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1 Introduction 

1.1 Cell Cycle and DNA Replication 
Duplication of eukaryotic cells and its regulation have been in the center of the 

biomedical research since more than hundred years. The model, which summarises 

the replication of the chromosomal DNA and finally the formation of two daughter 

cells, is called the eukaryotic cell cycle. The cell cycle can be divided into four phases. 

During S phase (S for synthesis), the cellular DNA of each cell is faithfully replicated  

which is an essential prerequisite for cell division. The phase, in which the cell splits 

into two, is called M phase of the cell cycle. G1 phase (G for gap) is the time interval 

between the completion of M phase and the beginning of the next S phase. In 

contrast, G2 phase is the interval between the end of S phase and the beginning of M 

phase.   

 

 
Figure 1.1 The Eukaryotic Cell Cycle (from Dr. H-P Nasheuer) 

 

Eukaryotic DNA replication is tightly controlled and takes place during a restricted 

period of the cell cycle, the S phase (Donaldson and Blow, 1999; Stillman, 1996). The 

initiation of DNA replication requires a set of proteins to bind to a small region of DNA, 

the origin of DNA replication. In late mitosis to early G1 phase these proteins 

assemble a complex which is called pre-replication complex (pre-RC). The pre-RC  

consists of the origin recognition complex (ORC), the cell division cycle protein 6 

(Cdc6p), and the minichromosome maintainance protein complex (Mcm) (Takisawa 

and Kubota, 2000; Madine and Laskey, 2001). ORC is a sequence-specific DNA 

binding protein, which consists of 6 subunits (Orc 1-6). ORC binds and remains bound 

to origins during most  or all of the cell cycle, and is a marker of replication origin. 
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Cdc6p associates with origins from late M phase until late G1 phase of the next cell 

cycle. Human Cdc6p locates in nuclei during late M phase and G1 phase, and moves 

to the cytoplasm in S phase (Saha et al., 1998). Cdc6p cooperates with ORC and 

Cdt7 to load the Mcm protein complex, which consists of the Mcm2, Mcm3, Mcm4, 

Mcm5, Mcm6, and Mcm7 proteins. The Mcm2-7 complex is necessary not only for 

initiation but also for elongation of DNA synthesis. It is phosphorylated at the G1-S 

phase transition. This phosphorylation probably causes a structural change of the 

Mcm complex which might allow the formation of Mcm4,6,7 complex and the binding 

of cell division cycle protein 45 (Cdc45p). The Mcm4,6,7 complex has DNA helicase 

activity in vitro. It can unwind dsDNA and load Cdc45p (Ishimi, 1997, 2000; You et al., 

1999; Zhou and Stillman, 2000). Cdc45p is a critical factor for conversion from the pre-

RC to the initiation complex (IC) at the transition from G1 to S phase. IC consists of 

Mcm4,6,7 complex, Cdc45p, and replication protein A (RPA). The formation of 

Cdc45p, RPA and Mcm4,6,7 complex recruits DNA polymerase �-primase onto 

chromatin in S phase (Mimura and Takisawa, 1998). 

DNA polymerase �-primase comprises two essential enzymes: a DNA-dependent 

RNA polymerase  (also called primase) and DNA-dependent DNA polymerase. First 

the primase synthesises a 10-ribonucleotide-long RNA primer on the leading strand 

and later that of each Okazaki fragment on the lagging strand. Subsequently, a 

polymerase switch takes place and DNA polymerase � elongates this RNA primer by 

addition of deoxynucleotides to form an RNA-DNA primer with a size of about 40 

nucleotides. 

DNA polymerase �-primase complex is composed of four subunits: p180, p68, p58 

and p48 (reviewed by Burgers, 1998; Hübscher et al., 2000; Nasheuer et al., 2002; 

Waga and Stillman, 1998). Their main structure is conserved among all eukaryotes 

(Wang 1996). The p48 subunit contains the catalytic center of primase activity. It can 

synthesise short RNA primers in vitro (Nasheuer and Grosse, 1988; Santocanale et 

al., 1993; Schneider et al., 1998). The p58 subunit has no enzymatic activity, but it 

stabilises the thermolabile p48 and supports the function of p48 (Copeland and Wang, 

1993; Nasheuer et al., 1988; Santocanale et al., 1993; Schneider et al., 1998). p58 

mediates the interaction between the p180 and p48 subunits, and might have a 

function in switching from primer synthesis to DNA elongation (Longhese et al., 1993). 

The p180 subunit has the DNA polymerase activity, but has no proofreading 3’-5’ 

exonuclease activity (Kunkel et al., 1991). It is expressed from G0/G1 transition and 
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stays constant during cell cycle (Pearson et al., 1991; Wahl et al., 1988; Wang et al., 

1995). The p68 subunit, also called B subunit, has no enzymatic activity, but exhibits 

regulatory functions since it is phosphorylated in a cell cycle-dependent manner and 

its phosphorylation state  is reported  to be a consequence of DNA damage during S 

phase (Collins et al., 1993; Foiani et al., 1994,1995; Nasheuer et al., 1991; Pellicioli et 

al., 1999; Voitenleitner et al., 1999). DNA polymerase � displays a low processivity 

and lacks an intrinsic 3’-5’ exonuclease activity, it is more error-prone than other 

replicative DNA polymerases  (Kunkel et al., 1991; Maga et al., 2001). However its 

association with the tumor suppressor protein p53 which has 3’-5’ exonuclease activity 

might increase genome stability (Kühn et al., 1999; Melle and Nasheuer, 2002).  

In the following step after DNA polymerase �-primase has produced the short RNA-

DNA primer, replication factor C (RFC) removes it from the newly synthesised RNA-

DNA primer and loads the proliferating cell nuclear antigen (PCNA) in the primer. 

PCNA is a ring-shaped sliding clamp protein. RFC recognises the primed template 

junction and couples ATP hydrolysis to open and close PCNA around DNA (Naktinis  

et al., 1996; Stukenberg et al., 1991; Stillman,1994. It is a homotrimer of three 36kDa 

subunits, and assembles around the primed site. The ring formation and its interaction 

with DNA polymerase � and ��allows the processive elongation of the primers (Liu et 

al., 2000). PCNA increases the processivity of these DNA polymerases by preventing 

their premature dissociation from DNA.  

Unlike DNA polymerase �-primase which only synthesises short stretches of DNA, 

DNA polymerases � and � can incorporate thousands of nucleotides into the newly 

synthesised DNA. In mammalian cells the DNA polymerase � is a heterohexamer of 

125 kDa, 68 Kda and 50 kDa and 12 kDa subunits. It is essential for both leading and 

lagging strand DNA synthesis during DNA replication in eukaryotes. The DNA 

polymerase � probably also consists of 4 subunits. It is involved in the DNA replication 

of chromosomes in mammalian cells. The largest subunit is a catalytic subunit, which 

also has 3’-5’ exonuclease activity, it enables DNA polymerase � to play a role in base 

excision repair. DNA polymerase � thus provides strand displacement synthesis in the 

long patch mode of repair (DeMott et al., 1998). The current model of the initiation 

process of DNA replication is summarised in Figure 1.2.  
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Figure 1.2 Model of Eukaryotic DNA Replication Initiation (from C. Bauerschmidt) 
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1.2 Replication Protein A 
 
The prerequisite for DNA replication is that, double-stranded DNA (dsDNA) must be 

unwound to single-stranded DNA (ssDNA). This event is carried out by a co-orperation 

of helicases, Mcm4,6,7 complex, and replication protein A (RPA). ssDNA alone is not 

stable under physiological conditions. Therefore single-stranded DNA binding proteins 

(SSB) are required for stablising ssDNA.  

Replication protein A (RPA), also named human single-stranded DNA binding protein 

(SSB) or replication factor A (RFA), is a heterotrimeric protein complex which consists  

of three subunits with molecular masses of 70, 32 and 14 kDa. RPA is highly 

conserved in its subunit structure, DNA binding activity and post translational 

modifications in all examined eukaryotes (Adachi & Laemmli, 1992; Atrazhev et al., 

1992; Brill and Stillman, 1989; Brown et al., 1992; Mitsis et al., 1993; Wobbe et al., 

1987; Wold and Kelly, 1988). The majority of RPA remains complexed under all 

examined conditions, but in some cell types, crude cell extracts may contain small 

amounts of p32 free from p70 (Loo et al., 2000). 

1.2.1 Functions of Replication Protein A 

1.2.1.1 RPA in DNA Replication 
The development of a cell-free SV40 DNA replication system, an extremely useful 

model for eukaryotic DNA replication in vitro which requires only one viral protein, the 

large T antigen, has led to the identification and characterisation of various essential 

cellular replication factors (Challberg and Kelly,1989; Hurwitz et al., 1990; Kelly, 1988; 

Li and Kelly, 1984; Sogo et al., 1986; Stillman 1989). RPA was first described as a 

factor required for SV40 DNA replication which stabilised ssDNA regions created 

during unwinding of dsDNA (Fairman and Stillman, 1988; Wobbe et al., 1987; Wold 

and Kelly, 1988). It turned out later that RPA is a member of the DNA replication 

initiation complex and helps to form the replication fork. Its role in DNA replication 

elongation is discovered through indirect immunofluorescence in chinese hamster 

ovary (CHO) and HeLa cells showing that all three RPA subunits associate specifically 

with sites of ongoing DNA synthesis, similar to the replication protein PCNA (Dimitrova 

and Gilbert, 2000). In addition, RPA increases the fidelity of DNA replication (Carty et 

al., 1992; 1993; Roberts et al., 1993; Suzuki et al., 1994), here it works as a ”fidelity 

clamp” for DNA polymerase � (Maga, et al., 2001). RPA acts as an auxiliary factor for 

DNA polymerase � and plays a dual role: (i) it stabilises the DNA polymerase �/primer 

complex, thus acts as a polymerase clamp and (ii) it significantly reduces the 
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misincorporation rate of DNA polymerase � (Maga et al., 2001). In addition, RPA 

modulates the strand displacement activity of DNA polymerase � during Okazaki 

fragment processing (Maga, et al., 2001) 

1.2.1.2 RPA in DNA Repair 
In addition to DNA replication, RPA has been shown to be essential in DNA repair. 

Since cellular DNA is continuously damaged by both environmental influences and 

spontaneous decay, such as depurination or deamination, repair of damaged DNA is 

essential to maintain the genetic integrity. Each eukaryotic organism has evolved its 

processes to repair DNA lesions. The major repair systems comprise mismatch repair 

(MMR), nucleotide excision repair (NER), base excision repair (BER), and double-

strand break (DSB) repair. RPA has an important role in NER, BER and MMR 

(Aboussekhra et al., 1995; Baumann and West, 1997; Coverly et al., 1991; 1992; 

DeMott et al., 1998; Dianov et al., 1999; Heyer et al., 1990; Longhese et al., 1994; 

Moore et al., 1991; Otterlei et al., 1999. Shivji et al.,1992; Stucki et al., 1998). NER is 

important for repairing cyclobutane pyrimidine dimers resulting from DNA damage. In 

the early steps of the NER, RPA cooperates with the Xeroderma pigmentosum 

damage recognition protein A (XPA), which coordinates the NER process (He et 

al.,1995; Matsuda et al., 1995).  

RPA is also involved in post-replicative base excision together with major nuclear 

uracil-DNA glycosylase (UNG2) and PCNA to remove the incorporated uracil. Human 

RPA specifically stimulates the activity of human DNA ligase I, which is also a BER 

component, by approximately 15-fold, whereas other analysed single-stranded binding 

proteins could not substitute for RPA (Ranalli, et al., 2002). 

1.2.1.3 RPA in Recombination and Transcription 
RPA is required in homologous recombination for stimulation of strand-exchange 

proteins of Saccharomyces cerevisiae and human cells (Heyer et al., 1990; Moore et 

al., 1991). In addition, Perrault et al., (2001) discovered the effect of RPA on non-

homologous end joining by using radiation-induced DNA-DSB and HeLa cell extracts 

as an enzyme source. Rejoining of DSB proceeded faster and to higher levels of 

completion when extra RPA was added. They further demonstrated that depletion of 

RPA from HeLa cell extracts reduced the rejoining activity. This reduction can be 

restored by addition of RPA. RPA has also connection to transcription since the 

function of RPA is modulated by direct binding of various transcription factors such as 

p53, VP16 and GAL4 and a direct role of RPA in transcriptional control has been 
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discussed (Dutta et al., 1993; He et al., 1993; Li and Botchan, 1993; Singh and 

Samson, 1995). 

1.2.1.4 RPA in Checkpoint Control and Cellular Disorders    
In G1, S, and G2 phases cells must decide whether to proceed to the next phase or 

pause to allow more time to prepare cellular content. These specific checkpoints are 

also involved in the control of repair mechanisms, transcription, telomere length, and 

apoptosis. There is a protein network for checkpoint control. RPA is part of this protein 

network. The RPA 70 subunit is required in the S-phase DNA damage checkpoint 

(Longhese et al., 1996).  

RPA is reported as being relevant to various human disorders, such as Werner 

Syndrome (WS) and Bloom Syndrome (BS). The genes responsible for WS and BS 

code WRN protein (WRNp) and BLM, respectively. Both WRNp and BLM belong to 

the RecQ DNA helicase family. WRNp forms distinct nuclear foci in response to DNA 

damaging agents, which overlap well with the foci of RPA and partially with foci of Rad 

51p. RPA can also stimulate the helicase activity of WRNp. BLM co-localises 

transitionally with RPA when it enters the nucleolus (Opresko et al., 2001; Sakamoto 

et al., 2001; Sanz et al., 2001). Bischof et al. (2001) reported that in normal human 

cells, RPA, hRad51p and BLM resemble ionising radiation-induced foci. 

1.2.2 RPA-Protein Interactions 
In the initiation of eukaryotic DNA replication E. coli SSB is unable to substitute for 

human RPA. This suggests that the activity of RPA requires specific protein-protein 

interactions (Dornreiter et al., 1990; 1992; 1993; Gannon and Lane, 1987; Melendy 

and Stillman; 1993; Schneider et al., 1992; Smale and Tijan, 1986). This view is 

supported by the observation that despite the conservation among species, only 

mammalian RPA can support SV40 replication in vitro (Brill and Stillman, 1991; Brown 

et al., 1993; Collins and Kelly, 1991). It is well known that specific protein-protein 

interactions of replication factors are required during primosome assembly, during 

initiation of DNA replication and at the replication fork (Weisshart et al., 2000), 

summarised by Hübscher et al  (2000) and Nasheuer et al (2002). 

1.2.2.1 RPA Interacts with DNA Replication Proteins 
RPA has to interact with various proteins during cell cycle to perform its functions. 

Biochemical analysis has shown that RPA interacts with DNA polymerases �� � and�� 

to synthesise DNA as well as with several DNA helicases to unwind long patches of 

nucleotides (Erdile et al., 1991; Georgaki et al., 1994; Haracska et al., 2001; Kenny et 
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al., 1989; 1991; Lee et al., 1989; 1990; 1991; Matsumoto et al., 1990; Melendy and 

Stillman, 1993; Muramaki and Hurwitz, 1993; Seo et al., 1991; Thömmes et al., 1992; 

Tsurimoto and Stilllman, 1989; 1990). Recently It was reported that RPA binds to DNA 

polymerase � and ���(Washington et al., 2001). Human DNA polymerase � (hPol�) 

functions in the error-free replication of UV-damaged DNA, and mutations in hPol� 

cause cancer-prone syndrome. RPA, together with replication factor C and PCNA, 

stimulates the DNA synthetic activity of hPol� and hPol� and therefore increases the 

efficiency of nucleotide insertion. 

1.2.2.2 RPA Interacts with DNA Repair Factors  
The interaction of human RPA and XPA is essential for XPA-mediated NER activity, 

because the association of human RPA stimulates the ability of XPA to bind the 

damage sites (Saiji et al., 1996). XPA and XPG are required for damage recognition 

and excision. XPA interacts with both p32 and p70 and forms RPA-XPA complexes, 

which enhances the excision in the presence of damaged DNA-binding protein (DDB), 

or stabilises the complex of XPA-damaged DNA complex through protein-protein 

interactions. The XPA-RPA complex binds to damaged DNA with RPA mediating the 

contact and then recruits the XPG and ERCC1-XPF nucleases for excision of 

damaged sites (Hey et al., 2001; Li, et al., 1995; Wakasugi, et al., 2001; Wang, et al., 

2000). Human RPA furthermore modulates the ability of these nucleases to cleave the 

damaged strands  (Matsunaga et al., 1996; Evans et al., 1997). RPA itself can 

recognise damaged DNA with a low dissociation constant and a nearly 15-fold 

preference over undamaged DNA (He et al., 2001). 

The function of RPA in BER depends on its binding to the residues aa 28 to 79 of 

human uracil-DNA glycosylase (UNG2), which has a homologous sequence to the 

RPA-binding region of XPA. Direct physical interactions of UNG2 with PCNA and RPA 

are shown (Otterlei et al., 1999). In addition, the human RPA subunit p32 binds to 

human Rad52p. Rad52p is an essential protein for DSB repair and binds to ssDNA to 

facilitate strand annealing. RPA-Rad52p binding promotes strand exchange of 

complementary ssDNA molecules (Shinohara et al., 1992; Sung, 1994; Mortensen et 

al., 1996). 

1.2.2.3 RPA Interacts with Recombination, Transcription and Checkpoint 
Factors 
Rad 51p is a DNA-dependent ATPase and has a central function in DNA 

recombination. RPA binds to Rad 51p through the residues aa 169 to 326 of p70, and 
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stimulates the strand transfer activity of Rad51p (Baumann and West, 1997; Golub et 

al., 1998).  

As mentioned above, RPA performs an influence on transcription by its interaction 

with transcriptional activators such as GAL4 and VP16. Human RPA also associates 

with EBNA1, the latent origin-binding protein of the Epstein-Barr virus (Zhang et al., 

1998) and E2 of bovine papillomavirus (BPV), a transcriptional activator and a BPV 

replication factor (Li et al., 1993). 

During checkpoint controls RPA can physically interact with nucleolin, a key factor in 

ribosome biogenesis, with high affinity. This binding prevents initiation of DNA 

replication after cell stress (Daniely and Borowiec, 2000). 

1.2.3 The Structure of RPA 
As mentioned above, RPA consists of three subunits p70, p32, and p14. The amino 

acid sequences of RPA show a high degree of homology in various species (Iftode, et 

al., 1999), and some can even substitute for each other in certain reactions. However 

RPA also shows some species specificity. In specific processes such as SV40 DNA 

replication in vitro, mammalian RPA is essential and yeast RPA cannot replace it 

(Melendy and Stillman, 1993; Stadlbauer et al., 1996). To study the structure and the 

modular composition of the RPA complex protease stability experiments were carried 

out. The p70 subunit of RPA was first cleaved by trypsin into two structural domains, a 

18 KDa N-terminal domain and a 52 KDa C-terminal domain (Gomes, et al., 1996). By 

deletion and structural analysis three functional domains of p70 were identified: an N-

terminal domain (approximately residues 1-170), a central DNA binding domain 

(approximately residues 170-450) and a C-terminal domain (approximately residues 

450-616, see Figure 1.3). The N-terminal domain of p70 is involved in physical 

interactions of RPA with proteins, such as DNA polymerase �-primase, T-antigen, p53 

and various transcription factors. The central part of p70 is composed of two DNA-

binding domains, DBD-A and DBD-B, which are essential for RPA binding to ssDNA. It 

has been reported that DBDs also bind to damaged DNA and are likely to bind to 

dsDNA. The C-terminal domain contains DBD-C and a Zinc finger. DBD-C is 

responsible for the formation of the RPA heterotrimeric complex (Gomes et al., 1996, 

Gomes and Wold, 1995,1996, Kim, et al., 1996; Lin et al., 1996). DBDs have 

additional function like interaction with transcription factors and the SV40 large T 

antigen (Blackwell and Borowiec, 1994; Brill and Bestin-Shanower, 1998; Philipova et 

al., 1996; Wold, 1997). Thus by its modular composition RPA can carry out various 

functions, such as DNA initiation, DNA recombination and DNA repair. 
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p70 alone cannot support DNA replication, demonstrating that the p32 and p14  

subunits are essential for RPA function. These two subunits form a soluble but 

ineffective complex. This RPA subcomplex has no detectable ssDNA binding activity 

and is not phosphorylated efficiently, although it contains various in vivo-

phosphorylated sites. It interacts with SV40 T antigen only slightly better than 

nonspecific proteins. It is not able to support DNA replication. However, this 

subcomplex is believed to be essential for proper folding of the 70-kDa subunit and/or 

assembly of the RPA complex (Henricksen et al., 1994; Stigger et al., 1994). RPA p32 

has three functional domains, an N-terminal domain, a DNA binding domain D (DBD-

D) and a C-terminal domain. The N-terminal domain is required for p32 

phosphorylation, whereas the DBD-D probably performs DNA binding and RPA 

complex assembly. The C-terminal domain is responsible for protein interaction. p32 

interacts with proteins such as XPA, UNG2 and RAD52, each of which functions in a 

different repair pathway (Mer et al., 2000; Nagelhus et al., 1997). Although there is 
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little knowledge about p14, it is important for RPA complex association and 

stabilisation. It forms a stable p32-p14 subcomplex, and probably acts as a bridge 

between p70 and p32.  

1.2.4 Assembly of the RPA Trimer and its Physical Binding to ssDNA 
The trimerisation of RPA is mediated by three domains DBD-C (on p70), DBD-D (on 

p32) and p14. p32 and p14 first form a stable p32-p14 subcomplex, then p70 binds to 

this complex (Bochkareva et al., 2002). The conformation of the RPA complex is cell 

cycle-regulated and p32 acts as a marker for the assembly of RPA complex (Cardoso 

et al., 1993; Murti et al., 1996). 

Human RPA binds to DNA with low cooperativity (Brill and Bastin-Shanower, 1998; 

Kim et al., 1994; Kim and Wold, 1995). RPA associates with DNA in 3 different modes. 

First RPA binds to a stretch of 8-10 nucleotides (nt) in an unstable manner, in which 

DBD-D does not interact with ssDNA. The second mode is a 30nt binding mode. In 

this mode, DBD-A, -B, -C, and -D directly contact ssDNA. The third one is an 

intermediate 12-20nt binding mode, in which RPA binds to ssDNA with a higher affinity 

than in the 8-10nt mode, but DBD-C and -D do not contact with ssDNA (Bastin-

Shanower and Brill, 2001; Blackwell and Borowiec, 1994; Gomes et al., 1996, Lavrik 

et al., 1998, 1999). These ssDNA binding modes reflect different requirements for 

DNA binding of RPA during the initial opening of duplex DNA and extensive 

unwinding. 

1.2.5 Phosphorylation of RPA 
The RPA protein undergoes phosphorylation in a cell cycle-specific manner on CdK 

consensus sites (Cdk is described later in section 1.3). One of the major RPA kinases 

present in human cell extracts was shown to be the Cyclin B-CdK1 complex (Din et 

al., 1990; Dutta and Stillman, 1992). DNA-dependent protein kinase (DNA-PK) and 

ATM kinase can phosphorylate p32 during DNA replication in vitro and UV radiation as 

well. Evidence was presented and discussed that DNA-PK and ATM cooperate to 

phosphorylate RPA after DNA damage to redirect the functions of RPA from DNA 

replication to DNA repair (Brush et al., 1994; Din et al., 1990; Henricksen and Wold, 

1994; Henricksen et al., 1996; Pan et al., 1994, Wang et al., 2001). Research on S. 

cerevisiae showed that phosphorylation of p70 was required for the G1/S and intra-S 

DNA damage checkpoints. This phosphorylation is dependent on the central 

checkpoint regulator Mec1p which is a homologue of human ATM and responds to 
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various forms of genotoxic stress including radiation and hydroxyurea treatment 

(Brush, 2000; Foiani et al., 1997; Longhese et al., 1996). 

The phosphorylation of p32 happens in vivo at the G1-S phase transition and occurs 

on DNA-bound RPA within the initiation complex (Din et al., 1990; Fotedar and 

Roberts, 1992). Dephosphorylation of p32 occurs at mitosis, thereby resetting the cell 

cycle. This suggests a regulatory role of RPA in DNA replication on the basis of its cell 

cycle-dependent phosphorylation. Although protein kinases for phosphorylation of p32 

are present at all stages of the cell cycle, p32 does not bind to the SV40 origin or 

become phosphorylated in extracts from G1 cells. Therefore, cell cycle-dependent 

phosphorylation of p32 may be regulated by its binding to single-stranded DNA during 

replication initiation in S phase, but phosphorylation of p32 is a consequence of and 

not a prerequisite for binding to DNA to form the initiation complex at the SV40 origin. 

The phosphorylation of p32 takes place at the N-terminal 35 amino acids (Lee and 

Kim, 1995; Henricksen et al., 1996). In addition, the human p32 subunit becomes 

hyperphosphorylated when cells are treated with UV and ionizing radiation (Liu and 

Weaver,1993; Carty et al., 1994).  

Furthermore, as determined recently the phosphorylation of p32 occurs not only in the 

mitotic cell cycle, but also during meiosis. The middle subunit of yeast RPA (p32) 

becomes phosphorylated in two discrete steps during meiosis. Primary p32 

phosphorylation occurs early in meiotic progression and is independent of DNA 

replication and Mec1p. On the contrary, secondary p32 phosphorylation is activated 

upon initiation of recombination and requires Mec1p (Brush et al., 2001). 

Fotedar and Roberts (1992) speculated that multiple phosphorylation of RPA p32 

might be necessary to induce a conformational change which allows RPA to interact 

with other proteins such as DNA polymerase �-primase, SV40 T-Antigen, and 

therefore is involved in the initiation of DNA synthesis. This conformational change, in 

turn, as reported by Black (1996) and Gomes (1996) renders RPA a better substrate 

for phosphorylation. 

1.3 Kinases Controlling the Cell Cycle 
 
The eukaryotic cell cycle is controlled by the phosphorylation of specific proteins by 

special serin- and threonin-protein kinases, the Cyclin-dependent kinase (Cdk) 

complexes. The complex consists of two subunits, a positive regulatory subunit, the 

Cyclin and a catalytic Cdk subunit. Various Cyclins have been discovered whose 

expression is cell cycle-dependent. Cyclin E in humans is expressed in late G1 phase, 
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Cyclin A in early S phase to G2 phase, and Cyclin B in late S phase to G2 phase. Their 

amounts are controlled by cell cycle phase-specific transcription and their destruction 

boxes at the N-termini which introduce their phase-specific, ubiquitin-dependent 

degradation. Cyclin-Cdk-complexes phosphorylate cell cycle proteins at definite time 

points, and therefore control the cell cycle. The proteins, which are phosphorylated by 

Cyclin-Cdk, change their activity and their subcellular localisation or are marked for 

ubiquitin proteolysis, so that each individual cell cycle phase and the transition from 

one phase to the next is temporally controlled. 

The modulation of Cdks and Cyclins to DNA replication has been thoroughly 

researched. In the pre-RC formation, the kinase for Cdc6p is Cyclin A-Cdk2. Upon 

phosphorylation of Cdc6 by A-Cdk2, Cdc6 translocates from the nucleus to the 

cytoplasm. Dbf4-cdc7p (also named Dbf-dependent kinase, DDK) phosphorylates 

Mcm protein complexes to inhibit Mcm re-binding to DNA after they detach from 

origins. This process ensures that DNA is replicated only once per cell cycle. Cdc7p is 

the catalytic subunit and Dbf4p is the regulatory subunit. The activation of S phase 

Cdks leads to association of Cdc45p with chromatin. Cdc7p-Dbf4p is also required for 

efficient binding of Cdc45p onto chromatin. Both Cdc45p and RPA bind to Mcm2p at 

the G1-S transition in a Cdk-dependent manner (Zou and Stillman, 2000). Cyclin E-

Cdk2 and protein phosphatase 2A (PP2A) modulate DNA polymerase �-primase in G1 

phase. PP2A is a serine-threonine phosphatase. These two enzymes regulate cell 

cycle progression in a positive way, whereas the interaction of CyclinA-Cdk2 with DNA 

polymerase �-primase in S phase has positive as well as negative functions. The cell 

cycle-dependent phosphorylation pattern is complex since in human cells the p180 

and p68 subunits are predominantly modified at G2/M, in fission yeast the p180 

subunit becomes phosphorylated in late S, whereas in budding yeast the p68 subunit 

is mainly phosphorylated at G1/S phase (Bouvier et al., 1993; Foiani et al., 1995; 

Nasheuer et al., 1991; Park et al., 1995). Phosphorylation maps of human p180 and 

p68 suggest that a Cdk is probably responsible for the modification (Nasheuer et al., 

1991). Functional studies with purified recombinant human DNA polymerase �-

primase show that phosphorylation of DNA polymerase �-primase by Cyclin A-Cdk1 

and Cyclin A-Cdk2 strongly inhibits its ability to initiate DNA replication in vitro at the 

SV40 origin (Voitenleitner et al., 1997,1999) 

Kinases also play an important role in cell cycle checkpoints. The transition from G1 to 

S phase and from G2 phase to M phase in vertebrate cells is regulated by Cdks 
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(Johnston et al., 1999; Nasmyth, 1996). Apart from Cdk family, members of the 

phosphoinositol-3-kinase (PI3K) family, ataxia telangiectasia and Rad-3-related(ATR) 

with ataxia telangiectasia-mutated (ATM) regulate DNA damage checkpoints, and are 

responsible for the cell cycle arrest in G1 phase by inducing the cellular p53. p53 is a 

tumor suppressor protein and a transcription factor. The stabilised and activated p53 

induces the expression of p21 to inhibit Cyclin E-Cdk2 activity and thus causes G1 

arrest. 

 

Aim: 

RPA and DNA polymerase �-primase are two central DNA replication proteins. RPA 

performs its function by RPA-DNA binding and RPA-protein interactions. It is known 

that the N- and C-terminus of p70 react differently with replication/repair proteins. 

Therefore, the antibodies 70B and RAC-1, which recognised the N- and C-terminus of 

p70, respectively, offered the possibility to study the biochemical properties of RPA 

and lead to a further view of the function of RPA in DNA replication and DNA repair.  

The questions, whether specific RPA subpopulations existed in human cells and 

whether they performed different activities, can be solved by comparing the behave of 

70B and RAC-1 in different regards.  

DNA polymerase �-primase binds to RPA and its function is controlled by its 

phosphorylation. The phosphorylation of DNA polymerase �-primase shows cell-cycle 

dependent. Therefore, the production of p68 phosphopeptide-specific antibody 858-

PP1 should allow to clarify cell cycle-dependent phosphorylation of DNA polymerase 

� during cell cycle and after DNA damage in vivo. 
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2 Material and Methods 

2.1 Material 

2.1.1 Cell Lines 
- HeLa S3 cell line: Adherent human, epithel-like cervix carcinoma cell line, obtained 

 from Dr.H-P. Nasheuer. Cultured in DMEM medium with 10% FCS. 

- CEM cell line: Suspension human T cell leukemia cell line, cultured in RPMI 1640 

  medium with 10% FCS. 

-T98G cell line: Adherent human fibroblast cell line, cultured in RPMI 1640 medium 

 with 10% FCS. It can be arrested at G0 phase by serum depletion.  It was a gift from 

Dr. A. Schepers, Inst. f. clinic. Mol. Biology,München                                

-   HEp2 cell line: Adherent epithelial-like human cell line, cultured in DMEM medium 

containing 10% FCS. It was from Dr. P. Hemmerich. 

2.1.2  Antibodies 
Primary Antibodies 
-  RAC-1: rat anti-human RPA p70 monoclonal antibody. Working concentration for  

western blotting was 1 �g/ml, for immunoprecipitation was 100�g/ml, for 

immunofluorescence was 40�g/ml. 

- 70B: mouse anti-human RPA p70 monoclonal antibody (Kenny et al, 1990), it can 

detect the largest subunit (p70) of RPA with immunofluorescence and immmuno-

precipitation.  Working concentration for western blotting was 1 �g/ml, for 

immunoprecipitation was 100�g/ml, for immunofluorescence was 40�g/ml. 

- 2CT25: mouse anti-polymerase-primase p180 subunit monoclonal antibody. Working 

concentration for western blotting was 1 �g/ml.  

- p53: sheep polyclonal antisera from Oncogene Research Products (Ab-7). Diluted 

1:3000 for western blotting. 

- polyclonal anti-RPA serum: rabbit antiserum against  RPA. Dilution ratio for western 

blotting, 1:1000 

-  p858: rabbit antiserum against mouse polymerase-primase p68 phosphorylated 

peptide I. Dilution ratio for western blotting, 1: 500 

-  p68: rabbit antiserum against mouse polymerase-primase p68, from Dr. H-P 

Nasheuer. Dilution ratio for western blotting, 1: 1000  

- poly �:  mouse monoclonal antibodies against the catalytic subunit of human DNA 

polymerase � (261 Kda) from Dr. J. Syvaoja, Finland. For western blotting, a mixture 
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of all antibodies: G1A, H3B and E24C was used, with a final concentration of 1 �g/ml 

of each.�

- PDG: rat monoclonal antibody against the large subunit of DNA polymerase � (125 

 KDa), from Dr. H-P. Nasheuer. Working concentration for western blotting was 1 

�g/ml.  

- PDK: rat monoclonal antibody against the small subunit of DNA polymerase � (50 

  KDa), from Dr. H-P. Nasheuer. Working concentration for western blotting was 1 

�g/ml. 

-CBL 187: mouse monoclonal antibody against BrdU. Cymus Biotechnology LTD. UK. 

 Working concentration for western blotting was 1 �g/ml.  

 

Secondary Antibodies: 

- AP-�-mouse: Alkaline Phosphatase-conjugated goat anti-mouse IgG antibody, 

Promega Biotech, Heidelberg. Dilution ratio for western blotting, 1: 7,500  

- AP-�-rabbit:   Alkaline Phosphatase-conjugated goat anti-rabbit IgG antibody, 

  Promega Biotech, Heidelberg. Dilution ratio for western blotting, 1: 7,500 

- AP-�-rat: Alkaline Phosphatase-conjugated goat anti-rat IgG antibody, Promega 

Biotech, Heidelberg. Dilution ratio for western blotting, 1: 10,000 

- HRP-�-mouse: Horseradish Peroxidase-conjugated goat anti-mouse IgG antibody, 

Jackson ImmunoResearch Laboratories, Inc. West Grove, USA.  Dilution ratio for 

western blotting, 1: 2,500 

- HRP-�-rabbit: Horseradish Peroxidase-conjugated goat anti-rabbit IgG antibody, 

 Jackson ImmunoResearch Laboratories, Inc. West Grove, USA Dilution ratio for 

western blotting, 1: 2,500 

- HRP-�-rat: Horseradish Peroxidase-conjugated  anti-rat IgG antibody, Jackson 

ImmunoResearch Laboratories, Inc. West Grove, USA. Dilution ratio for western 

blotting, 1:10,000 

- HRP-goat-�-sheep: Horseradish peroxidase-conjugated goat anti-sheep IgG 

antibody.Sigma. Dilution ratio for western blotting, 1: 3,000 

- DTAF (Dichlorotrizinyl Amino Fluorescein)-�-rat: purified F(ab’)2-fragement DTAF-

conjugated goat anti-rat antibody, Jackson ImmunoResearch Laboratories, Inc. West 

Grove, USA. Dilution ratio for immunofluorescence, 1: 100 

- DTAF-�-rabbit: purified F(ab’)2-fragement DTAF-conjugated goat anti-rat antibody, 
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 Jackson ImmunoResearch Laboratories, Inc. West Grove, USA. Dilution ratio for 

immunofluorescence, 1: 100 

- Rhodamin-�-mouse: purified F(ab’)2-fragement Rhodamin-conjugated goat anti- 

mouse antibody, Jackson ImmunoResearch Laboratories, Inc. USA. Dilution ratio for 

immunofluorescence, 1: 200 

- FITC-�-BrdU: Cymus Biotechnology LTD. UK. Dilution ratio for immunofluorescnece, 

1: 200 

2.1.3 Synthetic Peptide Representing p68 
- peptide P1 of p68: NH2-VSTRSPHQLLSPSSF-COOH, from Dr. Nasheuer, 

synthesised by BioScience Pepsience, Göttingen, Germany 

2.1.4 Protein-molecular weight marker 
-  prestained marker Life Technology TM Karlsruhe   
   205 kDa  �2-Macroglobulin   

   130 kDa  	-Galactosidase 

   90 kDa  Fructose-6-phosphate kinase 

   64 kDa  Pyruvate kinase 

   53 kDa  Fumarase 

   37 kDa Lactic dehydrogenase 

   32.6 kDa  Triosephosphate isomerase 

 
-  10 kDa ladder    Life Technology TM (GIBCO/BRLTM)  Karlsruhe 
     10-120 kDa in each 10 kDa step, with additional 160 kDa and 220 kDa. 

2.1.5 Instruments 
Gilson Pipetman 2 �l, 20 �l, 200 �l, 1000 �l were from Abimed, Düsseldorf             
 
Gel filtration Smart-System was from Amersham Pharmacia-Biotech, Freiburg 

 
Phosphorimage Storm 860 with screens was from Molecular Dynamics 
 
Beckman Centrifuge was from Beckman, München 
             
Coulter Epics 4 color was from Beckman-Coulter Krefeld 
             
Vortex Genie 2 was  from Bender and Hohbein, München 
 
Polyacrylamide gel electrophoresis clips was from Biometra R biomedizinische 
Analytik, GmbH, Göttingen 
             
Mini ProteanIITM-Blot apparatus was from BioRad Laboratories GmbH, München 
 
Microscope Televal Fluorecence microscope from Carl-Zeiss GmbH, Jena 
           
Electrophoresis power supply   E 443 and E 752 were from Consort, Wasserburg 
          
Kodak Scientific Imaging Filming Biomax TM MR was from Eastman Kodak Company 
Rocchester, New York, USA 
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Eppendorf labcentrifuge Centrifuge 5403 and Eppendorf Thermomixer 5436 were from 
Eppendorf Gerätebau, Netheler and Hinz GmbH, Hamburg 
              
Forma Scientific-Biofreezer (-80°C) was from Forma Scientific, Inc., USA 
              
Waterbath Haake DC1 was from Haake, Karlsruhe 
 
Gel dryer SE 1150 was from Hoefer Scientific Instruments, San Francisco, USA 
 
Balance PC 2000 was from Mettler, Bach 
 
CO2/ water incubator for cell culture was from NUAIRETM 
 
Universal radiometer RM 3700 for measuring the dose of irradiation was from Polytec 
Waldbronn 
 
Privileg Öko Refridgerator and deep freezer were from Privileg  
              
Disposable yellow and blue tips and Pasteur-pipets were from Renner GmbH, 
Darmstadt 
 
Fair balance MC1 research RC 210 P was from Sartorius AG, Göttingen 
               
Schott-flasks and glass beakers were from Schott, Jena 

2.1.6 Chemicals 
All chemicals if not mentioned are in p.A. quality from Biomol, Hamburg; Fluka, Sigma-

Aldrih GmbH, Deisenhofen; E. Merck AG, Darmstadt; Carl Roth GmbH &Co, 

Karlsruhe and Serva, Heidelberg. 

 
Fetal calfserum (FCS) was from Biochrom KG, Berlin                                           

BioRad Protein Assay for Bradford was from BioRad Laboratories GmbH, München,             

BrdU was from Sigma Chemical CO. St. Louis USA                

Polyacrylamide stock solution was from Biozym, Hess. Oldendorf                                   

NBT was from Gerbu, Gaiberg                                                    

DTT was from ICN, Meckenheim                                               

Bovine Albumin (BSA), Thymidine and 4’, 6-Diamidino-2-phenylindole (DAPI) were 

from Sigma Chemical CO. St. Louis USA              

Whatman 3MM paper was from Whatman Limited, Maidstone, England         

Protein G Sepharose was from Phamacia Biotech AB, Sweden                      

PolyScreen PVDF Transfer Membrane was from NENTM Life Science Products, Inc. 

USA        
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2.2 Methods 

2.2.1 Cell Culture 
Different sorts of cells are cultured in different media according to their nutritional 

needs. Two types of media were generally used: DMEM and RPMI. FCS was 

supplemented for providing growth factors. Cell lines HEp2 and HeLa were cultured 

with DMEM medium supplemented with 10 % FCS in an incubator (NuAireTM IR 

autoflow, Minnesota, USA) at 37°C and 10 % CO2 with a humidity of 95 %. Cell lines 

T98G and CEM were cultured in RPMI medium supplemented with 10 % FCS in an 

incubator at 37°C and 5 % CO2 with 95 % humidity. 

2.2.2 Preparation of Crude Cell Extracts 
Cells were lysed in the presence of detergent. With opitimal conditions, cellular 

proteins can be extracted from the cellular matrix maintaining their immunological and 

biochemical properties. Adherent cells were detached with 0.25 % Trypsin and 1 % 

EDTA/PBS and centrifuged at 240xg for 5 min. After the second wash with PBS, the 

supernatant was completely removed. Cell pellets were incubated in lysis buffer on ice 

for 30 min. Debris and nuclear structures were removed by 10,000xg at 4°C for 10 

min. The lysates were then collected and protein concentration was measured 

according to Bradford (1976). 

Lysis buffer 

0.15 M TBS, pH 7.4, 100 �g/ml PMSF, 1 �g/ml Aprotinin, 1 �g/ml Leupeptin, 1 % (v/v) 

NP40 

TBS 

150 mM NaCl, 3mM KCl, 25mM Tris-Cl, pH 7.4 

2.2.3 Determination of Protein Concentration 
Protein concentration was determined according to Bradford (1976). Several dilutions 

of protein standards (BSA) containing from 1 to 100 �g/ml were prepared. 0.1 ml of 

standard samples and appropriately diluted samples were placed in dry test tubes. 0.1 

ml sample buffer was used as a negative control. 1.0 ml diluted dye reagent was 

added to each tube and mixed several times by gentle inversion.  After 15 min, OD595 

values versus reagent negative control were measured. OD595 versus concentration of 

standards was plotted.  The protein of interest was calculated from the standard curve 

using the Microsoft Excel 5 software. 
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2.2.4 Preparation of Nuclear Protein 
Nuclear protein preparation was performed according to Dignam et al., (1983) with 

slight modifications. Cells were harvested by centrifugation at 800xg at 4°C for 10 min. 

in a Sorvall HB-rotor. The cells were resuspended in 10 volumes of Dulbecco’s 

phosphate-buffered saline (without calcium and magnesium) at 4°C and centrifuged 

again as above. Nuclei were prepared as follows: The cells were resuspended in 5 

pellet volumes of 0.3 M sucrose in buffer A, then lysed by 8-12 strokes with a B pestle 

in a Dounce glass homogenizer and 1-2 strokes  in the presence of 0.3-0.4% Nonidet 

P-40. Completion of lysis was monitored using a phase-contrast microscope. The 

homogenate was then centrifuged at 1,200xg for 10 min and the pelleted nuclei were 

washed twice with 0.3 M sucrose in buffer A without NP-40.  Nuclei were resuspended 

with an all-glass Dounce homogenizer (10 strokes) in 2.5 volumes of pelleted nuclei of  

resuspension buffer. The resuspended nuclei were stirred slowly for 30 min at 4°C 

followed by centrifugation for 60 min, 100,000xg using a Type 70 Ti rotor. After 

dialyzing the supernatant for 2-4 hours against 50 volumes of dialysis buffer, the 

extract was cleared by centrifugation at 25,000xg for 15 min, which removed 

precipitated material completely and partially removed lipids. 

 

Buffer A Resuspension Buffer 

10 mM HEPES-KOH, pH 7.9 400 mM NaCl 
10 mM KCl 10 mM HEPES-KOH, pH 7.9 
1.5 mM MgCl2 1.5 mM MgCl2 

0.1 mM EGTA 0.1 mM EGTA 
0.5 mM dithiothreitol (DTT) 0.5 mM DTT 
0.5 mM PMSF 5 % glycerol (w/v) 

2 �m/ml each of leupeptin and pepstatin A 0.5 mM PMSF 

  
Dialysis Buffer 

20 mM HEPES-KOH, pH 7.9 

75 mM NaCl 

0.1 mM EDTA 

0.5 mM DTT 

20 % (w/v) glycerol  

0.5 mM PMSF. 
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2.2.5 Immunofluorescence Microscopy 
Using fluorochrome conjugated antibody, the immunofluorescence technique is useful 

for detecting cellular proteins without changing the antigenicity of protein, and directly 

showing the location of antigens. The cells were first fixed on glass slides and 

immunofluorescence was studied on these slides.  

2.2.5.1 Preparation of Slides 
For adherent cells, sterilized glass slides (Roth) were placed directly in cell culture 

dishes. The slides were harvested when cells were at 80% confluence, and they were 

treated as described in 2.2.5.2. For suspension cells, the cells were harvested and 

washed twice with PBS, resuspended in PBS, and then two volumes of methanol were 

added. The cells were placed on glass slides for 20 min at RT. After the cells were 

settled down on the slides, they were fixed by acetone or 4% paraformaldehyde.  
Phosphate-buffered saline (PBS) 

140 mM NaCl, 3 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4 

2.2.5.2 Immunofluorescence Microscopy 
The samples were rinsed with PBS, then fixed with cold methanol for 5 min at -20°C, 

followed by cold acetone for 2 min at  -20°C. Cells were rehydrated immediately by 

three washes in PBS, and permeabilised with permeabilising buffer for 15 min at room 

temperature, followed by a 15 min incubation in the blocking buffer. Antibodies were 

optimally diluted in dilution buffer. Slides were placed in a moist chamber and 

incubated for 60 min at room temperature. After 3 washes of 5 min each in PBS, 

fluorochrome-conjugated secondary antibodies were added for 60 min at room 

temperature. The cells were then washed as above, and mounted with mounting 

buffer (90% glycerol, 10% PBS), sealed with nail polish, and stored at 4°C in dark. 

Immunofluorescence microscopy was performed with a Zeiss Axiovert 135 

microscope equipped with a Plan-Neofluar 100x1.30 oil-immersion objective. The 

photographs were taken with Sony 3 CCD Color Video Camera using the KS300 

software.   

Blocking Buffer Antibody Dilution Buffer 
5 % BSA in PBS pH 7.4 1% BSA, 0.1 %Triton X-100 in PBS, pH7.4 
  
Permeabilising Buffer Mounting Buffer with DAPI 
0.5 % Triton X-100 in PBS pH 7.4 1 ml 0.1 M Tris-HCl, pH 8.4 
 9 g glycerol 
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 1 �g/ml DAPI 

2.2.6 Cell Synchronisation 
Synchronised cells are required for defining regulatory mechanisms operative during 

specific periods of the cell cycle. Synchronisation of continously dividing cells can be 

effectively achieved by imposing metabolic blocks that meet several criteria. The cells 

can be arrested at a specific point in the cell cycle and later on permitted to progress 

through other stages of the cell cycle. This arrest must be rapidly reversible with 

minimal perturbation of cell proliferation.    

2.2.6.1 Double Thymidine Block 
The use of excess thymidine was the first widely accepted method for synchronising 

cells in the cell cycle and remains one of the most effective techniques. High 

concentrations of thymidine inhibits ribonucleotide reductase activity, and therefore 

inhibits DNA synthesis in S-phase cells by depleting the nucleotide precursor pools of 

dCTP. Cells in G2, M and G1 are not affected by excess thymidine treatment and 

continue to traverse the cell cycle until reaching the G1-S phase boundary when the 

onset of DNA synthesis is inhibited. HeLa cells were synchronised in G1/S phase by 

two consecutive thymidine (TdR) blocks (double TdR block) according to Bootsma et 

al., (1964), with slight modifications. The cells were cultured in petri dishes at 37°C, 10 

% CO2 until they reached semiconfluency. TdR was added from a stock solution to a 

final concentration of 5 mM. The cells were incubated in TdR-containing medium for 

16 h. The TdR-containing medium was then aspirated, and the cells were incubated 

with prewarmed PBS for 5 min to remove all traces of TdR, and incubated in 

prewarmed fresh medium. The cells were allowed to recover in fresh medium for 10 h. 

Afterwards TdR was added for the second time to a final concentration of 5 mM and 

incubated for another 16 h. TdR was removed as before and the cells were harvested 

at different time points. The distribution of cells between the different stages of the cell 

cycle was detemined by flow cytometry (see 2.2.7). 

Thymidine Stock Solution (200 mM) 
Thymidine (Sigma) 484 mg in 10 ml medium, filter-sterilised. 

2.2.6.2 Serum Depletion 
Cells can delay division by entering a specialised state. When proliferating cells in 

culture are deprived of serum, which contains growth factors, they stop growing, and 

enter into the so called G0 phase. The T98G cells were washed with PBS and then 
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supplied with fresh RPMI medium with 0.5 % FCS, cultured for 120 h. The G0-arrested 

cells were stimulated to re-enter the cell cycle by addition of complete medium 

containing 10% FCS, and harvested at the indicated time points, and stained with 

propidium iodide for flow cytometry and for additional purposes. 

2.2.6.3 Nocodazole Synchronisation 
Nocodazole (Sigma, Steinheim) synchronises cells at M-phase. Nocodazole binds to  

the microtubuli and prevents assembly of the spindle apparatus at the beginning of M-

phase. This causes the arrest of the cells in M-phase. No other phases of the cell 

cycle are affected. Nocodazole was dissolved in DMSO as a stock solution with 10 

mg/ml and stored at -20°C. To arrest cells, the final concentration of Nocodazole was 

adjusted to 1 ng/ml. 

HeLa cells were cultured at a confluency of 60-70% and then supplied with 

Nocodazole for 16 h. The cells were harvested and checked with flow cytometry and 

used for the indicated experiments. 

2.2.7 Flow Cytometry 
The progression of cells through S phase and mitosis results in changes in cellular 

DNA content. The position of cells in the cell cycle can therefore be estimated on the 

basis of their DNA content measurement, stained by DAPI or propidium iodide (PI). 

DNA analysis of cells was carried out with slight modifications according to Cissman et 

al, (1973). The cells were harvested by treatment with trypsin plus 1% EDTA/PBS, 

centrifuged at 1,000g for 5 min. The cells were washed once with 5 ml PBS 

supplemented with 1% serum, and resuspended in 0.5 ml PBS. The cells were fixed 

with  5-10 ml  ethanol at 4°C for 15 min, centrifuged at 1000xg for 5 min. The cell 

pellet was washed once with PBS supplemented with 1% serum and then stained by 

freshly prepared PI/RNase A solution (0.04 mg/ml PI, 0.25 mg/ml RNase in PBS) at 

37°C for 30 min, protected from light. The cells were analysed with the flow cytometer 

Coulter Epics 4 color (Beckman-Coulter, Krefeld, Germany). 

 

50x Propidium Iodide Stock Solution 

2 mg/ml PI was dissolved in sodium citrate (3.8x10-2 M, pH 7.0). The stock solution 

was stored at room temperature and protected from light by aluminium foil. 

40x RNase A 
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10 mg/ml RNase A in 10 mM Tris-HCl, pH 7.5, 15 mM NaCl solution. The solution was 

boiled for 15 min, and then cooled to room temperature. The final preparation was 

aliquoted and stored at -20°C 

PI/RNase Solution 

1/50 volume of the PI stock solution and 1/40 of RNase A stock solution were added 

to PBS- supplemented with 1% serum. 

 

2.2.8 Immunoprecipitation 

2.2.8.1 Crosslinking of Antibodies to Protein G  
The protein G Sepharose beads were equilibrated in TBS for 30 min, pelleted by 

centrifugation with 2,300xg for 3 min, and washed twice with TBS. The remaining 

protein G Sepharose was stored in TBS with 0.02% NaN3 at 4°C. 

The antibody was covalently attached to protein G Sepharose according to Schneider 

et al., (1982), with some modifications. 10�l protein G Sepharose was first equilibrated 

in 10 wet volumes of borate buffer, followed by incubation with 50�g antibody for 30 

min on a up-and-down rotating wheel. Afterwards protein G Sepharose was collected 
by centrifugation at 2,300xg for 3 min, and washed three times with wash buffer I, 

resuspended in binding buffer and incubated for 45 min. After the crosslinking, 

antibody-bound agarose was incubated in wash buffer II. After 3 washes with wash 

buffer I, the antibody-bound agarose was stored at 4°C in PBS with 0.1% NaN3 .  

Borate Buffer Wash Buffer I 

0.1 M Borat, pH 8.2 0.2 NaHCO3 

 0.1 M Borat, pH 8.2 

 

Binding Buffer Wash Buffer II 

0.2 M NaHCO3, pH 8.2 0.2 M NaHCO3, pH 8.2 

20 mM Dimethylpimelidat 20 mM Tris, pH 8.2 

 20 mM ethanolamin 

  

 

2.2.8.2 Immunoprecipitation of Proteins 
The samples (cell crude extracts, proteins) were precleared with agarose CL4B at 4°C 

for 1 h on up-and-down rotating wheel. The supernatant was collected by 

centrifugation and added to the antibody covalently linked protein G Sepharose beads  
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for 2 to 3 h at 4°C on a rotating wheel.  The sepharose beads were washed twice by 

centrifugation with 2,300xg for 5 min with the wash buffer, followed by the addition of 

loading buffer. Prior to loading on an SDS gel, the samples were boiled for 5 min in 

loading buffer. 

 Wash Buffer 

TBS, pH 7.4, 0.25% NP-40, 100 �g/ml PMSF, 1�g/ml Leupeptin, 1 �g/ml Aprotinin 

2.2.8.3 Co-immunoprecipitation 
Cell crude extracts contain a variety of proteins. Some proteins form complexes in the 

cells, and are not separated after cell lysis. When a protein is specifically precipitated 

by an antibody, the other proteins are co-precipitated as well. These protein-antibody 

complexes can be analysed by western blotting using various antibodies recognising 

those other proteins. Crude extracts were immunoprecipitated with one antibody, 

usually with RAC-1 or 70B. The immunoprecipitates were transferred to PVDF 

membrane, and detected with another antibody by western analysis. All the 

immunoprecipitation steps were the same as described in 2.2.8.2, and western 

blotting steps were described in section 2.2.12. 

2.2.9 Chromatin Preparation  
The chromatin contains histones as well as various nonhistone proteins. To prepare 

chromatin proteins, HeLa cells were washed three times with ice-cold EDTA solution 

(0.5 mM, pH 8.0), and then incubated in 40 ml of this EDTA solution for 40 min at 4°C. 

The cells were harvested by centrifugation at 600xg for 5 min. Cell pellets were 

washed again with the EDTA solution, and suspended in 4 ml of 0.5 mM EDTA/0.5% 

NP-40 solution. The suspension was layered on top of a 20-ml sucrose cushion and 

centrifuged for 10 min at 2,700xg (Rotina 48R rotor). The pellets were suspended in 

the EDTA solution and again centrifuged through a sucrose cushion as above to 

remove all the NP-40 traces. The final pellets were suspended in the EDTA solution.  

The concentration of proteins on chromatin was measured by determining the OD260. 

OD260=1.0 were equivalent to ca. 50�g chromatin-bound proteins per 1 ml. 100 �g of 

proteins were used for one test. The samples were incubated at 65°C for 1 h in the 

presence of 2 % SDS to detach proteins from DNA. The volume of each sample was 

adjusted to 500�l with water, followed by the addition of 500�l methanol and 100�l of 

chloroform to denature proteins. The samples were vortexed for 30 sec, centrifuged at 

15,000xg for 2 min. The denatured protein phase was collected and supplemented 
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with an additional 500 �l of methanol, vortexed and centrifuged again. The denatured 

protein pellet was resuspended in 2% SDS solution, incubated at 80°C for 30 min. The 

samples were supplied with loading buffer (without SDS) prior to loading in SDS-

PAGE gel. 

Sucrose Cushion Solution: 100 mM sucrose, 0.25 mM Tris, pH 8.0 

2.2.10  Crosslinking  
Formaldehyde is a tight (2A0) crosslinking agent that efficiently produces both protein-

nucleic acid and protein-protein crosslinks in vivo. Its carbon atom acts as a 

nucleophilic centre. Amino and imino groups of amino acids (lysines, arginines and 

histidines) and of DNA (primarily adenines and cytosines) readily react with 

formaldehyde leading to the formation of a Schiff base, which can further react with a 

second amino group and condense to give the final DNA-protein or protein-protein 

complex (McGhee and Hippel, 1975).  A key advantage of the use of formaldehyde as 

a crosslinking agent is that the crosslinks are fully reversible by rehydration (Orlando, 

2000).  

2.2.10.1 Preparation of Crosslinked Proteins 
The crosslinking of proteins was performed according to Frank and Frank (1997). The 

cells in petri dishes were washed twice with warm PBS, aspirated to near dryness, 

and incubated in 20 ml DMEM (without serum) containing 1% formaldehyde (freshly 

added from 37% stock solution) for 15 min at room temperature. The crosslinked cells 

were rinsed thoroughly with two washes of cold PBS. The cells were scraped off in 10 

ml of PBS with a rubber spatula, and centrifuged for 5 min at 750xg in a Sorvall SS34 

rotor. Cells were resuspended in 10 ml of RSB, homogenised by 15 strokes in a 

chilled Dounce homogenizer. The nuclei were collected by centrifugation for 8 min, 

750xg and washed twice with RSB. The majority of unbound proteins were extracted 

in buffer E. This extraction step was tolerated by crosslinked nuclei (in contrast to non-

crosslinked control nuclei that were lysed and formed a highly viscous solution). After 

extraction, the nuclei were pelleted by centrifugation for 8 min, 750xg.  

2.2.10.2 Sonication 
The pelleted nuclei were suspended in 0.5 ml TBS with 0.5 mM EDTA, then sonicated 

by Branson Sonicator 450 machine with microtip at constant power. The samples 

were kept on ice-salt-ethanol in a glass beaker and the microtip was appropriately 

immersed at all times. The output control was set to 8 and the samples were 
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sonicated using 10 sec. bursts. This treatment was repeated six times with 30 sec. 

intervals. The samples were checked by proteinase K digestion and the DNA size was 

visualised under UV light after agarose electrophoresis. These nuclear pellets were 

sonicated until the DNA had an average size of between 0.5 and 1.0 kb (Orlando et 

al,, 1997). 

2.2.10.3 Immunoprecipitation with Crosslinked Samples 
The antibodies had been crosslinked to protein G before samples were added (see 

section 2.2.8.1). The sonicated samples were incubated with antibody-protein G 

beads in RIPA buffer for 2 to 3 h at 4°C in a rotor. After three washes in wash buffer 

(2,300xg at 4°C for 5 min), pelleted beads were boiled in 95°C for 30 min in SDS 

loading buffer prior to SDS-PAGE and then detected by western blotting. The long 

time boiling is to reverse the crosslinking reaction, so that all crosslinked proteins can 

be separated.  

 

RIPA buffer Buffer E 

150 mM NaCl 10 mM Tris-HCl, pH8.0 
20 mM Tris-Cl, pH 8.8 10 mM Na2S2O5 
1mM EDTA 1 M NaCl 
1% Triton 100 0.1% NP-40 
0.1% SDS 1 mM EDTA-KOH 
0.5% Deoxycholic Acid (DOT) 0.5 mM PMSF, pH 8.0 
 

RSB buffer 

10 mM Tris-HCl, pH8.0 
10 mM NaCl 

3 mM MgCl2, pH 8.0 

2.2.11 Separation of Proteins by Polyacrylamide Gel Elelectrophoresis 
In the denaturing SDS polyacrylamide gel elelectrophoresis (PAGE) the proteins are 

denatured and dissociated into their individual polypeptides in general. The denatured 

polypeptides efficiently bind to SDS and become negatively charged. The SDS 

migrates in the polyacrylamide gels according to the size of polypeptides. And the  

polypeptides are separated according to their molecular masses. 
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2.2.11.1 SDS Polyacrylamide Gel Electrophoresis 
SDS polyacrylamide gel electrophoresis was carried out with Biometra-Minigel 

apparatus (Göttingen) using gels with a size of 80mmx70mmx1mm. The buffer system 

was prepared according to Laemmli (1970).  The stacking gel contained 0.1% (w/v) 

SDS, 4 % (w/v) acrylamide, 130 mM TrisHCl pH 6.75, 0.09% (w/v) APS and 0.3% 

(v/v) TEMED; the separating gel contained 0.1% (w/v) SDS, 10% (w/v) acrylamide, 

380 mM TrisHCl pH 8.8, 0.05% (w/v) APS and 0.12 % (v/v) TEMED. 

4xSDS Loading Buffer 1x Laemmli Running Buffer 

40 mM Tris/HCl, pH 6.75 25 mM Tris/HCl, pH 8.3 

4% SDS (w/v) 193 mM Glycin 

10 % 2-	-Mercaptoethanol 0.1 % SDS (w/v) 

40 % Glycerin (w/v)  

0.002% Bromphenole blue  

2.2.11.2 CoomassieR Brilliant Blue Staining of Protein 
After PAGE, proteins were visualised by CoomassieR Brilliant blue staining (its 

sensitivity is approximately 25-50 ng protein per band).The proteins were stained and 

fixed by incubating in Coomassie blue solution for 30 min with agitation, followed by 

incubation in destaining solution, until protein bands were visible on a colourless 

background. For storage the gels were incubated in gel drying solution (20% ethanol, 

10% glycerin in water) for 30 min and then put in between 2 sheets of cellophane 

(Roth, Karlsruhe) for air drying. 

2.2.11.3 Silver Staining of proteins 
Silver staining was performed according to Gottieb and Chavko (1987), to detect small 

amounts of protein (its sensitivity is detecting 2-5 ng protein per band). 

After SDS-PAGE, the gel was incubated for 4 h at 4°C in the fixing solution, followed 

by incubation in 30 % ethanol (2x 10 min) and 1 min in sodiumsulfate-pentahydrate 

(0.3 g/l). After 3x 20 sec wash with H2O, the gel was incubated in staining solution for 

20 min in the dark with gentle agitation. The gel was once more washed with water, 

and the protein bands were developed with developing solution. The staining was 

stopped by incubating in stop solution. The gel was dried as described above. 

 

Fixation Solution Staining Buffer 

100 ml methanol 200 mg silver nitrate 

24 ml acetic acid 75�l 37 % formaldehyde 
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100 �l  37% formaldehyde  

in 76 ml water 

in 100 ml water 

 

Develope Solution: Stop Solution 

6 g sodium carbonate, 50% methanol, 

2.5 ml Na2S2O3.5H2O,1.2 mM 12% acetic acid 

50 �l 37% Formaldehyde in water 

in 100 ml water  

2.2.12 Western Blotting 
Polypeptides which were separated by the SDS-PAGE can be transfered to solide 

supports, such as nitrocellulose membranes and PVDF membranes. The proteins on  

membranes can be probed with their specific antibodies. 

2.2.12.1 Protein Transfer and Immunoreaction 
PVDF membrane was prewet in 100% methanol for 15 seconds prior to protein 

transfer. The membrane was equilibrated for at least 5 min in transfer buffer. The 

proteins were transferred to membrane with 3mA per cm² of membrane surface for 

one hour. Afterwards, non-specific binding sites were blocked by immersing the 

membrane in blocking buffer and twice washed with TBST for 10 min. The primary 

antibody was optimally diluted in antibody dilution buffer, and the membrane was 

incubated in primary antibody solution for 1 h at room temperature or overnight at 4°C. 

The membrane was washed three times, each time for 15 min, optimally diluted 

secondary antibody was applied for 1 h incubation at room temperature, the 

membrane was then washed as described above. The specific protein was visualised 

either by ECL or colorimeric detection, depending on the type of the secondary 

antibody. 

2.2.12.2 Detection of Western Blot  

2.2.12.2.1 Luminescence-based Detection (ECL) 
Luminescence is defined as the emission of light resulting from the dissipation of 

energy from a substance in an excited state. In chemiluminescence the excitation is 

effected by a chemical reaction. One system is horseradish peroxidase (HRP) and the 

hydrogen peroxide-catalysed oxidation of luminol in alkaline conditions. The luminol is 

then in an excited state and decays to ground state via a light emitting pathway. The 

maximum light emission is at a wavelength detectable by films.  
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2.2.12.2.2  Colormetric Detection 
The blot membrane was incubated in 20 ml AP-buffer containing 66�l 5-bromo-4-

chloro-3-indolyl phosphate (BCIP) stock solution and 132 �l nitro blue tetrazolium 

(NBT) stock solution, protected from light with aluminium foil. The substrate BCIP/NBT 

was converted in situ into a dense blue compound by the immunolocalised alkaline 

phosphatase (AP). When the desired signal strength was obtained, the staining 

solution was washed out twice by PBS to stop the reaction. 

2.2.12.3 Stripping and Reprobing 
The membrane was submerged in stripping buffer and incubated at 50°C for 30 min 

with occasional agitation. The membrane was washed twice with TBST and blocked 

by immersing in 5% blocking reagent for 1 h at room temperature. The 

immunodetection was performed as western blotting. 

 

TBS AP Buffer 

50 mM Tris base 100 mM NaCl 

150 mM NaCl, pH 7.5 

 
5 mM MgCl2 

100 mM Tris, pH 9.0 

 

Transfer Buffer TBST Buffer 10x 

39 mM glycine 250 mM Tris/HCl, pH 7.4 
48 mM Tris base, pH 7.4 1.37 M NaCl 
0.037% SDS 

20% methanol 
27 mM KCl 

0.5% (v/v) Tween-20 
 

Blocking Buffer Antibody Dilution buffer 

5% fat-free milk powder (g/ml) in TBST 5% FCS in TBST 
 

BCIP Stock Solution NBT Stock Solution 

0.5 g NBT in 10 ml of 70% 

dimethylformamide 
0.5 g of BCIP disodium salt in 10 ml of 

100% dimethylformamide 
 

HRP-ECL working solutions 
Solution1 Solution2 

2.5 mM Luminol 5.4 mM H2O2 
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100 mM Tris-HCl, pH 8.5 100mM Tris-HCl, pH 8.5 

400 mM Paracoumaric acid  

 

AP-ECL Dilution Buffer Stripping Buffer 

0.1M diethanolamine 100 mM 2-mercaptoethanol 

1mM MgCl2, pH 9.7 2% sodium dodecyl sulphate 

 62.5 mM Tris-HCl , pH 6.7 

  

2.2.13 BrdU Incorporation and Detection 
DNA synthesis was monitored by pulse labelling the culture 20 min with the thymidine 

analoge 5-bromo-2’-deoxyuridine (0.1 mM BrdU, Sigma) prior to fixation. The cells 

were incubated with 50nM BrdU for 15 min in a CO2 incubator, and then washed twice 

with PBS. The cells were fixed for 10 min in acetone at -20°C. After rehydration in 

PBS, cellular DNA was denatured by incubation in 70% formamide for 5 min at 72°C 

followed by passing through a series of ethanol incubations (70%, 80%, 95% at 0°C, 5 

min each) to remove the formamide. The denaturing of DNA is important for antibody 

accessibility. The cells were blocked and permeabilised as previously described. BrdU 

was visualised by immunofluorescence with antibodies recognising BrdU (Dianova). 

2.2.14 DNA Damage 

2.2.14.1 UV-A Irradiation 
5x107 cells were harvested and washed twice with PBS. The cells were resuspended 

in 300�l PBS followed by irradiation with UV-A at 365 nm (±10) nm with a total dose of 

500 kJ/m2 carried out at 0°C for 30 min. The dose of irradiation was controlled by a 

universal radiometer RM3700 with the Rkt-10-cal sensor head. 

2.2.14.2 UV-C irradiation 
The cells were cultured in a 135mm petri dish. The culture medium was removed and 

3ml PBS was added. The petri dish was placed under UV-C light with a total dose of 

50J/m2. Immediately after the irradiation, the cells were recovered in complete 

medium at indicated time points. 

2.2.15 Metabolic Radiolabelling of Proteins  
Methionine is an essential amino acid for human cells. When cultured in the medium 

which contains 35S-labelled methionine cells can incorporate it into newly synthesised 



                                        Material and Methods                                                     32                   
 
 

                                                          Shuhua Chen 

 

proteins. Adherent cells were cultured in petri dishes and twice washed with warm 

PBS, and cultured in methionine-free medium plus 10 % dialysed FCS and 35S-Met 

(Amersham Biotech) for different periods. The amount of incubation medium was 

minimised to just cover the surface of culture in order to increase the concentration of 

radioactivity. At the indicated time points, medium was removed and cells were lysed 

for 30 min on ice with lysis buffer. The lysed cells were harvested from petri dish by a 

spatula, then centrifuged at 10,000xg at 4°C for 10 min to remove nuclear structures. 

The crude extracts were immunoprecipitated with RAC-1 and 70B. The protein-

antibody-proteinG complex were boiled at 95°C for 5 min and then were loaded on 

SDS-PAGE. The protein bands on the gel were stained with Coomasse brilliant blue. 

The gel was then placed between wet 3 MM Whatman filter paper and Saran Wrap, 

and dried on a gel dryer with 65°C heating. When the gel was dry, it was exposed 

onto Kodak Biomax film and developed.   

2.2.16 Elutriation 
The centrifugal elutriation can separate large numbers of cells on the basis of their 

size. Usually, cells are smaller in G1 phase, and increase their size during the cell 

cycle until cell division. Therefore, elutriation can separate cells into sequential cell 

cycle phase populations of relatively high purity without the use of drugs or inhibitors 

(Lindahl, 1986). The cells were cultured to the concentration of 5-8x105 per ml and 

centrifuged at 600xg for 5 min at RT and resuspended in 20 ml elutriation buffer. 

Before starting elutriation, the flow rate of the pump was measured and all the 

conditions were optimised. The resuspended cells were loaded and 10 fractions were 

collected. 106 cells of each fraction were fixed for flow cytometry, the remaining was 

used to produce crude extracts. 
Elutriation buffer 1x PBS, pH 7.4, 3 mM EDTA,  0.1 % Glucose, 1 % FCS 
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3 Results 

3.1 Characterisation of Two Subpopulations of RPA in Human Cells 
RPA was initially discovered as a single-stranded DNA binding protein. Since then its 

functions have been investigated in great detail by biochemical, genetic, cellular and 

molecular biological means. To gain a further view of RPA in vivo, the new set of 

monoclonal antibodies, RAC-1, RAC-3, and RAC-4 were established in collaboration  

with Dr. Kremmer (München). The antibody RAC-1 recognised the C-terminus of RPA 

p70 aa 441 to aa 525. The antibody RAC-3 interacted with the region of residues 441 

to 525; whereas, the antibody RAC-4 bound to aa residues 525-616 (Figure 3.1). The 

binding region of RAC-1 to p70, namely aa 441-525 is part of the DBD-C (DNA 

binding domain C) and includes the putative Zn-finger of p70, which is involved in the 

regulation of DNA binding. DBD-C, together with the central DNA-binding domain of 

subunit p32 (DBD-D) and the entire p14 subunit, form the RPA trimerisation core 

(Bastin-Shanower, 1998; Bochkareva et al., 2000; 2002; Wold 1997). These three 

antibodies show similar properties in immunofluorescence and immunoprecipitation. 

Due to its high affinity, RAC-1 was selected for further experiments. 

 



                                                               Results                                                      34                   
 
 

                                                          Shuhua Chen 

 

3.1.1 Immunostaining of Two Subpopulations of RPA  
To investigate RPA in vivo, the binding of these two antibodies RAC-1 and 70B 

(Kenny et al, 1990) to cellular RPA was compared by immunofluorescence techniques 

in cycling HeLa cells. The antibodies 70B and RAC-1 showed significant differences in 

their staining patterns. 70B revealed nuclei with discrete foci, concentrated on the 

central part of the nucleus, whereas RAC-1 stained nuclei dispersively, and no 

obvious foci were determined. The merged images did not show efficient 

colocalisation. Especially in some cells (one of these is indicated by the arrow at right), 

70B staining is reduced in comparison to the other cells, whereas RAC-1 staining in 

this cell is about average. To the contrary, in some cells such as the one marked by 

the arrow in the upper left corner, 70B staining was  dominant (Figure 3.2). Although 

RAC-1 and 70B recognise the same RPA subunit, each antibody binds to different 

regions of this polypeptide. Immunofluorescence is a method to reflect the status of 

cellular proteins in vivo and in situ. These immunofluorescence results were 

reproduced by different fixation methods, such as  formaldehyde fixation and 0.5% 

Triton X-100 extraction prior to methanol/aceton fixation. These findings suggested 

that two subpopulations of RPA might exist in the nucleus and be recognised by RAC-

1 and 70B. 
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3.1.2 Different p32 Phosphorylation Forms in the Two RPA   Subpopulations  
In order to characterise these two RPA forms, their cellular distribution was analysed. 

Identical amounts of proteins in crude extracts of HeLa cells were examined for RPA 

by immunoprecipitation with RAC-1 and 70B. In parallel, purified RPA was used as a 

standard to compare the affinity of the antibodies. The quantification of western 

blotting using the ImageQuant software showed that the intensity of purified RPA 

precipitated by RAC-1 was about 80% of that of 70B. In contrary, RAC-1 recognised 

RPA in crude extracts were about one third of that recognised by 70B. Therefore, RPA 

in crude extracts was more readily detected by 70B than by RAC-1 (Figure 3.3). 

Because RPA exists in cells as a stable heterotrimer containing p70, p32 and  p14, 

p32 and p14 could be co-immunoprecipitated  with p70 by antibodies against p70, and 

p32 was also detected by polyclonal anti-RPA serum on western blotting. 

Furthermore, the middle subunit p32 exists in various phosphorylation forms: 

hypophosphorylated, low and highly phosphorylated (Brill and Stillman, 1989; Treuner, 

et al., 1999; Wold and Kelly, 1988). Indeed p32 co-immunoprecipitated with RAC-1 

 
and 70B, but with differences in the phosphorylation forms. The phosphorylated and 

hyperphosphorylated forms of p32 were coprecipitated with 70B. However, only non- 
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or low phosphorylated p32 was coprecipitated with RAC-1 (Figure 3.3). These results 

are consistent with the idea that two subpopulations of RPA exist in mammalian cells, 

which can be identified by RAC-1 and 70B. Therefore, they were named RAC-1-RPA  

and 70B-RPA.  

3.1.3 Cellular Distribution of RAC-1-RPA and 70B-RPA 
Since the level of 70B-RPA in cells is higher than that of RAC-1-RPA, the amounts of 

crude extracts were increased for immunoprecipitation with RAC-1 in the later 

experiment for better comparison (detailed method see section 2.2.8). After increasing 

the amount of cell extracts by a factor of three, RAC-1 immunoprecipitated about the 

same amount of RPA as 70B with less crude extracts, and the same intensity of RPA 

p70 was detected in western blotting (Figure 3.4A, lanes 5 and 6).  To characterise 

these RPA subpopulations it was important to determine whether the RAC-1-RPA and 

70B-RPA were distributed equally or not. Cellular proteins were fractionated into 

cytosolic and nuclear proteins (detailed method see section 2.2.4), and these proteins 

were used for immunoprecipitation. Despite the increase of protein amounts in the 

immunoprecipiation experiments with RAC-1 (see above), the intensity of RAC-1-RPA 

was much less than that of 70B-RPA in the cytosol or in the high ionic strength 

(400mM NaCl) extracted nuclei (Figure 3.4A, lanes 1 and 3 compare with lanes 2 and 

4). To localise the main portion of RAC-1-RPA, the pellet of salt-extracted nuclear 

protein was treated with NP-40 (1%). RAC-1 detected more RPA in the nuclear extract 

treated with NP-40 than in the cytosolic extract or the nuclear extacts without NP-40 

treatment. In parallel, 70B precipitated similar amounts of RPA in the cytosolic extracts 

and in the nuclear extracts with or without NP-40 treatment (Figure 3.4B). The salt-

only extraction of nuclei contains the free form of RPA and the RPA binding loosely to 

nuclear structure, whereas 1% NP-40 treated nuclear extract contains RPA tightly 

binding to the nucleus. These experiments strongly suggested that RAC-1-RPA and 

70B-RPA are distributed differently in cell compartments. 70B-RPA was present in the 

cytosol and nucleoplasm, and was bound tightly as well as loosely to nuclear 

structures. On the contrary, RAC-1-RPA was found predominantly in the nucleus and 

tightly bound to nuclear structures, and can be extracted with detergent and high ionic 

strength (400mM NaCl was used, compared to crude extracts with 150mM NaCl). 

The existence of two immunologically distinct subpopulations was confirmed by 

fractional immunoprecipitation (Figure 3.4C and D). Because high amounts of RPA 



                                                               Results                                                      37                   
 
 

                                                          Shuhua Chen 

 

were present in NP-40-treated nuclear extracts, and detected by both RAC-1 and 70B, 

 
 

these NP-40 extracts were chosen for fractional assays in order to test whether RAC-1  
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and 70B recognised different forms of RPA or not. 70B efficiently precipiated RPA in 

the first two rounds, as determined by p70 immunodetection. But with the third round 

of immunoprecipitation with 70B, only minor amounts of RPA were detected (Figure 

3.4C, lanes 1-3). Nevertheless in the next round of immunoprecipitation, when the 

antibody RAC-1 was used, RPA was again precipitated (Figure 3.4C, lane 4). 

However, after the fourth round of precipitation, RPA was no longer detectable with 

RAC-1 (Figure 3.4C, lanes 5 and 6). And vice versa in Figure 3.4D, when RAC-1 was 

used for the first three rounds of immunoprecipitation, followed by three rounds 

immunoprecipitation of 70B. 

3.2 Characterisation of RAC-1-RPA and 70B-RPA in Cell Cycle 

3.2.1 From Early S Phase until G2 Phase in HeLa Cells 
Since there were two subpopulations of RPA in human cells, whose cellular 

distribution and cell cycle staining were different (section 3.1), these results raised the 

question how these RPA subpopulations behave during the cell cycle. To address this 

question, synchronisation experiments were carried out. HeLa cells were TdR-blocked 

and then released and collected at the indicated time points (detailed method see 

section 2.2.6.1). One portion of these cells was stained with propidium iodide to 

determine their cell cycle distribution. The remaining was used for additional 

experiments, such as preparation of chromatin protein, production of crude extracts, 

immunofluorescence and chromatin crosslinking experiments. Most cells were 

arrested by double TdR block in early S phase with a DNA content close to the 

content of G1 cells (Figure 3.5), since a significant fraction of them was capable to 

incorporate BrdU (Figure 3.21). The arrested cells were released from the cell cycle 

block in TdR-free medium and synchronously went through the cell cycle for at least 

12 h. During the first three hours, cells were in early S phase. After 5-6 hours, most 

cells reached mid S phase, whereas 9 hours after recovery, cells synchronously went 

into G2 phase. 12 hours after recovery, cells reproducibly started another cell cycle 

with a high degree of synchronisity (Figure 3.5). 

The synchronised cells were first tested for their level of chromatin-bound RPA 

(chromatin protein preparation see section 2.2.9). The amount of chromatin-bound 

RPA increased obviously before cells went into mid S phase, and gradually decreased 

from mid S phase until G2/M phase, with its minimum level at 9 hours after 

recovery.12 hours after recovery from TdR block, when most  
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cells started the next cell cycle, chromatin-bound RPA slightly increased in  

 

 
comparision to cells in G2/M phase, but still less than that in mid S phase (Figure 3.6). 

Similar experiments using RAC-1 showed no difference. Chromatin proteins were 

already denatured by incubation in 2% SDS solution before they were detached from 

DNA, therefore, it is reasonable to show no difference between 70B and RAC-1, which 

recognise the same polypeptide in western blotting. 

In addition, chromatin was prepared under nearly salt free condition, under which it 

was very viscous. Once salt was added to the chromatin preparation, the proteins 

were precipitated and were no longer soluble. Therefore, chromatin proteins were not 

directly suitable for immunoprecipitation. To determine the physiological DNA binding  
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status of RAC-1-RPA and 70B-RPA, chromatin crosslinking assays using 

formaldehyde were performed. 

Formaldehyde is a tight (2Å) crosslinking agent that efficiently produces both protein-

nucleic acid and protein-protein crosslinks in vivo. Formaldehyde is a highly reactive 

dipolar compound in which the carbon atom acts as a nucleophilic center. Amino and 

imino groups of amino acids (lysines, arginines and histidines) and of DNA (primarily 

adenines and cytosines) readily react with formaldehyde leading to the formation of 

Schiff bases, which can further react with a second amino group and condense to give 

the final DNA-protein complex (McGhee and Hippel, 1957).  A key advantage of the 

use of formaldehyde as a crosslinking agent is that the crosslinks are fully reversible 

by rehydration (Orlando, 2000).  

The TdR arrested and then synchronously released cells were crosslinked in vivo at 

the indicated time points (detailed method see 2.2.10). Proteins, which bound to and 

were therefore crosslinked to nuclear structures, were retained in the nucleus during 

the washing and sonicating procedure. When crosslinked samples were used for 

immunoprecipitation experiments, RIPA buffer was used to ensure the solubility of 

chromatin and the accessibility of proteins.  In order to avoid loss of antibodies during 

RIPA buffer treatment, the antibodies were covalently coupled to protein G sepharose 

before precipitations were performed. The immunoprecipitates were boiled for 30 

minutes prior to analysis by SDS-PAGE in order to reverse the formaldehyde  
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crosslinking reaction and separate crosslinked proteins so that they can be individually 

detected. 

p70 in RAC-1-RPA was evenly crosslinked to nuclear structures in the early S phase. 

It decreased in the mid and late S phase (Figure 3.7A, lanes 4 and 5). p70 increased 

in G2/M phase and slightly dropped in the G1 phase of next cell cycle (Figure 3.7A, 

lanes 6 and 7). However, p32 crosslinked to RAC-1-RPA p70 subunit during S phase 

(Figure 3.7A, lanes 1 to 4) and G1 phase (Figure 3.7A, lane 7), but not in G2 phase. 

The amount of chromatin crosslinked p70 in 70B-RPA remained constant from S 

phase until G1 phase in the next cell cycle. Nevertheless the p32 subunit crosslinked 

to nuclear structure-binding p70 was found in varying amounts during cell cycle, it 

crosslinked to p70 in G2/M phase, but not from G1 phase (Figure 3.7B, lane 7) to mid 

S phase (Figure 3.7B, lanes 2 to 4). 

RPA levels are reported to remain constant before and after DNA replication (Din et 

al., 1990; Virshup et al., 1990). In order to learn more about the amounts of RAC-1-

RPA and 70B-RPA in cell cycle, crude extracts of cells in different cell cycle phases 

were analysed by immunoprecipitation with 70B or RAC-1. 
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The amount of p32 did not show a cell cycle difference in RAC-1-RPA, nor in 70B-

RPA. Furthermore, the phosphorylated p32 was co-immunoprecipitated with 70B-

RPA, but not with RAC-1-RPA, thus confirming the results shown in Figure 3 and 4. 

Nevertheless,  p70 did not show a quantitative difference in the 70B-RPA complex 

from early S until G2/M phase. In RAC-1-RPA, however, the level of p70 slightly 

dropped in mid S phase (Figure 3.8, lane 3, cell were at 6 hours after recovery). This 

is consistent with the observation in Figure 3.7. 

The localisation of RPA was determined using immunofluorescence. In early S phase, 

both 70B and RAC-1 showed a dispersive staining. In mid S phase, however, 70B 

revealed RPA as foci or clusters, which were detectable until late S phase, but 

gradually decreased. In contrary, when cells were immunostained with RAC-1, the 

change  in the distribution of RPA was not as obvious as with 70B. When cells were in 

G2 phase, the staining of RAC-1 and 70B became dispersive again as in early S 

phase (Figure 3.9). It is generally believed that initiation complexes (among them 

RPA) form foci at the replication origin, but RAC-1-RPA did not show foci in the whole 

cell cycle. This again illustrates that 70B-RPA, but not RAC-1-RPA, directly takes part 

in DNA replication initiation. The different staining patterns also hint at different 

functions of these two RPA subpopulations. 
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3.2.2 Synchronisation of T98G Cells by Serum Depletion 
HeLa cells cannot be arrested in G0 phase. In order to obtain a knowledge of the 

RAC-1-RPA and 70B-RPA in proliferating as well as nonproliferating cells the cell line 

T98G was chosen to study RPA in dependency of growth stimuli because these cells 

can be arrested in G0 phase by serum depletion (detailed method see section 2.2.6.2). 

Conditions for G0 arrest were  
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optimised in several pilot experiments using different incubation times in medium with 

a low FCS concentration. After the addition of medium with 10% FCS the arrested 

T98G cells reversibly enter the cell cycle at early G1 phase and then synchronously 

pass through cell cycle. This procedure is called serum stimulation in the following 

text. Compared to TdR synchronisation, serum depletion has the advantage of 

showing protein synthesis in the early stages of the cell cycle. As the addition of 

serum stimulates quiescent cells to grow, the proteins involved in cell proliferation will 

be synthesised de novo. Therefore, proliferation-dependent RPA synthesis in T98G 

cells can be studied by immunological techniques. The minor amounts of RPA were 

detected in G0 cells and in cells 5 hours after serum addition. Afterwards the level of 

RPA started to increase (Figure 3.10, lane 4). 

As described before, the RPA trimer is required for DNA replication, DNA repair and 

recombination through interaction with other proteins. As demonstrated above (in 

section 3.1), two RPA subpopulations existed in human cells. These two forms of RPA 

most likely performed different functions in cell cycle. These data and speculations led 

to an investigation of RPA interacting with other proteins, and metabolic protein 

labelling experiments were performed. As speculated, both RAC-1-RPA and 70B-RPA 

interacted with various proteins, and formed complexes during immunoprecipitation 

with p70. These proteins were visualised in Figure 3.11.  
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The level of RAC-1-RPA was low in G0 and early G1 phases, and increased 10 hours 

after serum stimulation. On the contrary, the amount of 70B-RPA did not increase 

from 7 hours until 10 hours after serum stimulation. When RAC-1-RPA reached its 

high amount at 10 hour after serum addition (Figure 3.11, Figure 3.7), cells 

synthesised as much RAC-1-RPA as 70B-RPA. By comparision of Coomassie-stained 
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protein bands and radioactivity exposed bands, one band was found, which existed in 

RAC-1-RPA but not 70B-RPA, with an apparent molecular mass of 50 kDa. It might be 

a subunit of DNA polymerase �. Both p70 and p32 subunits showed stronger signals 

in 70B-RPA than in RAC-1-RPA. The pp32 form was detectable in 70B-RPA after 

serum addition but not in RAC-1-RPA  (Figure 3.11). Several proteins were 

coprecipitated with 70B-RPA, but not with RAC-1-RPA (the lower parts of lane 7, 

Figure 3.11). Due to a lack of positive controls, they could not yet be identified. These 

findings suggested that RAC-1- and 70B-RPA interacted with different proteins. Figure 

3.11 provided hints of DNA polymerase � interaction with RAC-1-RPA, most of which 

bound to nuclear structure tightly. To confirm my finding, nuclear extracts with and 

without NP-40 treatment (Figure 3.12, lanes 3 and 4, respectively) as well as the 

cytosolic extracts (Figure 3.12, lanes 1 and 2) were investigated. DNA polymerase � 

was detected in cytoplasm, but a significant amount of DNA polymerase � existed in 

nucleus, when nuclei were extracted by NP-40. 
Because of difficulties in directly identifying proteins detected by metabolic labelling, 

co-immunoprecipitation experiments were performed. Some cellular proteins which 

tightly bind to RPA can be co-immunoprecipitated by anti-RPA antibodies and then 

visualised by specific antibodies.  Although co-immunoprecipitation is not as sensitive 

as metabolic labelling, with the help of high affinity monoclonal antibodies, several 

proteins of interest can be tested. It also shows interaction between two proteins.  

The amount of 70B-RPA, as determined by the intensity of p70 did not change 

significantly in G0 and S phase cells. In contrast to 70B-RPA, RPA 

immunoprecipitated with RAC-1 was low in G0 and early G1 cells, but increased in the 

late G1 phase (Figure 3.13, lanes 2 to 4), and slightly dropped just before cells went 

into S phase (Figure 3.13, lanes 5 to 7).  

In order to compare different associations of RPA with DNA replication and repair 

proteins in G0 to S phase, the co-immunoprecipitated proteins were analysed by 

various antibodies. The tumor suppressor protein p53 was associated with 70B-RPA 

in G0 phase, a slight increase of the associating p53 was seen after serum stimulation, 

whereas p53 bound to RAC-1-RPA increased several folds in S phase compared to 

G0 phase (Figure 3.13A, and B). In addition the complex formation of RPA with DNA 

polymerases was investigated. Low amounts of DNA polymerase � shown by the 

presence of the largest subunit p180 coprecipitated with RAC-1-RPA complex in late 
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G1 and early S phase (Figure 3.13A, lanes 4 and 5), but the enzyme complex 

detached from the RAC-1-RPA later in cell cycle (Figure 3.13A, lanes 6 and 7). In 

contrast to this result, high amounts of DNA polymerase � bound to 70B-RPA in G0 

phase. Its binding to 70B-RPA increased during G1 and S phase, but dropped slightly 

in G2 and M phase (25h, Figure 3.13B, lane 7). The DNA polymerases ��and���behaved 

differently   from    DNA    polymerase  ��   and  �they   exclusively   coprecipitated  with 
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RAC-1-RPA, but not with 70B-RPA at any time of the cell cycle (Figure 3.13C, and D). 

This observation was in line with experiments using metabolic labelling (Figure 3.11). 

These data confirmed the hypothesis that the two RPA subpopulations interacted with 

different proteins: the RAC-1-RPA trimer interacted with p53, DNA polymerases δ and 

ε. In addition, RAC-1-RPA contained non-phosphorylated p32, whereas the 70B-RPA 

trimer contained phosphorylated p32. 70B-RPA interacted with p53 and DNA 

polymerase α. Their functional difference might lie in their different associations with 

DNA replication and DNA repair proteins.  

3.3 Relationship between the RPA Subpopulations and DNA Synthesis  

70B-RPA coprecipitated with DNA polymerase α, which is responsible for the initiation 

step of DNA replication, whereas RAC-1-RPA coprecipitated with DNA polymerase δ 

and ε, which are essential for the elongation step of DNA replication  (Figure 3.13C 

and 13D). The association of RAC-1- and 70B-RPA with different DNA polymerases 

raised the question of whether the subpopulations colocalised with the areas of 

ongoing  DNA  synthesis. RAC-1-RPA  and  70B-RPA  might  form  DNA  initiation and  
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elongation complexes separately. In order to address this question, 

immunofluorescence experiments were performed with BrdU-labelled cells to study 

whether these RPA forms are associated with DNA replication or have other functions. 

The newly synthesised DNA as determined by BrdU staining was clustered in nuclei. 

The staining patterns of RAC-1 and 70B for RPA were the same as shown in Figure 

3.2A. The 70B-RPA staining merged well with BrdU staining, suggesting that most 

70B-RPA colocalised with DNA replication forks (Figure 3.14A). However, RAC-1-RPA 

had a more extensive staining within the cells than BrdU and did not cluster, 

suggesting that RAC-1-RPA might have functions in addition to direct involvment in    

DNA synthesis (Figure 3.14B). The BrdU and 70B-RPA stainings colocalised well, to 

control the possibility that whether one part of the staining was from the fluorescence 

of the second fluorophore which could pass through its filter, the two images were 

analysed by the Carl Zeiss LSM software 2.4. The staining intensity in these two 

images showed a large difference, as plotted in Figure 3.15B, with dominant blue and 
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green dots, and a few red dots. This analysis showed that the pixel values and 

intensities of the single color planes in Figure 3.14A and 14B are from their own 

staining, not from crosstalk of the other fluorophore.  

3.4 The Two RPA Subpopulations in DNA Repair 
As RAC-1-RPA but not 70B-RPA co-immunoprecipitated with DNA polymerase �, 

which provides strand displacement synthesis and gap filling in DNA repair, the 

function of RPA in DNA repair was investigated.  

Ultraviolet light (UV light) with a wavelength of less than 400 nm can damage tissues 

and cells. The UV spectrum can be divided into three ranges according to their 

biological interference: First, the very short-wavelength radiation called the UV-C 

region (190-280 nm). The following spectral region ranges from 280-320 nm, named 

UV-B. UV-A light, with a wavelength of 320-400 nm, contains even less energy than 

UV-B light. The radiation energy absorbed by biological macromolecules in cells and 

tissues is transferred to other cellular compounds or even to cellular oxygen. The 

resulting radicals are able to react with biological macromolecules. The reaction of 

oxygen-radicals with DNA leads to single-stranded breaks when radicals break the 

DNA backbone by re-esterification. 

 
 In proliferating T98G cells, the amount of RAC-1-RPA increased after DNA damage 

by UV-A light, moreover, its p32 subunit was partially phosphorylated (Figure 3.16, 

comparing lanes 2 to 1). However, no difference was observed for 70B-RPA, neither 

its amount, nor its phosphorylation forms changed (Figure 3.16, comparing lanes 4 to 
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3). It has been previously reported that upon UV irradiation, the amount of RPA 

increases and its p32 subunit is phosphorylated within 4 to 8 hours after irradiation 

(Carty et al., 1994). The data presented here confirmed previous reports, and 

indicated that RAC-1-RPA, but not 70B-RPA, was strongly induced after DNA 

damage, and that phosphorylated p32 was associated with RAC-1-RPA in DNA repair 

events (Figure 3.16, comparing lane 2 to 1).  

3.5 Phosphorylation of  DNA Polymerase �-primase in Living Cells 
As decribed above, 70B-RPA might perform its function through interaction with DNA 

polymerase �-primase. DNA polymerase �-primase is the only DNA polymerase 

which can start DNA replication de novo. It consists of 4 subunits: p180, p68, p58, and 

p48. Its phosphorylation status, and specially that of p68, is important for cell cycle 

regulation. 

3.5.1 Detection of Phosphorylated p68 by Phosphopeptide-specific Antibodies   
The p68 subunit of DNA polymerase �-primase is phosphorylated in a cell-cycle 

dependent manner (Bouvier et al, 1993, Foiani et al,1995; Nasheuer et al,  1991; Park 

et al, 1995). These studies using various organisms and methods gave conflicting 

reports regarding the time course of these modifications within the cell cycle. 

Therefore, phosphopeptide-specific antibodies were established to examine the 

phosphorylation status of human DNA polymerase �-primase in vivo and in vitro. The 

peptide P1 (P1: aa 137 to 151 of p68) contains two conserved motifs, serines S141 

and S147, which are phosphorylated by Cyclin A-Cdk2 in vivo and in vitro (Rehfuess, 

1998; Voitenleitner et al, 1999). The antibody 858-PPI was produced by immunisation 

with the phosphorylated P1 (PP1). The properties of 858-PP1 antibody have been 

tested especially with its affinity and specificity in eukaryotic cells. To confirm that 858-

PP1 antibody only recognised phophorylated p68, but not non-phosphorylated p68, a 

peptide competition assay was performed. The 858-PP1 antibody recognised a 

polypeptide with an apparent molecular mass of about 68 kDa in cycling cells (Figure 

3.17, lane 1) as well as in purified DNA polymerase �-primase (A. Schneider, personal 

communication). The recognition of 858-PP1 could be completely abolished by low 

levels of phosphorylated peptide PP1 (Figure 3.17, lane 4). When 858-PP1 was 

preincubated with non-phosphorylated peptide P1 before it was applied for western 

blotting, its affinity to phosphorylated p68 was not affected (Figure 3.17, lane 7). The 

858-PP1 antibody distinguished phosphorylated p68 from non-phosphorylated p68 
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and thus provided the opportunity to study p68 phosphorylation by various techniques 

such as western blotting and immunofluorescence. 

 

3.5.2 Nuclear Localisation of P1-phosphorylated p68 in Late G1 and S Phase but 
not in Mitotic Cells 
 
Phosphorylation influences the nuclear transport and the subcellular localisation of 

proteins (Petersen et al, 1999; Pines, 1999). As p68 is required for the nuclear 

transport of p180 (Mizuno et al, 1999), it was interesting to know whether the p68 

phosphorylation changes cellular distribution of the polypeptide by using the antibody 

858-PP1. Nucleus and cytoplasm of the fixed cyling cells were determined by phase 

contrast microscopy (Figure 3.18). To investigate the localisation of DNA polymerase 

�-primase the p180-specific antibody 2CT25 was used in parallel. p180 was readily 

detectable and all examined cells were stained (Figure 3.18A and B). 

Merging pictures showed that the DNA polymerase �-primase and phosphorylated 

p68 were exclusively nuclear. When the cells were arrested in G2/M phase of the cell 

cycle by Nocodazole, their p180 level was still high, but the level of phosphorylated 

p68 was too low to be detected by immunofluorescence using 858-PP1 (Figure 3.18B)  
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Figure 3.18: Phosphorylated p68 is Nuclear. Logarithmically growing HeLa (panel A) or HeLa cells grown 
for 16h in the presence of Nocodazole (panel B) were fixed and double immunostained with the antibody 
858-PP1 and 2CT25 (Dornreiter, 1991). aa and ba: phase contrast pitctures; ab and bb: antibody 858-
PP1 determined with FITC-conjugated 2nd antibody in green; ac and bc: p180-specific mouse antibody 
determined with Rhodamine Red-conjugated 2nd antibody in red. ad: merging pictures of aa, ab and ac ; 
bd: merging pictures of  ba and bc. 

Peptide P1 of p68 is Phosphorylated in Late G1/Early S Phase 
T98G cells were arrested at G0 phase by serum depletion. Flow cytometry and BrdU 

incorporation experiments indicated that cells were at late G1/early S phase about 10 

hours after serum addition. The phosphorylation level of p68 was low when cells were 
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in G1 phase, but significantly increased at late G1/early S phase (Figure 3.19, upper 

 
panel).  Meanwhile, the total level of p68 stayed constant from G1 to S phase (Figure 

3.19, lower panel).  

Another experiment was performed in a system which does not interfere with the 

cellular metabolism, the elutriation centrifugation (its principle described in section 

2.2.16). The CEM cells were fractionated to 7 fractions by increasing centrifuge 

speeds. The cell cycle distributions of these fractions were determined by flow 

cytometry on the basis of the DNA content of cells. This DNA analysis revealed that 

cells in fraction 1 were highly enriched in G1 phase of the cell cycle, and that fractions 

3 and 4 contained about 60% S phase cells. The fraction 7 had a high level of G2 

phase cells (Figure 3.20A). Identical amounts of proteins from crude extracts of these 

fractions were subjected to western blotting. The degree of p68 phosphorylation was 

determined using the 858-PP1 antibody (Figure 3.20B). In comparison, the level of 

p68 in the same crude extracts was monitored by stripping the same blot after 

detection of phosphorylated p68, and reprobing with an antiserum recognising full 

length p68 (Figure 3.20C). The p68-peptide P1 was sightly phosphorylated in early G1 

phase but was considerably modified in late G1 to early S phase (Figure 3.20, lanes 1 

to 3). The phosphorylation level was high during S phase and S/G2 transition (Figure 

3.20, lanes 2 to 6) and decreased in G2 (Figure 3.20B, lane 7, summarised in 3.20D). 

In contrast to the phosphorylation level, the total cellular level of p68 varied only 

slightly during the cell cycle (Figure 3.20C).  
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Figure 3.20: The Peptide PP1 of p68 is Phosphorylated in Late G1 to Early S, S and Early G2 
phase. (A) CEM cells were fractionated by elutriation centrifugation. Cell cycle distribution of each 

fraction was detected by flow cytometry. (B) and (C) After determination of protein concentration, 50 �g 

of crude extracts of cells in different cell cycle were analysed by SDS-PAGE and western blotting using 

antibodies which were either specific for pp68 (purified antibody 858-PP1; panel B), or directed  against 

full length p68 (panel C), respectively, on the same blot. First, the membrane was incubated with 

antibody 858-PP1 and detected by ECL according to the manufacture’s protocol (Amersham-

Phamacia-Biotech). For reprobing in panel C, the membrane was stripped to remove all antibodies and 

was detected by antibody against p68 with ECL. (D) Signals of panel B and C were scanned and the 

quantified by using the Image Quant programm. The signal ratio of pp68 to p68 was calculated for each 

fraction and is presented in arbitrarly units. 

The increase of p68 phosphorylation started at S phase, when DNA replication starts. 

To understand the relationship between p68 phosphorylation and DNA synthesis, cells  

in different phases (early S, mid S, later S and G2 phase) of the cell cycle were 

checked for p68 phosphorylation and BrdU incorporation. In early S phase, 

phosphorylation of p68 occurred prior to BrdU incorporation (Figure 3.21, upper 

panel), whereas in mid S phase the incorporation of BrdU and the phosphorylation of 

p68 were strong and detectable in each cell. When in G2 phase, the p68 

phosphorylation as well as BrdU incorporation decreased (Figure 3.21, lower panels). 

This is further evidence to suggest  that p68 did get phosphorylated in the early S 

phase. Furthermore, the phosphorylation of p68 in S phase is not homogenous, i.e.  
not all cells phosphorylate p68 before S phase.  

With three different mammalian cell lines and different synchronisation methods, the 

above results indicated the same tendency of p68 subunit in cell cycle. Nocodazole 

synchronisation was selected because it led to a higher percentage of G2/M cells than 

the TdR block-and-release method. Serum depletion gave a good view of the period 

from G0 to S. This period of the cell cycle could not be reached with other 

synchronisation methods, as only serum depleted cells were in this G0 phase. 

Elutriation provided a confirmation of the other synchronisation methods. It separated 

the cells according to their size. The identity of the fractions were later confirmed by 

FACS analysis. Although the fractions were not absolutely pure of containing only 

cells at a certain phase, the advantage of this method was that it permitted to study 

cells in each phase of the cell cycle coming from the same history and growing 

condition. 
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Figure 3.21: Phosphorylation of p68 Takes Place Earlier than BrdU Incoporation. HeLa cells 
grown on glass slides were synchronised by TdR and released in TdR-free medium. Before 
harvested at the indicated time points (0h, 1.5h, 3h, 6h, respectively), the cells were incubated in the 
medium supplied with 50 �M BrdU for 15 min, followed by fixation with methanol/acetone. The DNA 
was denatured by formamide and the cells were double stained with anti-BrdU (mouse) and 858-
PP1 (rabbit) antibodies. The secondary antibodies were Rhodamine-conjugated anti-mouse and 
FITC-conjugated anti-rabbit antibodies.  
 



                                                               Results                                                      58                   
 
 

                                                          Shuhua Chen 

 

3.5.3 Phosphorylation of p68 is Downregulated after DNA Damage 
DNA polymerase �-primase has been reported to play a role in DNA repair (Pellicioli 

et al, 1999; Voitenleitner et al, 1999). To test the level of phosphorylated p68 after 

DNA damage, HEp2 cells were UV-C irradiated and the variation of p68 

phosphorylation was determined. Immediately after irradiation, the phosphorylation 

level of p68 significantly dropped compared to untreated control cells (Figure 3.22, 

compare lanes 1 and 2). Although the phosphorylated p68 increased its amount from 

0 hour until 1.5 hours after recovery, it was still lower than in normal cells. Similar to 

Figure 3.21, the full length p68 was stably detected before and after irradiation (Figure 

3.22, lower panel). 
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4 Discussion 
 

Eukaryotic DNA metabolism is highly organised and tightly regulated (Wolffe, 1998). 

Replication protein A, RPA, is an essential protein involved in various processes of the 

DNA metabolism such as DNA replication, DNA repair, and DNA recombination (Iftode 

et al., 1999; Nasheuer et al., 2002; Wold 1997). In addition, RPA associates with 

transcription factors suggesting that RPA has central functions in the nucleus (Dutta et 

al., 1993; He et al., 1993). The discovery that 70B-RPA is expressed even in G0 phase 

suggests that living cells always contain RPA, therefore RPA is important for viability 

of cells (Figure 3.13). There are contradictory reports about whether p70 of RPA binds 

to chromatin after replication or not. Several reports claimed that p70 is dissociated 

from chromosome after replication (Adachi and Laemmli, 1992. Cardoso et al., 1993; 

Murti et al., 1996). However, Dimitrova and Gilbert (2000) recently demonstrated that 

RPA is observed in association with chromatin in G2/M phase. The studies presented 

here confirm the latter finding by using in vivo crosslinking assays (Figure 3.7) and 

chromatin bound protein assays (Figure 3.6), which show that RPA associates with 

nuclear structures from G1 until G2 phase and that the association is as stable in G2/M 

phase as it is in S phase.   

4.1 The RAC-1-RPA and 70B-RPA Subpopulations 
Immunofluorescence experiments with RAC-1 and 70B antibodies suggest that two 

RPA subpopulations exist in human cells (Figure 3.2 and 3.9). The variation in their 

immunostaining patterns and dominance indicates that in human cells some RPA 

molecules present epitopes specific for RAC-1, whereas others present epitopes for 

70B. One subpopulation in nuclear extracts is still detectable when the other one is 

depleted by its specific antibody (Figure 3.4 C and D).  Furthermore, most of RAC-1-

RPA is immobilised on the nuclear matrix, whereas a significant amount of 70B-RPA 

is loosely restrained within nuclear structures. These findings suggest 70B-RPA is 

involved in some events other than RAC-1-RPA. 

The cellular levels of RAC-1-RPA and 70B-RPA change differentially during the cell 

cycle. The level of RAC-1-RPA does not stay as constant from early G1 to S phase as 

that of 70B-RPA does (Figure 3.13). These results demonstrate RAC-1-RPA is 

induced in response to DNA replication, whereas p70 of 70B-RPA is stably expressed. 

As will be discussed below, 70B-RPA does play an important role in the initiation of 

DNA replication. This would suggest the hypothesis that 70B-RPA does not change its 
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conformation before and after DNA replication, but could change its localisation in and 

out of nuclei. In Figure 3.2 some cells showed only 70B staining, but very weak RAC-1 

staining. These cells are most likely in early G1 phase when the amount of RAC-1-

RPA is much lower than that of 70B-RPA. 

The nuclear binding properties of the two RPA subpopulations are different, both p32 

and p70 of RAC-1-RPA are crosslinked as a complex with the nuclear matrix in G1 

until S phase, whereas p32 of 70B-RPA crosslinked to p70 in G2 phase (Figure 3.7). 

Furthermore, the 70B-RPA trimer contains p32 in various phosphorylation states, 

whereas the RAC-1-RPA trimer has non- or hypophosphorylated p32 (Figures 3.3 and 

3.8). This is further evidence that RAC-1-RPA and 70B-RPA are two different protein 

complexes with distinct quarternary structures. 

Because RPA performs its functions through protein-protein interactions, the different 

protein interaction patterns of RAC-1-RPA and 70B-RPA (Figure 3.13) suggest their 

roles in different DNA metabolism events, which are mediated by the proteins they 

interact with. 

4.2 RAC-1-RPA and 70B-RPA have Different Cellular Functions 
The existence of two forms of RPA raises the question of whether RAC-1-RPA and 

70B-RPA have different functions in eukaryotic DNA metabolism and whether the two 

forms differ in their activities.  

4.2.1 Functions of RAC-1-RPA 
RAC-1-RPA is induced after serum stimulation or after DNA damage. In addition, 

RAC-1-RPA interacts with DNA polymerases � and �� which carry out processive DNA 

synthesis during DNA elongation in DNA replication and gap filling after DNA 

damage�(Figures 3.13 and 3.16). These findings suggest that RAC-1-RPA might 

function in the elongation stage of DNA replication and in DNA repair. The importance 

of these findings is underlined by recent reports that a significant amount of DNA 

polymerase �� which plays a role in DNA elongation, tightly binds to nuclear structures 

and interacts with the TREX2 3'-5' exonuclease. The TREX2 3'-5' exonuclease acts as 

a proofreading exonuclease for DNA polymerases during DNA replication, repair and 

recombination (Shevelev et al., 2002). Considering that RAC-1-RPA can be co-

isolated with DNA polymerase �, and that their association is cell cycle-dependent 

(Figure 3.13), the function of RAC-1-RPA for DNA replication elongation and for DNA 

repair is confirmed.  
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To test whether RAC-1-RPA is directly associated with DNA synthesis or not, 

immunofluorescence and BrdU incorporation experiments were performed using the 

RAC-1 antibody. In contrast to 70B, the RAC-1 antibody shows a more dispersive 

staining throughout the cell cycle (Figure 3.9). The BrdU incorporation studies 

revealed that only a fraction of RAC-1-RPA colocalises with BrdU (Figure 3.14), 

suggesting that these molecules are directly involved in DNA synthesis during the 

elongation of DNA replication, where RPA is required to stabilise the unwound DNA. 

The rest may have other functions, such as loading factors for DNA polymerases � 

and � prior to their recruitment onto replication forks. A possible order of events related 

to RAC-1-RPA in DNA replication elongation could be that replication factors such as 

DNA polymerases � and � bind to nuclear structures either via or together with the 

hypophosphorylated RPA (RAC-1-RPA). Since RPA specifically interacts with 3'-ends 

of newly synthesised primers, it could mediate the initial loading of DNA polymerase � 

and � to the primers and the sliding clamp PCNA (Lavrik et al., 1998; Mass et al., 

1998; Waga and Stillman, 1998). After DNA polymerases have bound to these DNA 

structures, the RPA-DNA polymerase �/� complex dissociates. This view is consistent 

with the ordered loading of DNA polymerase � investigated in a cell-free system where 

RPA and DNA polymerase � form a complex but RFC disassembles the DNA 

polymerase �/RPA complex (Yuzhakov et al., 1999). 

Alternatively, the remaining of RAC-1-RPA, which does not colocalise with BrdU 

incorporation sites, might be part of a larger complex immobilised on chromatin and 

sequester DNA metabolic proteins such as p53, DNA polymerase �, DNA polymerase 

� and also other replication as well as repair factors to the nucleus. 

4.2.2 Functions of 70B-RPA 
Prior to the onset of DNA replication RPA has been described to accumulate in 

brightly stained dots, which are called pre-replication centers. The staining becomes 

dispersive as DNA replication proceeds (Adachi and Laemmli, 1992; Dimitrova and 

Gilbert, 2000; Yan and Newport, 1995). 70B-RPA accumulates such dots from early to 

mid S phase but switches to dispersive staining in late S phase (Figure 3.9). 70B-RPA 

behaves very much like the above description. The bright dots of 70B immunostaining 

indicates that most of 70B-RPA is localised in these so called pre-replication centers.  

Furthermore, 70B-RPA colocalises with BrdU (Figure 3.14) and binds to DNA 

polymerase � during S phase but does not associate with DNA polymerases 
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��and���(Figure 3.13). These results suggest that 70B-RPA is involved in the initiation 

of leading strand DNA replication as well as in the priming reaction of the Okazaki 

fragments on the lagging strand.  

Only low amounts of DNA polymerase � interact with 70B-RPA in G0 phase and this 

increases in late G1 phase just prior to the beginning of S phase. The RPA-DNA 

polymerase � interaction does not occur throughout the cell cycle, suggesting that the 

interaction is tightly controlled in time. The increased interaction of RPA and DNA 

polymerase � matches the model of DNA replication. In the DNA replication model, 

RPA first binds to chromatin before DNA polymerase��-primase is recruited to 

chromatin. The conclusion that chromatin associates with RPA prior to DNA  

polymerase � is supported by an in vitro study, which demonstrates that the 

aggregation of RPA around pre-replication centers takes place prior to the initiation of 

DNA replication and even occurs before the formation of the nucleus (Adachi and 

Laemmli, 1994). These data are in line with other reports that RPA is localised in foci 

prior to the initiation of replication and remains there during DNA synthesis (Cardoso 

et al, 1993;  Yan and Newport, 1995).  

The 70B-RPA complex also co-immunoprecipitates significant amounts of the tumor 

suppressor p53 in G0 phase (Figure 3.13). p53 induces apoptosis and is responsible 

for G1 phase arrest. One of the apoptosis pathways can be triggered by withdrawal of 

essential growth factors (B.Lewin, 2000). When T98G cells are cultured in 0.5% FCS-

containing medium for 120 hours, some of them enter apoptosis with small 

fragmented nuclei. p53 could play an important role in this apoptosis pathway and 

might be also involved in the G0 phase arrest. The interaction between 70B-RPA and 

p53 in G0 cells is a strong hint at  the function of 70B-RPA on apoptosis and G0  

arrest.  

4.3 Phosphorylation of p32 in 70B-RPA 
p32 is phosphorylated in a cell cycle-dependent manner upon binding to ssDNA and in 

stressed cells (Wold MS, 1997; Treuner et al., 1999). The phosphorylation of p32 is a 

consequence of and not a prerequisite for its binding to ssDNA to form the initiation 

complex at the SV40 origin (Fotedar and Roberts, 1992). This notion adequately 

explains that only the phosphorylated p32 form is detected in chromatin bound RPA 

(Figure 3.6 and Betteraey in Universität Tübingen pers. comm.).  
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The binding of human RPA to ssDNA makes RPA a better substrate for 

phosphorylation, and both RPA p70 and p32 are involved (Black et al, 1996, Gomes et 

al, 1996). Using in vitro experiments, Fotedar and Roberts (1992) showed that RPA 

p32 from initiation reaction of DNA replication is phosphorylated to a greater extent, 

however, p32 is much less phosphorylated when taking part in the elongation reaction. 

This is consistent with the observations and hypothesis presented here regarding 70B-

RPA, which is part of the initiation complex for DNA replication and contains 

phosphorylated p32. Nevertheless, no phosphorylated p32 in RAC-1-RPA, which is 

involved in elongation of DNA replication, is detected. These results suggest that 

RAC-1-RPA might not be the only RPA subpopulation involved in DNA replication 

elongation. 

The behaviour of the two RPA subpopulations is reminiscent of DNA polymerase �� 

which also exists in distinct forms in human cells. The hypophosphorylated DNA 

polymerase � is loaded in G1 phase onto chromatin and associates with Cyclin E-

Cdk2, protein phosphatase 2A, and Mcm2p. However, during S phase this DNA 

polymerase � subpopulation does not colocalise with newly synthesised DNA as de-

termined by BrdU incorporation. The phosphorylation of DNA polymerase ��by Cyclin 

A-dependent kinases interferes with its binding to replication initiation factors and 

probably regulates its origin-dependent initiation activity. Similarly, modification of RPA 

might modulate its functions and its interactions with DNA polymerases. 

4.4 RAC-1-RPA is Involved in DNA Repair 
During DNA repair damaged nucleotides have to be removed and a large number of 

DNA gaps are generated, which have to be filled to sustain the stability of genome. 

DNA polymerases � and � are responsible for DNA gap filling (Hübscher et al., 2000). 

RPA is also involved in the gap-filling reaction, along with PCNA, RFC, DNA 

polymerase � and ��(Aboussekhra et al., 1995; DeMott, et al., 1998). It has been 

reported that after DNA damage proteins which are important for DNA repair, such as 

RPA, are induced (Carty et al., 1994). Figure 3.16 demonstrates that the increase in 

RPA during DNA repair is due to an increased levels of RAC-1-RPA. RAC-1-RPA 

participates in DNA repair probably through its interaction with DNA polymerases � 

and �
 Importantly in UV-A-irradiated cells the p32 subunit of RAC-1-RPA is 

phosphorylated (Figure 3.16). This is not necessarily in conflict with the above 

observation that RAC-1-RPA contains the nonphosphorylated p32 form, because 

these experiments were performed with the cells in different growth conditions: normal 
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cycling cells and irradiated cells. p32 was reported to be phosphorylated increasingly 

in DNA repair 4-8 hours after DNA damage (Carty et al., 1994; Liu et al., 1993). When 

cells repair their DNA, the p32-specific kinases (ATM, ATR, and DNA-PK, but not 

Cdks) are highly active, and therefore these kinases might phosphorylate not only the 

p32 subunit which binds to DNA but also those in the RAC-1-RPA trimer. The results 

with stressed cells confirm that RAC-1-RPA has a function in DNA repair events. 

4.5 Interaction of p32 and p70 with Nuclear Structures  
The p70 and p32 subunits shown on crosslinking assays (Figure 3.7) are those which 

are crosslinked to nuclear structure and form a crosslinked DNA-p70-p32 ternary 

complex. The prerequisite for producing this crosslinked complex is a closed 

association of the right amino and imino groups of amino acids and of DNA (details 

see Methods and Results sections). Without a direct contact of the right amino and 

imino groups of p70, of p32, and of DNA, they cannot be crosslinked even if they are 

spatially closed to each other.      

Before DNA replication occurs, 70B-RPA binds to DNA with a binding mode to dsDNA 

which allows the contacting amino and imino groups to be crosslinked. In S phase, 

where DNA replication happens, the DNA binding mode of 70B-RPA switches to a 

different mode, thereby it undergoes an extensive conformational change in which 

both p70 and p32 are engaged (Bochkareva et al., 2002). Because of this 

conformational change, the contact of p70, p32 and DNA might be changed as well 

and the prerequisite for forming a crosslinked DNA-p70-p32 ternary complex is not 

fulfilled, and p32 cannot be crosslinked to p70. Contrary to 70B-RPA, RAC-1-RPA 

does not initiate DNA replication, but is involved in the elongation stage of DNA 

replication through its interaction with DNA polymerases ��and �. The protein-RPA 

interaction in S phase might enable p32 and p70 to make a correct contact with DNA 

to form a crosslinked complex. After S phase these interacting proteins are no longer 

required and may therefore detach from RAC-1-RPA. This could lead to p32 changing 

its binding mode to p70 and DNA. Consequently p32 may not be crosslinked to p70 or 

DNA as the critical amino and imino groups do not contact each other any more. 

There might be an alternative explanation regarding RAC-1-RPA. One function of 

RAC-1-RPA could be sequestering replication/repair proteins in nuclei. In S phase, the 

sequestering proteins would be released to perform their functions on DNA replication. 

After S phase when they have finished their task, these proteins would be 

sequestered by RAC-1-RPA and might interfere with the critical connection of p70 and 



                                                            Discussion                                                   65                  
 
 

                                                          Shuhua Chen 

 

p32 to each other and also to DNA, and thus crosslinked p70-p32-DNA complex 

cannot be not formed. 

 
4.6 Conformational Models of RAC-1-RPA and 70B-RPA 
Based on biochemical and immunological results, there are several possible 

interpretations for the different conformations of RAC-1-RPA and 70B-RPA.  

 
 

First, there might be a RPA pool in the cell. Epitopes for both RAC-1 and 70B are 

presented on the surface of RPA. In a certain cellular environment, RPA interacts with 

different proteins, and the protein-RPA interactions may mask some epitopes on RPA. 

For instance, DNA polymerases � and � interact with the N terminus of p70, covering 

70B-recognising sites, but the epitopes for RAC-1 are unoccupied and available for 

RAC-1 binding. The phosphorylated p32 of 70B-RPA binds to the C terminus of p70, 

blocking the RAC-1 recognition sites and therefore this subpopulation of RPA is only 
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detected by 70B (Figure 4.1). This model explains the co-immunoprecipitation of DNA 

polymerases � and � with RAC-1-RPA and of phosphorylated p32 with 70B-RPA.  

It has been reported from in vitro experiments that DNA polymerase �-primase binds 

to the N terminus of p70. According to this protein-protein interaction model, however,  

this binding might not affect the epitopes for 70B, because DNA polymerase � can still 

bind to and be co-isolated with 70B-RPA. p53 is reported to have two interaction 

regions with p70 (Iftode et al., 1999), one is round 1-200 amino acid residues at the N 

terminus of p70. This binding does not influence the binding of 70B to p70, therefore a 

large amount of p53 co-precipitated with 70B. The other binding region is at 400-500 

amino acid residues at the C terminus of p70 and partially overlaps the residues 

recognised by RAC-1-RPA, and therefore only a smaller amount of p53 co-

precipitates with RAC-1. 

 
 

In an alternative model, it could be speculated that the RPA trimer, and in particular 

the p70 subunit exists in different structures in human cells. As the peptides used for 
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generating the antibodies RAC-1 and 70B are from the same p70 primary sequence, it 

can be argued that their differences in recognition patterns is defined by variation of 

the tertiary structure of p70 (Figure 4.2). These structural differences originally 

determine which epitopes and interaction sites for specific proteins are available in 

each subpopulation. According to this hypothesis, DNA polymerases � and � do not 

form a complex with 70B-RPA, because the regions, which are necessary for the 

binding of these two polymerases to p70, are buried inside this conformation. 

Similarly, such a conformational difference might be the reason that phosphorylated 

p32 preferentially associateds with 70B-RPA rather than with RAC-1-RPA.  

4.7 The Phosphorylation of p68 is Cell Cycle-dependent  
Genetic and biochemical experiments showed that cellular Cdks have positive and 

negative influences on cellular DNA replication (Dutta and Bell, 1997; Johnston et al, 

1999; Lee and Bell, 2000; Takisawa et al, 2000). The cell-free initiation system of 

SV40 DNA replication showed that four conserved Cdk phosphorylation sites (S141, 

S147, S152 and T156) within the T antigen binding site of p68 (aa 1-239) are required 

to stimulate and inhibit the initiation of DNA replication, where Cdks and PP2A 

mediate these modifications (Dehde et al., 2001; Schub et al., 2001; Voitenleitner et 

al., 1997; 1999). 

As the phosphorylation of DNA polymerase �-primase controls DNA replication, it is a 

central element in the regulation of the cell cycle. The phosphorylation-specific 

antibody 858-PP1 can discriminate the phosphorylated and unphosphorylated forms 

of p68 (Figure 3.17). Although the cellular level of p180 and p68 is constant, the 

phosphorylation of peptide P1 in p68 changes in a cell cycle-dependent manner. The 

peptide P1 is phosphorylated early in the cell cycle just at the transition from G1 to S 

phase (Figures 3.19, 3.20, and 3.21). These findings are in line with results from S. 

cerevisiae that the B subunit of DNA polymerase ��primase exbihits a 

phosphorylation-dependent shift early in S phase (Foaini et al., 1999). In addition, in a 

cell-free system using nuclei and extracts from cells which are synchronised in 

different phases of the cell cycle, the addition of the purified kinases Cyclin A-Cdk2 

and Cyclin E-Cdk2, which are responsible for the phosphorylation of p68 in vitro, 

stimulated DNA replication in G1 nuclei (Krude et al., 1997; Voitenleitner et al., 1999). 

However, these phosphorylation data are in contrast to an earlier report (Nasheuer et 

al., 1991) that p68 is predominately phosphorylated in G2/M phase. The reason for the 

apparent contradition probably lies in the different experimental procedures. The 
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experiments carried out by Nasheuer et al (1991) are based on radioactive labelling 

which requires turnover of phosphate and are tested with immunoprecipitation method 

which takes longer than western blotting. Furthermore, the labelling with radioactive 

phosphate represents total phosphorylation of p68, but 858-PP1 only recognises two 

(S141 and S147) of the phopshorylated sites on p68. It is presumed that the S141 and 

S147 sites are probably phosphorylated in S phase and can be rapidly 

dephosphorylated in vitro. Therefore, this phosphorylation cannot be detected after 

immunoprecipitation is performed. The other Cdk phosphorylation sites, however, 

might be stably phosphorylated in M phase and can be detected by radioactive 

phosphate labelling, but not by 858-PP1. Thus 858-PP1 does not reveal 

phosphorylated p68 in M phase, but in vivo labelling of phosphorylated peptide does. 

4.8 The Phosphorylation of p68 is Downregulated after DNA Damage 
The phosphorylation of p68 is prevented while DNA is damaged. The discovery that 

the phosphorylation level of p68 in irradiated cells is lower than in unstressed cells 

(Figure 3.22) is line with other results from yeast (Pellicioli et al., 1999). In S. 

cerevisiae, the phosphorylation of B subunit (p68 in yeast) was prevented by Rad 53, 

an essential protein kinase required for cell cycle arrest. Rad 53 controls B subunit 

phosphorylation in response to genotoxic treatment by negatively regulating the 

corresponding kinases. These data, together with the observation presented here 

would support an assumption that negative regulation of p68 phosphorylation is not an 

initial element but a consequence of cell cycle arrest at DNA damage checkpoints. 
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5 Summary 
 
The replication protein A (RPA) specifically binds to single-stranded DNA and consists 

of three subunits p70, p32, and p14. RPA has multiple functions in the cellular DNA 

metabolism. To study its role in DNA replication and DNA repair of human cells a new 

monoclonal antibody RAC-1 recognising the C terminus of p70 was compared with the 

monoclonal antibody 70B which recognises the N terminus of p70 (Kenny et al., 

1990). By using these two antibodies evidence is presented that at least two 

immunologically distinct subpopulations of RPA exist in human cells, RAC-1-RPA and 

70B-RPA. They differ in their immunostaining patterns, in their phosphorylation states, 

in their cellular distribution, in their colocalisation with BrdU, and in their induction after 

DNA damage. RAC-1-RPA interacts with DNA polymerases � and � whereas 70B-

RPA preferentially binds to DNA polymerase��. These findings suggest that 70B-RPA 

has a function during the initiation of DNA replication whereas RAC-1-RPA plays other 

roles in the elongation stage of DNA replication and in DNA repair. 

DNA polymerase �-primase is the only DNA polymerase which can synthesise DNA 

de novo. Its p68 subunit has no enzymatic functions but is involved in the control of 

the initiation of DNA replication. Using an antibody specific for phosphorylated p68, it 

was shown in this thesis that the phosphorylation of p68 is cell cycle-dependent. 

Furthermore, it was shown that the level of phosphorylated p68 but not that of total 

p68 is downregulated after DNA damage. 
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6 Zusammenfassung 
 
Das Replikationsprotein A (RPA) bindet spezifisch an einzelsträngige DNA und 

besteht aus den drei Untereinheiten p70, p32 und p14. RPA hat vielfältige Funktionen 

im DNA-Haushalt der Zelle. Um die Rolle von RPA in der DNA-Replikation und der 

DNA-Reparatur menschlicher Zellen zu untersuchen, wurde ein neuer monoklonaler 

Antikörper RAC-1 gegen den C-Terminus von RPA hergestellt, und dessen 

Eigenschaften mit denen des Antikörpers 70B verglichen, der den N-Terminus von 

RPA erkennt. Durch den Vergleich dieser beiden Antikörper konnte gezeigt werden, 

dass in menschlichen Zellen mindestens zwei immunologisch unterschiedliche 

Subpopulationen von RPA existieren (RAC-1-RPA und 70B-RPA). Die 

Subpopulationen unterscheiden sich in ihrem spezifischen Färbemuster, in ihrem 

Phosphorylierungszustand, in ihrer Kolokalisierung mit BrdU und in ihrer Induktion 

nach DNA-Schäden. RAC-1-RPA interagiert mit DNA-Polymerase � and �, während 

70B-RPA vorzugsweise an DNA-Polymerase � bindet. Diese Ergebnisse deuten 

darauf hin, dass 70B-RPA eine Rolle während der Initiation der DNA-Replikation spielt 

und RAC-1-RPA eine andere Rolle im Elongationsstadium der DNA-Replikation und 

bei der DNA-Reparatur spielt. 

DNA-Polymerase-�-Primase ist die einzige DNA-Polymerase, die die de novo DNA- 

Synthese initiieren kann. Die p68-Untereinheit der DNA-Polymerase-�-Primase besitzt 

selbst keine enzymatische Funktion, sondern ist für die Kontrolle der Initiationsschritte 

der DNA-Replikation verantwortlich. Mittels eines phosphopeptidespezifischen 

Antikörpers für p68, 858-PP1, wird in der vorliegenden Arbeit gezeigt, dass die 

Phosphorylierung von p68 abhängig vom Zellzyklus ist. Außerdem konnte gezeigt 

werden, dass nach DNA-Schäden der Phosporylierungsgrad von p68 bei 

gleichbleibender Gesamtmenge abnimmt. 
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