker and WSermeulen, personal commWllcation). The 
purific.1tioo ofTFHF, TFIIH, RNA pol)merase JJ and other 
transcriplion proteins was described p~\ious1y (Gtranl et of .• 1991). 
(B) HeLa WCE was fractionated on a pbospboceUulose column by 
loading in buffer A oontaining 0.15 M KC1, and eluting in buffn A 
supplemented \lith KCI to 1.0 M. Elution fiactions \I-ere tested by 
immunoblot analysis f()l" the presellC¢ ofCSA and eSB, while the 
fractionation of the other proteins "'-as descnbed e.1!lier (Shhji et 01., 
1992). 

subsequently in the DEAE 0.2 and 0.35 M KCI fraction 
respecth'ely, as tested by immunoblot (Figure 6A) and 
in vitro and In vim complementation (A.J.van Vuuren and 
\V.Vermeulen, unpublished observations). Surprisingly, 
CSA eluted in the heparin 0.4 M fraction (and a trace al 
0.22 M), followed by elution in the DEAE 0.35 M KCI 
fraction, which is clearly distinct from CSB. Apart from 
CSB, the heparin 1.0 M KCI fraction also contains the 
XPCIHHR23B complex (Van der Spek et al., 1996) and, 
interestingly, also TFHF and RNA polymerase II (Gerard 
et al., 1991). 

Next, we employed phosphoceJlulose column chromato· 
graphy, frequently used to separate NER core factors 
(Shivji etal., 1992; Aboussekhra el 01., 1995). The fraction 
that is not bound to the column at low salt (CF.I) contains 
replication protein A (RPA) and proliferating cell nuclear 
antigen (PCNA), while the bound fraction (CF-II) contains 
all other proteins required for ill vitro NER (Shivji el al., 
1992). Remarkably, CSB is present exclusively in CF.II. 
while all deteclable CSA is present in CP·l (Figure 6B). 
This again indicates that the majority of CSA and CSB 
are not stably associated. More specifically, CSB elutes 
between 0.4 and 0.6 M KCi (fraction FlIl in Abousseklua 
el 01., 1995), excluding co-purification with the vast 
majority of RPA, PCNA, XPG, XPA and ERCCIIXPF 
(data not shown). 

In conclUSion, in these fractionation schemes. CSB co
fractionates with the XPCIHHR23B, TFlIF and RNA 
polymerase II protein complexes, but not with the other 
tested repair and basal transcription proteins. However, 
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Flg. 7. Fun~lioo ann immunopredpitation of taggoJ C5B. (A) Tagging 
ofCSB doe;: not interfere "',ith its ,dlular fuocti(.'O- eS·B fibwbla515 
wen: tnmsfe<:ted v.ith the indicated construct;:, and \he UV sensiti\ity 
of tlU5$ populations .... -as detennined by UV irradiation and pulse 
labe!ling with ['H]TdR. 0 CSIAN·Sv (eS·B),. CSIAN·S ... + 
antisense C58, 0 CSIAN-Sv + sense C58, (> CSIAN-Sv + 
HA-CSB-His6 (2IC58),. VHIO-Sv (wild-Iype). {ll} None of the 
le>lM candidate proteins N-immunopredpilates with Llggoo C5B. 
HA·lHisQ-double-tagged CS8 VI-as immunopn:dpitated in buffer A 
from a weE of UV·resi!i1ant CSIAN-S\' lrarufonn.lnts using anti-HA 
antibodies. The WCE, non-bound (nb.) and bound (b.) proteins were 
analysed on immunoblots v.ith antima spoxil'ic for the indiC<ltoo 
factors. Anti-XPB antibodi~> were IIS('d as representatj\"e of the TFIIH 
compk~; antis((a against other components ga\·e similar rnults (oot 
sho\\n). The RAPJO subunit ofTFIlF ga\·e the same ferult as the 
RAP74 subunit (sbo\\TI here). The ast~risk indicate; IgO bands. 
(C) No detectable quantities of CSB or XPO co-immuoopt(cipilate 
v.ith CSA. The endogenous CSA protein from Hela WCE was 
immunopredpiu!eJ in buffer A using crude an!i·CSA anliserurrL The 
WCE, non-bound (n.b.) and bound (b.) proteins wm tested on 
immunoblD1 using the indkated antisera. 

the gel filtration studies described above suggest that the 
composition of the possible eSB complex changes upon 
increasing the salt concentration. Thus, the absence of co
purifying proteins does not exclude weak interactions that 
may be disrupted due to the high salt and other harsh 
conditions used for elution. 

Construction and immunopreclpltat!on 01 
HA-/Hls6-double-tagged CSB 
To investigate protein-protein interactions further and 
to allow isolation of eSB-associating proteins under 
physiological conditions, we generated eSB constructs 
containing an N-tcrminal hemagglutinin antigen (HA) 
cpitope as well as a C-Ierminal histidine (His6) tag (see 
Matcrials and methods) and used monoclonal anti-HA 
antibodies for immunoprecipitation. 

To verify that the addition of tags did not interfere with 
CSB function, we Iransfected eSIAN-Sv cells with the 
double-tagged eSB construct. Clearly, the cells transfeeted 
with the IlA-CSB-His6 cDNA showed a correction of UV 
sensitivity to wild-type level, identical to the non-tagged 
version (Figure 7A). Immunoblot analysis indicated that 
the transfected cells contain amounts of tagged CSB 
protein in the nonnal range, excluding significant over
expression (Figure I D). Also, the native size of tagged 
eSB in a cell-free extract of these transfected cells is 
again very large (>700 kOa) (Figure SA), indicating that 
the tagged protein behaves in a similar way to the non
tagged version in the cell. 

Using the HA epitope, we could completely illlnlunopre
cipitate the tagged CSB protein from a WCE of the 
transfected CSIAN-Sv cells (Figure 711, upper panel). 
Since this was done under the same (low salt) buffer 
conditions as the size fractionation, we expeet that the 
eSB-associating proteins are also bound to the beads, 
Equal amounts of the original extract, the depleted extract 
and an aliquot of the beads were tested on immunoblot 
and probed with various antibodies (Figure 7B), Clearly, 
no signifieant quantities of eSA, XPC, HHR23B, XPG, 
TFIIH or TFIIF could be detected in the bound fraction 
that contained all eSR Similar results were obtained 
when eSB was inlnlunoprecipilated using the polycJonal 
anti-CSB serum (data not shown). Since the latter serum 
is raised against the C-terminus while the HA epitope is 
linked to the N-tenninus ofeSB, it is unlikely that binding 
of antibody disrupts the interaction of eSB with the 
proteins analysed. When eSA was immunoprecipitated 
from HeLa cell-free extracts using the anti·CSA antiserum, 
neither eSB nor XPG was co·immunoprecipitated (Figure 
7C). This confimls the results above, and moreover indi
cates the absence of significant quantities of stable CSA
XPG intcractions in these extracts. 

Interestingly, when RNA polymerase II was tested 
using antiserum against the largest subunit, a minor but 
significant fraction (between 10 and 15%) appeared to be 
bound to the beads thai could be eluted under physiological 
conditions using competition with the synthetic HA epilope 
(Figure SA). Under the same conditions, no retention of 
TFllH (XPB subunit) or TFIIF (RAP74 subunit) could be 
detected. The specificity of this binding is demonstrated 
further by the fact that when a similar co-immunoprecipit
ation was perfomled using a HeLa weE containing a 
non· tagged version of CSB, no CSB or RNA polymerase 
II could be recovered from the eluate (Figure SB) or 
from the beads (data not shown). The binding of RNA 
polymerase II to tagged CS3 was found to be resistant to 
high salt concentrations (Figure SC), suggesting a direct 
interaction of hydrophobic character. Moreover, when the 
immunoprecipitation reactions were supplemented with. 
ethidium bromide, that is known to disrupt protein-DNA 
interactions without affecting protein-protein interactions 
(Lai and Herr, 1992), similar amounts of RNA polymerase 
II were found to be associated with eSB (Figure SO). 

In conclusion, the combined results from the size 
fractionation, co· purification and immunoprecipitation 
experiments suggest that eSB resides in a large molecular 
weight protein c;;omplex Ihat is deyoid of detectable 
amounts of eSA, XPA, XPB and XPD (TFUH), XPCI 
HHR23B, ERCCllXPF, XPG, TFIIA, TFlIB, TFUD, 
TFIIF, peNA and RPA. Tn contrast, CSO seems to be 
associated in a stable, DNA-independent manner with a 
significant fraction of the RNA polymerase II molecules 
in these protein extracts. 

Discussion 
Little is known about the molecular mechanism that acts 
upon an elongating RNA polymerase n complex blocked 
by a lesion. In the prokaryote Escherichia coli, a single 
transcription-repair coupling factor ([RCF) was identified 
that is required and sufficient to mcdiate TCR ill l'ilro 
(Selby and Safli~ar, 1994). TRCF was shown 10 bind and 
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Fig. 8. A rraction of RNA pol>meras~ JJ is stably asro.:iatoo .... ith 
Uggoo eSB. (A) RNA polymerase JJ is immuoopre-cipitated .... ith 
HA-tagged eSR Prilteins th.l.1 were bound 10 the HA affinity beads 
after immunoprecipitation ofHA..fHi%-double.uggoo eSB from a 
WeE ofUV·resisunt eSIAN·Sv lramforrnants (2tCSB WCE) were 
eluted using m.: S}llthelic peptide orm.: HA epitope. The WCE, 
non·bound (n.b.) and eluted proteins (HA elution) Mre tested on an 
immunoblot as indicated. {B) Binding of RNA polymm.sc 1110 
HA affinity resin i5 specific for laggoo eSB. A similar 
immunoprecipitation as in (A) was performed on a Hela WeE tlut 
contains a non-Uggoo CSB protein. (C) The interaction betw.:.:n CSIl 
and RNA po\}ruerase 11 is resistant to high salt concentratioM. 
Follo"ing immunopredpitaHon of HA-Iaggoo CSS from the 2tCSB 
WCE. beads .... ith bound proteins were either boiled and analysed on 
immunob!ot (b.1 or ~ubJted in buffer A with increasing amounts of 
KC!. Elution fractions containing 0.3, 0.6 or 1.0 M KCI ([an~s I. 2 
and 3 respecth'ely), as .. veil as th~ boiled b<:ads after S31t incubation 
(b_.) were analysed on immunoblot as indkated. (D) eSB and RNA 
pol)merase 11 do not interact .. ·i3 DNA. immunopre.-:ipitation of tagged 
CSIl from th~ 2tCSB WCE was p"rformed in the pre><:nce of ethidiurn 
bromide (BdBr) at SO mg/mlo Subsequently. the WCE, non-bound 
(n.b.) and bound (b.) proteins were tested on immunoblot 

displace a sialled RNA polymerase and, by recruiting the 
damage recognition protein UwA, to stimulate repair 
(Selby and Sancar, 1995). In eukaryotes, the TCR reaction 
is probably much more complex and, hitherto, all efforts 
to reconstruct Ihis syslem ;n vitro have failed. Even the 
composition of a paused transcription elongation complex 
is still largely unknown. Previously, cellular studies have 
suggesled a specific role for the CSA and n proteins in 
TCR (Venema el al., 1990a; Van Hoffen et al, 1993). 
However, the clinical hallmarks of CS suggest that, in 
addition to TCR, Ihe transcription process itself may also 
be affected (Vermeulen el af .• 1994; Hoeijmakers el a/ .• 
1996; Van Gool et al., 1997). Here we partially character
ized the function of esn by ;n vi\'O mieroinjeclion of 
antisera, in vitro immunodepletions and analysis of 
prolein--prolein interactions. 

Identification of proteins interacting with CSB 
Many melhods used to identify protein-protein interactions 
employ overexpressed, in vitro synthesized or purified 
(parts of) proteins, often involving heterologous systems. 
One of the potcntial caveals in these approaches derives 
from the fact that the protein is studied oulside of its 
natural context. Particularly, when the protein in vim 
resides in a complex with multiple interaclion domains, it 
may exhibit artificial association behaviour when 
examined in isolation. Moreover, overexpression may lead 
to incomplete synthesis or degradation of a fraction of the 

molecules, improper folding and lack Ofposl-translational 
modification or natural partners. Therefore, it is important 
to verify interactions identified in such systems ill vil'O 
under physiological conditions or by valid genetic means. 

To approach the in \'il"O situalion closely, we utilized 
Manley-type WCEs 10 examine protein associations 
involving CSB. These extracts have been used for purific
ation of protein complexes and are active in in vitro repair, 
transcription and splicing (Gerard el 01., 1991; Wood 
ef al., 1995), indicating that they contain functional 
mullisubunit protein complexes. Indeed, we found evid
ence that eso resides in a large molecular weight complex 
in such extracts. For analysis of complexes, it is important 
to utilize conditions that leave delicate protein-protein 
inleractions as intact as possible. For this, we generated 
a cell line thai stably expresses double-lagged eso protein, 
and pennits affinity purification using conditions under 
which ill vitro repair and transcription are known to lake 
place. We verified that the tags do not interfere wiJh Ihe 
eso funclion (Figure 7 A) and that the protein is not 
overexpressed (Figure tD). Using similarly tagged TFIIH 
SUbunits, we recently have found that the HA affinity 
slep yields a very high (> 10 OOO-fold) purification (G.S. 
Winkler, G.Weeda and J.H.J.Hoeijmakers, in preparation). 
This implies that co-retenlion on the affinity column is 
highly specific. Our studies yielded several unexpecled 
resulls. 

Since we showed Ihat TCR and recovery of RNA 
synthesis aftcr UV in living human cells requires both CS 
proteins (Table I), we anticipated these products 10 be 
slably associated with each other. However, unexpectedly, 
CSA and eso were found to be part of different com
plexes. (i) Superdex gel filtration indicated that they 
migrate wilh a different hydrodynamic size. (Ji) CSA 
and CSO fraclionate differently on both heparin and 
phosphocellulose. The latter recently was also found in 
an independent study (Selby and Sancar, 1997). (iii) When 
immunoprecipilating CSA or csn from different extracts 
using tags and various antibodies, no stable association 
was detected. However, binding of ill \'itro translated CSA 
and eso proteins to each other was found recently while 
an interaclion in the t\\'o-hybrid system was mentioned 
(Henning el 01., 1995), indicating that under certain 
condilions these proteins are able to interact. 

The dual role of TFlIH in repair and transcription led 
to the suggestion that TFIIH also plays a central role in 
TCR (Schaeffer ef af., 1993; Drapkin et al., 1994). In 
addition, since patients carrying mulations in the es genes 
and in Ihe XPB and XPD subunits of TFllH display 
comparable clinical features, it has been suggested that 
the eSA and CSB mutations interfere with the transcription 
mode ofTFIIH (Drapkin el af., 1994; Vemleulen el al., 
1994; Van Oosterwijk el 01 .• 1996). However, in the 
analysis presented here, we failed to detect any stable 
association of esn with TFlIH subunits in column frac
tionations and immunoprecipitalions, performed under 
conditions that leave the TFIlH complex intact. In a 
reciprocal experiment, in which the TFIIH complex was 
immunoprecipitated from Manley-type WeEs as well as 
from nuclear extracls using an HA-tagged XPB subunit, 
again no indication for an association with CSB was 
found (G.S.Winkler, G.Weeda and J.H.J.Hoeijmakers, in 
preparation). In addilion, no interaction between the yeast 
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homologue of eSB, Rad26p. and yeast TFIIH could be 
observed (Guzder et 01., 1996). However. recently, a resin 
containing a GST -eSB (ATPase domain) fusion protein 
was shown to retain XPB from cell-free extracts (Selby 
and Sancar, 1997). 

A number of XP-G patients display characteristic CS 
features (Vermeulen el al., 1993), possibly reflecting a 
disturbed XPG-CSB interaction. We have tried to detect 
interactions betv:een in \'itro translated, full-length XPO 
and eSB proteins by co-immunopredpitations under 
various conditions, but failed to detect any association of 
significant quantities of either protein (data not shown). 
Also, the analysis in cell-free extracts presented here does 
not indicate any (stable) association between XPG and 
CS8: (i) XPG fractionates differently on heparin (Figure 
6A) and phosphocellulose (data not shown): (ii) XPG 
does not co-immunoprecipitate with CS8 using the anti
HA monoclonal antibody (Figure 7B) or using the crude 
anti-CSB serum (nol shown); and (iii) no co-immunopre
cipitation of CS8 with XPG is observed using a crude 
anti-XPG serum (not shown). In contrast to our results, 
binding of an ill l'ilro translated XPG protein to unlabelled, 
in vitro translated CSB was reported recently (lyer 
el 01., 1996). 

The heparin column chromatography (Figure 6A) indi
cated co-fractionation of CS8 with the XPCIHHR23B 
complex, involved in global genome repair (Venema el aI" 
1990b; Masutani ef 01., 1994), CSB and XPCIHHR23B 
are im'olved in complementary repair pathways and, as 
could be expected, were found not to be stably associated 
(Figure 7B). 

Transcription initiationlelongation factor TFUF and 
RNA polymerase II are present in the heparin 1.0 M 
fraction. Both factors play an important role in transcrip
tion elongation: RNA polymerase evidently is the core of 
the elongation machinery, while TFIIF is reported to 
increase elongation efficiency by suppressing the time an 
RNA polymerase molecule pauses at intrinsic pause sites 
(Aso el 01., 1995). TFIIF was not co·immunoprecipitated 
detectably with tagged CS8 (Figures 7 and 8), but a 
significant portion of RNA polymerase II was (Figure 8). 
This interaction was shown to be specific for CSB, resistant 
to high salt, and not mediated via DNA. Recently, we 
found that the CSB-bound RNA polymerase II is fully 
functional in a reeonstitued ill ~,itro transcription reaction, 
implying that it is functionally intact. 

In conclusion, in Manley-type WCEs, CS8 appears to 
reside in a large complex that includes RNA polymerase 
II but none of the other core repair and transcription 
proteins investigated. Obviously, our studies do not pre
clude transient interactions that may occur in the course 
of the TCR reaction or very fragile complexes that are 
disrupted during the preparation of the extracts. This may 
explain the interactions found using other methods for 
detection of protein-protein binding in the studies cited 
above. 

The contribution of eSB to transcriptional 
regulation 
The stable association of CS8 with RNA polymerase II 
described in this study supports the hypothesis that CS8 
is involved in transcription as well. However, at this 
stage, one can only speculate about the nature of this 

involvement. It will be important to establish which form 
of RNA polymerase is complexed with CSB. At present, 
several distinct RNA polymerase II-containing complexes 
have been identified in eukaryotes (Kim el of., 1994; 
Koleske and Young, 1994; Ossipow el 01., 1995; 
~-faldonado el of., 1996; Shi el ai"~ 1997). Generally, they 
entail pre-assembled transcription initiation complexes 
that mediate activation of a subset of genes in response 
to transcriptional activators, Fonns of RNA polymerase 
II engaged in transcription elongation or tennination 
are poorly characterized. When the CSB complex was 
immunodepleted, no significant effect on ill ~'ilro basal 
transcription was found, despite the fact that a fraction of 
RNA polymerase II was found to be complexed to CSB. 
Several explanations can be considered. (1) The fraction 
of RNA polymerase II co-depleted, estimated to be 
between 10 and 15%, is too small to exert a detectable 
effect in the in ~,itro assay. NOffilally RNA polymerase 
is not the rate-limiting factor (J.·M.Egly, unpublished 
observation). (ii). This fonn of RNA polymerase II is nol 
detectable in the iI/vitro transcription system. Our finding 
that none of the transcription initiation factors are co· 
immunoselected with tagged CS8 argues that CS8 does 
not interact with RNA polymerase molecules engaged in 
transcription initiation, and is consistent with the idea that 
the protein may be part of an elongating type of RNA 
polymerase complex. Furthermore, when antisera against 
CSB (and CSA) are microinjeeted in living cells, we 
clearly observed inhibition ofTeR and recovery of RNA 
synthesis aner UV, while no significant decrease in basal 
transcription levels was noted. In contrast, microinjeclions 
of antisera against TFIIH components resulted in a drastic 
decrease in transcription levels (Van Vuuren el 01.,1994; 
Marinoni el 01., 1997). These results imply that CSB 
does not have a major contribution to the nomlal basal 
transcription process. This does not rule out, however, 
the possibility that CSB modulates the efficiency of 
transcription in a more subtle manner, and as a second 
function mediates TCR. As suggested above, CSB might 
function as an elongation factor that is able to release a 
trapped transcription complex and thus stimulate transcrip· 
tion efficiency, while not being essential for this process 
(discussed further in Van Gool et 01., 1997). Release of 
the stalled elongating RNA polymcrase may involve its 
ubiquitination, that recently was shown to occur aner 
genotoxic treatment of cells, and to depend on the CSA 
and CSB gene products (Bregman et 0/" 1996), It should 
be noted that our extracts are made from undamaged cells, 
which are therefore not expected to perform high rates 
of NER. The analysis of extracts from damaged cells 
perfonning maximal TCR that could reveal other protein 
interactions is in progress. A multiprotein complex 
that specifically associates with RNA polymerase in the 
elongating phase recently has been isolated from yeast 
(J.Svejstrup, personal communication). It will be ofinterest 
to know whether a similar complex exists in human cells 
and, if so, whether CS8 is involved. Finally, the presence 
of CS8 in an RNA polymerase II complex is consistent 
with the idea that CS is in part due to impaired tran
scription. 

Materials and methods 

Cef/Ilnes 81ld exttacts 
The immortaliz .. d c .. 11 line; used in this stud}' were HeLa, VH1Q..S\· 
(l'iild·type). (SIAN·S ... «(S·B), (S)BE·S ... «(S·A). CW(2 (Xp.A), 
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XPCSIBA·Sv (XP·!), XNPA·Sv (XP'C), Hm (xp.D), )""P2YO·Sv 
(XP'F), XP3BR·Sv (Xp·G) and TIDlBR·Sv [tri~h<llhiodystrophy A 
(rID·A)]' The fibroblast~ were cultured in a 1;1 mixture of Ham's FlO 
and Dul~co's modified Eagle's medium (DMEM), supplemented with 
antibiotics and 8-W% fetal calf s<:rum. WCEs were prep3red according 
to Manley el af. (I983) as modified by Wood el of. (1995), di31y-;-ed 
against buffer A rontaining 25 mM HEPESiKOH pH 7.8, 100 mM KC1, 
II mM MgCI2, I m.\1 EDTA, 2 mM ditruothrdtol (Orn and 17% 
(v/v) gl)'cero!, and stored at --50'C. The protein concentration of thes<: 
WCEs was 15-20 mglmL 

Antibodies and Immunoblot procedures 
Rabbit jXllydoll.ll anti·CSB antibodies were raised against the C·lerrnill.l] 
158 amino acidi ofCSB, oHrproduced as a prot~in A fusion prod~1 
in Efcherichio rofi using standard protocols (Harlow and Lane, 1988). 
Affinity purifiC<ltion ",,-as done using immunoblot~ of a purified GST 
fusion protein containing the same C·terminal region of CSI), and ~!utiorl 
using a KSCN buffer {O.I M KPi pH 7.0, 3 M KSCN, I rngiml bO\ine 
serum albumin (BSA»). The CSA cDNA (Henning et al., (995) was 
ilOlated ,·ia RT -PCR from human granuloq1e RNA. Rabbit jXl\}·doll.ll 
anti·CSA antibodin were rais.::d against tk C·terminal half of the CSA 
protein (en~oding amino acid, 176--396), owrploduced Oil a GST fusion 
p/OduC! in E.coli. Affinity·purified anti·CSA antibodies were obtJined 
by incubalion of the crude serum \Oith immunoblot strip; contlining 
purified GST--CSA fusion p/Otein, followed by elution ,lith addic 
gl)·cin.: buffer (0.1 M glycine pH 1.0,0.5 M NaC!, 0.5 mg:ml BSA). 
The generation and dl.lnl~terization of the jXllydona! anti·ERCCl (Van 
Vuuren e/ al., 1993), anti·XPG (O'Donovan and Wood. 1993) and 
monodol1ll anti·pS9lXPB (S~haeffer rl a/., 1993) antibodies have been 
d~s"ib<d herO/e. 

To l"isU.1lize Iaq;e mole..""Ulal weight proteins!il.ICh as CSI) (168 kDa) 
on imrTIllIlob!ot, proteins were transferred to PVDF or nitrocellulose 
membrane by blotting for 2-3 h at 4<C in blot buffer ""ithout metlunol 
(25 rn.\1 Tris-HCl pH 8.), 0.2 M glycine) ""ith the addition of SDS to 
0.01%. After blocking, the blot was ino:ubated owmight ""ith crude 
(I :500) or affinity·purified (I :400) anti·eSB serum, followed by nitroblue 
tetrazolium

'
5·brom0-4-chloro-3·indolyl phosphate (NBTIDCIP) detec· 

tioIL for oth~r proteins, the st.1J\dard procedure for immunoblotting was 
followed (Harlow and Lane, 1988). 

Immunoffuolescence 
HeLa and CS I AN·S\" cells were g/O""n on slides, "" ashed ..... ith pho~phate· 
buffered S3line (PBS), fhed by ino:ubation in 2% paraformaldehrde
PI)S for 10 min and p.'rmNbi!ized in methanol for 20 min. Slide; ..... ere 
w35hed truee times in PBS' (PBS, 0.15% glycine, 0.5% BSA) and 
incubated ""ith affinity·purified anti·CSB (1;5 dilution) for U h in a 
moist c/umber. After washing in PBS t , slide; were incubated \Oith 
fluorescein isothiocyamte (FlTC}-conjugated goot anti·rabbit antiserum 
at a 1:80 dilution for 1.5 h. Slide; ..... ere ",,-ashed and embedded in 
I"edashie\d mounting m~dium (Bnmschllig) thlt contlined 4' .(HJianlino-
2·ph.:n)'lindole (DAPI). DAPI·suined DNA and fITC-!abelled ("SB ..... as 
vi>ualized using fluore>eence microscopy. 

Microneedle Injecrfon of antisera and analysis of repair and 
tlansC1iption levels 
Microinjection of immune sera into cultured fibroblasts was ~rformed 
as d~>eribed pre,iously (Van Vuuren el al., 199~). The anti·CSA and 
anti·CSB antisera Mr~ microinje.::ted into the c}10p1asm of lIi!d·type 
(ORO) or XP·C (XP2IRO) fibroblasts. AOer mkroinjection, cells wm 
incubatN /i.!rt!J(r for24 h at 37'C in stand:ud m«liwn to allow an!ibody
antigen reaction. The effect on NER actility by microinjection of the 
antisera in XP·C fibroblasts (represented by UV·induced UDS) wa~ 
detemtined by UV irradiation of \he cells (25~ run; 15 Uml), pulse 
labelling for 2 h using [lHJth}midine (60 ].!Cilml, sp. act 120 Cifmmo!), 
thatioo and it! silu autoradiography. Grains above the nudei orinjected 
(poJykal)·on) and non·inject~d (monokaryon) cells were cOl.U\ted and 
compared. Lewis of RNA sYIlthesis aOer microinjection in wild·type 
cells were analysed by pulse labelling ",ith eliJuridine (10 J.lCifrn!; sr. 
act 50 Cifmmol) for 1 h in standard medium, and further pllXessing as 
mentioned above. The recowry of RNA synthesis jXlst·UV was assayed 
by micro injecting the antisera in ""ild·typ<: cells, followed by a further 
incubation for 8 h at 37'C. Then, the cells ....... re UV irradiated (254 run; 
10 IIml) and, 24 h later, RNA sYIlthesis was d~t~rmlned by [lH]uridine 
pulse labelling as d<:,cribed above. 

Superdex gel fill/alion 
To fractio!l.lle proteins and protein comp1e~ei on the basis of size and! 
or sh.l.pe (hydrod)'Ilamic volume), HeLa or CSIAN·Sv WCEs (I mg) 

were !ooded on a SUp.'rdex-200 column (SMART sy,tem, Plumucia) 
that was first calibrated using the molecular rrwkers th}Toglobulin 
(669 kDa), ferritin (440 kDa), catl!ase (240 kDa) and albumin (67 kDa). 
Chromatography was performed in buffer A, conllining 0.1, 0.5 or 
1.0 M KCl. Fractions were collected and tested on immuooblolj as 
described above. DNase pre· treatment of the BeLa WCE was performed 
by incubating I mg of WCE ""ith 10 j.ll (10 j.lg:J.lI) DNase for 10 min 
at ,'!7'c. Complete digestion of aU DNA \O-as verified by agarose gd 
~Ie;;troph{>fesis. 

Column fractionations 
Fractions of the heparin column were obta.ined as pll!\iously descn"b«i 
(Gerard e/ a/., 1991). In short, HeLa WCE was loookd on a heparin
Ultroge! rolumn in buffer A and eluted \Oith 0.22, OA and 1.0 hi KCI, 
\Ohil~ Ih~ h~parin 004 M KC[ fraction was fractiol1.lted further on 
a DEAE-Spherode:.: column by elution \Oith 0.2 and 035 M KCI. 
Pho!phocellulose column chro!I1.ltography was p.'rformed as described 
(Shhji et a/., 1992) by loading the HeLa WCE on a phosphocdlulos<: 
column in buffu A, supplemented ""ith KCl to 0.15 M. The bound 
proteins were eluted in buffer A containing 1.0 M KCI. Fractions were 
analy,ed on immunoblot ai deicribed above. 

Genelalion of tagged CSB constructs 
HA and Hi>6·taggcd CSB rorutrucls were generated to facilillte immuno
precipitation and allow isolation or CSB·associating proteins. The 
N·termiIl.11 HA epit~ was introduced via PCR using the CSB eDNA, 
the sense primer 5' CATCGAGCTCATGTACCCATACGATGITCCA· 
GATIACGCTAGCCCAAATGAGGGAATCCCC 3' {encoding a Sad 
re>lriclion site (underlined), start codon, HA epitope (double unokrlined) 
and CSB eDNA bp 4-21] and th~ antisense primer EC179·2, 5' 
CTCTGGCCTCATGTcrGACTCCCA J' (CSB eDNA bp 1062-1085). 
After DNA sequencing to check for the absence of PCR·generated 
mutltioll5, a Sad fragment containing the HA·ta.gged N·terminus of 
CSI) was exchang.:d wilh the corresponding Sad fragment in the CSB 
eDNA. In a similar way, a stretch of stx histidines was linked to Ihe 
C·terminal end of CS8. For PCR amplifi~ation, the sense primer 
EC179·5, 5' GTGAAACAAGAGTGAGGCCAAGG 3' (CSB eDNA 
bp 3705-3719), and the antisellS<: primer 5' CTGGGGCCCTT AQ!.Q!ll: 
GGTGATGGTGGTGACGACCTTCGATGCAGTAITCT~GAG 

J' {encoding CSB cDNA bp 4400-4477, a factor Xa deal·age site, the 
His6 slrl:tch (double underlined), ochre stop rodon and an Apal restriction 
site (ur.derlin.:d)] were used. The lIis6·tagged CSB C-terminus was 
isolated after Apal digestion and exchanged lIith the cocreSjXlnd.ing 
Il!gion in the CSB eDNA. 

DNA ttans(ectlons and UV sutvival 
CSIAN·Sv fibroblasts well! transfected \Oith pSLME6{-) (anti$(nse 
eSB), pSLME6( +} (sense eSB) or pSLM21E6 (HA·CSB·Hi'6), together 
\\ith the selecub!e rrwker pSV2·neo using a modification of the 
calcium phosphate predpitation method (Graham and van der Eb, 197J). 
Following G418 selection, cell<; were split and se!e;:ted for UV resistance 
by true;: daily irradiations ""ith 4 J/ml UV·C (254 run). UV·selc.:t.:d 
mass populations or CSIAN·Sv + pSLME6(+) and CSIAN·Sv + 
pSLM2IE{i and non·tN·selected !I1.lSS populations of CSIAN·Sv, 
CSIAN·S,· + pSLME6(-) and VIIlO·Sv cells well! characterized further 
by UV sur.i.·al. For this, cells were plated (2XI~ per 3 cm dish, 2-4 
dishes pee dose) and ujXl5cd to 0, 2, 4 or 7 J/m 2 UV I day after 
plating. SUf\·h·al was determined after 4--6 days incubation at 37"C by 
[lll)th}midine pulse labelling as descn1>ed elsellh~re (Sijbers et al.,. 
1996b). 

In VillO translation and immunoprecipiralions 
in 171m translated CS!) and CSA protein were 5)nth~siz.:d using the 
TNT 11 Coupled Retio:uloq1e Lysate System (Pcomega) as de;cribed 
by the manufactull!r. Th~ it!litro translated CSB protein was immuoopre· 
cipitlted in a standard m.mner in NEIT buffer (100 mM· NaCI, 5 mM 
EDTA, 50 mM Tris-HCI pH 7.5, 0.5% Triton X·lOO) using crude anti_ 
CSI) serum. Immunoprecipitation of endogenous csa or CSA from 
HeLa WCEs was achie,·ed by first incubating crod<: antiserum ""ith 
protein A-StphMose beads (pharmacia) in PBS--Twe¢n (0.5%) f{>f 1-
2 h at 4°C, follov,-N: by utensiw washing (tv."ite ""ith PBS--Tween and 
four times ""ith buffer A) and a further incubation of the antiserum· 
coated protein A beads .",ith 1 mg of HeLa WCE for 5 h at 4°C. The 
immun<Xkpleted lIeLa ntracl",,-as r«overed from the beads by spinning 
and al1.llysed in aCli,ity asS3)'S Of on immunoblOl, together \Oith the 
proteins bound to the beads. ImmUIiOpfecipitation ofHA·CSB·H~ was 
done by irxubating the monocloll.ll antj·HA antibody 12CAS overnight 
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at 4'C v.ilb a weE of the CSIAN·Sv c~lIs trans[",ted ",ith the 
double·ugged CS8 construct, followed by addition of protein G lxads 
(Ph~rmacia) and further incubalion for S h at 4'C. Togcth.:r with the 
depleted ntracl, ool.lnd proteins were alllly,ed by 50S-PAGE and 
immunoblotting after boiling the beads. Alternatively, oo\lJ1d proteins 
were eluted by incubation wilh a s)nth~tk P"ptide encoding the HA 
epitope (I rug/mil owrnight at 4'C. 

In vitro tepa!r and transcription 8ssay$ 
Anal)">i, of in lliro repair acli\'ily was p"rformed as de$(;nlxd in detail 
before (Wood (I al., 1995), by mixing 100 Ilg of (depleted) (elHrfe 
extract ",iih a mhJure of AAF-modified and non-damagro pl~mids 
(Van Vuuren et aI., \993). Rq:>air acti\ity. i.e. Lncorpol'lltion of 
{u.Jlp]dATP into the dmlaged plasmid, ""'as \irualized by autoradio
graphy. 

In \ilro tramniption activity was assayed as describeJ Ixfore (G~rard 
e/ of., 1991), by incubating 100 )tg of (depkte.f) ,~II·frce utract with 
an AdlMLP promoter-containing tempbte, together ",ith the required 
nudcotid~s. The 309 nudwtjd~ {u.Jlp]CTP.]abelled run-offtranscript> 
were \iruJlized u,ing autoradiography. 
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Abstract 

Nucleotide excision repair (NER) is a highly versatile DNA repair system 
responsible for elimination of a wide variety of lesions from the genome. It is 
comprised of two subpathways: transcription-coupled repair (TCR) which accomplishes 
efficient removal of damage blocking transcription and global genome repair. Recently, 
the basic mechanism of global genome repair has emerged from biochemical studies. 
However, little is known about TCR in eukaryotes. Here we report the identification of 
a novel protein designated XAB2 (XPA-binding protein 2) that was identified by virtue 
of its ability to interact with XPA, a factor central to both NER subpathways. The 855 
amino acids XAB2 protein is mainly made up of 18 tetratricopeptide repeats. In 
addition to interacting ,,,ith XPA, immulloprecipitation experiments demonstrated that a 
fraction of XAB2 is able to associate with the TCR-specific proteins CSA, CSB and 
RNA polymerase II. Furthermore, antibodies against XAB2 inhibited both TCR and 
transcription ill vivo when microinjected into living fibroblasts. These results indicate 
that XAB2 is a novel component involved in TCR and transcription Introduction 
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Introduction 

Nucleotide excision repair (NER) is a highly versatile and strongly conserved 
DNA damage repair pathway. It maintains the genetic information by removing a wide 
variety of lesions from DNA including ultraviolet (UV)-induced cyclobutane 
pyrimidine dimers (CPD) and 6/4 photoproducts, as well as numerous chemical adducts 
(1). NER acts in a multi-step "cut-and-paste" manner involving lesion recognition, local 
opening of the DNA helix, dual incision of the damaged strand on each side of the 
lesion, excision of the damage-containing oligonucleotide followed by DNA synthesis 
filling the single stranded gap of 24-32 bases and ligation. Two subpathways can be 
discerned in NER: global genome repair (GGR) and transcription coupled repair (TCR) 
(2). Lesions that actually block transcription, such as CPDs (which are inefficiently 
removed by GGR), are rapidly repaired from the transcribed strand of active genes by 
TCR, to allow rapid recovery of RNA synthesis (3, 4). 

The importance of NER is highlighted by the clinical features of rare human 
hereditary conditions caused by a deficiency in NER, such as xeroderma pigmentosul11 
(XP) and Cockayne syndrome (CS). XP patients show striking hypersensitivity to 
sunlight and an extremely high incidence of skin cancer in sun-exposed areas, and 
frequently progressive neurological degeneration. XP is composed of seven genetic 
complementation groups, designated XP-A through XP-G. In addition, XP variant 
group (XP-V) are defective in post-replication repair (5). Cells from XP-C are deficient 
only in GGR but not in TCR (6, 7). In contrast, within CS the defect is restricted to 
TCR (9, 10). CS patients show photohypersensitivity, cachectic dwarfism and severe 
mental retardation but, unlike XP patients, no predisposition to skin cancer (8). Two 
genetic complementation groups exist: CS-A and CS-B .. To date, all genes responsible 
for XP and CS have been cloned (5). 

Recently, the core reaction ofNER in humans has been reconstihlted ill vitro with 
purified proteins (11-13), and the outlines of the mechanism of global genome repair 
have been elucidated (reviewed in 14). The XPC/HR23B complex is the main factor to 
initiate global genome repair by sensing and binding to various types of lesions. The 
UV-DDB protein affected in XP-E patients is required for recognition of a specific 
subset of damage, such as CPDs. The binding of XPCIHR23B complex to the lesion 
presumably induces a conformational change in the DNA around the injury. TPIIH, a 
general transcription initiation factor containing the XPB and XPD DNA repair 
helicases, is recl1lited to the recognized injury and locally unwinds the DNA duplex by 
its bi-directional DNA helica&:e activities to form an open reaction intermediate. XPA in 
a complex with replication protein A (RP A) is likely to be involved in verification of 
the damage, proper orientation of the NER machinery around the injury and 
stabilization of the opened intermediate. At the same time RP A positions the structure-
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specific endonucleases at the appropriate sites for dual incision: XPG 2-8 bascs at the 3' 
side and the ERCCI/XPF complex 15-24 nucleotides 5' of the lesion. After removal of 
the damage-containing 24-32 mer oligonuclcotide, the resulting gap in the DNA is filled 
by general rcplication factors and the final nicked sealed by DNA ligase (see 14, 15 for 
recent reviews and specific references therein). 

The molecular mechanism of TCR is only resolved for Escherichia coli (16-18). 
The Mfd gene product (containing helicase motifs) has been identified as a 
transcription-repair coupling factor, that displaces an elongating RNA polymerase 
blocked in front of a lesion and thcn recruits the UvrABC E.coli excinuclease which 
accomplishes removal of the lesion. In humans, genetic and cell biological evidence 
indicates that CSA and CSB playa key role in TCR (6, 7) but their functioning remains 
to be elucidated. CSA is a 44 kDa protein with WD-40 repeats which appears to have a 
potential for interaction with other proteins. It has been reported that CSA interacts with 
CSB and the p44 subunit ofTFIIH ill vitro (19). CSB is a 168 kDa protein with helicase 
motifs that belongs to the SWI/SNF family (20). We have previously shown that CSB 
is associated with RNA polymerase II ill vivo (21), and we and others have shown that 
CSB has a DNA-dependent ATPase activity but no detectable classical helicase activity 
(22, 23). Since both CSB and Mfd contain helicase motifs, CSB may playa role 
equivalent to Mfd in mammalian cells. However, unlike Mfd, CSB has 110 detectable 
activity to dissociate RNA polymerase II stalled at the site of DNA lesion (23, 24). 
However, CSB has been shown in vitro to interact with RNA polymerase II in a 
complex containing DNA and nascent RNA (25). The resulting quateruary complex has 
an ability to recruit TFIIH, suggesting that CSB would recruit the NER proteins ill vivo 
when RNA polymerase II encounters the lesion on the transcribed strand (26). 

In the present study, we isolated a cDNA encoding a novel TPR protein, 
designated XAB2 (XPA-binding protein 2). We found that XAB2 is associated with 
TCR-specific h1ctors CSA, CSB and with RNA polymerase II as well. Furthermore, 
microinjection of anti-XAB2 antibodies specifically inhibited transcription as well as 
TCR but not global genomc rcpair, suggesting that XAB2 is a novcl factor participating 
in TCR and transcription itself. 

Results 

XAB2 is an XPA-interacting protein 
To identifY protein interactions within NER and/or with other nuclear constituents, 

we performed a yeast-two-hybrid screen with XPA as bait (27)(see Methods). In 
addition to previously identified XPA-interacting NER proteins (such as: ERCCI (28, 
29), and the p34 subunit of RPA (27, 30)), we isolated a cDNA encoding a novel 
protein, designated XAB2 (XPA-binding protein 2). The specific interaction ofXPA 
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A 
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activity (Miller units) 
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2·1:- :] 91.01 

3. Ij~T~I _____ O_.1_7 __ __ 

II [' S]-XAB2 

FIG. l. A novel protein, XAB2, interacts with XPA. (A) Yeast two-hybrid assay showing a 
specific interaction ofXPA and XAB2. A yeast strain expressing both XPA fused to 
the GaI4-DNA-binding-domain and XAB2 fused to the GaI4-activation·domain 
showed clear p·galactosidase activity (numerous blue colonies apparent in 2). No p
galactosidase enzyme activity was induced in yeast strains expressing I: XPA fused 
to the GaI4-DNA-binding·domain and the GaI4-activation-domain (without XAB2) 
or 3: the GaI4-DNA-binding-domain (withollt XPA) and XAB2 fused to the Oa14-
activation-domain. TIle enzyme activities measured by a quantitative liquid assay are 
shown in the table on the right. (B) 11/ vitro pull·down assays using ill vitro 
translated. eSS]-Met labeled XAB2 with GST or GST-XPA. 

and XAB2 in yeast (Fig. lA) was confirmed by ill vitro pull down using GST-XPA and 
ill vitro translated XAB2 (Fig. IB). 

Sequencing of the complete cDNA (reconstructed after 5'-RACE, see methods) 
revealed a predicted acidic protein (pI 5.8) of 855 amino acids containing three 
stretches of acidic residues (Fig. 2A). Sequence homology searches using NCB I 
BLASTP to match the XAB2 sequence against sequences in the protein data bases 
(Non-redundant GenBank CDS translations, PDB, SwissProt, Spupdate, PIR) revealed 
two apparent homologs, an unidentified protein (GI: 1707032; 47% identical) in 
Caellorhabditis e/egalls and SYFl(orf YDR416w; 26% identical) in Saccharomyces 
cerevisiae (31). These two proteins contain "tetratricopeptide repeat" (TPR; a 
degenerate 
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B lPRI 
lPR2 
lPRJ 
lPR. 
lPR' 
lPR' 
lPRl 
lPRO 
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IPRIO 
IPRll 
IPR12 
TPR13 
1PR1" 
TPR15 
TPnt6 
IPIH1 
TPRIB 
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,N .,Lg .fS. Q H,P:: 

A •••• II(,O ALT.A 1)f I • ,N 
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FIG. 2. XAB2 has 18 telratricopeptide repeal (TPR) motifs. (A) Schematic representation of 
the XAB2 protein. Open boxes with numbers and hatched boxes indicate TPR motifs 
and acidic regions, respectively. (8) TPR sequence alignment. The 18 repeats in the 
predicted XAB2 protein were aligned, dark shading: amino acid residues found in 
>50 % of the repeats, boxes: conservative substitutions found in >40 % of the 
repeals. TIle substitutions were based on the following groupings: (F, Y. W); (S, T, 
A, a, P); (I, L, Y, M); (D, E, N, Q); (R, H, K). Gaps in the sequence alignments are 
indicated by dashes. Numbering to the right corrcsponds to the amino acid positions 
of the TPRs in the XAB2 amino acid sequence. (C) Consensus sequence ofTPRsin 
XAB2, The XAB2 consensus sequence is aligned with the consensus of the three 
classes ofTRPs, The residues found most frequently at each position in the TPRs of 
XAB2 were used in the XAB2 consensus sequence, More variable positions are 
represented by dots, 

II'" n 
(35-67) 
(66-109) 
(111).143) 
(H6-179) 
(leO-213) 
(218-251) 
(256-269) 
(293-326) 
(357·389) 
(395-42E1) 
(432-465) 
(49Hl7) 
(518-553) 
(554-500) 
(593-621) 
(629-662) 
(665-699) 
(701·1:14) 

repeat composed of 34 amino acids) motifs (32, 33), Sequence analysis of XAB2 
revealed 18 TPR (class I) motifs covering most of the protein (Fig, 2A-C), TPRs are 
found in proteins of different organisms ranging from bacteria to human implicated in 
protein-complexes with diverged functions sllch as cell cycle control, transcriptional 
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regulation, RNA processing, and mitochondrial and peroxisomal protein transport (34, 
35). Mutational and structural analyses suggest that TPR domains playa role in intra
and inter-molecular protein interactions (36-38). It is thus conceivable that XAB2, by 
virtue of its multiple TPRs, functions as an important factor for protein-complex 
formations in NER. 

XAB2 interacts with CSA, CSB and RNA polymerase II 
Since TPR proteins have been found in complexes with WD-40 repeat-containing 

polypeptides (39, 40), we focused on the CSA protein, the only known NER factor 
containing WD-40 repeats (19). As shown in Figure 3A, ill vitro translated XAB2 was 
indeed able to bind to GST-CSA, and inversely ill vitro translated CSA interacted with 
GST-XAB2. To verify the interaction ill vivo, immunoprecipitations (IP) were 
performed using whole cell extracts (WCE) of CS-A cells stably expressing functional 
HA-tagged CSA (see Methods). Anti-HA monoclonal antibodies co-immuno
precipitated a small but significant fraction of XAB2 together with HA-tagged CSA 
(Fig. 3B), suggesting that at least part ofXAB2 is associated with CSA ill vivo. 

The interaction with CSA prompted us to examine whether XAB2 interacts with 
CSB as well, since both CS proteins are specifically involved in the same TCR 
pathway. Using WCE ofCS-B cells stably expressing physiological levels of functional 
HA-lHis6-double-tagged CSB (2tCSB) (see 21, for documentation of these cells), IPs 
with anti-HA monoclonal antibodies revealed an association of significant quantities of 
XAB2 with CSB (Fig. 3C, upper part). This IP fraction also contained a significant 
proportion of RNA polymerase II as we have previously shown (21). The XAB2-CSB 
interaction is specific since neither endogenous-CSB nor XAB2 was precipitated with 
the anti HA-antibody when a WCE of HeLa without expression of 2tCSB was used 
(Fig. 3C, lower part). 

Previously, we have shown that CSB together with RNA polymerase II is a part of 
a large protein complex (MW: >700 kDa) (21). Immunoblot analysis of HeLa WCE, 
fractionated under physiological salt conditions by Superdex-200, revealed that XAB2 
is present in fractions with an estimated molecular weight of >700 kDa (Fig. 3D), 
whereas a monomer of XAB2 is approximately 100 kDa. The migration pattem of 
XAB2 largely coincides with that of RNA polymerase II and CSB and differed from 
other NER and transcription factors assayed in the same fractions, such as ERCC 1 
(which is complexed with XPF) and the XPB subunit ofTFIIH, both migrating with a 
lower apparent MW. The association of XAB2 with RNA polymerase II is further 
supported by an identical co-migration of the two proteins in the presence of I M KCI 
(figure 3D, lower panel) suggesting that the interaction is highly salt-resistant. 
Furthermore, anti-RNA polymerase II (large subunit) antibodies were able to precipitate 

- 71 -



Chapter 7 

XAB2 from HeLa WCE as shown in Figure 3E. These findings provide evidence that 
XAB2 interacts with the CSBIRNA polymerase II complex ill vivo. 

A C 

I'S,·XAB2 I'S,·CSA 

<Ii 
N 2 3 

5 in ~ s in ~ «Gse ""-II ~ ~ 

E '" '" E '" '" I '" .~ ..... 
I i'l uXAB2 j,':,', .......... "~! 

" ' <:',"" 

«RNA pol II ~ -... -,~ 
B 

WCE IPaHA 
t.tCSB 

HA-CSA + + .• '1 - XAB2 j 
uXAB2 =.2 t • 

.~ J: 

•• uRNApol1i 
aHA - HA·CSA 

FIG. 3. Association of XAB2 with eSA, eSB and RNA polymerase II. (A) III vitro binding of 
XAB2 with eSA. 11/ vitro pull-down assays were perfonncd using ill vitro translated, eSS]
Met labeled XAB2 or eSS]-Met labeled eSA with GST, GST·CSA or GST-XAB2. (8) Co
immunoprecipitation ofXAB2 with eSA. WCEs and immulloprecipitated fractions ofWCE 
from CS3BE-SV cells with (+) or without (-) the expression ofHA-CSA were analyzed by 
immunoblotting using anli-XAB2FL antiserum (upper panels) or anti-HA rat monoclonal 
antibody (3FIO; lower panels, the lighter signals both lanes are the heavy-chain of mouse 
monoclonal antibody 12CA5 used for the immunoprecipitation). (C) Co
immunoprecipitatioll of XAB2 with CSB. Inllmnoprecipitations were perfomlcd using 
weE ofCS 1 AN-SV (2tCSB) cells (upper) or ReLa cells (lower). WCE (lane I), non-bound 
fraction (lane 2) and the fraction eluted with HA peptide (lane 3) were analyzed with the 
indicated antibody. (D) Immunoblot analyses of size-fractionated WCE. HeLa WCE was 
separated on a Superdex-200 column at 0.1 M KCi (upper panel) or 1.0 M KCI (lower 
panel). Immunoblot analysis of the collected fractions was perfomled with indicated 
antisera. The sizes and positions of molecular weight markers are shown at the top of the 
blols. (E) Co-imlUunoprecipitation ofXAB2 with RNA polymerase II. 

- 72 -



~YAB2, a noveltetratricopeptide repeat protein, involved in TCR 

0 
MW markers: 669 440 240 67 

t t t t 
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aRNApol" 
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aXAB2 KCI) 

E IP: aXAB2 Ab IP: aRNApo11i Ab 

2 3 2 3 

-RNA pol II • -XAB2 

(E) Co-immunoprecipitalion of RNA polymerase II and XAB2. Immunoprccipitated 
fractions from HeLa WeE with pre-immune serum (negative control; lane I), anti
XAB2 antiserum (lane 2), and anti-RNA polymerase II monoclonal antibody 8WO 16 
(positive control; lane 3) were analyzed by 8\\'016 (upper panel). 
Immunoprecipitated fractions from HeLa WeE with anti-HA mouse monoclonal 
antibody 12CA5 (negative control; lane I), 8WOl6 (lane 2), and anti-XAB2FL 
antiserum (positive control; lane 3) were analyzed by anti·XAB2FL antiserum (lower 
panel). Five percent ofIP fractions were loaded in positive control!ancs. 
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III 1'1\'0 function of XAB2 
The interactions of XAB2 with XPA, CSA and CSB/RNA polymerase II complex 

suggest a possible role for XAB2 in the TCR subpathway of NER. To filrther analyze 
the XAB2 function in living cells, we examined the effect of microinjected anti-XAB2 
antisera on various NER parameters. Two antisera were used, one raised against the 
filll-length XAB2, and the other against the C-tenninal part (residues 694-855): 
designated anti-XAB2FL and anti-XAB2C, respectively. Microinjection of both anti
XAB2FL and anti-XAB2C did not significantly inhibit UV-induced DNA repair 
synthesis (unscheduled DNA synthesis: UDS) of normal human fibroblasts, which is 
mainly derived from GGR (41) (Fig. 4A, table I). In contrast, injection of anti-XAB2 
antisera in fibroblasts of xeroderma pigmentosum group C patients, carrying a specific 
defect in GGR, induced a significant reduction of the residual UDS (Table I). Since 
UDS in XP-C is derived only from TCR (6), these results suggest that anti-XAB2 
antisera directly interfere with the TCR rather than the GGR pathway. Consistent with 
this observation is the finding that both anti-XAB2 antisera inhibited the recovery of 
RNA synthesis after UV-irradiation (RRS) in normal human cells (Fig 4B, Table I). 
Anti-CSB antiserum induced a similar effect on the above NER parameters (Table I), 
whereas injected anti-ERCCI antiserum affected both subpathways ofNER, consistent 
with its essential function both in TCR and GGR. Injection of pre-immune sennn 
(Table I), other non-inmlUne sera and antibodies against various non-NER proteins 
(data not shown) did not induce any effect on DNA repair in wild-type fibroblasts. The 
inhibitory effect ofanti-XAB2 antisera on the process ofTCR indicates that this protein 
plays a role in the same pathway as the CS proteins. However, in contrast to anti-CSB 
antisemm, anti-XAB2FL also induced a significant inhibition of normal RNA synthesis 
(Fig. 4C, Table I). This inhibitory effect was not observed using anti-XAB2C (Table 
I), suggesting that the C-terminal region (694 - 855) of XAB2 may play an important 
role in TCR but not in transcription itself. As shown before, injection of non-immune 
sera as well as antibodies against other factors only involved in NER failed to exert 
inhibition of transcription, in contrast to antisera against various proteins implicated in 
both NER and transcription initiation (21). In conclusion, the results of the antisemm 
micro injection experiments suggest that XAB2 fililctions both in TCR and in normal 
transcription. 
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FIG. 4. Inhibition of recovery of RNA synthesis and transcription but not global genome 
repair by anti-XAB2 antiserum ill vim. Anti-XAB2FL antisemm was injected into 
the cytoplasm of bi-nuclear cells (indicated by an arrow) obtained after fusion of 
nomlal human fibroblasts. Subsequently the effect on (A) DNA repair synthesis after 
UV-irradiation (UDS) predominantly derived from global genome repair; (B) 
recovery of RNA synthesis after UV-irradiation (RRS); and (C) transcription (nonnaI 
RNA synthesis without UV- irradiation) was assessed. 

Discussion 

We found a novel protein, XAB2, which interact with TCR-specific CSA, CSB 
proteins and RNA polymerase II as well as with the core NER factor XPA. Our 
micro injection experiments revealed that anti-XAB2 antisera caused specific inhibition 
of UV-induced UDS in XPC cells (which only have functional TCR) but had no 
significant effect on UV -induced UDS in normal human cells (predominantly derived 
from GGR). We also observed inhibitory effects of anti-XAB2 antisera on recovery of 
RNA synthesis after UV -irradiation in normal human cells. Together these results 
indicate that XAB2 is involved in TCR but not in GGR. In addition, antiserum against 
the entire XAB2 (anti"XAB2FL) inhibited transcription in non UV-ilTadiated normal 
cells, strongly suggesting that XAB2 could be a novel factor involved in the 
transcription process itself. Since transcription is essential for TCR, it is likely that the 
observed inhibition of TCR is (also) a consequence of the inhibitory effect of anti
XAB2FL on transcription. However, the anti-XAB2C (the antiserum against the 
carboxyl terminal portion ofXAB2) inhibited the recovery of RNA synthesis after UV
irradiation without apparent inhibitory effects on transcription. These observations 
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suggest that besides being involved in transcription, XAB2 could work as a TCR
specific factor required for resumption of transcription after arrest by NER lesions, 
possibly mediated by the carboxyl terminal portion. 

The molecular mechanism for the coupling of transcription and NER in eukaryotes 
is unknown. Presumably, a lesion on the transcribed strand is first noticed by a RNA 
polymerase II elongation complex (thus bypassing the need for the XPCIHR23B 
complex). Then core NER factors are recruited by TCR-specific proteins such as CSA 
and CSB (2). CSB was found ill vitro and ill vivo to reside in an RNA polymerase II 
complex, probably in an elongation mode (21, 25). A quaternary complex consisting of 
CSB, RNA polymerase II, template DNA and nascent RNA has been shown to be able 
to recruit TFIIH ill vitro (26). The function of CSA is more obscure. III vitro 
associations of CSA with various NER factors have been reported (19) but no ill vivo 
association to either the transcription machinery or to NER factors has been identified 
(2 I). In the present study, we found a dual interaction of part of XAB2 with a fraction 
of both CSA and CSB as well as the interaction with XPA. This raises the possibility 
that XAB2 links these TCR-specific proteins to assure recruitment andJor access of core 
NER factors to the lesion identified by the stalled RNA polymerase II in the elongation 
complex. The notion that these interactions arc transient may explain our observation 
that only a small proportion of XAB2 is bound to CSA and RNA polymerase II (Fig. 
3B, E). This is consistent with the fact that CSA and CSB appear to reside in different 
protein complexes (21). 

Sequence homology searches using NCBI BLASTP revealed that XAB2 showed 
homology with an unidentified protein (GI: 1707032; 47 % identical) in Caellorhabditis 
eiegalls and Syfl p (26% identical) in Saccharomyces cerevisiae. Dix et al. reported that 
Isylp, interactor of Syflp, was required for optimal pre-mRNA splicing in yeast (42). 
They also mentioned that the SYF I gene had been identified as a synthetic lethal mutant 
with the CDC40IPRP 17 gene which is involved in S phase progression of the cell cycle 
and pre-mRNA splicing in yeast (YPD protein report for SYFI) (43). In addition, 
McDonald et al. reported that cwOp, the Schizosaccharomyces pombe ortholog of 
Syfl p, is associated with cdc5p which is required for G21M progression of the cell cycle 
and essential for pre-mRNA splicing (44). Moreover, it has been reported that Syflp 
and cwOp are essential for viability in S. cerevisiae and S. pombe, respectively (43, 44). 
The requirement of XAB2 in transcription may account for the essential role of Syfp for 
viability in yeast because Syfp is seemingly a yeast homolog of XAB2. It is also 
possible that XAB2 is involved in processes associated with cell cycle control and pre
mRNA splicing in mammalian cells. Since the coupling of transcription elongation and 
pre-mRNA splicing has been observed (45, 46), a potential involvement of XAB2 in 
pre-mRNA splicing raises the possibility that the inhibition of RNA synthesis observed 
after microinjection of anti-XAB2FL is a consequence of an impeded transcription 
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affected by impaired splicing processes. However, it has been reported that transcription 
occurs at a normal rate in the absence of efficient splicing of nascent pre-mRNA during 
transcription elongation in human cells (46, 47). Thus, it is also possible that the 
inhibition of RNA synthesis by anti-XAB2FL resulted from impaired transcription 
rather than disturbed pre-mRNA splicing. The above findings in yeast fit nicely with 
our observation that a significant proportion of XAB2 is in a complcx with the fraction 
of RNA polymerase II that is complexed with CSB and is thought to be in an elongation 
mode (21). 

Based on our experimental data and an apparent similarity with yeast Syfp, it is 
likely that XAB2 is a multifunctional protein involvcd in cellular processes such as cell 
cycle control and pre-mRNA splicing as well as TCR and transcription in mammalian 
cells. Das et al. reported that tandemly arranged TPR motifs are organized into a regular 
right-handed super-helix with a helical repeat of approximately seven TPR motifs (38). 
It is proposed that proteins with these stmctures could simultaneously interact with 
multiple target proteins, utilizing specific combinations ofTPRmotifs within the super
helix (38). Since XAB2 harbors 18 tandem arrays of TPR, a possible scaffolding 
function for XAB2 within cellular processes including NER and transcription is in line 
\vith its deduced amino acid sequence. XAB2 may function as a (transient) bridging 
protein, by simultaneously interacting with several other proteins or protein complexes. 
Besides being involved in transcription and TCR, XAB2 may participate in other 
cellular responses provoked by DNA damage in the transcribed strand; such as 
transcription-coupled base excision repair (48), ubiquitination of RNA polymerase II 
(49) and activation of p53 (50). In addition, it would be of interest to find out whether 
defects in XAB2 also give rise to a human condition, since both CSA and CSB are 
associated with the severe nellro-developmental, UV -sensitive TCR disorder Cockayne 
syndrome. 

Materials and methods 

Yeast two-hybrid system 
Screening of a HeLa eDNA library was perfOlmed using the yeast two-hybrid system as 

described (27). Positive transfonnants were classified into several groups based on cross
hybridization. Out of 281 positive clones, 54 belonged to the group of XAB2. To obtain full
length eDNA of XAB2, we screened a HeLa eDNA library in lambda ZAP (provided by Dr. H. 
Nojima. Osaka University) using the 939 bI' SmaI fragment of XAB2 cDNA as a probe. In 
addition, 5'-RACE was performed with 5'-AmpIiFINDER RACE KIT (Clontech) using the PI 
primer (5'-TTCATAGGCAGGGTCGGTCACACAG-3') and P2 primer (5'
TGTGCCCGACGCGCCTTCAGGTATC-3') according to the attached protocol. The full-length 
cDNA ofXAB2 was reconstructed in pBluescript SK(-) by insertion of the EcoRI-KpnI fragment 
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from the RACE product into the EeeRI and KpnI sites of the eDNA from the two hybrid or HeLa 
lambda Zap library screenings. 

III l'ifro pull-dmrn assay 
GST-XAB2 fusion was obtained by in-frame-cloning the full-length XAB2 eDNA into 

pGEX-5X-2_ Referring to the published data (19), the CSA eDNA was isolated from W138 VAI3 
cells with RT-PCR using an upper primer (5'-CGAATTCTCGAGGATATGCTGGG
GTTTTTGTC-3') with an EcoRI site and a lower primer (5'-TTGGTCGACTCTGTTTT
AGGA TTTT ATGCAAA-3') with a Sail site. The amplified product was digested with EcoRl and 
Sail, and inserted into pBluescript SK(-) and pGEX-5X-2 for i1l vitro translation and GST fusion 
protein, respectively. III vitro translation of proteins and pull-down assays using GST, GST
XAB2 or GST-CSA fusion protein were perfonncd as described (27). 

ImmuDoprecipitation 
To examine the interactions of XAB2 with eSA, we used the SV-40 transfonned CS-A 

fibroblast line CS3BE-SV and CS3BE-SV(dtCSA) cells. CS3BE-SV expressed no endogenous 
CSA, while CS3BE-SV(dtCSA) stably expressing haemagglutinin (HA)-, His6-double-tagged 
CSA (HA-CSA) at physiological levels showed a nonnal UV sensitivity (E. C., unpublished). 
Whole cell extracts (WeE) of these cells were prepared as previously described (27). To examine 
the interactions ofXAB2 with CSB, the SV40 transformed CSIAN-SV (2tCSB) cell line (stably 
expressing functional and physiological levels of HA-IHis6-double-tagged CSB) (21) and HeLa 
cells were used for preparing Manley's WCE. The WCE (4 mg) was incubated with 5 ~tg of anti~ 
HA mouse monoclonal antibody (12CA5) at 4°C for 6 hr. For co~immunoprecipitation ofXAB2 
with RNA polymerase II, HeLa \VCE (4 mg), prepared as described (27), was incubated with 
anti~RNA polymerase II mouse monoclonal antibody (8WGI6; a kind gift from Dr. J~M. Egly, 
CNRSIINSERM/Universite Louis Pasteur) or allti~XAB2FL at 4°C for 12 hr. The immuno~ 
complexes were subsequently precipitated with 40 ,.11 (bed volume) of Protein G~Sepharose beads 
and further incubated at 4°C for 1 hr. After extensive washing, bound proteins were eluted by 
SDS sample buffer or by HA-peplide, separated on SDS~PAGE and subjected to immunoblot 
analyses. The WCEs (20 J.tg) were also subjected to immunoblot analyses with IP fractions. 

i\'licroinj ecHon 
Microinjections were perfonned into homopolykaryons of DNA repair~proficient control 

primary fibroblasts (C5RO) and XP2IRO (XP-C) cells obtained after cell fusion as described 
(21). NER activity (unscheduled DNA synthesis: UDS) was measured 24 hr aftcr injection. 
Injected samples were UV-irradiated at 15 J I m2

, then subjected to a 2 hr incubation in culture 
medium containing 20 ~tCi Iml of eH]~Thymidine, washed with PBS, fixcd and processed for 
autoradiography. Recovery of RNA synthesis (RRS) after UV~irradiation was detennined as 
follows; 24 Itr after injection, cells were exposed to 15 J I m2 of UV~light, incubated for an 
additional 24 hr in nonnal culture medium, washed with PBS and subsequently incubated for 
another 1 hr in culture medium containing eH]~Uridjne (10 pCi I ml), fixed and processed for 
autoradiography. Overall nonnal RNA synthesis (transcription) was determined, 48 hr after 
injection as described above for RRS but without prior UV-irradiation. UDS~, RRS~, and 
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transcriptionMievels were quantified by counting the autoradiographically induced silver grains 
above the nuclei (at least 100 nuclei). The relative levels of repair and transcription in the injected 
cells were obtained by dividing the mean grain count number by the number of grains above the 
nuclei of surrounding nonMinjected cells. 
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Cockayne syndrome (CS) is a nucleotide excision reo 
pair disorder characterized by sun (UV) sensitivity and 
severe developmental problems. Two genes have been 
shown to be involved: CSA and eSB. Both proteins play 
an essential role in preferential repair ottranscription. 
blocking lesions from acti\'c genes. In tbis study we reo 
port the purification and characterization of baculovi· 
rus.produced IIA.HJsa·tagged eSB protein (dtCSB), 
using a highly efficient three.step purification protocol. 
MicroinjecUon of dteSB protein in eS·B fibroblasts 
shows that it is biologically functional in 1.1;1.10. dtCSB 
exhibits DNA.dependent ATPase activity, stimulated by 
naked as well as nucleosomal DNA. Using structurally 
defined DNA oligonucleotides, we show that double· 
stranded DNA and double·strandcd DNA with partial 
single·stranded character but not true single.stranded 
DNA act as efficient cofactors for eSB ATPase activity. 
Using a variety of substrates, no overt DNA unwinding 
by dtCSB could be detected, as found with other SNF2f 
SWI2 family proteins. By slte·directed mutagenesis the 
invariant lysine residue in the NTP.blnding motif of 
eSB was substituted with a physicochemically related 
arginine. As expected, this mutation abolished ATPase 
activity. Surprisingly, the mutant protein was neverthe· 
less able to partially rescue the defect in recovery of 
RNA synthesis after UV upon microinjection in es·n 
fibroblasts. These results indicate that integrity of the 
conserved nucleotide·binding domain is important for 
the in vivo function ofeSB hut that also other properties 
independent from ATP hydrolysis may contribute to 
eSB biological functions. 

Nucleotide eXCISlOn repair (NER)l is an evolutionary 
strongly conserved pathway responsible for the removal of a 
wide variety of lesions from the DNA, including the major types 
of UV·induced DNA injuries: eyc!obutane pyrinlidine dimurs 
and (6-4) photo products. Removal of these lesions proceeds 

• This work was supported by European CQmmunity Training and 
Mobility Resear,h NetVlork Project Number CHRX·CT94·0443, Dut(h 
Cancer Society Grant EUR 94·763, Human Frontiers Science Program 
Grant RG 373, and funds from the !.<luis Jeantet Foundation. The costs 
of publication of this article were defrayed in part by the payment of 
page charges. This article must therdore be hereby marked "odt'erlise· 
melll" in acwrdance with 18 U,S.C. Section 1734 solely to indicate this 
fact. * Present address: ICRF Clare Hall Laboratories, South Mimms, 
Herts EN6 3LD, UK. 

§ To whom ,orrespondence should be addressed. Tel.: 31.10·4087199; 
Fa.;: 31·10-4360225; E·mail: hoeijmakei"SW.gen.fgg.eur.nl. 

I The abbreviation used are: NER, nucleotide e:.;dsion repair; CS, 
Coxkaynesyndrome; XP, xeroderma pigmentosum; HA, hemagglutinin; 
ssDNA, slngle·stranded DNA; dsDNA, double-stranded DNA; wt, wild 
type; PCR, polymerase chain reaction; PAGE, polyacrylamide gel 
electrophoresis. 

via a multi.step reaction; lesion recognition is followed by local 
opening of the DNA helix, dual incision in the damaged strand 
on each side of the lesion, release of the damage·containing 
fragment, gap.fiIling DNA synthesis, and ligation. A large 
number of gene products is involved in this repair reaction 
(reviewed in Refs. 1-3). The dramatic consequences of impaired 
NER are illustrated by several hereditary human diseases 
including xeroderma pigmentosum (XP) and Cockayne syn· 
drome (CS). Patients with XP manifest a high sun (UV) skin 
sensitivity associated with a strong predisposition to skin can· 
cer and frequently progressive neurodegeneration. Besides 
these common features, a significant clinical and genetic het· 
erogeneity is observed among XP patients. Se\'en excision· 
deficient complementation groups (XP·A to xp.G) have been 
identified so far on the basis of cell fusion experiments (4). 
Patients with CS show, like XP, increased sensitivity to UV 
light. In addition, they suffer from severe developmental prob· 
lems, which include grQwth retardation, skeletal and retinal 
abnormalities, and severo neurological deficiencies due to dys. 
myelination of neurons (4-6). Unlike XPpatients and unlike a 
recently generated mouse model for CSB (7), no significant skin 
cancer predisposition has been noted for CS so far. 

Several observations have revealed functional connuctions 
bem'een DNA repair and basal transcription. Firstly, at least 
three subunits of the basal transcription factor TFIIH (xpH, 
XPD, and 'ITDA) are also required for NER (8-10). Se(ondly, 
lesions in the transcribed strand of active genes hamper or 
block the vital process of transcription. For some lesions such 
as cyclobutane pyrimidine dimers the normal (global genome) 
NER pathway is very slow. Therefore, a special subpathway of 
NER has evolved that accomplishes rapid and efficient removal 
of these types of damage from the transcribed strand of active 
genes (lI, 12). This pro(ess, called transcription·coupled repair 
is highly conserved in evolution, be(ause it has been described 
in Escherichia coli, yeast and mammalian cells (7,13-16). In 
humans, two genes ha\'e been shown to be specifically required 
for transcription·coupled repair: CSA and CSB, defective in es 
complementatiQn groups A and B, respectively (17, 18). es cells 
exhibit an elevated UV sensitivity correlated with a specific 
defect in transcription.coupled repair. Consequently, unlike 
normal cells, they are unable to recover RNA synthesis after 
UV irradiation (19, 20). 

The CSB gene encodes a protein of 1493 amino acids con· 
taining a 500·amino acid region highly homologous to members 
of the SWI2ISNF2 subfamily of DNA·dependent ATPases (l8, 
21). Interestingly, SNF2·related proteins are involved in a wide 
variety of cellular functions, notably transcription regulation, 
chromatin remodelling, and all known multi'step DNA repair 
pathways, such as nucleotide excision repair of both tran· 
scribed and nontranscribcd regions of the genome, post repli· 
cation repair, and rC{:ombination repair (22, 23). Importantly, 
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we found recently that the eSB protein resides in a large 
molecular weight complex that includes RNA polymerase II but 
no transcription initiation factors (24). 

The mechanism by which eSB protein mediates transcrip
tion-coupled repair is still largely unknown. Availability of a 
recombinant CSB protein is essential for studying eSB activity 
in in uitra assays. Here we present the generation, purification, 
and functional characterization of a double-tagged wt and 
ATPase-deficient mutant CSB prot(lin. Surprisingly, the DNA· 
dependent ATPase activity was found to be partially dispensa
ble for the in IJh'O CSB function in RNA synthesis recovery. 

EXPERIMENTAL PROCEDURES 

Celf Cul/ure-The immortalized human cell lines used in this study 
were: HeI.:>, C6RO (wI), GM2965 (CS-A), CSIAN (CS·B), and 
XPCSIBA{xp-B). The fibroblasts were (ultured in Ham's P-I0 medium, 
supplemented with antibiotics and 12% (etal calfserum. Cell·(ree ex
tract from HeLa cells was prepared as desnibed previously (25, 26). 

An insed cell Hne, Spodop/erafrugiperda S1'21, was cultured at 27'0 
in Hanks' medium supplemented with antibiotics and 10% fetal calf 
serum. Hanks' medium was prepared from Grace's insect cell culture 
medium (Life Technologie;s, Inc.) supplemented with 0.33% tissue cuI· 
ture yeastolate (Difoo), 0.33% tissue culture lactalbumin hydroly~ate 
(Difco), and 0.55% bovine serum albumin. 

Plasmid Cons/ructs-Previously we have generated a OSB eDNA 
construct (2tpSLME6) encoding a N-terminal hemagglutinin antigen 
(HA) epitope as weU as a C·terminal histidine Ufis6) tag (24). For 
overupression of the HA-CSB·Hiss in the BAC to BAC Baculovirus 
{},ere:<cpression System (Life Tech!lOlogie;s, Inc.), the N·termlnaI Sad 
fragment and the C·termlnaI Sacl·XbaI fragment were doned together 
in the pFASTBAC vector (Life Technologies, Inc.), giving rise to COn' 
struct 2tpFBAOE6. Construd 2tpFBACE6·I{538R, wntaining a muta· 
tion changing the Lys·538 codon to Arg, was generated as described 
below. 

Sit.!·directed MUlagenesis-The K538R mutation in the CSB cDNA 
was introduced using the PCR·mediated slte·directed mutagenesis 
method (27). For this pUTpOse, two fragments of the CSB eDNA ron· 
taining the helicase domain (1330·base pair KpnI-SmaI fragment and 
1914·base pair KpIII·KpnI fragment) were independently 6ubcloned 
into pBlueseript KS and pTZ18 vector, respecth·ely. The primers used 
in the PCR reactions are: the mutagenic primer (5' GGATIGGGCAG· 
GACCATCOAG 3') and the unh'ergal primers SK and M13 unh-ersat 
The final PCR product was cloned Into the pBluescript ,·ector, and the 
intemaI AsuU fragment was used hI replace the wild·type fragment in 
2tpFASTBACE6. Sequencing of the entire PCR fragment ruled out 
PCR-deri;'ed elTors and oonfinned the presence ofthe desired mutation. 

Bow/ol'irus in{r:ctioll alld Purification of Recombinant Pro/eins
Suspension cultures of Sf21 cells at 1.5 x 106 cells/ml were infected 
with the recombinant baculoviruses at 27 'c for 1 h at a multiplicity of 
infection of 6-10. At 3 days post·infection, cells were collected and 
washed twice v.ith ice-cold phosphate-buffered salint'o For fraction· 
ation, the cell pellet was resuspended into S (packed cell) ,·olumes of 
ice-cold NP lysis buffer (25 mM Tria.HCI, pH 9.0, 1 mY EDTA, 10% 
glyceml, 1% Nonidet P-40, 0.3 M KCI, 1 mM dithiothreitol, 0,1 mM 
phenylmethylsulfonyl fluoride, 0,2 pM chemostatin, leupeptin, anti· 
pain, and pepstatin A). After incubation on ioo for 30 min with ooca· 
sional agitation, the suspension was centrifuged at 12,000 x g for 15 
min to obtain the supernatant fraction and the precipitate fraction. To 
examine the prolein remaining in the precipitate fraction, the pellets 
were homogenized in NP buffer by sonication. For purification, the 
supernatant fraction was diluted with NP buffer at pH 6,S in a 1:1 ratio 
and loaded on a heparin-5epharose (CL-6B; Amersham Pharmacia 
Biotech) column equilibrated with buffer A (25 m~1 HEPES·KOH, pH 7, 
9,0,01% Non!det P-40, 10% glycerol, 1 m~1 p-mercaploothanol, 0,1 mM 
phenylmethylsulfonyl fluoride) containing 0.3 M KCt The column was 
washed with the same buffer, and the adsorbed proteins were eluted 
with buffer A containing O.S M KCt The eluate was directly loaded on a 
Ni" .nitrilotriacetic add·agaro$e C<Jiumn equilibrated with buffer A 
C<Jntaining 0.8 )I KCI and 5 m~1 imidazole. After washing the column 
with 20 mM Imidazole, bound proteins were eluted with buffer A oon· 
taining 0.3 }j KCl and 60 mW250 mM imidazole. 

In the final step of purification, the Ne~ ·nitrilotrlacetie add elution 
fractions were incubated with a 5·fold exce~s of monoclonal anti.lrA 
(12CA5) antibody om at 4'C with rotation. The protein-antibody com· 
plexes were subsequently bound to protein G-$epharose beads. After 
extensh·e washing of the beads v.ith buffer A containing 0,1% Nonidet 

P-40, CSB protein was specifically eluted using the synthetic HA pep
tide (ypYDVPDYA) at 1 mg/ml in buffer A containing 0.2 M KCI. 
Proteins were stored at -80 'C. The behavior of the recombinant pro-
tein during the purification was monitered by SOS·PAGE and immu. 
noblot blot analysis. 

ATPase Assay-Standard reactions (10 pl) were carried out in buffer 
B {20 mM Tris·Hel, pH 7.5, 4 mll MgCI., 40 J1g1ml bovine serum 
albumin, 1 mM dithiothreitell, 1 j.<Ci of l),"31p]ATP (6000 Cilmmol; 
Arner.ham Pharmacia Biotech) and the specified amounts ofCSB pro
tein. When indicated, reactions were carried out in the same buffer B 
supplemented with 50 I'M oold ATP and 0.25 j.<Ci ofly·31PjATP.160 ng 
of DNA cofador/reaction was added. After 1 h at 30'C the reactions 
were stopped with 6 1'1 of 0.6 M EDTA, and a 1'1'1 sample wasanaIyzed 
on polyethylenimine-cellulose thin layer chromatography plates dewl· 
oped in 0.75 M KH.PO •. The extent of ATP hydrolysis was determined 
by image analysis and quantification on a PhosphorTmager (Molecular 
Dynamics). 

Helicase Assay-The partial duplex DNA substrates were con
structed by hybridizing a 5' 31P·labeled complementery fragment to the 
,ira! (+ J-strand of M13 DNA: (i) 18·base oligonucleotide; (ii) a6·base 
oligonucleotide; (iii) 50·base eJigonuc1eotide with a 5' 16·base non· 
complementary overhang; and (iv) 50·base oligonndeotide with a 3' 
15·base nonC<Jmplementary overhang. Helicase substrates with a 6'·3' 
and a 3'·5' polarity were made by hybridizing a 5'.3>P·labeled comple
mentary fragment to a 36·base oligonucleotide (F36), respectively; (l) 
19-base oligonucleotide (FI9) and (ii) I7·base oligonucleotide (FI7) (see 
Table I). Also, a double·stranded 75·base DNA fragment was used. Free 
oligonucleotides were removed by gel filtration on a Sephadex G50 
(Amersham Phannada Biotech) column. The substrates, 5 ng each, 
were incubated with the indicated amount of CSB protein in buffer B 
containing 1 mM ATP (total volume 25 I'll. Mer incubation at 37'0 for 
45 min, reactions were stepped and subjected to electrophoresis on 12% 
polyacrylamide gel and autoradiography as described (8). 

Micronudfe In/ectiem of Recombinanl Proteins ond Anoly.is of Re· 
pair and Transcription Let'fls-Microneedle injection into cultured fi· 
broblasts was performed as described previously (10, 28). C<lmp8..fable 
amounts of purified recombinant CSB, wild type, and K538R mutant 
dissoh"ed at 20 nglpl were injected into the cytoplasm ofCSlAN (CS·B) 
homopolykaryons (obtained after cell fusion of CSIAN (CS·B) fibro
blasts ",ith each other), multinucleated cells of GM2965 (OS·A), or 
XPCSlBA (XP·B) homopolykaryons. The recovery of RNA &ynthe;sjs 
pogt.UV was measured. Cells were UV·irradiated with 10 or 15 J/m2 

(UV.C 2M nm) and allo .... ed to recooer (or 16-20 h. RNA synthesis was 
measured after pulse-labeling with r'HJuridine (10 J1Cilml; specific 
activity, 50 Cilmmol), fIxation, and autoradiography. Grains above the 
nuclei of injected cells (polykaryons) and noninjected neighboring cells 
(monokaryons) .... ere oounted and represent a quantitath'e measure (or 
RNA synthesis. 

Alllibadies-Anti·CSB antibodies used in this study were raised 
against the C·terminal HiS amino adds of CSB. Characterization ef 
affinity.purified anti·CSB and immunoblotting procedures were per· 
formed as described (24). 

DNA Subslratf8-DNA cofactefs used in the ATPase assay are de
scribed in Table I and kindly provided by Wouter de Laat (29). HeLa 
polynucleosomes were a generous gift of Robert Kingston and Gavin 
Schnitller. 

RESULTS 

Ot'erexpression and Purification of Recombinant wt and Mu· 
tant CSB Proteins-To facilitate purificatioll of eSB and to 
allow isolation ofa full.length protein, we generated a double· 
tagged CSB (dteSO) construct (24) in a baculoviros expression 
system. A 9·amino acid HA epitope was introduced at the N 
terminus of the cDNA sequence, and a hexamerie histidine 
stretch (HiSel was introduced at the C terminus. It was impor. 
tant to ,"erify whether the addition of tags per se did not 
interfere with the biological function of eSB. Therefore, we 
established by cDNA transfection a cs·n cell line stably ex
pressing dtCSB in a mammalian expression vector. The level of 
expression of dtCSB protein was similar to the endogenous 
CSB le\·el in normal cells. We found that the tagged protein 
conferred wild·type UV resistance to the eS·B cells and was 
incorporated into a large complex including RNA polymerase II 
(see Ref. 24). Thus, these findings confirm that dtCSB was 
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TABLE I 
DNA substroles uud as rofactors in ATPase assays and hdicase templates 

Helicase partial duplex templates were made by hybridyzing 5' 3'P·labelled FI9 ar F17 oligonucleotides to the F36 (ragment. 

DNA substrate Sequence Structure 

stem19-1oop8 

stem20·1oop15 

S'.TCGGGTCGCCAGCGCTCGafn6CCGAGCGCTGGCGACCCGa.J' 

5'·TGGCACATCCTGGGTCGCCAGCGCTCGG('!}"CCGAGCGCTGGC<lACCCAGGATCN' 

splayed-arm O"(1)lZGCCATCGCGAGTCCGGACTCGCGATGGC(l)rl"3' 

--1.iY3' 

~5' 

55-oligo 

RNA-oligo 

S'-GATCCATCGATTCAGCTAOCGTAATCTGQAACATCGTATGGGTAAGCGCTOCCTCCGTGATGGTGATGGTGGTG-3' --'-'--
" S'.cUAGGUAGCVAAGVcaAUCGCAUUAGACCUUGUAGCAUACCCAUUCGCGACGGAGGCACUACCACUACCA-3' 

F19 5'·GCOATGCGGATCCAAGTCT·3' FI9 3' 
~ eo, 

F36 S'·CCTAGACTTAAGAGGCCAGACnGGATCCOCATCGC~ 

F17 S'-GGCCTCTTAAGTCTAGG-3' 

biologically active in vivo and functionally indistinguishable 
from the untagged wt protein. 

To investigate the importance of the ATPase activity for the 
various CSB functions we introduced by site·directed mutagen· 
esis a strategic amino acid substitution in the Walker·type A 
motif(30) by replacing the invariant lysine residue (Lys·538) in 
the GXOKT sequence by the physicochemically related argi
nine, yielding dtCSB (K538R). It has been shown for other 
ATPases that such an alteration does prevent ATP hydrolysis 
but still permits ATP binding (31-33). Importantly, this con
servath'e amino acid change is not expected to drastically mod
ify the overall protein ronformation. 

Both the wild·type and the mutant CSB protein were over
produced using the baculoviruslSf21 insect cell system. In· 
fected Sf'll cells were extracted with hypertonic buffcr contain
ing 0.3 M KCI, and the dtCSB protein was isolated from the 
soluble fraction. The purification was monitored by immuno
blot analysis using polyclonal anti-CSB antibodies and by sil
ver staining ofSDS-PAGE. After t¥w chromatographic steps, a 
heparin-Sepharose and a Ni2+-nitrilotriacetic acid.agarose col
umn that selects for the C-terminal His6 stretch, we obtained a 
protein fraction consisting of a major band of about 170 kDa, 
corresponding to the predicted molecular weight of diCSB (Fig. 
1, A and B.lanos 1-3). Some degradation products were visible 
aner immunoblot analysis using antibodies raised against the 
C terminus of CSB (data not shown; similar findings made by 
Selby and Samar (34)). The presence of an HA epitope at the N 
terminus of dtCSB allowed us to select only for full·length 
protein during the last highly specific monoclonal affinity pu
rification step. When the final fraction was analyzed by SDS· 
PAGE and silver staining, no protein species other than dtCSB 
were detected, indicating that the protein was purified to near 
homogeneity (Fig. IB, lane 4). The same purification procedure 
was used for both wild·type dtCSB and dtCSS (Kti38R) mutant, 

5' F17 
~ eo, 

obtaining both proteins at comparable high levels of purity, 
intactness, concentration, and yield (Fig. IC), The three.step 
purification scheme described above yielded about 22 pg of 
protein from lOS infected cells. Immunoblot analysis of purified 
wt and mutant dtCSB and HeLa WCE using antibodies against 
CSB confirms the identity oflhe purified proteins (Fig. W, note 
the slight increase in size of the dtCSB as compared with the 
nontagged wt CSB in HeLa whole cell extract; for character
ization of the antiserum, see Ref. 24). 

Functionality arthe Purified Recombinant dtCSB Protein in 
Vivo-Prior to the biochemical characterization of the recom
binant dtCSB protein. it was important to verify whether over
production in the heterologous Baculo system and/or the puri. 
fication procedure had not inactivated the biological function of 
the protein, e.g. by improper folding or lack of post-transla
tional modification. 

One of the characteristic features ofCS ceUs is their inability 
to reCO\'er RNA synthesis after UV exposure (18, 35). To assess 
the in vh'o function of the recombinant wt CSB, the purified 
protein was microinjected into the cytoplasm of living CS-B 
(CSIAN) fibroblasts, and its ability to transiently correct the 
DNA repair defect orCS·B cells was analyzed. The experimen
tal protorol is outlined in Fig. 2A. CSIA1.'I (CS-B) fibroblasts 
were fused to gemrate homopolykaryons. After injection of at 
least 50 multi-nucleated fibroblasts, the cells were irradiated 
with 15J/m2 UV light and incubated for 16-20 h to allow 
reco\'ery from UV-induced inhibition of RNA synthesis. Tran
scription was analyzed by a l-h pulse Jabelingwith 13Hluridine 
followed by autoradiography. Transcription levels were quan· 
tified by counting silver grains above the nuclei (10, 28). As 
shown in Table IT and Fig. 2B, in injected CS·B polykaryons the 
reco\'ery of UV·induced inhibition of transcription is resumed 
to le\'e!s obser .... ed in wild.type cells assayed in parallel. In 
contrast, the neighboring noninjectcd cells (monokaryons in 
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FlO. 1. Purification or recombinant dtCSB. A, dlCSB purification scheme bee "E;q>erimentai PlOcedures") and schematic representation of 
the predided functional domains of the CSB protein:A, acidic amino add stretch; G, glycine-rich region; NLS, nuclear location signal. The Ughtly 
shaded aNa r;>presents the central eSB domain with owrall hlgh homology to the region shared between all members of the SNF2 family of 
DNA-dependent ATPases. Roman numbers I-VI within this region Tefer to ronseryed "helkaae" motifs that have been identified in numerous 
known and putath'c DNA and RNA helkases. n, purification ofrerombinent wi dtCSB. Purification was monitored by SDS·PAGE. Aliquots of 
samples at each purification step (for numbering of the corresponding steps see pond A) were analyzed on a 8% SDS·PAGE gel, and protein bands 
were visualized by sih'er staining. (The faint staining at around 80 !illa is an artifad; see panel C). C, purified recombinant wild·type dtCSB and 
dtGSB (K538R) mutant proteins. A1iquots of the last purification step (HA elutions) of both proteins (200 ng each) were resol;'ed by 8DS·PAGE 
followed by sil;'er staining. (The lane between the dtCSB samples is empty showing a faint staining artifact at the position or -60 !illOl). D, 
immunobJot analysis of He La whole cell e:dract OreE, 10 p.g) and purified wt dtCSB and dtCSB (K538R). Affinity·purified anti·eSB polyc1onal 
antibodies were used (Nt 'The positions of the molecular mass markers (UW) in kDOl are shown. 

Fig. 28), exhibit a \'ery low le\'el of transcription, which is 
typical for UY·exposed CS·B fibroblasts. 

When CSB was microinjected in CS·A and XP·B fibroblasts, 
no significant complementation of their RNA'synthesis rc<:ov· 
ery defect was observed, proving that the correcting activity is 
specific for CS·B cells (Table II), 

These experiments demonstrate that the purified recombi· 
nant dtCSB protein is able to exert its biological function(s) iii 
vivo, including transportation to the nucleus and participation 
in recovery of RNA synthesis, thus presumably also in tran· 
scription·coupled repair and complex formation with RNA po
lymerase II (24). The microinjection results confirm our earlier 
findings with the transfected CS·B cells stably expressing the 
dtCSB protein (24) and provide a solid basis for analysis of the 
biochemical properties of the purified protein and its mutant 
version. 

In Vitro Biochemical Characterization of the Purified Recom
binant wI olld Mutallt dtCSB Proteins-The presence of a 
SNF2 domain in the CSB protein starting with a Walker A-type 

nucleotide hydrolysis motif strongly suggested that CBB har· 
bors an ATPase activity (21, 30). The mutant dtCSB (K538R) 
protein ~hould serve as an optimal negative oontrol for this 
assay. As shown in Fig. aA, in the absence of nucleic acids, both 
proteins exhibited a comparable background level of activity. 
Howe\'er, ATPase activityofwild.type dtCSB was highly stim· 
ulated by the presence of ds .\ DNA in the reaction, in contrast 
to the mutant protein (Fig. SA). The extent of ATP hydrolysis 
was proportional to the amount ofwt dtCSB added to reactions 
in which ATP concentration was kept constant and the DNA 
cofactor was in excess (Fig. 3B and 5A). Quantification of ATP 
hydrolysis showed that the conservative K53BR substitution 
resulted in a complete loss of the catalytic ATPase function of 
CSB (Fig. 3B). Because wt and mutant proteins (purified in 
parallel) are at the same level of purity and equally COncen
trated {Fig. lC}, this result indicates that DNA.dependent 
ATPase activity is an intrinsic property of CSB protein and 
that the K538R substitution abolishas ATP hydrolysis. 

To get insight into the optimal structure of the DNA cofactor 
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FiG. 2. Assessment of recombinant wi dtCSB in l'it'O function 
using micronccdle injection. A, schematic repre3entation of the 
microinjeaion RNA-synthesis recovery assay. wt dtCSB protein <0.02-
0.05 j1g1/Ll) purified from insect cells was lnjeded into the c)1oplasm of 
CS·B fibroblasts (homopolykeryons were used for the injection). RNA 
synthesis was assayed 16-20 h after UV irradiation by a. l·h pulse 
labeling with {HIJuridine, fixation, and autoradiography (see "Experi· 
mental Procedures· for details). B, micrograph of a CS·B binuclear 
fibroblast (homopolykaryonl injeded with wt dtCSB protein and as
sayed for RNA synthesis rerovery by autoradiography. 'The inje.::ted 
binuclear CS-B cell (indicated by the arrow) exhibits a high le,'el of 
transcription, as indicated by the high number of silver grains above 
both DC its nuclei, whereas the noninjected surrounding CS·B fibro. 
blasts (monokaryons) show the low level of RNA synthesis recovery 
typkal for tIV·exposed CS cells. 

TABLE II 
Effect ofmicroinjection of recombinant dtCSB protein on RNA 

synthesis reWl'fry 

C.Il.train 
COIllple· Injeded UV G~~~'l!J:r ~nmr mentation prot.in" irradiation gTOUp 'j'nlhe,,, 

JI".~ m"'~!: ." 
S.E. "ormol~ 

C5RO .t 15 69:!: 3 100 
C6RO wt wt·CSB 15 631:3 91 
CSIAN CS·B 15 151:1 22 
CSIAN CS·B wl·CSB 15 62:!: 5 90 
CSIAN CS·B K638R·CSB 15 26:!: 2 38 
GM2965 CS·A 15 201:1 29 
GM2965 CS·A wi·CSB 15 221:2 32 
C5RO .t 10 78:!: 4 100 
XPCSIBA ](P.B 10 13:!: 1 11 
XPCSlBA ](P·B wl·CSB 10 151: 1 19 

.. Recombinant dtCSB protein purified from lnsed cells (see Fig. 1). 
Estimated protein concentration, 0.02-0.05 ,..,gf,..,1. 

b As a control, basal transcription was also measured in unirradiated 
cells. wt and CSIAN fibroblasts showed the same RNA synthesis level 
under these experimeutal wnditions: 123 1: 4 grains/nucleus in wt 
C5RO; 123 :!: 4 grains/nucleus in CSIAN. 

required for CSB ATPaSe activity, we tested Several DNAs ,vith 
different structural properties for their ability to stimulate the 
CSB ATPase. Various double·stranded DNAs, including ds ,\ 
DNA and supercoiled circular pBJuescript DNA, elicited high 
activity (Fig. 4C). Also M13 single·stranded DNA appeared a 
potent activator (Fig. 4A, lane 1). Because dsDNA and ssDNA 
are structurally very different, it is sUrprising that both stirn· 
ulate the CSB ATPase activity to a closely comparable extent. 
Therefore we decided to premelt the M13 ssDNA to rcduce 
secondary structure. Fig. 4A shows that the stimulatory activo 
ity of MI3 ssDNA was strongly decreascd after boiling the 
ssDNA followed by quenching on ice. These findings indicate 
that unmelted Ml3 ssDNA is structurally ill defined and prob· 
ably contains considerable double·stranded character. We con· 
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FIG. 3. ATPase activity of recombinant wt and mulanl dtCSn 
prolein. A, ATPase activity assay. Recombinant wt dtCSB and dtCSB 
(K53BR) proteins (16 ng) purified from Sf21 ins6'<:t tells were assayed 
for ATPase activity in the presente (+) or in the absence (-) of double· 
stranded >. DNA (150 ng) (see "Experimental Procedures"). Intubation 
was for 30 min. B, effect of increasing dtCSB protein concentration on 
ATP hydrolysis. Reactions were performed as in A In the presence or 
absence of ds >. DNA (150 ng) and the indicated protein concentration 
for 30 min. Release ofP, was quantified using a PhosphorImager (Mo· 
lecular Dynamics). e, wi dlCSB + .\ DNA; 0, dlCSB (K53BR) + IDNA; 
A, wt dtCSB and dlCSB (K63BR) without DNA (data points are 
superimposed). 

c1ude that the DNA structure is important for CSB ATPase 
activity and that the protein is primarily stimulated by dsDNA. 
To further investigate the substrate requirement ofCSB, struc· 
turally more defined oligonucleotides were tested for stimula· 
tion of ATP hydrolysis by dtCSB. Using synthetic oligonucleo· 
tides we obsenred that the presence of secondary structure such 
as stem.loop and fork·like structures or DNA hairpins en· 
hanced eSB ATPase activity {Fig. 4B and Table n, whereas 
single-stranded molecules ofthe same length and sequence, as 
Well as RNA oligonucleotides and RNNDNA hybrid molecules, 
are only very weak activators (Fig. 58 and Table n. In this 
respect, it is interesting to note the difference between the 
activity elicited by a single.stranded poly·d{TJ:;.so molecule 
(Fig. 5B, open circles), which has little secondary structure, and 
a single·stranded oligonucleotide containing palindromic se· 
quences, which can give rise to stem·loop structures (Fig. 58, 
open triangles, for sequence see Table I). In addition, we ob· 
ser.'ed that eSB DNA·dependent ATPase activity was stimu· 
lated to the same extent by both naked DNA and nucleosomal 
DNA (Fig. 4CJ. Presence of MgCi2 was essential for catai,)1ic 
activity, which was optimal at a pH value of7.5 and at 100 nm 
salt (not shown). 

Under the experimental conditions used, a turnover rate 
ranging from 27 to 33 ATP min- 1 was calculated in the pres· 
ence of dsDNA (Fig. 4B). The turnover number was calculated 
in three independent experiments, including an ATPase kinet· 
ics analysis with constant protein concentration and ds ,\ DNA 
in which ATP concentration ranged from 0.025 to 0.2 m~1. 
When ssDNA {poiy(dT»sol was used as cofactor, the turnover 
number was in the order of 3.7-6 ATP min-1 (Fig. 4B). 

In conclusion, our in vitro data indicate that CSB is a DNA· 
dependent ATPase, which is specifically stimulated by double· 
stranded DNA and double·stranded DNA structures with a 
partial single·stranded character as well as nucleosomal DNA 
but not by true ssDNA. Moreover, the conservative amino acid 
substitution in the NTP binding motif impairs CSB ability of 
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FiG. 4. Requirement of DNA cofactors Cor dlCSS ATPase ac· 
tivity. A, se.:ondary structure in MI3 5sDNA is required for dtCSS 
ATPase activity. wt dlCSB (10 ngl was assayed for ATP hydrolysis in 
standard ATPase reactions (as in Fig. 3) rontaining the following DNA 
molecules (150 ngl; lone 1, MI3 5sDNA; lane 2, M13 ssDNA premelled 
at 95'0 and subsequently quenched on lee; fane 3, without DNA. B, 
effect of different synthetic DNA molecules on dlCSS ATPase activity. 
ATP hydroly~is by wi dtCSS (15 ng) was analyzed in the presence of 
synthetic oligonuc1ootides with different se«ludary structure;;; (150 ng): 
lone 4, stem 19·\oop 8; lone 5, stem 20·loop IS;lone 6, splayed arm; lane 
7, single-stranded oligonucleotide (74 nucleotides); fane 8, oligo(dT)I': 9, 
no DNA; 10 ,\ DNA. See Table I for oligollucle<ltides sequen~s. C, 
Ilueie<lsomal DNA acts as cofactor for CSB ATPase activity. wt dtCSB 
ATPase activity was anaJpe<! ill the presence ofnake<! and llucJeosomal 
DNA (150 ng); lone 11, ,\ DNA; lane 12, double·strande<! pBluescript 
DNA; lane 13, bulk HeLa polynudeosomes; fane 14, without DNA. 

hydrolysing ATP, showing that ATPase activity is not due to a 
contaminating polypeptide. 

The highly conserved common domain of the family ofSNF2I 
SWI2 proteins shares significant homology with sevcm se· 
quence motifs identified in numerous DNA and RNA helicases 
that require NTP hydrolysis for disrupting the hydrogen bonds 
that hold the two DNA strands together (for review see Refs. 36 
and 37). To test whether functional dtCSB displayed any DNA 
helicase activity, the protein was incubated with MI3 ssDNA to 
which a 3zP·labeled 18· or 36·base primer was annealed. Re· 
lease of the bound oligonucleotide from M13 DNA was analyzed 
by polyacrylamide gel electrophoresis (see "Experimental Pro· 
cedures"). Under the assay conditions used, which were able to 
detect bona fide DNA helicase activity of purified TFITH used 
as positive control, no displacement of the helicase templates 
was observed (not shown). Also, CSB failed to displace a 50· 
base primer with a 15·nucleotide 3' or 6' noncomplementary 
overhang (data not shown). The same negative results were 
obtained vd.th a 75·base double·stranded oligonucleotide and a 
36·base oligonucleotide, to which a 5' 32P·labeled 17·base or 
19·base fragment (F17·F36; FI9.F36; Table IJ was annealed 
(data not shown). Absence of detedable helicase activity in the 
presence ofDNA·dep<lndent ATP'ase is in agreement with reo 
cent findings reported by Selby and Samar (34) using a non· 
tagged, partially full.length CSB preparation. 

TnactivatiOll orthe ATPase Activity Does Nof Completely 1m· 
pair the in Vivo Function orCSB-As shown above, the specific 
K538R substitution in the eSB nucleotide·binding domain 
abolishes its catalytic ATPase activity in vitro. To im'estigate 
the biological consequences of this mutation, purified dtCSB 
(K538R) protein was microinjected into living eS·B fibroblasts 
in parallel to injected wild·type dtCSB. The same type of mu· 
tation {Lys to Argl in the ATP hydrolysis domain of the dual 
functional XPB DNA repair helicase was shown to possess a 
dominant·negative in vioo effect; this mutant subunit of the 
TFlIH repair/transcription complex completely paralyzes both 
repair and basal transcription in a dominant fashion in normal 
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FIG. 5. Kinetics ofATP hydrolysls.A,ATP hydrolysis as a function 
ofw1: dtCSB protein concentration. Readions containe<! 50 ~~! cold ATP 
supplemente<! I'.ith 0.25 ~Ci of b··31PJATP (see ~Experimental Proce· 
dures") and were incubate<! for 1 h at 30 ·C. 0, no DNA was adde<!; e, 
,\ DNA (I50 ng) wag adde<!. B, ATP hrdrolysis as a function of in cuba· 
lion lime. wt dtCSB protein (35 ng) wag assaye<! for ATP hydrolysis in 
the presence of different nucleic add cofacton (150 ng). Aliquots wne 
taken after incubation for 10, 20, 40, and 60 min and analy~e<! for 
release ofPj • Reaction mixture containe<! synthetic oligollucle<ltides (74 
nudeotides long); /!', ssDNA;.A, dsDNA; 0, RNA;., RNA·DNA hybrid; 
0, poiy(dTJ>M" See Table I for oligonuc1e<1tide sequences. The single· 
strande<! oligodeoxynudeotide described in Table I was anneaie<! to lis 
complementary sequenoo and use<! es dsDNA cofactor. The synthetic 
RNA oligonudeotide described in Table I was use<! either alone or 
anneale<! to its complementary ssDNA oligonucleotide (RNA·DNA 
hybrid). 

cells (28). Apparently, the mutant XPB protein is incorporated 
in the TFIlH complex but is unable to exert its function, 
thereby actively blocking both processes. The CSB protein too 
is incorporated in a RNA polymerase II complex, and thus 
substitution by an enzymatically dead molecule could actively 
disrupt the processes in which it is engaged. However, in strik· 
ing contrast to the effect of mutant XPB, injection of the reo 
combinant dtCSB (K63BR) protein even partially rescued the 
defect in RNA synthesis recovery after UV irradiation in eS·8 
fibroblasts (Table Ill. Although the activity is much lower when 
compared with wt dtCSB, still a significant (approximately 
2·fold) stimulation of resumption of transcription was observed 
in repeated experiments (Table 11). This partial in vh'o activity 
is in sharp contrast with the completely inactive ATP hydrol· 
ysis of (K538R) mutant protein. 
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DISCUSSION 

PurificatioIl of the dtCSB Protein Using Tags-Hero we de
scribe the successful isolation of double-tagged eSB protein 
from baculovirus-infected SF21 cells. We have utilized a novel 
purification procedure that has a number of advantages above 
classical purification protocols: (i) The use of the HA and Hiss 
tags allows a highly selective, rapid, standardized three-step 
procedure. This avoids lengthy purification protocols im'olving 
a large number of column chromatography steps. In independ
ent experiments we have found that the HA·monoclonal affin
ity chromatography by itself already can provide an > lOOO·fold 
purification when starting from mammalian whole cell extracts 
(38). The NfH ·nitrilotriacetic acid agarose column chromatog
raphy spt'cific for the hexameric histidine tag has the benefit 
that it is very versatile because it can be carried out under a 
wide range of conditions. (ii) The strategy used in this work has 
also the advantage that it selects only for full-length protein 
avoiding inclusion of partial degradation products in the final 
purified protein preparation. (iii) The purification procedure is 
very efficient: the dtCSB approach used yielded 22 Ilg ofintact 
CSB protein from lOS infected cells, appearing at least 15·fold 
more efficient compared with classical protocols in which CSB 
was suc<:essfully purified involving seven chromatographic 
steps (34). A prerequisite for tha use of tags is that one should 
test whether the addition oftags interferes with the function of 
the protein. In the case of dtCSB, we demonstrate in vioo and 
in vitro that the tagged protein was fully functional. IIlicroin
jection and DNA transfection experiments showed that the 
dtCSB protein completely corrected the defect in recovery of 
lTV-induced inhibition of RNA synthesis and UV sensitivity of 
CS·B cells. 

Biochemical Properties of the Purified dlCSB Protein-Puri
fied wt dtCSB ptlssesses an in vitro DNA-dependent ATPase 
activity, as also reptlrted recently by Selby and Sancar (34). We 
investigated the DNA cofactor requirement for CSB ATPase 
activity using structurally defined DNA substrates. The high
est stimulation of CSB ATPase activity was obsef'/ed when 
dsDNA or structured oligonucleotides with a partial double
and single.stranded character were used as DNA substrates 
(Figs. 4B and 5B). Unexpectedly, MI3 ssDNA also exerts a 
strong stimulation. The notion that true dsDNA and ssDNA 
are physicochemically very different rendered it unlikely that 
both should be equaity efficient in enhancing CSB-ATPase. 
However, the ATPase stimulation by Ml3 ssDNA was drasti· 
cally reduced after removing secondary structure by melting. 
This indicates that the double-stranded character in M13 
ssDNA was responsible for the stimulation and that true 
ssDNA is a poor activator for eSB ATPase. This was confirmed 
by the use ofptlly(dTJ",sa, which is known to have little second· 
ary structure and "single-stranded" oligonucleodides with mul
tiple palindromic sequences. In addition to differences in pro
tein preparations, the above obsef'/ation may explain the 
findings of Selby and Sancar, who reported a strong stimula
tion of CSB·ATPase by ssDNA (34) and the yeast equl\'alent 
RAD26, which was reported by Guzder et 0/. to be stimulated 
preferentially by ssDNA (39). In fact, for any ssDNA-dependent 
ATPases for which nonpremelted ssDNA substrates were used, 
it should be considered a possibility that the stimulation was 
not derived from ssDNA but from double-stranded structures 
within it. The fact that the CSB ATPase activity is strongly 
enhanced by dslss DNA substrates such as V-structures con· 
taining hairpins opens the ptlssibility that a double-stranded to 
single-stranded transition is a biological relevant DNA confor
mation for CSB. In addition, we find that ATP hydrolysis by 
CSB is stimulated equally by naked dsDNA and nucleosomal 
DNA (Fig. 4C). A similar obsef'/ation is made for the yS\VI,SNF 

complex (40, 41). Specific activity of dtCSB in the presence of 
dsDNA was approximately 160 pmol ADP formedlllg eSB/min 
(Kea.t = -27 min -1), which is within the range of activities 
measured for other DNA·dep<!ndentATPases of the same fam
ily. In particular, eSB appears to be a stronger ATPase than 
the reCflmbinant ySNF2 (20 pmol ADPIIlg/min (42) as well as 
the Drosophila NURF complex (Kcat = -S.5 min- 1 in the 
presence ofnucleosomal DNA) (43). 

As obsef'led with other members of the SNF2-like family of 
ATPases, no overt helicase activity could be attributed to CSB, 
using classical helicase DNA substrates as weU as DNA mole
cules with different types of non complementary overhangs (39, 
42). The high homology of CSB with members of the SNF2 
family suggests that these proteins may function via a similar 
mechanism. SNF2-like proteins have been reported to be in
volved in chromatin remodelling and to be able to disrupt 
protein. DNA interactions (44-47). On this basis, it has bt'en 
proposed that they function as DNA-translocating factors that 
use the energy derived from ATP hydrolysis to move along the 
DNA, destabilizing proteins bound to the DNA (48). Similarly, 
we can speculate that CSB uses energy from ATP hydrolysis to 
induce some t)'pe of structural alteration in the DNA, involving 
local strand separation that diminishes the affinity of bound 
protein for dsDNA. It has been shown that NTP·binding pro
teins undergo conformational changes uptln NTP binding and 
hydrolysis. Recently, a structural homology was found between 
a DNA helicase of Bacillus stearothermophilus and the recom
bination protein RecA. This suggested a common basis for the 
coupling of ATP bindinglhydrolysis to conformational changes 
of the protein, affecting the affinity of the enzyme for different 
DNA substrates, thereby driving the catalytic reaction (49). In 
agreement with this idea we recently found CSB to reside in a 
large MW complex in vivo. This complex contains RNA polym
erase II but is devoid of transcription initiation factors (24), and 
its further characterization indicates that it most likely repre
sents an elongation mode of RNA polymerase 11.2 Direct in vitro 
association of CSB with RNA polymerase II was reptlrted re
cently by Tantin et of. (50) and by Selby and Sancer (51). 'The 
Jatter study also provided evidence that CSB stimulates tran
scription elongation in vitro. The DNA structure requirements 
ofCSB presented here are consistent with the transitions from 
ssDNA to dsDNA at the site of an elongating or stalled RNA 
polymerase. At this location the CSB protein may help desta
bilize nucleosome-DNA interactions, thus facilitating tran
scription elongation at pause sites. In addition, CSB may en
able resumption of stalled transcription elongation after DNA 
damage removal by dissociating NER {such as TFIIHJ and 
other repair factors and/or nucleosomes bound to the DNA. 

Biological Consequences of ATPase Deficiency on the Func
tiMing of eSB-By site-directed mutagenesis the invariant 
lysine 538 residue in eSB ATP binding motif was replaced with 
the physicochemically related arginine. The consef'/ative 
K538R mutation leads to a (virtual) complete loss of dtCSB 
ATPase activity in vitro (Fig. 3, A and B), as also has been 
shown for a mriety of other ATPases (31, 42, 62). Surprisingly, 
we found that the ATPase·dead CSB protein still exerts a 
partial function in vivo, as shown by microinjection experi. 
ments in CS-B fibroblasts {Table IIJ. Interestingly, the in vivo 
results suggest that this specific mutation can partially uncou
ple ATP hydrolysis from other biological activities of eSB, 
implying that other properties ofCSH are also imptlrtant for its 
function. In this respect is relevant to note that CS-B cell line 
(CSIAN) used in this study carries two alieles, each leading to 
a severely truncated CSB protein product (IS). In fact, system-

~ K Citterio and J. H. J. Hoeijmakers, unpublished observations. 
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ntie mutation analysis of a large number of eSB patients has 
revealed that most patients produce severe eSB truncations. 
Our microinjection experiments suggest that having an enzy
matically dead but physicallyintnct eSB molecule is still better 
than having no protein at all. We suggest that the partial 
activity observed may be due to the fact that the enzymatically 
inactive eSB mutant protein may help stabilize a CSB·contain· 
iug complex or otherwise permits this complex to function 
better when eSB is physically present. In fact, this is \'ery 
similar to findings made with a comparable Lys to Arg substi
tution in the XPD helicase of TFIIH.3 For the transcription 
function orthe TFIIH «Implex, this protein must be physically 
prescnt to permit rompiex formation or stability, but it does not 
have to be en~yrnatkally functioning. For the NER function of 
the TFIIH complex, the XPD helicase activity is at least in part 
required. Also for other protein complexes it has been shown 
that absence of one subunits leads to instability of the C<lmpiex 
(e.g. Ref. 53). Consistent with the above interpretations for the 
partial activity of mutant eSB is the notion that the conserv
ath'e Lys to rug amino acid substitution is not expected to 
dramatically alter tho overall structure of the CSB protein. 
Because we observe a biological effect, the dtCSB (K538R) 
mutant protein probably still fits into the RNA polymerase II 
complex. Our finding that the same type of amino acid substi· 
tution in the XPB and XPD helicase subunits ofTFIIH exerts 
at least some biological effects strongly suggests that also these 
mutant proteins are still capable of complex fonnation. The 
intriguing finding that an enzymatically inactive eSB protein 
still exert some function in vivo supports the idea that inter
action of CBB with other transcription/repair proteins per se 
C<lntributes to its function(s}. 
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Abstract 

The Coekayne syndrome B protein (CSB) is required for coupling nucleotide 
excision DNA rcpair (NER) to transcription in a process known as transcriptiollw 

coupled repair (TCR). Cockayne syndrome patients show severe UV -sensitivity and 
neurodevelopmental abnol1nalities. CSB is a DNA-dependent ATPase of the 
SWI2/SNF2 family. SWI2/SNF2-like proteins are implicated in chromatin 
remodeling during transcription. Here, we used purified recombinant CSB protein 
to investigate whether it can remodel chromatin in vitro. We show that binding of 
CSB to DNA results in an alteration of DNA double-helix conformation. In 
addition, we find that CSB is able to remodel chromatin structure at the expense of 
ATP hydrolysis. Specifically, CSB can alter DNase I accessibility to reconstituted 
mononucleosome cores and disarrange an array of llucleosomcs regularly spaced on 
plasmid DNA. In this respect, CSB resembles the chromatin remodeling properties 
of other SWI2/SNF2-related proteins. Nueleosome remodeling by CSB does not 
involve complete dissociation of the histone oetamer. This study extends the 
knowledge of chromatin remodeling factors within the SWI2/SNF2 family to DNA 
repair proteins. CSB is the first NER protein found to play a direct role in 
modulating nucleosome structure. The relevance of this finding at the interplay 
between transcription and repair is discussed. 
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Chromatin remodeling by the CSB protein 

Introduction 

In eukaryotes, nuclear DNA is compacted into an organized chromatin 
structure, whose fimdamental unit is the nucleosome (24). This packaging of DNA 
negatively influences most processes on DNA, including transcription, 
recombination and DNA repair (13, 22). To relieve nucleosomal repression different 
mechanisms have evolved, of which chromatin remodeling by large l11ultiprotein 
complexes is one of the best studied. The role of remodeling complexes in 
transcription regulation is well documented (58). Several in vitro studies have 
shown the ability of these remodeling "machines" to change the Ilucleosomc 
stmcture in an ATP-dcpclldent manner (23), As a common feahlre the remodeling 
machines contain a DNA- andlor nucleosome-dependent ATPase of the 
SWI2/SNF2 family (12). This family is divided into a number of different classes, 
including SWI2/SNF2 and ISWI. Proteins belonging to these latter classes are 
highly homologous to yeast SWI2/SNF2 and Drosophila ISWI, respectively (34, 
51). Rccently, three ATPascs, the human Brgl and hBrm together with the 
Drosophila ISWI, have been reported to exhibit chromatin remodeling activities on 
their own (8, 35). Brgl and h13nn are the ATPase components of two distinct 
human SWIISNF complexes (25, 55), while ISWI is part of three Drosophila 
remodeling complexes, ACF, CHRAC, and NURF (5). These experiments have led 
to the view that the ATPase subunits are the catalytic core of the remodeling 
umachines", while the other associated proteins may have regulatory Of auxilimy 
fimctions. Interestingly, the SWI2/SNF2 family includes also proteins involved in 
various DNA repair pathways, such as nucleotide excision repair (NER), post
replication repair, and recombination repair (12), suggesting that these processes 
may require similar remodeling activities as transcription. 

NER is a versatile DNA repair pathway that removes a remarkably wide range 
of DNA lesions, including the main ultraviolet (UV) light-induced lesions, i.e. 
cyclobutane pyrimidine dimers and 6/4 photoproducts. Approximately 30 proteins 
are involved in mammalian NER, that proceeds via a well characterized, step-wise 
'cut and paste' reaction (for recent review see (II». One of the immediate 
consequences of DNA damage is blockage of transcription. To allow a rapid 
resumption of this vital process, a subpathway of NER has evolved, that 
preferentially recognizes and repairs transcription-blocking lesions (2, 30). This 
process is known as transcription-coupled repair (TCR). Some aspects of TCR are 
highly conserved from Escherichia coli, to yeast and mammals (50). In addition, 
evidence has been obtained that oxidative damage, mainly processed by the base 
excision repair pathway, is removed in a transcription-coupled manner (7). Thus, 
the importance ofTCR is not limited to NER. 

Inherited defects in TCR form the molecular basis of Cockayne syndrome 
(CS). CS patients are UV-sensitive and show severe developmental and 
neurological dysfunctions (3, 32). Two human genes are specifically required for 
TCR, CSA and CSB. These genes are defective in CS complementation groups A 
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and B (17, 47). Several recent observations suggest that the CS proteins may have a 
subtle, additional role in transcription regulation (1,38,46,49). 

CSA codes for a five WD 40 repeat-containing protein (I7). The CSB gene 
encodes a nuclear protein of 168 kDa and its central part is highly homologous to 
the helicase domain of SWI2/SNF2 (12, 47). The recombinant CSB protein is a 
double-stranded DNA-dependent ATPase (activated by both naked and nucleosomal 
DNA), but, like other members of the SWl2/SNF2 family, is not a classical helicase 
(6, 9, 33, 39). Changing the invariant lysine to an arginine residue within the Walker 
A motif, responsible for NTP-binding and hydrolysis, abolished CSB ATPase 
activity, but only partially affected its biological function in living cells (6). Both ill 
vivo and ill vitro it was found that CSB interacts with RNA polymerase II (39, 46, 
49). 

Chromatin remodeling is thought to play a role in DNA repair. Partial 
decondensation of chromatin is suggested to provide access to DNA damage 
processing factors (29). However, little is known about potential candidate 
activities. In this study, we address the possibility that eSB, because of its 
similarities to SWI2/SNF2, may playa role in such a process. We examined the 
involvement of CSB, as an isolated recombinant protein, in chromatin remodeling 
by ill vitro accessibility assays on nucleosomal templates. Our results show that 
eSB can alter DNA conformation and is able to induce changes in chromatin 
stl1lcture in an ATP-dependent fashion. Mechanistic similarities between CSB and 
the hSWIlSNF complex are discussed. 

Results 

In this study, we utilized highly purified, recombinant eSB protein. Wild type 
and ATPase-deficient (eSBK'38R) mutant eSB proteins, both epitope-tagged (HA
CSB-his,) were isolated from baculovims infected Sf21 insect cells as described 
previously. The tags do not interfere with the biological function ofeSB ill vivo (6). 
Both proteins were purified to near homogeneity, as determined by silver staining 
(Fig. IA). As previously described, eSB ATPase activity was stimulated by double 
stranded but not by single stranded DNA. Both naked as well as nucleosomal DNA 
gave a similar stimulation (data not shown and (6)). When HeLa core histones were 
tested as cofactors, no increase of ATP hydrolysis by CSB was detected (data not 
shown; see Materials and Methods). This emphasizes that CSB ATPase activity is 
strictly dependent on DNA. The hSWIISNF complex was isolated from HeLa cells 
and functionally characterized as described (37). 

CSB inflnences DNA topology by inducing negative supercoiling 
eSB contains seven conserved motifs characteristic of the SNF2/SWI2 family 

of putative helicases (12, 47). Nevertheless, eSB, as well as most of the 
SWI2/SNF2-related proteins tested to date, fail to show classical helicase activity as 
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assaycd by oligonucleotide strand displacement (6, 9, 39, 44). However, the lack of 
overt helicase activity does not exclude the possibility that these protcins may work 
by altering the DNA conformation thereby inducing a local separation of the DNA 
strands. To address this possibility, we tested eSB activity in a topological assay 
(45). Singly-nicked DNA plasmid was incubatcd with increasing amounts of 
purified eSB or eSBK538R (Fig. IB). Subsequently, DNA ligase was added to 
covalently close the nick in order to preserve any protein-induccd change in linking 
number (ALk) in the duplex DNA. To detennine the extent and the direction of 
induced ALk, the topoisomer population was analyzed by agarose gel 
electrophoresis in the absence or presence of the intercalating agent chloroquine 
(Fig. IB and data not shown). As visible in Figure I Blane 5, addition of 40 ng of 
eSB shifted the topoisomers distribution. The amount of slowly migrating DNA 
topoisomers in the gel increased with increased CSB concentration (Fig. IB, lane 6, 
and data not shown). We calculate that the presence of eSB at an approximate 
molar ratio of 10: I per plasmid DNA molecule, was sufficient to induce the 
topological effcct seen in Figure I B, lane 6. 

The hydrolysis of ATP was not required to induce the topological change, 
since the same ALk was observed in the absence of ATP (not shown), and in the 
presence of the ATPase-deficient eSBK538R mutant (Fig. IB, lanes 8-10). However, 
ATP hydrolysis by eSB was detected in the reactions (data not shown). 

Furthermore, in control experiments we did not detect any contaminating 
tapa isomerase activity in the eSB preparations (data not shown, sce Materials and 
Methods). The chloroquine included in the gels shown in Figure IB intercalates in 
the DNA double helix and introduces positive supcrcoiling in the covalently closed 
relaxed plasmid. eSB countcracted chloroquinc action, causing an electrophoretic 
retardation of the DNA topoisomers (Fig. I B, lane 3). We conclude that binding of 
CSB causes a change in DNA cOllfonnation detected as negative supercoilillg in our 
topological assay. The direction of eSB-induced ALk was confinned by analysis of 
the topoisomers on two-dimensional gels (data not shown) (45). 
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FIG. I. CS8 introduces negative supercoils in plasmid DNA upon binding. A. Purified 
recombinant CSB and CSSK53SR protcins. Aliquots oflbc Mono Q fractions of both 
proteins were separated by SDS-PAGE (8%) and visualized by silver staining. In 
addition to the major CSB band, two degradation products (as dctemlined by 
Western blotting) were visible. *reprcsents keratins which were also present in 
empty lanes. B. Shift in the topoisomers distribution upon CS8 binding. Singly. 
nicked plasmid DNA (100 ng) (lane 2) was incubated with increasing amounts of 
CS8 or CSBK5

)SR (20, 40, 80 ug, lanes 4-6 and 8-10, respectively) in the presence 
of ATP. The DNA molecules were closcd by the addition of E. coli DNA ligase 
and the topois0111crs were resolved by electrophoresis on a 1 % agarose gel 
containing 0.5 J.tglml chloroquine. 

CSB remodels a nucleosome core in an ATP-dependent manner 
The ability of CSB to influence DNA conformation, together with the high 

homology shared with the SWI2/SNF2-related proteins, suggested that CSB might 
playa role in chromatin remodeling. We first investigated this possibility at the 
basic level of chromatin organization, the nucleosome. For this purpose, we 
reconstituted rotationally phased mononuclcosomes with purified histones on a 
radioactively labeled 155-bp DNA template using a saIt dilution procedure. 
Alterations of the nucleosomal structure were assessed by DNase I footprinting 
(19), (see Materials and Methods). In the absence of remodeling activities, DNase I 
digestion of nucleosomes gave rise to the characteristic pattelll of DNA fragments 
with a periodicity of 10 bp, which is clearly distinct from the pattelll generated on 
naked DNA (Fig. 2A, compare lanes I and II). Mononucleosomes were incubated 
with increasing amounts of purified CSB protein. In the presence of A TP, CSB 
visibly altered the DNase I accessibility to nucleosomal DNA. Remodeling is 
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particularly evident from the dramatic change in intensity of some specific DNA 
bands (Fig. 2A, lanes 2-4, note bands marked by arrows). The changes in the 
digestion pattem were proportional to the amount of CSB added (Fig. 2A, lanes 2-
4). We estimate that an approximately equimolar ratio of CSB versus core particles 
promote alterations of the nucleosomal stracture (Figure 2A, lane 3). No alterations 
were observed in the absence of ATP (Fig. 2A, lanes 5-7), or with the addition of 
the non-hydrolyzable ATP analogue, ATPyS (Fig. 2B, lane 3), nor was the ATPase
deficient CSBK538R able to promote the remodeling (Fig. 2A, lanes 8- 10). The ATP
dependent ehanges in the DNAse pattem cannot simply be due to CSB binding 
because CSB binding to nucleosomes was independent from ATP, and was 
observed also with the CSB K538R mutant protein in gel shift experiments (data not 
shown). These results strongly indicate that nucleosome remodeling is catalyzed by 
CSB at the expense of ATP hydrolysis. 

When apyrase, which hydrolyses ATP, was added to a reaction containing 
nucleosomes before addition of CSB, ATP-dependent nucleosome remodeling was 
inhibited (Fig. 2B, compare lanes 2 and 4). To analyze the stability of the altered 
nucleosome, we first incubated identical samples containing ATP, nucleosomes and 
CSB for 45 min, exposed them to apyrase, and subsequently digested with DNase I 
at time points ranging from 2 min to 40 min (Fig. 2B, lanes 5-7). The specific 
DNase I digestion pattern was conserved until 40 min past the addition of apyrase 
(Fig. 2B, lanes 5-7). These data suggests that the CSB-induced structural changes in 
the nucleosome are stable and that maintenance of the remodeled state does not 
require eontinuous ATP hydrolysis. 
In order to qualitatively compare CSB activity with other chromatin remodeling 
factors, we assayed CSB and the isolated hSWI/SNF multiprotein complex (37) in 
identical disruption reactions. The results presented in Figure 2C reveal that the 
DNase I digestion patterns mediated by CSB and by hSWI/SNF are velY similar. 
However, subtle differences in DNase accessibility were visible in the central 
portion of the DNA fragment (Fig. 2C, compare lane 3 and 4). Specific DNase 
cleavage at these sites was repeatedly observed in different reactions (data not 
shown). Quantitative comparison of the two remodeling activities is complicated by 
the fact that CSB is tested as an isolated recombinant protein, while hSWI/SNF as a 
native multiprotein complex. In addition to this, it was recently shown that the 
remodeling activity of the entire hSWI/SNF complex is much stronger than that of 
the separate A TPases subunits (35). 
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Fla. 2, Mononucieosomc remodeling by eSB. A. Mononucleosome remodeling by eSB is 
ATP.dependenl. End-labeled nucleosome particles (approximately 3 ng of total 
nucleosomes) were incubated with increasing eSB amOlints (10, 20 and 40 ng). in 
the presence or absence of ATP (lanes 2-7). Similar reactions were pcrfonned with 
CSSKS3SR in the presence of ATP (lanes 8-10), Remodeling was assessed ,by DNase 
I digestion. Filled arrows represents siles of enhanced cutting due to the presence of 
eSB, while open arrows indicate sites of reduced cleavage. N represents naked 
control DNA. 
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B. Nucleosome remodeling by CSB is stable upon removal of ATP by apyrase. 
Reactions contained 40 ng CSB and were perfonllcd as in A. except that, where 
indicated, ATP S (2 mM), or apyrase (l U) were added. ATP S did not support 
remodeling (lane 3). Similarly, addition of apyrase (I U) prior to CSB inhibited 
Ilucleosome remodeling (lane 4), However, addition of apyrase (I U) after CSB had 
been present for 45 min did not inhibit nor reverSe Iluclcosome disruption, as 
evidenced by DNAse f digestion after 2 Olin (lane 5), 15 min (lane 6), and 40 min 
(lane 7). N represents naked DNA. C. CSB nuc1eosome remodeling pattenl is yery 
similar but not identical to the one generated by the hSWI/SNF complex. Reactions 
were perfonllCd as in A, and contained CSB (60 ng, lanes 2 and 3) or the isolated 
hSWI/SNF complex (300 ng, lanes 6 and 7), in the presence or absence of ATP as 
indicated. Sites of enhanced (filled arrows) and of decreased (open arrows) DNase I 
digestion are indicated. Double-headed arrows between lane 3 and 4 represent 
c1eayage sites that distinguish the two nucieosoll1e dismptioll actiyities. Bar: 
approximate position of the nucleosomal dyad axis. N is naked control DNA. 
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Plasmid chromatiuremodeling by CSB 
To examine whether CSB could reorganize an array of nucleosomcs, which 

more closely resembles the ill vivo situation, we used Drosophila embryo extracts to 
reconstitute chromatin on a DNA plasmid ill vitro (52). Thc chromatin assembly 
and spacing complexes (20, 53) activc in thcse extracts catalyze deposition of 
nucleosomes with uniform spacing, as visualized by Micrococcal nuclease (MNase) 
digestion (see Fig. 3A and Materials and Methods). Before the chromatin templates 
\"ere incubated with CSB, the endogenous Drosophila remodeling activities were 
dismpted by sarkosyl treatment (53). Sarkosyl and ATP were subsequently removed 
by gel filtration (Fig. 3A, Materials and Methods). The regularity of the 
nucleosomal array, which was maintained after the sarkosyl treatment, was 
significantly perturbed by the addition of CSB in the presence of ATP (Fig. 3A). 
The loss of periodic spacing between the nucleosomes was visible when CSB was 
present in a -20 fold molar excess compared to the template. Since this plasmid 
contains an average of 16 nucleosomes, we estimate that CSB is active at an 
approximate equimolar ratio with nucleosome particles. A similar irregular MNase 
patten! was induced by the hSWIlSNF complex in an ATP-dependent reaction (Fig. 
3A and data not shown). In contrast, in the presence of the CSBK538R ATPase
deficient mutant, the nucleosomes were found in the original regular array (Fig. 
3A). Similar results were obtained in control reactions in which ATP was omitted 
(not shown). These data indicate that CSB uses the energy from ATP-hydrolysis to 
remodel nucleosomes on large DNA molecules. This change could result from 
repositioning of nucleosome octamers and/or generation of an altered nucleosome 
that is more accessible to nucleases. 

One hallmark of the SWI2/SNF2 complexes is the ability to change the 
topology of nucleosomal plasmid DNA in an ATP-dependent manner (19, 25, 57), 
activity which is also displayed by the isolated human ATPases Brgl and hBrm 
(35). To assay CSB for this activity, closed circular plasmid chromatin was 
reconstituted with Xenopus oocyte heat-treated extracts (19) (see Materials and 
Methods). Nucleosomes introduce negative supercoils in plasmid DNA, which can 
be visualized after deproteinization as a rapid migration (relative to relaxed DNA) 
in agarose gel electrophoresis (Fig. 3B, lane I). As previously characterized, 
addition of hSWI/SNF, in the presence of ATP and Topoisomerase I, reduces the 
supercoiling of the rcconstituted plasmid. This is detected as the appearance of 

FIG. 3. Rcmodeling of plasmid chromatin by CS8. A. Remodeling of nucleosome arrays 
detected by Micrococcal nuclease (r-.1Nasc) digestion. CSB induces loss of the 
regular nucleosome repeat characteristic of Drosophila reconstituted chromatin in an 
ATP dependent manner. Left panel: schematic outline of the assay. Right panel: 
Sarkosyl-stripped chromatin (40 ng) was incubated either in the absence of proteins 
or with CS8, CSBKmR

, and hSWIISNF in the prescnce of ATP (as described in 
Materials and Methods). Nucleosome organization was studied by MNase digestion 
(8 units), perfomled for 60 and 120 seconds, respectively. The position of 
monollucieosomes (m), dinucleosomes (d) and trinucicosomes (I) are indicated by 
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arrows. The DNA size marker represents a ladder of 123 bp repeats. B. Remodeling 
of nucIcosome arrays visualized as ATP-dcpendent changes in supercoiling. eSB, 
unlike hSWIISNF. does not induce visible changes in the topology of nucleosomal 
plasmid DNA. Nucleosomallcmplatc was incubated with topisomerasc I and either 
bSWIISNF (200 ng in lane 2; 20, 60 and 200 og, respectively in lanes 3, 4 and 5) or 
increasing amounts ofCSB (3-fold increment starting frolll 2.9 ng in lanes 7 and 12), 
in the presence or absence of ATP. The molar ratio of CSB (in lanc II) to the 
ATPases subunits of hSWIISNF (in lane 5) was approximately 20: I, as detennincd 
by silver staining (not shown). N, nicked DNA; L, lincar; Se, supcreoiled; R, relaxed 
or partially supercoiJed. 
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topoisomers that have a reduced mobility (Fig. 3B, lanes 3-5; (19)). In contrast, 
CSB showed no detectable activity in this assay (Figure 3B, lanes 7 -II) even when 
it was present in an -20-fold molar excess compared to the hSWIlSNF ATPase 
subunits, as detenllined by silver staining (Fig. 3B, compare lane II with lane 5; 
data not shown). Similar results were obtained on chromatin templates assembled 
with Drosophila embryo extracts (52) (data not shown; see Materials and Methods). 
These data might indicate mechanistic differences in chromatin remodeling by CSB 
and hSWIISNF. 

Nucleosome remodeling by CSB does not result in a complete disruption of the 
DNA-histones contacts, nor in oetamer transfer to free DNA in trans 

The above reported results establish the ability of CSB to influence chromatin 
structure. To gain insight into the mechanism of remodeling by CSB, we used gel 
mobility shift experiments to determine whether CSB dissociates histones from 
DNA. As it has been seen with other remodeling complexes, mixing CSB with 
labeled nucleosomes (or bare DNA) creates a mixture that does not enter the gel 
(Fig. 4, lanes 2-6 and 12-16 respectively) (see Materials and Methods). To 
determine whether histones have dissociated from DNA, we performed the 
remodeling reactions, incubated with an excess of unlabeled competitor DNA, and 
then analyzed the reaction products on native gels. Importantly, addition of bare 
DNA (see Materials and Methods) to the samples after remodeling but prior to 
electrophoresis, reverts the nucleosomes-CSB complexes and regenerates the two 
DNA species in the original ratio (Fig. 4, lanes 7-10). A comparison of lanes 7 and 
8 with lane I indicates that the remodeling reaction did not release appreciable 
amounts of labeled non-nucleosomal DNA. This suggests that, under the 
experimental conditions used, nucleosome remodeling by CSB does not involve a 
complete dissociation of the core his tones from the DNA. 

Yeast SWI/SNF, yeast RSC and human SWl/SNF ((28, 56); G. Schnitzler et 
al., unpublished observations) can transfer histone oetamers from excess donor 
nucleosomes to labeled bare DNA to form nucleosomes. We could not detect 
oetamer transfer activity by CSB under experimental conditions in which transfer 
was readily detected by SWIISNF (data not shown; see Meterials and Methods). 

Discllssion 

In this study, we further characterize the biochemical activities of CSB by 
analyzing its interaction with DNA and chromatin. 

CSB alters DNA double helix conformation upon binding 
Our results show that CSB binds to double-stranded DNA and that this binding 

causes a significant change in linking number as evidenced by the appearance of 
negatively supercoiled DNA in a topological assay (Fig. lB). This activity is 
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reminiscent of the hRadS4 recombination~repair protein, another member of the 
SWI2/SNF2 family (45). It also resembles the effect of binding of HMG-box
containing polypeptides, such as HMG-I, mtTFI and LEF-I to DNA (14, 15,43). 
In contrast, DNA binding of the yeast SWI/SNF complex induces positive 
supercoils. However, eSB and ySWlISNF share the property that ATP hydrolysis is 
not required to alter DNA topology (36). Relevant to this point is our observation 
that ATPase-deficient eSB (eSBK538R

) still retains partial activity when 
microinjected into living eS-B cells (6). In theory, eSB binding can induce 
negative snpercoiling in two ways. One possibility is that eSB wraps the DNA 
around its surface in a left-handed manner, which will cause a change in writhe. 
Alternatively, eSB DNA binding could induce a change in twist, which may result 
in local unwinding of the DNA double helix. At present, we can not discriminate 
between these two possibilities. 

CSB J c:::J c:::J J 
AlP + + + + + + + + + + + + + + 

Competitor DNA - + + + + 

Mononucleosome _ 

Naked DNA-

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 I, , 

Nucleosomal DNA probe Naked DNA probe 

FIG. 4. Gel-shift analysis of CSB mononuclcosome remodeling reactions. CSB does not 
catalyze the complete dissociation of histone octamers from DNA upon nucleosome 
binding and remodeling. Mononuclcosomes (lanes 1-10) or free DNA (Janes 11-16) 
were incubated wilh increasing amounts ofCSB (10, 20, 30, 60, 100 ng for lanes 2-6 
and 12-16; 60, 100 ng. respectivcly in lanes 7-8 and 9-10) and reactions werc 
performed as those shown in Figure 2, with (+) or without (-) ATP. Reactions were 
atlalyzcd directly on native polyacrylamide gels or, where indicated, were treated 
with excess of cold competitor plasmid DNA before loading (lanes 7-10) (see 
Materials and Methods). Multiple DNA-protein complexes arc visible (bar). 
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CSB shares chromatin remodeling properties with both the SWI2/SNF2 and 
the ISWI containing complexes 

Purified, recombinant CSB has intrinsic chromatin remodeling activities ill 
vitro. It catalyzes the remodeling of both reconstituted mononucleosomes, as well as 
nucleosomes uniformly spaced on plasmid DNA. Both activities require the energy 
of ATP hydrolysis and are detected at an approximate equimolar ratio of CSB and 
nucleosome particles. As demonstrated for hBRM and BRGI, additional proteins 
may be needed to increase the rate of remodeling by CSB (35). Our findings are 
consistent with the CUlTent view that SWI2/SNF2-related A TPases form the 
functional core of chromatin remodeling "machines" (8, 35), 

Although ATP-dependent chromatin remodeling complexes perform similar 
activities, mechanistic differences distinguish the SWI2/SNF2 family from the 
ISWI-based complexes (23). Additionally, the three ISWI-family remodeling 
complexes display different activities ill vilro (5). An interesting question is whether 
the CSB remodeling activity resembles more that of the SWI2/SNF2 type proteins 
or that ofISWI. 

CSB activity on mononucleosomes is similar to that of the SWI2/SNF2 
containing complexes. In fact, CSB induces significant changes in the DNase I 
cleavage patten! on reconstituted mononucleosomes (Fig. I and (9, 25)). In contrast, 
the ISWI-based CHRAC complex does not support nucleosome remodeling in 
similar experiments (26). The DNase I digestion pattenlS induced by CSB and by 
the hSWIISNF complex are very similar (Fig. 2 C). Only subtle differences are 
observed near the nucleosomal dyad axis, the suggested location of SWIISNF 
binding (36, 37), possibly because CSB and hSWIISNF bind slightly different sites 
on the nucleosome. During the mOllonucleosome remodeling reaction, both CSB 
and hSWI/SNF generate an altered nucleosome structure that is stable after removal 
of ATP (Fig. 2B and (19)). This activity has not been tested for ISWI-based 
complexes. CSB activity on reconstituted plasmid chromatin presents two aspects. 
On one hand, CSB shows the same behavior of hSWIISNF and the Drosophila 
NURF as they all disorganize the regular repeat of nucleosome arrays (Fig. 3; G. 
Schnitzler, unpublished observations; (48)). This activity distinguishes CSB from 
ISWI (8) and from the ISWI-based remodeling complexes CHRAC and ACF (20, 
53). On the other hand, CSB does not induce detectable loss of superhelical density 
of nucleosomal plasmid, a characteristic activity displayed by SWI2/SNF2 
complexes (Fig. 3B; (19)). This might reflect differences in the details of the 
remodeling reactions. Generally, it is argued that chromatin remodeling complexes 
work without removal of histone octamers from the DNA. CSB results are 
consistent with this idea (Fig. 4). However, SWI2/SNF2 containing complexes 
(RSC, hSWIISNF, ySWIlSNF) can transfer histone octamers to an acceptor DNA 
molecule ill Iralls (28, 56)(Schnitzler el al., unpublished results). We were not able 
to detect this type of activity for CSB (data not shown). In this respect, CSB is more 
like the ISWI-based complexes NURF and CHRAC (16, 26). In conclusion, the data 
presented here indicate that CSB remodeling activity has some properties in 
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common with both the SWI2/SNF2-based and the IS WI-based family. This may be 
due to the fact that CSB was tested as isolated polypeptide and not as a complex 
such as the others. An additional interesting possibility is that CSB may be distinct 
in its capabilities from both classes ofremodelillg complexes. 

Implications for transcription-coupled repair 
A dual !lmctionality has been proposed for CSB. First, CSB is specifically 

required for the transcription-repair coupling reaction. Second, several observations 
support an additional, non-essential role of CSB in transcription itself (I, 50). The 
capacity of CSB to remodel nucleosome sh'ucture may be relevant for both 
functions, as discussed below. 

In relation to the role of CSB in repair, CSB may be involved in chromatin 
rearrangements at repair sites. These rearrangements may include both opening of 
chromatin, to favor accessibility of NER enzymes to the damage, and the rapid 
refolding of nucleosomes following repair synthesis (29, 31). Since transcriptionally 
active genes already present a more accessible chromatin stmcturc, a more likely 
hypothesis is that CSB may be implicated in chromatin reorganization after repair 
allowing the stalled RNA polymerase II (RNAP II) to efficiently resume 
transcription elongation. In addition, the capability of CSB to modulate DNA 
double helix conformation may directly facilitate TCR. In a mechanism similar to 
nucleosome disruption, CSB could use ATP hydrolysis to weaken the RNAP 11-
DNA contacts at the site of a DNA lesion, thereby inducing a conformational 
change in the ternary complex favorable to repair. In this scenario, CSB would 
counteract the steric hindrance of the stalled RNAP II complex without displacing it 
from the template, and without aborting transcription. In accordance with this idea, 
no removal of RNAP II from a damaged DNA template is detected ill vitro (39). 
Specific targeting to sites of blocked transcription might be mediated by interaction 
with RNAP II, which is observed both ill vivo and ill vitro (38, 46, 49). 

In respect to the role of CSB in transcription, it is well documented that 
nucleosomes constitute a strong barrier to transcription elongation (4, 21). A mild 
stimulation of transcription elongation by CSB on naked DNA templates has 
recently been reported ill vitro ((38); our unpublished observations). The data 
presented here open the possibility that CSB may play a role in facilitating 
transcription by RNAP II through pause sites on natural chromatin templates ill 
vivo. 

The experiments presented extend CSB !lmction to chromatin remodeling, 
and, together with the previous knowledge, place the protein at the crossroad 
between DNA repair, transcription and chromatin stmcturc. Recently, inactivation 
of a component of the hSWIISNF complex (54) and alterations in proteins that 
regulate histone acetylation (27, 41) have been reported to cOiTelate with certain 
human cancers. It is possible that defective chromatin rearrangements during DNA 
repair or transcription may contribute to the severe clinical symptoms of Cockayne 
syndrome patients, that cannot be explained solely by a DNA repair defect. 
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Materials and methods 

Proteins 
Recombinant, epitope tagged (N-tenninal hemagglutinin antigen epitopc, RAJ and C

terminal histidine stretch, His6) eSB and CSBK538R mutant proteins were overexpressed using 
the Baculovirus system and purified as described (6), except that the final purification step 
was substituted by a Mono Q column. The eluate from the Ne+·nitrilotriacetic acid-agarose 
column was loaded on a Mono Q column equilibrated with buffer A (25mM HEPES-KOH. 
pH7.9, 0.05% Nonidet P·40, 10% glycerol, ImM EDTA, ImM OTT, O.lmM PMSF) in 0.1 
M KCI and the adsorbed proteins were eluted by a O.IM-IM KCI gradient. The elution 
profile and purity of the eSB fractions was monitored by SDS-PAGE followed by silver 
staining. Protein concentration was ~20 ng/J..ll. 

The hSWIISNF complex was purified from HeLa cells by affinity chromatography to a 
FLAG epitope tag on the Inil subunit and its functional characterization was perfonned as 
described (37). 

HeLa core histone octamers were purified as described by (60). HI- depleted HeLa 
polynucleosomes were isolated and quantified as described previously (37). 

ATPase assay 
Standard reactions (10 fll) were perfoffiled as described (6). Plasmid DNA (300 ng), 

HeLa polynucleosomes (300 ng), and HeLa core histones (40 ng - 400 ng) were tested as 
cofactors. No ATPase activity intrinsic to HeLa polynucleosomes or core histones was 
detected. Incubation was for 30 min at 30°C, followed by separation on thin layer 
chromatography. ATP hydrolysis was detemlined by image analysis on a Phosphoimager 
(Molecular Dynamics). 

Topological assay on plasmid DNA 
pBlueScript II KS was singly nicked by treatment with bovine pancreatic DNAse I 

(Boehringer Mannheim) (10) and purified by phenoUchlorofoml extraction and ethanol 
precipitation. Reactions (60 fs') containing 100 ng of nicked plasmid and the indicated 
amounts of CSB or CSBKS 

8R were perfonned as described (45) except for the KCI 
concentration, which was adjusted to 60 mM. After 10 min, one unit E.coli DNA ligase was 
added and the incubation was continued for 50 min. Topoisomers were resolved by 
electrophoresis on 1 % agarose gels containing 0.5 J-tg/ml chloroquine. Gels were nUl in IX 
TBE for 20 hrs at 70 V, followed by Southem blotting, hybridization with a pBluescript 
probe and autoradiography. Two-dimensional gel electrophoresis was performed as described 
(42, 45). In a control experiment, purified CSB was incubated with closed, relaxed plasmid 
DNA under the above experimental conditions. Reactions were analyzed on a 0.8% agarose 
gel. No fom13tion ofslIpercoiled DNA was observed. 

I\lononuclcosol11e assembly and DNAse I accessibility assay 
Mononucleosol11e cores were assembled by step-wise salt dilution (19) on MluI-EcoRI 

DNA fragments obtained by digestion of the TPT plasmid (37). The DNA sequence includes 
two GT-phasing sequences (40) and was 155 bp after labeling with Klenow and 32p_dCTP. 
DNAse I footprinting reactions (25 J-tl) were performed as described (19, 37) except that 0.5 
mg/ml BSA was added. Where indicated, the reactions contained the non-hydrolysable ATP 
analog ATPyS (Sigma) or 1U of apyrase (Sigma) (dissolved in 20 mM HEPES, pH 7.9, 101M 
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MgCI2, II11M DIT, Iffil\1 EDTA, I mglml BSA at a concentration of Iu/~I). KCI 
concentration was adjusted at 60 mM in all reactions. After incubation at 30°C for 45 
minutes, followed by 5 min at room temperature, the reactions were subjected to digestion 
with DNase I. Processing and denaturing PAGE were perfonned as described (19). 

Gel-shift and histone oetamer transfer reactions 
For gel shift analysis, remodeling reactions (containing either 0.3 ng labeled 

nucleosome particles or labeled naked DNA, and the indicated amount of CSB) were directly 
loaded onto 4% polyacrylamide gels (80:1 acrylamidelbisacrylamide ratio) containing 12.5 
111M Tris, 100 111M glycine, 0.5 mM EDT A. Gels were run at ,...., 150 V for -2.5 hours at 4°C. 
Where indicated, reactions were stopped by the addition of KCl (160 mM final), and 
competitor DNA (2 ~tg plasmid DNA, 0.5 J,.tg polynucleosomes) prior to loading on the gel. 
Ocfamer transfer reactions contained unlabeled HeLa polynucleosomes in excess (10 ng), 
naked labeled TPT MluI-EcoRI fragment (1 ng) as possible acceptor of core particles, CSB 
(40 ng) or hSWI/SNF (200 ng) and were performed under the same conditions as for the 
DNase I footprinting. After 60 min at 30°C, KCI and 2 ~Ig of plasmid DNA (as described 
above) were added to stop the reactions. Samples were further incubated at 30°C for 10 min 
and analyzed by EMSA using 5% polyacrylamide gels (18). Product analysis was perfonned 
using a Phospholmager. Both in the presence or absence of ATP, no de novo fonnation of 
core particles on the naked DNA could be detected in the CSB reactions, whereas octamer 
transfer was catalyzed by hSWIISNF in an ATP dependent manner (data not shown). 

Plasmid chromatin remodeling assays 
Chromatin was assembled on the 3.35-Kb pGsHC2AT plasmid (59) in Drosophila 

embryo extracts and subsequently treated with sarkosyl to disrupt endogenous remodeling 
activities according to published protocols (52,53). Sarkosyl and ATP were removed by gel 
filtration on Micro Bio-spin columns (BiD-Gel polyacrylamide P-6, Biorad). Sarkosyl-treated 
chromatin (-40 ng DNA) was incubated with CSB or CSBKSJSR (estimated amount 160 ng) or 
with hSWlfSNF complex (300 ng) for 90 min at 30 'C in 70 ~I of EX buffer (52) containing 
60 mM KCI. Micrococcall1uclease (MNase) digestion and agarose-gel electrophoresis were 
performed as described (52). Southem blotting, hybridization with 32P-labelled total plasmid 
DNA and autoradiography were used to visualize the DNA fragments. 

The supercoiling assay on reconstituted plasmid chromatin was perfom1ed as described 
(19). The pGj HC2AT plasmid was internally labeled and assembled into nucJeosomes using 
purified HeLa core histones and a heat-treated Xenopus egg extract (19). Glycerol gradient 
purified template (I ng DNA) was incubated with the given amounts ofCSB and hSWlISNF 
and remodeling reactions were carried out in 12.5 or 25 ~t1 for 90 min at 30°C as described 
(19). Reactions contained 60 111M KCI. Similar results were obtained when the pG j HC2AT 
plasmid was assembled with Drosophila embryo extracts (52), sarkosyl treated and reaction 
were carried out under the same experimental conditions described above for the MNase 
analysis. 
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Abstract 

The Cockayne syndrome B protein (CSB) plays an essential role in coupling 
nucleotide excision repair (NER) to transcription by RNA polymerase II. This 
process is known as transcription-coupled repair (TCR). Cells from patients with 
Cockayne syndrome (CS) show a specific defect in TCR and are unable to resume 
transcription after UV exposure. CS patients suffer from cutaneous photosensitivity 
and severe neurodevelopmental abnormalities. Previous studies have shown that 
CSB possesses transcriptional and chromatin-remodeling activity. Here we 
investigate the intranuclear organization and dynamic properties of CSB in living 
human fibroblasts by tagging CSB with thc green fluorescent protein (GFP). With 
confocal and conventional microscopy we show that CSB is organized into multiple 
distinct foci in the nucleus. UV-irradiation as well as drug-induced inhibition of 
transcription causes CSB to relocalize into a completely homogeneous distribution 
throughout the nucleoplasm. Quantitative fluorescence redistribution after 
photobleaching (FRAP) indicated that CSB is mobile within the nucleus. The 
observed diffusion rate of CSB is slower than predicted by the size of the single 
polypeptide, suggesting that CSB is associated with other proteins. Preliminary 
mobility measurements reveal a partial UV-dependent immobilization of CSB 
molecules, indicative of CSB engagement in TCR. Alterations in CSB mobility 
were also detected in transcriptionally inactive cells. Our observations provide 
evidence that CSB nuclear organization is dynamic and changes after UV -induced 
DNA damage. In addition, they suggest that the transcriptional activity of the cell 
directly influences CSB nuclear localization and mobility in the absence of DNA 
damage. 
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Introduction 

Nucleotide excision repair (NER) is a versatile DNA repair mechanism that 
removes a wide variety of structurally unrelated lesions from DNA. The most 
relevant among these are cyclobutane pyrimidine dimers (CPD) and 6/4 
photoproducts (6-4PP), both induced by the shortwave ultraviolet (UV) component 
of sun light (8, 12). NER requires the concerted and coordinated action of 
approximately 30 proteins in mammals and operates via a multistep reaction well 
characterized in an in vitro system (8, 61). 

One of the immediate consequences of UV -induced DNA damage is the 
blockage of different DNA transactions, including the essential process of 
transcription (29). NER gives high priority to the elimination of transcription
blocking lesions to allow the rapid resumption of transcription. This NER mode is 
known as transcription-coupled repair (TCR) and accounts for the preferential repair 
of lesions from the transcribed strand of active genes (2, 30). In addition to TCR, 
also a global genome repair (GGR) pathway exists, which removes lesions from the 
entire genome. An elongating RNAP II stalled at a site of damage is thought to 
initiate the TCR pathway (15). TCR is particularly relevant for those lesions which 
are slowly repaired by the GGR pathway and that actually block transcription, such 
as CPDs (48, 52, 54). In addition, evidence has been obtained that some types of 
oxidative damage, mainly processed by the base excision repair pathway can be 
removed in a transcription-coupled manner as well (7). Thus, the importance of 
TCR is not limited to NER. 

Inherited defects in the TCR pathway form the molecular basis of the human 
genetic disease Cockayne syndrome (CS) (53, 55). Besides cutaneous 
hypersensitivity to UV-light, CS is characterized by very severe developmental and 
neurological abnormalities (3, 33). The CSA and CSB genes are specifically 
required for TCR in man and are defective in CS complementation groups A and B 
(16,49). CSA codes for a five WD 40 repeat-containing protein (16). The CSB gene 
encodes a nuclear protein of 168 kiioDalton (kDa) belonging to the SWI2/SNF2 
family of DNA-dependent ATPases (10, 49). Similarly to the yeast SWI2 and to 
several SWI2-like proteins, CSB has the ability to remodel chromatin templates at 
the expense of ATP hydrolysis ill vilro (6, 22). 

The discovery of the TCR pathway and the dual involvement of transcription 
factor TFIIH in the NER reaction indicate a tight functional interplay between DNA 
repair and basal RNAP II transcription (17, 35). Except from photosensitivity, the 
severe neurodevelopmental symptoms associated to CS are difficult to explain on 
the basis of a sale NER defect. These non-NER-related symptoms are proposed to 
be caused by a subtle transcriptional defect (57), suggesting an additional, non
essential role of the CS proteins in transcription (52). The recent observations that 
CSB can interact both ill vivo and ill vitro with RNA polymerase II (39, 47,51) and 
that it enhances transcription elongation in vitro (38) are consistent with this 
hypothesis. However, it is still unknown whether the CSB protein is an intrinsic 

- 117 -



Chapter 10 

component of RNAP II complexes engaged in elongation ill vivo. In contrast to the 
detailed knowledge of the core NER process (8, 61), little is known about the TCR 
mechanism. Moreover, the dynamic interplay between transcription (required for 
TCR), and the nuclear architectural (chromatin) organization is largely unknown. 

Light and electron microscopy studies have shown that many proteins 
involved in diverse nuclear processes, such as replication, transcription and RNA 
processing are differently organised in the nucleus of mammalian cells and are often 
found concentrated in specific domains (23, 42, 50). Immunofluorescence 
experiments localizing sites of RNA polymerase II (RNAP II)-derived nascent 
transcripts relative to both RNAP II and to factors involved in pre-mRNA 
processing revealed how transcription, pre-mRNA splicing and 3' processing are 
spatially related with each other within the nucleus (19, 32, 36). 

In recent years, fhsion of the green fluorescent protein (GFP) to specific 
proteins has allowed their direct observation within living cells. GFP-technology is 
being applied to study ill vivo organization and dynamics of numerous nuclear 
proteins, among which transcription and pre-mRNA processing factors and proteins 
involved in DNA repair (I, 18,31,41). 

Recently, photobleaching studies on human living cells expressing functional 
ERCCI-GFP/XPF (a core NER factor) provided evidence that NER is a highly 
dynamic process (18). The results support a model in which individual NER factors 
freely diffuse in the nucleus in the absence of DNA damage and, following UV
challenge, assemble successively at sites of lesions, where they become temporarily 
engaged in the repair reaction (18). 

In order to study the nuclear organization of the CSB protein, its dynamics 
during TCR and its possible engagement in transcription in living cells, we tagged 
CSB with EGFP (enhanced GFP variant) (64). Using confocal microscopy and 
photobleaching experiments (60) we investigated CSB nuclear mobility in relation 
to both DNA repair and transcriptional activity of the cell. 

Results 

Fibroblast expressing EGFP-CSB are fully repair competent 
To study the nuclear organization and dynamic properties of the CSB protein 

in living cells, the cDNA encoding enhanced green fluorescent protein (EGFP) was 
fused in-frame to the amino-tenninus of CSB. The fusion eDNA (EGFP-CSB) was 
stably transfected into CS-B deficient human fibroblasts (CSIAN-Sv) (see 
Materials and Methods) (49). Immunoblot analysis with anti-CSB and anti-GFP 
antibodies showed that the vast majority of detectable CSB was in the EGFP-tagged 
form and was expressed at levels comparable to the endogenous CSB in HeLa cells 
(Figure I A and data not shown). The EGFP-CSB eDNA was able to fully correct 
the extreme UV-sensitivity of CS-B cells to a wild-type, TCR-proficient level 
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(Figure 1B), indicating that addition of the EGFP tag did not detectable interfere 
with CSB function in vivo. 

EGFP-CSB is preferentially localized in discrete foci within the nucleus 
EGFP-CSB intracellular localization in living cells was studied by 

conventional (epifluorescence) and confocal laser scanning microscopy (see 
Materials and Methods). The tagged proteins predominantly localized within the 
nucleus and appeared homogeneously distributed (Figure I C), consistent with 
previous observations by inllmofluorescence labelling with anti-CSB antibodies 
(51). Interestingly, higher image resolution revealed that EGFP-CSB fluorescence 
was not uniformly diffuse in the nucleoplasm, but instead sites of more intense 
fluorescence were visible overlaying the diffuse pattem (Figure I C and D). Mainly, 
two categories ofEGFP-CSB preferential localization sites (referred as EGFP-CSB 
foci in this study) were recognized, including large more fluorescent domains of 
variable size and small very brightly fluorescent spots, suggesting that they 
represent high local concentration of EGFP-CSB (a representative cell is shown in 
Figure ID). The observed EGFP-CSB pattem was heterogeneous in a population of 
exponentially growing cells, with a large fraction of cells (> 70 %) presenting foci 
(either large domains or small dots or both). A precise quantification of both the 
number of foci per cell as well as the frequency of these spots containing cells in the 
entire population was difficult because foci are not always very apparent due to fast 
bleaching during imaging. Importantly, EGFP-CSB foci were not due to 
overexpression of the protein for three reasons: I) they appeared also in cells with a 
relatively low expression levels (Figure I C); 2) human fibroblasts expressing 
physiological levels of functional CSB protein tagged with both an N-terminal 
hemagglutinin antigen (HA) epitope as well as a C-terminal histidine (His,) stretch 
(HA-CSB-His,) (51) showed a CSB distribution pattern reminiscent of EGFP-CSB 
in living cells when stained with anti-HA antibodies (data not shown); 3) CSB foci 
were also visualized by immunofluorescence (IF) studies using anti-CSB antibodies 
(51) within wild-type human fibroblasts and HeLa cells (data not .shown). In 
conclusion, the IF studies are consistent with the observations made on EGFP-CSB 
in living cells. The data indicate that the apparent CSB distribution observed with 
both methods is not due to tagging artifacts, and most likely reflects the endogenous 
nuclear organization of the CSB protein. 

CSB nuclear localization pattei'll is distinct from "speckles" 
EGFP-CSB small foci were present with an estimated average of 20-50 per 

nucleus, and were dispersed throughout the entire nucleoplasm. The number of 
prefetTed EGFP-CSB sites is reminiscent of the number of "speckles", inegularly 
shaped domains, visualized with antibodies to many pre-mRNA splicing factors 
(42). A splicing factor which has been shown to prominently localize in speckles is 
the SR protein SC-35 (13, 43). IF using anti-SC-35 specific antibodies showed a 
pattern with weak overall staining aud very prominent "speckles" in fixed EGFP-
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FIG. I. Characterization of EGFP-CSB fusion protein. A, InmlUnoblot analysis of EGFP
CS3 expression. Equal amounts (10 ~Ig protein per lane) of whole cell extracts 
(WeE) from HeLa and from EGFp·CSB transfectcd CSIAN·Sv fibroblasts (two 
independent clones, I and 2 respectively) were probed with polyc1oual anti-CSB 
antibodies. Molecular weight (MW) of protein markers is indicated in kilo-Dalton 
(kDa). * indicates a degradation product of EGFP-CSB protein. B. UV·survival of 
EGFp·CSB expressing cells. The percentage of surviving cells is plotted against the 
applied UV dose. Survival of two isolated EGFp·CSB expressing clones (EGFP1and 
EGFP2) and control ceiilines after UV-lreatmenl was detemlined by pulse labeling 
with 3H-thymidine (see Materials and Methods): CS lAN·Sv, CS·B (0); VHIO-Sv, wt 
(M. CSIAN-Sv + EGFP-CSD, ( jj. CSIAN-Sv + EGFP-CSB,(.). C and D. Nnelear 
localization of EGFP-CSB. Epi-fluorescence image (C) and a stack of confocal 
planes (D) of EGFP-CSB expressing CSIAN·Sv fibroblasts. Multiple discrete sites 
of preferential fluorescence, visible as small bright foci and larger domain, can be 
distinguished on top ofa diffuse nuclear signal. 

CSB expressing cells, whereas EGFP-CSB showed an entire nuclear fluorescence 
and additional bright foci (Figure 2, A and B). Most of the EGFP-CSB foci 
appeared smaller in size and morphologically different from the SC-35 speckles. No 
significant co-localization between the sites of preferential siaining of the two 
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proteins was observed, although a number of foci were found in close proximity and 
only very few EGFP-CSB foci overlapped with speckles (overlay in Figure 2C). 
These results suggest that the majority of EGFP-CSB appeared not localized in the 
SC-35 uspeckles". 

FIG. 2. Localization of EGFP-CSB relative to the splicing factor SC 35. After fixation, 
CSIAN-Sv + EGFP·CSB cells were immunolabeled with anti·SC 35 antibodies. 
EGFP-CSB fluorescence (A) was compared with that of anli-SC 35 inmlUnostaining 
(B, red); colocalization would appear in yellow in the overlay image (C). Although 
EGFP-CSB foci and SC-35 speckles are frequently found in each other proximity, 
EGFP·CSB foci differ in dimension and shape compared to the SC-35 speckles and 
only VCI)' limited colocalization is observed. 

UV-irradiation and transcription inhibition cause redistribution of EGFP-CSB 
In the nucleus 

The localization ofEGFP-CSB in preferential sites, suggested that EGFP-CSB 
is partially compartmentalized in the nucleus in the absence of DNA damage. To 
investigate the functional significance of the EGFP-CSB foci and their potential 
relationship with CSB activity during TCR, we challenged the EGFP-CSB cells 
with UV-light. After UV exposure (l5JlIn'), we observed a redistribution ofEGFP
CSB in the nucleus (Figure 3B). Within 2 hours after irradiation, EGFP-CSB 
appeared uniformly distributed throughout the nucleoplasm in most of the cells and 
sites of preferential staining became undetectable (representative cells are shown in 
Figure 3B). Monitoring of fluorescence 24 hrs post-UV revealed that the cells that 
survived the UV treatment had regained the typical EGFP-CSB pattern (data not 
shown). At this time point repair of DNA damage, in particularly lesions subjected 
to TCR, is completed and the RNAP II- mediated transcription activity recovered 
(51, 53). Similar results were obtained by IF analysis using anti-HA antibodies on 
UV-irmdiated HA-CSB-his6 fibroblasts (data not shown). 

- 121 -



Chapter 10 

To determine whether other types of DNA damage influenced CSB 
distribution, GFP-CSB or HA-CSB-his6 cells were exposed to ionizing radiation 
(IR) (6Gy and 12Gy, see Materials and Methods). IR treatment has been shown to 
induce nuclear foci formation by proteins which are specifically required for repair 
of IR-induced DNA double-strand breaks (DSB), such as the mammalian hMrell, 
hRad50, mRad51 and mRad54 «28, 46) and references within). In contrast, similar 
doses of IR did not significantly altel'ed the CSB nuclear pattem (data not shown; 
see Materials and Methods). This is consistent with the fact that CSB is not required 
for DSB repair «21), see also discussion). 

One of the direct consequences of UV -iuduced DNA damage is the temporary 
blockage of transcription, whose recovery specifically requires the function of the 
CSB and CSA proteins (29, 51, 53). In contrast, IR has little effect on transcription. 
We therefore investigated whether the cellular transcriptional activity could directly 
influence GFP-CSB spatial organization, independently from the presence of DNA 
damage. For this purpose, transcription in EGFP-CSB cells was arrested by 
incubation with dmgs able to selectively inhibit RNA synthesis by RNAP II, 5,6-
dichloro-p-D-ribofluoranosyl-benzimidazole (DRB) and alpha-amanitin (a
amanitin) (Materials and Methods). DRB, a nucleoside analogue, is reported to 
reversibly inhibit transcription at the level of elongation (5) as a result of the 
inhibition of one or more protein kinases able to phosphorylate the C-terminal 
domain of the RNAP II large subunit (27, 34, 65). Positive and negative elongation 
factors required for DRB-sensitive transcription have been recently identified (62, 
63). Permanent general transcription inhibition by a-amaniHn involves direct 
binding of the drug to the large subunit of RNAP II (25). Blockage of transcription 
by incubation of EGFP-CSB cells with either a-amanitin or DRB (see Materials 
and Methods), caused the concomitant disappearance ofEGFP-CSB foci (Figure 3C 
and E respectively) similar to UV-irradiation (Figure 3B). Actual significant 
inhibition of transcription was verified by 'H-uridine pulse labeling (data not 
shown; D.Hoogstraten unpublished observations). 

In contrast to a-amanitin, DRB easily penetrates through the cellular 
membranes and can be rapidly washed out in order to reverse the transcription 
inhibition (45). Interestingly, DRB wash out experiments revealed a reversible and 
dynamic transcription-dependent distribution of EGFP-CSB, as shown in figure 3D, 
E and F (see Materials and Methods). A similar transcription-related relocation of 
CSB was visualized by anti-HA antibodies staining in HA-CSB-his, expressing 
cells (data not shown). 

Nuclear mobility ofEGFP-CSB in living cells 
The above findings indicate that at least a fraction of CSB is mobile in the 

nucleus and able to respond to extemal stimuli. To further investigate the EGFP
CSB nuclear mobility we applied fluorescence redistribution after photobleaching 
(FRAP) procedure to EGFP-CSB expressing cells (11, 18,60). Briefly, EGFP-CSB 
fluorescent molecules were bleached by an intense laser pulse within a defined strip 
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FIG. 3. Redistribution of EGFP-CSB in living CSIAN-Sv cells upon UV-irradiation and 
transcriptional arrest. Epitluorescence images ofCSIAN-Sv + EGFP-CSB cells were 
taken before (A and D) and after irradiation with UV-light (2 hrs, 15 1_m2

, B), or 
incubation with RNA polymerase II -specific transcription inhibitors -amanitin (6 
hrs, C) or DRB (2 hrs, E). DRB treated cells were subsequentely washed and cultured 
wilh ORB-free medium for an additional 3 hrs (F). UV-irradiation and inhibition of 
transcription cause the disappearence of EGFP-CSB foci. The original fluorescence 
pattem is regained after restoration of the transcriptional activity by DRB wash oul or 
after completion oftranscription-coupled repair. 

through the nucleus. The redistribution of fluorescent and bleached molecules into 
the strip was subsequently monitored (see Materials and Methods). Plotting the 
recovery of fluorescence intensity in the bleached strip as a function of time allowed 
to evaluate EGFP-CSB mobility and to compare it with XPB-EGFP or XPA-EGFP 
mobility (Figure 4A) (D. Hoogstraten and S.Rademakers respectively unpublished 
results and (18, 60». EGFP-CSB fluorescence recovery in the strip was 
significantly slower compared to both to XPB-EGFP and to XPA-EGFP, as 
observed within the first two seconds post-bleach. In addition, after recovery, 
EGFP-CSB fluorescence intensity decreased at a slower rate than XPB-EGFP and 
XPA-EGFP fluorescence during the period of analysis (Figure 4A). This also 

- 123 -



Chapter 10 

indicates that EGFp·CSB molecules move slower than XPB·EGFP and XPA·EGFP 
molecules, since molecules with a high relative mobility will pass through the strip 
more frequently in a given period of time than relatively slow molecules. This 
causes a faster decrease of fluorescence intensity of fast compared to slow 
moleeules, beeause of bleaching due to monitoring. In eonclusion, EGFP·CSB 
nuclear diffusion rate appeared to be much slower than XPA·EGFP and slightly 
slower eompared to XPB·EGFP (Figure 4A; D. Hoogstraten and S.Rademakers 
unpublished observations). The estimated diffusion coefficients (D) were 
respectively 4.S ± 0.5 ftm'/S for EGFP·CSB, 6.6 ± 1.2 fun'/S for XPB·EGFP, and 14 
± 3.1 flm'/S for XPA·EGFP. This is consistent with a difference in molecular size 
between the NER proteins analyzed (37). In addition the estimated EGFP·CSB D 
suggests that the approximate size of the EGFP·CSB protein (complex) in the 
nucleus is larger than the XPB·containing eomplex TFIIH (>400kDa), and larger 
than -SOO kDa (IS). Such a protein size exceeds the predicted MW of 190 kDa of a 
single CSB polypeptide chain and correlates well with the high MW complex in 
which CSB was observed to reside in our previous studies using size fractionation 
(51). 

Alteration of EGFP-CSB mobility after DNA damage and transcription 
inhibition 

To investigate the effect of DNA damage on EGFp·CSB mobility, cells were 
exposed to 16 J/m' UY light. Within 5·30 min, FRAP measurements were 
performed (Figure 4B). The initial fluorescence recovery within UV ·damaged cells 
as measured within 2 seconds after the bleach pulse was slightly faster than in non· 
challenged cells (Figure 4B), indicating that induction of DNA damage slightly 
increases the diffusion rate of EGFP·CSB moleeules. Inhibition of transcription by 
DRB incnbation altered the EGFP·CSB diffusion rate to the same extent as after 
UY·irradiation (Figure 4B). Since transcription is arrested by both treatments (UY· 
irradiation and DRB), the results suggest that the diffusion rate of EGFP·CSB is 
related to the transcription activity. 

To investigate whether UV damage and/or transcription inhibition induced 
transient immobilization of EGFP·CSB molecules, analogous to damage· dependent 
ERCCl·GFP/XPF immobilization (18), the same set of data (as shown in figure 4B) 
was computed differently. In this case the mean fluorescence intensity immediately 
before bleaching was set to one (see Materials and Methods and Figure 4C). The 
absence of full recovery of fluorescence into the bleached strip using this 
normalization is a measure for an immobile fraction (in addition to the fraction of 
permanently bleaehed molecules) (II, 60). The immobile fraction was deduced 
from the resulting diffitsion plots. The apparent reduced level of recovery within 
UY ·irradiated eells when compared to non·treated cells (Figure 4C) showed that a 
significant fraction (-15·20%) became transiently immobilized upon damage 
induction (60). The fraction of immobile molecules was proportional to the applied 
UY·dose (data not shown). Interestingly, despite the comparable influence of both 
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UV-irradiation and DRB treatment on the diffbsion rate EGFP-CSB, no significant 
immobilization of EGFP-CSB molecules was detected in DRB treated cells (figure 
4C). 

Discussion 

Here we report the transcription-dependent dynamic organization of a 
functional EGFP-CSB fusion protein. Fusion of CSB to the green fluorescent 
protein allowed us to visualize CSB and to study some aspects of its intranuclear 
organization and dynamic behavior in living cells, where the tagged protein remains 
fully functional and is expressed at physiological levels. 

The intranuclear organization of EGFP-CSB is dynamic and is related to the 
cellular transcriptional activity 

\Vith conventional and confocal microscopy, a homogeneous nuclear 
distribution of EGFP-CSB is apparent, in addition to numerous distinct domains of 
preferential localization visible as sites of more intense fluorescence (Figure I, C 
and D panels). The data in living cells are consistent with immunofluorescence 
microscopy on HA-CSB-his6-expressing human fibroblasts (data not shown) (51). 
No striking colocalization of the EGFP-CSB foci with "speckles" (visualized by the 
splicing factor SC-35) (42) was found, although a fraction of EGFP-CSB foci 
appeared localized in close vicinity of the SC-35 foci (see Figure 2 overlay). The 
significance of this close but not precise colocalization needs to be further 
investigated. In addition, the presence of numerous foci in the nuclear organization 
of EGFP-CSB appears to be different from the reported, predominantly 
homogeneous distribution of other NER factors, among which, ERCCI-GFPlXPF 
(18) and XPA-EGFP (S. Rademakers, manuscript in preparation). This is again 
different from the pattem found with TFIIH, which presents a smaller number of 
larger nuclear foci besides a homogeneous distribution aU over the nucleus as 
detected by EGFP-XPB (D. Hoogstraten, manuscript in preparation) and by 
antibody staining (14). 

In the majority of cells, the most abundant type of EGFP-CSB foci were small 
in size, appeared uniform in shape and were dispersed throughout the entire 
nucleoplasm (Figure I C). In addition, a few EGFP-CSB large nuclear domains were 
detected in many cells (Figure ID). Induction of DNA damage by UV-irradiation 
caused relocation of EGFP-CSB since the bright foci disappeared within 2 Ius after 
UV exposure (Figure 3A and B and data not shown). The unifonn EGFP-CSB 
fluorescence pattem was reversible upon accomplishment of repair of the damage 
and recovery of the RNA synthesis. Importantly, other DNA damaging agents, such 
as IR (data not shown) did not induce EGFP-CSB re-Iocalization. The same 
experimental conditions for IR were previously reported to induce nuclear foci 
formation by mRad51 and mRad54 recombination-repair mammalian proteins (46). 
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FIG. 4, Dynamic measurements of EGFP·CSB by fluorescence redistribution after 
photobleaching (FRAP). The recovel)' of the relative fluorescence intensity within 
the bleached strip through the nucleus is plotted as a function of time (seconds). A. 
Application of FRAP (see Materials and Methods) to living human cells expressing 
EGFP·eSB, XPB·EGFP or XPA-EGFP. For evaluation of diffusion rates, the mean 
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fluorescence intensity immediately after high laser intensity bleaching (postbleach) 
was set to zero and the maximum intensity rcached after recovery was set to I. 
EGFP·CSB fluorescence (solid squares) shows a slower recovery compared to XPA· 
EGFP (gray circles) and XPB-EGFP (open triangles) (as observed within 
approximately two seconds after bleaching) and once rcached its maximum value, 
maintains it for the complete recording time. In contrast, a decrease in both XPB
EGFP and XPA·EGFP fluorescence is observed. This suggests that EGFP·CSB 
molecules diffuse less rapidly compared both to XPB·EGFP and to XPA·EGFP (see 
text). XPA·EGFP molecules show the highest relative mobility. B. Effect of UV· 
irradiation and ORB treatment on EGFP-CSB diffusion rate. FRAP was applied to 
EGFP-CSB expressing cells without treatment (solid squares) or after treatment with 
UV light (16 J/m2

) (gray circles) or ORB (open triangles) (see Materials and 
Methods). Nomlalization of the mean fluorescence intensity was as applied in A. A 
slight increase in recovery of EGFP-CSB fluorescence is detected after both 
treatments, This indicates that a significant fraction ofEGFP·CSB molecules diffuses 
faster in UV·or DRB- treated cells compared to untreated cells. C. Effect of UV
irradiation and ORB treatment on EGFP-CSB mobility. FRAP was applied to EGFp· 
CSB expressing cells without treatment (solid squares) or after treatment with UV 
light (16 J/m2

) (gray circles) or DRB (open triangles) (see Materials and Methods), 
To detenl1ine a potential immobile fraction the mean intensity immediately before 
bleaching was set to I and the intensity immediately after bleaching was sel to zero. 
A decrease in recovery of EGFP-CSB fluorescence intensity is observed in cells 
challenged with UV compared to untreated cells. This decrease is indicative of 
intmobilization ofa small fraction ofEGFP-CSB molecules due 10 induction of ON A 
damage, In contrast, incubation with ORB did not induce significant changes in the 
EGFP-CSB mobile fraction, 
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These results indicate that EGFP-CSB redistribution is predominantly linked to 
DNA damage that requires CSB for its repair. CSB was shown to be involved in 
TCR of some IR-induced oxidative damage, such as thymine glycols (7, 24). 
However, this type of lesions constitutes only a fraction among the complex 
spectmm of DNA damages induced by IR (which include single- and double-strand 
DNA breaks, and a large variety of bases and sugar lesions) (58) and CSB 
redistribution might remain under the detection threshold of this ill vivo system. 

When RNAP II-mediated transcription was arrested by dmg treatment (a
amanitin or DRB), EGFP-CSB became uniformly dispersed in the nucleus, in a 
pattel11 indistinguishable from that induced by UV-irradiation (Figure 3). 
Furthel111Ore, EGFP-CSB reorganized into the typical foci after reversion of DRB 
inhibitory effect (Figure 3, C-E). A similar relocation ofHA-CSB-His6 was detected 
by IF studies (data not shown). These results reveal a dynamic functional 
relationship between CSB spatial distribution and the transcriptional activity of the 
cell, notably in the absence of DNA damage. 

Several investigators have demonstrated that the nuclear distribution of RNAP 
II, as well as of multiple factors involved in pre-mRNA splicing and 3' cleavage 
varies in relation to transcription (4, 9, 31, 36, 43, 66). We fmd that the 
transcription-related dynamic behavior of EGFP-CSB is opposite to the reported 
redistribution of RNAP II and of several splicing f.1ctors. In response to 
transcriptional arrest, EGFP-CSB abandons the foci and homogeneously diffuses 
throughout the nucleus (Figure 3). In contrast, splicing factors relocate from a 
dispersed punctuated pattern which strikingly coincides with nascent mRNA sites in 
actively transcribing cells, into enlarged speckles (66). Speckles, which are more 
prominent within poorly transcribing cells, are believed to represent 
storage/recycling compartments for pre-mRNA splicing factors (19, 50, 66). 

At present, the nlllction of EGFP-CSB foci is unknown. Since, in addition to 
its specific role in TCR, CSB is thought to be involved in transcription elongation 
(38,51,52), an attractive possibility is that EGFP-CSB bright small foci might, at 
least in part, overlap with sites of active transcription. However, detection of 
nascent RNA by BrUTP incorporation, has revealed numerous focal sites scattered 
all over the nucleus, typically much more in number (-300-500) and smaller in size 
compared to the EGFP-CSB foci (20, 59). These EGFP-CSB foci may represent 
genomic loci of specific transcriptional units that preferentially require CSB in 
contrast to the more randomly distributed general transcriptional factors. 
Alternatively, areas of high EGFP-CSB concentration may represent storage 
compartments from which CSB is recmited to sites of blocked transcription. 

EGFP-CSB is mobile within the nucleus of living cells 
The above observations demonstrate that at least part of the CSB molecules 

can redistribute over the nucleus. To directly investigate the mobility ofEGFP-CSB 
we utilized the ability to photobleach the EGFP-CSB molecules in a defined part of 
the nucleus and follow the redistribution of bleached and non-bleached proteins in 
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time. Fluorescence recovery after photobleaching (FRAP) measurements show that 
the majority ofEGFP-CSB molecules are mobile in the nuclei of living undamaged 
cells (Figure 4). EGFP-CSB diffusion rate is clearly slower than that of XPB-EGFP 
and much slower than XPA-EGFP mobility, which were measured in parallel 
experiments (Figure 4A; D. Hoogstratell manuscript in preparation; S. Rademakers 
manuscript in preparation; (18». This difference in mobility points to different 
molecular size of the NER factors (subcomplexes) analyzed (37), indicating that 
these proteins are (at least for the major part) not in the same complex. This argues 
against tile existence of a stable NER holocomplex involving a significant fraction 
of NER factors (44). The calculated diffusion coefficients of XPB-EGFP, XPA
EGFP and ERCCI-GFPIXPF, were found to be proportional to the known 
molecular weight (MW) of the correspondent NER factor/complex, with the largest 
complex, namely XPB-EGFP (>400 kDa, in TFIIH) showing the slowest mobility 
(18). EGFP-CSB estimated diffusion rate is consistent with a protein size larger 
than -800 kDa. Since the CSB protein has a predicted MW of 168 (kDa) (49), the 
observed EGFP-CSB slow mobility suggests that CSB molecules do not behave as a 
monomer, but instead associate with other protein/s in the nucleus. These data are in 
agreement with our previous observations, indicating that CSB in WCE has a 
hydrodynamic size of > 700 kDa when chromatographed on size fractionation 
columns (51). The observed mobility may reflect the dynamic behavior ofa mixture 
of molecules of different sizes, in which part of the CSB molecules are incorporated 
into different complexes. Analysis of these complex diffusion patterns will be 
subject of future studies. Finally, the finding that most of the CSB molecules appear 
to be mobile under normal (non-damaged) conditions strongly suggests that the 
majority of EGFP-CSB is not part of a stable RNAP II transcription elongation 
complex. Either the fraction of EGFP-CSB involved in transcription elongation is 
too small to be detected using this method or the interaction with elongating RNAP 
II complex is transient or highly dynamic. 

Induction of DNA damage by UV-irradiation causes a small but significant 
increase of the diffusion rates of the EGFP-CSB molecules that are mobile. This 
suggests that at least a fraction of EGFP-CSB molecules may undergo changes in 
protein complex composition (Figure 4B). In addition, FRAP and FRAP-FIM 
measurements (18) on UV-treated EGFP-CSB, provide evidence that a small (15-
20%), nonetheless significant fraction of EGFP-CSB molecules becomes 
immobilized as a consequence of DNA damage (Figure 4C and data not shown). 
Our findings that this immobilization seems to be UV-dose dependent (data not 
shown) is consistent with the idea that the immobilization reflects achlal 
engagement of EGFP-CSB in TCR at sites of DNA damage. The relatively limited 
small fraction of EGFP-CSB molecules that becomes immobile when compared to 
the core NER factor ERCCI (18) could be explained by the fact that CSB is only 
involved in TCR whereas ERCCI is implicated in GGR as well. TCR only accounts 
for the removal of a small percentage of the total amount of DNA lesions, which are 
mainly processed by the GGR pathway (56). 
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Interestingly, DRB-induced transcription inhibition caused a slight increase of 
EGFP-CSB nuclear diffusion rate, similarly to UV-treatment (Figure 4B). The fact 
that transcription inhibition (either induced by UV-irradiation or drug-treatment) 
causes alterations in EGFP-CSB diffusion rate indicates that EGFP-CSB mobility is 
directly related to the cellular transcriptional activity. The slower diffusion of 
EGFP-CSB molecules observed in cells with normal levels of transcription 
compared to transcriptionally inactive cells may be the result of a combination of 
two parameters. Firstly, we hypothesize that interaction of a small fraction of 
EGFP-CSB molecules with RNAP II complexes temporarily engaged in 
transcription elongation may contribute to the reduced mobility observed within the 
long tenn period of fluorescence recovery (Figure 4). The fact that CSB has been 
shown to interact with RNAP II by different investigators supports this hypothesis 
(39,47,51). In addition, involvement of CSB in transcription elongation in an ill 
vitro system has been reported (38). Secondly, in actively transcribing cells, CSB 
may associate with specific proteins possibly involved in regulating and/or targeting 
CSB function in transcription elongation. Blockage of transcription either by UV or 
by DRB would cause the release of transcriptionally engaged molecules and/or 
potential changes in protein partners, resulting in an increase of the measured 
diffusion rate (Figure 4B). As discussed above, immediately after DNA damage 
induction, a fraction of CSB molecules was found to be immobilized possibly at 
sites of DNA lesions (Figure 4C and data not shown), analogous to the transient 
immobilization observed for the core NER factor ERCC I-GFP/XPF (18). The fact 
that, in contrast to UV-irradiation, DRB-indueed transcriptional arrest did not cause 
significant immobilization of EGFP-CSB molecules suggests that (part of) 
elongation complexes containing CSB dissociate and become free to diffuse 
throughout the nucleoplasm (Figure 4C). The observations also suggest that there 
might be subtle differences in composition of CSB complexes involved in TCR 
compared to transcription. 

In conclusion, we provide evidence that EGFP-CSB nuclear organization is 
highly dynamic and is related to both TCR of UV-induced DNA damage and to 
transcription, further establishing a direct role ofCSB in transcription. 

Materials and methods 

Cell culture and specific treatments 
The cell lines used in this study wcre HeLa, and VHIO-Sv (wild-type) and CSIAN-Sv 

(CS·B) SV40 immortalized human fibroblasts. Fibroblasts were grown at 37° C in 5% CO2 

atmosphere in a 1:1 mixture of Ham's FlO and DMEM (Gibeo) supplemented with 
antibiotics and 10% fetal calf serum. CSIAN-Sv cell line stably expressing a HA·CSB·his6 
fusion cDNA was generated and characterized by van Gool et aI., 1997 (51), 

Transcription inhibitors were added to the culture medium according to the following 
conditions: 5,6-dichloro-Ip-D-ribofuranosyl benzimidazole (DRB) (100 I'M, during 2 hrs), 
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a-amanitin (50 ~tg!Il11. for 6 hrs). For recovery after DRB treatment, cells were washed twice 
and incubated in fresh preheated culture medium for 3 hrs. 

Treatment with ultraviolet (UV) light was at 254 11111 using a gemlicidal lamp at the 
indicated doses. For ionizing radiation (IR) treatment, cells were exposed to y-rays from a 
137CS source. Single doses of6 and 12 Oy were used. After exposure, cells were incubated at 
37°C for 2 or 6 additional hours before light microscopy analysis. Whole-cell extracts 
(WeE) were prepared according to Manley et aI., 1983 (26) with modifications as described 
by van Gool et aI., 1997(51). 

Genention of EGFP-CSB fusion eDNA construct 
A constmct encoding N-tcmlinal-EGFP tagged CSB was generated to study the cellular 

distribution and the dynamic behaviour of the CSB protein in living cells. The N~tenninal 
HA·tagged CSB cDNA sequence (51) was cloned in·frame downstream of the EGFP cDNA 
sequence in the SacI·Sall sites oflhe pEOFP-C3 eukaryotic expression vector (Clontech). A 
two step approach was followed, involving first cloning of the C-tenninal Sael-Sall CSB 
fragment, followed by insertion of the Sael-Sael fragment containing the HA-tagged N
tenninus of CSB. pEGFP-HA·CSB plasmid was obtained; for simplicity, the tagged eDNA 
construct is referred to as EGFP-CSB. 

DNA transfectioll and UV-sllrvival 
Plasmid pEGFP-HA-CSB was transfected into CS-B~deficient (UV-sensitive) 

fibroblast (CSIAN-Sv) using SuperFect transfection reagent (Qiagen) according to the 
manufactures' protocol. After selection with 0418 (300 ~{glml), stable transfectants were 
isolated and further selected for UV-resistance by exposing cells three times to a UV dose of 
4 Jim' UV-C (254 run) with daily intervals. UV-selected pEGFP-HA-CSB expressing 
CSIAN·Sv clones were further characterized for protein expression and by UV-survivaI 
together with VHlO-Sv (wt) and CSIAN-Sv untransfected fibroblasts. UV-survival was 
perfonned as described (40,51); the expression level ofthe tagged protein was detennined by 
inmlUnoblot analysis (51). 

Immunofluorescence labelling and antibodies 
Cells were grown on glass covers lips at 60-80% confluency. After washing twice with 

phosphate-buffered saline (PBS), ceJIs were fixed with 2% parafonnaldehyde in PBS for to 
minutes at room temperature (RT) and penneabilized with 0.5 % Triton X-IOO in PBS for 10 
minutes at RT. Cells were subsequently washed three times (5 minutes each) with PBS+ 
(PBS, 0.15% glycine, 0.5% BSA). Incubations with the primary antibody were perfomled for 
1.5 hour in PBS+ in a moist chamber at RT. After washing five times in PBS+, cells were 
incubated with the secondary antibodies for 1.5 hour in PBS+ at RT. Next, coverslips were 
washed five times with PBS+ and once in PBS, and mounted in Vectashield Mounting 
Medium (Vector Laboratories) containing 4' -6-diamino-2-phenylindole (DAPI). 

Primary antibodies used for imn1unolabelling were: high affinity rat anti-HA 
antibodies, clone 3FIO (Boehringer); affinity purified-rabbit polyclonal anti-CSB antibodies 
(51); mouse anti-SC35 antibodies (generously supplied by Dr. T. Maniatis). 

Secondary antibodies were: goat anti-rat Alexa 594-conjugated and goat anti-rabbit 
Alexa 594-conjugated antibodies (Molecular Probes); goat anti-mouse Cy3-conjugated 
antibodies (Jackson ImmunoResearch Laboratories). 

Antibodies used for immunoblot analysis were: rabbit anti-OFP antibodies (Clontech); 
affinity-purified rabbit polyclonal anti-CSB antibody (51). 
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Light microscopy and image analysis 
Fluorescent microscopy images were obtained with either a Leitz Aristoplan 

microscope equipped with epi~f1uorescence optics and a PLANAPO 63x11AO oil immersion 
lens (Figure 2, immunofluorescence experiments) or an Olympus lX70 microscope equipped 
with epi-fluorescence optics and Olympus Plan Apo 60xliAO oil immersion lens (Figure Ie 
and Figure 3, EGFP-CSB live cells). Confocal laser scanning microscopy images (Figure ID, 
EGFP-Iive cells) were recorded with a Zeiss LSM 410 microscope (see also below, FRAP), 

GFP images were obtained after excitation with 455-490 and long pass emission filter 
(>510 nm), Cy3 images were obtained after excitation with 515-560 and long pass emission 
filter (580 nm). 

Fluorescence recovery after photobleaching (FRAP) 
A Zeiss LSM41 0 microscope was used for the FRAP experiments. Recovery curves for 

evaluation of protein mobility were obtained as described before (II), Briefly, a strip 2 ~m 
wide, spanning the entire nucleus was bleached for 200 ms at highest intensity of the 488 11m 

line of a 15 m\V Ar-laser focused by a 40X 1.3 n.n. oil immersion lens. Subsequently the 
recovery of fluorescence in the strip was monitored at intervals of 100 ms with the same laser 
at 10% of the intensity applied for bleaching, using a dichroic beamsplitter (488/543I1m) and 
an additional 515-540 run band pass filter for cnunision detection. The intensity profiles of a 
varying number of cells (as indicated in Figure 4) were averaged and nonnalized in two 
different ways. For calculation of immobile fraction the intensity immediately before 
bleaching (prebleach) was set to I and the intensity immediately after bleaching (postbleach) 
was set to 0 (see Figure 4C). For evaluation!calculation of diffusion rates, the mean 
postbleach fluorescence intensity was set to zero and the maximum intensity reached after 
bleaching was set to 1 (see Figure 4A and B). 
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Concluding remarks and future 
directions 

Substantial experimental evidence has established the important role of TCR 
in ensuring the efficient progression of transcription by RNAP II after DNA 
damage. The generality of this mechanism, that seems to target different 
transcription-blocking DNA lesions and to involve multiple distinct repair 
pathways, such as NER and BER, has been recently revealed (91). Furthermore, a 
complex interplay between transcription, repair and chromatin organization is likely 
to determine the efficiency ofTeR ill vivo. However, many fundamental questions, 
including the molecular mechanism ofTeR, are still unanswered. 

Although the requirement of both CSA and CSB genes in TCR has been 
established at the genetic and cellular level, their precise molecular function in the 
repair-transcription coupling reaction remains unclear. Further characterization of 
CSB biochemical properties and isolation of the CSA protein are prerequisites to 
the elucidation of their role in TCR as well as in transcription. Size fractionation 
experiments of whole cell extracts (WCE) provide evidence that CSA and CSB are 
part of protein complexes of different sizes, CSB being partially associated with 
RNAPII (chapter 6). Also, the newly identified TCR protein XAB2 appears to 
reside in a large protein complex that co-fractionates both with CSB and with 
RNAP II (chapter 7). Interestingly, XAB2 was identified by its ability to associate 
with the core NER factor XPA. The observation that XAB2 is also able to interact 
with CSA, CSB and RNAPII (chapter 7) suggests that XAB2 may act as a dynamic 
bridging factor between the core NER machinery and the TCR proteins. The 
isolation of native CSA, CSB as well as XAB2 from human cells and the 
identification of their protein partners constitute an essential step in the 
understanding of their role il1 vivo. 

The experiments described in chapter 9 provide evidence that CSB fhnctions 
at the crossroads between repair, transcription and chromatin. To further investigate 
the precise role of CSB in chromatin transitions (including a possible involvement 
in chromatin assembly in addition to the observed remodeling activity) in relation to 
transcription and repair, it is important to determine the structural requirements for 
nuc1eosome binding and remodeling by CSB. The latter will involve a more 
detailed analysis of the physical interactions between CSB and the histones and the 
potential influence of covalent modifications (i.e. acetylation, phosphorylation, 
ubiquitination, ADP ribosylation) of the histone "tails" on such interactions. Also, 
the use of DNA templates with a higher level of chromatin compaction, such as 
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reconstituted plasmid chromatin containing linker histone HI, will provide insight 
into CSB function in chromatin. CSB might be able to influence both the individual 
nucleosome structures as well as the global organization of chromatin fibers. 

Several studies (including the experimental work described in chapter 6 and 
10 and as summarized in chapter 3 and 4) support the hypothesis that CSB is 
involved in transcription. In addition, as mentioned above and described in chapter 
9, CSB displays nucleosome-remodeling activity. The fact that many members of 
the SWI2/SNF2 family, to which CSB belongs, are chromatin disrupting 
transcription factors, suggests that CSB may also play a role in facilitating 
transcription in a chromatin environment. It will be of great interest to test this 
hypothesis on reconstituted nucleosomal templates ill vitl'o. The fact that large 
deletions or inactivating point mutations of the CSB gene are compatible with life, 
indicates that CSB is not essential for transcription (108, 184, 191). Differences in 
chromatin structure and/or in pausing-inducing sequences/factors within genomic 
regions may dictate differential requirements of genes for CSB, as well as for other 
chromatin- remodeling andior elongation factors. Mutations in CSB may lead to a 
reduced transcription of a subset of genes that need elevated transcription levels in 
specific tissues Of at certain stages of development. These may include, for 
instance, expression of some of the genes responsible for the formation of the 
myelin sheath. Reduced transcription of these genes and subsequent diminished 
proteins levels are perhaps the basis of neurodysmyelination and consequently the 
neurological abnormalities observed in CS patients (144, 148). The discovery that 
mutations in genes encoding chromatin-modifying proteins arc associated with 
specific human diseases (97, 163, 204) leads to the attractive hypothesis that 
misregulated chromatin rearrangements may underlie the complex clinical 
symptoms of CS patients. 

Despite the availability of ill vitro assays for both transcription and NER, 
which are based on whole cell extracts competent for both processes, to date no ill 
vitro system reliably mimicking TCR has been successfully developed (149, 213). 
The failure in observing a transcription-dependent increase in repair rates ill vitro 
may reflect both the need for high transcription levels, not supported by the ill vitro 
system, and the need for more natural DNA templates, such as nucleosomal 
templates, versus naked DNA. In addition, these extracts could lack specific 
activities required for TCR in vitro. 

Understanding the NER process in the context of chromatin is one of the next 
challenges within the repair field. A prerequisite is the development of appropriate 
DNA templates, containing a positioned lesion, as well as precisely positioned 
nucleosomes. Interestingly, a reconstituted DNA sequence with a well
characterized nucleosome structure and a long stretch of pyrimidines has been 
recently used to address damage accessibility by E. coli photolyase ill vitro (150). 
The potential of such a defined nucleosomal template is that it allows the 
monitoring of CPDs formation and repair. Similar templates could be used to 
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investigate damage recognition in chromatin by the complex NER machinery of 
mammals. 

The recent implementations of the green fluorescent protein (GFP) technology 
in addition to microscopic and spectroscopic developments add an extra dimension 
to the current methods of investigation, providing a powerful tool to study NER 
dynamics in living cells (68). Application of this technology to the CSB protein 
(chapter 10), as well as to CSA, is in progress. The experiments presented in 
chapter 10 (based on fluorescence redistribution after photobleaching) provide 
evidence that CSB is mobile within the nucleus of living cells and likely associates 
with other proteins, in agreement with the biochemical data previously discussed 
(chapter 6). In addition, these experiments indicate a direct link between CSB both 
nuclear mobility and organization with the cellular transcriptional activity, further 
supporting a direct involvement of CSB in transcription (chapter 10). Additional 
studies on both CSB and CSA dynamics will provide valuable insight into their 
function in TCR and in transcription in vivo. Another interesting extension is the 
analysis of CSB behavior in a CSA deficient cellular background. This may 
disclose aspects of the potential functional relationship between the two proteins in 
living cells. In addition, analysis of the effect of mutations, including the synthetic 
aminoacid substitution in the ATP-binding site (chapter 8) as well as inactivating 
missense mutations found in CS patients (l08), on both the CSB biochemical 
activity and behavior in living cells will contribute to elucidation of the role of 
CSB. 

A combined effort of biochemical analysis, which allows the dissection of 
protein function in a well-defined system, with dynamic studies within the complex 
metabolic environment of living cells will be necessary to reach understanding of 
the TCR mechanism. Finally, several mouse models have been generated to study 
the consequences of NER and/or TCR deficiency (34, 191). III vivo analysis of 
these mice will greatly contribute to understanding of the relationship between the 
molecular defects and the clinical phenotype of the human excision repair 
syndromes. 
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aa 
ATP 
BER 
CS 
CSAlCSB 
CPD 
CTD 
DNA 
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EGFP 
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EGFP 
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HA 
IP 
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kDa 
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NURF 
nt 
6-4 PP 
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RNAP II 
SNF 
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UV 
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XP 
XPA to-G 

amino acid 
adenosine triphosphate 
base excision repair 
Cockayne syndrome 
Cockayne syndrome AlB protein 
cycIobutane pyrimidine dimer 
C-tenllinal domain of RNA polymerase II large subunit (hepta-peptide repeat) 
deoxyribonucleic acid 
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enhanced green fluorescent protein variant 
human excision repair cross complementing gene 
fluorescence redistribution after photobleaching 
green fluorescent protein 
enhanced green fluorescent protein 
global genome repair 
hemagglutinin 
immunoprecipitation 
imitation switch 
kiloDalton 
nucleotide excision rcpair 
nucleosome remodeling factor 
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(6*4) pyrimidine*pyrimidone photoproduct 
radiation sensitive 
(heterogeneolls nuclear) ribonucleic acid 
RNA polymerase II 
refers to S. cerevisiae sucrose nou*fenuenting mutants 
refers to S. cel'evisiae mutants defective in mating type switching 
transcriptioll*coupled DNA repair 
transcription factor lIB 
tetratricopeptide repeat 
trichothiodystrophy 
ultraviolet light 
(UV-light) DNA damage binding protein 
whole cell extract 
XPA binding protein 2 
xerodenna pigmentosum 
xerodenna pigmentoslll1l group A to *G protein 
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Summary 

DNA, the carrier of genetic information, is continuously susceptible to 
changes, as a consequence of intrinsic chemical instability, replication errors or the 
action of genotoxic agents. Lesions in the DNA can arise both from endogenolls 
metabolic processes as well as from environmental factors, including chemical 
compounds and physical agents such as the short-wave UV component of sunlight 
and ionizing radiation. DNA damage directly disturb vital cellular processes such as 
transcription, replication and cell cycle progression, is implicated in cancer and 
contributes to premature aging. 

A complex network of DNA repair processes exists to safeguard the genome 
from the deleterious effect of damage. Nucleotide excision repair (NER) is one of 
the major DNA repair pathways. NER is highly conserved from yeast to man and is 
responsible for the removal of a wide diversion of DNA lesions, including UV
induced photo products and bulky DNA adducts. The NER process requires the 
coordinated activity of -30 proteins and proceeds by a multistep reaction in which a 
short segment of the damage-containing DNA strand is excised and replaced by 
copying the intact complemetary strand. Briefly, recognition of the damage is 
followed by local unwinding of the DNA double helix and cleavage of the damaged 
strand on both side of the lesion. After excision of the damage-containing 
oligonucleotide, the undamaged strand serves as template for gap-filling DNA 
synthesis by the replication machinery. 

At least three human syndromes are associated with defects in NER, 
illustrating the biological importance of this repair pathway: xeroderma 
pigmentosum (XP), Cockayne syndrome (CS) and thricothiodystrophy (TID). 
Extreme sensitivity to sunlight is the hallmark of these human disorders, which 
however are very heterogeneous in other clinical manifestations. Only XP patients 
present high predisposition to skin cancer, whereas CS and TID patients suffer 
from severe developmental and neurological abnormalities, symptoms that are 
difficult to explain on the basis of a defect in NER. The dual involvement of the 
basal transcription factor TFIIH both in NER and in transcription suggested that a 
transcriptional defect may underlie some of the clinical symptoms of CS and TID 
patients. 

It has become apparent that NER, as well as other repair mechanisms, are 
closely coordinated with other cellular processes. In particular, a close link between 
NER and transcription has been revealed. Lesions located on the transcribed strand 
of active genes which actually block transcription by RNA polymerase II (RNAP 
II) are preferentially repaired by a fast NER mode known as transcription-coupled 
DNA repair (TCR), which allows the rapid resumption of transcription. A specific 
defect in TCR is responsible for Cockayne syndrome. At least two genes are 
required for TCR in man, CSA and CSB. CSA harbors five WD repeats. The WD 
motif is present in proteins involved in various aspects of cellular metabolism, most 
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of which have regulatory rather than enzymatic functions. CSB belongs to the 
SWI21SNF2 family of DNA dependent ATPases, several of which are implicated in 
remodeling of chromatin structure during transcription. In analogy with TFIIH, the 
CS proteins are thought to play an additional role in transcription. 

The molecular mechanism of NER is reviewed in chapter 2. In addition, new 
developments in the study of NER within living cells are briefly outlined. Chapter 
3 and 4 provide a review of the TCR pathway, the proteins involved in TCR and the 
clinical consequences of a TCR defect in CS patients. Also, aspects of the NER 
connection with transcription are discussed. The organization of DNA into a highly 
compacted chromatin stmcture influences all DNA transacting processes ill vivo, 
including DNA repair and transcription. The molecular mechanism ofNER within 
chromatin is still poorly understood. Chapter 5 focuses on the interplay between 
chromatin structure and NER. In addition, the activity of chromatin remodeling 
protein complexes in relation to transcription is summarized. The main observations 
described in the experimental part of the thesis are integrated and discussed in the 
above mentioned theoretical chapters. 

The experimental part of this thesis aims to gain insights into the function of 
CSB in TCR. CSB activity was investigated both ill vitro as well as in living cells. 
The central role of CSB in TCR suggests possible interactions with other NER 
and/or transcription factors. The relationship of CSB with such proteins was 
investigated in the context of cellular protein extracts, as described in Chapter 6. 
Gel-filtration experiments provided evidence that CSA and CSB are part of protein 
complexes of different size, -450 kDa and> 700 kDa respectively. The generation 
of a human cell line stably expressing a tagged version of the CSB protein (HA
CSB-His6) allowed specific immunoprecipitation (IP) of CSB from cellular 
extracts. CSB was found to interact with RNAP II but, surprisingly, not with other 
NERltranscription factors. The results from both the gel-filtration and 
immunoprecipitation experiments indicate that CSB is part of a protein complex 
involving RNAP II. Chapter 7 describes the identification of a novel 
tetratricopeptide repeat containing protein involved in TCR, XAB2. This protein 
was identified by its ability to associate with the core NER factor XP A. XAB2 
resides in a large protein complex that co-fractionates both with CSB and with 
RNAP II. Evidence is presented that support physical interaction of XAB2 with 
TCR specific proteins, CSA, CSB and RNAPII, suggesting that XAB2 may act as a 
dynamic bridging factor between the core NER machinery and the TCR proteins. 
Microinjection of anti-XAB2 antibodies in human fibroblast revealed the 
involvement of XAB2 not only in TCR but likely also in transcription ill vivo. 

The biochemical properties of recombinant CSB protein were investigated, as 
presented in chapter 8 and 9. Chapter 8 describes the purification of baculovirus
produced Ha- his6-tagged CSB (HA-CSB-His6) using an efficient three-step 
procedure. Recombinant CSB displays double-stranded DNA-dependent ATPase 
activity, activated by both naked as well as nucleosomal DNA. No classical helicase 
activity was found, in agreement with results obtained with other SNF2-like 
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proteins. By site-directed mutagenesis the invariant lysine within the Walker A 
motif, responsible for ATP binding and hydrolysis was substituted with an arginine. 
This mutation abolished CSB ATPase activity, as expected, but only partially 
affected its biological nmction in living cells. Further characterization of CSB 
enzymatic activities is presented in chapter 9. In a topological assay, CSB is able to 
alter the DNA double helix conformation, introducing negative supcrcoils in a 
relaxed plasmid upon binding. The possibility that CSB plays a role in chromatin 
remodeling, based on its similarities with SWI2/SNF2 proteins, was examined by ill 
vitro accessibility assays on reconstihlted nucleosomal templates. CSB appears to 
function as an A TP-dependent chromatin remodeling factor, being able to alter 
DNAse I accessibility to mOllonucleosome cores and to disorder an array of 
nucleosomes regularly spaced on plasmid DNA. CSB remodeling activity has some 
properties in common with both SWI2/SNF2 and ISV"I complexes, two of the best
characterized families of remodeling complexes. 

As described in chapter 10, stable expression of a nmctional CSB-green 
fluorescent protein (GFP) fusion protein in human fibroblasts allowed the study of 
some aspects of CSB nuclear organization and dynamic properties in living cells. 
Confocal and conventional microscopy showed that CSB is concentrated in 
multiple distinct foci in the nucleus, which redistribute into a homogeneolls pattcm 
upon both UV-irradiation and transcription inhibition by drug treatment. The 
nuclear mobility of CSB molecules was investigated by quantitative fluorescence 
redistribution after photobleaching (FRAP). CSB diffilses in the nucleus with a 
diffilsion rate slower than predicted by the size of a single polypeptide. This 
suggests that CSB is associated with other proteins in the nucleus, in agreement 
with the biochemical observations described in chapter 6. Alterations in CSB 
nuclear mobility were detected in both UV-irradiated and transcriptionally inactive 
cells. The results suggest that CSB nuclear organization and mobility are dynamic 
and are directly related to both UV-indllced DNA damage and to transcription, 
nlrther supporting a direct involvement of CSB in transcription. The results 
described in this thesis, together with the knowledge present in the literature, place 
CSB at the crossroad between DNA repair, transcription and chromatin stmcture. 
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Samenvatting 

DNA, de drager van genetische inforInatie, is continu onderhevig aan 
wijzigillgen door intrillsieke chemische illstahiliteit, replicatiefouten of de 
inwerking van gen-toxische stoffen. Zowel endogene metabole processen als 
omgevingsfactoren, waaronder chemische verbilldillgcn, UV stralen uit het zonlicht 
en ioniserende straling, kunnen beschadigingen in het DNA veroorzaken. Een 
rechtstreeks gevolg van DNA schades is de verstoring van enkele vitale processen 
zoals transcriptie (de aanmaak van het RNA), replicatie (verdllbbeling van het DNA 
tijdens de celdeling) en progressie van de celcycills. Ook speelt DNA beschadiging 
cen ral bij het ontstaan van kmUcer en premature veroudering. 

Er bestaat een lIitgebreid netwerk van DNA herstel mechanismen dat het 
genoom moet beschennen tegen de nadelige effecten van DNA schade. Een van 
deze DNA herstel mechanismen is nucleotide excisie reparatie (NER). NER is 
aauwczig van bactcrie en bakkergist tot aan de mens en is verantwoordelijk voor de 
herkenning en de verwijdering van cen grotc vcrscheidcnheid aan DNA 
beschadigingen, die veroorzaakt worden door onder meer zonlicht (UY), 
sigarettenrook en uitlaatgasscll. Het NER-proces vereist de samenwerking van 
ongeveer 30 eiwitten. In opeenvolgende stappen wordt de schade herkend, 
vervolgens wordt de dubbele DNA helix plaatselijk geopend, daama wordt het korte 
fi-agment met de schade uit de DNA streng geknipt en vervangen, waarbij de 
tegenoverliggende intacte streng als voorbeeld wordt gebruikt voor het opvullen 
van het "gat" door de replicatie-mechanismen. 

Het belang van een goed functionerend NER mechanisme is duidelijk 
zichtbaar bij drie erfelijke ziektes die veroorzaakt worden door defecten in dit 
mechanisme: xeroderma pigmentosum (XP), Cockayne syndroom (CS) en 
trichothiodystrophy (TID). Deze drie ziektes hebben gemeen dat ze ecn extreme 
overgevoeligheid voor zonlicht veroorzaken. Er zijn ook duidelijke verschillen in de 
symptomen van patienten. Alleen XP patienten vertonen cen verhoogde kans op 
katlker. CS en TID patienten op hun beurt lijden aan neurologische afwijkingen en 
ontwikkelingsstoomissen die niel eenvoudig door een NER defect kunnen worden 
verklaard. De tweezijdige betrokkenheid van de basale transcriptiefactor TFIIH in 
zowel NER als transcriptie deed vermoeden dat een defect in het trallscriptieproces 
aan de basis ligt van een aantal symptomen van CS en TID patienten. 

Het is duidelijk gcworden dat NER, alsook andere herstelmechallismen, goed 
samenwerkt met andere processen in de eel. Het meest opvallende voorbeeld 
hiervan is een directe relatie hlssen NER en transcriptie. DNA schades aanwezig in 
de over te schrijven streng van aetieve genen, blokkeren de door RNA plymerase II 
(RNAP II) gelllduceerde transcriptie. Deze schades worden door een efficiente 
variant van NER versneld verwijderd. Dit proces wordt transcriptie gekoppeld DNA 
herstel (transcription coupled DNA repair (TCR)) genoemd. Door TCR kan de 
geblokkeerde lranscriptie snel worden hervat. Een specifiek defect in TCR is 

- 161 -



SalllenvattiJlg 

verantwoordelijk voor het Coekayne syndroom. VOOl' TCR zijn bij de mens 
tenminste twee genen belangrijk, CSA en CSB. CSA bevat een geconseveerd 
domein van -35 aminozuren (WD motie!) dat vijfkeer gerepeteerd aanwezig is. Het 
WD motief bevindt zich in eiwitten die betrokken zijn bij verschillende aspecten 
van het cehnetabolisme. CSB behoort tot de SWI2/SNF2 familie van DNA 
afhankelijke A TPases, waarvan sommigen betrokken zijn bij het herschikken van de 
chromatine stmetuur tijdens transcriptie. Naast TFIIH spelen de CS eiwitten 
waarschijnlijk oak een rol in transcriptie. 

Het NER mechanisme wordt in hoofdsluk 2 besproken. Tevens worden 
nieuwe ontwikkelingen in het onderzoek van NER in levende cellen kart 
uiteengezet. Hoofdsluk 3 en 4 gaan in op het TCR mechanisme, de daarbij 
betrokken eiwitten en de klinische consequenties van een TCR defect in CS 
patienten. Bovendien worden -er nag een aantal andere aspecten van de 
betrokkenheid van transcriptie met NER besproken. De organisatie van het DNA in 
de zeer compacte chromatine structuur beYnvloedt ill vivo aIle processen langs het 
DNA, inclusief DNA herstel en transcriptie. Momenteel is er nog weinig bekend 
over de wijze waarop de chromatine structuur het NER proces beYnvloed. In 
hoofdstuk 5 wordt hier nader op ingegaan. Tevens wordt er een samenvatting 
gegeven van de verschillende chromatine reorganiserende eiwit-complexen die 
betrokken zij bij transcriptie. De belangrijkste waarnemingen die worden 
beschreven in het experimentele gedeelte van dit proefschrift zijn opgenamen en 
worden besproken in bovengenoemde theoretische hoofdstukken. 

Het experimentele deel van dit proefschrift beoogt het begrip van de functie 
van CSB in TCR te vergroten. De CSB activiteit werd zowel ill vitro als in levende 
cellen onderzocht. De centrale rol van CSB in TCR suggereert een 1l10gelijke 
interactie met andere NER en/of transcriptie factoren. De reIatie van CSB met zulke 
eiwitten werd onderzocht aan de hand van cellulaire eiwit-extracten, zoals 
beschreven in hoofdstuk 6. Gel-filtratie experimenten toonden aan dat CSA en CSB 
deel uitmaken van verschillende eiwit-camplexen van verschil1ende graotte, 
respectievelijk -450 kDa en >700 kDa. Ook werd gebmik gemaakt van een cellijn 
die een gemarkeerde versie van het CSB eiwit (HA-CSB-His6) stabiel tot expressie 
brengt, waarbij het gemarkeerde eiwit m.b.v. specifieke immunoprecipitatie (IP) uit 
celextracten kon worden ge'isoleerd. Hiemit bleek een interactie hlsscn CSB en 
RNAP II, echter niet tussen CSB en andere NERitrallscriptie factoren. De resultaten 
van zowel de gel-filtratie als de immunoprecipitatie-experimenten gcvell aan dat 
CSB deel uitmaakt van een eiwitcomplex waarbij RNAP II betrokken is. 

Hoofdstuk 7 beschrijft de identificatie van een nieuw tetratricopeptide repeat 
bevattend eiwit dat ook betrokken is bij TCR, namelijk XAB2. Dit eiwit wordt 
gekenmerkt door zijn vermogen zich te binden aan XPA, de centrale NER factor. 
XAB2 bevindt zich in een groot eiwitcomplex samen met CSB en RNAP II. Er 
wordt verder bewijs geleverd dat er een fYsieke interactie tussen XAB2 cn TCR
specifieke eiwitten CSA, CSB en RNAP II bestaat. Dit suggereert dat XAB2 een 
dynamische overbruggingsfunctie vervult tussen de centrale NER machinerie en de 
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TCR eiwitten 
De biochcmische eigenschappen van recombinant CSB eiwit werden 

onderzocht, zoals beschreven in hoofdstuk 8 en 9. Hoofdstuk 8 beschrijft de 
isolatie van door baculovirus gcproduceerde HA-His6-gemarkeerde CSB door 
middel van een efficiente drie-staps zuiveringsmethode. Recombinant CSB bleek 
een DNA-afhankelijk ATPase te zijn, dat zowel door kaal DNA als nucleosomaal 
DNA wordt gestimuleerd. Daarnaast werd aangetoond dat CSB geen klassieke 
helicase is, wat overeenkomt met de resultaten van andere SNF2-achtige eiwitten. 
Uit de karakterisering van een mutant CSB eiwil, dat niet in staat is om A TP te 
hydrolyseren, b1eek dat de ATPase activiteit slechts ten dele nodig is voor de 
biologische fuuctie van CSB in levende cellen. Nadere karakterisering van de 
enzym-activileil van CSB wordt beschreven in hoofdstuk 9. In een topologisch 
assay bleek CSB in staat te zijn de vorm van de dubbele DNA helix te wijzigen door 
binding. Oebaseerd op de overeenkomsten met SWI2/SNF2 eiwilten, zou CSB ook 
een rol kunnen spelen in chroma tine reorganisatie. Deze mogelijkheid werd 
onderzocht door ill vitro DNAse toegankelijkheids-assays uit te voeren op 
gereconstitueerde necieosomen. CSB lijkt te werken als een ATP-afhankelijke 
chroma tine reorganiserende factor, in staat om DNAse I toegankelijkheid tot 
mononucleosomale kernen te wijzigcn en am een serie van gelijkmatig verdeelde 
nucieosomen op plasmide DNA te verstoren. De reorganiserende activileil van CSB 
heeft een aantal eigenschappen die overeenkomen met die van SWI2/SNF2 en ISWI 
complexen, twee van de best-gekarakteriseerde families van reorganiscrende 
complexen. 

In hoofdstuk 10 wordt omschreven hoe, met behulp van stabiele expressie van 
een functioneel gemarkeerd CSB met het groen fluorescent eiwit (OFP) in humane 
fibroblasten, een aantal aspecten van de organisatie van CSB in de celkern en zijn 
dynamische eigenschappen in lcvcndc ccllen kon worden onderzocht. Confocale en 
conventionele microscopie toonde aan dat CSB is geconcentreerd in meerdere 
discrete foci in de kem, die zich herverdelen in een homogecn patroon na zowel 
UV-bestraling als transcriptie-onderdrukking door chemische stoffen. De mobiliteit 
vall CSB moleculen in de kem werd onderzocht door kwantitatieve "fluorescentie 
redistributie na foto-bleking" (fluoresence redistribution after photobleaching, 
FRAP). CSB diffundeert langzamer in de ken! dan op grond van de grootte van het 
enkele polypeptide venvacht word!. Dil suggereert dat CSB is geassocieerd met 
ander eiwitten in de kem, overeellkomstig met de biochemische observaties zoals 
omschreven in hoofdstuk 6. Veranderingen in de mobiliteit van CSB in de kem 
werden gedetecteerd in zowel UV -bestraalde als transcriptie-onderdrukte cellen. De 
resultaten suggereren dat de orgallisatie en mobiliteit van CSB in de celkern direct 
gerelateerd zijn aan DNA schade door UV bestralil1g en aan transcriptie, hetgeen de 
hypothese van een directe betrokkenheid van CSB bij transcriptie verder 
ondersteunt. Samen met de kennis die in de literatuur aanwezig is, plaatsell de 
resuitaten die in dit proefschrift worden beschreven CSB op het kruispunt tussen 
DNA hersteI, transcriptie en chromatine stmchmr. 
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Appendix 

Table belonging to chapter 7 

Table 1. Effect of XAB2 anti-serum micl'oinjection Oil DNA l'cpair and transcription 

Antiserum %UDS I %RRS3 % transcription4 

wt XPC' 

Prcinu11une 100 100 100 100 

aXAB2FL' 94-98 30-55 25-33 41-64 

aXAB2C' 96-98 74 40-55 95-106 

o:CSB 100 20 37 100 

o:ERCCI 3-10 NDIi 21 100 

[Unscheduled DNA synthesis (DNA-repair synthesis) levels expressed as a percentage of 
UDS compared to non-injected neighboring cells. 
2Percentage of the residllal UDS in XP-C cells was 2S±5% of normal level. 
"Percentage of RNA synthesis recovery (RRS) after UV-exposure in injected cells compared 
to non-injected neighboring cells. 
"\Percentage of overall RNA synthesis in non-irradiated injected cells. 
5AlI experiments were repeated at least three times, except for a.XAB2FL and aXAB2C 
injection into XP-C cells. 1l1esc latter were performed twice and once, respectively. Given 
percentages, expressed as the observed (maximum) variation between different experiments, 
are derived from autoradiographic counting of at least 100 nuclei. ' 
fiND: not done. 
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